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THE INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS (ICTP) in Trieste was established by the International Atomic Energy
Agency (IAEA) in 1964 under an agreement with the Italian Government, and with the assistance of the City and University of Trieste.

The IAEA and the United Nations Educational, Scientific and Cultural Organization (UNESCO) subsequently agreed to operate the Centre
jointly from 1 January 1970.

Member States of both participate in the work of the Centre, the main purpose of which is to foster, through training and
research, the advancement of theoretical physics, with special regard to the needs of developing countries.
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FOREWORD

The International Centre for Theoretical Physics has maintained an interdisciplinary character in its research and training programmes
in different branches of theoretical physics. In pursuance of this objective, the Centre has organized extended research courses and work-
shops, including topical conferences, with a comprehensive and synoptic coverage in varying disciplines. The first of these — on Plasma
Physics - was held in 1964 and then repeated in 1977; the second, in 1965, was concerned with the Physics of Particles. Between then
and now, the following courses were organized; five on Nuclear Theory (1966, 1969, 1971, 1973,1978), six on the Physics of Condensed
Matter (1967, 1970, 1972, 1974,1976, 1978), three on Atomic Physics (1973, 1977, 1979), two on Geophysics (1975, 1977), one on
Control Theory and Functional Analysis (1974), one on Complex Analysis (1975), one on Applications of Analysis to Mechanics (1976),
one on Mathematical Economics (1978), one on Systems Analysis (1978), two on Teaching of Physics at tertiary level (in English in 1976,
in French in 1977), and three on Solar Energy (1977, 1978, 1979). Most of the Proceedings of these courses have been published by the
International Atomic Energy Agency (Vienna, Austria).

The present volume forms part of the Proceedings of the Winter College on Nuclear Physics and Reactors, conducted from
22 January to 28 March 1980. This volume contains the Proceedings of the Course on Operational Physics and Power Reactors,
held at Trieste, 3 to 28 March 1980. A separate volume contains the Proceedings of the Interregional Advanced Training Course on
Applications of Nuclear Theory to Nuclear Data Calculations for Reactor Design held from 28 January to 22 February 1980. The
Winter Courses were held in response to the growing need of developing countries which plan to establish a nuclear power programme
to familiarize themselves with the nuclear and reactor physics foundations of nuclear energy and their applications in the design of
nuclear reactors.

Abdus Salam



PREFACE

This proceedings contains the text of the invited lectures presented during the Course on Operational Physics of Power Reactors
including Start Up, Testing and Fuel Management which was held at the International Centre for Theoretical Physics (ICTP) in Trieste,
Italy, from 3-28 March 1980, within the framework of the nuclear physics and rectors activities of the ICTP during the winter of 1980.
This Course was jointly organized by the IAEA Division of Nuclear Power and ICTP. This Course was attended by 56 participants from
22 developing and developed countries.

The purpose of this course was to provide essential technical knowledge on the foundations and application of reactor physics methods
currently used for the startup operation and in-core fuel management of commercially available thermal reactors. A systematic review was
made of operational physics of commercial nuclear power plants, especially of problems of physics measurements during the startup phase,
on-power measurements and safety problems. In-core fuel management included a detailed review of the calculations required to provide
parameters for core design and support of accident analyses needed for licensing. In addition, the selection of reloading schemes to mini-
mize energy costs was studied.

The proceedings comprized lectures on the following major topics:
1. Fundamentals of reactor physics as related to design of PWR, BWR, PWR type WWER and PHWR.
2. Initial commissioning phase.
3. Fuel power operation, measurement and methods of calculation of power distribution.
4. In-core fuel management.
5. Safety and related aspects.

The lectures given at this course built up on those given at the Course on Reactor Theory and Power Reactors held at the ICTP in
Trieste in 1978 and published as report IAEA-SMR-44. They are expected to be of interest to nuclear scientists both from developing
countries where the interest in design and operation of nuclear power reactors is steadily growing and from developed countries where such
research is in an advantage stage. It can be used as a reference book in the field and can also serve as an advanced textbook for postgraduate
study.

The organizers wish to express their deep appreciation to the lecturers and workshop leaders for '.heir very active engagement and
cooperation in the objectives of the course, and to the staff of the ICTP for their most pleasant and efficient help in the preparation and
conduct of the course.
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FUNDAMENTALS OF PRESSURIZED
WATER REACTORS

L. MURRAY
Department of Nuclear Engineering,
North Carolina State University at Raleigh,
Raleigh, North Carolina,
United States of America

Lecture 1

Description of PWR Facixirles

In many countries, the pressurized water reactor(PWR) is the

most widely used, even though it requires enrichment of the uranium

to about 3% in U-235 and the moderator-coolant must be maintained

at a high pressure, about 2200 pounds per square inch.

Our objective in this series of seven lectures is to describe

the design and operating characteristics of the PWR system, dis-

cuss the reactor physics methods used to evaluate performance,

examine the way fuel is consumed and produced, study the instru-

mentation system, review the physics measurements made during

initial startup of the reactor, and outline the administrative

aspects of starting up a reactor and operating it safely and

effectively.

The lecturers who will follow are prepared to go into the

theory and operations very thoroughly . We shall provide a more

simple treatment. We shall use elementary reactor physics methods

to reveal certain important trends in an approximate manner. We

shall refer only briefly to the more sophisticated techniques

involving transport theory and the use of the high speed digital

computer.

By means of some slides of photographs and diagrams, let us

take a tour of a PWR facility. This will give us a common visual

basis for future discussion. First, from an airplane we see the

famous Three Mile Island reactors near Harrisburg, Pennsylvania.

In the foreground is the reactor containment building of Unit 2,

in the background Unit 1, to the far right the cooling towers that

dissipate the waste heat. Now let us look at PWR system components

in more detail, this time using the H. B. Robinson Plant near

Hartsville SC operated by Carolina Power and Light Company. We

note the electrical distribution system which is no different

from that in any other type generating plant. There is a visitors

center in the distance. The waste heat in the reactor is discharged

into a lake, one end of which we see in the picture. Pumps cir-

culate cooling water from the lake into the condenser for the steam

turbine. Next we see the turbine-generator, about 30 meters long.

Its capacity is typically around 1000 megawatts electrical power.

Adjacent to these is the reactor building, about 60 meters high and

40 meters in diameter, constructed of 1 meter thick wall concrete

reinforced with steel rods, as shown in the photo of the Seabrook

reactor construction. The reactor containment building is capable

of withstanding severe wpather, earthquakes, missiles, and an intern-

al pressure of four atmospheres.

To see what is inside a reactor building, we turn to some pic-

tures of the Oconee Plant, near Seneca SC, operated by Duke Power

Company, based in Charlotte, NC. The architectural style o£ the 1



b-jilding is a little different from that of C P & L, but the function

is just the same. The steam supply, designed by Babcock and Wilcox

Company of Lynchburg, Virginia, consists of the reactor vessel, the

reactor coolant pumps, the steam generator, and the pressurizer,

along with the connecting piping. We see the system as a flow dia-

gram and also as a cutaway diagram. The B & W steam generator is

the once-through type in contrast with the U-tube type of Westing-

house Electric Corp. The steel reactor vessel is of thickness

varying from 8 cm to 30 cm. Its diameter is around 4 m, its length

10 m. The removable head is held on by large bolts. The fuel

assemblies have an active (fueled) portion of nearly 4 m in

height. The assemblies consist of bundles of 200 fuel rods and

spaces for instruments and control rods in a 15 x 15 square

array. The fuel rods are constructed of Zircaloy tubing with

wall thickness 0.7 urn, outside diameter 1 cm. Uranium oxide

pellets of o. d. 0.9 cm and height 1.7 cm ire inserted and the

tube sealed. Table I shows the principal data about the construc-

tion and operation of the PWR. Let us now review some of these

numbers. The nominal electrical power is 860 megawatts, giving

an efficiency of around 0.33. The fuel is designed to remain

just within the melting point of U0, and the limiting linear

power density of 20 kW per foot is intended to prevent fuel

damage and thi release of fission products. The fresh fuel is

typically enriched to around 3 percent in U-235.

Figure 1 shows detailed data on the fuel cell. Note that

the Zircaloy cladding is less than a millimeter thick and that

there is a very thin gap, at least initially, between the pellet

and the inside wall of the tube. The volume fractions are easily

found from the dimensions given. The fuel to water ratio is seen

to be about 0.6. of course we realize that the effective water

content at operating temperature of a little over 300°C is lower

because the specific gravity is around 0.7. Microscopic

thermal cross sections for neutrons in all materials are somewhat

below the reference values at 20°C, 0.0253 eV, 2200 m/sec. because

of the temperatures of both liquid and solids.

In our next lecture we shall begin the description of the

reactor from the reactor physics viewpoint.

TABLE I OCONEE REACTOR DATA

RATED HEAT OUTPUT (HWT) 2568
COOLANT INLET TEMPERATURE (°C) 290

COOLANT OUTLET TEMPERATURE (°C) 319

MAXIMUM FUEL TEMPERATURE (°C) 2343
LIMITING LINEAR POWER DENSITY (KW/CM) 0.66*
OPERATING PRESSURE (PA)

FUEL ASSEMBLIES IN CORE

CONTROL ROD ASSEMBLIES

FUEL RODS PER ASSEMBLY

FUEL ASSEMBLY PITCH (CM)

WEIGHT OF UO2 (KG)

COOLANT FLOW RATE (KG/SEC)

* 20 KW/FT

** 2185 PSIG

1.5 x 10'**
177
69
208
21.8

91,100
16,546



HATER MODERATOR
0.0089 CM

ZIRCALOY
CLADDING

0.958 CM 1.092CM

K- 1 . 1 M 3 CM

FIGURE 1 FUEL CELL OF 0C0NEE-3 REACTOR

VOLUME FRACTIONS: WATER 0 . 5 5 0 , U02 0 .333 , ZIRCALOY 0 . 1 0 1 , GAP 0.013

Lecture 2

Reactor Physics Methods

I should like to start with some general comments on the use

of reactor physics in modern power reactor design and operation.

This series of lectures is intended to help you understand the

start up and initial operation of a power reactor through the

application of reactor physics, which implies theory, analysis,

and calculations. Many years ago, when graphite reactors were

first built and tested, it was possible to use a simple age-

diffusion model to describe the reactors. Those at Hanford,

Oak Ridge, and Brookhaven were large, with only a small reflector

effect which could be accounted for by a reflector savings on

an unreflected core. In the operation of such reactors fuel was

inserted and removed with relatively little burnup so the system

remained rather uniform in materials properties. It consisted of

only one region, effectively. Later, we developed the highly

enriched uranium reactors such as the Bulk Shielding facility at

Oak Ridge and the Materials Testing Reactor at Idaho Falls. These

were compact and had strong reflector effects, but there was again

little fuel burnup. They were amenable to two-group diffusion

theory. These reactors formed the basis for many research-training

reactors around the world, and for the naval reactors.

Finally, we developed the slightly enriched uranium light

water reactors for power production in the PWR and BWR versions.

It was necessary in these reactors to go to more than one zone

of fuel enrichment. Some of the early small power reactors had

three concentric cylindrical regions in which an out-in fuel 3



management scheme was used. Fresh fuel was Introduced in the outer

zone and removed In the inner zone, with inward racial motion of

partly burned fuel. Since the flux variation in the larger reactors

would have been too great with three concentric zones, a regular

checkerboard arrangement was adopted. This is now replaced with

an even less regular pattern, one designed to keep the power as

flat as possible. When the control groups are included in a fuel

with various stages of burnup, the system must be described by a

multigroup, multiregion, multi-time model. This demands computer

programs such as LEOPARD/PDQ/HARMONY. Few of us can take the time

and devote the effort that is needed to fully understand the meth-

ods used in these codes. We do well to be able to know generally

where they are applicable and where they are not, and how to supply

the input and interpret the output.

We shall be able to achieve some degree of appreciation for

the methods used an the behavior of a power reactor, however, by

studying some oversimplified methods. These contain at least the

qualitative trends. In the next two lectures 1 should like to

present material in several views and levels of sophistication.

(a) A uniform reactor fueled with uranium in which the U-235

dominates. 17-238 is regarded only as a poi£on, plutonium is not

considered, and uniform adjustable soluble boron is the control.

(b) Consideration of the effect of non-uniformity and leakage

on the reactor core life.

(c) The role of fuel consumption and production, including

both U and Pu isotopes.

(d) Analysis related to fuel management in a multiregion

core.

(e) Group diffusion theory treatment of spatial dependence

of flux and criticality using discrete ordinates and computer

techniques.

The following elementary reactor physics ideas can be viewed

in several ways (a)as a review of material you have already learned

in school or through individual study, (b) as material for think-

ing about the physical as^^ts of reactors, (c) as formulas that

can predict first order approximate numerical parameters of a

reactor. I have long believed that one can get a great deal of

information from the wise use of simple reactor theory.

Basic Parameters. The most useful quantity for study of a power

reactor is the multiplication factor. Let us recall the defin-

ition of the infinite multiplication factor km . If we start a

cycle in an infinite uniform medium with one neutron, km repre-

sents the number of neutrons available at the end of the cycle.

Its relative, the effective multiplication factor k merely

contains a correction factor for the leakage of the system,

" e = "a,*

where X is a general non-leakage probability. Since a typical

power reactor is quite large, there is little reutron leakage

and thus roughly Z- 1 and kfi = k̂ , . We then use the reactivity

p as a measure of the fractional change in the number of neutrons

per cycle

P - «Vke



wher'J* 6k « k - 1. Although the parameters k B , k , and p

were originally intended to be overall core properties, it has

become common to view them as having spatially dependent values,

determined by the local Mterials properties. Thus the k m of

a fresh fuel assembly is higher than that of a partially burned

assembly.

An alternative parameter that also has overall and local

2 2

meaning is the materials buckling, B^, or simply B . Its origin

is in the solution of the differential equation that represents

the neutron flux distribution in the reactor. The most general

treatment of neutron motion in a reactor is of course transport

theory; a simpler approximation widely used in industry is multi-

group diffusion theory; the most elementary treatment that still

contains goodphysics for the PWR reactor is a modified one group

theory, based on the neglect of thermal leakage. Since we shall

use the method exensively in the study of fluxes, power, fual

consumption and fuel production, we now take time to derive the

modified one group theory, sometimes called 1 1/2 group theory.

Modified One Group Theory. Start with the description of neutrons

in two diffusing groups—a fast group (1) and a thermal group (2)

01 V
20X - 0X Z1 + 02 Ef2v e - 0

D2 V
202 - 02 I2 + 01 ElP - 0

On the grounds that the slowing down length ^ is much larger than

the thermal diffusion length L2 in water-moderated strongly-absorb-

* Other notations are 6k e f f, «ke> A k e f f, delta-k, etc.

ing media, we neglect the thermal leakage term D,

fast and thermal fluxes are related by

T h u s t h e

Substituting in the first equation ar.l defining several parameters,

k ^ * e p f n infinite multiplication factor

n - I

X

2

f 2

,2

neutrons per absorption in fuel

age to thermal

materials buckling

we have the differential equation

V 20 X + B2 0X = 0

For materials that have rather uniform slowing properties over

the core T= constant, the buckling B is comparable to k M as a

measure of multiplication. The equation was derived for a medium

that tends to be basically supercritical, k ^ > 1 . For a subcrit-

ical region, k m <1, it is common to let

K • (1 - k , ) / T square of inverse diffusion

and solve the equation

V 2 0 X - K 20

length

He shall use these later in connection with fuel loading, but now

we review the meaning of the four-factor formula for k^ in terms

of other parameters. First, £ , the fast fission factor, accounts

for the extra neutrons produced by fast neutrons in U-238 above the

threshold of around 1 MeV. Then p is the resonance escape prob-

ability, the fraction of neutrons that reach thermal energy without

being captured in resonance peaks, usually in U-238. The quantity 5



f is the thermal utilization, the fraction of neutrons absorbed

that are absorbed in fuel. Finally n is the number of neutrons

per absorption in fuel, varying from about 1.33 in natural U to

about 2.08 in pure U-235.

The approximate power density in fuel p^ can be derived

using the modified one group theory. Write it as

pl " 0 2 E f 2 w

where w is the energy released per fission* However, we found

p / S 2
 s o t h a Cearlier that #2 - 0X £

Pi = 0i E : w f2

Then letting

k * X '00 f 2

we have the formula

where the constant c is an abbreviation for £ w /( VE ) •

We thus find that the power density is mutually proportional to

the fast flux and the infinite multiplication factor.

Soluble Boron Control. The main control of the core reactivity in

a PWR during the cycle of operation is achieved by variation of

the soluble boron content. The compound boric acid H..BO. is dis-

solved in the moderator-coolant in concentration at l:he beginning

of the cycle about 1500 parts per million ( p g boron per g of H,0).

As the U-235 fuel burns out, the boron concentration is reduced

by external adjustment, until the boron content is zero at the end

of the cycle. In order to see this effect, let us do an elemenf.ry

6 analysis of an idealized system. Assume that the main fissile

material is U-235 and that the core consists of one region only,

with uniform flux and no leakage. The criticality condition is

thus

k - 1

- ~ Z = °

with

2a = ZaV + EaS + Zao

including uranium, boron control, and other materials. Let us

calculate the fuel loading and boron coi'»??t under various con-

ditions (a) the critical loading without any control absorber

(b) the excess fuel required t.i operate at powe.1.' for a given

cycle time and (c) the conditions at the end of the cycle, when

all control is gone. We apply the rel-r'ons derived to an exam-

ple, using the following numbers: e = 1.05, t = 0.85, °a235*

678 barns, o £ 2 3 5
 = 5 8 0 barns, v 2 3 5 = 2.418. n 2 3 5 - 2.068,

I a o - 0.2, fuel power density 337 W/cm Corresponding to 3000

MWt in a fuel volume of 8.89 x 10 6 rr 3j. First, find the critical

U-235 content. Since Z T, - 0, write

where

"•aU

e P n 2 3 5 - 1

(1.05)(0.85)(2.068) - 1

0.2/ 0.846 •= 0.236 cm"1

0.846

If we write chis :.i terms of the isotopic abundance of U-235,



» then

is
i

EaU " NU x ca235
24 3

snd using N - 0.0223 x. i.0 /cm as for U0 2 > we obtain

0.236 0.0156
(Q. 0223X678)

or around 1.6 2 U-'35. Now we add enough U-235 to allow operation

at the specified pawer density for a year. One way is to increase

the enrichment. The added U-235 depends on the energy required,

A £ ,,235 L Z a235

where L is the cyclr life, here 3.16 x 10 seconds. Thus,

A V<35 * (580) ( 3 3' w/c»3)(3.16 x 1O7)(678 x 10~24)/(3.04 x 10"11)

o r -1

« 0.2, . c,j

This is added to the critical cross section to give that for the

beginning of cycle
a235

0.278 + 0.236 » 0.514 cm -1

corresponding to an initial enrichment of around 3.4 Z. Also we

find

Z ° 2 3 5 - 0.855 s ° 2 3 5 - 0.439 cm"1

The U-235 burns out according to the equation

dN „ „
at - -« n 2 3 5 a a 2 3 5

but If we assume constant and uniform power,

0 N 2 3 5 - 0° N° 3 5

the product at the start of the cycle. Thus the fuel is reduced

linearly

Nn N2"23.- "235 v ± v a235 c ;

The flux as a function of time can be found from the expression

while the value at time zero is obtained from the power density and

the energy per fission w = 3.04 x 10~11J

( Z ",,,,; w) = 337/(0.439X3.04 x 10"11)

= 2.52 x 10 1 3/ cm2-sec

The boron content at any time in the cycle can be calculated

readily from the criticality condition

Z a E = ZaB ' a Za235 0° Oa235 *

It is linear with time, as is the U-235, but it has a different

slope. The initial value is found by using the cycle time t.
L

and the fact Z
aB

0, i. e.,

a Z a235u aB " ' a235

For our problem, this is

(0.846X0.514X2.53 x 1013)(678 x 10"24)(3.16 x 107)

- 0.235 cm " 1

The initial value of boron can also be found by the use of two

critical conditions, by subtraction. It is of interest to find

the boron content in parts per million. Using the cross section

of natural boron of 760 barns, we obtain

~J a.
B

,/
3D

- 0.236 /(760 x 10"2A)

3.11 x 1020/cm3

How with a boron atomic weight of 10.82 and the mass of one a m

of 1.67 x 10~ grams, the mast c'ansity of boron is

mn = (3.11 x 10
20)(10.82)(1.67 x 10~2*) - 0.0056 g/cm3

o

or 5600 parts per million. This figure is high in comparison

with the 1500 cited earlier, but several factors must be noted:



(a) This core contains only one zone and as shown later, the init-

ial absorption of control poison varies inversely with the number

of zones (b) The production of some plutonium has been ignored

(c) The actual core is not uniform and thus the power density

in space dependent. However, the trends in U-235 and boron

with time are similar to those in a true power reactor. Figure

1 shows the variation of the two cross sections and the neutron

flux.

Burnable Poison. The adjustable uniform boron control can be

replaced in part by control using solid absorbing rods. This

provides a means for quickly changing power level, for suddenly

shutting the reactor down, and for adjusting the flux and power

density spatially in the core. We shall deal with the calibration

of such rods in a later lecture. How, however, we wish to discuss

the alternative control by an absorber that is built into the

fuel at the time of fabrication, the "burnable poison". The virtue

of this practice is that the amount of positive reactivity that

would be available initially due to rod withdrawal or deboration

is less by whatever reactivity is inserted as a burnable poison.

He can derive the trend in such absorber using the equation for

burnup of the isotope boron-10

dNBNB
dt~

HB

Inserting the time-dependent values of the flux and the U-235

number density from the previous section, we have

dt
1 -

0° N

aB MB

'a235

0.6

02 Q4 0.6
TIME (YEARS}

0.8

FIGURE FUEL BURNUP, BORON CONTROL, AND
THERMAL FLUX, UNIFORM CORE



The solution of this differential equation can be compactly

written

" B / Oa235

Note, that the ratio of cross sections is 0 g B / 0^35 =3838/678

= 5.661. By the time the fuel has been consumed to say 20%,

5.661
N 2 3 5 / N ° 3 5 - 0.8, the boron is te small, Ng/Ng = (0.8)"

= 0.28. The trend in control according to components is shown

in Figure 2. The maximum value of the soluble boron is reduced

from 0.235 to only 0.114 by the use of 60% initial burnable

poison.

Computer Codes. The calculation of actual power reactor parameters

involves the use of detailed cross sections as a function of energy

in conjunction with materials properties and geometry to deter-

mine flux distributions in space and energy. The use of the high-

speed digital computer is an absolute necessity if accurate pre-

dictions are to be made. In order to illustrate the application

of computers to reactor calculations, we shall (a) review some

of the popular computer codes and (b) carry out a simplified

analysis and calculation that yields the effective multiplication

factor and the flux distribution, using difference equations and

matrix operations. In Figure 3 we see a diagram of the interaction

of information in reactor design. In Figure 4 we see a flow chart

that connects several computer codes into a simple system. Let us

look briefly at the concept of each of these, illustrating its

function by use of theory.

0.3

0.2 0.4 0.6
TIME (YEARS)

FIGURE 2 EFFECT OF BURNABLE POISON ON
SOLUBLE CONTROL



materials, geometry,

and temperatures

microscopic cross

sections vs energy

macroscopic cross

sections by region

epithermal neutron

spectrum

thermal neutron

spectrum

Neutron cross sections

as a function of energy

ENDF/B

Fast spectrum

HUFT code

Thermal spectrum

SOFOCATE

(or THERMOS)

group-diffusion calculations

of flux and power distribution

and reactivity

fuel consumption and production

xenon, other fission products

reactor safety fuel management radiation shielding

Figure 3 Information Flow Chart for Reactor Design
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Group constants

LEOPARD

(or LASER)

Group diffusion fluxes

and multiplication

PDQ

Figure 4 System of Computer Codes for PWR Design



Cross sections. Data are given in the various editions of the

report BNL-325, Neutron Cross Sections, and in the book Reactor

Physics Constants, ANL-5800. These older works are convenient

for doing hand calculations, but for computer use the best source

is the Evaluated Data Files (ENDF/B, for example). Data are

stored on computer tape and can be used by computer program direct-

ly. Fast Spectrum. The neutron energy distribution above thermal

is found by use of the program MUFT which stands for Multigroup

Fourier Transform. Basically it consists of the solution of the

transport equation in the spherical harmonics approximation for

neutron slowing. It is an improvement over elementary age theory,

which we recall yields the slowing down density and flux as a

function of lethargy, energy, or age. Resonance absorption is

also treated by MUFT. Thermal spectrum. Using the cross sections

as a function of energy for fuel and moderator, the neutron spec-

trum in a heterogeneous reactor cell is computed. The Wigner-

Hilkins theory of thermalization in hydrogen is used in the code

SOFOCATE. Account is taken of both energy losses and gains when

neutrons collide with the moving nuclei of hydrogen. The spatial

effects are treated by use of a multigroup version of the ABH

method. Group constants. The few-group constants such as E ,

D, and £_v are obtained as averages over appropriate regions of

neutron energy. The LEOPARD code incorporates spectral data from

MUFT and SOFOCATE along with other information on the fast fission

factor and resonance escape probability. It produces the macro-

scopic cross sections for one or two thermal "ioups and two or

three epithermal groups. Group diffusion fluxes. The group const-

J

ants from LEOPARD go into the code labeled PDQ. It is a multigroup,

multiregion and multidimensional computer program that treats regions

bounded by voids or reflector surfaces. PDq yields the group fluxes

as a function of position and the multiplication factor of the

system being considered, which can be a portion of the core or

a whole core. The equations solved are of the general form

D V 0 - 0 + S =

where the first term is the leakage for the group, the second is

the removal for all reasons, and the third is the total source.

Matrix Solution of Difference Equations. The solution of the

reactor problem by use of PDQ involves both complicated theory

and a large volume of computations by the digital computer. It

would take a considerable time for a person to learn the details

of such a code. We can gain an appreciation of the fundamental

reactor physics, the mathematical methods, and the computational

procedure by looking at a simple physical situation by an

approximate technique. Visualize a slab of highly enriched uranium

in the forir, of the metal. This is analogous to the spherical

Godiva reactor at Los Alamos, We assume that the neutrons are

fast and can be represented by a single group. The steady state

neutron balance for a case in which the materials and geometry

are compatible would be

D V20 - 0 I + 0 E V = 0

An analytic solution is

0 = 0 cos Bz

where the buckling B is either the materials buckling, ]\



" V / D

or the geometric buckling,

B 2 = ( Tt/H')2

A more general situation is when we have some known materials

and wish to know the effective multiplication factor of the sys-

tem when a certain dimension is selected, since there is a small

chance the reactor is exactly critical. Rather than applying

a time-dependent theory, we wish to continue to use a steady-

state equation. Write

D v20 - 0 ra + 0 sfv /A - o

where A is a factor inserted to assure steady state, in effect

serving to change the number of neutrons per fission v into a

modified value V1 = \>/A . W-s can show that A is the same as

the effective multiplication factor k . Integrate the new

equation over the core

D/V20dV - /0 ^70 Efv dV = 0

12

Noting that the first integral is also the negative of the sur-

face leakage - J"j dS, the equation can be solved for A as

A « production/(absorption + leakage)

which is ke by definition.

Instead of solving the differential equation, we convert it

into a difference equation, which enables us to find the fluxes

only at specified points labeled n, where n - 0, 1, 2, etc., sep-

arated by distances h. In place of the first derivative, we

use the difference quotients (0 , , - 0 )/h or (0 - 0 , )/h,
n*rl n n n — 1

and for the second derivative, the expression

The new difference equation becomes

b 0 + a 0 . - + c0n-l

where

a = D/li

b --(2D/h2 + Ea)

c = £fv

The expression acts like a recursion formula relating the fluxes

at adjacent points. For boundary conditions we use symmetry,

0 , = 0^ and zero flux at the boundary 0 = 0. Alternatively,

we could use an extrapolation condition (0«_-t - 0«)/h = d.

We illustrate the solution by letting there be three points at

which the fluy is to be found—the center, the edge, and in

betwecr. those points. Thus N - 2 and n = 0, 1, and 2 only.

Write the equations for n = 0 using symmetry

a 0_x + b 0 Q + a 0 1 + c 0 Q A = 0

b 0_ + 2a0n + c 0n /A
 = 0

and then for n = 1 with zero edge flux

= 0

+ c 0./A = 0

We thus have two simultaneous equations in the two unknowns

0 Q and 0.. For a non-trivial solution the determinant of the

coefficients must be zero, i. e.,

a 0 Q + b + a 02 + c

a 0O + b

(b + c/ X)' 2a'

Solve for

A- c/C-b i V2 a)

Let us apply the method to the fast assembly with extrapolated

height H' = 12 cm. This is somewhat larger than the critical size



as we can readily show using as constants N1T yvz = 0.048 x 10 /cm ,

a - 0.25 b, °f= 1.40 b, o ^ = 6.8 b, V =2.6. The buckling is

then B 2 - 0.0936 and the critical height is H£ = n/B = 10.3 cm.

For our supercritical core according to standard one-group theory

k - n /(I + B 2L 2) = 1.172

which can be regarded as an exact value against which we compare

the value of X « k obtained by difference methods. The constants

are a « 0.1134, b - -0.3061, and c = 0.1747. Solving

A - - 0.375 or 1.199

It is the largest of these that is of interest. The value 1.199

is surprisingly close to the correct 1.172 (3% error) considering

how crude the difference equation lattice of points actually is.

The flux ratio is

01/0O » - a/(b + c/A ) -vTT/2 = 0.7071

This happens to be correct, recalling the cosine function.

When a large number of points is used, it is not possible

even with a computer to evaluate A using determinantal methods.

An alternative matrix approach is used, as now reviewed. The set

of equations obtained by letting n = 0, 1, 2, 3, etc in order

is written in matrix form

and

where
A 0

0 -

C 0/ A

2a

b

An iterative method is applied in which a trial 0 is inserted in

the right side of the matrix equation, a guess is made of X ,

the equation is solved for a new 0, and the process repeated.

Use a superscript index to give the order of the iteration, e. g.,

0 and \ are first trials, 0 and A the next ones, and so on.

The Rayleigh criterion is used to calculate new X values from old,

0( m )

where the transposed matrix is used, 0 being obtained from 0

by interchanging rows and columns. To test the matrix method

we use the same problem as before and let the initial trial flux

be „ I"]
which is a straight line running from 1 at n = 0 to 0 at n = 2.

The choice is very crude, but convergence is good. We also let

= 1.1. The new flux is found to be

t1 = ro.98l"|

I.O.623J

0.635

and the new X - 1.148, which is approaching the right answer.

Repeating the process, we get a series of improving solutions

as sketched in Figure 5. Obviously, we obtain more detail in the

flux distribution by using more points in the lattice. 13
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Fluxes by iteration using matrix method

Lecture 3

Fuel Management

Consider the typical schedule of operation of a PWR for

power production. At the beginning of a cycle which is about one

year, the core contains fresh fuel that has just been loaded, once-

burned fuel, and twice-burned fuel. At the end of the cycle, the

core now contains once-, twice-, and thrice-burned fuel. The latter

is removed, the other two batches are shifted to new lccations, and

fresh fuel is introduced. If there are 177 fuel assemblies, each

type of fuel would consist of 59 assemblies.

For reference and interest we include some other 'lumbers on the

flow of materials in various fuel cycles in Figures 1-4. These were

extracted from the American Physical Society Study on nuclear fuel

cycles and waste management. Included are the once-through, U recy-

cle, U + Pu recycle, and a Pu recycle with supplemental Pu.

We now wish to examine from a reactor physics standpoint the

behavior of the reactor in the fuel management scheme described

above In the previous chapter we looked at a uniform reactor fueled

only with U-235. Let us try to account for some complications.

The first is the spatial variation of flux and power. As an extreme

ease treat a small unreflected cylindrical core, comparing its

life with that of a uniform core. Suppose that the flux is in the

fundamental mode

0Cf, t 0c(t) cos irz/H' Jo(jor/R')

14

involving the cosine-Bessel function product. Assume that the cen-

tral amplitude 0 is a function of time, separable from the dace

function, labeled f(r) - J?r ̂ z.
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Thus

00?, t) - 0c(t) 4>(?)

The implication of this expression is that the flux shape in a

transient is essentially unchanged as fuel is consumed. We shall

compare the reactivity resulting from fuel burnout in the two

cases (a) uniform and (b) nonuniform. To calculate reactivity we

use the formula from one-group perturbation theory,

=/5[(K - D Z J 0 2 dV

/ K Za0 2 dV
where K = k «T a n d 0 is the undisturbed thermal flux. However

ZaU

and if the change is in U-235 only,

6[(K - 1) 2 1 = b 0 6 I
all

where

e p H JT£ - 1

"aU

Inserting, we find

PN - 0
1/ 0*

If the flux were uniform at value ~0 we would have

3 2

Pu - 0 / 0 -J
Then the ratio of reactivities will be

PN / PD - 03/(8>2/0)

Inserting numerical values for flux averages for a bare cylinder,

~^3 - 0.08273, ~^2 - 0.13476, ^ - 0.27486

we get the ratio as 2.23. Since these reactivities tend to shorten

core life, we deduce that a bare core lasts only 1/2.23 - 0.45 times

IS as long as a core with uniform flux. Since this result is based on

perturbation theor,, we must regard it as only qualitative. It

tells us however that uniform flux and power are desirable objectives

from the standpoint of cycle life as well as power and temperature.

This introduces our second concern, that of the power distri-

bution. Generally a fixed limit is placed on power density for

temperature and materials reasons. Let that limit be written

Plma<: P 1 L and if the total core power is P^p^V, then the allowed

power for the reactor is

P-<*l'*l«.,> t'lL ) T

This shows that the larger the maximum to average power density

ratio, the lower the total core power will have to be.

Let us examine the variation of flux and power in the radial

direction for a core that has large concentric zones. For simplic-

ity, take a core with just two regions, see Figure 5, to illustrate.

Let the core be typical in size—12 ft (366 cm)high and 5 ft (lS^ cm)

in diameter. If the two zones are of equal volume, the radii El-

and R^ are related by

1TR* = 1T(R2 - R2) R Q = R j ^ / I

The inner radius is then 107.5 cm. We want the critical buckling

and multiplication factors for the two regions and the flux distri-

bution. Apply the modified one group theory described previously,

assuming that the outer region has a B (k?l)and the inner region
o

has a K (k <1). Let P. and T be the same for the two zones.

The solution of the differential equations gives the radial fast

flux as
0Q(r) = I Q ( Kr), 0x(r) =

Apply the usual boundary conditions,

' 0o

E VQ(Br)

( Si ( Ro )
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QSUBE_5 TWO ZONE REACTOR CORE

Then

Hence

E = - C J /Y a function of BRo o x

V ><V = C l V B V " VYo Yo<BV]

I x ( <KQ) =-CB[Jx(BS0) - J o /Y 0 YX(BRO)]

from which the critical condition is obtained

~Y(J1 " " Yl ! a = J /Y of BR.
j—I—ETY " I o' o 1
o o o

where the Bessel functions on the left are dependent on y =

and those on the right on X = K RQ, The parameters B and K are

adjusted for axial leakage, such that

"-1 -Z

BR.

H

Using the given dimensions, we find the critical values are X = 4.53

and Y = 5.43 from which kT= 0.935, ko = 1.104. Working backward,

the U-235 concentration in the outer region is 3 weight percent (w/o)

while that in the inner region is 2 w/o. The non-fuel absorption

including structure, moderator, and uniform soluble poison has a

macroscopic cross section of 0.264 cm . Assumed values of other

constants are e = 1.05, p = 0.8,1 235 = 2-067-Huxes are readily

calculated and plotted in Figure 6. The fist flux is continuous

across the interface between fuel zones, but the thermal flux is not

because of the forced relation between 0. and 0. . We note that

there is a very large variation in flux and hence power . The fast

flux goes from a relative value at the center of 1 toa peak of 20

in the outer fuel. The power density, proportional to the product

k 0, , varies even more than this. We conclude that if the power
Co 1

is to be kept reasonably constant over the core it will be necessary

to replace i:he very large zones with an alternation of individual 1/
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assemblies with large and small multiplication factors. Figure 7

shows a three-region concentric system, Figure 8 one with the

pattern of a checkerboard in the middle.

We now develop a reactor physics model that accounts for

(a) multiple fuel zones with differences in flux among them, (b)

the effect of plutonium production and consumption, (c) the require-

ment of constant power in time, and (d) the transfer of fuel at

the end of each c>cle. We view the core as consisting of three

types of fuel corresponding to batches introduced at the begin-

ning of the cycles. A given fuel assembly remains 3.n the core

for three cycles. The fresh fuel will generally be placed on the

outside to hold up i:he flux. The once- and twice-burned fuel

will be scattered to achieve uniformity in power. We make the

further simplifiying assumption—that to a first order approximation

the fast flux is uniform over the core. This eliminates the need

for solving differential equations explicitly.

A notation is established. LetN.. be the number density of

the lth isotope of fuel in the jth zone. We use i as 1 for tf-235,

2 for U-238, 3 for Pu-239, 4 for Pu-240, 5 for Pu-241, and 6 for

Pu-242. Let j be 0 for fresh fuel, 1 for once burned, and 2 for

twice burned, 3 for thrice-burned. For example,N,. is Pu-239

resulting from fuel being exposed to the flux once. Figure 9

shows thp Tunis that are involved in the uranium cycle in terms

of riianges in isotopes. Table I shows the various thermal

cross sections and other useful data for fuel isotopes.

19
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FUEL CONSUMPTION AND PRODUCTION

Isotope

233,,
92

235
92

238
92

239
94

240
94

241
94

242
94

U

U

Pu

Pu

Pu

Pu

TABLE I

THERMAL CROSS SECTIONS (0.0253 eV)

AND OTHER DATA FOR FUEL ISOTOPES, U and Pu

"f

530

580

742

1010

1 H

46 576 2.492 2.287 1.59 x 105 y

98 678 2.418 2.068 7.04 x 108 y

2.7 2.7 4.47 x 10* y

271 1013 2.871 2.108 2.41 x 10 y

2S0 290 - - 6.57 x 103 y

370 1380 2.927 2.145 14.355 y

19 19 3.76 x 10 y

20

Reference: C. M. Lederer and V. S. Shirley, Table of Isotopes

7th Edition, John Wiley, 1978

(Values of V and n from BNL-325)

The absorption of neutrons converts the isotopes into a

new form. The rate of such change in the number density of a

given isotope is expressed in the form of a differential equation.

For simple "burning", as for i = 1 and 2

dNJ"i - - 0
dt i ai



while for "breeding" of isotopes i- 3 to 6 the equation is

dN_, - 0 N,

We note that the thermal flux 0 in these equations is dependent

on both space and time, but is taken to be separable. Thus for

i - 1 and 2 we have

f!t > - 0C<O f(r) N± Cal

Introduce the flux-tioe variable u, defined variously by

du - 0c(t) dt

*± - 0
dt *c

a - •f0c(t
I) dt1

Then the equation becomes

du i a l

which can be solved by standard methods to obtain N as a function

of u
u> i - 1,2

Similarly for i = 3. The expressions for higher isotopes are

readily obtained in sequence, preferably by use of the Laplace

transform method.

We now derive a criticality condition. The fast flux in

general in the modified one-group theory obeys

7201 + B2 0X = 0
2

where B may be replaced by K in certain regions. Integrate over

the whole system, but assume that there is negligible leakage, Then

/ 0, B 2 dV - 0

/0 l(k o o- l)dV

But if 0.̂  is uniform and we replace the integral by a sum over

the zones that have comparable properties

where N is the number of distinct zones.

The connection between time t and flux-time u can be found by

using the constant power condition. In integral form it is

? = w £ / 0° N° £ dV - w L f <& H, I,..dV
i odd * f i i odd ± £i

noting that isotopes i = 1, 3, and 5 are fissile. Rewrite as

a sum, cancelling w and omitting fuel volume.

z z'%£ s 0 N
i odd j-1 3 i-3

Now introduce

±3
i

ij ij

0 = 0CCO)?., 0. = 0 c ( t ) ^ -|a «p.

and treat as a differential equation to be solved fc-_ t.

The burnup of fuel and the production jf new fuel requir;s the

continual adjustment of an assumed uniform control, e. g., soluble

boron. Let £ be the sum of all non-fuel absorption—moderator,
m

structure, and boron. We develop a reactivity formula from condi-

tions initially and after some time has elapsea.

V2 0° + B2 0° . 0

+ B' 0,

Multiply the equations respectively by 0 and 0° , subtract, inte-

grate over the system and get

/ 0^ 01(B' - B
2)dV - 0

Using the relationship of fast and thermal fluxes with U-235

fuel only we find

9
1 / 02 £a235

 d v

S I S *\ Za235 d V
21



Note the flux-squared weighting. A corresponding integral or

sum involving all three fissile isotopes can be written.

The calculation of trends in a one-region core is easily done

by hand, but for two, three or four zones a small computer program

is needed. Let us display some of the results. He plot the fuel

as if it were in an out-in pattern of management only for conven-

ience. The assemblies may be anywhere in the core where conditions

are the same. Some interesting trends are seen in Figures 10-13.

As the number of cycles employed within a given total fuel exposure

time is increased the amount of control at the beginning of the

cycle drops, and we conclude that if the number of zones were very

large and fuel were moved very frequently that control would go

toward zero. This case is of course equivalent to continuous refuel-

ing. Such a system would be ideal in conserving neutrons, but it

must be realized that if there is a certain burnup of fuel to get

the power and that neutron conservation is invoked, the total absorp-

tion in non-fissile material over the cycle is constant. If boron

is not present, absorption takes place in moderator, structure, and

U-238. The latter gives rise to plutonium, which is useful as fuel,

but neutrons are still lost.

The neglect of thermal leakage and the assumption of uniform

fast flux are of course defects in our fuel management model. In

order to improve on it, a high speed digital computer code is needed.

Many of the equations we have used would be embodied in such a

program, but the solution technique would be different.
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Lecture 4

Nuclear Instrumentation

The startup of a reactor is monitored by detectors over

many orders of magnitude of power. In terms of thermal neutron

flux at the detector locations the range is from less than 10

to more than 10 , a factor of increase of 10 . No single detect-

or will cover this range, but those used must have an overlap in

readings in order to be sure the power is always known. Figure

1 shows a typical relationship between the three ranges:

"source", where the presence of a non-fission source

of neutrons is required to get a useful counting rate

"power", which has as its upper limit about 120% of

the rated reactor operating power

"intermediate", lying between the other two ranges

For convenience, the number three is chosen* Note again the

data on each:

source range 0.1 to 10 counts per second

intermediate range 10~ to 10 amperes

power range 1% to 125% of full power

These units are all different, but the calibration is such

that the scales overlap. More than one type of detector provides

an indication of neutron level over most of the full range as

was seen in Figure 1. For each range there is a set of instru-

mentation called a channel, which includes the detector, the

electronics, and display devices. One of the safety tests

during reactor startup is to verify that the ranges indeed

overlap by at least a decade between each adjacent ranges.

10
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In approaching criticality, the requirements on the number of

such instruments is as shown:

Range

source

intermediate

power

Number available

2

2

5

Minimum operating

2

1

3

There are two general locations for neutron detectors—

outside the core and inside the core. We consider first those

located in wells in the primary shield or in the space between

reactor vessel and shield, as sketched in Figure 2, plan view,

and Figure 3, elevation. Consider first the source range, which

is mainly used to obset • the rise in neutron level during the

approach to critical. e flux and power are very low in this

region, so that detectors measuring continuous current are not

suitable. Instead, one uses BF proportional counters, which

produce pulses of current in the detector. The pulses are amp-

lified and sent to the control room for display and recording*

The two source range channels give information on the neutron

level, provide alarm signals, and lead to a reactor trip under

certain conditions such as an unusual increase in reactivity.

During the initial phase of startup an audible count rate sig-

nal is provided. Next consider the intermediate range, with

two compensated ionization chambers. These are able to cancel

out the gamma ray background effect. Direct current from the

ion chamber goes through cables to logarithmic amplifiers in the

control room. These also tell the level and provide alarms
25
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and Crips. They disconnect the high voltage from the source

range detectors at the proper point in the power escalation.

In the power range there are three sets of four measurements,

as follows:

upper section

lower section

total or average

These long ion chambers have two sections as shown in Figure 3

labeled Cl and C2. The top and bottom current signals give

axial "offset" information, i. e., the fractional excess power

in either region, displayed at the console. The total or average

current is available to protect against a power excursion.

Control rod action is initiated if the power rises excessively.

All of these indications from the three ranges can be recorded

on charts in the control room.

Incore Instrumentation. To assure that there are not serious

spatial variations in thermal power and temperature in a reactor,

a set of measurements are made by detectors that are inside the

core. We now look at the physical arrangement and then discuss

what measurements are made. In order to gain access to the core,

holes are drilled in the bottom of the reactor vessel during its

fabrication. Guide tubes are then welded into place. Retract-

ible "thimbles" or hollow tubes are then thrust into the guide

tubes up through the fuel bundles. Through these thimbles min-

iature movable flux detectors are inserted, placing the detectors

at pre-determined levels in the the core. These are fission cham-

bers capable of determining the axial distribution of neutron

flux along the assembly and yielding also the radial and angular

distributions. The combination of many detectors gives a three-

dimensional map of the flux. Figures 4 and 5 show the incore

THERMOCOUPLE
CONDUIT SEAL A N D ^
DISCONNECT PLUG \

PORT EXTENSION —N

VESSEL HEAD PORT

PORT COLUMN

SOCKET FLANGE

VESSEL SEAL LINE-^

SUPPORT COLUMN — ^ 1

THERMOCOUPLE CONDUIT
AT COLUMNS AND MIXING

DEVICE

TOP OF ACTIVE FUEI .

FUEL ASSEMBLY —

CORE SUPPORT
COLUMN

INSTRUMENT THIMBLE
GUIDE

VESSEL PENETRATION
TUBE

THIMBLE GUIDE TUBE
TO VESSEL WELD JOINT

Figure 4

Typical Arrangement for In-Core Instrumentation

(West inghouse PWR)

/ — DRIVE MECHANISM

- THERMOCOUPLE CONDUIT
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equipment for a Hestinghouse PWR. Such detectors provide a

measurement of flux "tilt" which is a measure of the nonuniform-

ity of power in different quadrants of the core, and the flux

"imbalance", a measure of axial asymmetry. The Technical Spec-

ifications of Duke Power Company deal with the allowed flux

tilt and imbalance, as follows:

Specification

3.5.4.1

3.5.4.2

Bases

At or above 80 percent of the power allowable for the existing
reactor coolant pump operating combination, incore detectors
shall be operable as necessary to meet the following:

a. For axial imbalance measurements:

At least three detectors in each of at least three strings
shall lie in the same axial plane, with one plane In each
axial core half. The axial planes in each core half shall
be symmetrical about the core mid-plane. The detector
strings shall not have radial symmetry.

b. For quadrant power tilt measurements:

At least two sets of at least four detectors shall lie In
each axial core half. Each set of detectors shall lie in
the same axial plane. The two sets in the same core half
may lie in the same axial plane. Detectors in the same
plane shall have quarter core radial symmetry.

If requirements of 3.5.4.1 are not met, power shall be reduced
below SO percent of the power allowable for the existing
reactor coolant pump combination within eight hours and incore
detector measurements shall not be used to determine axial
imbalance or quadrant power tilt.

The operability of the incore detectors with the specified minimum complement
of equipment ensures that the measurements obtained from use of this system
accurately represent the spatial neutron flux distribution of the reactor
core. See Figures 3.5.4-1, 3.5.4-2, and 3.5.4-3 for satisfactory incoreSee ig
detector arrangements.

21
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Reactimeter. All of the detectors described so far provide an

indication of neutron level. The reactimeter or reactivity meter

is a device that calculates and displays reactivity in any

transient situation. The equipment details are not available

for proprietary reasons, but We can describe the principle of the

reactimeter. It is based on the inverse kinetics method, the

subject of a paper by the writer and his colleagues . Consider

the familiar point kinetics equations, relating the neutron

level and the concentration of delayed neutron emitters,

d ci

^' -T ' ±C±

Normally one seeks to find n as a function of time for a given

value of P , but in the inverse problem, one deduces P from the

knowledge of power level and its variation. Introduce reduced

variables

N - n/nQ C ±

and solve for P explicitly

P - B + |( A N -

Here p can be a combination of "applied" and "feedback" reactivit-

ies, i.e., p = p A + pF

ci / cio

IB. C.) - AS
i i l

30

The value of C. is obtained in the form of an integral over the

function N(t). Thus the knowledge of S, N, and N provide a

continuous measurement of p . In some devices, the term A N/N is

neglected as small except when a prompt jump occurs. In others

S is deduced by using a standard test signal for N. A paper of

interest in that it gives many references is by Wayne K. Lento



and C. E. Cohn, "A Review of Reactivity Meters for Operational

Fast Breeder Reactors", Reactor Technology Vol. 14 So. 4 p.345

Winter 1971-1972. For an understanding of the inverse kinetics

concept in general, the reader is referred to the article by

Raymond L. Murray, Carroll R. Bingham, and Chreston F. Martin,

"Reactor Kinetics Analysis by an Inverse Method", Nuclear Science

and Engineering 18. 481 (1964).

Lecture S

Zero Power Physics Tests

The tests called "zero pover physics tests" are performed at

low power to verity three types of information: the nuclear de-

sign parameters used in the safety analysis, the technical spec-

ification limits, and the operational parameters. The tests are

done after the initial fuel loading and befpre escalation into the

power range. They are performed at two levels of temperature-

pressure conditions. The first is cold, at around 150°C and

low pressure, the second is hot, at around 280°C near the operating

pressure of the reactor. A list of the tests done is shown in

Table I. The first list refers to the initial startup of Oconee-2,

while the supplemental list was for the 5th cycle of Oconee-3,

and represents a standardized test. The first set of tests takes

17 days each of three shifts. Auxiliary equipment includes stop-

watches, sealer-timers, a recorder, and a reactimeter. A test

coordinator is present in the control room, while a shift supervis-

or directs operations of the reactor. In order to arrive at the

"cold"condition, some heating is provided by operating for a while

one reactor coolant pump in each loop. Initial criticality is

achieved by control rod withdrawal and boron dilution, both of which

give positive multiplication effects. Certain acceptance criteria

must be met. Examples are shown in Table II •

TABLE I

ZERO POWER PHYSICS TESTS

(hot and cold)

Initial Criticality (cold only)

Differential Control Rod Group Reaccivity Worths vs Position

Differential Control Rod Group Worth vs Boron

Boron Concentration with All Rods Out

Temperature Coefficient of Reactivity vs Boron

Reactivity Change Cold to Hot

Ejected Rod Worth

Stuck Rod Margin Shutdown

Total Rod System Worth

(all at high temperature and pressure)

Nuclear Instrumentation Overlap

Sensible Heat Determination

Reactivity Signal Checkout

31



TABLE II

TYPICAL ACCEPTANCE CRITERIA

Critical boron concentrations in ppmB with all

control rod assemblies (CRAs) out:

cold 1571 - 100

hot 1634 i 100

Deviation limits of control rod worths:

group - 20%

total i 10%

ejected +30%, -50%

Deviation limits of temperature coefficient:

-0.4 x 10"4 delta-k/k per °F

Deviation limits on boron worth:

±10%

Excess shutdown margin—not to be negative

Worth of one regulating CRA:

Less than 1% reactivity at critical hot

Reactor Criticality Test. The criticality of the system is estab-

lished by use of reciprocal multiplication (1/M) plots. These are

based on the theory of the subcritical assembly. Consider again

32 the point kinetics equations cited in the previous lecture, but

assume that the steady state is provided \,j the existence of

a non-fission source S. The time derivatives of n and c. are set

equal to zero. Note also, that we use 6k and S. instead of

p and A .
0 = (6k - k g ) n + I A. c + S

J-S— i

0 = a. n -• l. c.

Eliminating the c. by combining equations, we have the familiar

_ _ SI

Assuming also that the counting rate CR of a representative

detector is proportional to the neutron level, and that conditions

at the starting condition k = 0 can be compared with those at

any other stage, we have

CR 1
MCR 1 - ko e

In each case the CR value has background subtracted. For example,

the multiplication M is 10 when k is 0.9. When k is zero, M and
e c

1/M are both 1; as k goes toward 1, M approaches °o and 1/M goes

to zero. Plots of 1/M against time, rod position, and boron con-

centration are drawn by the experimenters. A continual prediction

oT the critical state is made. Table III shows a sheet used for

recording observed results. Figure 1 shows the variation of 1/M

with boron content for the startup of Ocotie Unit 3.

The approach to critical involves adjustment of first the

control rod groups and then the boron concentration. In order to

appreciate these tests, let us examine the nature of the control

rod system as in Figures 2 and 3. Groups of rods labeled 1, 2,...

7 are moved as banks of rods, as shown in the plan view of the core.



DUKE POWER COMPANY
OCONEE NUCLEAR STATION
UNIT

Source Range Channel Mo,
Sealer-Timer No.
Recorded and Calculated by
SCS. T a v o- "F
KCS Prsssurc*

Table III

Enclosure 13.1, Attachment 4
1/M Data and Calculation Sheet

For Deboratlon on Approach to Critical

TT /3/A/711/O5

Sheet 1 of 5

ZERO POWER PHYSICS TEST
I n i t i a l Councrate: Take three 100 second counts
1/M P l o t N o .

CRA
Gp

Group
1 Gp

Positions:
2 Cp 3 Cp 4 Gp 5 Gp 6 Gp 7 Gp a

Counts/100 Sec.

1

Sun/3

TIME
BORON
CONC.

COUNT-

USED
Cl C2 C3

C(av)
C(av)

{85
SecT

1/M ECB ECT

|vl
OKAY TO
PROCEED

(INITIALS)
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FUEL ASSEMBLY WITH
ROD CLUSTER CONTROL

•£= Projected Critical Boron £
Concentration At 1548 ppm

RCS Boron Concentration, ppm

CONTROL ROD -

Figure 1 INVERSE MULTIPLICATION FOR DETECTORS NI-1 AND NI-2 VERSUS
RCS BORON CONCENTRATION FOR APPROACH TO INITIAL CRITICALITY

Figure 2 . Typical Fuel Assembly with Rod .Cluster Control
( Westinghouse)
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CONTROL GROUPS

In approaching critical, the sequence of rod withdrawal is as

follows:

Group Withdraw to

8 out

5 out

6 out

7 75% out

>Te note that Group 7 is the farthest out in the core and would be

expected to have a low reactivity worth. Next, the dilution of

the soluble boron is done, a process called deboration. The con-

centration goes from an initial value of about 1950 parts per

million boron (ppmB) to 1665 - 50 ppmB. The rate of feed of water

and bleed of solution is 70 gallons per minute. The expected value

of boron was 1565 ppmB, so the slower rate of deboration at 20

gal/min was used in the final stage. The test is stopped if

criticality is reached, if the boron gets as low as 1500 without

criticality, or at the test coordinator's discretion.

Once criticality is achieved, the power is raised very slowly

until sensible heat is observed, either by measurements of the

reactor coolant temperature or the rate of change of temperature.

A great deal of information is obtained by direct observation of

neutron levels, but additional data come from the reactimeter,

described in the previous lecture.
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Lecture 6

Measurement of Reactor Parameters

Detailed data on control rod reactivity worths is needed, in

addition to the information on criticality versus rod position and

boron concentration. We now review some of the reactor physics

behind such measurements and report some of the results for a typical

PWR.

Control Rod Calibration by Comparison Method. The reactivity cali-

bration of the control rods and soluble boron is performed by a com-

bination of transient power measurements, data from the reactimeter,

and comparison of effects resulting from boron changes and rod shifts.

Let us perform an oversimplified experiment in our imagination in

order to illustrate. With the reactor critical at low power in some

control system configuration, we withdraw a group of rods a small

distance Az, starting at some initial position zQ. We observe the

resulting transient and measure the doubling time, DT. From that

we obtain the period of the reactor, using

T - 1.443(DT)

On a plot of the inhour equation, relating T and p , we find the

change in reactivity Ap due to that Az, and ascribe it to the

average position of the tip of the rod, zQ + Az/2 on a graph.

The boron content now can be adjusted to restore criticality,

and the rod moved again a distance Az. The process is repeated

until the rod group is completely retracted. In the ideal case

of an unreflected reactor with weak control rod governed by pertur-

Jg bation theory, a graph of the differential worth is shown in

Figure 1. This case refers to removal of a rod from a full-in

position to a full-out position, i.e., from z = 0 to z » H. Now the

positive reactivity that is introduced by withdrawing a rod from

full in to a level z is the integral

P = /fdz
or

P =
i lAz/ i

For the same bare reactor we include the integral rod worth in Fig-

ure 1. The expression used to plot these curves is the familiar

PO
 H

sin 2 irz/H
2ir

Actual plots from Oconee-3 are shown in Figures 2 and 3. The

differential curves are seen to be quite different from the ideal

curves .

The next test is made to verify that the reactivity calibra-

tion used in the reactimeter is consistent with reactor behavior.

A control rod is moved a certain distance and the power allowed to

increase. The doubling time DT of the power is observed and the

period T calculated. The number of decades per minute (DPM) is

also found from the relation

DPM - 18.06/DT

The resulting numbers are compared with those in the reactor vendor's

test manual for the reactivity as measured by the reactimeter. The

test is done by moving Group 7 rods to get several positive and

negative reactivities. These are measured in microrhos, units which are

10 times the absolute reactivity or 10 times the reactivity in

per cent. Values suggested are +350, -350, +700, -700, +1050, and

-1050. We can estimate the stable period to be expected from a
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Figure 2

NORMALIZED DIFFERENTIAL WORTHS OF CONTROL ROD GROUPS 5-7 VERSUS
WITHDRAWAL POSITION, FOR BEGINNING OF LIFE, ZERO POWER CONDITIONS
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reactivity of +1050

T =, 37/ P

Then with B - 0.0065, T = 12.74 seconds, P - 0.00105, the period

is
T - 0.0828/0.00105 =78.9 seconds

A quantity called the "boron concentration with all rods out"

is obtained by a combination of observations and calculations. One

starts with the known critical boron concentration and position of

Group 7. Then Group 7 is withdrawn from a position such as 75% out

to a new position and the reactivity measured. The boron equiv-

alent of the rod change is deduced from the calibration of the boron.

From that, the boron concentration change corresponding to full

removal of the Group is calculated. The purpose of the test is

to provide information on reactor safety.

The temperature coefficient of the reactor at zero power is

measured by use of reactivities and temperatures at two states.

Depending on whether an increasing temperature is expected to give

a + or - reactivity, the reactor is made critical on an intermediate

detector channel range at 2 x 10" 1 1 A (+) or 0.8 x 10" A (-).

Begin a positive temperature ramp of about 16°C per hour, adjusting

control rods to compensate every time that the reactivity changes

by 0.005. The boron concentration is obtained by physical sampling

before and after the te3t to be sure it his not drifted and given a

spurious reactivity. Let the ramp go up to about +6 C and then go

to a negative ramp and repeat. The overall temperature coefficient

is calculated from rod reactivites and moderator temperatures by

aT " (P1 " P2 ) / ( T1 ' T2>



One then subtracts the known Doppler part of the temperature coeff-

icient, for Oconee-3 taken to be - 2.0 x 10~ to get a , the mod-
m

erator coefficient. For example suppose that at boron concentration

1400 pp&B we find a_ + 0.22 x 10~ 4 Sk/k per °F. Then a is
m

2.2 x 10"5 + 2.0 x 10"5 » + 4.2 x 10"5 6k/k per °F. Under this

particular boron condition the moderator coefficient is slightly

positive as if heating gave expansion that reduced the neutron

absorption and increased the multiplication. Figure 4 shows data

on the moderator coefficient and the total coefficient from the

Oconee-3 startup.

Rod-drop Experiments. A rough estimate of control rod group re-

activity values can be made by the so called "rod-drop" method.

This consists of observing the reduction in reactor power resulting

frona sudden insertion of a control rod or group. We shall pre-

sent the elementary theory and point out some of the deficiencies

in the method. Consider a reactor operating at steady state with

neutron number n . A negative reactivity is inserted. The point

kinetics equations are written in a special form to calculate the

the time dependence of n

-X n + gdn
dt

where

8 - EX.

the generation term, is considered to be approximately constant at

its initial steady state value B n Q/A over the short time it takes

n to fall and

is a "decay constant" of the transient (involving the magnitude of

the reactivity 1 p i), a rather large number. For example, if we

take Pas -0.04, A = io-4 s e c > and g = 0.0065, then X= 465 sec"1.

In a time of 2 milliseconds n is down by a factor of e » 2.718.

The solution of the differential equation with initial condition

n = n is
o

n = no e"
 A t + (g/A )(1 - e" X t)

For time t much greater than I/A this reduces to

n - n x = g/X

Inserting expressions for g and X , we solve for the reactivity in

dollars,

Kl = % - i
The value n., is usually taken to be the extrapolated intercept of

the rather flat part of the curve shown in Figure 5. For instance

if n. = 0.14 n the reactivity would be

p
o - -feriz- - l) <°-°°65> - °-04

Figure 5 also shows a plot of the exact transient on both a short

and long time scale. It is seen that the curve is never truly flat

and thus it is difficult to precisely define the level n ^ The

greatest error in the method however comes from the use of point

reactor kinetics theory, which holds only if the reactor is uniform

and unreflected with no local flux disturbances as would be found

in control rod motion. Distortions of the flux can be represented

only by harmonics of the fundamental mode distribution. For these

reasons the measurements are only regarded as rough checks. In the

Oconee-3 reactor for example the rod drop tests were assumed to

yield reactivities of only 74% of the calculated value, using data JJ
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Lecture 7

Organizational Aspects of Reactor Startup

We have reviewed many of the technical features of the initial

operation of a power reactor, including the reactor theory, the in-

struments, and the experiments. We will now say a few words about

the backup administrative controls that help to assure safety and

effective performance.

We divide these up into the following subjects:

training

operator licensing

procedure development

safety review group

quality assurance program

Three important reference documents used by the operating plant are:

Safety Analysis Report

Technical Specifications

Administrative Policy Manual

These will each be discussed briefly.

Training. The typical trainee of a power plant has up to now been

a high school graduate, preferably with some experience, such as in

a fossil fuel electric plant. The candidates for a job are inter-

viewed and examined for capability prior to giving them additional

specialized nuclear training. Manual dexterity and mature judgment

are observed. It has been believed for a long time that it is not

desirable for college graduates to be used in the role of reactor

operators, on the grounds that they would not be satisfied with a

position that involves so much repetitive activity and indeed

inactivity for long periods of time while the reactor is running

smoothly. It is now believed (after the Three-Mile Island accident)

that college graduates in science or engineering with operations

training are quite desirable for shift technical advisers or of course

for shift supervisors. The training of operators includes exten-

sive classroom study of the principles of reactor operation, using

methods often developed by training organizations, not typical

educational institutions. North Carolina State University has

however provided a great deal of what is called "hands on" exper-

ience and experiments using a small 1 MW research-training reactor.

The students were employees of Carolina Power and Light Company and

Duke Power Company that had received their classroom work and needed

to see first-hand how a reactor behaves. The virtue of such train-

ing is that excessive complexity of system is avoided and the lim-

itations on what can be done are fewer than with a large power

reactor that is to be kept on line whenever possible.

A very important phase is training by use of a reactor simula-

tor, which duplicates the appearance of a control console and

displays in real time certain responses to adjustments of control

rods and other equipment. It consists of course of a well-designed

computer. Ideally, it can simulate a great variety of typical

situations including accidents, and permit intensive drill in oper-

ator response.
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Finally, there is a period of experience in the actual reactor,

working under the supervision of an experienced and licensed oper-

ator. The licensing of a person either as operator or senior oper-

ator is handled by the Nuclear Regulatory Commission through written

examinations, oral questions, and personal observation of actual

operation of the reactor by the candidate. In order to be licensed

by the NRC, the individual must have a high school education or

equivalent and two years of power plant experience of which a min-

imum of one year is at a nuclear plant.

Operating Procedures. These form the principal basis for the oper-

ation of the plant. They consist of detailed step-by-step instruc-

tions for doing things, usually with blanks to check off and initial

that the proper action has been taken. Several sample pages from

the startup test procedure of Duke Power Company are included for

inspection. Procedures are in a continuous state of revision to

correct deficiencies or to improve function or safety. When some-

thing unusual occurs, e. g., a reactor trip, an Incident Report

is filled out. This includes what happened, identifying the cause

such as "equipment failure", "operator error", "incorrect procedure",

or "unknown". As necessary, the procedures are modified, usually

as the result of review by the plant safety committee.

13.5.1

13.5.2

42

Excerpt from Duke Power Company
Procedure Step

TT/ 3 /A/711/ 5
Enclosure 13.5

TEMPERATURE COEFFICIENT MEASUREMENTS AT ZERO POWER

To provide a procedure and the necessary forms to measure the tem-
perature coefficient of reactivity.

Procedure

Perform the temperature coefficient measurements as follows:

13.5.2.1 Verify that equilibrium conditions exist per 6.13.1.
The pressurizer boron concentration should be within
about 10 ppm of the RCS.

13.5.2.2 Establish criticality on the intermediate range channels.

a. In the lower portion of the allowed range for ZPPT
if the initial temperature change is expected to produce
a positive reactivity addition.

b. In the upper portion of the allowed range for ZPPT if
the initial temperature change is expected to produce
a negative reactivity addition.

13.5.2.3 Establish a constant neutron level, + 20 up"«.

13.5.2.4 Record reactivity on the two-pen L & N recorder, re-
cord T on the digital trend at one minute intervals.

13.5.2.5 Do not change the letdown flow rate during the test unless
absolutely necessary.

13.5.2.6 Reduce Taye by about 5°F at a rate of £0.5°F/minute.

13.5.2.7 Establish steady state conditions per 6.13.1 and hold for
five minutes. Do not compensate for reactivity change by
rod motion unless necessary to maintain reactor power with-
in predetermined high and low limits.

13.5.2.8 Increase T by about 10°J at a rate of =0.5°F/minute.

13.5.2.9 Establish steady state conditions per 6.13.1 and hold for
five minutes. Do not compensate for reactivity change by
rod motion unless necessary to maintain reactor power
within predetermined high and low limits.

13.5.2.10 Return Tavfi to 532°F at a rate of S0.5°F/minute.
28



rr/3/A/711/5
Enclosure 13.S

JL3.5.2.11 Establish steady state conditions per 6.13.1 and hold
for five minutes.

13.5.2.12 Calculate the temperature coefficient for the -5, +10,
"* »nd -5°F temperature ramps by using the following equa-

tion and record on Attachment 1:

Ap net
T = AT net

Where Ap net = net reactivity
change for ramp, AK/K

and ATnet = net temperature
change for ramp, °F.

13.5.2.12.1 Calculate the average measured a_ as follows:

(1) x AT(1) ) + C<JT (2) x AT(2) ) + (aT (3) X AT(3) )

AT(1) + AT(2) AT(2)

NOTE: Care must be taken to observe proper
sign conventions in all cases.

_13.5.2.13 Calculate the moderator temperature coefficient of reactivity
by subtracting the isothermal doppler coefficient of reactivity
-2.0 x 10~5 AK/K/°F from the average measured temperature
coefficients of reactivity and record on Attachment 1.

_13.5.2.14 If the measured ARO moderator coefficient is positive, extrapolate
the measured moderator coefficient to HFP as follows:

(HFP) = a (HZP) + A a (power)

where:

am (HFP) = moderator coefficient extrapolated to 100% F.P.

am (HZP) = 2PPT ARO measured moderator coefficient

Aom (power) = predicted am at HFP equilibrium Xe -

predicted am at HZP ARO

<*m (HFP) = + = AK/K/°F

If this extrapolated value is positive, an evaluation shall
be performed before escalating power.

NOTE: The predicted values for 0 at HZP and HFP should
be for approximately the same rod positions. The
boron concentration upon which the HFP a predicted
value is based should be determined by applying
the predicted change in boron concentration from
HZP ARO to HFP equilibrium Xenon to the measured
boron concentration at which the HZP ARO measurement
was made.
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TT/3/A/7H/O5

Enclosure 13.5
Attachment 1

TEMPERATURE COEFFICIENT OF REACTIVITY

(1)

(2)

(3)

GpS
Zvd

Gp6
Xud

Gp7
Xud

Gp8
|%Vd

Boron
PPMB

Initial
Temp Ti

Final
Temp T2

AT
•P

Initial p
K/K

Final p
K/K

P
K/K

Temp. Coeff.

°t

o, (average) - (°T (» * I AT(1)|) +(oT(2) x[ AT(2)|) + (aT(3) x |AT(3)|)

|AT(1)| + |AT(2)| + | AT(3)|

u.j (average) " + ( ) + (_

a,j. (average) - AK/K/°F

- a,r av - Isothermal doppler coefficient *

AK/K/#F

Calculated 8i/_

Pafe

itd By_

Vain.

NOTE: The value of the Isothermal doppler coefficient la given In the B & W Test Specifications. Since this
value la always negative, am will always be more positive than aT.
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Safety Analysis Report. The Safety Analysis Report, in two forms

preliminary (PSAR) and final (FSAR), is a very large document, con-

sisting of as many as a dozen loose leaf notebooks full of sheets

giving a description of all aspects of the system. Included are

numerical design and performance data, safety features, diagrams,

and drawings of equipment and circuits. A few pages of the Table

of Contents of such a report is all that we can include here.

Excerpt fxon Safety Analysis Report
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Administrative Policy Manual. This document provides the general

administrative and organizational framework for the detailed

instructions for operation. We reproduce here the first few pages

of Duke Power's Manual Section 3.2-1 on Preoperational Testing.

As noted, it gives the purpose of the program, who is in charge of

what, and the general nature of the tes ts .

From Administrative Policy Manual

3.2 TESTING

3.2.1 PREOPERATIONAL TESTING

3.2.1 .1 Introduct ion

The preoperat ional t e s t program a t a nuclear s t a t ion cons is t s of that t es t ing
conducted to i n i f a l l y determine various s t a t i o n parameters and to i n i t i a l l y
verify the capabi l i ty of s t r u c t u r e s , systems and components to meet performance
requirements. The t e s t s conducted are primari ly associated with safe ty- re la ted
and control-designated s t r uc tu r e s , systems and components, but may also include
a number of other t e s t s of technical or f inancia l i n t e re s t to Duke Power Company.

Each nuclear s t a t i on sha l l e s t ab l i sh a preoperational t e s t program to verify
that the station:

(a) Has been adequately designed and constructed.

(b) Meets contractual, regulatory and licensing requirements.

(c) Does not endanger the health and safety of the public.

(d) Can be operated in a dependable manner so as to perform i t s intended
function.

3.2.1.2

3.2.1.2.1

Organization

Station Manager

The station Manager shall have the final responsibility for implementation
of the requirements of this section, 3.2.1.
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3.2.1.2.2 Group Heads

Group Heads shall be responsible to the station Manager for all preoperational
testing assigned to their particular groups.

3.2.1.2.3 Nuclear Steam Supply System Vendor

The station's Nuclear Steam Supply System vendor may provide an on-site
organization for technical assistance during preoperational testing.

3.2.1.2.4 Technical Coordinators

The various equipment/service vendors and station erectors may assign a
technical coordinator, as appropriate, for testing within their areas of
responsibility. When assigned, these individuals should be responsible for
furnishing cechnical guidance and coordinating the services of their organi-
zation with station personnel during the particular testing.

3.2.1.3

3.2.1.3.1 Genera".

A station's preoperational test program 6hall begin when construction is
complete enough to operate and/or test individual structures systems or
components and extend through the satisfactory performance of each unit's
acceptance test at full power. In general, preoperational testing of a
unit is divided into two segments: Testing prior to initial fuel loading
and initial startup testing.

3.2.1.3.2 Testing Prior to Initial Fuel Loading

Testing prior to initial fuel loading is normally performed sequentially with
the following characteristics:

(a) Procedures should include appropriate consideration to assure that
prerequisite steps for equipment testing, such as completion of
necessary construction, prior testing, safety precautions and
measures to preserve equipment status, have been or will be
performed.

(b) The status of equipment components and facilities should be verified
to insure readiness for operation. Typical items to be covered include
cleanliness; lubrication; setting of limit switches, torque limiting
devices, and electrical protective devices; calibration of Instruments
and presence of safety devices. Consideration should also be given to
providing an equipment run-in period to minimize early failures during
operation of the unit.

(c) Individual system tests establish functional adequacy by operation under
prescribed conditions. The tests should be designed to permit
evaluation of system performance including, for example, the measurement

(d)

of flow, temperature, pressure, response time and vibration; transfer
of power supply to emergency power; and accuracy and response of
control devices.

Testing prior to initial fuel loading should demonstrate, as nearly as
can be simulated, the overall integrated operation of unit systems
at rated conditions including simultaneous operation of auxiliary
systems. It may be necessary to defer portions of these tests until
nuclear heat is available.

3.2.1.3.3 Initial Startup Testing

Initial startup testing of a unit includes initial fuel loading, tests at or
near zero power and power escalation testing. The program shall be designed
to permit safe fuel loading and startup; to increase power in safe increments
and to perform major testing at specified power plateaus. Particularly, if
tests permit variation of operating parameters, the 'its within which such
variation is permitted shall be prescribed. Prereq.. -tes and record keeping
shall be given special attenticn, and the scope of the testing shall

T.atrate that :he unit is capable of withstanding the design transients and
•;nts.

3.2.1.4 Performance of Testing

In addition :o the above general criteria (Section 3/2.1.3), testing associated
with safety-related and control-designated structures, systems and components
shall be performed in accordance with written procedures as follows:

(a) Preoperational Test Procedures shall be utilized for, but are not restricted
to, those tests which are;

(a.l) Unique to the preoperational test program, or

(a.2) Are necessary to verify integrated system performance or overall
unit performance.

The content of these procedures is addressed in Section 3.2.1.6 below.

(b) Preoperational testing, which is of such a nature that similar testing is
to be performed periodically throughout the life of the station, may be
conducted in accordance with the provisions of Section 3.2.2.4.

3.2.1.5 Scheduling

A schedule of the preoperational testing program shall be provided and main-
tained to assure that all necessary testing is performed and properly evaluated
on a timely basis. This schedule should be revised periodically, as necessary,
to reflect changes in the status of the structures, systems and components.
Testing shall be scheduled such that the safety of the station is never depen-
dent on the performance of an untested structure, system or component.



3.2.1.6 Preoperational Test Procedures

Preoperational Test Procedures shall be sufficiently detailed that qualified
personnel can perform the required functions without direct supervision. The
administration of Preoperational Test Procedures shall be in accordance with
Section 4.1, and the following items shall be considered in the preparation
and review of these procedures:

(a) Title

Each procedure shall contain a title descriptive of the activities to which it
applies.

(b) Purpose

The purpose for which the procedure is intended shall be stated. This state-
ment of applicability should be as clear and concise as practicable.

(c) References

References should be made to that specific material necessary in the prepara-
tion and performance of a procedure. This should include applicable drawings,
instruction manuals, specifications, sections of the station's

Rev 14
9/20/77

FSAR and Technical Specifications, cLr. Tlu-t.r references should be listed
in a manner as to allow ready location nl Lhc urnu-ri.il. References should
be given by both Duke Power Company and vt-ndor designations where
appropriate.

(d) Time Required

Procedures should contain, as uppl
time requirements for performance

(e) Prerequisite Tests

I 111'
i t-sl linnte of tht manpower and
•riiinl testing activity.

Each procedure shall specify those luHti: whlrli .ir<: required to be completed
prior to the performance of the H»uciru-<l lu.st Inc. This listing should also
include any tests that are to bo performed i:oiu:tirrently with the specified
testing. Appropriate provisions shall be III.-HII- to document verification of
the completion of the specified prerequisite tesLs.

(f) Test Equipment

Each procedure should contain u listing of special test equipment or
calibrations known or anticipated to be required in performing the specified
testing. Procedures may contain information and/or references for the items
listed such as instruction manuals or procedures, etc.

(g) Limits and Precautions

Limits on parameters being controlled and corrective measures necsssary to
return a parameter to its normal control band shall be specified, as
appropriate. Where appropriate, quantitive control guides shall be
provided; for example, an appropriate step of a procedure should say,
"Manually adjust feedwater flow to maintain water level -at X + Y feet",
rather than, "Manually adjust feedwater flow to maintain water level".

Precautions shall be specified, as appropriate, which alert the individual
performing the task, of those situations for which important measures need
to be taken early, or where extreme care must be used to protect personnel
and equipment or to avoid an abnormal or an emergency situation.

(h) P.equired Station (or Unit) Status

The procedure shall specify the station or unit status necessary to perform
the specified testing. Appropriate provisions shall be made to document
compliance with the status specified.

fi) Prerequisite System Conditions

The procedure shall specify the prerequisite system conditions necessary to
perform the specified testing. Appropriate provisions shall be made to
document compliance with the conditions specified.

(j) Test Method

Each procedure should contain a brief descriptive section which summarizes
the method to be used for performing the specified testing.

(k) Data Required

Each procedure shall specify any data which must be compiled in the
performance of the specified testing in order to verify satisfactory
completion of the specified testing. This should include a description
of any calculations necessary to reduce raw data to a workable form.

(1) Acceptance Criteria

Each procedure shall state the criteria for evaluating the acceptability of
the results of the specified testing. Test results shall be reduced to
a meaningful and readily understandable form in order to facilitate
evaluation of their acceptability. Adequate provisions shall be made to
allow documentation of the acceptability, or unacceptability, of test
results.

(m) Procedure

This section shall contain step-by-step directions in the degree of detail
necessary for performing the required testing. References to documents
other than the subject procedure should be included, as applicable.
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However, references shall be identi f ied within these step-by-step direct ions
when the sequence of steps requires that other tasks (not specif ied by the
subject procedure) be performed prior to or concurrent with a procedure s tep .
Where witnessing of a test i s required, adequate provision shall be made in
the t e s t procedure to allow for the required witnessing and to document the
witnessing. Cautionary notes , applicable to spec i f ic s t e p s , shal l be
included, as appropriate, and should be d i s t i n c t l y ident i f i ed .

(n) Enclosures

Data sheets , check l i s t s , diagrams, e tc . should be attached to a procedure,
as appropriate. In particular, chackl ists should be u t i l i z e d to avoid or
simplify lengthy or complex procedures and be attached a s enclosures.

3 .2 .2 PERIODIC TESTING

3.2.2.1 Introduction

The periodic testing program at a nuclear station consists of that testing
conducted on a periodic basis to determine various station parameters and
to verify the continuing capability of structures, systems and components
to meet performance requirements.

Sev 4
12/20/74

Quality Assurance Program. The concept of quality assurance is

very widely used in nuclear power plant operation. For completeness,

we include a definition and brief description of QA. This treat-

ment does not do justice to a function that is as extensive and

important. Quality assurance in simplest terms is a process by

which the owner and operator of a nuclear facil ity seeks to achieve

in a timely manner a safe, productive, and maintainable system.

In other words, i t comprises all actions necessary to provide ad-

equate confidence that a product or faci l i ty will operate satisfact-

orily in service (James T. Ramey). A formal QA program must be

established by a ut i l i ty and i t is subject to periodic review by

the Nuclear Regulatory Commission. An operating license for the

plant is contingent on the satisfactory functioning of the QA

program. The process covers all of the major steps in the develop-

ment of a reactor and plant--design and engineering analysis,

fabrication, construction, testing, and operation. The program

of QA is set up by the owner in order to meet his own expectations

on quality and also meet NRC requirements. The process consists

of a formalized set of required records that certify the conform-

anee of the item to the design, including data, material analysis,

radiographs, etc. In the operations phase, i t involves inspection

to see if procedures are being followed either administrative or

technical. Most of the attention is paid to those things that are

"safety-related", a difficult distinction to make sometimes.



Technical Specifications. This document is usually a single large

loose-leaf notebook that provides the limits on reactor parameters.

The main sections of the "tech specs" are

DEFINITIONS

SAFETY LIMITS AND LIMITING SAFETY SYSTEM SETTINGS

LIMITING CONDITIONS FOR OPERATION

DESIGN FEATURES

ADMINISTRATIVE CONTROLS

A few examples of the Information contained in tech specs are

displayed. Figure 1 shows the allowed region of operation of

coolant pressure and temperature. The acceptable zone is actually

quite small and well within the boundary between liquid and

vapor, Figure 2, on which the allowed zone has been superposed.

Another tech spec deals with the allowed control rod group positions

as they depend on the power level and whether two or three reactor

coolant pumps are in operation. These limits, shown in Figure 3,

are not easy to explain but their logic is apparent. Consider the

Group 6 rods. The upper limit of 10 2% full posrer is obvious. If

the rods are nearly full in, they tend to give an undesirable

axial imbalance, so the power must be kept low, especially if only

3 out of the 4 pumps are in operation.

Safety Review Group. This body of people, sometimes called safety

review committee or nuclear safety review board, has the function

of looking at operations from the outside. It examines proposed

changes to the tech specs, checks on the effectiveness of the QA

program', reviews incident reports, looks at important changes
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in procedures, and interviews plant supervisors and engineers to

learn of problems and improvements. The charter of the safety

review group calls for individuals who are qualified in these

disciplines:

nuclear power plant operation

nuclear engineering

chemistry and radiochemistry

instrumentation and control

radiological safety

mechanical and electrical engineering

administrative control and quality assurance practices

The committee as set up by Duke Power must have at least 5 members,

only one of which can be from operations. Ideally, it includes

at least one member that is outside the company organization.

The writer has filled that role in Duke's NSRB for the last S

years. In that system a director sends out written reports

such as incident reports and inpection results to the other

members. One or two persons are asked to review each item. The

whole $roup meets periodically to discuss the findings, prepare

a meeting report, and make recommendations to the Steam Produc-

tion management.

If one were to try to characterize in a word the subject of

organization as it refers to a nuclear power plant, it would be

"orderly". Whenever possible, actions are taken in accordance

with previously determined procedures. A criticism of operations

following the TMI incident was that the operators tend to "go

by the book" too rigidly and that they do not think enough about

what they are doing. This potential problem will surely be

addressed by U. S. industry as part of its overall response.

The Three-Mile Island Incident stimulated new initiatives on

the part of industry to assure improved reactor safety, through both

technical actions and organizational changes. To upgrade the oper-

ations of reactors an Institute of Nuclear Power Operations (INFO)

based in Atlanta has been developed. It will consist fo a staff

of 200 experts who will set higher standards nationally for the

training of operators by utilities. It will also audit performance

of utilities on a regular basis as an organization independent of

both government and industry. Of especial importance is the ability

of management and operating crews to respond to every conceivable

type of nuclear plant emergency. Details of the program appear in

the accompanying reprint entitled "Discussion Paper on the Establish-

ment of an Institute of Nuclear Power Operations", August, 1979,

as a private communication from William S. Lee of Duke Power Company.

The author cordially invites the attendees of this course to

send comments and questions. He wishes to express appreciation for

the courteous attention and pleasant associations with the partic-

ipants.
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MiHCMHNion I*;I|HM' mi |Iu> I.NinhliHlimoiH of an

Institute of Nuclear Power Operations

Overview

r~r\ In; t'lccirie uiility iiftlu.siry is
J_ developing plans fur an lusti-

mm iil Nuclear 1'owur Ujierati"ns
(INl'O). dedicated let ensuring tin;
high quality of operation ill nuclear
jMtwur plaiils. Its pui|MisL's, in brief,
am it) establish industrywide bench-
marks for excellence in nucle.ir oper-
ation am) lu conduct independent
evaluations lo assist utilities in meet-
ing the lH*nclininrk5. II will deter-
mini; educational and training re-
quirements for operating personnel
anil will accredit (raining organ i-
zatiomi,

Plan* for the Institute arc being
developed under the leadership of
Dr. Chaunrey Starr. Vice Chairman
of the Electric Tower Hcscarch Insii-
lute IKl'HM. Committees and advisory
gruupK ini'oU-ed in the planning pro-
cess are listed at the end of this

Philaxuphy of Operations

The (ihilosoplw of the Inslitutc
of Nuclear I'owcr Operations is to:

* I'ronioiu a level of professionalism
in nuclear power operations com-
mensural? with the importance
In the public of safe, reliable:, and
economically efficient operations.

* Invokn plant operating staffs in
development of benchmarks and
training systems in tliu con-
dud oflhe operation evaluations.

* Hsu the \tcsl available lt*i:))iii(|itr.>i
and nmihmlx to develop operating
.•ml 1 (-.lining practices and tin;
human factors aspect* of design
ititd ojMji'ation.

* Utilize independent professional
ntlvicd and counsel towards
accomplishing the Iiuiiiuto's
objectives.

* Siip|>orl and improve existing
practice* and training sysiems,
wherever jhtssible, rather than

y supplant lltcni.

• lli;!p the utilities to help Ilium*
M!lvt:s r.ith'ir than preempt llicir
management respunsi bill lies.

• Kncuur.igu excellence.

In carrying out lliis philosophy
of opera I ions, I he Institute will:

• Kslahlish industrywide bench-
marks for excellence in the man*
agement and operation of nuclear
power pl.'.nls.

• Coiutucl independeni cvalti.itions
lo determine that the benchmarks
are being met.

• Review nuclear power operating
experiences Tor analysis and feed-
hack to the utilities. Incorporate
lessons learned into training pro-
grams. Coordinate information re-
porting and analysis with other
organizations.

• Kslabtish educational and training
requirements for operations and
maintenance personnel and
develop screening and perform-
ance measurement systems.

« Accredit training programs and
certify instructors.

• Conduct seminars and generic
training fur various ulilily employ.
ecs, including instructors, utility
p.xi'cuiivcp. and upper manngd-
timm, lo ensure, quality in (tic
operation of nuclear jwwnr
programs.

• 1'erfonn studies and analyses lo
support development of criteria
for operation, for training, and for
•he human factors aspects of
design and operation.

• Provide emergency preparedness
coordination for the nuclear utility
industry.

• Exchange information and experi-
ence with operators of nuclear
power plants in other countries.

Institute Organization

n p he Institute consists of a Board
X of Directors, an Advisory Coun-

cil, an Industry Ilcvtaw Structure, a
President, and five divisions. The
Board of Directors will sn Institute
policies and direction and will he
composed of a chairman and elected

Initllut* ot NuclMf Powar Optrallont
Staff Slructun

Adviscxy

Board ot
Diftelori

Prt,

_ 1 1
Tf aiding t
Education
Oviiion

Cnferia
Oavctopmeni t

Analysis
Division

Xttnl

Industry

Si'ticiuro

1 1
Ev.itu.inon t
Ass-JWnct

Emeracncy
PtGP'itrOneu Aormmstmiw

Owiion

itwtyhmit hum Ihn nuntiiiitr uliUl'H'H.
Ihtl Atlvlniny Cfiiincll will mvii'iv
lnslilllt(> pntf{taiiis uml pmvidr ail-
vice to tin; Hoard of Uiiccior-h; il wdl
he composrd of diMinguishcd
jKT«on» in amns nrlatinl in ilio insti-
tute'* objectives and will include
prominent educators, scientists,
engineers, industrialists, and health
specialists. The InduMry Ucvicw
Slrucliiro will pcifunn review and
direction functions assigned lo it
by the lluarcl of Dircclors; il will he
composed or industry persons expe-
rienced in areas related to tlin Insti-
tulti's aciivitjus. Us org.inixiiliun will
parallel that of Iho slaff slrutlurn.
'Dili tln!stdi:i)l will tiiauiigit Iho Insti-
tute's ojiuralion, and will bu cho.scn
by the llo.ird of Dimctui'K.

It is estimated that Ihc functions
of Ihc Institute will rucjuire a staff of
about 200. The functions of each
division are. described in the fol-
lowing suctions.

Tra in ing and Education Division

General functions of this Divi'
sUm will bo IO:

• Itcvicw curricula, lesson plans,
and training materials- Existing
approaches will be upgraded
if needed.

• Accredit instruction systems for
nuclear power operations technol-
ogy. Certify instructors; assist in
their training and the development
of teaching skills, as necessary.

• Assist in utility planning lo meet
manfiowcr needs.

• Conduct workshops, ceminarsi and
training programs as needed.

• Periodically publish information of
interest lu nuclear power opera-
tions and 1 raining staffs,

Initial emphasis will be on
idcntilying and making generally
available tin; lu:M of existing lraining
materials and rii.soun'i's and nn I ill-
ing imhiHli-y IMTIIH wherti no malt-rial
or iippmaclu>ti yel rxisl.

•• The activities nMhu Training
and Education Division will include
Iho following ureas:

Executive Program

• Management responsibility and
philosophy on safety and reli-
ability.

• IM.tiitniH wild ("~f;n!.iCfiiy mid j'ov'
ri nmi-iil .t^fm n:n mi |iiitiflc hatcl)',

• (JjsiN iiiiitingi:nii:nl and cniimiuni-
(.'.iiiini wiih ihu public and
tho rcgti l.i lory iigeiicics.

Operations Program

• Upgrading of training and abilities
of operators lo handle off-normal
events.

• Increasing ihc understanding of
plant systems and operations by
supervisors and engineering
Mipport slaff.

• Developing training programs for
supervisors.

Tcr.ttnif.ians Prugntm

• Development of training specifi-
cations and pci-fonnancc stan-
dards fur skilled workers and for
technicians involved in plant
maintenance and operations
support.

The required staff of this Divi-
sion is estimated to be about 40.

Criteria Development and
Analysis Division

Tim Division will develop bench-
marks and guidelines for use in
nuclear power operations, will iden-
tify training needs, and will develop
and evaluate training techniques.
The development process will
include the following:

* Information on present practices,
obtained from the Training and
Education Division and the
Evaluation and Assistance Division.

• identification, monitoring, and
evaluation of operations problems
and collection of related infor-
mation from Licnnj.ee F.vcni
Itepnris ILEHs) and other infor-
mation sources.

• Oumlinale data ba.Mis and events
rvalu.ilions with related work
ifuiiir by Lil'lU and oilier orgdiii*
/Minns.

•.Studies and analyses, including
human factors studies, sponsored
studies in direct support of oper-
ations, and comparisons with
practices in other countries.

" M I M K W proposed guidelines with
the Industry lluview Structure.

flu- nivislini will |iniviil(i hrihnii
wilb finliilml t-iijtincKi.i anil vendor
mg.im/aiiims In ensure their p,uiii;i-
pat ion in Instiluli! aclivilics. Infnr-
mation on related technical research
needs, j*ueh as instrument ution
dcvclopmont, will be vent to KPH1
nud other uppmprialR orftniiiKiilioiin.

To support criteria 4levclnpment,
studies and analyses might ou con*
ducted in such areas as:

• Adri|iti>cy of training nimuinUif
model-, and tccbuiiiiienof.Himu-
lalor use. Uevelopmenl of pt;i*-
t'onnance measures and evaluation
systems.

• Kflmttiveness of udvMncml Insirui:-
tional methods, such ax computer*,
aided inslruciion and parl-laiik
simulators.

• Psychological and physiological
studies in areas such as shin rota-
tion, aiicniivimus*, and stress.

• Communications techniques and
procedures.

• Control room alarm presentation,
control concepts, and information
processing and display.

• Methods for effective use of oper-
ating and casually procedures.

• Detailed human factors analysis of
generic operating problem*.

• Stress response testing for
screening and development.

• Organisational behavior and
motivation.

Tho required staff of this Divi-
sion is estimated to bo about 40.

evaluation and Asslitiancft
Division

The objective of this Division
will be lo identify and promulgate
the. best nuclear plant operating
practices and in inform ami asuiM
ulitilteN when adopting sueh
piaelicL's might improve their upcr*
alions. tivalualtnn (earns will miiMsl
of front four lo six meinlHiiA of thi;
lusliiutt! staff, Mio.sily meiulH'rK of
Ibis Division, who am nxperittneed
in plant nperalionn munagenteiil.
Somo team members may he from
other tNI'O divisions, and the team
may bu assisted by persons fmm the
Mall's of member uiilitins. Kvnluiiiinns
will probably bu annual and will be



y iMMimillaiitm with null
a H' |HI I I lulhu tillllty.

Evaluations will l«r j;t.ml i;ri-

miicd and will cover the following

areas:

• Management Mid organization.

• Plant operating practices.

• Training and qualifications.

• Technological support.

• Maintenance practices And
material rondilion.

• Human factors aspects of designs,
arrangement*! and practices.

• Itadiulugical controls.

• Emergency preparedness.

• I'mcudunis, documentation, and
administration.

• In house audit ami quality assur-
ance IQA) practices.

AIMJUI six evaluation teams will
IK; rrt|iiircd for industrywide cov-
erage. Staff of the Training and &du-
c.tiiiM Division and the Criteria
Development and Analysis Division
will regularly participate in o[«ra-
thins evaluations tn ensure their
continuing clusc familiarity with
operating conditions and practices.

Institute evaluations will include
reviews of existing utility audits.
Encouraging self audits will be an
aim of the Institute. Problems in
determining the effectiveness and
adaptability of various practices will
bit nifened to Ihn Criteria Develop
mimt anil Analysts Division for study.
The Institute staff will need to work
closely with other organizations,
sui-h as NHC and insurance com-
Ikinics, interested in the review
process.

Estimated time per minimum
(•valuation is two weeks, and based
mi tin: projected numlmr of utility
Mies .iitil (JI.HH.II, 2 IS tt:utn-wft:kn |H.T
year will be rui|iiircd for annual
Industrywide evaluation. Kc&ulHng
luinimtil stuff is 4.5 learns for an
ideal schedule. Assume the Division
lias 6 teams of S memlierx each,
requiring 30 team mcint>crs Assume
31) Division staff for management, for
direct support, and fitr assistance
functions in areas indicated by the
evaluations. This leads to an esti-
mated Division stuff of 50.

I In i«

Illvl

'I Ins Divi-.ion will cM.ililish and
maintain a manpo.ver lining of
iixjieriH in v.uioim Held.* who could
ho available to a utility ukpcrlimving
an emergency. 1 ho listing will in-
cluilu ilie individuul's qualifications
and abilities. Listed personnel could
be diviiled into regional emergency
technical support teams.

Tin: Division will also maintain
tin invrniiny of cimtigency cqui|>-
mi:nt, where it is located, and whom
to contact concerning availability.
This inventory will include equip-
ment in vendors' shops, plant:,
under construction, plants in 0|>cr-
ation, nalional laboratories, and
federal agencies. INPO's services
will be available to all plants at all
limes.

In viuwofthti broad utility par*
ticipation in emergency preparedness,
it is usliuialnd that an Institute siaff of
about IS may lie adequate for this
Division,

AdniiniHtrallon Division

This Division wilf provide the
internal support, travel arrange-
ments, personnel management, and
financial functions of the Institute, ll
will ht; responsible for the contrac-
tual relationships with outside
organizations, consultants, and
research subcontractors. .All financial
management, overview, and auditing
will bn conducted in this Division,
including the funding arrangements
with tho supporting utilities.

It is estimated that a staff of
50 will be needed for these activities.

President! Office
In addition to the generally

recognized functions of the President
as chief executive officer, this office
will (tvei'sfic the relationships with
Ihn Advianry Council and the Industry
Ifrview Sirurturu. A staff of 5. inclnd.
ing Urn President, is estimated to be
needed to provide centralized plan*
ning and assistance.

All estimated staffing levels are
based on present conceptions of the
mission of the Institute and the
proposed activiiit!.s of other related
nigani/aiioii!!, both utility and govern-
ment. The total oi 200 is believed to be

a j'.utttl pl.iiiniMX li'Viil, jintl
hiillli tntt M-II|MI n> |i<!imit ilettiitcil
.nljiisiinent of Instiiutn functions as
may bi; ded during tliu initial yuan
of its operations.

Related Committees and
Advisory Groups

T he following committees and
adviMiry groups arc involved in

tin: development of plans for the
Institute.

TMI Ad Hue Nuclear Ovvnlght
Coinmlltee
1TOJ> level industry commitlcc)

Floyd LcwUi Chairinnn
Middle South Utilities, Inc.
ThuuiuH AyerH
Commonwealth £dison Co.

l̂ :o Uvernlt
Philadelphia Electric Co.
William IfftD
Duke Power Co.

Frank Under
Dairyland Power Cooperative'
Jack Pfiater
Salt River I'rojcci

John Sclby
Consumers Power Co.

Frank Warren
Portland Cendral electric Co.

INPO Steering: Committee
(Overseeing establishment of INPO;
reports to Oversight Commiuccl

William Lcc, Chairman
Duke Power Co.

Jack P^inr, Vice Chairman
Salt River Project

Howard Uraun
I'niific Cas and Electric Co.

Sol UurNtuIn
Wihcunsiii tlcctric Power Co.

Itlchnrd tickurt
Public Service Klectric and Gas Co.
Ityron Leu. ,lr.
Commonwunlih tUliiun Co.

Frank StamcHky
Uu&ion Ktlison Co.

ttnnicrt Tiiylur
Dairy la nd I'owcr Cooperative

AM' Policy Ciiiiiiuhtii
I'IIIIUIV-IIII l» TMI At:i
IllRi-iimiiiiiiuliul iiMabliN

llyrmi |,iti:f Jr.i
Cnmmunwoallh KiliMiti C».

Ituburl A. S/,tit«y, Secretary
Atomic Induktrial Fnriim

Shcjiurd llurlnorf
Jersey Contra! Power &. L'iglu Co.

Vi«f«n( S. Utiycr
I'hilattiilphiu Kludiic Co.
A. Phillip llray
(iunurul liluuuic Co.

Hnbi'i'l Cnekrell
Washington Publii: I'uwor System

JoHipli I I . Uieiricli
Combustion Enginccnng. Inc.

Idiy II. lliiiilm ii
li;iim-.-,M*i; V.illi y Auiluirily

Itu:liard M. lii k r r l
I'ublic 5(!i"vice liliictric anil Vti\n Co.

it'ii! i r«to
NonhuaM Utilities

I I . Cliirk I'.llthit
Middle South Services, Inc.
Jfi lm W, c;ore. Jr.
Daltiniore Uas and Electric Co.

(tiHiMiuiers I'ower Co.

Willi;iin J . I,. Kennedy
Stunt; &. WcbMcr Engineering Co.

IiCmiiirri J. Koch
Illinois Power Co.

t.liulblatl
1'ortlaiid General lifcciric Co.

ll.ilH:iH'k A. VV'ilinx Cu.

VVarn-n I I . O»i:»
Duko Poivi'i- Co.

Itoniiinti Sulvaturl
WiikimgluiUMt Klcclric Corp.

i:imrli!H IV. Siiinllord
iltichlul 1'ovvcr Cm\}.
Jam en ll. siuudl
(iillHii-l/Cniniiiuiiwcallh Companies
Hiibiit A. TIiniiiaN
MHithmi Cinn|iany Si'i-vieen, Inc.

Donald i:. Vaiiduiiburffli
Yankiti: Aioiuic. Klnclric Co.

William U'allami, I I I
KII.IM:O .Seiviccs Inc

Jiilm Ward
fc. Luudy, Inc.

iNI'O Establishment Ativixory Croup

To advi.se on Ihn functions and organixntiun of INPO. Dr. Starr has assembled a gr«u]i of «.\pct ienceil |wo|ilt> Iruni
various activities with strong national safety programs or who have participated in major educational activities related
tu safety.

Dr. S. A. llernHun and Frank M. Staszevky, Jr.
Uechlcl Power Corp.

Dr. Joseph J. Uulmcr
President, Hudson Valley Junior College
(formerly in charge of the Naval Nuclear Power School at the Knolls Atomic Power Laboratory!

Leo Duffcy
KG&G Idaho, Inc.
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FUNDAMENTALS OF WWER-TYPE PRESSURIZED
WATER REACTORS

P. SILVENNOINEN
Technical Research Centre of Finland,
Nuclear Engineering Laboratory,
Helsinki,
Finland

ABSTRACT

The brief series of lectures cover the fundamentals of the
Soviet pressurized water reactors (WWER) including a discussion
on core layout and lattice design as well as on loading patterns
of the WWER-440. Special features of the calculational procedures
are described and examples are given of lattice cell, power distrib-
ution and core dynamics calculations. Finally, some remarks are
made on the new WWER-1000 core design.

1. INTRODUCTION

The physical, thermal and technical characteristics of the
light water-cooled and moderated power reactors (WWER) designed
in the Soviet Union fall within the range which is typical for
pressurized water reactors. Consequently, the rudiments of the
physics of PWR's are applicable to WWER's. However, the
detailed fuel, lattice and core designs of WWER's incorporate
a number of deviations from or modifications of the PWR descrip-
tion given in the other lectures of this course. These notes
are intended mainly for the purpose of discussing these differences
and their implications in the operation of WWER reactors.

Since the WWER is a Soviet reactor design it is quite
natural that the most elaborate technical descriptions appear in
the Russian literature, e.g. [1]. The reference plant for the
main part of these lectures is the Loviisa-1 nu-. lear power plant
in Finland. This plant has been in commercial operation since
the first half of 1977. The utility related experience and the
calculational methods to be discussed are those available in
Finland. In many cases there would be available some parallel
material from the Soviet Union [1].

Among the WWER-reactors WWER-440 is the version having the
largest number of reactors in operation. Iherefore this version
is chosen as the basis for the discussion. A brief review of
WWER-1000 is given in the final chapter of these notes.

2. CORE LAYOUT AND LATTICE DESIGN

Values of relevant design parameters of WWER cores

are collected in Table I.

Core layout

The layout of the WWER-440 core is depicted in Fig. 1. There
are 349 hexagonal fuel assemblies having the face-to face dimension
of 14.7 cm. The location of control rods are also indicated in
the figure. The control rods have outer dimensions equal to those
of a fuel assembly. The inserLion of a control rod is tantamount
to placing a water hole surrounded by a boron steel gasket into
the core. When the control rod is withdrawn a fuel assembly
enters the position and eliminates the existence of large water
columns.

Fuel assemblies

A horizontal cut across a fuel assembly is shown in Fig. 2.
The 126 fuel pins have a cladding of a zirconium alloy with one
per cent niobium. There is also a central water hole where in-
core instrumentation equipment can be placed. Differently from
the other PWR's the fuel assembly is surrounded by a can. This
design feature resembles BWR's. Even the water gap betveen
adjacent fuel assemblies contributes to a BWR-like decoupling
of the assemblies and causes the thermal flux to obtain a local
maximum at the outer ring of fuel pins and across the gap.

From the point of view of performing a depletion calculation
the decoupling has the physical advantage that two-group cross
sections as functions of burnup can be precalculated assemblywise
without, any major regard given to the surrounding assemblies.

Compared with other PWR's the hexagonal geometry makes one
dimensional approximations of a unit cell to reproduce the actual
configuration more accurately. In global calculations the smaller
size of the assemblies would, in principle, facilitate the use
of one mesh puint per assembly in a horizontal plane.

In-core instrumentation

The locations of the in-core detectors of the Loviisa-1
reactor are indicated in Fig. 1, [3]. There are self-powered
neutron detectors in 36 fuel assemblies inserted in the central
instrumentation thimbles. Each detector assembly contains four
local 25 cm rhodium detecLors and a full length vanadium detector.
Furthermore, the outlet coolant temperature is monitored by means
of 210 thermocouples. The detector instrumentation is a part of
the automatic data acquisition and core surveillance system which
is controlled by a process computer. In addition to the core
surveillance function the collected data are of primary importance
in verifying and validating the calculational methods used in core
analysis.
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3. FUEL LOADING PATTERNS

The initial loading pattern of the Loviisa-1 reactor is given
in Fig. 3 [3]. Due to the symmetry only one sixth of the core is
depicted in the figure. The initial fuel enrichments available
are 1.6, 2.4 and 3.6 per cent. The control positions are given
in heavier outline. In normal operation the fuel followers remain
in the core with the exception of one position per any 60 sector.
The loading pattern is a hexagonal analogy of the out-in scatter
loading [4].

After few years the core reaches an equilibrtium state. In
the case of WWER-440 one is supposed to specify the enrichment of
the equilibrium loading batches in terms of two given enrichments,
i.e. 2.4 and 3.6. Any fresh loading is to be composed of assemblies
having either one of these two enrichments. An equilibrium loading
pattern of the WWER-440 core is given in Fig. 4 [5]. In fact,
two alternating loading patterns are given in the figure because
the central assembly constitutes a batch of its ova. Including
the fuel followers an annual reload batch contains some 90
assemblies of the higher enrichment and 30 assemblies of the lower
one.

Besides the limitation on the enrichments and the symmetry,
the core loading patterns are constrained by control rod locations.
The fuel followers are not permitted to have longer residence times
than two years. This is one of the measures against hidden reactivity
inversion at any of the control rod positions.

4. REACTIVITY BALANCES

The reactivity balances of the WWER-440 cores are given in
Table II. The reactivity components are split into the operational
changes associated with core control and into slowly varying changes,
respectively.

A more detailed breakdown of the reactivity changes is given
in Table III. These values have been reported for a specific
WWER-440 plant at Novo-Voronesh [1].

5. COMPUT/UIONAL PROCEDURES FOR LATTICE CELLS

The core design methods of WWER reactors are described in [1].
The following discussion is based on a slightly different independent
approach which may be regarded as a modification of the more widely
adopted practices [4], The emphasis is placed on the aspects which
are found to have practical importance to a utility operating WWER
reactors.

Fuel pin cell

The most widely used cell programmes are MUFT or FORM (Fortran
HUFT) for the fast domain and and THERMOS for the energies typically
below 1-2 eV [4].

FORM is used to determine the fast neutron spectrum in a
homogeneous mixture. It has been modified to calculate approxi-
mately the fast fission factor in a fuel rod cell. The treatment
of resonances is rather simple in FORM and it has been provided
with an option to give input correction factors (L-factors) for
resonance integrals. These factors are most reliably calculated in
the intermediate resonance approximation taking into account the
actual geometry.

THERMOS-OTA determines the thermal neutron spectrum in one-di-
mensional geometry by the collision probability method. It has
been modified to produce condensed cross section sets for various
nuclides and mixtures to be used in subsequent diffusion calcula-
tions. The present 48 group cross section library covers the
neutron energy range 0-2.5265 eV so that the Pu-239 resonance at
0.3 eV and Pu-240 resonance at 1.0 eV are treated in the thermal
range. A number of very narrow groups are placed at the resonances
to accurately account for their effect on the spectrum.

A typical pin cell spectrum is drawn in Fig. 5. It has been
obtained for a WWER fuel pin with an initial enrichment of 3,6 %
and with a fuel burnup corresponding to a residence time of two
cycles. For this reason both plutonium resonances yield a notice-
able effect [6].

Nuclear data for the spectrum calculations are most con-
veniently obtained from the ENDF/B data files. Excluding the
cases with large amounts of plutonium, a version ealier than the
current ENDF/B-V is quite sufficient for utility purposes.

Cross section homogenization

The multigroup fuel pin cell calculation is followed by a
group collapsing procedure. In many cases an average cylindrical
pin cell is not adequate to describe the entire fuel assembly
which again should be approximated with a cylindrical cell.

Since fuel lattice calculations are requested quite frequently,
the whole task should be carried out by an integrated lattice cell
burnup code. For the Loviisa-1 reactor these calculations are car-
ried out by the CASMO-HEX code. The flow diagram of this program
is shown in Fig. 6.

CASMO-HEX is a variant of the Swedish CASMO code [7], CASMO-
HEX is tailored for the hexagonal WWER lattice configuration.

As indicated above the first multigroup transport calculation
in a pin cell is performed by a one-dimensional collision probabil-
ity method. Different possibilities are available to proceed to
the fundamental mode calculation. The energy groups can be directly
condensed to a suitable set for two-dimensional calculation over
a fuel assembly cell. This is either a diffusion theory or a col-
lision probability calculation. The diffusion method gives in
most cases sufficiently accurate results for WWER assemblies.

The pin cell calculation can be followed by a macro-group
(10-20 groups) calculation which is a transport theory calculation



over the whole fuel assemblv in tnnular geometry. In the case of
the hexagonal assemblies of the VVER-440 reactor it has been found
that in general this gives nearly as good results as the corre-
sponding two-dimensional calculation. In the fundamental mode cal-
culation the neutron leakage from fuel assemblies is approximately
accounted for by a buckling given as input.

The most important output of a cell burnup program consists
of few group (usually 2 or 4 groups) diffusion parameters for
various types of fuel assemblies as a function of burnup. The
coefficients for feedback effects due to xenon poisoning, fuel and
moderator temperature, etc. are also calculated by a cell program.

As an example of the CASMO-HEX calculations, the four-group
absorption cross sections are presented in Fig. 7 for a 3.6 %
enriched WWER-440 assembly.

Among the many other output options from the cell burnup
calculation, the isotopic composition of fuel at any given burnup is
perhaps most illustrative of the power generation process. Fig. 8
shows the inventory of the major heavy isotopes in a 3.6 % fuel
assembly of the WWER-440 [8].

6. CORE POWER DISTRIBUTIONS

In numerical core-follow analyses the neutron flux distribution
in each node is assumed to obey a functional form that is separable in
axial and radial dimensions. In a radial plane one node is set to correspond to
one fuel assembly whereas the core height is typicallly divided into 10-15 nodes.
Subsequent remarks on core calculations are based on experiences with the HEXBU-3D
program available at the Technical Research Centre of Finland.

Within one fuel assembly node the flux is represented by
a third order polynomial which determines the coupling coefficients
between neighbouring nodes. The coefficients are recalculated during
tba iteration concurrently with the adjustments of the power dependent
feedback effects. The fast and thermal group flux distributions are
divided into fundamental and transient mode contributions. Since
the transient mode is mostly determined by local characteristics
it is treated similarly with the feedback effects. Thus the two
group equations can be condensed to one group in the innermost
iteration where the nodal flux values are improved.

The axial dimension in HEXBU-3D is dealt -jith similar methods
as the radial dimensions. The thermal-hydraulic description of
flow channels is very simple, because subcooled boiling has not a
very important role in the WWER-440. The follower parts of the
control assemblies are included in the solution domain of the
diffusion equations whereas the absorber parts are represented by
boundary conditions.

The eigenvalue in the iteration which maintains the criti-
cality of the reactor during a burnup cycle can be either the
effective multiplication factor or the concentration of soluble
boron in uie moderator. Obviously the second alternative with a
constant multiplication factor of unity corresponds to the actual
simulation of reactor operation.

A series of comparisons of calculated power distributions and
reactivity values are shown in Figs 9-12 [3].

In Fig. 9 the calculated power distribution at the end of
the first Loviisa-1 cycle is compared with values obtained from core
outlet temperature measurements. The maximum error is seen to be
about 4.5 Z. The discrepancy could be reduced by some 50 % in
case one would use adjusted albedos at the core boundaries.

Fig. 10 and 11 depict the axial power distributions in
selected fuel assemblies at the begining and, respectively, at
the end the first cycle of Loviisa-1. The maximum deviation is
of the order of three per cent.

Finally, a comparison of the calculated and measured boron
concentrations is given in Fig 12. The figure also indicates
the position of the operating control rod group.

7. CORE DYNAMICS

The core dynamics of the Loviisa-1 reactor has been discussed
extensively in the final safety analysis report. Transients studied
can originate from any of the following external disturbances:

- variation in system pressure,
- variation of inlet coolant temperature or mass flow,
- inadvertent insertion of control rods,
- ejection of control rods,
- variation of the inlet density of soluble boron,
- pump power failure or locked rotor,
- rapid changes in the global power distribution.

All these transients are analysed using a simplified descrip-
tion of the primary circuit as shown in Fig. 13 [9] or using an
extended model of the whole primary circuit and of the second sides
of the steam generators as shown in Fig. 14. It is essential to be
able to study the hot channel separately from the average core flow
conditions.

In the numerical analyses of these transients neutron kinetics
equations are the two-group diffusion equations. A synthesis model
is composed of a time dependent axial diffusion equation and of a
radial shape function equation. The group constants vary in dif-
ferent fuel regions and depend on thermoh>draulic parameters in the
flow regions. The axial group constants are obtained as weighted
sums. Effects of xenon and soluble poison are also included.
Control rods are described by absorption coefficients. The top
rods may be equipped with followers. A linearly tapered rod
simulates the presence of a non-uniform rod bank [9].

Heat conduction in the fuel pellet and the cladding is de-
scribed by Fourier's equation with conductivity and thermal capac-
ity depending on the local temperature. The axial conductivity
is ignored. Heat transfer through the gas gap is calculated by
means of thermal resistance. Heat transfer between the cladding
and the coolant is determined by correlations Vih'^h also estimate
whether the local heat transfer mechanism is convestive or boiling.
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The hydraulic model includes one-dimensional conservation
equations for mass, energy and momentum, and correlations describing
evaporation, slip and two-phase friction. The vapor phase is always
in saturation state, but the liquid phase can be subcooled or su-
perheated. The thermodynamic properties of both phases depend
on local thermodynamic parameters [9].

An example of the transient analyses for the Loviisa-1 plant
is given in Fig. 15. The transient studied represents a steam line
failure accident. In terms of the minimum ratio of the departure
from nucleate boiling (DNB) the transient is not very severe. The
fact that the WWER-440 is a six loop design has a similar mitigating
effect in most other transient cases as well.

This scries of lectures has not had the purpose of discussing
the safety related items of WWER-440 in any greater detail. The
accident analyses of the Loviisa-1 plant have been performed in
accordance with the evolving international practices. For example,
the RELAP4 code system has been modified and adapted to the studies
of the emergency core cooling system in LOCA situations.

The common feature in the accident analyses is that, while
physical and thermohydraulic models devised for other PWR's are
usually applicable to the WWER-440, the validation of input param-
eters to be used in the analyses requires substantial effort.
Related to the application of RELAP4, one of the difficult tasks is
to determine reliably the values of the gap conductivity in the fuel
rods during thermal transients. This must be done using auxiliary
models such as GAPCON-THERMAL and others. An illustration of the
gap width studies is shown in Fig. 16. The results indicate
the impact of the fuel exposure levels on the width of the fuel-
clad gap.

8. WWER-1000

The WWER-1000 represents the latest Soviet designed PWR.
Major design parameters were already given in Table I. As one
can judge from these parameters, WWER-1000 aims to higher power
densities and, consequently, to more economical power production.
By early 1980 there has not yet been any information available of
the operational experience at the first WWER-1000 plant at
Novo-Voronesh.

In a qualitative comparison of WWER-440 and 1000 reactor
systems the following observations can be made:

- The fuel rod dimensions are the same. There are annular
fuel pellets in both reactor types.

- WWER-1000 fuel assemblies are larger, the number of fuel
rods per assembly is increased from 126 to 317.

- In WWER-1000 the control rods are clustered within fuel
assemblies instead of the massive flux trap rods in
WWER-440.

- Burnable poison rods are introduced in WWER-1000.
- The average linear heat rate is increased from 13.1 to 17.6
W/mm.

- The number of coolant loops is reduced from six to four.
- The core height/diameter ratio is increased essentially.
The major changes exert, of course, their influence on the

core behaviour. Just taking the last item as an example, the WWER-
1000 has a slightly cigar shaped core that is inherently more unst-
able in axial power maneuvering transients. Preliminary studies
of xenon transients [10] indicate a potential of oscillations
in load following operation and suggest the need to use partial
length control rods as a remedy.

REFERENCES:

[1] 0VCHINNIK0V, F.Ya. et al., Opel icing conditions of water-
moderated water cooled power reactors, (In Russian),
Atomizdat, Moscow (1977).

[2] PETROSYANTS, A.M., Recent issues of nuclear science and
technology in the USSR, (In Russian), Atomizdat, Moscow (1972).

[3] KALOINEN, E., SILTANEN, P. and TERA'SVIRTA, R., Two-group nodal
calculations in hexagonal fuel assembly geometry, to be
published in the proceeding of NEACRP Specialists' Meeting
on Calculation of 3-Dimensional Rating Distributions in
Operating Reactors.

[4] SILVENNOINEN, P., Reactor core fuel management, Pergamon Press,
Oxford and New York (1976) .

[5] KOSKINEN, E. and SILVENNOINEN, P., in Nuclear energy maturity,
Vol. 4, Pergamon Press, Oxford and New York (1976).

[6] WASASTJERNA, F., A method of calculating boundary conditions
at the surface of a control assembly in a VVER reactor,
Technical Research Centre of Finland, Report VTT-YDI-11 (1974).

[7] AHLIN, A., EDENIUS, M., HA'GGBLOM, H., The fuel assembly burnup
program CASMO, Studsvik Energiteknik, Report AE-RF-76-4158
(1976).

[8] MATTILA, L.J. and STEHGARD, J.-0., Inventories of stable
fission gases and radiologically most important fission
products in the core of a pressurized water reactor, Technical
Research Centre of Finland, Report VTT-YDI-15 (1975).

[9] RAJAMSKI, M., TRAWA, A transient analysis code for water
reactors, Technical Research Centre of Finland, Report VTT-YDI-
24 (1978).

[10] SILVENNOINEN, P. and TIIHONEN, 0., Load-following induced
xenon oscillations in pressurized water reactors, Kernenergie
20 (1977).

48



TABLE I Design parameters of WWER cores [2] TABLE II Reactivity effects [1]

Thermal power, Mtf

Gross thermal efficiency, %

Operating pressure, bar

Core diameter, m

Core height, m

Number of fuel assemblies

Fuel rods per assembly

Fuel pin diameter, mm

Lattice pitch, mm

Fuel loading, ton U

Stationary fuel enrichment, %

Average linear heat rating, U/mm

Number of control assemblies

BOC reactivity at 20°C, %

Control rod worth at 20°C, %

Inlet coolant temperature, °C

Average temperature rise, °C

Nominal cycle length, h

WWER-440

i375

32

125

2.88

2.50

349

126

9.1

12.2

42

3.5

13.1

37

18

10

269

31

7000

WWER-1000

3000

33

160

3.12

3.50

151

331

9.1

12.6

66

3.3-4.4

17.6

109

22.5

6.2

289

35

7000

Control requirements

Doppler effect

Change in average water temperature

Change in average water density

Maneuvering allowance

Operational margin

Total

Reactivity compensation

Fuel depletion

Xenon and samarium poisoning

Hot-cold reactivity difference

Reloading subcriticality

Total

Shutdown requirements

Power level compensation

Hot core subcriticality

Stuck control rod

Total

%

1.4-1.6

< 1.0

< 0.1

0.5

0.1

2.0-3.3

8.0-10.0

3.0

4.0- 5.0

2.0-10.0

17.0-28.0

1.4-2.7

1.0

1.0

3.4-4.7
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TABLE I I I React iv i ty Changes in WWER-440 core [1]

Excess cere reactivity

at 20°C

100°C

150°C

200°C

285°C

Temperature effect between

20 and 285°C

Power effect

Stationary Xe-135 poisoning

Stationary Sm-149 poisoning

Excess reactivity for depletion

Control rod worth

at 20°C

285°C

Power, %

-

0-100

100

100

100

p>

17.

16.

16.

16.

14.

9

Z

77

95

53

07

10

32

Ap,

3

1

2

0

14

20

Z

.67

.60

.53

.65

.66

.82
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FIG. 1. LAYOUT OF WWER-110 CORE
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VVER-UO FUEL ASSEMBLY
LOVIISA-1
Cycle 1
Loading pattern

126 Fuel rods

^ Location number in 60" sector
2.4 I Fuel enrichment

Control rod locations shown in heavy outline
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L0VIISA1 SIMULATION OF A FUEL PIN IRRADIATION
HISTORY BY THE GAPCON-THERMAL 2 CODE
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FUNDAMENTALS OF BOILING
WATER REACTOR (BWR)

S. BOZZOLA
AMN Ansaldo Impianti,
Genoa,
Italy

Abstract

These lectures on fundamentals of BWR reactor physics are a synthesis
of known and established concepts. These lecture are intended to be a
comprehensive (even though descriptive in nature) presentation, which would
give the basis for a fair understanding of power operation, fuel cycle and safety
aspects of the boiling water reactor. The fundamentals of BWR reactor physics
are oriented to design and operation. In the first lecture general description of
BWR is presented, with emphasis on the reactor physics aspects. A survey of
methods applied in fuel and core design and operation is presented in the second
lecture in order to indicate the main features of the calculation^ tools. The third
and fourth lectures are devoted to review fo BWR design bates, reactivity
requirements, reactivity and power control, fuel loading patterns. Moreover,
operating limits are reviewed, as the actual limits during power operation and
constraints for reactor physics analyses (design and operation). The basic
elements of core management are also presented. The constraints on control rod
movements during the achieving of criticality and low power operation are
illustrated in the fifth lecture. Some considerations on plant transient analyses
are also presented in the fifth lecture, in order to show the impact between core
and fuel performance and plant/system performance. The last (sixth) lecture is
devoted to the open vessel testing during the startup of a commercial BWR. A
control rod calibration is also illustrated.

INTRODUCTION REMARKS

These lectures on fundamentals of BWR reactor physics are a synthesis of
known and established concepts. These lectures are intended to be a comprehen-
sive (even though descriptive in nature) presentation which would give the basis
a fair undentading of power operation, fuel cycle and safety aspects of the
boiling water reactor. Some anticipation, in some extent, will be necessary, in
order to give a comprehensive overview of the main reactor phyiics aspects.

The fundamentals of BWR reactor physics are oriented to design and
operation; they are aimed to identify and discuss the relationships between the
different aspects of reactor phyiics and the mutual impact between core and fuel
performance (design and operation) and plant/syitem safety and operating
performance.

In this light a general description of BWR is presented, with emphasis on the
reactor physics aspects (first lecture), and a survey of methods applied in fuel
and core design and operation is presented in order to indicate the main features
of the calculation^ tools (second lecture).

The third and fourth lectures are devoted to a review of BWR design bases,
reactivity requirements, reactivity and power control, fuel loading patternc.
Moreover, operating 'innts are reviewed, as the actual limits during power
operation and constraints for reactor physics analyses (design and operation).
The basic elements of core management are also presented.

The constraints on control rod movements during the achieving of criticality
and low power operation are illustrated in the fifth lecture. The banked position
withdrawal sequence mode of operation is indeed an example of safety and
design/operation combined approach. Some considerations on plant transient
analyses are also presented in the fifth lecture, in order to show the impact
between core and fuel performance and plant/system performance.

The last (sixth) lecture is devoted to the open vessel testing during the
startup of a commercial BWR. A control .od calibration is also illustrated.

1.2.1. GENERAL DESCRIPTION OF BWR

1. GENERAL DESCRIPTION

The BWR reactor physics unique characteristics are strictly related to BWR
system concept, based on the direct cycle principle and on the boiling of the
water coolant-moderator within the reactor core.

Therefore highlights are given in this lecture on the direct cycle reactor
system and on the nuclear boiler system, with some emphasis on the features
affecting reactor physics and operation. Auxiliary systems used for normal plant
operation and as backup or emergency systems (such as ECCS, high and low
pressure core spray system) are out of the scope of the present lectures.

The direct cycle

Saturated steam is generated in the core, is upgrated to the design quality by
the steam separators and dryers installed in the upper section of the pressure
vessel, and is directly fed to the turbine through the main steam lines; the
turbine employs a conventional regenerative cycle. Water is returned to the
reactor by the feedwater system and joins the downward flow of water. The
primary coolant is circulated through the core by the ricirculation system.
Fig. 1, illustrates the direct cycle concept.

Reactor water recircuUtion system

This system is part of the nuclear boiler and consists of two loops external to
the reactor vessel, each containing a constant-speed pump, a flow control valve
and a set of jet pumps (16 to 24) internal to the vessel at the core periphery. The
external pumps take suction from the annulus between the shroud and the vessel
and provide the driving flow to the jet pumps that draw the primary coolant water
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from the region around the core, discharge it into the lower core plenum and finally
force it through the reactor core. The jet pumps also contribute to the safety of the
BWR design under LOCA conditions. Fig. 2 illustrates the steam and recirculation
water flow path. The application of jet pumps (without moving parts) inside the
vessel pertains to General Electric technology. Use of internal recirculation
pumps (no jet pums) is Asea Atom characteristics.

Modulation of the flow through the reactor core provides one of the
methods of controlling the renctor power (thanks to the inherent BWR negative
void coefficient of reactivity). Power changes up to 25* of rated power can be
accomplished automatically by recirculation flow control.

Nuclear boiler

Most of the principal components of the nuclear boiler (such as reactor
vessel and internals, control rod drive system, core and fuel) are presented in the
schematic of the reactor assembly (Fig. 3). More emphasis is devoted to core,
fuel and in-core instrumentation.
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The reactor core is configured as an approximate right circular cylinder of
fuel assemblies and rests on top of the control rod guide tubes; the core plate
locates the core fuel assembly horizontally.

A fuel assembly is the combination of a fuel bundle and its incasing flow
channel. The fuel assemblies are located with equal center-to-center distance
providing water gaps outside the flow channels.

The control rods, in alternate space between fuel assemblies, enter from the
bottom of the core through the control rod guide tubes and are driven by the
control rod drives located below the reactor pressure vessel.

The in-core instrumentation tubes and sources are located in the inter-
sections of the water gaps not assigned to control rod locations.

Fig. 4 shows the horizontal cross section of a tipical BWR core; the position
of each assembly and control blade and the location of the in-core instrumenta-
tion are indicated. Fig. 5 shows the elevation of the said core components. A
group of four fuel bundles sorrouding a cruciform control blade forms a modular
unit of the BWR core.

The reactor core is surrounded by the core shroud which creates an annulus
around the core; the jet pumps located within this annulus, force sub-cooled
water into the lower plenum and up into the reactor core, where boiling occurs.
The coolant flows upward through the core. Correct distribution of core flow
among the fuel assemblies is assomplished by the use of a fixed orifice at the
inlet of the fuel assembly.

Fuel assemblies, control rods and in-core instrumentation will now be
reviewed, at the hardware supporting the reactor physics.

2. CORE COMPONENTS

The fuel assembly

As previously pointed out, a fuel assembly is the combination of a fuel
bundle and its incasing flow channel. Fig. 6 shows the core cell, i.e. the modular
unit of foui fuel assemblies surrouding a cruciform control blade. Typical values
of the principal dimensions are also indicated in Fig. 6.

Each fuel bundle contains 62 fuel rods and 2 water rods which are spaced
and supported in a square SxS array, approximately 5.1/4 inches on a side, by
upper and lower tie plates. The lower tie plate has a nosepiece which has the
functions of supporting the fuel assembly in the reactor and of distributing
coolant flow to the fuel rods. The upper tie plate has a handle for transferring
the fuel bundle from one location to another.

The bundle design places minimum external forces on a fuel rod: each fuel
rod is free to expand in the axial dimension.

Each fuel rod consists of high density (95% of the theoretical density)
slightly enriched UO2 fuel pellets stacked in a Zircaloy-2 cladding tube, which is
evacuated, backfilled with helium and sealed by Zircaloy end plugs. Different
U-235 enrichments are used in the fuel assembly to reduce the local power
peaking. Lov-or enrichment uranium rods are used in the periphery of the
bundle, near the water gap.

Moreover the fuel bundles incorporate small amounts of Gd203 (gadolinia)
as a burnable adsorber in selected fuel rods, for reactivity control and in order to
reduce power peaking factors.

The fuel rods are designed with characteristic mechanical end fittings,
different for different enrichment and gadolinia presence, in such a way to avoid
exchange between different enrichment rods during bundle assembling.

Two rods in each fuel bundle are hollow water tubes of Zircaloy-2
(water rods), one of which positions the fuel rod spacers axially in the fuel
bundle. The water rods have a slightly larger diameter than the fuel rods.
Liquid cooland water flows through the rods, thus increasing moderation within
the bundle.

Neutron design of fuel assembly will be reviewed in some detail in a later
lecture.

The flow channel is a square cross-section tube fabricated of Zircaloy-4; its
outer dimensions are approximately 5.1/2 inches (14 cm) on a side.

The flow channel performs three functions:
— provides a barrier to separate two parallel flow paths, one for active flow

inside the fuel bundle and the other for the by-pass flow between channels;
— serves as a mechanical guide to the control blades;
— provide rigidity to the fuel bundle.

The control rods

The control rods are of cruciform shape and enter the reactor from the
bottom. A control rod assembly is shown in Fig. 7. The control rod consists of a
sheathed cruciform array of stainless steel tubes filled with boron-carbide
powder; boron, of course, in the active absorbing element. The total span and
active absorbing length have typical values of 9.8 inches and 144 inches
respectively: typical blade thickness is 0.3 inches. Rollers at the top and bottom
of the control rod guide the control rod as it is inserted and withdrawn from the
core. The bottom casting contains a parachute-shaped velocity limiter. This
engineered safeguard protects against high reactivity insertion rate by limiting
the control rod velocity in the unlikely event of a control rod drop accident. The
control rods are separated uniformly throughout the core on a typical 12-in
pitch.

The control rods perform the dual function of power shaping and reactivity
control. The reactivity control function requires that all rods be available for



either reactor "scram" to assure prompt shutdown or reactivity regulation (i.e.
for reactivity depletion control). During operation single rods or groups (up to
four in symmetric pattern) can be withdrawn continuously or in increment steps
(notch steps); continous movement is usually limited to subcritical and heating
conditions. For hydraulically driven control rods the notch length is typically si:,
inches; electric fine motion control rods provide a quasi-continuous roil
movement. In the scram function, the control rods are inserted as a bank
typical scram times are about 2+4 sec to 90% insertion, depending on
product lines.

Control rods and supplementary reactivity control in form of gadolinia
burnable absorber within selected fuel rods form the reactivity control system.

The bottom mounted drives permit the entire control system to be left
intact and operable for tests with the reactor vessel open.

In-core instrumentation

The neutron monitoring system monitors the power level of the core from
start-up to full power, utilizing detectors located inside the reactor core (in-core
instrumentation).

The source range monitors (SRM) monitor the core nuclear performance
during the initial phase of nuclear start-up.

At low power levels, the core monitoring is performed through the
intermediate range monitors (IRM).

The power range monitoring system monitors the core over the power range;
the power monitoring system provides for local and average power monitoring.
Local power range monitors (LFRM), average power range monitors (APRM) (*)
and traversing in-core probe (TIP) are part of the power monitoring system.
In-core fission chambers are used as detectors.

The LPRMs are strategically located so that there is effectively one LPRM
string for every four bundles in a quarter-core symmetry. Four fixed LPRM
chambers form a LPMR string.

TIP's are driven into the core to measure relative axial neutron flux profiles
inside each LPRM detector assembly and to calibrate each LPRM detector. The
IRMs and APRMs have scram trip outputs whicn are used in the reactor
protection system.

Location of in-core instrumentation has been shown in previuos figures.
Ir-dicative range of in-core monitors are presented in Fig. 8.

3. TYPICAL BWR OPERATING PARAMETERS

Compared to other light water reactor types, the BWR operates in a modest
operating environment which provides relatively favorable conditions of lower
temperature and pressure (~ 1000 psia).

The BWR is designed to operate in the "nucleate boiling" mode, i.e. haat
transfer from the fuel rods occurs mostly by nucleate boiling on the fuel rod
surface; thU is a highly efficient heat transfer mechanism whereby the heat
transfer surfaces are maintained at temperatures only slightly higher than that in
the coolant.

Main BWR operating parameters are summarized in the following table
(typical values)

(*) The APBM sy«tem provides a core avenge neutron flux calibrated to be proportional to core

Steam pressure (vessel domn), psia
Moderator temperature,' F
Feedwater temperature,' F
Core inlet subcooling, btu/lb
Average exit quality, *
Core average void fraction, %
Core active height, in
Maximum linear power rate, kW/ft
Average power density, MW/1
Core average enrichment, w«.

initial core
reloads

Derating cycle length, months
initial core
reloads

1040
551
420

20
12 + 15
40 + 43

144+150
13.4

4 4 + 5 5

1.7 + 2.4
2.4 + 3.0

16 + 20
12 + 18

4. THE NUCLEAR THERMAL-HYDRAULIC COUPLING

As well known, the use of slightly enriched uranium dioxide as a fuel
and of water as a moderator produces in the BWR core a neutron energy
spectrum in which fissions are caused principally by thermal neutrons. At
operating conditions the moderator boils, producing z spatially variable water
density in the core. Under normal operating conditions the water coolant and
neutron moderator in the lower regions of the nuclear core is in the liquid state
essentially without steam void formation, while the coolant in the upper core
regions is substantially in the steam phase. The two-phase configuration is of
major importance to the reactivity and operating behaviour of the BWR nuclear
core. The resulting nuclear-thermal-hydraulic strong interaction results in unique
core design and operation features and reactor physics. Typical BWR core
operation characheristics and reactor physics aspects are now reviewed.

The void effects

The BWR vndermoderated lattice design provides a system for which
reactivity changes are inversely proportional to the steam void content in the
moderator. The void feedback effect is an inherent safety and operation feature
of the BWR system. Any system input which increases the reactor power, either
on a local or gross basis, produces additional steam voids which reduce reactivity
with a decreasing effect on the power.

The progressive boiling up the channel and the associated reduction in
affective water density at increasing core elevations result in a natural tendency
to power shaping skewed toward the bottom. Example of power and in-channel
void axial distributions are presented in Fig. 9 at typical operating conditions.
Magnitude and location of the power peak affect the in-channel void fractions:
the voids will increas" with the magnitude of the peak and as the peak is moved
toward the bottom of the core. In a simular way the BWR has an inherent self
flattening capability of the radial power distribution.

Xenon stability

Xenon instability is an oscillatory phenomenon of Xenon concentration
throughout the reactor that is theoretically possible in any type of reactor. BWR 73



is not susceptible to xenon oscillations mainly because of its large negative
power coefficient and axially varying Xenon neutron cross section resulting from
steam voids in the moderator. This has been demonstrated by operating BWR's
for which Xenon instabilities have never been observed (such instabilities would
readily be detected by LPRM's), by special test which have been conducted on
operating BWR's in an attempt to force the reactor into Xenon instability and
by calculations.

Control rods

The control rods perform the dual function of reactivity control and power
distribution shaping.

The control rods, which enter the core from the bottom of the reactor, are
positioned so that they counter-balance steam voids in the upper part of the core
and cause significant power flattening, by depressing the power in the bottom of
the core.

During operation the control rode may be generally divided into deep and
shallow control rods. Near fully inserted rods pertain to the deep rod category;
rods more than halfway withdrawn from the core pertain the shallow rod
category. Power distribution in the core is controlled by selected patterns of
control rods.

Power control by recirculation flow control - load following

Because of the strong void effect in the BWR, rapid changes in reactor power
level can be made using the concept of varying the rate of recirculation flow in
the core. Fig. 10 illustrates the typical relationship between core power and core
flow fora constant control rod pattern.

It is worthwile to briefly discuss the mechanism effecting this unique BWR
feature. The first and driving effect resulting from a recirculation flow change is
the change in core flow and core voids; also there is a change in the inlet
enthalpy as an induced thermal-hydraulic effect. A flow decrease results in a
prompt increase in the core voids content (less water enter the core); as a result
of BWR negative void coefficient, this results in a prompt power level decrease.
The final result of a flow decrease is the core stabilizing at a new power level
with slight void increase and axial power peaks shifted lower in the core.
An increase in recirculation flow has the opposite effect: the increased
core flow rate will sweep voids from the core, increase reactivit" •md
finally raise power level.

As in all power changes, the Doppler effect tends to damp the power changes
associated with void changes; as well known the Doppler effect is a negative
reactiviy effect with increasing fuel temperature.

Power ascension up to typically 75% of rated power is normally made by a
combination of control rod movement and reactor water recirculation system
flow control. Above 75% of rated power, increases in power are made using flow
control alone without any movement of control rods, except for compensation
od relatively long term reactivity trasient effects (isotopicdepletio, Xe,...). Ihe
maximum range of power change by automatic flow control is ~ 25s of rated
power (when operated at rated).

Reactor control • the operating power - flow map

Control of the reactor output not only depends upo:; the controls provided
with the reactor, but also upon the proper controls provided with the
turbine-generator unit; under normal BWR. operating conditions, the turbine is
the "slave" of the steam supply system or the reactor. Power output of the
nuclear system increases when its pressure increases: the reactor in basically
operated as a constant-pressure device. The primaty load change signal is applied
to the reactor, with the turbine output controlled by the reactor output.

As per previous paragraphs, two means are available to the operator of a
BWR to control reactor power output:
— movement of controll rods
— recirculation flow modulation

Combination of both methods is employed: the first one is chiefly used to
accomodate large power changes, the second one is used to accomodate the load
variation imposed upon the plant by grid requirements.

An example of operating map (power-flow-map), as reported in Fig. IX,
indicates the actual operating points (reactor power levels) as a results of control
rod patterns and ricirculation flow conditions. Selection of the control rod
configuration brings the reactor to operate along one of the rod pattern lines.
Variation of the reactor power along the rod line is performed by modulating
the reactor recirculation flow. Due to the simplicity and promptness, modula-
tion of the recirculation flow can be performed either manually or
automatically.

Feed water temperature reduction • cycle extension

Feedwater temperature has a direct impact on core inlet enthalpy and on
core reactivity. Reduction of feedwater temperature (FWTR) results in increased
core inlet subcooUcg, reduced steam void content and thereby increased core
reactivity. The mechanism is applied to extend reactor operation at full thermal
power beyond the end of full power cycle life, after control rod complete
withdrawal. The reactivity necessary to extend nuclear operation of the core is
obtained from a gradual reduction in feedwater temperature.

During FWTR the reactor continues operation at a constant thermal output,
while the steam flow and the electrial output gradually decrease, as a
consequence of steam cycle efficiency reduction; feedwater heater steam, which
by-passes much of the turbine during normal operation, is redirected through the
turbine during the FWTR. At the end of FWTR stretch-out period (about 6 4-7
weeks and FW temperature decreased to about 250'F) the electric output is
about 7% higher than the electric output attainable at the end of a similar period
extension by the thermal power coastdown mechanism.

FWTR and power coastdown, separately or combined, can be used as a
flexibility feature to accomodate unplanned and unexpected energy demands
beyond the planned cycle length. Of course, the energy "squeezed" during unplan-
ned stretch-out is "borrowed" from the following cycle; potential reductionh
exposure capability and in reactivity excess has to be factored in core design and
operation of the next operating cycle.

Preplanned FWTR may by factored in the fuel cycle optimization to reduce
enrichment inventory. Preplanned stretch-out each cycle has a favorable inpact
on fuel cycle costs.
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6. SUMMARY OF CORE AND FUEL DESIGN AND OPERATION DATA

In Table I three BWR plants are considerated:
1. Caorso (operating plant) / 860 MVVe
2. Alto Lazio (plant under construction) / 980 MWe
3. AMN 660 MWe standard plant

Caorso is perhaps the highest average power density BWR, Alto Lazio
pertains to the last BWR generation. Comparison between Alto Lazio and Caorso
is indicative of the BWR improvements (vessel and jet pumps dimensions,
reduced power density, faster scram system, increased operating margins,
improved fuel cycle). Caorso and Alto Lazio are the result of AMN Ansaldo
Impisnti/General Electric joint ventures.

AMN 660 MWe core adopts the proven technology of Alto Lazio; the
relatively low power density provides high operating margins and flexibility,
without significant penalization in fuel cycle economics, which makes it
particularly suitable for relatively small size electric grids.

6. CORE AND FUEL - SYNTHESIS OF DESIGN AND OPERATION
ANALYSES

The various phases of core and fuel design leading to a safe and efficient
operation are focused in sinthesis by a schematic flow chart shown in Fig. 12. The
aforesaid flow chart is representative of the final design, when systems and/or
components of a well established product line have to be utilized to meet
reasonable core and fuel design basis and performance with operating margins and
flexibility. In this case the flow chart is usually of the "one way" type.
Nevertheless the above flow chart points out not only the relative impacts between
core and fuel components, but also the existing relationships between fuel
design/core operation and safety issues such as ECCS performances, and the tight
coupling-through core thermal-hydraulics-between system transient performance
and core and fuel performance. Identifying, developing and/or simply improving a
product line can imply to go through the methods and analyses integrated in the
above flow chart several times, even with internal loops, in an iterative way.
Iteration continues until achieving safety design and operating parameters which
meet design basis and operating objectives within an optimum compromise
between margins (flexibility) and generation cost (economics). The following
lectures on BWR reactor physics fundamentals (design and operation) will also
attempt to identify the mutual impact between core/fuel and plant safety and
operating performance.
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TABLE I - CORE AND FUEL SUMMARY

CORE SUMMARY
Vessel diameter, in
Rated core thermal power, MW
Number of fuel assemblies
Number of control rods
Active core height, in
Linear power generation, KW/ft

average
maximum

Average power density, KW/1
Average enrichment, W«

HYDRAULIC DATA
Total core flow 10' Ib/hr
System pressure (dome) psia
Entrance subcooling, Btu/lb
Average exit quality, %
Core average void fraction, %
Total core pressure drop, psi

PEAKING FACTORS
(max, design values)
Local peak-to-average
Gross peak-to-average
Total peak-to-average

FUEL ROD
Cladding material
Pellet material
Active fuel length in

FUEL BUNDLE
Number of fuel rods
Number of water rods
Rod array

CONTROL RODS
Shape
Absorber material
Active length, in

CAORSO

218
2651

560
137
146

5.93
13.4
55.0
2.43

78.0
1035

22
15
44
25

1.155
1.96
2.26

ZR-2
UO,
146

63
1

8x8C

Cruciform
B4C
144

ALTO LAZIO

218
2894

624
145
150

5.75
13.4
52.4

2.1

84.5
1040

23
15
44
25

1.13
2.06
2.33

ZRr2
U02
150

62
2

8x8C

Cruciform
B4C
144

AMN 660 MWe

201
2000

508
121
150

4.9
13.4
44.5

1.7

67.6
1040

19
12
41
23

1.13
2.43
2.75

ZR-2
UO2
150

62
2

8 x C

Cruciform
B.C
144
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Fig. 1 — Direct cycle reactor system

76 Fig. 2 — Steam and recirculation water flow path
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Fig. 3 — BWR reactor assembly
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1.2.2. BUNDLE LATTICE ANALYSIS - 3D CORE ANALYSIS METHODS

1. BUNDLE LATTICE NUCLEAR DESIGN

Enrichment Distribution

Different U-23S enrichments are used in the fuel bundle to reduce the local
power peaking. The mechanical and thermal hydraulic considerations require
that the highest local power peaking factor (highest fuel rod power within an
assembly) be i;o greater than typically 1.13 times the bundle average power at
any bundle cross section. This limit, together with the gross peaking factor limit,
ensures that no fuel rod will operate at greater than 13.4 kw/ft under rated
conditions. The local power distribution is also important with respect to the
thermal hydraulic design since the critical power correlations incluse a function
of local power distribution.

Generally speaking, the local power distribution is controlled by placing low
enrichment uranium in the comer rod positions and in the rod positions nearer
the water gaps, while higher enrichment uranium is used in the central part of
the fuel bundle. An example of a typical enrichment distribution in shown in
Fig. 1. In addition to distributing enrichment from rod to rod, there may be also
a distribution axially within the fuel rod.

Burnable Absorber

Burnable absorber, in the form of Gd,O, (gadolinia), is distributed in
selected rods of most fuel assemblies. It is used for reactivity control during the
early portion of each cycle. The Gd,O, is distribued axially in the bundle to
improve the axial power distributions. One of the main characteristics of
operating with a highly self-shielded burnable absorber is the little need to move
control rods as the cycle progresses since the reactivity effect of conversion of
the gadolinium isotopes can be made to very nearly match the depletion effect
of the fissile isotopes. Temperature coefficients are virtually unchanged because
of gadelinia; the gadolinia bearing pellets act as thermally gray or black
absorbers. Doppler response is unaffected because the gadolinia has essentially
no effect on the resonance group flux or the U-238 content of the core.

The concentration of gadolinia is selected so thst the initial concentration of
the high-cross-section isotopeo, Gd-155 and -157, will be depleted by the end of
the first residence cycle. The irradiation products of this process are other
gadolinium isotopes having low cross sections. Power in the gadolinium pins
generally remains below 90% of the average bundle power. The reactivity control
effect disappears on a predetermined schedule without changes in the chemical
composition of the fuel. The position of the gadolinia bearing pins is chosen
depending on if a first or a reload core are taken into account.

Additional power shaping made possible by spatial variation of bumable
poison loading has the potential to achieve greater thermal margins.

The bumable absorber is generally loaded in one to eight rods, with slightly
higher, concentrations in the lower segment of the fuel. The magnitudes of
fadolinia concentrations, and the number of rods containing gadolinia, are
adjusted according to the enrichment and performance requirement of the fuel.
These general performance concentrations range from 1.0 to 6.0 wU Gd, O,.

The effect of gadolinia concentration in a typical BWR bundle lattice as a
function of gadolinia concentration is illustrated in Fig. 2.

Fuel Nuclear Properties

The bundle reactivity is a complex function of several important physical
properties such as the average bundle enrichment, the gadolinia rod location and
gadolinia concentration, the void fraction and the accumulated exposure. The
variation in reactivity (k-infinity as a function of void fraction and exposure) for
two enrichments (typical for first and reload core design) is presented in Fig. 3
and 4. At low exposure the reactivity effect due to void formation is readily
apparent; howerer, at higher exposure, due to the effect of void history, the
curves cross. The primary reason for this behaviour is the greater rate of
Plutonium formation at the higher void fraction.

The effect on reactivity (k°°)of (instantenous) in channel void variation
around the reference (history) 40* void fraction is presented in Fig. 5 as a
function of the exposure. We remember that the instantaneous void variation
determines the void reactivity feedback.

Early in the fuel life the majority of the energy is produced by the U-235
fissioning. The presence of U-238 in the uranium dioxide fuel results, as well
known, in production od significant quantities of plutonium during core
operation: at end-of-life approximately 50% of this plutonium contributed to
both fuel reactivity and reactor power production. In addition, direct fissioning
of U-238 by fast neutrons yelds approximately 7 to 10* of total power;
moreover the U-238 also has a strong negative Doppler reactivity coefficient that
can limit the peak power during excursions.

The local rod-to-rod pcwer distribution is a direct function of the lattice fuel
rod enrichment distribution. A3 above referred, near the outside of the lattice
where the thermal flux peaks due to interbundle water gaps, low enrichment fuel
rods are utilized to minimize power peaking. On the contrary higher enrichment
fuel rods are used in the center zone of the bundle to increase the power
generation and flatten the power distribution. One to two water tubes
containing unvoided water are at the center of the lattice in order to increase the
thermal flux and produce more power in the center of the lattice. The
combination of these factors results in the relatively flat local power
distribution.

The variation of the local peaking factor is a function of exposure and of
core conditions: the high r: '1'er rods deplete at a greater rate and the local
peaking factor decreases wilii exposure. The local power distribution tends to
flatten with increasing void fraction. Maximum local peaking factor as a function
of void and exposure in presented in Fig. 6 for a typical initial cycle fuel bundle
lattice. The presence of a control blade adjacent to the bundle perturbs the local
power distribution and the local peaking factor becomes quite large in this case;
howerer the gross power in a controlled bundle is sufficiently low that a
controlled lattice is never limiting.

Water rods

Originally without water rods, one water tube was then included in the
bundle to increase the moderation effect; present design utilizes two water rods
within the bundle and their outside diameter has enlergerd. The larger water rods
tend to reduce the maximum local power factor, decrease the amount of fissile
inventory for a fixed energy production and reduce the magnitude of the void
coefficient of reactivity as a consequence of the increase in the ratio of
non-boiling to boiling water. The changes to the void coefficient, due to the two
water tubes, flatten the axial power distribution. Moreover, hydraulic stability
margins at natural circulation and the effects of prenurization transients are
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improved by the reduction in the void coefficient. Cold shutdown margin is also
improved. Sensibility of void reactivity coefficient to various bundle lattice
paraawters is illustrated in the next lecture.

2. THE LATTICE PHYSICS MODEL

The wakitation of the nuclear characteristics of a bundle fuel lattice is
initially carried out by single comprehensive program which perform such
functions as the computation of fast and thermal spectra, the flux distribution
and the isotopk bumup.

The input to the lattice physics model (LPM) generally consists of the basic
geometric data which describe the lattice, i.e. the overall lattice dimensions, the
fuel rod diameter, the cladding thichness etc., of the atomic densities of the
lattice materials, of the temperature, etc.

The output consists primarily of the lattice K°° , the relative rod-by-rod
power distribution, ijotopic densities as a function ef exposure, etc. A more
detailed description of the nuclear parameter library used in design and
operation analysis is the object of a later paragraph.

The LPM anaysis is based on the assumption that a few group transport
corrected diffusion analysis is adequate to evaluate light water lattices; which has
indeed been proven to be satisfactory. Three groups transport theory corrected
diffusion constants are typically used, according to the energy group structure:

group 1
group 2
group 3

lOMeV- 5.63 KeV
5.53 KeV- 0.625 eV

0.625 eV - 0
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Howerer, the only justification for using a few group treatment in systems
that are so heterogeneous in nature as water lattices and complicated by the
problem of neutron slowing down in hydrogeneous materials and burnable
absorber depletion is that care and sophistication must be used in the evaluation
of the diffusion theory constants.

The applicability and accuracy of such a lattice code are directly correlated
to the validity of the techniques used in evaluating the few group constants. The
final few group parameters must include the following interaction effects:
slowing down in hydrogen, slowing down (elastic and unelastic) in non-
hydrogeneous materials, Doppler broadening resonance absorption, Dancoff
corrections, flux fine structure in fuel cell, geometry and material content
weighting.

A summary of a typical lattice physics model used in the BWR industry is
now given. The basic functions of the LPM system can be listed as follows:
— Thermal croifrtection generation (using an integral transport theory model)
— Dancoff calculation
— Epithermal cross-section generation (using a fundamental model, consistent

B-1 model)
— Macroscopic cross-section generation for 2D calculation
— Two-dimensional, few group diffusion theory calculation (X - Y geometry)
— Input preparation for bumup calculation
— Bumup calculation.
A schematic block diagram of the above functions is illustrated in Fig. 7.

A detailed discussion of the theories and methods involved in the LPM is not
in the intent of this lecture. Only a short description is given of the most
important methods involved in the determination of the few group constants
and the lattice paremeters.

Epithermal (> .625 e V) constant evaluation

Utilizing a 68 energy group library of neutron cross section data and
resonance parameters the program carries out the evaluation of the neutron
spectrum using integral transport theory for the top 30 groups and the B-1
equations for the lower 38 gruop. The program produces the Dsncoff factors
that are used in the resonance calculations and flux solutions. This spectrum is
used to properly flux weight the cross section data and to obtain the flux
weighted two group epithermal constants for use in the 2D and bumup
calculations.

Thermal (< .625 e V) constants evaluation

Using a 30 energy group library of isotope and energy dependent neutron
cross section data the program carries out a 30 group integral transport
calculation of the neutron distribution in space and energy for each different
fuel rod type specified in the problem. The resulting flux distribution is used to
flui -weight the neutron data and determine constants in the thermal range for
each fuel type. To correctly account for the spatial distribution of the neutron
flux a similar transport calculation is performed to determine the flux
distribution across the bundle. The energy and spatial distributions thus
obtained are used to determine thermal group parameters for the various cells in
the bundle.

The thermal parameters in water gap and control blade regions are affected
by flux distortion due to the boron contained in the blade. Therefore separate
slab trasport calculations are perfomed to determine blade and water gap
thermal parameters. Detailed blade structure and composition are taken into
account.

Few Group Diffusion - (x - y geometry on the bundle lattice basis)

Using the few group constants as above determined a two dimensional
transport corrected diffusion calculation is carried out to generate the neutron
flux and power distribution over the bundle and evaluate the infinite
multiplication factor (K°° ). Each x-y region in the bundle lattice is designated
as distinct material. The flux distributions per region and per group are then
used directly in the depletion calculation.

Bundle bum-up calculation

Utilizing the nuclear constants and the neutron flux distributions obtained
from the steps above the program calculates the change in isotopic content as a
function of exposure (MWD/T). The isotopic content of the material in the
bundle, bundle averaged cross sections, and a value of K°° are evaluated.

The Gadolinia treatment

Fuel rods containing a strong burnable absorber such as Gadolinia require
special treatment during depletion in order to properly account for the rapid
variation of the neutron flux and cross sections.

(•) Fuel celt - fuel • clsddlng + twociited moderator



Due to the high value and to the particular energy dependence of the Gd
absorption cross section in the thermal range (see Fig. 8), the neutron spectrum
in the poisoned fuel cell (*) is strongly modified with respect to the spectrum in
a standard fuel cell; a further difficulty is due to the spectrum link between the
poisoned cell and the surrounding standard fuel cells.

Oou wection data and itotopical chains

While for beginning of life calcualtions only the cross section of natural Gd
has to be adequately known, for bumup calculations the cross sections of the
different Gd isotopes must be adequately known to describe the contribution to
the absorption rate due to the single isotopes and their consequent depletion. To
this purpose the most significant isotopes to be considered are Gd-155 and Gd-157
(having very large cross sections). Other isotopes such as Gd-156 (acting as a link in
the isotopical chain) result in residual absorption which is important. A rigorous
approach is typically used, which considers the six Gd isotopes burnup.

In a simplified approach, the bumup equation of the Gd isotopes can be
amplified by making the two following approximations:
a) neglect the absorption cross section of Gd-156 and assume that the two

absorbing isotopes (155-157) burn independently;
b) assume that the cross section of Gd-155 and 157 depend on energy

practically in the same way. The main adventage of this simplified
description in that NJJJ may be used as the parameter characterizing the
absorber content at different irradiation steps.

Thermal constant*

To correctly account the spectral link between gadolinia bearing fuel cell
and surrouding standard fuel cells, in thermal cross-section calculations a
surrouding coupling region is actually considered. The coupling region results
from the bomogenization of the fuel cells adjacent to the poisoned one.

The problem geometry is summarized in Fig. 9.The gadolinia bearing rod is
typically suddivided in equal volume cylindrical regions.

Multigroup transport theory is applied to above geometry. An integral
transport theory model gives the necessary spectral and geometrical detail, taking
into account also the radial dependence of spectrum and flux level within the
pin (a different spectrum is evaluated in each mesh point). At each irradiation
step, the space and energy neutron distribution is calculated and the bumup of
the ttotopos ia the fuel a conseguently calculated.

3. LATTICE NUCLEAR LIBRARIES FOR DESIGN AND OPERATION

The result of the bundle lattice calculation is a great mass of data which will
be utilized in the subsequent core analyses, in particular in the 3D-coane mesh
core calculation, the core nuclear transient parameters evaluation, fuel cycle
evaluation, and the thermomechanical analysis. These lattice data are basically
few group (usually 3 groups) homogenized cross sections, K°° , isotopic
concentrations, delayed neutron characteristics, local power distributions, etc.

To Uke into account the actual behaviour of the fuel, the lattice analysis is
performed in different core conditions characterizing the whole life of the fuel;
thus calculations are made:
1) at different history and instanteneous void fractions (typically three) to

simulate the spatial variation of the moderator density
2) it different control situations (control blade in and out)

3) at different moderator and fuel temperatures, either to simulate different
momenta of the life of the reactor as the start-up, the shut-down and the full
power state, or to take into account other phenomena as for instance the
Doppler effect.

4. 3-D CORE ANALYSIS METHODS

Introduction

The intrinsic characteristics of BV7R imply that strong spatial variations exist
within the steady-state operating core, as far as moderator density, control
blades, types of fuel, etc. are concerned. Moreover, all the essential core
parameters as the neutron flux and fission power, moderator enthalpy and
density, coolant inlet temperature and flow, xenon, fuel temperatures, etc., are
closely interrelated, so that strong feedback mechanisms are effective in
determining the core behaviour for any variation of operating parameters.

Therefore, an accurate nuclear analysis requires consideration of three spatial
dimensions, and coupling of a thermal-hydraulics model to the nuclear model.

The BWR core simulator is a static, 3-D coupled nuclear-thermal-hydraulic
computer program representing the core exclusive of the external flow loop. The
nuclear model consists of finite-differenced, coarse mesh, one group, static
diffusion theory; this is coupled to static parallel channel thermal-hydraulics
containing a proper void-quality correlation.

Coarse mesh, one (fast) group methods have been successfull in determining
the 3-D global power distribution with reasonable accuracy in large, loosely
coupled reactors. In fact, the global neutron flux shapes are primarily
determined by diffusion of fast neutrons with a mean free path larger than the
coarse mesh width. Addition of a thermal group would not increase the accuracy
of calculations, unless the mesh spacing is reduced to the size of the thermal
neutron diffusion length — and conseguently the number of mesh points is
increased to impractically large amounts (several millions for a large BWR).

Experience from several areas of technology is integrated in the simulator
model, i.e.:
a) Feedback from operating plants:

— flux and power distributions
— flow measurements
— transient tests

b) Critical power measurements, critical experiments
c) Analyses of irradiated fuel elements
d) Special reactor testa
e) Test reactor fuel element tests
f) Heat transfer loops, chemical loops experiments.

The core simulator is used as one of the most effective and important tools
in BUR core design, both for safety/licensing related analyses and for
optimization of fuel management. A short review of BWR simulator now
follows, highlighting main reactor physics aspects and utilization features.

Core geometry

The core is described in X-Y-Z geometry with the restriction that there is
equal mesh spacing in the X-Y directions. The X, Y, Z mesh is indicated by i, j , k
nomenclature, respectively (Fig. 10). In a horizontal plane, each fuel assembly
or flow channel is described by one mesh point at the center. Vertically, the first
point (k- 1) is (A Z/2) away from the bottom, and the last point (k - KMAX)



• (A Z/2) from the top. In addition to full core representation, quarter-core
and half-core option! are usually available with either mirror or rotational
symmetry conditions.

Different fuel assembly characteristics are provided by making the appro-
priate quantities channel-type-dependent. The channel types are defined by an
appropriate input a'~sy, for each location (i, j) of the core. All m«h points in a
vertical mesh line .i*ve the same channel type characteristics (like geometric
properties, flow properties, axial Gd distribution etc.). Different fuel nuclear
characteristics are provided by definition of a fuel type, which may vary axially
within MCh channel type. Different fuel types typically are defined for varying
initial enrichments, gadolinia absorber rods, etc. Different orifice types can be
associated with Hie location (i. j). The channel flow and bypass flow correlation
coefficients are a function of the orifice type.

A control rod may be associated with each channel in the core. The control
rod for point (i. j , k) is located in the lower right comer of the channel at (i, j)
(Fig. 11). A proper (i, j) array indicates the number of mesh intervals that the
control rod associated with channel (i, j) is withdrawn.

Similar to the control rod definition, the in-core monitor and traveling
in-core probe (TIP) locations are assigned to the lower right of a mesh point. The
location of the monitors is only needed for an edit of simulated instrument
response.

Nuclear Model

Ont-gmup ditfiaion

As said above, the coarse mesh, one-group, static diffusion model is oriented
toward accurate representation of fast neutron diffusion. The lattice physics
analysis calculations produce isotopic compositions and few group cross-section
data homogenized over the lattice cell. A data reduction program processes these
data into correlations and tables used in the BVBl Simulator. The nuclear model
includes representation of Doppler broadening as a function of effective average
fu«l temperature. Xenon poisoning is considered with the spatial xenon
concentration calculated for equilibrium conditions or input for non-equilibrium
conditions.

The one-group coarse mesh diffusion equation is finite-differenced in space.
The one-group mouei in its simplest form

- V • (2,1)

is derived from reduction of the three-group diffusion equations, adopting the
following assumptions:
1. all neutrons are bom in the fait group
2. spatial gradient of D, is neglected
3. most neutron leakage and diffusion over a mesh point takes place at fission

energies (group 1). For slower energies (group 2 and 3), the leakage
approaches the asymptotic expression

- V D g V * g . DgBJ0g g-2,3 (2,2)

4. tbe thermal and epithermal global flux shapes are similar to the fast
distribution over a coarse mesh, that is

VD. VD. 7 0,

D, 0,
D. V (2,3)

or, assuming equality and using the previuos equations

BJ - B| - B»

5. B* is much less than 1 ( B * « l ) ,
the resulting material buckling takes the well known simple form

(2.4)
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pi • total removal cross section in the group (j - 1,3)

fj
! SLj

fission cross-section

slowing down cross section

Mf - migration area

At the interface between reactor core and reflector homogeneous boundary
conditions are used:

D V (2,6)

whereF is a logarithmic derivative boundary-condition constant, determined for
top, bottom and radial edge fuel-reflector interfaces by detailed calculations
(external to the 3-D simulator).

Equation (2.1) is solved by discretization using a first-order difference
scheme.

Void and expoiure and control effecti

The nuclear parameters M", k°° , and A°° appearing in the one-group
equation are represented by polynomial fits and by interpolation of tabulated
values for each fuel type.

In the solution of the coarse mesh approximation, void, exposure, and fuel
type conditions of a node in three-dimensional space are used to interpret
nuclear properties for that node. In this way, void feedback, bumup effects, and
heterogeneous fuel loading are taken into account. 70



Void dependence is represented by the ratio of cell avenge water density
relative to saturated water density used in the lattice cell calculation. This ratio
is given by:

U- S —^ l\ [F<*i + (1-F (2.7)

where

a i
a o

cell average water density
saturated liquid and vapor water density, respectively
volume fraction of water inside the channel relative to total
water for the cell
in-channel void fraction
out-of-channel void fraction

Every node in three-dimensional space has a value of V at a given operating point
during bumup of the core;therefore, U it an "instantaneous" relative moderator
density. By averaging U with respect to exposure E of the node history-
dependent relative moderator density is defined as:

UH-

Spatial isotopic concentrations "in the cell are dependent upon the neutron
spectrum during bur-mp, which is expressed as a functions of UH. The sprectrum
at any point in exposure is tipicallv expressed as a function of U. K~ is
dependent upon U, UH and E.

Void distribution in the core is determined by the themal-hydraulics model
according to power and flow distributions and core average pressure. Exposure is
accumulated during plant simulation by knowing power and fuel weight
distributions and the time of operation.

In the three-dimensional diffusion theory solution, the control rod configu-
ration is accounted for by using controlled or uncontrolled nuclear lattice data
for each node.

Doppler and Xenon corrections

The Doppler reactivity correction to K ~ at each node is in the form:

• A K

K

where T o represents base fuel temperature, and

K ~ ( T ) - K « ( T O ) (T)

i - t>r I V/T - \ / T O I

The Dopple/ coefficient Of is dependent upon control and U for each fuel type.
The xe ion poisoning effect is accounted for by making a xenon reactivity

correction l o K " at each node in the form:

<NX) . (Nx - O) | <M

where Nx represents xenon concentration.

Conversion of flux to power

Solution of the one-group diffusion theory model, using nodal-dependent
values for the nuclear parameters k°°,Ma and A°° , yields neutron flux0 at
each node. Neutron flux must be converted to fission power to evaluate
thermal-hydraulic feedback effects such as flow, void, and fuel temperature. The
relationship between nodal power and flux, consistent with the one-group
model, may be written as:

KSR1

where

with

Ef- fission energy

The consersion factor y is a function of exposire for each fuel type.

Isotopic tracking

Isotipic tracking is performed by expressing total uranium, U-235, total
Plutonium, and fissile plutonium weight fractions relative to total heavy metal as
functions of exposure, history-dependent relative moderator density, and
relative power density for each fuel type.

Power-void iteration

For a given control rod pattern and exposure distribution, material buckling
B* depends upon the thermal-hydraulic feedback effects of moderator density
and fuel temperature, and upon equilibrium Xenon feedback. If B* is known (or
assumed known) at every node, solution of the spatial diffusion equation yields
the flux distribution. This solution involves inner iteration to determine the
fundamental mode flux and effective multiplication factor K.

Once the flux distribution is determined, the fission power distribution is
obtained. The power distribution affects thermal-hydraulics in the reactor. In
particolar, fission power determines fuel temperature and heat flux to the
moderator; fuel temperature sets the amount of Doppler feedback and heat flux
affects the amount of boiling in the channel, which determines moderator



density feedback and channel pressure drop. Flow into each channel must be
distributed to balance the pressure drop across all channels. Equilibrium xenon
feedback is expressed in terms of the relative power distribution.

The resulting feedback effects may not be the same as originally assumed in
the determination of material buckling B*. In this case, flux must be reevaluated
to represent the new B* distribution. This defines an outer loop iteration, which
must be continued until the fission power distribution is in equilibrium with the
distribution of feedback effects (power-void iteration). The iteration is repre-
sented schematically in Fig. 12.

Thermal-hydraulics model

Power-void feedback of a BWR core makes the thermal-hydraulic repre-
sentation of considerable importance to the nuclear calculation. Formulas from
the ASME Steam Tables are used to evaluate coolant properties as a function of
reactor core pressure and inlet enthalpy. All thermal-hydraulic variables are
assumed to vary between nodes, where the nodal representation is the same as
that for the neutron flux. The flow distribution for characteristic parallel
channels is determined by balancing core pressure drop.

The axial enthalpy and quality distribution is determined for each channel
by a nodal energy balance which consider* fuel rod heat flux to the coolant,
neutron moderation and gamma heating in the coolant and in the flow channel
wall, heat transfer through the channel wall to the bypass region, and 7 ,
(n, f ), and (n, a ) heating in control blades. The void distribution is given by a
void-quality correlation which provides a representation of subcooled, interme-
diate, and bulk boiling through a few empirical constants which describe the
local flow structure.

Flow-power-void iteration is required to reach an equilibrium condition.
Once this is obtained, the thermal-hydraulics model enable evaluation of the
margin relative to thermal limits.

Details of the thermal-hydraulic models are not given in the present lecture.

Thermal Umitt calculation

Once the power-void iteration is converged, the nodal distribution is la
equilibrium with the distribution of beedback effects (moderator density, fuel
temperature and xenon). Detailed core performance characteristics may then be
calculated, such as maximum and average fuel rod linear heat generation rate
(kW/ft) arid critical power ratio. A review of these operating characteristics will
be given in the next lecture.

Rant Simulation

It is possible to obtain a number od different output information from the
BWR Core Simulator. The output available can be summarized in four major
groups.
— Bundle and core properties: core configurations, control rod patterns,

exposure and history-dependent relative moderator density distributions,
isotopic concentrations, bundle residence times.

— Nuclear model resuls: power and flux distributions, nuclear parameters
(k°° , M', etc.), xenon reactivites, calculated TIP readings.

— Thermal-hydraulic model results: flov distribution and core pressure drop,
steam quality, void fraction, and instantaneous relative moderator density,
thermal limits parameters (limiting values and locations).

— Design-oriented edits: axial and planar averaged results, control rod worth
estimates, bundle sorting for fuel management, performance relative to
design constraints.
The Core Simulator provides for a variety of design and operational analyses.

It may be used, for example, to establish a fuel loading pattern which satisfies
design contraints and. exposure capability; for a given loading pattern, control rod
patterns may be determined which meet design constraints and shape the power
distribution as desired. Single and multi-cycle design studies can be performed.
For an existing plant, operational history and fuel management are made
possible. Fuel management features provide for following each bundle during its
irradiation history from initial loading to final discharge. Capabilities may
include aibcycle analysis, derate analysis, capacity factor determination, and
fuel movement tracking such as shuffling and reinsert. Benchmark comparison
between calculated and measured plant parameters can be performed.

To similate bumup, for a fixed core average exposure step A E, nodal
exposure is accumulated assuming a constant power distribution during the step.

The Haling power-exposure iteration is also available for determining power
and exposure distribution which are in equilibrium at EOC.

The similar is also used for safety-related analyses necessary for licensing,
like:
a) Control rod worths calculation in cold conditions for shutdown margin

verification.
b) Control rod worths calculation in cold and hot-stadby conditions, to

determine the reactivity response to Rod Drop Accident.
c) Determination of core response to Rod Withdrawal Error (inadvertent

withdrawal of the highest worth rod in a worst-case operating condition).
d) Determination of the effect of Fuel Loading Error (exchange of a

high-reactivity bundle with a low-reactivity one) on thermal limits.
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1.2.3. CORE DESIGN AND OPERATION ANALYSIS (1)

1 NUCLEAR DESIGN BASES

The nuclear core has to be designed to assure safe and efficient operation.
Safety design bases are requirements for plant operation from safety stand

point; they protect the nuclear fuel from damage which would result in release
of activity which would represent an undue risk to the health and safety of the
public.

Performance design bases are requirements in order to produce power
efficiently.

In general safety design bases prevent two phenomena:
a) an uncontrolled positive reactivity excursion
b) the core operation beyond the fuel integrity limits.

The reactivity basis (a) requires that the excess reactivity of the core shall be
sufficiently limited to assure that the reactivity control systems are capable of
making the core subcritical at any time with the highest worth control rod fully
withdrawn. The overpower baste (b) requires that the nuclear design shall
provide negative feedback that is sufficient, in combination with other plant
systems, to prevent fuel damage as a result of any abnormal operational
transient: for this purpose limiting operating values for linear heat generation
rate, critical power ratio and average planar linear heat generation rate, as
resulting from fuel mechanical and thermal-hydraulic design bases, shall not be
exceeded during steady-state operation. Moreover the nuclear characteristics of
the nuclear design shall exibit no tendency toward divergent operation.

Core and fuel performance bases require:
— - adequate excess reactivity to achieve design cycle length (cycle energy);
— operation at rated conditions without exceeding operating limits;
— adeguate reactivity regulation and reactivity feedback to facilitate reactor

operation.

2 SHUTDOWN MARGIN

As above mentioned, according to the safety design basis the core must be
subcritical (Keff < 1) with the control rod of highest worth fully withdrawn and
all other fully inserted, under the most reactive core conditions. Shutdown
capability is therefore evaluated in cold (20'C), Xenon free core conditions,
when fuel reactivity is a maximum and control is a minimum. The shutdown
capability is often expressed in termes of

Cold Shutdown Margin (CSDM) • 1-Keff

The shutdown capability is a function of core exposure, and it has to be
verified all over the cycle lenght. The calculated shutdown reactivity curve for a
typical BWR initial core is presented in Fig. 1. The curve drops sharply from
BOC until ~ 200 MWD/T due to samarium build-up; total samarium defect is
apparently reduced because of gadolinia bumup during this period. Once Sm
equilibrium is reached, the curve becomes a composite of fuel depletion and
gadolinia bum-up. The upward trend indicates that gadolinia bum-up is
prevailing on fuel depletion. Eventually, the revere trend is dictated by the fuel
depletion. The Keff peak (minumum CSDM) and the point of burnable absorber
depletion are a function of the fuel nuclear design (enrichment, gadolinia

concentration...). Typical reload shutdown reactivity curve indicates minimum
CSDM at the BOC condition.

The adopted criterion allows any control rod to be tested at any time in core
life and assures that the reactor can be shut down using only control rods.

The full core shutdown margin demonstration is an important open vessel
start-up test. To demonstrate that shutdown capability exists all over the cycle,
the measurement of shutdown margin made at zero exposure can be related to
the peak reactivity condition by subtracting the factor R (see Fig. 1) from the
measured value. Shutdown requirements are met when experimental shutdown
margin results to be higher thrni the accuracy by which actual critical can be
predicted. Minimum shutdown margin to be demonstrated is a legal limit, and
typically is < 0.3* A K. The design criterion assures that shutdown require-
ements are effectively met.

3. REACTIVITY FEEDBACK/REACTIVITY COEFFICIENTS

Reactivity coefficients, the differential changes in reactivity produced by
differential changes in core conditions, are useful in evaluating the response of
the core to external disturbances.

There are three primary reactivity coefficients which characterize the
dynamic behaviour of the BWR over the operating states. These are the Doppler
reactivity coefficient, the moderator void reactivity coefficient and the
moderator temperature coefficient. The power reactivity coefficient is just a
combination of the Doppler and void reactivity coefficients; it is generally
associated with Xenon stability. The initial conditions and the postulated event
determine which of the above coefficients, are significant in evaluating the
response of the reactor.

Void reactivity coefficient
1 AK

The void reactivity coefficient jf~ ^ y is the most important among BWR
reactivity coefficients and, as mentioned, determines the BWR unique features.
The overall void coefficient is always negative in every point of the operating
cycle, since the BWR design is undermoderate: the reactivity change due to the
formation of void results from the reduction in neutron slowing down due to the
decrease in water to fuel ratio.

The void coefficient is the partial derivative of the infinite multiplication
factor, neutron leakage and control system worth with respect to the void
content with reactor near critical. Mathematically this coefficient can be
approximated as:

dK
K dV KL

dK°<

dV

- • £ _ dK~.c . (1 - C) k", uc + Ck°°,c d / l \
KL dV K dV \L /

where:

V - in-channel void fraction (volumetric ratio between vapor and vapor
plus liquid within channels)

C • control fraction
L - neutron leakage term
c, uc - controlled, uncontrolled fuel
K, K°° - effective and infinite multiplication factor S3



The minimum absolute value of the void coefficient is determined by the
requirement of preventing power oscillations due to spatial Xenon changes. The
maximum absolute void coefficient value is determined by transient response
requirements; pressurization transients shall not unduly limit plant operation.
Typical BWR void coefficient values range from -0.9x10'' to -1.4x10"*
A K/K/ (>» void).

With reference to plant perfomance the adequacy of the void coefficient is
established during the overall design process (remember the flow chart of core
and fuel design and operation analysis illustrated in the first lecture), by the
choice of the water to fuel ratio and other lattice parameters, such as the ratio of
non boiling water (water within gaps outside the fuel channel and within water
rods) to boiling water (active coolant within fuel channels). An increase in the
ratio between non-boiling and boiling water results in a reduction of the absolute
magnitude of the void coefficient, thus improving core response to pressurizing
transients and flattening the axial power distribution.

Sensitivity of moderator void reactivity coefficient to various lattice
parameters is illustrated in Table I; values refer to a typical reload bundle at 15.0
GWD/T and 40* in-channel history void. As can be noted, significant changes in
the lattice void reactivity response occur based on the variable considered
(channel pitch, fuel rod diameter, number and size of water rods). Higher
enrichment and higher exposure in general result in an increased absolute
magnitude (more negative) void coefficient. Both of these characteristics
contribute to a more negative void coefficient for the reload core designs. The
moderator void reactivity coefficient as a function of percent void is shown in
Fig. 2 for typical BWR EOC-1 condition.

In the power operating range, boiling is the primary mechanism for
moderator density variations and the void coefficient in the most important as
input to stability and transient response calculations.

Doppler reactivity coefficient
1 AK

The Doppler reactivity coefficient'?' y f is the change in reactivity due to
a change in the temperature of the fuel. As well known, this change results from
the broadening of the resonance absorption cross sections as the temperature
increases. At beginning of life the Doppler contribution is primarily due to
U-238; as the exposure increases the Pu-240 build-up contributes to the Doppler
coefficient.

The Doppler reactivity coefficient provides instantaneous reactivity feedback
to any rise in fuel temperature, on either a local or gross basis.,

Typical values for BWR Doppler coefficient range from -1.0x10' to
-1.5x10''A K/K/*F. The absolute magnitude of the Doppler reactivity
coefficient decreases with final temperature and increases with exposure,
moderator void and moderator temperature.

The Doppler reactivity decrement is determined by performing lattice
calculations at several fuel temperatures, while maintaining all other input
parameters constant. The Doppler defect results to be accurately represented as:

AKDOP - CD ( VT~- VTo) ; To- reference fuel temperature

The Doppler reactivity decrement increases proportionally to the square root of
fuel temperature and the Doppler coefficient of reactivity can be expressed
directly in terms of the constant of proportionality.

Fig. 3 illustrates the Doppler coefficient as a function of fuel temperature
and exposure for a typical BWR initial core bundle, at 40% average void. Fig. 4
presents the Doppler reactivity defect of an infinite lattice as a function of fuel
temperature, starting from cold conditions. The data presented in the above
figures are relative to infinite lattice.

In finite reactor system the power distribution and hence fuel temperature
distribution vary spatially; large reactivity Doppler feedback is available in higher
flux regions of the core. Doppler spatial effect is usually considered in core
analysis.

The reactivity change caused by Doppler coefficient is small compared to the
other power related reactivity changes during normal operation; it becomes very
important during postulated rapid power excursions in which large fuel
temperature changes occur. The most- severe power excursions are those
associated with postulated rapid removal of control rods (Control Rod Drop
Accidents); a local Doppler feedback associated with a temperature rise is
available for limiting and terminanting the initial burst before the core has been
made stably subcritical by the scram function.

In addition the Doppler reactivity decrement is beneficial in limiting the
plant transients associated with load rejection and turbine trip events.

Moderator temperature coefficient

In BWR, the moderator temperature coefficient is the least important of the
reactivity coefficients, since it affects core operation in a very small portion of
the reactor operating range, i.e. during cold and heat-up conditions. Once the
reactor reaches the power producing range, boiling begins and the moderator
temperature remains esentially constant.

The moderator temperature coefficient can be mathematically represented
by a formula similar to the one given for the void coefficient.

The moderator temperature coefficient is utilised for temperature
corrections of simulation critical eigenvalues to consistently compare actual cold
criticals (at he proper ambient temperature) and calculated cold criticals
(typically at 20*C). Therefore, moderator temperature coefficient enters in cold
shutdown margin demonstration, even though the relative impact is small.

The moderator temperature coefficient is associated with a change in
moderating power of the water. The temperature coefficient is negative for mo6t
of the operating cycle; howerer, near EOC the zero void uncontrolled BWR
lattice can be slightly overmoderated, and the overall moderator temperature
coefficient can become slightly positive. Typical range for the temperature
coefficient is from * 4.10'* to -14x10"' A K/K/T, depending on core
temperature and core exposure.

The small magnitude od this coefficient and the associated long time
constant do not require to impose a design basis limit on the value of the
moderator temperature coefficient. The design limit on the void coefficient
exercises, however, a control on the moderator temperature coefficient, through
the control over the water-to-fuel ratio of the lattice. In Fig. 5 it is presented the
moderator temperature coefficient as a function of moderator temperature fora
typical single enrichment initial core.



Power coefficient

The power coefficient A K/K : A P/P is the result of the composite of all
the significant individual sources of reactivity change associated with a
differential change in reactor thermal power assuming constant Xenon reactivity.
As previuosly mentioned, the power coefficient is a combination of the Doppler
and void reactivity coefficients in the power operating range; therefore this
coefficient has a negative value all over the cycle.

Typical values of the power coefficient are about -0.04 A K/K : A P/P at the
beginning of life condition. These values are well within the range required for
adequately damping power and spatial-Xenon disturbances. Instability threshold
for Xenon subslained oscillation has been evaluated around -0.01 A K/K : A P/P
power coefficient.

4 REACTIVITY AND POWER CONTROL

Control rods and gadolinia burnable absorber whitin fuel bundle selected
rods form the reactivity control system.

Control rod nuclear characteristics

The control blades perform two primary functions. They are used to:
a) control reactivity and provide shutdown capability;
b) control power and shape power distribution

Reactivity control and shutdown capability

Shutdown criteria and capability have been previously discussed.

The reactivity worth of a control rod is a function of its withdrawal
sequence and surrounding nuclear environment. Therefore, the limiting rod
worth is defined in contest with the limiting core condition and event.

The limiting event for control rod worth condiderations is the Rod Drop
Accident, which is defined as the postulated drop of the highest worth rod that
can occur at any core condition in the core life. Limiting core conditions for the
limiting event are cold and hot stand-by core state. The maximum reactivity
worth (supercritical) of withdrawn rods has to be limited to a value less than
that required to meet the 280 calories/gram criterion in the postulated RDA.

The banked position withdrawal sequence (BPWS) limits the maximum rod
worth of a BWR control rod in the limiting event and core condition to a value
less than K A K, which is significantly lower than the 1.5* A K worth still
meeting the 280 calories/gram criterion. Below 20* of rated power the BPWS is
enforced by hardware systems (such as Rod Pattern Control System) or by
procedural control (in old plants). The BPWS will be discussed in a later lecture.
With normal operating control rod patterns, average rod worth is about
0.5* A K; the maximum worth of a rod in a typical operation pattern in about
K AK.

In the power range above 20% of rated power, thanks to inherent feedback
machanisnu, primarily in the form of steam voidB, no restrictions on control rod
patterns are required to minimize control rod worths. During operation, the
control rod patterns are selected based on optimum power-exposure strategy and
on measured core power distributions with low incremental rod worth.

In summary, control of long term reactivity chenges (fuel depletion), control
of reactivity addition resulting from bum-up of peak shutdown Xenon,
accomodation of large power changes are typical functions of reactivity control
performed by control rods; in normal daily operation, little control rod
movement is required for depletion of reactivity. Moreover, the "scram"
function of the control rod system protects the reactor against damage in all
transients which are expected to occur during the life of the plant.

Power shaping and control

The control rods, which enter the core from the bottom of the reactor, are
positioned so that they counter-balance steam void in the upper pare of the core
and cause significant power flattening, by depressing the power in the bottom of
the core. During operation the control rods are generally subdivided into deep
and shallow control rods. Near fully inserted rods pertain to the deep rod
category; rods more that half-way withdrawn from the core pertain to the
shallow category.

The deep rods, as they are near fully inserted, primarily affect core
reactivity, core gross power and bundle power, i.e. radial power distribution;
axial distribution in only slightly affected by deep rods.

On ihe contrary, shallow rods significantly affect the axial power distribu-
tion, while have minor influence on core reactivity, core radial power
distribution and core gross power level.

Two examples of the axial response of power di-tribution to changes in control
rod configuration are shown in Fig. 6 and 7. These figures illustrate calculated
TIP response from a 3D simulation of a reload core in the early portion of the
cycle, with bottom-peaked power, starting from typical critical patterns. Fig. 6 is
relative to a shallow rod and shows the typical axial shaping and axial flattening
effect of shallow rods, without significant change in bundle power. Fig. 7 is
relative to a deep rod; the two feet withdrawal does not have a pronounced
effect on axial peak (at the bottom), while presents a significant effect on
bundle power (and core power). This effect is used to increase the core total
output without increasing the axial peak (which is typically controlled by the
shallow rods) by reducing the peak/average power ratio.

Tha understanding of core response to control rod configurations (Fig. 6 and
7 represent just a couple of typical examples) plays an important role in the
ability of controlling core power distributions and thus in developing an
optimum power strategy along the operating cycle by maximizing cycle
exposure capability and operating margins against operating limits.

To change power from 10% to 100% by control rod movement requires the
withdrawal of approximately 25% of equivalent control rods.

Power control by recirculation flow control has been discussed is a previuos
lecture; moreover it is typically performed at fixed control rod pattern.

Gadolinia burnable absorber

Basic reactor physics aspects of the gadolinia burnable absorber have been
discussed in the previous lecture (bundle lattice design). The bases for design of
the burnable absorber loading into the reactor core are:
— to compensate for the reactivity difference between the control rod system

capability and the beginning of cycle reactivity (assure shutdown and
exposure capability)-. 95
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— to minimize the reactivity swing over the cycle length (minimize require-
ments for control rod inventory and movement during cycle operation);

— burnable absorber to be *'bumed-out" by the end of each cycle (minimize
impact on fuel cycle cost)

— to improve power distribution by axially zoning the gadolinia concentration
(initial core bundles)
The above bases are taken into account during bundle design and during core

design, in order to optimize core inventory and distribution of the gadolinia
burnable absorber. Examples given in the previous lecture, through K°° curves
as a function of exposure, are consistent with the bases just given. Burnable
absorber inventory in the core, as well as number, position and absorber
concentration of gadolinia-bearing rods in the bundles, are a function of required
cycle exposure capability and of BOC exposure configuration; the cold
condition is limiting for meeting shutdown capability. In general the gadolinia
inventory is higher for an initial core than for a reload. The propor use of
gadolinia burnable absorber allows reload cycle up to 18 month length,
equivalent to about 9000 MWD/T, with a significant increase in plant capacity
factor. The basic effect of gadolinia in reactivity compensation is schematically
illustrated in Fig. 8.

For axial power shaping purpose, slightly higher gadolinia concentrations are
used in the lower segment of the fuel rod in the initial core bundles, below the
core mid-plane. The effect of voids is to skew the power toward the bottom of
the core, while the effect of the control rods is to reduce che power in the
bottom of the core; the effect of the axial gadolinia shaping is to flatten the
power near the bottom. The power shape determines primarily the void
distribution: control rods and gadolinia are the mechanisms available for
optimizing the axial power. Detailed 3D core analysis determines the axial
gadolinia distribution which provides the desired axial power flattening.

Reactivity balances

The BWR design process uses 3D core simulation which directly calculates
the core configuration (control rod pattern, temperature, void and power
distribution), and the relative Keff. Due to the strong interaction of the BWR
main design parameters, components of a reactivity balance are quite ambiguous
unless the sequence of the changes is clearly defined, and are net normally used
in describing BWR behaviour. Nevertheless, certain reactivity states can oe
defined which provide information about BWR behaviour. As example, first
cycle typical data are presented in Table II for various cold, Xenon-free
conditions.

5. CORE LOADINGi

The core loading criteria are to meet the safety and operating design bases, as
reviewed at the beginning of the present lecture, while increasing operating
margins against operating limits and minimizing the fuel cycle cost.

The average fuel enrichment of the initial core load and average enrichment/
batch size in the reloads are determined to provide the desired fuel cycle
length/exposure capability; necessarily the excess reactivity has to be sufficient
to overcome the associated neutron leakage, moderator heating and boiling, fuel
temperature rise and equilibrium Xenon and Samarium. The correspondence
between initial core average enrichment, exposure capabibty and cycle length

(80% capacity factor) is illustrated in the following table for a typical 1000 MWe
BWR.

ennchment, w/o

1.7
1.9
2.1

exposure
capability, MWD/T

8.000
10.000
12.000

cycle length
(80* CF), month

13
16
19

Using typical 3.6/2.8 w/o reload bundle enrichments, the reload batch size ranges
from about 20% to 30% of the core loading, depending on cycle length, capacity
factor and power density.

To assure safe, efficient and economic operation of the core throughout the
plant life, ths core loading patterns (initial core and reloads) are based on
extended Cue! cycle analysis involving 3D simulation from beginning of life to
equilibrium cycle. The attainment of the target bundle discharge exposure is
within the objectives of the fuel cycle analysis and is the basis for minimizing
fuel cycle costs.

Initial core loading pattern

The typical initial fuel loading of a modem BWR incorporates the use of
three distinct bundle types, each with a different bundle enrichment. These
bundle enrichments are categorized as natural, medium and high.

The enrichments and positions of the loading pattern aie selected to provide
an optimum balance between maximization of reactivity and minimization of
radial peaking. Typical core loading pattern is presented in Fig, 9. The concept
will not change with the core dimension. The peripheral core zone is loaded with
natural enrichment bundles. The interior of the core is divided into two zones.
The outher one — about 35% of the core area — consists enterely of the high
enrichment bundles. The inner zone — about 50% of the core area — consists of
a checkerboard mixture of medium and high enrichment bundles. The radial
reactivity distribution resulting from this loading type is illustrated in Fig. 10,
and explains the radial power flattening concept.

The natural enrichment bundles on the core periphery act as a neutron
reflector, improving neutron economy by reducing neutron leakage; increased
thermal flux in natural uranium fuel provides partial power compensation to the
low fissile content. The high enrichment region of the core provides radial power
flattening and drives the natural enrichment fuel on the periphery.

This type of core loading maintains the same radial peaking as a single
enrichment core, while minimizing neutron leackage; therefore enrichment
requirements are decreased, without power peaking penalty. In the multiple
enrichment core the fuel is better utilized; discarged enrichments are consistent
with the discharge exposure. At the end of cycle one, the natural uranium
bundles will be discharged. Moreover the multiple enrichment core results in a
smooth and efficient transition from the first cycle to the equilibrium cycle.

Reload core pattern

In the reload cycles the same principle of minimizing radial power peaking
and maximizing core reactivity is applied, and the same basic zonal concept of
first loading is carried out.



Basic refueling criteria are:
— following any cycle, discharge the lowest reactivity bundles (number of

assemblies to be discharged depends of course on the batch size to be loaded,
based on cycle energy requirements);

— following discharge, shuffle remaining assemblies of lowest reactivity to the
core periphery;

— load fresh fuel and shuffle remaining fuel, as necesssry to minimize radial
peaking; quadraiit/octant symmetry is desirable.
The core reload pattern is typically of the scatter load type. Scatter loading

gives flexibility toward a uniform distribution of cold control rod worth within
the core, thus allowing easier shutdown margin without significant penalization
in cycle exposure capability. Fig. 11 illustrates an example of reload pattern for
relatively low power density reactor core (1 year equilibrium cycle).

Analyses are performed by the 3D BWR simulator. Basic criteria for power
and exposure operating strategy are given in the next lecture. As for the initial
core loading, simultaneous consideration has to be given to exposure capability,
power distribution and shutdown margin, as they strongly intera.t, to comply
with design basis constraints.
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TABLE I - SENSITIVITY OF VOID COEFFICIENT TO LATTICE
PARAMETERS (TYPICAL RELOAD BUNDLE, 15 GWD/T)

TABLE II - REACTIVITY DATA FOR THE COLD, XENON FREE
STATE. TYPICAL BWR INITIAL COSE

Condition
% controlled

100
75
50
0

BOC

0.933
0.999
1.037
1.117

MOC

0.939
1.000
1.036
1.111

EOC

0.924
0.986
1.016
1.086

BOC — Beginning of cycle
MOC — Middle ot cycle (roost reictiie point in the cycle)
E C — End of cycle

Case
Number

I/base
2
3
4
5

Channel
(inside dimens.
same thickness)

5.278
5.278
5.278
5.278
5.215

Fuel rod
OD/Pitch

0.493/0.640
0.493/0.640
0.493/0.640
0.493/0.640
0.493/0.640

N. water
rods/ size

I/small
I/small
2/smali
2/large
2/large

Change *
void coeff.
at 40* void

—
2.9
4.3
8.3

19.5

* positive value indicates less negative void coefficient relative to base case.
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Fig- 1 — Cold shutdown margin reactivity curve. Typical BWR initial core
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Fig. 10 — Maximum reactivity, minimum radial peaking concept
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1.2.4. CORE DESIGN AND OPERATION ANALYSIS (2)

1. CORE PERFORMANCE / OPERATING LIMITS

Core and fuel operation at rated condition without exceeding the operating
limits is requiied by core and fuel performance basis and is demonstrated as part
of the start-up tests.

The operating limits are the result of the comprehensive reactor technology;
they are the result of operating experience and of the mutual interaction
between core and fuel performance and safety and operating plant system
performance. The schematic flow chart of design and operation analysis given in
a previuos lecture illustrates the major interactions. The operating limits having a
direct impact on BWR reactor physics (design and operation) can be expressed in
term of:
— Maximum Linear Heat Generation Rate (MLHGR)
— Minimum Critical Power Ratio (MCPR)
— Maximum Average Planar Linear Heat Generation Rate (MAPLHGR).
Each of these is a function of both the gross three dimensional power
distribution and the local (rod-by-rod) power distribution. The core and fuel are
designed such that the resultant operating power distributions meet the above
operating limits.

A brief review of the above constraints seems to be useful, even though
disciplines other than reactor physics are involved.

Maximum Linear Heat Generation Rate (MLHGR)

The MLHGR is the maximum allowed power generation in a fuel rod per
unit length of the fuel rod. It is usually expressed in terms of kW/ft.

MLHGR - 13.4 kW/ft
MLHGR is a mechanical design basis. This value is supported by extensive

BWR fuel experience and presents an high margin against the fuel rod clad
damage limit, conservatively assumed as a 1* plastic clad strain.

Maximum Average Planar Linear Heat Generation Rate (MAPLHGR)

The MAPLHGR is the maximum allowed power generation in a fuel bundle
cross-section per unit length of the bundle. It is the parameter assumed for
conformance to 10 CFR 50 — Appendix K relative to the required ECCS
performance.

Steady-state operation below MAPLHGR limit ensures that the maximum clad
temperature of 2200 'F is not exceeded in case of LOCA, as per above Appendix K.
MAPLHGR limit is a function of fuel bundle lattice geometry, and rod-to-rod
(local) power distribution and bundle exposure, but is heavily dependent on
Emergency Core Cooling Systems (ECCS) design and performance.

Modern BWR fuel and ECCS design makes this limit less stringent than the
MLHGR limit. Thus by meeting the MLHGR limit it is automatically shown to
meet MAPLHGR Umit.

Minimum Critical Power Ratio (MCPR)

The MCPR is a measure of the core thermal-hydraulic performance. The
MCPR is the minimum value of the ratio of the bundle power at start of
transition boiling (critical power) to the calculated bundle power. Operating at

CPR > MCPR assures that al least 99.9 percent of the fuel rods in the core are
not expected to experience transition boiling during abnormal (most severe
moderate frequency) transient event. MCPR - 1.23 is a tipical value.

The structure and the application of the MCPR concept are illustrated in Fig.
1. Core and fuel design affects MCPR through bundle lattice local power
distribution and core transient data (void coefficient in particular); core
transient data together with plant system performance determine the A MCPR.

The difference between actual operating conditions and operating limits is a
measure of the operating margins and flexibility. Reactor physics and operation
has to provide, for a given core, as margins as possible. Expected MCPR and
LHGR values along the cycle 1 of a typical BWR are presented in Fig. 2 and 3.
The segmented lines are representative od expected actual core operating
conditions.

2. DESIGN POWER DISTRIBUTIONS

For design convenience, the reactor core is typically described by means of
peaking factors. Two basic factors are used to describe the BWR core design
power distribution, i.e local and gross peaking factor.

The local peaking factor is defined as the power of one fuel rod within a fuel
bundle relative to the average power of all fuel rods in that bundle at a given axial
cross section.

The gross peaking factor is defined as the power of any node (axial segment)
of the core relative to the average power of all nodes in the core.

Typical values for 2894 MW/624 bundle BWR are:

local peaking factor - 1.13
gross peaking factor - 2.06

If the core were operated at these maximums, the peak power fuel rod segment
in the core would be operating at the 13.4 kW/ft operating limit. Appropriate
design allowances are included at the design stage to ensure that these limits are
met: during actual operation of the reactor it is expected that the peaking values
result lower than the target design maximums.

The gross peaking factor can also be described in terms of the axial and
radial peaking factors. This distinction between axial and radial distribution is
often useful in describing core performance. For example, the radial peaking
factor — total power of a given bundle relative to the average power of all
bundles — is an important variable in the core thermal-hydraulic performance.
Axial peaking affects optimum bum-up and thermal hydraulics.

Conservative design power distributions are used for thermal-hydraulic core
design purpose.

3. TARGET POWER AND EXPOSURE DISTRIBUTION

The power distribution in a boiling water reactor is a complex function of
the fuel bundle types and distribution, of the exposure distribution, the void
condition, the control rod pattern and the burnable absorber. A three
dimensional BWR simulator is used to calculate the 3D power distribution
consistent with core configuration and reactivity feedback.

Optimum design and operation of a reactor core imply minimizing the power
peaking to attain maximum operating margins. 103
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A basic operating principle has been developed and is applied to boiling
water reactors in order to minimize power peaking throughout the operating
cycle. The principle is referred to as the "Haling principle" or "the minimum
power peaking principle". The main concept is that "for any given set of
end-of-cyc!e conditions, the power peaking factor is maintained at the minimum
value when the power shape does not change during the operating cycle".

The explanation of the principle is straight forward. Assume that the target
constant power shape hss been determined and assume further that at some
point during the operating cycle a flatter power distrubution can be attained. To
achieve this lower peaking, the reactivity distribution must be such that in the
region of peak power the reactivity if> less than in the target case. Fuel reactivity
is normally a decreasing function of exposure: the lower value of reactivity
implies that the exposure in the region of peak power is high relative to the
target case. This could have been achieved only by operating with a power
distribution more peaked than the target distribution during some earlier portion
of the operating cycle. As a conclusion, it is possible to obtain a power peaking
factor lower than the constant power shape peak at some time during the cycle
only by operating with a peaking factor higher than that of the target shape at
some earlier time in the cycle. It is then demonstrated that the constant power
shape corresponds to the minimum peak-to-average value that can be maintained
throughout the cycle.

For each operating cycle the designed end-of-cycle power distribution is
calculated using the Haling principle; the power peaking will be maintained at
the minimum value when the power shape does not change during the operating
cycle: the Haling shape is then used as the target power distribution. Starting
from the assumed BOC conditions, the Haling power distribution is determined
by iterating between end-of-cycle exposure and power until mutually consistent
distributions are obtained at the end of cycle reactivity condition (Keff . 1, all
rod out).

The application of the Haling principle to a given core (cycle) will then
furnish:
— target exposure increment (capability)
— target EO<"! exposure distribution
— target power distribution.

The Haling principle is a powerful tool for core design, core operation, fuel
cycle studies. In core design it furnishes an impartial basis for evaluating
different core loadings: as an example a flat axial power distribution will assure
enough exposure in the upper part of the cote, thus increasing present and
following cycle shutdown margin capability. In core operation, it furnishes the
target and the guide for an optimum operation throughout the cycle and
attaining the end of cycle at full power with all rods withdrawn. Typical Haling
power-exposure distribution are illustrated in Fig. 4 and 5.

4. POWER DISTRIBUTION AND CONTROL STRATEGY

The target exposure would be met only by having an ideal reactivity control
capable of giving at any core exposure level the same reactivity (K°°) spatial
distribution as the target end-of-cycle distribution.

Operationally, one has to handle the actual control system, made of finite
control elements (the control rods): regions containing inserted control rods are
over poisoned while regions without control rod inserted are not poisoned at all.
This result in power and exposure distributions which deviate significantly from
the target shape.

The operating compromise results in the use of a sequence of control rod
configurations (control rod patterns) such that the time average of the power
and exposure shapes approximate the predetermined target shapes. The sequence
of control rod patterns are developed taking advantage of typical BWR control
rod lay-out and of the core responses to control rod positioning.

Control rod seguence

The control rods can be divided into two groups or sequences, called A
(including central rod) and B (not including the central rod). Each of them
includes two subgroups called Al, A2, and Bl, B2 respectively. Control rod
assignment to each sequence is shown in Fig. 6 in which each box represents a
four-bundle cell controlled by a control rod. Each sequence appears as a
repetitive array. Horizontally and vertically adjacent rods pertain to a separate
sequence; diagonally adjacent rods pertain to the same sequence (A - B) and are
alternated between deep and shallow.

In order \x> attain a nearby uniform distribution of power and exposure
among the assemblies through the cycle, the four subgroups or sequences are
periodically alternated, while individually used to keep the reactor critical and
get the desired power shape.

All B rods are fully whithdrawn when A rods ars being used. The deep rods
of Al sequence are used as shallow ones in the A2 sequence, and viceversa. The
same criterion is applied when using the Bl and B2 sequences, with all the A rods
fully withdrawn. The order of use of sequences during the cycle is typically:

Exposure interval
MWD/T

0-1000
1000-2000
2000 3000
3000-4000
4000-5000

Sequt

Al
Bl
A2
B2
Al

etc.

Within each sequence, the critical control configurations (control rod
patterns) meeting the power shaping and operating limits requirements are
determined at rated conditions at the variuos core exposures in the cycle by
using the 3D core simulator. Given the target power shape, the basic strategy is
to deliberately peak the axial power in the bottom portion of the core early in
the cycle, more strongly than the target shape dictates. This compensates for the
condition late in the cycle in which most of the control rods are fully withdrawn
and not available for axial power shaping. As an example, the Fig.. 7 illustrates
target versus effective end of cycle exposure distribution.

As a conclusion, the power distribution and control strategy involves the
calculation of the target power shape, the calculation of the control rod
sequences that approximate that shape and the use of those rod sequences and
tha in ĉore nuclear instruments as guide to reactor core operation. The result of
this strategy is a series of critical control rod patterns — which meet the design
operating margins — from BOC to EOC at rated conditions at regular core
exposure intervals.



Core reactivity monitoring

A determined inventory of control rods (in terms of number of notches
inserted) is associated to each critical rod pattern along the cycle. The curve of
the critical control rod inventory vs. core exposure is used to monitor the
reactivity along the cycle. More exactly, control rod patterns are calculated in
the hypothesis of more and less reactive core (typically +. 1* A K at BOC and
at the maximum reactivity point) to demonstrate full power operation even in
these conditions. Corresponding control rod position insertions permit to
complete the above curve and to have the "reactivity anomaly" band (see Fig. 8)
effectively used to monitor the core reactivity.

Periodically the effective notch inventory is checked against the said curve
and the inventory has to stay within the *. 1% A K range (normalized at the
beginning of cycle).

The control blade history effect

Is has to be pointed out that a control rod inserted in the core causes a
localized distortion in the neutron flux. When inserted, the control rod depresses
the neutron flux and hardens the spectrum in nearby fuel rods resulting in a
reduced bum-up rate and an increased Pu/U consersion ratio relative to the fuel
rods located far from the control rod. When the control rod is
withdrawn, these nearby rods, because of their relatively lower bumup and
increased plutonium content, operate ad a higher power than if they had
previously been uncontrolled. The magnitude of this power increase is
greatest in the comer rod and depends primarily on the bum-up that the
axial segment of the fuel assembly accumulated while previously
controlled and the bum-up accumulated since becoming uncontrolled. This
phenomenon is commonly known as a control blade history (CBH) effect
on local power distribution.

5. IMPROVED CORE DESIGN AND OPERATING STRATEGY - THE
CONTROL CELL CORE CONCEPT

In the last few years extensive development and demonstration activities
have been carried out in order to overcome the "spread" control concept
(periodic exchange between the basic A and B patterns), reduce the amount of
control rod movement during operation without negative impact of the CBH
effect and achieve a uniform fuel bundle exposure.

The basic iuea can be expressed as follows:
— bum fuel bundles without control (no adjacent control rod inserted) before

last in core-residence cycle, thus achieving near target discharge exposure;
— bum fuel bundles with control (. djacent control rod inserted) during last (or

next to last) in core-residence c.'de, in low power condition, achieving a
limited exposure increment and vithout CBH impact on the operation.

As a result, an improved BWR core design and operating strategy, known as the
Control Cell Core (CCC) concept, has been developed and succesfully imple-
mented in operating BWR (fo' example Millstone/cycle 6, spring 1978). The
CCC concept may be expected to become of regular application in a near future
(cfr. ANS Trans. Am. Nucl. Soc, 33, 586 (1979).

The CCC concept is based on an operating strategy in which control rod
movement to offset reactivity changes during power operation is limited to a
fixed group of control rods throughout the entire cycle. Each of these rods and
its four sorrounding fuel assemblies forms a control cell. Alt other control rods
are normally fully withdrawn from the core while operating at power. Low
reactivity fuel assemblies are placed in the control cell so that control rod
motion occurs adjacent only to low power fuel. The control cell core
configuration for a tyfical BWR is shown in Fig. 9.

For an initial cycle, low enrichment fuel assemblies are placed in the control
cell. In the reaload cycles, the fuel assemblies of lowest reactivity remaining in
the core after the discharge batch has been selected are placed in the control
cells. For a typical equilibrium cycle, these correspond to the highest bumup
assemblies, to be discharged next cycle.

A comparison between CCC and conventional performance characteristics is
illustrated in synthesis by Fig. 10 through 12. They show typical calculated
bundle power responses to control rod withdrawal (core power assumed 1.0):
power in fresh (high reactivity) fuel assembly as adjacent control rod is
withdrawn toward the bottom, power in control cell fuel and in the fresh fuel
next to control cell as the control cell control rod is withdrawn toward the
bottom. One can note from the above rod responses that in CCC design
— the highest peak power in the control cell assembly is significantly lower

than that of the adjacent high power assembly;
— the power distribution in the high power assembly in much less sensitive to

control rod motion than in a conventional design;
— the peak in the high power assembly is not significantly increased when the

control rod is partially inserted.
The above characteristics confirm the potential for eliminating the conven-

tional rod pattern exchange. In fact, the control cell fuel operates at a
substantially lower peak power than the highest power fuel in the core: the
effect of control blade history on local peaking, and the effect of shallow rods
on axial power and exposure distributions can be accomodated without the need
for rod pattern exchanges.

It has to be pointed out that the CCC concept has the potential to be
backfitted to existing BWR's.In Fig. 13 the CCC map of Millstone/cycle 6
demonstration is shown. Based on a detailed feasibility study, the CCC
application resulted to be feasible also for Caorso cycle 2.

The basic concept we illustrated has the potential for further improvements
and different implementations in order to semplify the reactor core operation, as
a result of extensive cycle management analysis.

5. DESIGN AND OPERATION INTERFACE

The design and operation interface is made-up by the in-core instrumen-
tation and the process computer.

The monitoring of the core is an important function of the process computer
and in-core instrumentation. The core model in the process computer gives a
thorough three-dimensional representation of the reactor core in all the
operating states, starting from actual LPRM and TIP readings, measured power,
enthalpy and core flow data and actual control rod pattern. Actual operating
values of LHGR, MCPR and MAPLHGR are derived and the margins against
operating limits evaluated: the operating limits must not be exceeded either for
safety requirements or for fuel warranties.



With the piesent day process computer capabilities, the tendency is toward
adopting as core model an actual 3D core Bimilator, using direct process inputs;
calculated power distribution is adjusted to comply with the set of in-core
neutron detectors.

It has to be pointed out that rod patterns and power distributions obtained
during the design phase do not specify the unique way to operate from BOC to
EOC; they are a possible god strategy, a presented guide for the actual
operation. In fact the actual operation has to incorporate effective plant
requirements and, most importantly, the actual observed power distributions as
indicated by the instrument and process computer system. The currently
operating BWR plants demonstrate the effectiveness of this operational concept.

The interface between design and operation is not; of course, a "one way"
concept: The results of actual reactor operation, as obtained by in-core
instrumentation and process computer, are sistematically turned back to design.
The achieved benefits can be summarized as follows.
— Thorough calibration between actual operating data and "operating data" as

calculated by the design methods; this will furnish the "best estimate" of the
end of cycle configuration (in terms of critical Keff and exposure
distribution), which incorporates last available actual operation data, to be
used as basis for the design of the next reload.

— Revision of the operating strategy to account for unforeseen plant events
with significant impact on reactor operation, such as a prolonged reduced
power operation.
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Fig. 1 — Structure and application of the MCPR concept
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1.2.5. CORE DESIGN AND OPERATION ANALYSIS (3)

1. CONTROL ROD DROP ACCIDENT AND BANKED POSITION
WITHDRAWAL SEQUENCE

With respect to a reactivity insertion into a boiling want reactor, the limiting
event for control rod worth considerations is the Rod Drop Accident; limiting
core conditions for the limiting event are cold and hot stand-by core state.
Therefore, the accident which has been chosen as a design basis to encompass
the consequences of a reactivity excursion is the control rod drop accident.

The CRDA analysis is part of the safety related analyes performed during
BWR core design. The analysis is performed at the limiting core states, in
the various coxe configurations, to ensure that the peak fuel enthalpy is
always less than 2SQ calories/gram (280 cal/g is a design limit which
provides wide margin against the 425 cal/g fuel pin fragmentation
threshold).

At any specified reactor state, peak enthalpies for rod removal accident vary
proportional with rod worth, and peak enthalpy provides the best index for
determining the consequences of a reactivity accident.

Minimizing \ the (incremental) rod worths will result in mitigating the conse-
quences of CRDA. The banked position withdrawal sequence (BPWS) concept is
effective in reducing maximum incremental control rod worth that
virtually eliminates the CRDA as an accident of any concern. The BPWS
is the basis of the typical in-sequence operation of the BWR from fully
controlled condition to ~ 20% rated power.

Before discussing the BPWS concept it seems useful to briefly review the
reactor physics and the "reference" analysis approach of the CRDA.

Control rod drop accident

The following sequence of events must occur before the CRDA is possible:
— the complete rupture/disconnection of a fully inserted control rod drive from

its cruciform control blade in the most reactive local initial condition;
— the sticking of the blade in the fully inserted position as the rod drive is

withdrawn;
— the falling of the control rod to the rod drive position.

The unlikely dropping of the rod results in a high local K °° in a small region
of the core with a highly peaked power distribution and subsequent shutdown
mechanisms. The following conservative assumptions are made in the CRDA
aru'lysis:
— tne transient is assumed to be controlled only by the Doppler reactivity

feedback;
— moderator heating and void feedbacks are ingnored because of the short

time of the transient effect ( < 5 sec);
— the scram reactivity feedback is not effective in limiting the accident

consequence because it holds the reactor subcritical after the power burst
is terminated.

Fig. 1 summarizes the CRDA evaluation approach. The lattice code is
used to prepare nuclear libraries, i.e. few (three) group cross sections,
Doppler correction, six group delayed neutron fractions and neutron
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generation time; the BWR simulator is used to prepare core data, such as
rod accident shape function, scram shape function, control rod worth,
initial steady state reactor core conditions. Finally the transient analysis is
performed in R-Z geometry, using the abiabatic prompt excursion method.
A typical core geometry is reported in Fig. 2.

An example of rod drop accident reactivity excursion is illustrated in
Fig. 3; the net reactivity A K (t) as a function of the time is give;, by:

A K (t) = A KA (t) + A K s (t - ts) + A KF (t)

.. here:

A K A = rod shape accident function

A Kg (t - ts) = scram shape function

t s - scram initiating time

A K r (t) = Doppler feedback

A typical final enthalpy distribution illustrated in Fig. 4 shows the localized
effect of a CRDA excursion.

Control rod removal excursion analyses indicate that a 280 cal/g results from
a typical rod worth (supercritical) or ~ 1.5% A K at the limiting core state.
These analyses also show that 280 cal/g are not attained for excursions initiated
at ~ 20% power by a control rod worth as high as 2% A K.

The banked position withdrawal sequence (BPWS) concept

The banked position method of rod withdrawal limits incremental control rod
worth to an average value of approximately 0.5% A K; the highest of incremental
control rod worths calculated for normal core conditions is found to be less than
1% A K and the corresponding peak fuel enthalpy in a design basis control rod
drop accident less than ~ 170 cal/g, well below the 280 cal/g limit. The
BPWS virtually eliminates the CRDA as an accident of any concern, not
because it eliminates the possibility of a rod drop to occur, but because the
BPWS maintains incremental rod worth to such low values.

The BPWS principle is based on twc basic concepts.
(a) The control rods are subdivided in large groups and uniformly distributed

within each group;
(b) The control rods are withdrawn on a bank and group-wise basis.

The proper applications of the above basic concepts permits reduced rod drop
in a high worth core configuration and extended rod drop (full-in to full-out)
only in a low worth core configuration.

These concepts are as follows:

(a) The control rods, are subdivided in groups. The rod are uniformly distributed
within each group. Control rods are withdrawn on a group basis.
The large number of control rods per group along with the uniform
distribution of these control rods within the group has a substantial effect in
reducing the incremental control rod worth (within the constraints of the
BPWS). The large control rod groups keep the relative radial power
distribution fairly flat as the control rods in a given group are being
withdrawn: power is not allowed to peak to any great extent, and the
incremental control rod worths are kept to a relative low value. Neutronic
coupling considerations are the base of the control rod distribution within a
Hroup. If control rod spacing within a group is too close, the neutronic
coupling effect will cause an increase in control rod worth.
Extensive study and experience have demonstrated that the first few control
rods withdrawn in a group are of highest worth, while the remaining rods in
the group are of very low -worth; this is particularly true in the normal
method used in withdrawing control rods in a given group, i.e. when control
rods in the central region of the core are first withdrawn and the remaining
are then removed in a "spiral" toward the core edge until all rods in the
group are withdrawn.

(b) To explain the bank mode of withdrawing the control rods, let us consider
the control rod shape function (Fig. 5). According to the basic concept, all
rods pertaining to a group have to be withdrawn to a (first) bank position
before withdrawal to the following bank position is allowed. In this manner
the incremental worth of a dropped rod is essentially associated only with
the available reactivity worth between the last two bank positions, even
M-jugh the rod drop is from the full-in position: while dropping through the
previous (earlier) bank positions, the rod acts as last rod in the group, thus
with insignificant contribution to the overall rod drop worth (as per above
point (a)).
The Fig. 5 graphically illustrates the effectiveness of the banked position
mode of operation in reducing incremental control rod worth.

The actual implementation of the BPWS takes into account the actual core
reactivity, operation aspects and flexibility, to attain safe and efficient ope-
ration.

BPWS - Actual implementation

The control rod withdrawal sequence may be divided into two steps:
(a) startup range - from all rod in to a 50% or black and white configuration
(b) power range - from black and white to ~ 20% rated power.

Control rod group assignment

Example of control rod group assignment is indicated in Fig. 6 and 7
(sequence A). Groups 1 to 4 pertain to startup range; groups 5 to 10 pertain to
power range.

Uniform distribution and neutronic coupling have been taken into account.



For example BPWS rod group 7 of sequence A contains four control rods in the
central zone of the core that have a higher degree of neutronic coupling:
incremental control rod worth associated w.th one of the four group 7 control
rods is generally of relatively high worth. Howerer, the location of the highest
incremental worth control rod is variable and dependent on the radial power and
control rod pattern. As radial power shape in peaked to the center of the core,
the control rods located in the central region will be of relatively high worth. As
radial power shape is relatively flat or peaked in a concentric ring around the
center of the core, ihe neutronic coupling effect of the central diagonally
adjacent rods tends to decrease and high worth occurs in the above cone nitric
ring toward periphery (group 9, sequence A) when withdrawal of edge rods
(groups 5 and 6) shifts Me power more toward the edge of the core.

Bank position determination

Four bank positions are typically foreseen, N, to N, . In order to properly
select the hank positions, the control rod shepe functions along the cycle and
reactor life have to be considered (see Fig. 8). The optimum wi'.l be to obtain
bank positions of generic validity, i.e. independent of cycle and cycle exposure.
Typical bank positions resulting in incremental control rod worth below
0.01 A K corresponds to

N, - 1 ft out
N, - 2 ft out
N, - 3 ft out
N, - fully out (as an additional m. rgin)

Bank positions are flexible inputs and may be changed according to core design
characteristics and requirements.

A significant example of BPWS effect on rod worths is shown in Fig. 9 for a
typical BWR core; it demonstrates the basic concept ill"strated in Fig. 5 and the
neutronic coupling effect associated with the four diagonally adjacent group 7
rods (sequence A) in the central region of the core.

Control rod withdrawal sequence in the startup t<mge

The basic rules of BPWS application are summarized.
Either sequence A or B is allowable for start-up.

— The first 25* of the control rods to he withdrawn (i.e. groups 1 and 2 or
groups 3 and 4) are to be withdrawn from full-in to full-out, one group a
time. In fact criticality may be achieved aftir some control rods in the
second group have been withdrawn, and the rod worth at this point is very
low and without concern with respect to CRDA.

— The second 25* of the control rods have to be withdrawn in bank mode,
using positions N;.

— All control rods within a group must be withdrawn to a bank position before
proceeding to the neit one.

— All control rods within a group must be completely withdrawn before
proceeding to the next control rad group.

Contwlrod withdrawal sequence in the power range

Basic concepts of BPWS application in the power range are illustrated in
synthesis.
— Rods in groups b to 10 can be moved only after the black and white

configuration has been obtained.
— Peripheral groups 5 and 6 have just one bank position.
— Groups 7 to 10 rods can be withdrawn with the only restriction that within

each group the banked mode has to be applied and that groups 7 and 8 limit
withdrawal of groups 9 and 10 before reaching a specified bank position
usually coincident with N3 , and vice-versa.
The BPWS constraints are enforced either by procedural control (old plants)

or by hard-wired system logic (such as Rod Pattern Control System) until ~ 20%
rated power. The predetermined withdrawal sequences in the powe? range are
developed to optimize power distributions, at the same time minimizingcon-
tiol rod worth.

Control rod worth calculation

The BPWS concept, while highly reducing the conseguence of a CRDA,
simplifies the design activity, usually avoiding the need for the "reference"
CRDA licensing analysfc. In the startup and power range (below 20% rated)
incremental control rod worth caculations fee performed using the 3D BWR
simulator. Spatial distributions of fuel, exposure, gadolinia, voids are properly
taken into account, together with the spatial power shift occurring du ing the
banked mode of operation. The bank positions are either verified or determined
so that incremental control rod worths do not exceed approximately 0.01 A K.
Typical results of the above analysis are presented in Fig. 10.

2. CONSIDERATIONS ON NUCLEAR PARAMETERS FOR TRANSIENT
ANALYSIS

Plant characteristics and core and fuel nuclear parameters have to adequately
match to assure plant/core safe and efficient operation. Plant characteristics and
nuclear parameters are key items in overall BWR plant aswument and
optimization In the final reactor design they ultimately determine the core
thennal-hydraulic perfonnance in term of the MCPR operating limit (which
avoid boiling transition event in the won, abnormal transisnt).

The Plant Transient Analysis is a fundamental design activity which
determines and demonstrates the adequacy of plant and fuel cha-
racteristics. The plant transient analysis basic conceps are now reviewed
in order to emphasize the reactor physics impact on the overall plant and
core perfonnance.

Main variables and objectives of the plant tnnstent analysis

With reference to the plant safety and operation, main objectives are:
— design of the systems relevant to plant safety (safety/relief valves,

scram set points, etc.)
— design of the control loops (recirculation, feedwater, pressure regulator

systems, etc.)



I
— evaluation and optimization of p]ant performance (time constants, delays,

set points, etc).
Plant and core/fuel performance are strictly correlated: every variation in

plant conditions (valve closure, pump trip, etc.) causes a change in plant
operating variables (pressure, flow, temperature, etc.) with related change in the
core nuclear parameters. Therefore, a lot of variables need to be considered in
order to perform the evaluation of the transients. Two different categories of
variables can be pointed out:
(a) plant characteristics
(b) nuclear parameters
To the first category pertain for example:
— valve, pump and other equipment characteristics
— set points
— time constants
— volumes
The significant variables pertaining to the second category are:
— void reactivity
— Doppler reactivity
— scram reactivity
— neutron generation time
— delayed neutron fraction.
Their effects are significantly depending on power level, cycle exposure, fuel
enrichment and average void fraction.

An example of limiting plant transient

The example illustrates the mutual impact between plant and core nuclear
thermal-hydraulic performance.

Typically pressurization events such as load rejection or turbine trip without
bypass (bypass failure) are limiting transients with respect to peak vessel pressure
and thermal-hydraulic performance (MCPR). The sequence of events for the
above transients can be summarized as follows.
— Stop valves (turbine trip case) or control valve (load rejection case) close and

there is a failure in the bypass system, so that the by-pass valves do not open
— Sensor switches sense the closure and send a scram signal
— The safety/relief valves open when their relief set-points are exceeded, to

help relief the pressure transient
— The initial pressure increase (caused by the valves closure and reactor

isolation) causes a void collapse and a positive reactivity insertion. This
causes a power and neutron flux increase, mitigated and eventually
terminated by the negative scram reactivity insertion.
The degree to which the pressure and thermal margins are reduced during the

pressurization events is a result of the tradeoff between the positive void
reactivity and the negative scram and Doppler reactivity rate. The severity of the
transient depends on the nuclear parameters and on system performance, and
compliance with design basis and regulatory requirements has to be demonstra-
ted. Fig. 11 shows the typical evolution of some variables during a load rejection
without bypass.
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Methods of analysis (summary)

Some of the significant features of a non linear computer simulated
analytical model utilized to predict associated transient behaviour of the reactor
are presented:
(a) A point kinetic model is typically (*) assumed with non linear, time variant

reactivity feedbacks from control rods (absorption), voids (moderation), and
Doppler capture effects.

(b) The fuel is typically represented by three 4-node cylindrical elements, each
enclosed in a cladding node. One of the cylindrical elements is used to
represent core average power and fuel temperature conditions, providing the
source of Doppler feedback and the heat transferred to the moderator. The
other are used to simulate peak fuel center temperature and cladding
temperature.

(c) The active core void fraction is calculated from a relationship beetween core
exit quality, inlet subcooling and pressure. This relationship is generated
from core thermal-hydraulic calculations.

(d) Four primary system pressure nodes are similated: core exit pressure, vessel
dome pressure, steam line pressure at a point representative of the
safety/relief valve location, and turbine inlet pressure.

(e) Principal controller functions, such as feed water flow, recirculation flow,
reactor water level, pressure and load demand are represented together with
their dominant nonlinear characteristics.

(f) Necessary reactor protection system functions are simulated.
The first three features realize the coupling between nuclear and thermal-hydtBulic
effects.

The point kinetic model assumes that the entire neutron population
responds as a single energy group with six delayed neutron groups: the well
known equations are:

dn
dt

_ d _ Ci _ J 3 j _ n -
dt 1*

j Cj ; i - 1,6

Nuclear parameters

Utilization of the nuclear input data ir plant transient design and analysis is
an integral part of the overall transient design philosophy. Among the nuclear
parameters listed above, some consideration seems to be worth while about void
reactivity and scram reactivity feedback.

(•) Improvements in dynamics mode] include a onedimenstonal (axlil) reactor neutronfc ttcr-
nud-hydraulic coupled model.



Void reactivity

The void reactivity is the dominant reactivity effect. As well known, the
basic phenomenon associated with void feedback is the decrease in neutron
moderation (and reactivity) as a result of an increase in void fraction, and
vice-versa.

The void reactivity coefficient is used as an index to identify the dinamic
sensitivity of the reactor core to changes in void fraction. The "nuclear" void
coefficient, discussed in a previous lecture and expressed as:

1
K

dK

dV
(V - core average void fraction)

in the transient analysis is converted to a more suitable "dynamic void
coefficient". The dynamic void coefficient a fa is defined as the normalization
of the nuclear void coefficient to the rated core average void fraction as follows:

«dv -
Vr

0
dK

dV

Vr

where:

Vr
- delayed neutron fraction
- rated core average void fraction

One can remember that the void coefficient is essentially the function of
three variables for any fixed bundle geometry: average void, enrichment and
exposure. Typically, as each of these parameters increases, the absolute value of
the void coefficient increases (in BWR the void coefficient is always negative).
For this reason, the initial cycle - in particolar BOL - characterized by lower
exposure and enrichment, has a smaller absolute value of void coefficient than
the equilibrium cycle, which typically has higher exposure and enrichment.

Scram reactivity

The scram reactivity worth (negative) and shape function are strongly
dependent on the fuel design, loading pattern and cycle exposure. Typically near
BOC the control rods are partially inserted; this results in a faster reactivity
(negative) insertion and shut-down than at EOC condition where ideally all rods
are withdrawn. Hence, scram reactivity effectiveness is a minimum as the core
reaches EOC conditions.

At the hot operating conditions the control rod, power, delayed neutron and
void distributions must all be properly accounted for as a function of time.
Therefore, the scram function calculation uses a one dimensional (axial)
finite-difference space-time model which is coupled with a single-channel
transient thermal-hydraulic model. The finite-difference space-time model useB
few (three) prompt and six delayed neutron energy groups. The coupled
neutronic and thermal-hydraulic model properly accounts for the redistribution
of the power, neutron flux and voids during the scram.

Design philosophy for plant transient analysis

The transient design philosophy considers key elements intended to provide
(in combination) adequate safety margins over the life of the plant, as well as
adequate design margins. These key elements can be expressed as:
— uncertainties in key equipmet performance
— nuclear input uncertainties
— transient model uncertainties
— design margins.

As for uncertainties in equipment performance and in transient model we
point out that: performance of key components are considered at theii adverse
tolerance; model uncertainties are taken into consideration by limiting the tran-
sient consequences to a specif iedmargin below established overpressure limits.

Allowance for nuclear input uncertainties. Proper safety factors are applied
to nuclerar input parameter values to account for biases and uncertainties in the
derivation of the nuclear data and calculation methods and to insure an
acceptable level of conservatism in the analyses. Nuclear parameters are a
function of the core fuel characteristics and the core exposure.

The design approach regarding core exposure in general should consider the
exposure at which the composite set of nuclear data will produce the most severe
transient response. Table I shows the exposure conditions at which key nuclear pa-
ramaters result in maximum pressurizing transient severity. For pressurization and
other transients where increase in moderator density occurs, the reactor period and
Doppler coefficient trends are in opposition to void coefficient and scram reactivi-
ty trends. Typically the most severe combination of scram, void, Doppler reactivity
occurs at the EOC; therefore transient design and safety analysis are generally per-
formed with the values of nuclear parameters representative of the EOC
conditions.

In Fig. 12 through 14 typical core nuclear parameters used as input to plant
transient analysis (core point kinetic model) are illustrated; values are representati-
ve of EOC condition before application of the safety factor. Fig. 12 illustrates typi-
cal scram reactivity as a function of controlled fraction. Fig. 13 illustrates typical
void reactivity coefficient as a function od void; neutron generation time and avera-
ge delayed neutron fraction are also indicated. Fig. 14 illustrates typical Doppler
reactivity coefficient as a function of fuel temperature, at hot operating
conditions.

Core nuclear parameters in the form used as input to point kinetic model give a
direct insight of the core and system transient behaviuors. The one-dimensional
(axial) reactor neutronic thermal-hydraulic coupled model gives a better
representation of transient hebaviour (nuclear and thermal-hydraulic) and
eliminates or greatly reduces the need for safety factors on "ore lattice nuclear
parameters.
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TAB. I - EXPOSURE CONDITIONS AT WHICH KEY NUCLEAR
PARAMETERS RESULT IN MAXIMUM PRESSURIZING TRANSIENT
SEVERITY

Pressurization Transients
Max Vessel Press. Minimum CPR

Nuclear Parameters

Reactor Period (1* //3 )

Void Coefficient

Doppler Coefficient

Scram Reactivity

Absolute Max
Magnitude

EOC

EOC

EOC

BOC

BOC

EOC

BOC

EOC

BOC

EOC

BOC

EOC

,*li HWR (."OKK S1MUIATOR
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COMPUTES
-I'OWF.R DISTRIBUTION
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NUCLEAR LIBRARIES
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- INPUT TO TRANSIENT ANALYSIS
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s •
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)
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Fig. I — CRDA "reference" evaluation approach
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Fig. 3 — Example of CRDA reactivity excursion components
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rod worth

W 4

W 3

W 2

W 1
1

AK4

AK3

-

AK2

4K1

full-in Nl N2 N3
W 4 = t o t a l rod worth

N i = bank pos i t ions

full - out

W i = rod increment reactivity from full-in to bank
position Ni

AKi = magnitude of the rod worth for rod dropping to
bank position Ni from either full-in position
or any previous bank position Nj (j<i), when
operating in a bank position mode.

Fig. S — Banked position withdrawal sequence operation mode (basic
concept)
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Fig. 8 — Control rod reactivity shape functions
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Fig. 9 — BPWS operation mode — Example of incremental control rod worths
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1.2.6. FUEL LOADING AND OPEN VESSEL TESTING • CONTROL ROD
CALIBRATION

1. REACTOR PHYSICS STARTUP TESTS

The startup of modern BWR's takes advantage of the previous startup
activites and results and of the improvements in the accuracy of calculation
methods. Typically, the reactor physics (nuclear) tests required at low power
conditions (oper vessel and heat-up phones) are now limited to:
— fuel loading
— shutdown margin verification
— control rod sequence verification

Earlier, a typical reactor startup test program might have included the
following additional tests at open vessel and heat-up conditions:
— minimum critical
— control systems worth
— temperature coefficient of reactivity
— control rods total and differential reactivity worth calibration.
The above additional tests were performed in order to establish adequate
agreement between calculated and actual reactor core behaviour and to assure
the necessary safety level to the design of the "as loaded" core.

In the present lecture startup test calculations in support of fuel loading will
be presented, together with a summary of the fuel loading philosophy and
procedure and an example of calculation and test results.

Control rod withdrawal sequence verification will be briefly reviewed;
achieving criticality by rod withdrawal sequence in open vessel condition
eventually results in cold shutdown margin verification.

In addition a control rod calibration will be illustrated.

2. FUEL LOADING

Fuel loading philosophy and procedure (summary)

The fuel loading represents a keypoint in the startup of a nuclear plant: fuel
loading points out the transition from the "pre-operational" test phase to the
startup tests of a nuclear plant, with the relevant safety and procedural
requirements.

The purpose of the fuel loading startup test is to load fuel safely and
efficiently to the full core size. During the loading the following operations are
periodically performed:
— control rod function tests
— subcrittcality checks
— shutdown margin demonstration of symmetric partial loadings.

Prior to fuel loading, control rod and neutron sources and detectors are
installed and tested. Fuel loading begins at the center of the core and proceeds
radially (usually counter clock wise) to the fully loaded configuration.

Through its associated tests, the fuel loading represents the first verification
of the core and fuel nuclear design. At any loaded size the core shall be
subcritical with the strongest rod fully withdrawn and the nuclear instrumen-
tation shall always adequately monitors that the neutron population within the
core is far from a potential criticality condition.
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Initial conditions

— Control rods are installed, functionally tested and fully inserted;
— the core area is flooded by water; water level is ~ 2 m above the upper core

grid;
— the Sb-Be neutron sources are installed in the proper core locations;
— nuclear instrumentation and Reactor Protection System (RPS).

During partial core loading the SRM's (Source Range Monitor) can not be
utilized to monitor the core configuration due to their relatively low
sensitivity and their fixed position. High sensitivity (3 CPS/nv) movable B-10
chambers, Fuel Loading Chambers (FLC), are used during fuel loading. The
position of the 4 FLC is illustrated in Fig. 1 at a particolar fuel loading step.
FL< . use the SRM eletronics; eventually SRM's replace FLC's.
RPS is operable with FLC/SRM system and IRM system calibrated on a
non-coincidence scram (RPS set-point and high neutron flux respectively).

Procedure (basic)

Fuel loading commences with the loading of four fuel assemblies around the
central neutron source; the loading continues in control cell units (control rod
plus four surrounding fuel assemblies) that sequentially complete each face of an
ever-increasing square core loading in a counter-clockwise direction.

Subcriticality check

At each loading step (1 to 4 control cell units loaded) subcriticality ckecks
are performed, by the notch-by-notch withdrawal of the control rod of each
newly loaded cell, while monitoring the nuclear instrumentation (FCL/SRM)
readings.

The maximum loading increment is monitored by the use of the 1/M plots,
where M is the subcritical multiplication factor (1/(K-1)) and is assumed to be
proportional to the detector count rate. Actually as a function of loaded fuel
assemblies, the inverse of FLC/SRM reading is plotted. The (1/M) plot is used on
the field to predict criticatily. The 1/M extrapolation intercept on the abscissa
will conservatively indicate achievement of criticality and give an evaluation of
the maximum "safe" loading increment in the next loading step, based on the
previous check. An example of (1/M) plot is given in Fig. 2.

Partial core shutdown margin check

The basic fuel loading philosophy is that at any loaded configuration the
core shall be subcritical with the strongest rod fully withdrawn.

In this light, "special" shutdown margin verifications are performed on the
symmetric configurations for which detailed previsional calculations can be
obtained. In a symmetric configuration it is not only verified the shutdown
margin with the strongest rod fully withdrawn (the margin shall be typically no
less than 0.38% A K), but moreover, that the required shutdown margin exists in
the following higher size symmetric configuration. This assures and complies a
"priori" with the basic fuel loading safety philosophy.

The partial core shutdown margin check is then performed by demonstrating
subcriticality after withdrawing the strongest rod plus other specified rods such
that a shutdown margin greater than 0.38* A K is demonstrated up to the next

symmetric configuration. The additional specified withdrawn rods will add more
reactivity than the fuel assemblies to be loaded for achieving the next symmetric
configuration. As in all loading phases subcriticality is demonstrated through the
analysis of the FLC/SRM readings.

The symmetric configurations are:
4 x 4 - 16 fuel assemblies
8 x 8 - 64 fuel assemblies

12 x 12 - 144 fuel assemblies
The first one, due to the small number of fuel assemblies involved, requires only
a subcriticality test performed by withdrawing (and reinserting) each of the four
control rods. The symmetric configurations are illustrated in Fig. 1; the example
is taken from the Caoiso NPS.

Fuel loading - calculations in support of startup test instructions

These calculations determine eventually the additional rods to be withdrawn
during partial loading shutdown margin checks, but moreover they can give an
overall view od the safety and basic philosophy of the fuel loading activity.

The calculations can be summarized as follows:
a) Kef f for the symmetric configurations with all rods in
b) Keff for the symmetric configurations with the strongest rod out (all other

rods in)
c) Keff f°r the symmetric configurations with the strongest rod out plus

additional rod(s) out (cne a time);
d) Keff for the fully loaded configuration with all rods in and with the

strongest f'<ily withdrawn (oil other in).
As an example, calculations relative to fuel loading in Coarso are presented in
Fig. 3 and Fig. 4. Fig. 3 illustrates in detail the three symmetric configuration
with the strongest rod (26-27) and the additional rods evaluated.

Subcritically test demonstrates that the shutdown margin exists at the
symmetric configuration when the additional rod has a worth higher than 0.38*
A K. Moreover subcriticality test demonstrates that the shutdown margin will be
met through loading to the next symmetric configuration and to the full core
respectively since:

c > a • 0.0038 A K

where:

c • Keff of the 64 (144) fuel assembly configuration with the strongest rod
plus additional rod out

a - Keff of the 144 assembly (full core) configuration with the strongest rod
withdrawn.

In particolar for our example, the results for the 64 fuel assembly
configuration can be summarized as follows:

64 fuel assembly configuration:
strongest rod (26-27) out Keff - 0.9708
strongest out plus (22-31) 50* out (c) - 0.9877

144 assembly configuration; strongest rod out (a) • 0.9766

For the 144 fuel assembly configuration similar condiderations apply. Fig. 4
illustrates results in a comprehensive view.



Fuel loading • partial loading shutdown margin test/example of experimental
results

Some results obtained at Caorso are briefly presented in order to illustrate
the compliance with the basic philosophy of partial loading shutdown margin
demonstration.

Subcriticality in the shutdown margin verification configuration is demon-
strated by the proper instrumentation readings (counting rate and shape). For
the 64 assemblies symmetric configuration the test results are:

FLC

reading

B

10* 10

D

90

103 2x10* 2xlO» 1.2xlO2

all rods in

(26-27) out I
(22-31) 50* out I

Different FCL's readings are due to different FLC's-sources location. In Fig. 5 it
is illustrated an example of FLC reading as a function of time during shutdown
margin test.

3. ACHIEVING CRITICALITY BY ROD WITHDRAWAL SEQUENCE

Achieving criticality by rod withdrawal sequence is part of the control rod
sequence startup test, and will also result in the shutdown margin verification.

The control rod withdrawal sequence is established during core design phase,
on the basis of the following requirements.
— minimize neutron flux peaking, thus obtaining flux distribution as uniform

as possible
— maintain control rod incremental reactivity worth below ~ 1* A K (to

strongly mitigate the consequences of a postulated CRDA)

Both requirements lead to the Banked Position Withdrawal Sequence
operation mode. BFWS concept and constraints have been reviewed in the
previous lecture. Control rod withdrawal sequences are developed within BPWS
operation mode. As indicated in the BPWS concept control rods are subdividend
in groups; in each group the rods have a nearly uniform distribution within the
core.

Within each group the control rods are withdrawn on a spiral basis, starting
possibly near periphery toward the center of the reactor core; the inward
criterion reduces incremental reactivity worth of the central contiol rods, as the
latest in the group to be withdrawn (in the opposite sense of withdrawal, central
rods would be of highest incremental reactivity worth). It has to be noted that in
particolar cases withdrawing control rods on a spiral basia in the outward
direction can result in operation advantages; this could be the case of cold
shutdown margin verification by in-sequence rod withdrawal, when the highest
worth rod is the central one.

At the beginning of life, the criticaiity is typically achieved during the
withdrawal of the second group rods.

Control rod sequence verification during startup operation has two main
objectives,
a) Verify that the neutron flux increment associated to each following step in

the sequence is sufficiently uniform without sharp i , iations. This will

contribute to increase the confidence of the operator during the rod
withdrawal operation. The experimental test is accomplished by properly
associating (and recording) the nuclear instrumentation (SRM) reading to the
corresponding withdrawal step, until criticality is reached. During the
following heat-up phase also the moderator temperature is included and
evaluated. At power level conditions evaluations and comparisons take into
account other pertinent parameters, such as steam flow, eletric power, etc.

b) Verify that criticality is achievable in a safe and efficient manner. Following
the withdrawal sequence steps, criticality has to be achieved with a
reasonable period (to short periods are not acceptable); rod withdrawal
should be limited so that any resulting period after achieving criticality is
slow enough that the operator can control the reactor without reliance upon
the safety system (the scram itself is not unsafe, but is less safe and results in
loss of operating time). In order to perform the present verification, during
the initial phase of the startup, just after fuel loading has been completed,
criticality is achieved by pre-selected in sequence rod withdrawal for both A
and B sequence; the criticality verification for the sequence including the
strongest control rod (withdrawn during the approach to criticality) will give
simultaneously the measure of the cold shutdown margin. The criticality
verification requires the following operations:

— measurement of the reactor period
— conversion of the period in terms of reactivity (evaluation of the relative

overcriticality)
— temperature correction of the reactivity (by using the moderator

temperature reactivity coefficient)
— comparison of i.he "corrected" experimental Keff with the one anticipa-

ted by design: the difference has to be within 1* A K.

In the next paragraph an example of criticality measurement is presented.

Example of criticality verification by period measurement (Caorso first criticality)

The control rods are withdrawn following the sequence which contains the
analitically strongest rod (26-27) until criticality is reached. Criticality has been
reached after the complete withdrawal of 21 rods and with the 22-th rod
partially withdrawn (about 2/3).

At this point the reactor period has been e valuta ted through SMR's reading
(Stopwatch timing of one decade flux increase, linear interpolation of semilog
plot of ShM's reading versus time (Fig. 6)); using the last method the period
results to be T - 228 sec. Moderator temperature at criticality: T - 21'C. To
determine actual Keff of the "critical" configuration the (? - T ) table and the
moderator temperature coefficient are now needed.

The (V • T) table give the reactivity <> . (K • 1)/K as a function of period.
The relationship is basically a function of the delayed neutron fraction of the
various fissionable isotopes and of the neutron mean lifetime. Minor simplifica-
tions are used to avoid dependence from temperature, spatial exposure
distribution, etc: moreover the cold, clean new core is the simplest case.
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Moderator temperature coefficient: -0.95x 10* AK/K/'C (See Fig. 5 of
lecture 1.2-3).

Determination of actual Keff (20'C) of the "critical" configuration
— Period 228 sec.
— Reactivity associated to the period (from?- Ttable) 0.00035
— Actual Keff ( 2 D 1.00035
— Temperature reactivity correction O.OOOOS

(A K/K/"C) x A T - 0 .95 x 10"' x 1
— Actual K eff (20 - ) 1.00044

Actual Keff (21') • ( A K/K/" C) A T

Actual Keff (20"C) is new compared to calculated (design) Keff for the same
"critical" configuration. Keff (Design) - 1.00006. The difference between design
(calculated) and actual Keff values is in our example well within the required
1* A K. The bias results to be:

Keff (actual, 20'C) - Keff (design, 20'C) - 0.00039

Full core shutdown margin verification

As it has been anticipated, achieving criticality by in sequence rod
withdrawal, using the sequence which includes the strongest rod, leads directly
to the verification of the full core cold shutdown margin.

The CSDM is defined as (see also lecture 1.2-3)

CSDM . 1-Keff

where Keff • Keff (20'C, Xe-free, strongest rod out).

In our example the strongest rod IB the central one and the first withdrawn
in sequence, and the actual Keff can be obtained from calculated strongest rod
out Keff (see Fig. 4) corrected by the bias value just determined during the
criiicality verification.

Keff (actual) - Keff calculated • 0.00039 . 0.9808 * 0.0004 . 0.9812

Therefore, the actual CSDM at BOL results to be in our example:

CSDM • 1 - 0.9812 • 1.88* A K

Taking into account the factor R relating minimum CSDM through the cycle
to CSDM (BOL), (in our example R - 0.0029 A K) the CSDM ell over the
cycle results:

CSDM • 0.0188 - 0.0029 • 1.59s A K

well above the typical 0.38% (sometime K ) A K assumed as minimum legal
value.

4. CONTROL ROD CALIBRATION

The control rod calibration is an example of control rod reactivity worth
(total and differential) measurement.

A control rod calibration has been carried out during the heat-up phase of
Caorso startup, as part of a development program, in order to verify calculation
methods. To this test (measurements and calculation) is made reference in the
following presentation.

The control rod calibration is performed by measuring the positive period at
a few fixed positions of the rod to be calibrated, and converting period values
to A K values through the (?- T) table, as in the criticality verification.

Manning of the rest

For correct performance of the test, oreliminary e-aluations have to be
done, in particular:
a) identification of the control rod to be calibrated
b) identification of the "shutdown rods".

a) The rod to be calibrated has to belong to the withdrawal sequence used
during the heat-up phase.
From the BPWS group 3 on, since banked position withdrawal mode is used
(see lecture 1.2.-S), it would really he impossible to calibrate completely a
single rod without altering the position of the other ones. Therefore the rod
has to belong to group 2.
In order to choose the control rod, one should first establish its total
reactivity worth. It should be kept in nuid, in addition, that during
calibration the rod configuration has to remain unchanged. Therefore, since
it is impossible, on account of safety reasons, to reach stable periods lower
than 30 seconds, and it iB advisable, in order to meet accuracy requirements,
not to make measures of periods exceeding 250 seconds, when converting
these periods into reactivity, it appears that the worth of the rod should be
in the range of. 0.12*.0.10% A K. Moreover it has to be taken into
account that group 2 rods are withdrawn progressively from core periphery
to core center and that actually, when criticality is reached, water
temperature is around 40'C, due to recirculation pump energy.
Reactivity worths of group 2 rods were calculated to determine rod worths
adequate for control rod calibration. Among them was included the (14-11)
rod having a worth of ~ 0.150% A K. Relative reactivity worths as a
function of notches withdrawn were also determined and plotted. At the
beginning of rod calibration, the reactor has a period of about 250 sec, as
above mentioned.

b) The calibration test of a control rod is performed by successive period
measurements with reactor shutdown after each measurement. Shutdown is
obtained by the insertion of the rod under calibration plus a limited number
of selected "shutdown cods".
To this purpose, the following considerations have to be taken into account.
— At the begining of eacn period measure, the flux should be sufficiently

low so as to avoid a Doppler effect on measuring.
— To avoid re-positioning errors, it is not convenient to use partially

inserted rod(s) belonging to the pattern during measurement as "shut-
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down rod(s). Shutdown rods are therefore selected among those fully
out, and they are inserted at the end of each period measurement.

— To achieve a flux reduction as fast as possible after shutdown rod
insertion, shutdown rod worth of the order of ~ 0.5% A K is
adeguate (the ~ 80 sec limit value of negative period due to delayed
neutron is thus approached).

Usually two shutdown rods are adequate.

Description of the calibration test

Initial conditions at which the test was performed:
— The head of the pressure vessel closed
— The recirculation pump at minimum speed
— The temperature of the moderator at 40"C
— All control rods inserted
— Selected withdrawal sequence: A sequence.

Rods were withdrawn in sequence until criticality was reached and the rod
following in sequence the critical rod was calibrated. The criticatity was reached
with the 25th rod partially withdrawn. In order to avoid changes in temperatures
it was not possible to reach a pattern with the rods either completely withdrawn
or complelety inserted. Therefore the 26th rod (14-11) following in the
sequence was calibrated while the 25th rod was withdrawn at 28 notches.
Calibrated rod is indicated in Fig. 7.

The calibration was performed by successive period measurements at
different notches withdrawn at a moderator temperature of 40'C until the 32nd
notch was withdrawn; from there on, the temperature was allowed to raise to
45.7' C. This was necessary to avoid a short reactor period with the complete
withdrawal of the rod being calibrated. The measured Keff values at 36, 40, and
48 notches have been corrected to 40'C. The experimental and calculated results
are presented in Fig. 8.

During the control rod calibration the reactor period was taken with the
same rod pattern at 40'C and 45.7'C: this resulted in a measure of the
temperature coefficient of reactivity of 11.8 xlO"1 ± 0 . 4 x 1 0 " ' A K/KfCin
agreement with the calculated value within a few percent.
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A,B,C,0: FI.C POSITIONS

Fig. 1 — Fuel loading —Position of the four FLC (Fuel Loading Chamber) at
a particular fuel loading ttep - - Partial loading tymmetric configura-
tions (Caorso)
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ABSTRACT

This document contains the material presented in seven lectures

at the Winter College on Nuclear Physics and Reactors at Trieste

22 January - 28 March, 1980. They constitute part of the course on

Operational Physics of Power Reactors given during March. Specifically,

the lectures are written for Part 1.1 of the first week's lectures

"Fundamentals of Pressurized Heavy Water Reactors". However, some of

the topics presented during the second week pertaining to "Power

Operations, Measurement and Methods of Calculation of Power

Distributions" are also covered in this overview of CANDU nuclear design.

A physical description of a CANDU reactor of the 600 MWe size

is given, with particular emphasis on the core design and nuclear

performance characteristics. The methodology used in the physics analysis

associated with the design process is outlined, and typical results of

the analysis presented. Finally, the determination of the initial fuel

load is described and the physics analysis and tests associated with

commissioning are summarized.

1.0 INTRODUCTION

The intent of this document is to describe the physical and

nuclear characteristics of a commercial nuclear reactor of the CANDU

type. The physics analysis associated with the design and commissioning

of these reactors is also discussed in some detail.

A description of a 600 MWe size reactor of the CANDU type is

given in Section 2. The main focus is on the design of the core of the

reactor. The functions of the devices used by the regulating and

protective systems are also summarized.

The purpose of Section 3 is to present the methodology involved

in the reactor physics analysis which is typically carried out during the

course of the design process for one of these reactors. It is given in

the sequence which is roughly analogous to the chronological chain of

activity which takes place, rather than by subject area.

In Section k, specific attention is given to the determination

of the initial fuel load for the reactor. Tha CANDU reactor is fuelled

semi-continuously on-power after about the first year of operation. The

initial period of operation during which the unirradiated core is "burning

down" to the so-called equilibrium burn-up condition is unique in the

sense that it only occurs once in the life of the reactor.

Th.a physics analysis associated with the low power commission-

ing of the reactor is given in Section 5- The physics tests which are

typically done during this phase are also summarized.

2.0 PHYSICAL DESCRIPTION OF THE CANDU-600

2.1 The Pressure Tube Concept

A CANDU reactor is a heavy water moderated, natural

uranium fuelled reactor utilizing the pressure tube concept. This

consists of an array of pressure tubes, containing the reactor fuel and

coolant, passing through a large horizontal cylindrical vessel (the

calandria) containing the heavy water moderator and reflector. The

overall arrangement is shown in Figure 2.1.1. Pressurized heavy water

coolant is pumped through the pressure tubes, cooling fuel and conveying

heat from the fuel to the outlet header and from there to the steam

generators. Each pressure tube is isolated and insulated from the heavy 131



water moderator by a concentric calandria tube (see Figure 2.1.2), The

annular space between the pressure and calandria tubes is filled with

gas. This configuration results in the moderator system being operated

independently or the high temperature, high pressure coolant in the

pressure tube. The heat generation in the moderator is very low thus

obviating the need for a high-strength pressure vessel.

Due to the physical separation of coolant and moderator

the latter operates at the relatively cool temperature of approximately

70°C. This means that the cool moderator can act as the heat sink under

certain accident conditions. Also, it means that the reactivity and

control devices which are positioned interstitially between the pressure

tubes operate in a low pressure low temperature environment.

Experimental evidence indicates that pressure tubes will

leak before they break, since their thickness is less than the critical

crack length. Should pressure tube leaks develop they can readily be

detected by monitoring the moisture content in the gas space between the

pressure tube and the calandria tube. This is normally done on a continu-

ous basis. Also the pressure tube concept makes it possible to detect

release of fission products from the fuel in an individual fuel channel

due to cladding defects. This can be done while the reactor is operating.

The pressure tube concept also permits the flexibility to

subdivide the primary heat transport system Into more than one circuit

should the process of optimizing the design of the shutdown systems to

cope with loss-of-coolant accidents, the design of the emergency coolant

injection system, and the design of the primary heat transport system

components indicate this is desirable.

2.2 Reactor Calandria
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The calandria ;s a horizontal cylindrical shell the primarv

purpose of which is to support the fuel channels assemblies and to contain

the heavy water moderator and reflector. The calandria also supports

guide tubes for reactor devices and in-core instrumentation. These pass

between the calandria tubes and are therefore situated in a low-pressure

envi ronment.

The calandria is provided with pressure relief valves as

part of a cover gas system which regulates pressure of the moderator system

under normal operation. Rupture discs located at the end of the four

pressure relief pipes (see Figure 2.1.1) limit the pressure rise in the

calandria that would occur in the event of an accidental rupture of a

pressure and calandria tube, although the probability of this actually

happening is very small.

The calandria assembly is embedded within the light water

filled carbon-steel lined concrete vault (see Figure 2.2-1). At each end

of the calandria shell is an end shield containing biological shielding

material in the form of carbon steel balls and light water. The end

shield and calandria at one end is attached to the calandria vault to

lim't the seismic response of the calandria assembly.

2.3 Reactivity Devices

The primary method used to control the reactivity of

CANDU reactors is through on-line refuelling which occurs on a daily

basis. In the 600 MWe CANDU PHW there are six means of changing the

reactivity state of the core besides refuelling. Four of these are used

for normal control functions including controlled shutdown and two are

used by special safety systems for rapid shutdown during accident

conditions.

For control purposes the following are used:

(a) ]h liquid zone controllers (H,0 filled compartments)

(b) 21 adjuster rods

(c) >i mechanical control absorbers

(d) moderator poison



For the special shutdown systems the following are used:

(a) 28 cadmium shutoff rods in one shutdown system

(b) 6 nozzles which permit rapid injection of gadolinium

solution into the moderator which comprise a second*

completely independent shutdown system.

Table 2.3-1 gives typically reactivity worths and maximum

rates of change of reactivity of these devices.

TABLE 2.3-1

Control And Safety Systems Devices

Typical Reactivity Worths And Maximum Rates

Function

Control

Control

Control

Control

Safety

Safety

Dev i ce

14 Zone Controllers

21 Adjusters

4 Mechanical Control
Absorbers

Moderator Poison

28 Shutoff Units

Poison Injection
Nozzles

Total
Reactivity,,.
Worth (ink)'

7

15

10

-

80

>300

Maximum
Reactivity
Rate (mk/s)

+ O.lli

+ 0.1

+ 0.0075 (driving)
- 3.5 (dropping)

- 0.01 (extracting)

- 50

- 50

All reactivity devices are located or introduced into

guide tubes permanently positioned in the low-pressure moderator environ-

ment. These guide tubes are located interstitially between rows of

calandria tubes as shown in Figure 2.1-2. There exists no mechanism for

rapidly ejecting any of these rods, nor can they drop out of the core.

This is a distinctive safety feature of the pressure tube reactor

design. The maximum reactivity rates achievable by driving all control

devices together is about .35 mk per second, which is well within the

design capability of the shutdown systems.

The locations of these devices are shown schematically in

Figures 2.3-1 (Plan View), 2.3-2 (Side Elevation) and 2.3-3 (End

Elevation).

2.It Core Design Details

The use of natural uranium fuel and heavy water as

moderator and coolant combined with capability to refuel the reactor on

power leads to a design characterized by good neutron economy, since the

fraction of all neutrons produced which are absorbed in the fuel is high

throughout most of the life of the reactor.

The fuel channels are arranged on a square lattice with a

286 millimetre pitch (see Figure 2.1-2). This is a near optimum geometry

from a reactivity standpoint. Figure 2.4-1 shows the reactivity change

of a uniform lattice as a function of lattice pitch. A consequence of

the particular lattice geometry used in the CANDU WfW is that the neutron

energy spectrum is very well thermalized. The associated long migration

length for neutrons and the long neutron lifetime have an important

bearing on methods used in the reactor physics analysis and on the

requirements for the shutdown systems from the neutronic point-of-vlew.

* 1 mk is a AK
value of 0.001 or 0.1% * I mk is a Rvalue of 0.001 or O.U.
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2.4.1 Liquid Zone Controllers

The purpose of the liquid zone control system is to

provide the continuous fine control of the reactivity and hence reactor

power level. It is needed because fuelling is not truly continuous but

done in small increments (usually at least 8 bundles at one time). It

also compensates for other minor perturbations in parameters such as

temperatures which cause small reactivity changes. This system is also

designed to accomplish spatial control of the power distribution which

prevents xenon induced power oscillations in the power distribution from

developing.

The system is contained in six vertically oriented tubes

running interstit Tally between the fuel channels from the top to the

bottom of the core in the positions shown in Figure 2.3-1. The two

central tubes are divided into three compartments each by appropriately

placed bulkheads and the four outer tubes are divided into two compart-

ments to give a total of 14 individually controllable compartments in

the reactor. H?0 is fed to these compartments through small diameter

tubing and the plumbing of this tubing is arranged such that the level

of H_0 in the compartment can be controlled

value of the in-flow and the out-flow rates.

of H_0 in the compartment can be controlled by varying the relative
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The reactor regulating system adjusts the levels of H«0

in the individual compartments according to the magnitude of the signal

coming from the interstitially placed incore platinum self-powered

detectors of the Hilborn type '• ^ . There is one detector associated

with each of the 14 compartments (a passive spare detector is also

installed to provide a backup), To ensure that the signal from each of

these individual controlling detectors is representative of the power in

the zone being controlled (see Figure 2.4-2 and Figure 2.4-3) the

detector signal is periodically renormalized to agree with the measured

integrated power in the zone as obtained from the flux mapping system.

The latter is a system of 102 self-powered vanadium flux detectors that

are located in 26 vertical interstitial assemblies. These detectors are

typically about 30 cm long and hence provide essentially a point measure-

ment of the thermal neutron flux. The software in the reaitor

regulating system is designed to convert these iO2 poirit measurements to

a local flux distribution throughout the reactor. A typical arrangement

of these flux detectors are shown in Figure 2.4-4 and 2.4-5. The latter

view is just one of the radial planes and is representative of a plane

containing the largest number of detectors. Other radial planes have

fewer detectors.

2.4.2 Mechanical Control Absorbers

The zone control system is normally designed to provide a

reactivity control capability of about + 3 mk since this is sufficient

to compensate for routine reactivity perturbations that occur on a semi-

continuous basis. For certain less frequent events the reactor regu-

lating system requires more reactivity range than the zone control

system can provide. Therefore, two additional control absorber systems

are provided which are also operated by the reactor regulating system.

The system used to extend the range of control in the

negative direction is the mechanical control absorber rod system. This

system consists of four control absorber devices which physically are

the same as the shutoff rod devices, but they do not form part of the

shutdown system. These control absorbers are normally fully withdrawn

from the reactor while the reactor is operating under normal steady

state full power conditions. They Jre activated only when circumstances

demand rapid reduction of the reactor power at a rate or over a range

that cannot be accomplished by filling the liquid zone control system at

the maximum possible rate. Modes of insertion range from driving the

rods in pairs to all four being dropped in by gravity following release

of an electromagnetic clutch in a manner similar to the operation of the

shutoff rods. The mode of insertion depends on the nature of the event

demanding a rapid power reduction.

Since the power coefficient of reactivity is negative in

the CANDU reactor a power reduction tends to increase reactivity and the

reactivity worth of the mechanical control absorber system is chosen so

that the combined effect of this system and the zone control system



acting together will reduce power to a very low value without requiring

activation of either of the shutdown systems.

The positions of these absorbers are shown in

Figures 2.3-1 and 2.^-i|.

2.4.3 Adjuster Rod Absorber System

To extend the range of the reactor regulating system in

the positive direction beyond that available from the zone control system,

the reactor is designed to operate with a group of absorber rods fully

inserted in the reactor during normal full power operation. This system

of rods is called the adjuster rod system and in the 600 MWe reactor

consists of 21 stainless steel rods. If more positive reactivity is

required than the zone control system can provide, these rods are with-

drawn in groups as necessary.

There are two circumstances where the reactivity decreases

relative to the normal steady state power condition to a degree that

demands withdrawal of some or all of the adjuster rods to permit

continuing operation of the reactor.

(a) Fuelling machines being unavailable for a period of

more than about one week after which the reactivity

decrease due to burnout of the fuel will typically

exceed the range available in the zone control

system.

(b) Transient increases in the concentration of

xenon 135 following a reduction of reactor power.

The adjuster system is nominally designed to have sufficient

reactivity to compensate for the increase In xenon 135 concentration

that occurs within 30 minutes following a reactor shutdown. Such a

system provides capability to operate with fuelling machines unavailable

for about a month.

Since the adjuster rods are normally fully in the core

their positons In the reactor and the distribution of absorbing

materials amongst the rods are chosen to flatten the power distribution

in an optimum manner so as to minimize the variation in the discharge

burnup of the fuel that is necessary to achieve the design power shape.

The average to maximum channel power ratio in the reactor is a parameter

which is chosen during the conceptual design stage and it determines the

number of channels that are provided in the reactor to achieve a given

total output, without overrating any one channel.

The 21 adjusters are grouped into seven banks, not all

composed of an equal number of adjusters. The banks are chosen such

that the reactivity worth of any one bank does not exceed the range of

the zone control system. The reactivity worth of the complete system is

about 15 mk. The maximum reactivity change rate associated with moving

one bank of adjusters is < 0.1 mk per second.

The positions of the adjuster rods are shown in Figures

2.3-1 and 2-i»-i|.

Z.k.k Moderator Poison

Moderator poison is used to hold down excess reactivity

during the initial fresh fuel conditions or during and following shut-

down to compensate for lower than normal Xe levels due to decay.

Boron is used in the former and gadolinium is used in the latter situ-

ation. The burnout reate of gadolinium during operation at full power

following an extended shutdown period is comparable to the xenon growth

rate in terms of reactivity, hence the need to remove poison by ion

exchange at a fairly rapid and controlled rate is much less demanding.

Poison can be added to the moderator for these purposes either

automatically or manually.

It should be noted that this system is completely independent

of the very high speed liquid poison injection system which is used as a

shutdown system. In the regulating system function the poison is

inserted into the piping used to circulate the moderator whereas in the 135



Poison injection system, the poison is injected through nozzles that

are installed horizontally across the core, and a completely in'•ipendent

source of poison is used.

2.4.5 Shutdown Systems

The 600 MWe reactor is equipped with two physically inde-

pendent shutdown systems. These systems are designed to be both

functionally different and geometrically separate. These differences are

achieved by using vertically oriented mechanical shutoff rods in one

system and horizontally oriented liquid poison injection nozzles in the

second system.

2.4.6 Shutoff Rods

The shutoff rods are tubes made up of a cadmium sheet

sandwiched between two concentric steel cylinders. The rods are

inserted into perforated circular guide tubes which are permanently fixed

in the core. The location of the rods are shown in Figure 2.3-1- The

diameter of the rods is the maximum that can be physically accommodated

in the space between the calandria tubes (about 113 mm), when space for

the guide tubes and appropriate clearances are allowed for. The outer-

most four rods are about 4.4 m long while the rest are about 5.4 m long.

The rods are normally fully withdrawn from the core and are held in

position by an electromagnetic clutch. When a signal for shutdown is

received the clutch releases and the rods are initially accelerated by a

spring and then fall by gravity into the core.

2.4.7 Liquid Poison Injection System

The alternative way of shutting down the reactor is

through high speed injection of a solution of gadolinium In heavy water

into the calandria. This is accomplished by opening high speed valves

which normally are closed and retain the solution at high pressure in a

vessel outside of the calandria. When the valves are open the liquid

poison is injected into the reactor moderator through six horizontally

oriented nozzles that span the core and are located in positions as shown

in Figures 2.3-2 and 2.3"3- The nozzles are designed to inject the

poison in four different directions in the form of a large number of

individual jets. This disperses the poison rapidly throughout a large

fraction of the core. The gadolinium solution is typically held in the

pressure vessel at a concentration of about 8000 g of gadolinium per Mg

of heavy water.

2.4.8 Regional Overpower Protective System

Another important consideration in the design of the

reactor core is the requirement to provide an array of self-powered flux

detectors for application in the regional overpower protective system.

This is done to insure that localized overrating of the fuel does not

occur due to abnormal operation of the reactor, or as the result of

malfunctions in the regulating system causing an uncontrolled power

increase to* occur.

A separate array of detectors is provided for each of the

two shutdown systems. Those associated with the shutoff rod system are

on carrier tubes that are vertically oriented while those which activate

the poison injection system are on horizontally oriented carrier tubes.

This complies with the philosophy of maximum independence of the two

shutdown systems. The detectors for the regional overpower protective

system are "prompt" platinum detectors like those used for the spatial

control system in the regulating system function. Typical positions of

these flux detectors are shown in Figures 2.4-6 and 2.i-7. The latter

shows just one of the diametral "planes" of detectors.
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3.0 METHOOOLOGY FOR REACTOR PHYSICS ANALYSIS IN CORE DESIGN

3.1 Summary

This Section will give a very brief overview of the

typical methodology used in the process of designing a CANDU reactor

corp. The intent is to set the stage for the discussion that will

follcw where the methods that are used and the reasons for using them

will be discussed in more detail.

Figure 3-1~1 gives a simple flow chart of the physics

analysis of CANDU power reactors. The activities involved in the various

stages are outlined below:

3.1.1 Engineering Requirements

The establishment of the broad engineering requirements of

the core design will depend on the nature of the design and the project.

If a new reactor design concept is involved, considerable interaction

between reactor physics analysis and the engineering design consider-

ations would take place during the establishment of the conceptual

design of the plant. On the other hand, if the project is a reiatively

small variant from the reactors previously designed, the basic engineer-

ing requirements may be established on the basis of past experience with

minimal "conceptual" work being done. In any case, before the detailed

reactor physics analysis of a core design can begin, a preliminary

selection of a number of key parameters is required. These include the

size of the core* number of channels, the design of fuel channel and

fuel bundle, the required operating conditions, preliminary choices of

material to be used in the core hardware, etc. Some of these parameters

may well change as a result of the physics analysis and hence an

iterative process take place in order to satisfy both engineering and

physics requirements.
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3.1.2 Lattice (Cell) Calculations 3.1.6 Reactor Stability And Control

In a lattice calculation, a unit cell consisting of a

single fuel channel and the appropriate amount of moderator (depending

on the pitch) is considered. The lattice calculation provides neutronic

detail's of the fuel channel. In particular, it provides information on

the variation of cross sections and isotopic composition with fuel

burnup, the reactivity coefficients, the power distribution across the

fuel bundle, and the macroscopic cross sections to be used in core

calculations.

3.1.3 Simulation Of Reactivity Devices

Due to the large number of reactivity devices present in

the core, they are generally not represented discretely in the core

simulations. Rather, the properties of a device are smeared over a

fairly large parallelepiped one dimension of which is the length of the

device. These properties are usually obtained by what is known as a

supercell calculation, which must be done for each different device.

3.1.4 Core Calculations

When the cell average cross sections and the incremental

cross sections for the reactivity devices are available, core calcula-

tions can be carried out. Finite difference diffusion codes are used

for these calculations, in two neutron energy groups. The number of

mesh lines used in the finite difference models depends on the nature of

the problem being dealt with. In some cases two dimensional calculations

are adequate, but three dimensional models are necessary to estimate

accurately the power distributions in CANDU reactors.

3.1.5 Kinetic Studies

Transient behaviour of the reactor may be studied either

using a point kinetics approach or complete three dimensional simulations

in both space and time. The latter is important in the final confir-

mation of performance of the shutdown systems.

Detailed design of the spatial control system (one purpose

of which is to control spatially variable distribution of Xe) requires

a diffusion code with the capability to calculate the variation of

xenon concentration in space and time. In addition this code must be

able to simulate response of the spatial control system to spatial flux

variations caused by perturbations such as withdrawing of adjuster rods

or re-fuel 1 ing.

3.1-7 Fuel Burnup And Management

Obtaining optimum average discharge burnup of the fuel is

an important aspect of the physics design of the reactor. This requires

a diffusion code which is capable of calculating the time history of the

flux and power distributions in each fuel bundle from any particular

starting point and time. However the bi-directional feature of fuelling

in CANDU reactors permit an averaging of fuel properties so that concep-

tual studies can be done with much simpler models.

3.1.8 Flux Happing

A computer code based on modal analysis is used to

simulate the flux mapping software which is incorporated in the reactor

control computer so that the positions of the flux mapping detectors can

be optimized during Che design stage.

Figure 3.1-1 also illustrates the interdependence of

these various analyses as well as some functions of the specific computer

codes that are used.

3.2 CANDU PHYSICS METHODOLOGY

3.2.1 Introduction

In the preceding Section we briefly touched on the scope

of physics analysis that typically takes place in the process of design-

ing a CANDU reactor. In the next Section we will be dealing with this
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process in detail and discussing some of the typical results we obtain

from our analysis. Therefore, the objectives are basically two-fold:

firstly to provide an understanding of the methods we use, and secondly

to give a fairly detailed description of the physics characteristics of

these reactors. The organization of the next several Sections is based

on the intent to follow a typical sequence of activities which take

place in the process of performing the reactor physics analysis required

to produce a CANDU reactor design.

3.2.2 Conceptual Stage Design Analysis

In the most genera' sense the conceptual stage of a

reactor design begins with determining the broad conceptual features of

the reactor. However for purposes of these lectures we will begin with

the premise that the intent is to design a pressure tube type reactor

with heavy water used for both moderator and coolant and the latter is

either non-boiling or at very low quality at the outlet of the channels

(less than 5% quality).

The basic building block of the CANDU pressure tube type

reactor is the fuel channel. The design of the fuel, pressure tube, and

the calandria tube and the separation of these assemblies from each

other (which will be referred to hereafter as the lattice pitch) deter-

mine the basis nuclear characteristics of the redcior core. Since 'here

is a repeating array of these assemblies throughout the core, the basic

nuclear characteristics can be determined by considering only one channel

surrounding by ths appropriate vol'j™ of hea«y wafer moderator. This is

commonly called a "unit cell" and is shown in Figure 3.2-1. The nuclear

characteristics of a unit cell are called lattice parameters.

3.2.2.1 Calculation Of Lattice Parameters

There are a number of methods which are used to determine

the reaction rates within a unit cell. In all of these calculations the

boundary condition at the outer surface of the moderator associated with

the unit cell is taken to be zero gradient of the neutron flux (no

leakage of neutrons). The method which is applied in the unit cell

calculation depends on the detail with which the reaction rates within

the unit cell need to be known. For most purposes in the process of

performing the nuclear design analyses it is sufficient to know the

reaction rates within the fuel bundle as a whole. Since the early days

of the design of CANDU prototypes it was considered desirable to develop

a fast and reasonably accurate cell code that could be used for survey

and design purposes. This culminated in development of the lattice

parameter program POWDERPUFS which is the code most widely used to

generate the lattice parameters needed for commercial core design and

analysis.

3.2.2.1.1 Functional Description Of Lattice Parameter Programs

In the POWDERPUFS code the cell is treated in a very

simple manner: it is assumed to be divided into three main regions:

1 - a fuel region, 2 - an annuli region (including the pressure tube and

calandria tube and the gap between them) and 3 ~ a moderator region.

Therefore the flux distribution in the cell is calculated using a simple

one dimensional annular model. This means the moderator region is

approximated by circular outer boundary rather than a square as shown in

Figure 3.2-1. The nuclear cross sectionr for the fuel are based on the

Wescott convention, i.e. on the assumption that the neutron spectrum

consists of a maxwellian and a 1/E part characterized by two parameters

which are calculated in the program. The resonance integrals are based

on a semi-empirical treatment which agrees with Hellstrands experiments

and the resonance absorption is lumped into a single adjusted energy.

Thermal absorption is calculated by a simple collision probability

method. A complete cell calculation using this code takes only

approximately one second on a CDC-6&0O computer.

The calculations within this code are basically recipe

type or semi-empirical type calculations which have been developed on

the basis of fitting an extensive series of experiments which have been

performed in the ZEEP and ZED-2 reactors at CRNL in which lattices with

a range of bundle geometries and pitches have been measured. The ratio

of moderator to fuel in a CANDU lattice is such that over 95£ of neutrons

m
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in the moderator are thermalized i.e. have ao energy distribution in

equilibrium with the moderator atoms. The majority of neutrons absorbed

are, therefore, thermal neutrons and the epr-thermal neutron absorption

is conveniently grouped with thermal absorption using measured thermai-

to-epi-thermal reaction rate ratios (an exception is resonance absorption

in U as described below). This convention is due to Wescott1 J.

2 ?8
K'eutron absorption in J U at the higher resonance

energies is treated specifically and hence is not included in the Wescott

cross sections. The total epi-thermal cross sections are measured in an

experimental reactor and empirical expressions are derived baaed on data

for various fuel geometries and fuel temperatures. The forms of the

expressions used for the correlations have been well established and
fql

thair adaptation to CAMDU lattices is described by Crltoph1 . While

this method is quite simplified it does provide reliable results for

lattices in the range of interest for natural uranium CANDU reactors.

Some of the comparisons with experimental data is shown in Figures 3-2-

2 to 3.2-13 for 28 and 37 element fuel bundles. An exhaustive series of

experiments have been performed with 28 element fuel in the ZED-2

reactor over an extended period of time. The 37 element fuel characteristics

are similar, so only limited measurements were made in that case.

In addition to being able to generate nuclear reaction

rates in the unit cell, for core calculations, It is also necessary to

calculate the power distribution within a fuel bundle In order to

perform the detailed fuel design. This is because an important consideration

in fuel design is the maximum heat flux produced in any one pin in the

fuel bundle. The POWDERPUFS code is not designed to provide detailed

power distribution data in the fuel cluster. This kind of Information

can be obtained from the LATREP lattice parameter program^ , or

obtained directly from experimentsl data. The flux distribution is

calculated in LATREP at several energy groups using collision proba-

bility methods. Resonance integrals of fertile materials are based on

semi-empirical recipes but the resonance absorption is calculated in 32

groups. A single thermal group is assumed, however, using the Wescott

convention for reaction rate calculations in non-fertile isotopes and in

fissile isotopes.

In this code the fuel pencils are smeared into annular

rings so that the reaction rates can be calculated separately in each of

these rings and from those results the power distribution across bundle

can be determined. Although it is a one dimensional calculation the

comparisons of this method against experiment is shown to be

Although POWDERPUFS and LATREP are the codes routinely

used in CANDU core design analysis, we also apply multi-group transport

codes such as UIHs'I2J and HAMMER'1 , primarily to perform spot checks

for these simpler and much faster codes. A series of transport codes

have also been developed at AECL. An R-Z code (PEAKANK21* is used

primarily for treating the bundle-end flux peak<ng problem described by

Crltoph' . An X-Y-Z code (SHETAN)^21' is used to calculate reaction

rates in interstitial absorbers (or boosters) of complex geometry.

GETRANs'20' is a two dimensional version of SHETAN.

There are also certain specific problems where even the

so-called "hyperfine" distribution of flux within the fuel pin is impor-

tant to determine. This requires the use of multi-group codes. One

such example is the importance of knowing the detaMed pin power

distribution in estimating fission gas generation during irradiation.

We have found an important difference in the variation of the Nyperfine

pin power distribution with irradiation between the natural uranium fuel

and enriched fuel. This was discovered as a result of investigations

to understand why fission gas releases from fuel in our operating

reactors seemed to be inconsistent with detailed experimental measure-

ments done in the research reactors at Chalk River. In the latter case

fuel is normally enriched in order to get the power densities that are

desirable for testing purposes. We find that, because of the so-called

"skin effect", resonance absorption occurs preferentially at the surface

of the pin. The corresponding preferential plutonium production as the



irradiation proceeds tend to cause a relatively larger proportion of

power to be produced near the surface of the pin for irradiated natural

fuel than for irradiated enriched fuel. (In the latter case the contri-

bution of plutonium to the total energy produced in the pin is much

smaller.) This is illustrated in Fig. 3.2-12.

The degree of sophistication of analytical methods used

to perform unit cell calculations depends on the problem being dealt

with. Our approach is to apply the multi-group codes only in those

cases where their capabilities are demanded.

3.2.2.1.2 Special Features For :ANDU Applications

For conceptual design studies, the POWDERPUFS code is used

to generate lattice parameters for various fuel geometries and pressure

tube and calandria tube characteristics and also for various values of

lattice pitch. Average cell parameters are produced for each case.

These parameters are then put into a diffusion code to simulate a

reactor core. In fact the POWDERPUFS code has built within it the

capability to perform a simple one dimensional analytical core calcula-

tion in which fuel can be assumed to be at different burnups in annular

regions in the core and the heavy water reflector surrounding the fuel

channels can be simulated. This is convenient for the very early

conceptual stages of a design study as the fuel burnup achievable for

various core sizes and various degrees of radial flattening in the core

can be examined as well as the effect of changing reflector thickness

all at very minimal cost.

Many other features have been added to the POWDERPUFS code

to make it very useful to obtain a lot of the data that is Important to

evaluate nuclear characteristics of the CANDU reactors without having to

perform the full core modelling type of calculation with diffusion codes.

A feature which is important in respect to treating the

bi-directional semi-continuous fuelling that occurs in a CANDU reactor

at equilibrium burnup is the capability to average reaction rates over a

burnup interval. The basic output of POWDERPUFS, as with most other cell

codes, are the cell-average lattice parameters (in this case cross

sections in two energy groups) as a function of the irradiation seen by

the fuel. However if we consider two adjacent channels in the CANDU

reactor and assume ideally that they are being fuelled continuously in

opposite directions, each channel would have fuel with irradiation

ranging from zero to the discharge value from one end of the channel to

the other. We find that if we calculate average reaction rates by

integrating over this irradiation interval, the corresponding lattice

properties are not very different than what would be obtained if the

properties of two adjacent channels are averaged point by point along

the channel.

This feature provides a very convenient way to calculate

lattice parameters for a reactor operating under equilibrium fuelling

conditions for any given assumed discharged burnup. These average

parameters can be calculated within the POWDERPUFS program. The method-

ology by which these average properties are determined is discussed in

more detail in the course on CANDU-PHW Fuel Management ^ .

Another feature of the program which is very useful, is

the capability to calculate the effect on these averaged properties of

instantaneously changing the characteristics of the materials in the

fuel channel e.g. changing fuel temperature, coolant temperature,

coolant density, removing coolant completely etc. This feature is used

to determine reactivity coefficients for the reactor during the concep-

tual stage, and in some cases the POWDERPUFS calculations are sufficiently

accurate for the final design.

In addition to giving the cell averaged cross sections

used in two-group diffusion code simulation of the reactor core, the

POWDERPUFS program also provides the classical "four factors" which

determine the multiplication factor for the infinite lattice. The

effective multiplication factor for a finite core having a given geo-

metric buckling is also calculated as indicated in the following
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Note that the expression for effective multiplication factor includes

terms which account for the leakage from a finite core for which the

effective geometry buckling is B , an input quantity. This is valid,

to the extent that this buckling can be estimated for a "real" system.

The calculated k „ when based on reaction rate averaged cross-sections,

gives a reasonable estimate of the multiplication factor of a reactor as

a function of discharge burnup. This means that the POWDERPUFS code

alone can be used to study sensitivity of discharged fuel burnup to

changes in the fuel channel design characteristics and operating

temperatures. It can also be used to determine the impact of these

changes on the reactivity coefficients which are important from the

point-of-view of control and shutdown system implications. This is

important in both the conceptual and detailed design stage as a large

number of parameters variations can be studied at relatively small

expense. In fact the POWDERPUFS program has been incorporated into a

comprehensive optimization program which considers all the other

economic aspects of various design changes and arrives at a total

unit energy cost for a given system.

Some of the things which are "traded-off" in this opti-

mization process are: the capital cost savings In minimizing the number

of channels and the size of the calandria are balanced against Increased

fuelling cost associated with the need to flatten the power distribution

to achieve the required energy output with a smaller reactor (because of

increasing the neutron leakage from the system); reducing the pitch of

the fuel channels saves capital cost because of reducing the size of the

calandria and the heavy water inventory but that would result in lower

burnup and introduce design complications in respect to (a) the spacing

of feeders from each channel and (b) constraints Imposed on the control

and shutdown system devices which have to be provided interstitially.

Many other variables are, of course, examined as well.

It is this kind of process which has led to the evolution

of the CANDU PHW design from the smaller channel and 19 element fuel

bundles in NPD and Douglas Point to the larger channel and 37-element

fuel bundles in the current generation reactors. The change from 28-

element fuel to 37-element fuel in the same size channel in going from

Pickering to the reactors which followed it was also based on this kind

of optimization process. The greater fuel sub-division permits each

channel to operate at a higher power for a given fuel pencil rating and

hence reduces the number of channels required in a given size of core.

This, however, is at the expense of fuel burnup to some degree.

The basic fuel channel design including the fuel is

generally arrived at by applying this optimization analysis using simple

cell calculations to determine nuclear characteristics of the reactor

with some one dimensiona"1 core simulations done to properly account for

the effect of changing the radial power flattening and/or the reflector

thickness on the reactor dimensions and fuel burnup.

3.2.2.2 Typical POWDERPUFS Calculations For The CANDU-600

3-2.2.2.1 Four-Factor Data

Figure 3.2-13 show the infinite multiplication factor

versus neutron irradiation of the fuel. The variation of the parameters

n (neutrons produced per thermal neutrons absorbed) and f (thermal

utilization) with irradiation are also shown. The other two parameters

c (fast fission factor) and p (resonance escape probability) are

essentially constant with irradiation. Note that the thermal utilization

is also almost constant with irradiation. This shows that the absorp-

tion cross section of the fuel which is dominated by the heavy elements

changes very little tending to increase slightly with irradiation. This
238

is because the buildup of plutonium isotopes due to capture in ' U just

about balances the burnout of the 'u. The n variation is very similar

to the overall multiplication factor. The decrease with irradiation is

primarily because of the buildup of fission products in the fuel.



3-2.2.2.2 Fuel Temperature Reactivity Effects

The fuel temperature reactivity coefficient is shown

versus instantaneous irradiation" in Figure 3-2-1't. Note that it is

significantly negative with fresh fuel and becomes less negative with

irradiation. The value labelled "reaction rate averaged" which also is

shown on this Figure is the value calculated using reaction rate

averaged parameters for the irradiation which is typical of the average

discharge from the reactor. It is plotted at an irradiation equal to

half of the discharge irradiation to permit comparison with the "instan-

taneous" data. (In a continuous bi-directionally fuelled reactor the

average irradiation of fuel in the core would be half of the discharge

value).

The effect of heating up the fuel from low temperature to

the operating temperature is shown in Figure 3.2-15- Again the differ-

ence between an irradiated fuel and fuel at equilibrium burnup conditions

Is evident. Also note that the variation is more non-linear with

irradiated fuel. This is related to the effect of changing the neutron

spectrum with Plutonium isotopes present in the fuel.

3-2.2.2.3 Coolant Temperature Reactivity Effects

The effect of instantaneously changing the coolant temper-

ature on the reactivity of fuel varies with Irradiation as shown in

Figure 3-2-I6. This was calculated assuming that the coolant density

changed with temperature in a manner consistent with retaining saturated

conditions. The point calculated at the average discharge burnup for

the equilibrium burn-up reactor using the reaction rate averaged cross

sections is also shown on this Figure.

This term refers to the actual irradiation experienced by an Individual

fuel bundle in the core. "Instantaneous" is used to distlnqulsh between

actual local irradiation and an average irradiation of a larger number

of bundles which is useful in considering overall core characteristics.

The variation of reactivity with coolant temperature

changing from a low value to the operating temperature is shown in

Figure 3.2-17- Note that although the coefficient (i.e. the slope of the

curve) is positive at the operating temperature for both fresh and

irradiated fuel, it is quite nonlinear for fresh fuel and in fact

changes sign at low temperatures. There are two counterbalancing

effects which take place as the temperature for the coolant is raised.

The effect of making the coolant hotter than the moderator (which is

typically kept at around 70°C) tends to harden the neutron spectrum in

the fuel since the hot coolant speeds up thermal neutrons coming from

the moderator. On the other hand since the coolant density is

decreasing, this spectrum hardening effect is less than it otherwise

would be. (Changing the spectrum affects fuel with plutonium isotopes

present much differently than that with "U only. Therefore, the

irradiated fuel behaves quite differently than the fresh fuel.)

Another phenomenon that occurs when the coolant density is reduced is

that the resonance aosorpl'ion in U decreases. This is because having

coolant within the fuel cluster tends to slow more fission neutrons down

through the resonance region as they are leaving the fuel and hence

increase the flux of resonance neutrons within the cluster.

3.2.2.2.4 Loss-of-Coolant Reactivity Effect

Rupture of the primary heat transport system, although

highly Improbable, is one of the accidents which Is postulated in design

of the reactor safety systems. Since this accident leads to loss of

coolant from some or all of the fuel channels the magnitude of this

effect on reactivity is an important design parameter. Figure 3.2-18

shows the reactivity effect of simultaneously loosing the coolant for

various fuel irradiations. Again the value for the equilibrium fuel

case using reaction rate averaged parameters is shown on the same Figure.

Reactivity change due to losing the coolant is positive

but not very large in magnitude and decreases with fuel irradiation. As

mentioned in connection with the coolant reactivity with fresh fuel

conditions is the increase in the resonance escape probability due to
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lower resonance energy flux in the cluster. However, because the

coolant is hot under normal steady state full power conditions, it tends

to harden the spectrum of thermal neutrons coming from the moderator,

which is a positive reactivity effect when plutonium is present in the

fuel. When the coolant is lost this hardening effect no longer exists

which results in a decrease in reactivity, the magnitude of which Is

function of the concentration of plutonium isotopes in the fuel. This

is why the loss-of-coolant reactivity decreases with fuel irradiation.

3.2.2.2.5 Moderator Temperature Reactivity Effect

The moderator temperature is not a parameter of much

significance in the CANOU system because the moderator is essentially

completely isolated from the fuel channel and the temperature of the

moderator is relatively low and separately controlled. However it is of

interest to know the reactivity effect associated with instantaneous

changes in the moderator temperature to assess the impact on the

reactor of changes that may occur due to upsets in the temperature

control system of the moderator. The moderator coefficient is plotted

versus fuel irradiation shown in Figure 3.2-19. A reaction rate

averaged point is also shown on this Figure.

3.2.2.2.6 Reactivity Effect Of Boron In The Moderator

Adding "poison" in the form of dissolved natural boron or

gadolinium to the moderator is the usual way of compensating for excess

reactivity which exists when the reactor is initially loaded with all

unirradiated fuel or during operation at equilibrium burnup when the

reactor has been shut down for a significant period so that the Xe

in the fuel has decayed away. Therefore, the reactivity effect of

changing the boron concentration in the moderator is a necessary design

parameter. The effect of instantaneously changing the boron concentration

for various fuel irradiations is plotted in Figure 3.2-20. In this case

the calculations were done with reaction rate parameters for all cases.

Note that the coefficient is not very dependent on the irradiation (the

ordinate is an expanded scale).

3.2.3 Core Design Analysis

3.2.3.1 Core Size Considerations

Once the design of the fuel, pressure tube, and calandria

tube asseniDly, and the spacing or pitch of the fuel channels is decided,

the work associated with determining the detailed characteristics of the

reactor core is undertaken. One of the first major parameters to be

established is the number of channels. It is dependent primarily on the

average-to-maximum channel power ratio which is obtained as the result

of the optimization process discussed previously or on the basis of past

experience combined with specific conditions pertaining to the project

at hand.

The CANDU design theoretically permits adjusting the

reactivity of each individual channel over quite a large range by

altering the fuelling rate and hence changing the average irradiation of

the fuel in the channel. This allows a great deal of flexibility in

flattening the power distribution radially by fuel mangemant alone.

In reactors such as Douglas Point and Bruce A, which have very little

adjustable absorbing material in the core during normal full power opera-

tion, virtually all of the radial flattening necessary to achieve the

design value of the average-to-maximum channel power is accomplished by

fuel management.

During the design process the analysis is usually simpli-

fied by assuming there are only two "burnup regions" in the core. Fuel

in a central region roughly cylindrical in shape is assumed to be taken

to the irradiation which would give the multiplication factor only large

enough to provide for axial leakage of neutrons. The fuel irradiation

in the outer annular region is then adjusted to that value necessary to

have a critical reactor. All channels within a region are assumed tc

have the same discharge burnup so the whole region can be represented by

the same reaction rate averaged lattice parameters.



All the current generation CANDU reactors, after Bruce

A, are designed to have an array of absorbers called adjuster rods in

the core during normal full power operations so they can be withdrawn to

provide excess reactivity to compensate for the buildup of Xe

following a short shutdown. In these designs the flattening of the

power distribution is accomplished by fuel management combined with

carefully choosing the positions for the adjuster rods. The number of

channels in cores having adjuster rods is generally not finalized until

3~dimensionai core simulations are done which permit explicit simulation

of the effect of the adjuster rods on the power distribution. With

adjuster rods in the core it is also relatively easy to flatten the

power distribution axially as well as radially. If the power output of

the reactor were limited by the peak bundle power rather than by the

peak channel power i.e. fuel rating limited rather than because of

thermohydraulic conditions in the channel, the number of channels in the

reactor could be influenced by this capability to axially flatten the

power distribution.

3.2.3-2 Core Design Methodology

3.2.3.2.1 Numerical Modeling Of The Core

To establish the number of channels in the reactor and

the design of the in-core reactivity devices it is necessary to perform

3-dimensional simulations of the reactor power distribution. Experience

has shown that there is no advantage in performing analysis of CANDU

cores In more than two energy groups. This has made it possible to

model the cores fairly accurately In 3~dimensions with small computing

time. MoHels normally use one mesh point per fuel bundle except in

regions where there are large flux gradients, e.g. near reactivity

devices. In such case the perturbed region is treated separately in

detail by doing a "super cell" calculation of that local region in which

appropriate boundary conditions can be put on the reactivity devices.

Average cross sections obtained from the super cell calculations are

then used in the overall core model as incremental values to apply to

the normal unit cell cross sections.

Typical values for unit cell cross sections are given in

Table 3.2.3~1. These cross-sections are used in the two group diffusion

equations as follows:

E = 0

where A is the eigenvalue, $ and TJJ are, respectively, the thermal and

fast flux. Zj, . is the removal cross section from group I to 2.

Table 3.2.3-1 - Lattice Cross-Sections Versus Neutron Irradiation

For Fast And Slow Neutrons

Average

Discharge

Neutron

Irradiation

(n/kb)

0

0.2

0.*

0.6

0.8

1.0

1.2

1.*

1.6

1.8

D.
Fast

Di ffus ton

Coefficient

(cm)

1.271*

"

"

II

II

II

D2
Slow

Diffusion

Uio'3)

(cm)

0.93657

0.93661

0.93671

0.93677

0-93681

0.93683

0.9368li

0.93683

0.93682

O.9368O

'a,.
Fast

Absorption

(xlO"2)

(cm'1)

0.76709

0.76682

0.76655

0.76628

0.76600

0.76573

0.765*5

0.76518

0.761)91

0.761(63

Za,2
Slow

Absorption

Uio'2)

(cm'1)

0.36895

0.37283

0.37889

0.38399

O.38813

0.391*9

0.39*2*

0.39650

0.39838

0.39996

Vf,2
Production

(xlO"2)

(cm'1)

0.*38**

0.4*222

O.*5O63

0.*56**

0.1)6000

0.1)6188

0.*6253

O.*6228

0.46137

0.1)6000

ZR,1

Moderation

(xlO"2)

(err,-')

0.7*113

0.7*115

0.7*118

0.7*121

0.7*12*

0.7*129

0.7*129

0.7*132

0.7*135

0.7*137
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In the four-factor formulation used by POWDERPUFS-V, the

fast fission rate is not calculated explicitly but relative to the

thermal process only. Thus the production of fast neutrons per thermal

neutron absorption is given as enf. The source term for the fast group

equation (second equation) therefore reduces to

where

Zf,2 " Za,2
Za,2 f

The fast group cross sections, I . and £„ ., can be determined from

the following relations:

Z . • £ = _ [ (Diffusion theory)

R.I (Definition)

Za,l

giving

and

In summary, the two-group diffusion parameters for the lattice cell

appropriate to this formulation are calculated according to:
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where

and

All quantities on the right hand side are known.

In a reactor simulation, it is usually necessary to simu-

late the reflector region as well. The two group diffusion parameters

for the reflector region are calculated by simple recipes:

a,2,R = a, moderator * a,2 moderator

s.R

1

• 3 Itr,2,R

and

where

and

fe

Ztr,2, Moderator

s.R = 126 - M100-AP

AP is the purity of the reflector in atom percent. In the program, the

physical properties (density, temperature and purity) of the reflector

are assumed same as that given for the moderator.

A typical model used for the 3-dimensional core simulation

is shown in Figures 3.2-21, 3.2-22 and 3.2-23. A typical model used for

the supercell calculation of an interstitial absorber is shown in

Figures 3-2-2*1 and 3.2-25. The former is a schematic and the latter



shows the mesh definitions. All reactivity devices and flux detector

assemblies in CANDU cores are perpendicular to the fuel channels. How-

ever because of the well thermalized spectrum in the CANDU core we find

that even the supercell calculations can be done basically in two groups

with appropriate boundary conditions applied at the surface of the fuel

cell and the absorber cell. Experimental data done at the research

reactors at CRNL indicate that comparable agreement is obtained in simu-

lating absorbers in this manner whether they are parallel or perpen-

dicular to the fuel channels.

The models used for the core design analysis are validated

by comparison against experimental information. Some of these com-

parisons were reported by Critoph . Additional information of this

type is given in the section on commissioning later in this document.

3.2.3.2.2 Locating In-Core Devices

Adjuster Rods: Establishing the desirable locations for

the adjuster rods and finalizing the neutron absorbing characteristics

of each rod normally requires a significant number of iterations looking

at various possibilities. We have a computer program which can

automatically allocate the distribution of absorbing material in a

region of the core to achieve certai 1 input objectives. This program

greatly reduces the manual effort required in finding an optimum distri-

bution of absorber rods.

A prime function of the adjuster rod system is to make It

possible to restart the reactor shortly after a shutdown. When the

reactor shuts down or the power level is reduced significantly there Is

a transtent increase in the concentration of Xe In the fuel because

of the relatively high concentration of its precursor " l which exists

under steady state full power conditions. The adjuster rods are

provided to permit restarting the reactor, usually within about one half

hour after shutdown, by withdrawing the adjuster rods to compensate for

the increase in Xe concentration that has occurred. The effect on

system reactivity due to the increased in Xe must be calculated In

order to determine how much absorbing material must be provided in the

adjuster rod system. These calculations are initially done using the

"point-model" approach in which the flux level in the reactor is charac-

terized by a single "effective" value. They are later confirmed with

three dimensional simulations. Calculations of this type reveal that

the adjuster rod reactivity worth needs to be about \k mk to compensate

for the build-up of Xe in 30 minutes following a reactor shutdown.

Comparisons of measured and calculated reactivity worth

values for Pickering and RAPS-1 adjuster rods is shown in Table 3.2.3-2.

Zone Control Absorbers: When the number of fuel channels

and the number and layout of adjuster rods are established the next step

is normally to determine the locations for the liquid zone control

devices. Since daily fuelling of the reactor keeps the fuel burnup

characteristics in the core roughly constant on average and since the

adjuster rods are provided to compensate for transient xenon affects to

the degree deemed necessary, the reactivity range capability of the

liquid zone control system does not need to be very large. Experience

has shown that a total range from empty to full of 5 to 7 mk is

adequate. This is sufficient to compensate for the reactivity decrease

due to fuel burnup that occurs between fuelling operations and in fact

permits several days of operation without fuelling. In a spatial sense

it is also adequate to compensate for the replacement of burned up fuel

in a channel with un-irradiated fuel.

The positions of the zone controllers are largely dictated

by their spatial control function. If the CANDU reactor were not

spatially controlled, unstable oscillations in reactor power distri-

bution of th» first azimuthal type would tend to develop because of

spatial variations of "Xe that would result following a localized flux

disturbance. The positions of the zone controllers are initially chosen

on the basis of past experience and examining the shapes of the higher

harmonics of the flux distributions. We have a computer program which,

for any given fundamental steady-state flux shape, produces the corres-
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ponding flux distributions for the higher harmonics of the solution of

the diffusion equations. When tentative locations are selected a

simulation model is set up to determine the effect on the steady state

power distribution of the zone control levels being set at their nominal

operating point and also to check that the number of sites selected and

the dimensions of the tubes containing the H O are such as to provide

the necessary reactivity range for the system.

The zone control rods are modelled in a matter similar to the

other devices such as adjuster rods by performing supercell calculations

for those localized regions and deriving incremental cross sections to

use in those regions in the core model which has a coarser mesh than the

supercell. Comparisons of measured and calculated reactivity worths for

the zone controller rods in Pickering A and Bruce A are shown in Table

3.2.3-3.
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Shut-off Rod Absorbers: The next step in establishing

the core design characteristics is to determine the location and number

of the shutoff rods. As mentioned in Section 1 these devices are

cylindrical rods of cadmium sandwiched between two steel cylinders with

the cadmium thickness chosen to make the rods virtually black to thermal

neutrons. None of these rods are in the reactor during normal operation.

Therefore, the number and layout are determined solely on the basis of

their capability to shutdown the reactor adequately when various postu-

lated accidents occur. The accident which tends to set the performance

requ'rements of the shutoff rod system is the loss of coolant accident.

A major rupture in the primary heat transport system which causes the

coolant to discharge very quickly is highly improbable. It is assumed

to occur for purposes of designing the shutdown systems since losing the

coolant from the fuel channels increases reactivity slightly, as

mentioned earlier, and this occurs in a few seconds in the postulated

worst case. The speed of insertion of the shut-off rod system and the

reactivity worth of the system is dictated largely by this event. The

other assumption that is made in designing the shutoff rod system is

that any two rods are assumed to be unavailable. Consequently, part of

the analysis process is to determine which two rods being unavailable

would most affect the performance of the system.

It is typically found that a shutdown system which has

approximacely 50 mk worth when calculated with the steady state diffusion

code calculation gives adequate performance. The tentative design is

set on the basis of simulations with diffusion codes of various

arrrangement rods. The modelling of the rods is done using a supercell

approach to derive incremental properties. The boundary conditions used

in the supercell calculation are, of course, different in this case as

the rods are much blacker to neutrons th-in are the adjuster rods or the

liquid zone control rods. A further complication is introduced in that

fast neutrons do go through the rod and become moderated in the heavy

water inside the rod and are then captured. Although this effect is not

a large component, it is normally accounted for in the calculations.

Comparison of the measured and calculated shutoff rod reactivity rod for

the Pickering and Bruce A reactors are shown in Tables 3.2-3-^ and

3.2.3-5. Comparison of the flux distribution measured by copper wire

activation when 28 of the 30 Bruce A shutoff rods are fully inserted in

the core with the reactor critical ' is shown in Figure 3.2-26. Note

that in this case the two rods assumed to be missing are on the right

hand side so the reactivity of the system is largely dictated by that

region. The fact that two-group diffusion code calculations give such

good agreement in spite of the steep gradients in the flux is considered

to be a demanding validation of the core modelling methodology used.

Mechanical Control Absorbers: Another step in the core

design analysis is the selection of the positions and numbers for the

mechanical control absorbers. These rods physically are the same as

shutoff rods but irt pirt of th» regulating system. However, during

normal operation they are fully withdrawn so their positions are not

dictated by the impact they have on the power distribution to any signi-

ficant degree. The design requirement for these rods is set largely by

the need for them to compensate the gain in reactivity associated with

reducing power to near zero. For partial setback functions (one or two



rods) It is important to assess tha power limitations that would be

associated with such configurations. Figure C-6 in Critoph's

lectures shows a comparison of the flux distribution for such a case.

Comparison of measured and calculated reactivity worths for these rods

in Sruce~A is shown in Table 3.2.3-5.

Poison Injection Nozzles: The location of the poison

injection nozzles for the second shut-down system is also determined in

the reactor physics analysis associated with the cote design. These

nozzles are made of zircaloy but have quite a heavy wall so their

presence does have a small effect on power distribution and needs to be

accounted for in establishing the final reference power distribution for

design purposes. These nozzles are horizontally oriented and are perpen-

dicular to all the other reactivity control devices. Their locations are

dictated primarily by the dynamics of poison injection which will be

dealt with in the next Section.

Flux Detectors: The distribution of flux detectors is

normally examined after the other devices have been finalized. They

affect power distribution only slightly so their positions are set by

the way they are used. This is discussed in the next Section.

Fixed Guide lubes: Although the shutoff rods and the

mechanical control absorber', are not in the reactor during operation they

each have a guide tube which is a fixed in-core reactor structure made

of zircaloy. Also, there is other hardware at the Inside edge of the

calandria to permit positioning these guide tubes and to attach them to

the calandria. The effect of these devices, although small, is examined

in the establishment of the final discharge burnup pattern to recommend

for the operation cf the reactor. Therefore, the final modelling of the

reactor core does not include allowance for all the incore hardware. Use

of relatively large mesh spacings gives good accuracy for CANDU cores

because of the large migration length of the lattice. This, combined

with application of the "super cell" method to treat in-core devices

makes it feasible to simulate all this hardware explicitly without

prohibitive expense. A typical calculation of a 3-dimensional fiux dis-

tribution in the reactor takes . 200 seconds on the CDC 6600

(16,000 mesh point model).

TABLE 3-2.3-2

MEASURED AND CALCULATED REACTIVITY WORTH OF RAPS ADJUSTER RODS

Adjuster Rod
Worth

(milli-k)

Measured

Calculated

U.3<t

12.7

MEASURED AND CALCULATED REACTIVITY WORTH
OF PICKERING COBALT ADJUSTER RODS

Total Worth of 18
Adjuster Rods

(milli-k)

Unit 1 (Measured)

Unit 2 (Measured)

Unit 1) (Measured)

Mean Worth (Measured)

Calculated Worth

20.33

18.29

20.09

19-57

19.58

FIG
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TABLE 3-2.3-3

MEASURED AND CALCULATED REACTIVITY WORTHS
OF ZONE CONTROL RODS IN PICKERING 'A'

Pickering 'A'

Unit 1

Unit 2

Unit 3

Measured value
Interpolated at
7.05 m Moderator
"aight

Calculated

Calculated

Moderator
Height

(m)

7.50

7.28

6.06

7.05

7.05

7.05

Moderator
Temperature

(°C)

45

32

39

58

32

Total Reactivity Worth
of H20

(milli-k)

4.89

4.89

5.51

5.08

4.78

4.80
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TABLE 3.2.3-4

MEASURED AND CALCULATED REACTIVITY WORTH
OF PICKERING SHUTOFF RODS

Sum of Single Shutoff
Rod Reactivities

(milli-k)

Unit 1 (Measured)

Unit 2 (Measured)

Unit 4 (Measured

Mean Worth (Measured)

Calculated Worth

27.89

23-69

26.40

25.99

24.89
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TABLE 3.2.3-5

HEASURED AND CALCULATED DftTA RELATING TO BRUCE SHUTOFF RODS

BORON EQUIVALENCE

3.2.** Time Depe.-dent Analyses

ConfFgurat

30 shutoff

28 shutoff

ion

rods

rods

Boron Equivalence

Calculated

3.45

2.75

(mg/kg)

Experimental

3.30

2.65

Deviat ion
(percent)

+4.5

+3.8

REACT!ViTY WORTH (individual or Small Groups of Rods)

R<

Shutoff rod 5

Shutoff rod 20

^Mechanical control
rods 3 and 4

"Mechanical control
rods 1, 2, 3 and 4

jaetivity Worth

Calculated

1.51

1.46

2.59

4.96

(milll-k)

Experimental

1.41

1.49

2.53

4.80

Deviation

(percent)

+7.1

-2.0

+2.4

+3-3

These rods are physically identical to shutoff rods, but are used
for control purposes only.

Once the basic reference design of the reactor core is

established based on "static" simulations with 3-dimensional two-group

diffusion codes, as discussed previously, it is necessary to verify the

dynamic performance of the regulating and protective systems. Time

dependent phenomenon which need to be studied fall into three general

time domains:

(a) The day to day refuelling of the reactor must be

simulated during the design phase to a sufficient

degree to assess the discrete effects associated

with the fact that fuelling Is in reality not

continuous but is done by replacing smail batches

of fuel at a time. The reference fuelling scheme

for the CANDU-600 calls for replacing 8 fuel bundles

within a channel upon each visit to a fuel channel.

Also because of fuel scheduling restraints several

channels may be fuelled within a relatively short

interval of time and then no fuelling done for a

longer period. These effects cause localized

distortions in the power distribution relative to

that calculated with the reaction rate averaged

model that was described previously. These

aspects will be discussed in detail in the

lectures on fuel management later in this course.

(b) Transient trends in Xe concentration occur In

the time domain of hours rather than days and these

effects are treated by a diffierent computer program

than used for fuel management simulations.

(c) The time response of the shutdown systems following

an assumed accident results in gross change in the

reactor flux distribution in the time scale of

seconds. This again is a different class of problem
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as delayed neutrons have a substantial Impact on the

flux shape. We will discuss in some detail the

methods used to treat the xenon problem and the

reactor shutdown transient problem in the following.

3.2.1). I Xenon Transients

The ability to simulate space and time variation of

concentration in the reactor is important for two main reasons:

135,Xe

(1) to verify that the liquid zone control system can

adequately control the power distribution following

localized disturbances that can occur during normal

operation such as refuelling channels. Spatial

variation of Xe in response to a local distui—

bance is the main reason a spatial control system is

provided.

(2) The xenon transient following a reduction in reactor

power does vary spatially as the I precursor

distribution is proportional to the flux distribu-

tion in the steady state full power operating mode.

A computer program has been developed to permit calcula-

tion of the xenon distribution in the reactor in space and time and

simultaneously calculates the corresponding effect on power distribution

and overall reactivity. This program is based on the two-group diffusion

equations, but the equations describing the xenon and Iodine variation as

a function of the local flux are also included. The code is "quasi-

dynamic" in the sense that transients are simulated as a series of steady

state cases with the flux assumed constant over a time interval but then

updated in the next interval. The program also includes capability to

simulate the response of the liquid zone control system to re-dlstribu-

tion of the xenon and iodine or in response to other localized

perturbations.

The algorithm used in the spatial control system of the

reactor which couples changes in local or regional flux and/or power to

response of the individual zone controller compartments is put into the

program, at least in an approximate way. The time steps used in the

program are consistent with the time variation of the xenon concentration

so the program is geared specifically to verify that the control system

can prevent uncontrolled oscillations being induced by xenon feed-back

effects. It does not explicitly simulate the hydraulic dynamics of the

liquid zone control system. Required changes in water levels in

individual control compartments are assumed to occur instantaneously.

The performance of the zone control system is typically

verified by assuming that various fuel channels are completely refuelled

with fresh fuel and observing the response of the zone control system to

this disturbance. It is followed in time long enough to be sure that

either the new stable condition has been reached or is clearly being

approached. Figure 3.2-27 shows typical variation of the side-to-side

and top-to-bottom tilt in the reactor following a refuelling disturbance.

Another application of the spatial control simulation

computer program is to calculate the performance of the reactor

regulating system and to predict accurately the time variation of reactor

power distribution following a reduction in reactor power or during

recovery from a reactor trip. When the reactor power is quickly set back

to some lower level and held there for some time the Xe concentration

will temporarily increase and then decay to a level slightly lower than

the original vaiue. As the xenon concentration increases the liquid

zone control system will tend to empty to compensate. Before it reaches

the empty condition, the regulating system activates one group of the

adjuster rods and they are withdrawn. Since they are driven out steadily

until fully out, the zone control system must fill to compensate. The

rods are divided into a number of banks selected such that a complete
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withdrawal of any one bank can be more than compensated by filling of the

liquid zone control system. (The withdrawal of the adjusters causes a

change in the reactor power distribution so it is important to simulate

that as well with the computer program. This is done by a semi-automatic

process.) As the xenon concentration continues to increase the zone

levels will be allowed to drain again at which time another group of

adjusters will be withdrawn. This process means tha the reactor does net

operate for significant periods of time with adjusters partly inserted

and hence partial insertion conditions do not need to be simulated in

detail.

Similarly, it is important to simulate a reactor startup

following a short shutdown. If the reactor has been shutdown to the time

limit allowed by the design of the adjuster rod system, all of the

adjuster rods will have to be withdrawn to restart the reactor and raise

power to a level sufficiently high to turn the xenon transient over.

Therefore, in this case the simulation consists of tracing the power

history and reactivity as xenon burns out and adjuster rods are driven in

one bank at a time. This is necessary to verify that the reactor power

can S<e raised sufficiently high to turn the xenon transient over without

overrating the fuel due to the peaking effect caused by adjuster rods

being withdrawn. A typical startup power history is shown in Figure

3.2-28.

3.2.!t.2 Shutdown System Performance Analysis

As mentioned previously the loss of coolant accident is

the event that tends to determine the design requirements of the shut-

down systems. In examining the consequences of this event It Is

important to be able to predict the time variation of the power in each

fuel bundle in the reactor reasonably accurately. In the CANDU-60G the

primary transport system is divided into two circuits. When one of these

circuits loses the coolant the channels in one half of the reactor are

voided. Because of the associated small positive reactivity effect, the

power rises somewhat preferentially in that side of the reactor which

activates an overpower trip and causes the shutdown system to activate.

In the case of the shutoff rod system, the rods are

dropped into the core within about two seconds. Since this time is

comparable to the half-life of many of the delayed neutrons precursors it

is important in simulating this event to correctly account for the space-

time variation of the delayed neutron precursors. When the power decreases

their relative contribution to the overall neutron balance becomes

increasingly important. A computer program has been developed to permit

this type of calculation to be done. It is a 3-dimensional code which

employs the improved quasi static approximation • . In this

method the space and time dependent flux is factored into an amplitude

function which is only time dependent and a space function which is only

weakly depending on time.

The IQS method is a flux factorized method developed to

solve the time-dependent multigroup diffusion equation;

[-H + Fp] * (r,E,t) + Sd[*{r,E,t')] = — » (r.E.t)

where H is the removal and scattering operator, F the prompt fission

source operator, and S. the delayed neutron source. The total flux is

factorized into an "amplitude" function 0(t) and a "shape" function

T(r,E,t):

*(r,E,t) - 0(t) Y(r,E,t) (0(o) = 1.0)

with the condition that v(r,E,t) is only weakly dependent on time and

hence 0 and 4" are uniquely defined. This constraint is satisfied by

forcing the integral

// '*<'rEf°> * (r.E.t) d r d £

to be constant. With this condition the amplitude equation for 0(0

reduces to the point kinetics equation:

J0(tl.[p(t)-B(t)]g(t)
dt A(t) k k

where the integral quantities p(t), S(t), etc. must be derived by

suitable averaging with the time dependent shape function <f(r,E,t). 159



Upon substitution of the factorized total flux into the

diffusion equation the shape equation takes the form:

S,[0(t') . T(r,E,t')]
[-M + F ] »{r,E,t) +

0(tT

The unique approach in the IQS method is to replace the deriative

— f(r,E,t) by a backward difference of first order:
at

i_ „,_ r *\ - [f(r,E,t) - 4>(r,E,t - At)]
3t I V' '"•••' it

This approximation is valid when f(r,E,t) changes slowly, compared to

0(t). It then allows larger At intervals and the integral constraint

condition is automatically satisfied within the interval At.

The simulation of the performance of the poison injection

shutdown system is a particularly challenging analytical task, as the

geometrical characterization of the poison as a function of time after

activation of the system is difficult. This is because it is very

difficult to analytically determine the characteristics of the jets of

poison penetrating into the moderator from each of the small holes in

the poison injection nozzle. It was necessary, therefore, to empirically

determine the characteristics through tests. These tests consisted of

mocking-up one of the poison injection nozzles in a tank of water and

using a colored solution to represent the gadolinium solution being

injected into the moderator under high pressure. By photographing the

nozzle from different angles with high speed cameras the behaviour of the

poison could be fairly well determined. Figure 3.2-29 shows what was

observed schematically. Typical modelling of the system for purposes of

simulating the neutronic behaviour is shown in Figure 3*2-30.

For a more detailed discussion of the IQS method the

reader is referred to the paper by Kugler and Dastur .

The space function is calculated in 3-dimensions, two

energy groups, using a variable X-Y-Z mesh. Generelly six delayed

neutron precursor groups are used although more groups (to accommodate

photo-neutrons explicitly) may be used. The code can simulate accurately

flux shape retardation effects due to delayed neutron "hold-back"

following an asymmetric coolant voiding, shutdown system action, etc.

Point kinetics codes are used to analyse situations where spatial effects

are not Important or may be used to do parametric studies involving small

changes in variables relative to a case which has been done with the

complete 3-dimensional approach. This code is used to simulate both

shut-off rod performance and performance of the liquid injection shutdown

system. Comparison of this method against the experimental results in

Bruce A are discussed in Section 't.

Although the modelling does represent significant approxi-

mations, the calculated power transient following activation of this

system in the Bruce A reactor during commissioning agreed quite, well with

the experimental data as shown in Figure 3.2-31. The curve labelled

"fast transient" is the best estimate with no conservatisms built in.

The "slow transient" calculation has conservative input and is used in

safety analysis. Note that the agreement between prediction and experi-

ment is very good during the early part of the transient and then

deviates from the experimental data with the calculation giving a slower

reduction in the neutron flux with time than the experiment. This is

not unexpected as the modelling of the poison injection into the modera-

tor beyond the time at which the jets no longer have any geometrical

definition is not possible. Therefore, in the model it is assumed the

poison does not disperse but rather remains in the jet form. In reality

the poison does disperse which has the effect of reducing the self-

shielding of neutrons within the poison and hence enhancing the

reactivity effect with time relative to that assumed in the calculation.
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3.2.4.3 Modelling of Loss of Coolant Accidents

As mentioned before, the void reactivity effect in the

CANDU-PHW is positive. Therefore the initial effect associated with a

loss of coolant incident would be a tendency for the power to rise until

the shut-down system is called into play. There are three factors which

mitigate the power pulse due to a loss of coolant accident: subdivision

of the coolant circuit; a long prompt neutron lifetime; and the magnitude

of the delayed neutron fraction due to the photo-neutron contribution.

The primary heat transfer system is divided Into two

independent figure-of-eight circuits. A schematic of one such circuit

is shown in Figure 3-2-32. These circuits are interconnected only via

a pressurizer and a purification system. If one circuit suddenly

depressurlzes due to a break the intei—connect valves are closed, so the

LOTA effect is confined to only half the core. Figure 3.2-23 shows the

variations of average coolant density with time in the voided circuit

for a hypothetical 100% break of the inlet header. This density

variation is calculated with a thermohydraulic blow-down code. The

density is assumed to take place throughout the fuel channels which are

cooled by that circuit. Figure 3.2-33 also shows the reactivity

transients (with and without shutdown system action). One second after

the break the reactivity would be about 3 mk. However, a shutdown

system would be brought into play and would turn over the reactivity

transient at about .65 sees, after the break, thereby limiting the

maximum reactivity insertion to less than 2.5 mk. The neutronlc response

to such a reactivity Insertion is discussed below.

The prompt neutron lifetime in a CANDU lattice is rela-

tively long (.9 milli-sec.) compared to most other reactor designs. In

addition, the delayed neutron fraction is enhanced due to the presence

of delayed photo neutrons (produced by dissociation of deuterons by high

energy gamma rays from fission products). These two factors slow down a

potential power excursion considerably. Figure 3.2-3̂ * shows typical

power pulse for the hottest fuel bundle due to header breaks of

different sizes followed by the action of one of the shutdown systems.

The percent header break size figures shown are based on the percentage

of the theoretical maximum break size resulting from a hypothetical type

separation of the pipe. The peak power is only about a factor of 1.5

above the operating level and the short term (0*2.5 si power pulse is

only 2.6 full power seconds. Experimentally it has been found that a

heat content of at least 200 calories per gram is required for spontane-

ous fuel breakup. This is equivalent to about 9 full power seconds for

the maximum rated fuel pin. This means that spontaneous fuel breakup is

not a safety concern during LOCA in the CANDU-PHW.

Since the difference in the neutron lifetime in the CANDU

reactors, relative to light water reactors, are quite significant in

respect to modelling of fast neutronic transients in the core, we will

discuss this aspect in some detail.

The influence of a longer prompt neutron lifetime on a

power excursion is illustrated more clearly in Figures 3*2-25 and

3.2-26. These figures show two hypothetical reactivity transients and

their associated power pulses with different values of & (prompt neutron

lifetime). Reactivity transient I roughly corresponds to a LOCA event

followed by a shutdown system action in a 600 MWe CANDU. Transient 2 is

a hypothetical transient with a reactivity insertion almost equal to the

delayed neutron fraction (a condition called prompt critical). Neutron

power transients marked A and B correspond respectively to an I value of

0.9 milli-secs. (characteristics of the CANDU) and a value of 0.03

milli-secs (characteristics of light water reactors). One can see that

for reactivity transients well below prompt critical the effect of

different £' values is small. However for reactivity insertions at or

near prompt critical the larger l" retards the power pulse significantly.

For CANDU reactors this is an important consequence since it reduces the

demands placed on the shutdown design to relatively modest performance

requirements.

161



The above example illustrates clearly the effect different

£ values on the power excursion. Fuel temperature feedback effects

should be considered in a realistic evaluation of accidental excursions.

The simulation of a LOCA and a consequent activation of a shutdown system

is simulated as mentioned before with a 3-dlmensional quasi-static method.

This.method is also applied to simulate the shutdown system tests that

are done during commissioning of the nature described previously. We

find it important to account properly for the spatial variation of

delayed neutrons with time during the insertion of the shutoff rods to

properly predict the variation of neutron flux with time.

The importance of the delayed neutron precursor distribu-

tion on the flux shape during a shut-off rod insertion transient, and

hence on the "effective" reactivity of the shut-off rods at a given time

is illustrated in Figure 3.2-37. A parametric study was done of the

effect of the speed of insertion of shut-off rods on the dynamic perform-

ance of the system for a typical CANOU reactor. The only difference in

the two calculations used to produce the curves in this figure is the

speed of insertion of the rods. The arrow shown on each curve is the

t .me at which the rods reached the centre-line of the core. Note that

although the same amount of absorbing material is in the core at each of

these points, the "effective" dynamic reactivity worth of this material

is significantly different. Only a small part of that difference is due

to the fact that more voiding of the core has occurred in the "slower"

case. Host of the difference arises from the fact that in the "faster"

case the flux shape is more strongly influenced by the delayed neutron

precursor distribution that existed in the core prior to the Initiation

of the postulated loss-of-coolant and subsequent shut-off rod insertion.

3.2.5 On-Line Flux Happing

M IN

The CANDU-600 is provided with an on-line flux mapping

system as part of the regulating system software. This system produces

detailed flux and channel power distributions based on in-core self

powered vanadium flux detectors. This information is used to provide a

]62 calibrated average zonal flux signal for use by the spatial control

system, local overpower detection which activates the power setback

routine, and on-line power distribution data for reactor operator

information. It may also be used as a means of producing current power

distribution information for purposes of calibrating the regional ovei—

power protective system. A flux map is typically calculated automati-

cally in approximately two minute intervals.

The task of the reactor physicist in the design of this

system is to develop the software for the on-line control computer which

can operate on the measured fluxes as indicated by the vanadium detector

currents and produce a more comprehensive picture of the flux distribu-

tion in the reactor. The power distribution can also be determined from

the flux distribution if the fuel burnup characteristics are known.

The techniques of flux mapping consists essentially of a

snythesis of the flux distribution from a pre-selected set of flux shape

calculations, called flux modes. The amplitudes (i.e. the relative

contributions) of the various flux modes are calculated by basically a

least squares fitting of relative fluxes measured by vanadium incora

flux detectors. The flux modes usually consists of a fundamental mode

plus thirteen of the higher harmonics of the flux distribution, plus a

set of "perturbation" modes. The latter are flux distributions calcula-

ted for a variety of normal operating conditions that may occur such as

during periods when the adjusters are not all inserted because they are

compensating for transient variation in xenon concentration in the

reactor. All these flux shapes or modes are pre-ealculated once in an

off-line simulation using the standard two-group diffusion codes that

have been discussed previously. A set of coupling coefficients are

obtained from these simulations as follows:

It is assumed that the thermal flux <t(r) at an

arbitrary point r in the core can be expressed as a linear combination

of "realistic" flux shapes * , described above, i.e.



where ifi. (r) is the flux value at r when the reactor operates in the flux

mode $.. The above expression is general and is therefore also valid at

detector sites

*(rd> - ji, - J W
Thus, the objective is to obtain the coefficient a. given the fluxes

*(r.) at the detector locations so they can be used in the first equation
d _̂

to calculate the flux at points r in the reactor.

These coefficients are ?tored in the normal station

digital control computer. The least squares fitting algorithm involves

essentially one matrix vector multiplication to obtain the mode ampli-

tudes, and a second matrix vector multiplication to obtain an extended

flux map. Approximately 30,000 words of disc storage is required. A

flux map calculation takes about one second of on-line computer time.

The input to the flux mapping system is provided by outputs

from about 100 vanadium self-powered incore detectors. These detectors

are located on 26 vertical flux detector assemblies (as described in

Section 2. The vanadium detectors are calibrated individually prior to

their installation En the reactor so that they accurately reflect the

correct relative flux at their respective locations.

OUTPUTS

1 -CROSS SECTIONS VSBURNUP
- ISOTOPIC COMPOSITION
- VOIP EFFECT IPCINT MODEL)
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- POWER DISTRIBUTION IN FUEL

BUNDLES. ETC.

2 - CONTROL DEVICES LAYOUT
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* SHUTDOWN SYSTEMS
- V O I D EFFECT. ETC
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INSERTION OP CONTROL
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4 * POWER PULSE
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REACTOR CONTROL
TRANSIENTS DUE
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More detailed descriptions of safety related aspects of

the CANDU reactor design are given in a report by G. Kugler . The

f lux mapping system is described in more detai l by Kugler and

Hinchley^163. FIGURE 3.1-1 A SIMPLIFIED CHART OF THE PHYSICS ANALYSIS OF PHW REACTORS
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4.0 INITIAL FUEL LOADING DETERMINATION

4.1 General

Because of the on-load fuelling feature of the CANDU

reactor, the overall power distribution and regionally averaged charac-

teristics of the fuel remain more or less constant throughout the life

of the reactor except for the first year or so. The reactor is, of

course, initially loaded with un-irradiated fuel and hence the feature of

tailoring the discharge burnup in individual channels to accomplish the

desired power distribution is not available. This means that:

(a) if the utility requirements are such that full

reactor power output is nc* :~aiy from the beginning

of operation, and

(b) the design of the core is such that some variation

in the discharge burnup is required at equilibrium

burnup conditions to achieve full power,

additional means of shaping the power distributions is required for the

first year or so of operation.

Both of these conditions have applied in all of the CANDU

reactors except for the Pickering A units and the RAPS-1 unit in India.

In the former case the adjuster rods had enough absorbing material in

them to do all of the necessary power shaping with the adjuster rod

system alone. This means that these reactors were nominally designed to

have the same discharge burnup from each channel throughout the reactor.

The latter condition applied in the case of the RAPS-1 reactor, in which

case it was the choice of the utility to accept less than full power

output during the first year or so of the operation. Therefore, in these

tv/o cases the reactors were initially loaded with a complete charge of

natural uranium fuel.

18Z

4.2 Criteria For Determining Initial Fuel Load Characteristics

In those cases where special treatment of the initial fuel

load is necessary, a key factor is that I'he need exists only once in the

life of the plant and for a relatively short period of time. This

consideration precludes provision of extra absorbing material in the form

of additional mechanical absorbing rods which would be removed as required

or by additional H.O absorbers of the type used for the liquid zone

control system. The reason is that it is relatively expensive to provide

the hardware associated with such devices and they would require fixed

incore guide tubes which would remain as an unnecessary fixed parasitic

load in the reactor. The alternative of removing the guide tubes after

the reactor has operated for a year or so would demand a lengthy shutdown

and present a rather difficult operation.

The most practical way to provide for the additional

absorbing material is to place it in the fuel channels. There are

basically two options. One is to design modified fuel bundles which have

lower reactivity than natural fuel. The other is to replace strategi-

cally chosen fuel bundles with "dummy" bundles containing neutron

absorbing material.

*t.2.1 Fuel Bundle Modifications

The fuel bundle could be modified either by Intentionally

adding neutron absorbing material in the sheath or putting some type of

poison in the fuel, or by reducing the fissile content in the fuel. The

latter is the approach which has been used in all cases for the CANDU

reactors requiring this kind of modification to the initial fuel load.

The reasons for this are manifold but probably the key factor Is the

ready availability of fuel depleted in U, usually at a cost less than

for natural fuel. Furthermore, this approach requires no special treat-

ment in the fuel manufacturing process, except the need to keep the two

types of fuel separated.



^.2.2 Use of Dummy Bundles

There would be no problem in principle with using special

bundles containing only neutron absorbing material provided they are

designed to be compatible with the fuel handling system. Adopting this

approach would require additional design and testing effort to develop a

bundle which would meet the requirements.

It.3 Determination Of The Initial Fuel Load With The CANDU-600

Once the decision is made to use depleted fuel (fuel with

reduced U content) to accomplish the shaping of the power distribution

in the initial core, the next task is to determine the number of such

fuel bundles required and their placement in the reactor. In making this

determination it is not sufficient merely to consider the situation when

the reactor initially is started but it is necessary to examine the

operation of the reactor at least until refuel ling begins and perhaps

beyond that. The reason is that there is a significant increase in the

reactivity of depleted fuel prior to the time when the reactivity

monotonicalty decreases. This characteristic also occurs for natural

fuel but is far less pronounced.

Figure k.3-\ shows the reactivity variation with burnup
235

for depleted fuel having a U ntent of 0.52 atom per cent and is

compared with that for natural fuel. Ths reactivity initially rises

because of the plutonium buildup with irradiation that more than compen-

sates for U burn-out. (The build-up of saturating fission products

during the first few days of operation is not shown on this graph. They

are assumed to be present from the beginning). Because of this

behaviour of the reactivity of the depleted fuel, the variation of power

distribution with time is significantly affected. Therefore, it is

necessary to simulate the reactor operation well beyond the point at

which this peaking of the reactivity occurs. This ensures that there is

not a period during which the power distribution becomes peaked in an

overall sense due to the behaviour of the depleted fuel relative to that

of the natural fuel.

To choose an "optimum" loading of the initial core, a

number of possibilities are examined in which the number of bundles,

their location, and the U content are varied. When this is done for

the first time for a new core design, this survey type assessment is

normally done with a 2-dimensional diffusion code becau~e of computing

costs. A code having R-Z geometry capability is best suited for this

type of calculation. However the 2-dimens;ona1 feature does impose the

restriction that the depleted fuel must be represented by an annular

region or a central cylindrical region in which the properties of the

core must be constant. Typically only two depleted fuel bundles in each

channel of tn* central part of the reactor core are needed, because of

the bi-directional fuel?ing feature these bundles would be staggered

relative to the central diametral plane so that there would be two planes

of depleted fuel each containing a checker-board arrangement of bundles

within the central part of the reactor. These planes would have to be

presented in the r-2 model as discs having smeared properties which are

representative of the equal mixture of natural and depleted fuel. This

homogenization procedure tends to give a smoother flux distribution and

lower peak powers than a 3~dimens?onal simulation would give, particu-

larly during the period prior to refuelling. Consequently, when the

survey work is completed and reference depleted fuel configuration is

selected, it is necessary to perform some 3~dimensional simulations to

verify that the power distribution is in fact acceptable throughout the

early period of operation.

When refuelling begins the approximations demanded by the

2-dimensional model are even more serious as it is not possible to

represent sin?e channel refuelling and even if a number of refuelltngs

are done at the same time they can be simulated only by smearing into an

annular ring- This topic is dealt with in more detail in the lectures on
r o-a "I

Fuel Management .

In the CANDU-600 the initial fuel optimization process led

to spscifying two bundles in each of the central 80 fuel channels as

shown in Figure ^.3-13« The bundles were located in positions 8 and 9
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where the bundle positions in the channels are numbered from 1 to 12 in

the direction of fuelling. The optimum U content was found to be 0.52

atom percent. With this initial fuel loading the variation of excess

reactivity with time is as shown in Figure 4.3~2. Note that the

reactivity initially increases from about 16 mk to 23 mk at the plutonium

peak. Figures 4.3"3, 4.3~4 and 4.3"5 show representative povjer distribu-

tions in the horizontal radial, vertical radial and axial directions

respectively at 0 irradiation. Similar distributions are shown at 40 FPD

(Full Power Days) in Figures 4.3-6, 4.3~7 and 4.3-8 and at a 100 FPD in

Figures 4.3~9, 4.3-10 and 4.3-11.

The main feature to be noted is that "dishing" of the

power distribution which is rather pronounced at 0 FPD flattens out with

increasing fuel burnup. The maximum bundle power correspondingly decreases

as burnup proceeds. It Is evident from the changes that occur in the

power distribution during this period of operation prior to fuelling that

it is not sufficient to look only at the 0 irradiation case in order to

establish the characteristics of the initial fuel load.

Figure 4.3-12 shows the maximum bundle power vs time for

the first 600 FPD of operation for a typical refuelling strategy. Of

course, the actual history once refuelling begins would depend on the

specific strategy used for refuelling the reactor. It would vary

somewhat from one reactor to another because refuelling decisions are

made by the operator, on a daily basis.

Since the power distribution early in life is quite

different than that at equilibrium burn-up conditions, it is necessary

to assess the impact of it on the performance of the control and shutdown

systems. However, the objective is merely to verify adequate

performance. The design of these systems is "optimized" for the

eqjilibrium burn-up case since that exists for all but about the first

year of operation.
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FIGURE 4.3-13 800 MW REACTOR MODEL FACE VIEW SHOWING
INITIAL LOADING OF DEPLETED FUEL

5.0

5.1

PHYSICS ANALYSIS AND TESTS RELATED TO COMMISSIONING

General

An important phase of the commissioning program of a

reactor is that during which tests are done to determine the nuclear

characteristics of the reactor at very low power levels. In general

terms, the test program for CANDU reactors is quite similar to that used

for other reactor types. However, there are differences in detail

because of the differences in nuclear characteristics of the reactor and

in the design of the control and shutdown systems. In this section we

will summarize the tests which are typically carried out during commis-

sioning of the reactor and discuss some of the simulation work done with

reactor physics codes both before and after the tests.

5.2 Physics Tests

5.2.1 Approach To Critical

The first major low power physics test is the initial

approach to criticality of the reactor. In all reactors subsequent to

the Pickering 'A' design there are no provisions for rapidly dumping the

moderator as a means of shutting down the reactor and hence the

capability to raise the level of the moderator in a reasonably rapid and

controlled manner is not available. Therefore, the procedure used to

prepare for the initial critical test is to put a highly conservative

quantity of boron and/or gadolinium in the moderator, fill the calandria

with moderator, and load the fuel channels with the appropriate initial

fuel load. Criticality is then reached by removing the poison from the

moderator by use of the ion exchange system. This is part of the reactor

design as there is need to alter the poison concentration in the modera-

tor during normal operation from time to time. Also, when the poison

injection shutdown system is employed, the gadolinium poison must be

removed by ion exchange before the reactor can be restarted.



An important aspect of the first approach to critical is

providing the capability to reliably monitor the behaviour of the neutron

population in the reactor core. Since the neutron flux levels in the

core are very much tower than normal during this period of time, special

instrumentation is provided for this purpose. A unique feature of the

heavy water reactor which bears on the type of instrumentation needed is

the photoneutron reaction which occurs when heavy water is exposed to a

source of gamma rays. This means that the "natural" source of neutrons

arising from spontaneous fission of the fuel in the reactor is augmented

by photoneutrons produced from the gamma radiation from the U in the

fuel, as well as from cosmic rays. The result is that there exists a

significant source of neutrons in the reactor even when the multiplica-

tion factor is quite small. It gives a flux of about one n/cm s which

is sufficient to measure with BF type neutron counters if they are

placed in the core. Consequently, it is not necessary to have an

independent neutron source in the reactor in order to put the nuclear

instrumentation on scale during the early part of the approach to

critical.

This does not mean that portable neutron sources are not

used at all at CANDU stations. These sources (e.g. radium beryllium

sources) are available at the station during the startup program and are

used merely to verify that the instrumentation is functioning properly in

situ, but are removed from the core prior to beginning the process of

approaching critical, (the strong source of neutrons from the photo-

neutron reactions also means that once the reactor has been operating

even at low power for a short period and then a reactor trip occurs, the

normal out-of-core neutron measuring instrumentation used by the reactor

regulating system does not generally go off scale. Therefore, it is not

required to employ special startup instrumentation except during the

first approach to critical.)

Figure 5.2-1 shows the typical variation of the inverse of

the neutron count rate from an incore BF, counter during the approach to

critical at one of the Bruce reactors. This reactor was brought to

criticality by removal of poison from the moderator by ion exchange as

will be the case for the 600 MWe reactors. This is a straight-forward

process since the ion exchange process does not remove poison at a very

rapid rite. This gives plenty of time to observe the rate at which the

neutron population is changing and to measure the rate at which poison is

being removed during the stage when the reactor is still subcritical. By

the time criticality is approached the ion exchange system performance is

quite predictable and can be controlled such that the rate at which

criticality is reached is well controlled. Since the variation of

reactivity with boron concentration in the moderator is a very linear

function, the inverse count rate plotted against poison concentration is

expected to be a straight line.

The special neutron counters used for the first startup

are normally inserted in a tube which is inserted through the calandria

inspection port at the top of the calandria. This permits locating the

instruments well within the core,

afford two-out-of-three trip protection.

Three BF, counters are inserted to

In addition to the incore instruments there are special

counters inserted in the cavities provided in the side shielding of the

reactor for the normal regulating system instrumentation. They are

designed to measure the flux in these cavities at levels lower than the

normal regulating system instrumentation would detect. Therefore, as

criticality is approached and as power is subsequently raised the incore

counters are removed in stages but ara not completely removed from the

core until the signal on the special out-of-core counters is clearly

reliable. The power rise is then monitored on those counters and

protection is transferred to them until such lime as the normal regula-

ting system ion chambers come on scale. Prior to this time the reactor

flux level is being controlled manually either by adjustment of the ion

exchange flow, during the period that the reactor is sub-critical, or by

adjustment of the position of a control absorber to raise power once

criticality is reached. When the normal regulating system instrumenta-

tion comes on scale (at approximately 10 full power) the reactor 197



regulating system, wi 11 automatically take over control of the liquid

zone control level and will control reactor power level through the

control computers from that point on.

Figure 5.2-1.1 shows a schematic of the start-up instru-

mentation arrangement typically employed. The range of sensitivity of

this instrumentation is shown in Figure 5-2-1.2.

During the approach to critical and when criticalIty is

reached the concentration of poison in the moderator is carefully

measured and the results are compared with calculations that were done to

predict the poison concentration at criticality. Also by observing the

variation of the neutron population with poison concentration prior to

criticality and making extrapolations, any unexpected results pertaining

to the reactivity state of the core at critical can be revealed well

before criticality.

5.2.2 Calibration Of Zone Control System

After intial criticality is reached and power is raised to
-k

about 10 of full power, the tests related to checking the nuclear

characteristics of the reactivity control and shutdown mechanisms begin.

The system normally tested first is the liquid zone control system.

Since the cross section of 6 is proportional to the

inverse of the neutron velocity over a significant energy range, the

effect on the reactivity of the reactor when boron is added to the modera-

tor can be accurately calculated. Therefore it is the practice in the

commissioning of CANDU reactors to use boron In the natural form as the

reactivity "scale". It is considered that the most accurate way of

knowing the concentration of boron in the moderator is to weight

accurately the quantity added in the form of BjO, and calculate the

concentration, knowing the volume of moderator. This means that when the

reactivity devices are calibrated against boron they have to be put in a

configuration such that boron can be always added to the moderator.

To calibrate the liquid zone control system, poison is

removed from the moderator and the zone control system is allowed to fill

to maintain criticality. Calibration would not begin until all the

compartments in the system are filled with H.O. At this point, carefully

measured quantities of B.O, is added to the system in increments. When

the poison ia added the automatic regulating system would reduce the

level of H.O in all compartments uniformly such that the reactor is

maintained critical. When it is clear that the level of H.O in the

compartments has stabilized following addition of an increment of poison,

the value of the level is recorded. Another increment of poison is then

added to the moderator and the process repeated until the water level in

the compartments have been reduced to near zero. A lower limit would be

set based on the need to maintain control of the reactivity. This means

that the compartments would not be allowed to empty completely.

5.2.3 Reactivity Calibration Of Individual Shutoff Rods

During the approach to critical and the calibration of

the liquid zone control system the shutoff rods are, of course fully

withdrawn from the reactor. To verify that these rods are mechanically

functional and that the absorber element has the expected reactivty

effect, each of the shutoff rods are ariven into the reactor in turn and

then withdrawn. Before this process is initiated the boron level Is

adjusted in the moderator such that the liquid zone control system is at

its nearly full configuration. This is because, having measured the

reactivity worth of the zone control system, it is now much more

convenient from a time and cost point of view to use it as the reactivity

scale rather than adjustment of the poison level in the moderator.

Since the reactivity effect of any one shutoff rod is worth less than the

reactivity effect of draining all compartments in the HjO zone control

system, it is possible to measure the reactivity worth of each shutoff

rod by driving them in one at a time and allowing the zone control

system to reduce level automatically. The level change is noted and the

shutoff rod is then removed again. The process is repeated for each

shutoff rod.
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5.2.1! Calibration Of Mechanical Control Absorbers

These four devices, which are physically the same as shut-

off rods, are also measured one at a time against liquid 2one level

changes following the same procedures used for the shutoff rods.

5.2.5 Calibration Of Individual Adjuster Rods

The initial approach to critical and the other tests which

have been described would all be done with the adjuster rods all fully

inserted in the core. There are two reasons for this. Firstly, this is

normal operating state of the reactor so it is preferable to check the

reactivity worth of the other devices in this core configuration.

Secondly, the reactivity effect of completely withdrawing all of the

adjuster rods is one of the tests to be done. Since the combined worth

of all adjuster rods exceeds the reactivity worth of the zone control

system, this determination is done by adding poison to the moderator.

Since addition of poison can be done more accurately than removal, it is

necessary to begin the measurement with all adjuster rods inserted.

The calibration of the Individual adjusters Is done by

withdrawing each rod individually and compensating by raising the level

of H,0 in the zone control system. This means that the initial level in

the zone control system before this series of measurement begins would

be adjusted by boron addition to the moderator such that it is in the

near empty condition. After each icd '<; withdrawn the change in liquid

zone control level would be recorded and then the rod would be

reinserted. The process is repeated for each individual adjuster rod.

It might be argued that because of symmetry considerations it is not

necessary to measure all the rods. However, this is normally done to

verify that all of the rods are functional and that the quantity of

absorbing material specified in the design Is present. Manufacturing

tolerances can also introduce small variations amongst symmetrically

placed rods.

5-2.6 Flux Mapping Measurements And Reactivity Calibrations

Of Groups Of Reactivity Devices

It is desirable to perform measurements of the outputs of

the vandium flux mapping detectors during the low power commissioning

phase. Although the normal instrumentation used to measure the current

from these devices would not be on scale at these flux levels in the

reactor, it is possible to get quite good readings using special

picoammeters. These measurements verify that all the flux detectors are

functioning and are useful to compare the relative readings from these

detectors with corresponding predictions from simulation of the flux

distribution in the reactor, with a 3-dimensional diffusion code.

In addition to recording the output ?rom the vanadium

self-powered detectors, some independent flux measurements are generally

made as well. In the Pickering commissioning tests flux distributions

Inwere measured by a copper wire activation as reported by Critoph .

Bruce both copper wire activation and use of a small fission chamber

which could be transversed across the core where employed. The results

from the "travelling" fission chamber were shown to be reliable in

comparison with copper wire activation measurements so it is anticipated

that the fission chamber scans will be used in future reactors.

Typically measurements will be made by the fission chamber in at least

two different directions. The exact location would depend on the

availability of a guide tube through which the fission chamber can be

moved. The use of the special tube provided for incore approach-to-

critical instrumentation would probably be used for the vertical measure-

ment and one of the sites which would normally contain incore flux

monitors in the horizontal direction would be used to obtain data across

a horizontal diametral line. The location of these sites is not

critical since the intent is to compare the measurements with calcula-

tion and with data obtained from the flux mapping detectors.

These special measurements of the flux distribution are

normally combined with measurement of the adjuster rod reactivity worth

and the mechanical control absorber system reactivity worth when the
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devices are ganged as they are normally operated by the automatic

regulating system. As mentioned previously, adjuster rods are driven

out in groups or "banks" when excess reactivity is required by the

regulating system to compensate for xenon buildup or fuel burn-up during

periods of extended fuelling machine unavailability. Therefore, their

reactivity worth is measured by adding boron to the moderator in measured

increments and allowing the regulating system to withdraw the adjuster

rods in their normal bank sequence to compensate for this poison

addition (the zone control system compensates during each bank withdrawal

as described in section 3). This permits comparison of the adjuster rod

system reactivity with the calculation done during the design of the

core. Flux data from the flux mapping detectors and a scan with the

fission chamber would be done perhaps after each bank of adjuster rods

have been withdrawn until all rods are out.

Similarly, measurements are made of the reactivity worth

of the mechanial absorbers when driven according to the sequence in

which the regulating system would drive them in when negative reactivity

is required beyond the range of the zone control system. They are

normally driven in banks of two. Flux data would be measured also

during that operation. In the case of the mechanical control absorbers

the starting configuration for the reactor would be with all adjusters

rods in and all mechanical control absorbers in. This would be accom-

plished by removing boron by ion exchange. Then the reactivity worth of

the mechanical control absorbers would be measured by adding boron and

allowing the regulating system to withdraw the rods in their normal

sequence to compensate. Two or three sets of flux data would be

obtained during this process as well.

5.2.7 Dynamic Tests

There are two types of dynamic tests of the regulating

shutdown systems that are typically performed during the low power

commissioning program. One is to check the performance of the fast

power setback feature of the reactor regulating system. As previously

described, the reactor regulating system will release the clutches of

the four mechanical absorbers and allow them to fall into the core under

gravity in the case where rapid power reduction is called for but

conditions are not severe enough to initiate shutdown system action

through a reactor trip. To test this feature a stepback condition is

intentionally initiated and the outputs from the normal regulating

system or protective system ion chambers are monitored to verify that

the flux level in the reactor is decreasing as expected.

The other type of dynamic te"t done is to activate each

of the two shutdown systems in turn and monitor the consequent transient

change in flux in the reactor. In these cases, because of the very

large changes in flux shape that occur and because of the importance of

the delayed neutron source distribution on that transient shape, the

flux rundown is measured by placing about three special fission chambers

in the core at different positions as well as monitoring the signal from

the special BF- counters placed in the out-of-core ion chamber cavity.

With this test fast brush recorders are required to measure the rapid

changes in the flux at the detectors following a shutdown system

activation.

5.2.8 Heat Transport System Temperature Coefficient Measurement

This sequence would be the reverse of the insertion sequence.

A reactivity change associated with uniformly heating the

coolant and fuel is measured by raising the coolant temperature with

pump heat i.e. by appropriate adjustment of the flow on the secondary

side of the primary heat transport system heat exchangers. Since this

reactivity effect is negative the test is usually initiated with adjuster

rods all fully inserted. As the coolant (and fuel) is heated the

regulating system would tend to drive out the adjuster rods in the same



manner as would occur during compensation for xenon transients at high

power (see section 3). Since the adjuster rod reactivity worth was

measured previously, the number of adjuster rods which have to be with-

drawn can be converted to the reactivity worth of heating the coolant

and the fuel. No special instrumentation is required for this

measurement.

5.2.9 Moderator Temperature Coefficient Measurement

Although this temperature coefficient is not very

important from an operating point-of-view, it is usually calculated

because of interest from the reactor physics point-of-vlew. As In the

case of the heavy water coolant of the heat transport system, the tem-

perature of the moderator is changed by use of pump heat since nuclear

heating is very small in magnitude. However, it is not possible to

cause very large changes in moderator temperature this way so there may

be problems getting good precision from this type of measurement.

5.2.10 Some Typical Results From Power Physics Tests

Critoph in his 1978 lectures at the Winter College ,

presented some data from commissioning tests at Pickering and Bruce.

Therefore, the following will tend to focus on those areas which were

not covered in his lectures.

5.2.10.1 Approach To Critical For Bruce A

Criticality was reached in the Bruce reactors In a manner

very similar to that described in section 5.2.1. The reactor was

completely loaded with the initial fuel load and the calandrla was

filled with moderator containing a conservatively high poison

concentration. Critlcality was reached by extraction of the poison using

the ion exchange columns in the moderator purification system. In this

case the moderator contained some gadolinium as well as boron as the

poison injection system had been tested with gadolinium.

Six ion exchange columns were prepared for the first

approach to critical. They contained resins which were capable of

extracting both gadolinium and boron although four of the columns had a

mixture which had a higher affinity for boron. Because of the concen-

trations of gadolinium and boron initially in the moderator some of the

resins had to be changed because of becoming saturated prior to

criticality being reached. For this reason the inverse count rate from

the incore BF_ counters plotted versus time is not a smooth exponential

curve as one would expect if it was simply one ion exchange column

operating on constant flow and not saturating. This is shown in

Figures 5.2-2 and 5-2-3. However, the poison concentrations were

measured at various times and converted to an equivalent reactivity rate.

The plot of the inverse count rate versus this inferred reactivity load

is shown in Figure 5.2-1. Note the curve is linear over quite a wide

range of count rates. Extrapolation to the zero inverse count rate axis

indicates that the poison concentration at critical was equivalent to

about 70 mk excess reactivity. This agreed quite well with

predictions.

5.2.10.2 Shutdown System Dynamic Tests

Considerable attention was given at Bruce A to the

measurements of flux change in the reactor at various points following

activation for the shutdown systems. This was because of the desire

to obtain good experimental verification of the IUS method used to

calculate the transient behaviour of these systems in accident analysis.

Tests were done following insertion of all 30 shutoff

rods; insertion of 28 injection shutoff rods (2 most effective missing);

6 poison injection nozzles injecting gadolinium poison; a single poison

injection nozzle injecting poison; and both the shutoff rod system and

the poison injection system being activated together.
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Figures 5.2-4, 5.2-5, 5.2-6 and 5.2-7 shows some of the

results obtained for the 28 shutoff rod tests. Figure 5.2-4 and 5-2-5

are from incore detectors at two different radiai positions in the core.

Both of these detectors were positioned below the core centre-line.

Figure 5-2-6 is from an ion chamber in the ex-core cavity at the top of

the calandrta which houses the normal regulating and protective system

ion chambers. Comparison of these three figures show the spatial

dependence of the power rundown transient. Figure 5*2-7 shows the longer

term characteristic of the power rundown. The good agreement with

calculation indicates that the total reactivity worth of the shutoff rod

system was incorrectly predicted. Further information on these tests is

given by Dastur et al ••

Figures 5.2-8 and 5.2-9 show two in-core measurements when

the poison injection shutdown system is activated. One of the nozzles

was intentionally placed out of the service to test the condition

assumed for purposes of safety analysis. Figure 5.2-8 is data measured

in the outer region of the core at the side closest to the point of

injection. Figure 5-2-9 Is about h m away on the opposite side of the

core. The difference between these arise from the fact that the jets

are longer at the end of the nozzle closest to the poison injection

tanks. This "gradation" along the nozzle is not simulated in the

modelling of the system. This is probably the reason for the larger

discrepancy with calculation in Figure 5-2-8. Figures 5-2-10 and 11

show the longer term power history for the poison injection system.

Comparison with Figure 5.2-7 shows that the short term behaviour (l->3s)

is quite similar to the shutoff rods. However, the reactivity worth of

the poison continues to decrease beyond that point as the poison

disperses. As discussed in Section 3, no attempt is made to simulate

the dispersion in the analysis so we do not have calculated data to

compare with Figure 5.2-11.
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Figure 3.2-20 shows the kind of modelling used to simu-

late the poison injection s/stem at two points In the time during the

injection-

Figures 5-2-12 and 5-2-13 show results obtained from

loading gadolinium poison into only one of the poison injection tanks.

This was done as a more definitive check of the modelling methodolgoy

since the complication associated with interaction of jets from more

than one nozzle is eliminated. The good agreement with calculation

indicates that the methods used were good. The difference between the

two detectors is quite pronounced because of their position relative to

the nozzle. This is a good demonstration that the spatial effects are

well predicted by the CERBERUS code using the IQS method.

Figure 5-2-14 shows the result of a test in which both

shutdown systems were simultaneously activated. The numerical modelling

of this situation in the CERBERUS code is very complex since there are

many regions having different nuclear properties and in some cells the

effects of threee devices (adjuster, shutoff rods and poison injection)

must be simultaneously accounted for. We have a computer program which

performs the data preparation task directly from the geometric definition

of the various devices. This minimizes errors and greatly reduces man-

power effort in preparing input. The agreement between experiment and

calculation in this case substantiates the approximations that neces-

sarily must be made in the modelling.

5.2.10.3 Flux Distribution Measurements

Figures 5.2-15 and 5.2-16 illustrate the kind of data

obtained from performing detailed measurement of the flux distribution

across a diameter of the core. These results are from Bruce A commis-

sioning also. Measurements of the same flux distribution were made two

ways. One method was to insert a straight copper wire in a carrier tube

and measure the activation of the copper after an Irradiation of about

20 minutes. This method was also used in the Pickering and Genti1ly-1

commissioning programs. The other method was to traverse the core with

a small fission chamber by moving it in small increments and stopping

long enough to record the data. Figure 5.2-85 shows that the two

methods agree very well. Consequently, it is anticipated that the

"fission chamber scan" approach will be used in future commissioning



programs because of Its simplicity and potential for automation (by

putting It on a drive mechanism and continuously recording the output).

Figure 5.2-16 shows that the measurements agreed very well

with calculations using the two group diffusion code methods discussed in

section 3.

5.2.10.4 Zone Control System Calibration

The core design of each of the four units at the Bruce A

station is identical. This means that the measurements of the zone

control system reactivity worth should be the same for the four units.

Comparing the actual data from the four units provides an indication of

the precision of the experimental method employed. This data is shown in

Figure 5-2-17. The small scatter in the experimental data indicates that
the technique of measuring the boron poison added to the moderator system

as the reactivity "scale" is adequately precise.
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A B S T R A C T

These lectures are about the physics of pressurized water power reactors.

They mainly refer to the 900 MNe Vfestinghouse reactor type in view to

illustrate the real problems that occur on largely built and operating plants.

Nevertheless general questions common to all PKR are also developped.

A brief review of the power operation conditions including the utilities

needs, the technical and safety limits, the physical parameters measured

to operate the reactor in a safe, reliable and efficient manner intend to

introduce the origin of the problems.

The measurement devices relative to the flux (power, reactivity), temperature,

pressure, mass flow, boron, concentration are described in detail and the

trend of development in this field is presented.

Some time is then spent to the core calculations, not in detail as design

calculations but more as support to the analysis of the experimental measu-

rements,mainly the power distributions, and to determine the safe operation

range.

The start up tests are described in detail in a chronological order from

fuel loading to full power, they include the hot zero power and the power

tests.

During this tests a lot of physics is involved and some important points

are developped such as : temperature coefficients, control rods and boron

worth, power distribution and reactor instrunentation calibration, safety

margins, safety criteria.

The last part concern some operation problems such as reactor transients

(the Xenon effect is developped) and load following.

This work was intented to support an oral presentation of the subject and

not to be self explanatory as written course.

OPERATIONAL IWSICS OF PRESSURIZED HATER POKER REACTORS

SCOPE OF THESE LECTURES :

During this four weeks course different approches to the operational physics

subject will refer to the Pressurized Light Water Power Reactor.

Along these lectures the main concern is the physics measurements related

to the operation of a PWR from fuel loading to full power and load following.

During the first parts the origins of the problems are briefly reviewed.

An important time is then scent looking at the measurement devices related to

our concern.

Then the calculational methods for power distributions are only apDroached in

view of their link with the analysis of the experimental results, but they are

not developed here, this being done in other parts of the course. «t



216

After that we go into details to the physics oroblems encountered from fuel

loading ; zero power start-un tests, nuclear power start-up tests, rise to

power, load following, reactor transients.

All those tests and measurements are aimed at giving the safe, reliable and

efficient conditions for reactor operation.

2.1 - GENERAL SURVEY" OF THE OPERATION CONDITIONS -

2.1.1 - The utility needs

The utility must supply the electricity power according to the time dependant

power demand.

As far as the load following capability is concerned the needs can be different

from one utility or one country to one another depending on a lot of parameters

such as : the rate of electricity produced by nuclear power plants, the size

and the number of those plants, the rate of power level variation during the

day and during the year, the cost of different sources of electricity produced..

So far in France with fifteen per cent of electricity produced by nuclear

power plants these plants where tun on base operation due to the low cost of

the electricity produced.

As we are increasing our installed nuclear power capacity it will become

necessary to run the new plants with load following capability.

For the PWR being built now it is asked to the designers that the plant must

be able to operate automatically between 20 and 100 % of the full power (Pn)

allowing :

- a gradient of *_ 5 1 Pn/mn

- a step of + 10 % Pn

without any direct transfer of the steam to the ondenser.

2.1.2 - The technical limits and the safety regulation criteria

These problems being developed in other parts of the course we will only

summarize here the main points related to our next lectures on the operation

conditions.

A - Physical limits : Fig. 1

The integrity of the fuel element must be kept in any condition of operation :

1 - No melting on the centerline of the fuel pellet :

- temperature of the fuel pellet < 2260°C (*)

- lineic power of the fuel pin < 590 W/cm (x)

(*) these values are related to the fuel of a PWR 17 x 17 cells/assembly,

Westinghouse type.

2 - No ebullition crisis :

To avoid the Departure from Nucleate Boiling CDNB) a safety

margin is kept according to previous experiments (analysed

with a correlation called W3)

DNBR critical heat flux
real heat flux > 1.3

3 - Pellet-clad interaction (P C I)

To avoid this effect the local rate of power variation

must be limited. So far there is no specific protection

against this effect, only the previous operation observa-

tions give a general guidance.

B - Limits introduced by the Reference Accident : Fif>. 2

In case of LOCA at any time of normal operation,the integrity of the fuel clad

must be kept and this condition implies that the Zircaloy clad temperature

stay below 1205°C.



The consequences of this restriction on the operation condition limitations are

a fonction of the capacities of the Energency Core Cooling System (ECCS).

To avoid damages to the fuel clad in case of LOCA the oxidation of the clad

must be limited to 17 % of the clad thickness.

We can also recall here that the core is designed and must be operated in

stable conditions when reacting to transients : negative temperature coeffi-

cients..., meaning that the reactor is self-correcting such as an increase

in temperature of the core results in a decrease in the density of the mode-

rator .reduce moderation and so slow down the fission rate.

2.1.3 - The measured parameters

It is necessary to make enough measurements to be able to operate the reactor

in a knowledgable manner.

There are at least three main reasons why it is necessary or beneficial for

an operator to make physics measurements in a power reactor.

Firstly, measurements of such quantities as control rod reactivity worth and

reactivity coefficients are essential for the reliable operation of the

reactor.

Secondly, it must be established that the reactor can be operated safely and

this must be checked experimentally in credible operation situations.

Thirdly, it is possible, by a good knowledge of what are really the power

distributions in the core during all the core life, to operate the reactor

(and to design the future cores) with improved economic performances.

We will mainly focus our attention to the measurements made during reactor

start-up, rise to power and normal operation related to the reliable and

safe operation of the reactor.

To operate the reactor in an optimised manner it would be necessary to know

exactly at any time the values of the limiting parameters such as the pic

factors of the clad temperature, linear heat generation rate, ...

We do not measure these parameters directly but get correlated parameters

and define a range of allowed operation conditions which is conservative

for the safety limits and convenient for the utility power demand.

The basic measured parameters are :

- fluxes or more exactly reaction rates

- temperature of coolant

- boron concentration in moderator

- pressure and flow of coolant.

- level of water in the pressurizer and in the steam generator.

From these basic data important parameters are deduced such as : reactivity,

reactivity control rods and temperature coefficients, power level, power

distribution, increase of enthalpy, axial offset, ...

2.2 - INSTRUMENTATION -

In this chapter we will describe what is now used in the 900 MWe PWR built

in France and then give the trend for the future due to the actual Research

and Development work. Fig. 3 to 9

The choice of what should be the instruments installed on a power reactor

is always a compromise between the interest of the informations given by

such devices for important parameters and the disadvantages due to the room

taken by the measurements apparatus in the core, the complexity of the

installation, the cost of the instruments and of the analysis of the measu-

rements.

A sophisticated instrumentation could lead to improve the performances of

the reactor by a good knowledge of what are the real safety margins and

optimise the operation.
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As we will see, the PWR we are talking are now, not highly instrumented.

The operation of the reactor in safe conditions is done by measuring global

parameters correlated to the critical parameters.

As we have seen before, critical parameters such as : power pic in the fuel,

DNBR are not measured directly but kept on the allowed range by measuring

correlated global parameters such as : Axial Offest, power level, inlet and

outlet temperature, pressure, ...

2.2.1 - Flux measurements. Fig. 10 to 13

They can be devided in two types :

1°) - The time dependant global flux measurement to get the reactor core

reactivity and the flux level.

2°) - The space dependant stable flux measurements to get the fluxes and
power distributions.

2.2.1.1 - The reactivity flux measurements

1 - During the fuel loading :

The reactivity of the core is kept negative and the flux level

is followed by proportionnal counters (BF 3) located in and

out the core.

When approaching the criticality conditions the reactivity is
controlled by the reactivity meter using the data of out of
core ionisation chambers.

2 - During power operation :

The reactivity meter use the flux variation of out of core
ionisation chambers.

The reactivity meter can be of the analogical or more currently

for the future of the digital type.

The inverse of the kinetic equations are solved with the

introduction of the Bi, Xi, and H corresponding to the loading

of the core from calculated averaged values.

Fig. 10 give the different locations of the neutrons detectors.

2.2.1.2 - The power distribution correlated to flux measurements

1 - Incore instrumentation system : called APDMS
Axial Power Distributions Monitoring System

The central tube of SO selected fuel assemblies can be instrumented in the

core by retractable (allovdng the loading of the fuel elements) thimbles in

which movable miniature neutron flux detectors can be moved to get the axial

distribution of the flux along the full length of these instrumented assemblies.

The thimbles closed in the incore end are inserted into the reactor through

stainless steel tubes extending from the bottom of the reactor core vessel

through the concrete shield area to a thimble seal table.

The drive system for insertion of miniature detector consist of drive units,

5-path transfer devices (groups selection) associated with 10 nath transfer

devices (for each group of 10 thimbles), and isolation valves.

The drive unit pushes a hollow helical-wrap drive cable into the thimble with
the miniature detector attached to the leading end of the cable and with a small
diameter coaxial cable (transfering the measured signal) threaded through the
hollow center back to the trailing end of the drive cable (30 m long).

Only five detectors are used each'exploring alternatively 10 allocated thimbles.

Each detector can be routed separately into a common calibrate path, thus pro-

viding direct correlation of the detectors. Each detector can also be sent to

a shielded area for storage. The readout and control equipment is located in

the control room.
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The neutron detectors are fission chambers using uranium enriched to more

than 90* in U235.

The external diameter is 4.7 nm, the total length 50 mm and the active length

25 Tim approximatively.

Each fission chamber is designed to have a minimun thermal neutron sensitivity

of 10 A/n x cm x s and a maximum gamma sensitivity of 3 x 10 A/R/h,

to be linear between 10 and 10 n x o f x s , to work properly up to

2 x 1020 n/cmZ c 320°C allowing around 1000 cycles of introduction-extraction

of the detectors.

These JBteijnittentjmeasureraents allow us to get remote reading of relative

three dimensionnal reaction rates distributions.

These results are registred on a tape and will be analysed, out of the reactor

site in the next 2 or 3 days, by comparison to 3 D calculations and used to

calibrate the out of core measurements. It must be kept in mind that we only

can get the reaction rate axial distributions in the central tube of 50 fuel

assemblies among the 157 of the full core, each assembly being constituted of

264 fuel pins.

2 - Out of core instnmentation

The permanent flux measurements used in the safety chain are produced by out

of core neutron detectors.

boron deposit, i rays compensated. They are located in the same

location holes as the BF 3 counters.

3°) - Four power chains with ionisation chambers with boron deposit

and non -y compensated. They are permanently active and cover

nearly all the flux level variation.

They are located in four holes/ each one in one quarter of the

surrounding concrete ring of the shielding vessel.

In each hole each detector is divided in two half corresponding

to the half length of the active core ; in fact this give 2

independant ionisation chambers located on the same radius

getting the leakage flux corresponding one to the upper half

the other to the lower half of the core.

The average valus of the upper and lower currents allow us to

get the averaged Axial Offset ta = ly " IL
X 1

The average value of all the 8 measured currents is propor-

tionnal to the overall power.

Remark : The source and intermediate chains are turned off when the flux

level is too high.

2.2.2 - Temperature measurements

Three types of detectors are used depending on the flux level. (Fig. 14)

1°) - Two chains working in the "source level range" are used for

the loading and start up of the reactor. The detectors are

proportionnal counters (BF 3).

2°) - Two chains working in the "intermediate flux level range" up

to 25 % of Pn . The detectors are ionisation chamber with

1 - In vessel measurements :

There is no in core measurement . At the top (outlet) of 51

selected fuel assemblies,befoTe the mixture of the cooling

water coming from different fuel elements a thermocouple

(Chromel-Alumel) is fixed. Fig. 10

The outlets of the connecting cables are divided in four set and

pass through the top lid by sealed holes. 218



The e.m.f. of the thermocouple is transferred in the control room

and transduced in temperature unit by the ons line computer. The

scrutation time can be on the order of one minute.

The accuracy of the temperature detection can be on the order

of 3 a = + 1°C

One problem is to know what temperature we are getting off because

the heat produced in the different basic cells is not radially the

same in the fuel assembly , itself not limited physically.

So far these measurements are not used to operate the reactor and

do not enter in the safety chain.

They can be analysed in correlation with the incore flux distri-
butions measurements.

During the core life an important number of thermocouples fails.
It must be noticed that these measurements devices lead to a
complication of the design of the reactor especially on the upper
lid and upper internals structures and the fuel reloading is then
more difficult.

2 - Loop Measurements :

The inlet temperature is measured by a resistant probe in each

cooling loop before the entrance of the water in the reactor

pressure vessel.

The temperatures are not measured directly in the main loop conduit hut in

3 by-pass tubes located on a 120° angle around the main conduit. On each

by-pass tube are fixed one valve and 3 resistant probes.

The by-pass tube goes from the outlet to the inlet of the numn.

The outlet average temperature is measured in the same way for each loon,

outside the pressure vessel, on a by-pass of the steam generator.
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As can be deduced fron this limited installed instrumentation what we pet is

the global result of the power produced in the core but no information on the

local fuel and clad temperature distributions. For the spatial distribution

we will rely mainly on calculations correlated with the incore cower distri-

butions.

2.2.3 - Pressure and coolant flow measurements

The pressure in the primary circuit is measured in the pressurizer by a

pressure gauge.

The pressure level is maintained by the equilibrium between the temperature

of the steam and the water level in the pressurizer.

The water level is measured by a differential pressure transducer giving the

pressure difference in the steam and in the water between two fixed positions

in steam and water. The pressure level in the primary circuit and the water

level in the pressurizer are two parameters entering in the safety chain.

There is no installed coolant flow measurement device in the primary circuits,

except by Ap in the curve part of the circuit for the natural circulation.

When the pumps aTe working the speed of the purnns can be related to the

coolant flow by using the builder nump characteristics.

By averaging the results on the 3 loops one can get the global coolant flow

with an accuracy not better than S %.

2.2.4 - Boron concentration measurement :

Boron is introduced in the coolant-moderator in the form of Boric Acid

diluted in the water.

A sample of unrated water is taken out of the primary circuit, then
depressurized and cooled.



Up to now a chemical analysis of the boron content was done by neutralizing

the boric acid by using a basic product on a know quantity.

In the new built reactors a boronmeter based on the absorption rate of a

beam of neutrons enmited by a neutron source (Am - Be) is now used on a

routine operation. The neutron absorption is measured by detecting the

transmission of neutrons through a slab containing theborated water.

2.2.S - Development of the reactor instrumentation :

^ - Flux and local power measurements

To get the flux distribution in the core,in the past instead of

the fission chambers.activable wires or balls were introduced in the thimble

and after activation the relative Y activity was measured outside the reactor.

With the improvement in performances and cost of the computers an online

treatment of the fission chamber measurements could in the near future

replace the actual delayed treatment. But the burn up of the active part of

the fission chambers would still be a limitation for a permanent incore

measurement.

A limited development has been done to make a regenerative coating in fission

chambers by using a mixture of fertile and fissile x, . Serial U - U '

1.1 - Self powered neutron detectors (SPND)

A lot of work as been devoted to Self Powered Neutron Detectors using

V, Rh, Co, Ag, Pt, as emitters.

They are based on three primary mechanisms : neutron capture and beta decay,

neutron capture followed by prompt gamma emission and emission of energetic

electron from exited nuclei, Compton and photoelectron emission following

absorption of incident gamma radiation.

The third phenomenom can be considered as a perturbative effect as are the

connecting cable and other components of the detector when submitted to

neutron and gamma rays fluxes.

The emitters are chosen with a high activation cross section for (n, B)

reactions compared to the other comronents.

A corrective device uses a second cable in open circuit in a similar or

symetrical position.

The advantages for beta neutron detectors *or in core power measurements are :

small size (0 1.4 to 2.5 mm) low manufacturing cost and simple electronics

(compared to fission chambers, no external polarizing voltage source).

The sensitivity is around 10~ A per unit flux per centimeter of length

depending on the emitter.

IVhen they are used as permanent detectors, the sensitivity decrease, the

self shielding and insulation variations, appear as: limiting parameters.

A possible scheme of implantation of Self Powered Neutron Detectors in a

measurement thimble is as follow.

Five detectors are located at different level along the axis of the fuel

element on a ring with a central channel allowing a miniature fission chamber

(0 3 mm) to explore the full length of the fuel and usable periodically to

calibrate the permanent Self Powered Neutron Detectors.

1.2 - Gamma thermometer

The gamma thermometer measure the temperature rise in an isolated

material heated by the gamma rays produced by the local fission in the fuel

element. The gamma rays correspond u the instantaneous y (654) and to the

delayed Y (354) produced by the fission products.
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The temperature rise is proportionnal to the specific power generated in

the heater, itself related to the specific power produced in the core around

the detector in a small region.

This temperature rise in the heater (stainless or aluminium pin) is measured

by a .Chromel-Alumel thermocouple with a reference junction in the measurement

channel at the base of the link of the heater and the external isolating box.

The outer diameters of such detectors are in the range of 8 to 17 nm and the

length a few centimeters depending of the heater material.

The advantages of such devices are :

- simple and inexpensive to built

- no burn up effect i.e. long life in the core

- signal specific to the power generated in a small region of the core

The disadvantages are :

- no instantaneous time response (one minute) due to thermal exchanges

- range limited by the intensity of delayed gamma field

1.3 - Divided out of core ionisation chambers

Instead of using 2 axial out of core power chambers to get the axial

offset the trend is to use 4 and even 6 sections for each chamber.

This will give a more detailed axial distribution of the power in the core

and the power pic factor will be controlled more efficiently than before

with only the axial offset information.

2 - Powar level following

The reactor coolant contain a certain amount of 0 and this element

is activated by the fast neutron flux by neutron with E > 10 MeV with a cross

222 section in the range of 20 to 30 millibams. This reaction give N which is

radioactive with a period of 7.2 sec with e" emission and y rays of E • 6.13MeV

The activation of 0 by the fission flux is proportionnal to ihe instantaneous

power of the reactor.

The detection of the ganma activity produced by N 1 6 by using a detector

located close to the outlet part of a primary circuit loop can give after

calibration the increase of the enthalpy in the core.

This measurement will not be sensible to the boron content ir; the coolant

and is easy to be transposed to existing reactors.

3 - Coolant flow measurements

Any periodic or rarxtom signal that is transported by a flowing fluid
can be analysed for fluid transit time data,that can under certain conditions
be converted to flov data.

In particular the level of N 1 6 activity in the turbulent stream of coolant

getting out the reactor is fonction of random fluctuations around the mean

level.

By using two gamma detectors separated by a distance d andlocated along the

outlet tube of a primary circuit loop ve will get the same fluctuations of

N gamma activity on the two measurements chains with a time delay At

corresponding to the transit time of the fluid.

A statistical an .lysis of the cross correlation fonction relating the signals
s(t) and s(t + At) will give with a good accuracy the time delay At.

The speed of the fluid is v « -JJ- , the cross section of the conduit is

known and so the coolant flow can be deduced, with a good accuracy (11).
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2.3 - METHOD OF CALCULATION OF OPERATION CONDITIONS -

2.3.1 - The design calculation

We do not describe here the all set of design calculations, but just recall

what are the core calculations necessary for the analysis of the start up

tests, and operation measurements,and to define the operational range

consistent with the safety limits.

For core configurations with different power level, burn-up, boron concen-

tration, control rod pattern, power history,... a neutronic calculation

is performed with the physicist codes. These codes can be different from

one place to one another and also from one time to one another depending of

the computer size and code development level.

The aim is to get a 3 D distribution of the flux, atom concentrations, power,

in the core.

We give the schemes we are using now : ID multigroup transport cell code

associated with 2 groups, 2 D and 3 D or pseudo 3 D diffusion codes.

The neutronic results are used in a thermohydraulic code and the temperatures

and enthalpy distribution are obtained.

In the next chapter we will refer to 3 D core calculation even if in fact a

2 D (x, y) diffusion code is coupled with a 1 D (z) diffusion code.

2.3.2 - The start up tests and operation measurements analysis :

The measurements associated with start up tests and operation give at most

for one stable state :

- the reaction rates distributions (after treatment) of fission chambers,in

around 60 axial positions of 50 measurements channels.

- the outlet water temperature at the top of 51 fuel assemblies.

the current of the 4 upper an 4 lower half core ionisation chambers.

the inlet and outlet temperature, the pressure of the core coolant on each

loop of the primary circuit.

FUIX AND POWER DISTRIBUTION CALCULATIONS

STEP 1 : ASSEMBLY CALCULATION

MULTIGROUP MULTICELL TRANSPORT AND DEPLETION CODE

used for each assembly type (Fondamental Mode)

1
FIRST SCHEME OUTPUT

2 GROUPS MICROSCOPIC

CROSS SECTIONS

AND ATOM CONCENTRATIONS

FOR EACH PIN CELL

V.S. HJRN-UP COR TIME : t)

INTERFACE CODE

CROSS SECTIONS

TABULATION V.S.

Parameters : j.

= U5' I W ) > TFuel>11-

I
SECOND SCHEME OUTPUT

2 GROUPS MACROSCOPIC

CROSS SECTIONS

FOR THE W»LE ASSEMBLY
2
Z± = f (B.U.)

i=1

EXCEPT FOR : H2O, B, Xe

(Ni, oi) assembly

TABULATION II

TABULATION I
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FLUX AND POWER DISTRIBUTION CALCULATIONS

STEP 2 : CORE CALCULATIONS

FIRST SCHEME

• -».

INPUTS

• TABULATION I

• GEOMETRY : 1 MESH = 1 PIN CELL

INITIAL ATOM CONCENTRATIONS

THERMOHYDRAULIC : H2O(d, T)

U (T)

POKER

2 GROUPS

FINITE DIFFERENCES

DIFFUSION EVOLUTION

CODE

2 D (x, y) and 2 D (x,y) x ID(Z)

with feed back (option) :

x g ( d ^ ) x h (Tu)

oirrpirrs

FLUXES, ATOM CONCENTRHriONS

AND POWER DISTRIBUTIONS

BY MXSH POINT (1 PIN CELL)

AND FUEL ASSEMBLY

SECOND SCHEME

•" .

INPUTS

NEUTRONICS

- TABULATION II

- GEOMETRY : 1 MESH=
1/4 FUEL ASSEMBLY

- B.TI. Cto), A(B.U.)

- POIVER

• - TEMPERATURES :
H20, U.

1
2 GROUPS

FINITE ELEMENTS

DIFFUSION

CODE

2 D Cx, y) and

3 n (x,y,z)

THERMOHYDRAULICS

- GEOMETRY

'•- POWER

DISTRIBUTIONS

\

THERWIHYnRAULIC

CODE

2 D

OUTPUTS

FLUXES,
AND POWER DISTRIBUTIONS
BY 1/4 OF ASSEMBLY
AND FUEL ASSEMBLY
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- the speed and power of the 3 prijnary circulation pumps

- the thermal heat produced in the pressurizer

- the mass flow and inlet temperature of water, the temperature and pressure
of steam at the outlet of each heat exchangers secondary circuits.

The heat energy balance in the heat exchangers associated with heat produced

by the primary circulations pumps, the thermal heat produced in the pressu-

rizer, the heat losses in the circuits, allow us to deduce the thermal power

produced in the core.

During the normal (or accidental) operation of the reactor the incore flux

detectors and the 51 thermocouples are not used in the safety chain.

Only the out of core ionisation chambers measurements are included in the

safety chain and operation specifications.

After calibration the sum of the 8 ionisation chambers currents represent

the power level and the relative difference of the 4 upper with the 4 lower

currents is related to the desequilibrium of power between the upper part

and the lower part of the core.

The thermal power is produced by the fissions in the fuel but is not all

generated in the fuel (only 97.4$ of the heat canes from the fuel).

The mean linear power in the fuel rods is :

•pj- Core thermal power x 0.974
NA * *k x »fc

N. : number of fuel assemblies

f^ : number of fuel rods/assembly

Hj, : height of the core

The linear power is related to the heat flux at the surface of the fuel pin

and to the temperature in the fuel.



The limitation on the centerline temperature of the fuel can be translated

into a limitation on the linear power.

For each core configuration to estimate the upper value of the linear power

it is necessary to know the power distribution in the core.

A - Power distribution calculations

This distribution can be obtained by the 3 D core calculations. An experi-

mental check of the validity of the calculation is done by the Incore

reaction rates measurements.

After treatment these measurements give a relative distribution of the

fission rates normalised so that the average value of all the traces is unity.

A correspondant set of predicted fission rates is obtained by multiplying

the 2 groups neutron fluxes, given by the 3 D calculations for the same

places, by the cross sections of the fissile part of the detectors. The

normalization is done on the average value of the same number of axial

distributions.

The percentage difference between the measured and predicted reaction rates

for each measured assembly give a good picture of the agreement of power

distributions.

In a full core map only one third of the fuel assemblies are scanned in

their centerline.

To convert the measured reaction rates to thermal power and to extrapolate

measured data from the measurement thimbles to fuel pins and uninstrumented

assemblies the predicted rod and assembly power given by the 3 D calculation

are used.

Both measured and predicted reaction rate integral are used, along with the

predicted power in the assembly or fuel rod to obtain the pseudo "measured"

power P R

PK " *i,j (Z)dz
eg r

(|)k j r " analytic ratio of power P in element k to activation, R, in

thimble j in axial region r

R. • = measured reaction rate in thimble j at axial point i

X k = set of all thimbles used to predict power in element k

W. . = weight of thimble j in predicting power of element k a —5—

d = distance of thimble j to element k

Pfc = measured power in element k

Element k can be either a rod or a fuel assembly.

The average power per rod in the core is deduced from :

rk

k = 1

with ffe number of fuel rods in assembly k

P^ power in one rod of assembly k

N. number of assemblies in the core

a] - Radial relative power :

p _ ~k with P. : integral power in element k
T 1c "" *»

F, -, : radial peaking factor for element Ic
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b) - Axial relative power :

^k i ^
JeXk

Fy i V ~ ~ ~ ^ ^ ~ ~ ~ ~ ^ ^ ^ ~ ~ " ~ ~ ~ ~ ~ ~ " ~ ^ ~ ~ ~ "
' ' | Average of the numerator over the core height |

Fz .j k = axial relative power at point i in element k

(relative to the axial average power of element k)

The highest value of F~ . . is called the axial peaking factor of k : F_ ^

c) - Total local peaking factor in element k

d) - FjjyC2) = P^/ P^ = ""a*™™ peaking factor in the x, y plane at level i

Pz = peak element power in plane 6c, y)at the axial point i

P"z = average of all element powers in planeGc. y)at the axial point i

rtc * rr k A r2 i k

(PJOj. ; • linear power per rod k at axial location i

» power per unit length per rod at axial location i

PTC • average power per unit length for the core

A core-average axial power is calculated at each axial point i :

[Average of numerator over core height]

f. : number of fuel rod in assembly k

P. . power at axial point i in assembly k

22S

An analytic power distribution for comparison with the measured assemblywise

distribution is calculated and give a calculated radial peaking factor F1 .

r»k / k
—^rr,k

Pcr : f r a c t i o n o f c o r e power produced in axial region r

S v. : analytical rawer In element k axial region r

The total peaking factors are also compared.

The hot point factor is determined and also the more powerful cell

The measured Axial Offset is calculated by

A O ••

—§-•' Pi(Z)dz - o ^ Pi(Z)dz

Pi(Z)dz .J* Pi(Z) dz

The normalised axial offset is also deduced.

Al - AO x P, with P • T5— relative power
r PN

P : core power

PN : nominal core power



B - The safety limits

The power pic factor as determined by the incore measurements can only be

compared periodically to the limit power pic factor and with a time delay.

The Vfestinghouse physicists by the examination of a lot of core configuration

calculations have found a correlation between the power pic factor and the

axial offset. Fig. 16

According to that they deduced a diagram giving the allowed range of the

relative power level versus the normalised axial offset AI, giving a power

pic factor under the limit value and so a convenient fuel temperature. (Fig. 175

This protection of the coTe against an over power is not the only safety limit.

C - The Incore - Excore instrumentation calibration

Theincore axial offset is not permanently known only the excore chambers giving

an excore axial offset are included in the safety chain, so it is necessary

to calibrate these detectors versus the incore measurements and to verify if

the measured power pic factor is in agreement with the calculations.

This calibration is done on different configurations of the core as we will

see in the start up tests.

2.3.5 - The ranee of allowed operations condition'

We only sunmarize what are the main protection signals elaborated to protect

the integrity of the core from the permanantely measured parameters :

mean core temperature T, pressure p, mass flow 0. (speed of primary circuit ..

1 - Protection against an OVER-POWER

AT0.P. = ATNom fd - K2 f - K? (T - T N J - K4 (JL- - 1) F1

t = time , Norn = Nominal

Ki « adjusted constants

Fi • penalty function of AI

2 - Protection againts 1MB called T over temperature

+ K6 * * W - ™ $ - W
Thresholds are associated to these signals and the reactor will be shut down

in case of excess value.

The penalty function Fi are nul in a range close to the reference value.

2.4 - START UP TESTS -

The objectives of the start up tests are :

1 - To check if the reactor as been built and works as it was

determined by the design studies.

2 - To check that the safety margins are conservatives.

3 - To get a calibration of the nuclear measurement devices.

4 - To show that the reactor operate in good conditions by following
the operational specifications chart.

pumps), AT
c o r e

T out - T in, normalized axial offset AI,.
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START-UP TESTS

Scrum and Xenon following

Increase of power Sl/mm

Power coefficient

Incore flux map

Incore flux map

Power coefficient

Calibration Incore-Excore detectors

Dynamic shut down of 3 RCCA

Pseudo shut down of one RCCA

Power coefficient

Efficiency of overlapping regulation groups

Efficiency of (N-1) RCCA

Pseudo ejection of one RCCA

Core characteristics checks

Criticality

Power coefficient

Incore flux map

Pseudo ejection of one RCCA

Power coefficient

'incore flux map ARO
Core conformity checks-! Rod aIld boron-efficiency

Initial criticality I I s ° t h e ™ l Temperature Coef

Core loading
DUi UJl LUJR.



The main rule to proceed is to go further only if it is safe to do so.

This means that in certain cases it will be possible to continue the tests

even if there is a, not yet explained, discrepancy between the measured and

calculated values, to avoid to loose time.

During the start up tests some basic exDeriments will be repeated in the

same way from different initial conditions. To simplify the description of

the tests, we define the standard procedures for these basic experiments.

Pp - Incore flux distribution

The flux distribution is measured with the Incore instrumentation

in the 50 (or less for a partial map) measurement thimbles for the

convenient stable flux level.

For the measurements with P ̂  5 % Pn :

- the flux is kept to a constant level ;* 10$ by moving the regulation

group around the reference level +_ S steps obtained by the varia-

tion of boron concentration.

- the mean core temperature is kept stable +_ 0.54 by playing with

the by-pass of steam to the condensor or relief to the atmosphere

in the second circuit.

For the measurements with P 5 50% Pn :

- the turbine power is kept stable.

- the mean core temperature is kept equal to the reference tempera-

ture by moving the regulation group around the reference level

+ 5 steps obtained by the variation boron concentration.

- the thermal power is measured before the begining and at the end

of the fluxes measurements.

Before the begining of the measurement the S fission chambers

voltage feed is calibrated, the one line computer is ready to

register the fissions chamber traces.

The five fission chambers are sent one after another in a calibration

thimble chosen (according to the design calculation) to give a rela-

tive power equal to unity for the corresponding flux map.

Ten allocated measurement thimbles are then scanned by each one of

the five fission chambers.

The 5S scanning traces associated vdth the nuclear power level

registered during the measurements by the readout of the 4 double

(power level) out of core ionisation chambers allow us to get the

calibrated relative 3D power distributions and the axial offset.

PI - Critical boron concentration

The reactor being in the HZP (Hot Zero Power) conditions we want

to know the critical boron concentration (CBc) for a given control

rods configuration , one regulation group being used to control the

core reactivity.

We measure the boron concentration in a stable critical state

(POS.Init) with the regulation group close to the wanted position

POS. (close mean here | Ap (POS.Init - POS)| { S0x10" ! ^

Then the regulation group is moved from POS.Init to POS and the

reactivity change Ap is measured.

The desired critical boron concentration is then calculated by :

V

The differential efficiency of boron ffi- can be the calculated
aBc _s

or better the measured value ( •v. - 10 x 10 ' £K I fljm)
K

Ap (POS.Init - POS) can be either positive or negative depending if

the regulation group (or rod) is withdrawn or introduced. 221



The measurements of the boron concentration are performed after

30 mn of homogenization time ; 3 measurements separated by TO mn

must give a agreement between the two extreme value * S ppm.

At the end of the reactivity measurement the regulation group is

moved to the initial position and the flux level decreased to its

initial level.

P2 - Isothermal reactivity/temperature coefficient

The mean isothermal temperature of the core is changed with a

constant slow rate (6°C/h) by the variation of the by-pass of the

steam in the secondary circuit. The temperature change is slow

enough to allow the fuel temperature to be the same as the moderator

temperature.

The pressure in the primary circuit is kept constant by the regula-

tion of the water level in the pressurizer.

The boron concentration is kept constant and measured every 15 mn.

Starting from a critical state with a convenient flux level the

mean core temperature is decreased 3°C then increased 6°C and then

decreased 3°C back to the initial reference temperature.

During these changes the inlet and outlet core temperature and the

core reactivity are registered.

The slopes of T core - f(t) and p • g(t) give || for the 3 phases

of the experiment and the average give
HZP

isothermal.
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P3 - Reactivity calibration of control rods and boron by dilution

The aim is to measure the differential efficiency |jj and deduce

the integral efficiency of one group of control rods (or one rod)

and to measure the differential efficiency of boron |£^ .

The part of the control rods to be calibrated being out of the core

a dilution of the boron in the primary circuit is started with a

constant mass flow injection of pure water (around 2 1/s).

The reactivity increases as the boron concentration decreases.

The reactivity is allowed to vary between and *_ 15 . 10~5 "•£"

around a critical state, the regulation being done by the insertion

of the measured control rods.

The insertion of the rods (or rod) is done rapidly by a whole

number of steps when the reactivity is around + 15 x 10 to get

a new reactivity around - 15 x 10" , with this stable position of

control rods the reactivity increases with a linear law versus

time up to the higher allowed level and a new insertion of the rods

is initiated, and so on till the full insertion.

At the end the dilution is stopped and the reactor kept critical.

IXiring the experiment the reactivity, water injected, boron concen-

tration and control rod position are plotted versus time.

The loss of reactivity due to the rods insertion is deduced on the

p * f(t) plot by taking the ordinate difference between two parallel

linear reactivity traces corresponding to two consecutive rod posi-

tions.



Sn" or steo is deduce<' for eacn ro<* movement.
The law of boron injection is as follow versus tine :

step

The integral efficiency of the measured control rods is deduced by

adding the differential Ap

The fonction p - f (Be) can be deduce from the p = f (t) and Be • f (t)
2fi-
3Bcand so the differential boron reactivity can be deduced :

The law of dilution is as follow versus time (t)
fxt

Be (t) = Be (t0;) e " "FT

f : flow rate of water injection

M : volume of the cold water contained in the primary circuit

fxt : volume of injected water (V)

P4 - Reactivity

injection

calibration of control rods and boron by boron

This measurement is similar to P3 but is applied to a control rod

or a control rod group in the core at the begining of the measu-

rement. The control rod is withdrawn by a whole number of steps,

increasing the reactivity of the core, the extraction of the rod

compensates the injection, with a constant mass flow, of highly

borated water ( ;. 7000 ppm)

The rod or rods are extracted rapidly to keep the regularely

decreasing reactivity {due to boron injection) in the range

+ 15 5 ^
g

10'5 (

The same parameters are plotted versus time and the same diffe-

rential and integral parameters can be deduced.

fxt
Bc(t) = Be (to) e " ~W

fxt
~M~ )j (1 - e

with BCj - boron concentration of the injected borated water

f = flow rate " " "

2.4.1 - Fuel loading - Initial criticality

The reactor vessel is open and full of water containing a quantity of boric

acid (2000 ppm to 2150 ppm) to get a multiplication factor lower than 0.9 at

the end of the complete fuel loading, the water temperature is 10°C < T < 60°C

The fuel assemblies are loaied with their own particular components (burnable

poisons, control rods, neutron sources, end caps bundles) in a predetermined

sequence with a crosscheck of the movements (synopsis of : core, pool storage

of new fuel assemblies, pool storage of used fuel elements).

The detection of the flux level is done by the 2 permanently installed excore

"source-level" BF 3 chains and to increase the sensibility by 3 chains asso-

ciated with 6 in vessel BF 3 detectors located under water in the core middle

plane.

Only 3 in vessel detectors are used at the same time depending of the shape"of

the partly loaded core, the reference level being changed when two detectors

are exchanged.

One element containing a primary neutron source is first loaded successively

close to each of the 6 incore BF 3, to check their identification and the

good operation (> 2 c/s) of the detection chains, and then located in an

intermediate peripherical position.

The fuel assembly containing the second primary neutron source is loaded in

a symetrical position, and 6 other fuel elements are loaded in the same area.
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From now we must detect the neutrons coining from the core giving at least 2

pulses per seconde on at least two detection chains.

After the loading of a new assembly the inverse of the count rate for each

operating detector is plotted as a fonction of the number of loaded fuel

assemblies.

In fact the inverse of the count rate is defined as

Reference count rate
Inverse =

New count rate

The first reference count rate correspond to the 2 first loaded fuel

assemblies.

As the loading proceed the assemblies with source are moved and the incore

detector are exchanged to increase their efficiency.

For each one of those changes a new Reference count rate is defined as :

New reference count rate = Count rate after change x Reference count rate

Count rate before change before change

A safety rule is to stop the loading, when more than 8 assemblies are in

the core, if for one more fuel assembly loaded :

- the count rate is doubled on 5 detectors

- the count rate is increased fivefold on one detection chain.

The boron content in the moderator is measured every 4 hours and kept greater

than 2000 ppm.

Initial criticality

At the end of the fuel loading the invessel detectors are withdrawn.the pressure

232 vessel is closed and the temperature and pressure are increased by the use of

the heaters of the pressurizer and the mechanical heat furnished by the rotation

of the primary circulation pumps, up to the hot stand by conditions : tempera-

ture moderator 286° *_ 2°C, pressure 155 +_ 3 bar; boron concentration 2000 ppm,

all the control rods are down.

The three types of out of core neutron detectors are operational and the reacti-

vity meter works by using the sum of the 2 signals of the- power level double

ionisation chamber as entrance signal.

The two source level chains give at least 2 counts/seconde

The safety thresholds are fixed.

To go to the critical conditions two phases of operation are followed :

First phase : withdrawal of the control rods

In the 900 MKe reactor there are 2 groups of safety rods (SDA and SDB) and

4 groups of regulation rods (A, B, C, D) each group being constituted by

8 control rods. (Fig. 9 ) .

A reference count rate is measured before the begining of the withdrawal of

the rods, the moderator temperature and the coolant pressure being stable

respectively at *_ 0.5°C and *_ 1 bar.

All the rods of one group are extracted together by steps (one step * 1.585 cm),

a full extraction corresponds to 225 steps.

The safety group SDA is withdrawn first, followed by group SDB. Then the

regulation groups are withdrawn in the normal sequence A, B, C, D, normal

meaning here that as for all the start up operations the regulation groups

are extracted with a 100 steps of overlap ( A alone up to 125 steps, then

A and B up to 225 steps for A and 125 steps for B, then B and C,...]. The

withdrawal of D is stopped at 160 steps to allow a reactivity increase after

the next phase and to get the critical state by control rod extraction. After
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every 50 steps of extraction of the contiol rod groups the count rate on the

source level chains is measured, and the inverse is plotted versus the number

of steps of withdrawal.

At this level (D : 160 steps) a scram is initiated to check if all the control

rods fall dawn normally then phase one is repeated.

Second phase : Dilution of boron content in the moderator.

To decrease the neutron absorption in the core moderator a constant mass flow

(10 m /h) of pure water is introduced in the primary circuit leading to a

progressive dilution of the boron content, the same mass flow of borated

water being extracted to keep the same volume of coolant in the primary

circuit.

The count rates on the neutron detection chains are measured every 15 mn during

the dilution and the concentration of boron in the primary circuit is measured

every 30 ran.

The inverse of the count rate is plotted as a fonction of the quantity of

injected water and also as a fonction of the boron concentration.

To respect the safety rule the dilution is stopped when the normalized inverse

of the count rate is approximately equal to 0.10 and the homogenization of the

coolant is waited during around 1/2 hour.

If the reactor does not become critical during the homogenization the regulation

group D is withdrawn, the count rate being checked every 15 steps up to the exact

critical position.

If the reactor is not critical when group D is fully out then this group is

reintroduced in the core to its initial position (160 steps). Then a new

dilution with a constant mass flow of pure water (3 m /h) is performed as

necessary and at the end followed by an homogenization if the reactor is not

critical the control rod group D is withdrawn as mentionned before.

Once the critical position of group D is found the flux level is kept constant

by using this regulation rod group.

This position must be 160 + 5 steps of extraction.

If it is higher a dilution and if it is lower a small borication are performed

to get in this range.

The critical boron concentration is obtained for this configuration of the

core (CHC^ 1300 ppm)

2.4.2 - Zero power measurements

These measurements are performed to check if the core as been built as

designed, if the safety conditions are conservatives and allow us to go to the

next step : nuclear power tests.

A - Check_qf_the_conformity_of_the_core :

1 - Control of the overlap of the neutron chains :

The flux level is increased by extraction of the regulation group D, from the

previous critical level, and stabilized with the same rods every decade.

For each stable state the signals of neutron chains are registred.

Once the overlap of the source and intermediate chains levels is controlled

the voltage source of the BF 3 chains is cut off.

2 - Search of the Doppler level :

For the zero power measurements the flux level must be as high as possible

to increase the accuracy of the measurements but below a level where the

nuclear heat would appear as a perturbation to the homogeneous temperature

conditions or as feed back effect due to the Doppler reactivity coefficient.
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This level of power where the nuclear heat effect is detectable is called

here the the Doppler level : the slope of the flux fonction versus time will

change and the reactivity will decrease, the average temperature will also

increase in the core, when the flux is increased.

To detect this level the flux is increased and stabilized 1/2 decade by 1/2

decade by moving the rod group D, the other parameters being kept constant

(pressure, temperature, boron concentration). The flux, reactivity, mean

core temperature are registred versus time.

The Doppler level 0 being found the zero power tests will be performed with

a flux < 0 / 10

4 - Critical boron concentration all control rods out :

Starting from the previous critical state : group D = 160 *_ 5 steps out,

all other control rod groups out, critical boron concentration CBc(D-,g)

a convenient amount of boronated water (7000 ppm B) is injected in the

primary circuit to get a new stable state with D = 200 steps out and CBc(D200)

This boron concentration is measured and procedure PI is applied to get
CBcARD critical boron concentration all rods out from CBc(F0S.Init.)=CBc

Once the boron reactivity worth will be known the begining core excess

(D200)

reactivity will be deduced from CBcARO"

3 - Check of the reactivity meter calibration :

A positive reactivity is introduced in the core by the withdrawal of the

regulation group D.

The reactivity is "measured" for the stable period by measuring the doubling

time of the signal coming from the reactivity meter chain. This doubling time

is converted in term of reactivity by using the Nordheim equation

1 1 + XiT
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T keff

T being the stable period.

At the same time the reactivity is measured by the reactivity meter.

The comparison is done at different flux levels (on 2 decades) for the same

period and the agreement must be within 1 %.

The comparison is then done starting from the same flux level for different

reactivities (15 to 60 x 10 Ak and the agreement must be within 4 I.

5 - Isothermal reactivity / Temperature coefficient all rods out :

Starting from the critical state all rods out but group D 200 steps out,

critical boron concentration CBcn^oov procedure P2 is applied to get

(|£) isothermal.

This coefficient must be negative but from the design uncertainties this

coefficient can be slightly positive and this is allowed for this test •:

this would correspond to a positive moderator coefficient. Fig. 18 to 22

During the normal operation of the reactor the moderator temperature coefficient

must be negative.

The moderator temperature coefficient being a positive fonction of the boron

concentration in the moderator to respect this safety criteria the boron

concentration must be kept below a concentration limit.

The hot zero power all rods out state is the more restrictive case to this
condition. (Fij?. 22 and 23)



If a mod = (Ip^jjj is positive in the critical HZP AR0 condition (hot zero

power all control rods out) with CBc^g to get a negative iiioderator temperature

coefficient the boron concentration must be decreased and kept lower than

With this boron concentration the reactor will be controlled by increasing

the insertion of the regulation group to compensate a lack of burnable poisons.

6 - Reactivity calibration of control rods and boron (Fig. 24)

6.1 - Differential and integral reactivity of regvlation group D - Differential

efficiency of boron :

Starting from the H Z P ^ critical state procedure P3 is applied to measure :

<f£) = f &D> '• a"D = / If dz • Me" and als0 CBcHZP Din
is obtained.

The safety criteria is design value + 10 % for ipD and ||^

6.2 - Global efficiency of every control rod group alone

This measurement is done for each group one after another in their decreasing

efficiency order i.e B, SA, SB, C and A.

Instead of applying procedure P3 as for group D, to limit the variation of

boron concentration in the primary circuit, the insertion of each measured

group X is compensated by the extraction of group D to keep the reactivity

variation around the critical state between + 50.10 ( 5£).

When the X group is fully in, group D is partly inserted in a critical position,

then a constant stream of borated water is introduced in the primary circuit

and group D can be fully withdrawn by steps with the reactivity varying in the

same range as before.

At the end of this operation the critical boron concentration is CBcv-n'

This boron concentration is kept constant and group X is withdrawn by steps

while D is inserted, at the end when X is fully withdraw D is partly inserted

in a critical position h- ™ . The partial integral reactivity of group D

between this position and fully out is the same as the integral reactivity

of group X.

This integral reactivity is calculated using the differential efficiencies of

group D found in the previous test.

The safety criteria art the same as for group D.

7 - Incore flux distribution all control rods out

At the end of group A measurement the boron concentration is adjusted to get the

reactor critical with D 160 ̂  10 steps out. Then D is withdrawn and the power is

increased up to the convenient level (51 PS) core critical with D in the range

ZOO *_ 5 steps out obtained by the adjustement of the boron concentration.

Procedure P0 is applied and the incore flux distribution,the out of core axial

offset and the power level are measured.

Remark : This first set of measurements correspond to the minimum HZP expsriments

necessary to check the core conformity by comparison vdth design cal-

culations to allow a rise to 50$ PN (preliminary start up tests).

A second set of HZP experiments in the next phase (definitive start up

tests)leading to the operationnal conditions is performed to check the

characteristics of the core more completely.

23S



r"

B - Hot_Zero_Pgwer_core_characteristics_check

These tests are as follow :

1 - Critical boron concentration and moderator temperature coefficients

For the following configurations :

- All rods out : HZP^pg

- Control group D inserted : HZPp -̂

- Control groups D and C inserted : HZP™ c g-..

- " •• D, C and B inserted : HZP (; > C ) B ) A ) i n

2 - Regulation groups and boron efficiency :

Measurements by boron dilution for :

- regulation group D

- regulation group C CD being inserted]

" " B CD and C being inserted)

" " A (D, C and B being inserted)

3 - Incore flux distributions

- group D in

- Groups D and C in

The initial state of the reactor is the

200 + S steps out, CBc D ( 2 0 0 ).

critical state with group D

The chronologic order of these measurements is chosen to shorten the duration

of this full set of experiments and to limit as much as possible the boron

variation operations.

We give a table of these experiments from all rods out to all rods in

The measurements are conducted by using the standard procedures P0, PI, P2, P3.

Cof the inserted group D with group C partly inserted)

Rod (B-8) is predicted to give the highest penalty for one rod ejection in a

non favorable configuration.

In fact we only measure the reactivity change due to the extraction of the rod

and the Incore power distributions in two static states with the rod in and the

rod out, the hot factor point being determined in each case and compared with

the design calculations.

This measurement is done during the zero power test just described before

Cpoint 7 of the table) during the calibration of the regulation group C

with D inserted.

The following measurement are done in sequence :

1 - Reference incore flux distribution by follcwing procedure PO for the

critical state :

- group D in, group C 143 j» 5 steps, all other groups out

2 - Critical boron concentration measurement in the reference configuration

by using procedure PI

3 - Measurement of the reactivity of the extracted rod (B-8) by procedure

P4 leading to the rod fully out and a new boron concentration.

4 - Critical boron concentration measurement in the configuration rod CB-8)

out, the regulation rod being B-S.following procedure PI.

5 - Incore flux distribution with the rod B-8 out, a new boron concentration

and regulation with group C in the range 143 *_ 5 steps.
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HZP Core characteristic Measurements

Parameter measured

1 - Critical Boron concentration all rods out

2 - Isothermal Temperature coefficient all rods out

3 - Differential coefficient and Integral reactivity
of group D

Differential Boron efficiency

4 - Critical Boron concentration group D in

5 - Isothermal Temperature coefficient D in

6 - Incore flux distribution group D in

7 - Differential coefficient and Integral reactivity
of group C with D in

Differential Boron efficiency with D in

/Pseudo ejection of one rod bundle/

8 - Critical Boron concentration group D and C in

9 - Isothermal temperature coefficient D and C in

70 - Incore flux distribution D and C in

11 - Differential coefficient and Integral reactivity
of group B with D and C in
Differential Boron efficiency with D and C in

12 - Critical Boron concentration : D, C, 3 in

13 - Isothermal Temperature coefficient D, C, B in

14 - Differential coefficient and integral reactivity
of group A with D, C and B in

Differential Boron efficiency with D, C and B in

15 - Critical Boron concentration : D, C, B, A in

16 - Isothermal temperature coefficient D, C, B, A in

CBcHZP,ARO

aIS0 HZP.ARO

<3&>D
 (Ap)i>

dp
3BC"

CBcD

aiso HZP.D

(&>c (Ap)c

3p
3BC

CBCD,C

aisoHZP,D,C

H&W^B

tJSX.

CBcD,C,B

aISO,HZP,D,C,B

3Bc

CBcD,C,B,A

aISO,HZP>D,C,B,A

Procedure

P 1

P 2

P 3

P 1

P 2

P 0

P 3

CO
P 1

V 2

P 0

P 3

P 1

P 2

P 3

P 1

P 2

6 - Measurement of the reactivity of the extracted rod (B-8) by procedure P3

leading to the rod fully in and the boron concentration close the initial value.

7 - Group C and boron concentration are calibrated to allow the continuation

of the measurement of group C efficiency with group D fully in.

The analysis of the flux distributions give the power pic factor for the 2

configurations and the results are compared to the design calculations.

The criteria are

A D(B-8) exp 1

rQ exp

&CB-8) calc

rQ calc

D - Ifficiencj;_of_N;1_Control_rgds_£one_out_of_core_stuck_rod2

In the safety analysis the more efficient control rod cluster assembly

(called rod to simplify) is supposed to stay stuck in the out of core

position when a scran is ordered.

One must know the global efficiency of the N-1 operating control rods to

determine the safety margin.

We already know the efficiency of the 4 complete regulation groups fully in

(measured in B) : &P
R

The efficiencyfdifferential and integral) of group SDB with the 4 regulation

groups inserted is measured and so the boron efficiency and CBcD g c A SDB

using procedures P 3 and P 1.

The more efficient rod is B-8 or a symetrical rod of regulation group D.
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Exchange of rod B-8 and safety group SDA : a withdrawal of B-8 is followed

by an insertion of SDA with the core reactivity allowed to vary between

+ and - 40 x 10~5 ( ̂ r ) , up to rod B-8 fully oat and SDA used as regulation

group partly inserted (SBAj,).

Then SDA is inserted and the reactivity is maintained critical by boron

dilution (procedure p 3)

In this last operation the reactivity corresponding to the insertion of SDA

from SDA. to SDA,. . is measured
ji in

The efficiency of N-1 control rods is then :

+ aPSDA(h-225)

With procedure P 1 the critical boron concentration with (N-1) rods

inserted is measured

deduced.
c ™ ^ and the differential boron coefficient is

Then rod B-8 is shut down and the reactivity of this rod can be deduced by

following the flux decrease versus time (rod drop technique^ or from the

reactivity meter inlication.

Remark : This measurement of the reactivity control of N-1 rods with a

critical boron concentration when (N-1) rods are in is not

confortable as far as safety is concerned and the duration of

this phase mist be minimized.

At the end of this test a convenient quantity of boron is injected in the

primary circuit up to the critical concentration with the safety group SDA

and SDB fully out.

The criteria for this measurement are :

231
Ap,(N-D,exp

P(N-1) - 10
calc

CBc (N-1)
exp

CBc (N-D,
- 100 ppm

calc

E " S££iySnc.Y._2?_2Y.5lltEEin6.I9iu.!5Ji22..SIo.!22§ (Fig. 25 and 26)

This test is aimed at measuring the differential and integral reactivity,

of the 4 regulations groups with 100 steps of overlap in the normal sequence

of operation, and the corresponding boron efficiency.

The initial state is all regulations groups inserted, the safety groups out,

Critical Boron concentration CBcn ~ ,> •
1J,U,£,A

.he regulation groups are extracted fhile boron is injected as in procedure P4

up to the 4 groups fully out.

The groups moved at a time are one or two as follow :

A extracted from 0 to 125 steps out

A + B extracted respectively from 125 to 225 and 0 to 100 steps out

B extracted from 100 to 125 steps out

B + C extracted respectively from 125 to 225 and 0 to 100 steps out

C extracted from 100 to 125 steps out

C + D extracted respectively from 125 to 225 and 0 to 100 steps out

D extracted from 100 to 125 steps out.

The final state is all rods out and the boron concentration is CBcARD

The criteria for this measurement is :

&Pfn r R 41 < (4PA_ +fipR_ * A<V + Ap ) i
lu,L,B,AJexp "D,C,B in T),C in T) in D exp

4 %

A pD C B A
exp

C B A " 10D'c'B'flcal



2.5- POWER START UP TESTS -

Before going to the review of 'the tests we define two standard procedures

used in these experiments.

(Fig. 27 to 315

P S - Reactivity/Power coefficient Measurement

The global (Doppler and moderator) reactivity/power coefficient |g

(in 10
(

is measured for different power levels.

Principle :

The reactor being stable at a reference power level, thermal power (qj) is

measured by heat energy balance (P 6) :

A load change is initiated on the turbine (increase or decrease) of 10% Pn

(with a speed of 1% Pn/mn), the regulation rods are withdrawn or introduced

to keep the mean temperature of the core equal to the reference temperature

the boron concentration being kept constant.

The reactivity variations due to the rods movements are registred and the

integral of reactivity variation give the compensation by the control rods

to the power change reactivity effect.

The Xenon poisoning is also changing during the change of power with the

flux level and fission rate.

This change, in reactivity due to Xenon is calculated by a diffusion code

and it is necessary to know the history of the core power and rod

movements.

When the core is stable to the new power level the thermal power (qf) is

measured according to procedure P 6.

The reactivity balance between the two stable states give :

tn- d h - f TSTT d Xe

qi hi Xei

the power coefficient is Ap
qf-qi

Procedure :

Starting from a stable power state with Xenon equilibrium the initial

following measurements are performed :

- Boron concentration

- Core temperature -*• mean core temperature

- Regulation group D position (calculated to be 200 steps out at the end

of the test)

- Thermal power by procedure P 6 and simultaneously the power level and

axial offset from the power excore ionisation chambers.

- The reactivity with the reactivity meter using the current of the four

power detectors as entrance signal.

Then two types of operations are followed

a) - Decrease of power :

The turbine load decrease is initiated with a speed of - 1t Pn/mn

As soon as the mean core temperature begins to increase the regulation

group (D) is introduced to get a reactivity change of 5 to 10 x 10 - ^

leading to the decrease of the power of the core.

The mean core temperature is kept in the range reference temperature *_ 0.3°C
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This control rod regulation is continued down to the initial power minus 108»Pn.

Then the power is kept stable and the initial measurements are repeated.

b) - Increase of power :

The turbine load is increased with a speed of + 14 Pn/ran up to + 101 Pn.

Now the regulation group is withdrawn to keep the mean core temperature in

the range reference temperature *_ 0.3°C.

The initial measurementsaTe repeated at the end of this phase with the reactor

kept stable.

The trace of reactivity is used to deduce the reactivity compensated by

the regulation group at each rod movement. It is necessary to extrapolate

the curve to get the initial reactivity because the Doppler effect modifie

the core reactivity as soon as the rod is moved.

The thermal power developped by the core is deduced from the enthalpy

balance in each steam generator for a stable power state.

For a 3 loops reactor

3
W - I W™. - AF (D

"SGi

APr
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thermal power of the core

thermal power transferred in the steam generator i

power added to the plant by : the primary pumps mechanical heat,

the heater in the pressurizer, minus the loss of power along the

primary circuit.

The power exchanged in the steam generators correspond to the increase of

enthalpy for a stable level of water :

WSGi " hsi
(2) with

h - : massic enthalpy of the steam at the outlet of SGi

hsi " xihs (3)

h . : massic enthalpy of the saturated steam with the pressure pg^

hsw : massic enthalpy of the water with the same pressure psj

1 - xi : rate of humidity of the steam at the outlet of SGi

h ^ : massic enthalpy of the feed water at temperature T . and pressure P •

Qsi : mass flow of the steam at the outlet of SGi

Q ^ : mass flow of the feed water at the inlet of SGi

In the equilibrium state Qs- = Q^ and (1) becomes

*\m* < h s i - 1 W ( > i - iPr (4)

The different terms are deduced from physical measurements.

APr

hsi

is deduced from the electric power used at the time of the measurement

and from the calibration of losses with no nuclear power during the

start up tests.

is deduced by equation (3) from h j and h^^ deduced from tables

as fonction of P . and x

the pressure of the steam is measured

is measured (or estimated to 0.2SS)

is also deduced from tables as a fonction of temperature Tw^ and

pressure pwi



T - inlet temperature of the feed water is measured

pwi pressure of the feed water is measured

0 . is measured

2.5.1 - Power coefficient (Fig. 29)

The power coefficient (|&) is measured, using procedure P 5, between the

following relative power level given in % (Pn = 100 4)

) during the preliminary30 ->• 20 * 30

50 + 40 •+ 30 ->• 40 • 50 tests at power

50
75

100

->• 4 0 -»•

* 65 -•

+ 90 ->•

30
55

80

•>40

• 65

-• 90

-• 50

•* 75

The criteria of acceptance is exp

) during the definitive

| start up test at power

(I&) cal + 20 %

2.5.2 - Pseudo ejection of one RCCA at 30 I Pn

The more efficient rod control cluster assembly (B 8) of the regulation

group D is extracted from a configuration giving, according to the safety

calculations, penalties on the hot factor point FI for the nominal power Pn.

The initial state is : reactor stable at 30 % Pn with Xenon equilibrium,

automatic control with the regulation group D, group D at 142 *_ 5 steps out,

all other rods out.

1 - Incore flux distribution

A full Incore flux map1 is ireasured by procedure P 0 with the corresponding

power measurement.

2 - Efficiency of the RCCA B 8

In the initial state (CBc)Dh /" h * 142 + 5 steps _7 is measured and then

the boron concentration will be measured every 15 mn.

A constant mass flow of borated water is injected in the primary circuit

(giving |£ ^ S.10"5 ^ / m n ) .

The reactor is kept around the same power level by the extraction of the

regulation rod B 8 the other rods of group D being kept at k 2; 142 steps. The

compensation of reactivity by the rod movement is in the range 5 to

10 x 10 ^ for each extraction step.

p = f (t) Be = g(t) T^j , ^ j (t) h E g = h(t) are registred and plotted

When the RCCA B 8 is fully out the injection of boron is stopped and the

reactor is regulated by group C.

From the curve p = f(t) the reactivity changes due to rod B 8 movement are

deduced and added.

- 225
| fip.
1 x

3 - Incore flux distribution with B 8 out by procedure P 0

4 - Reintroduction of RCCA B 8

4.1 - The_boron_concentratign in the core is decreased_steD_by._steD by

dilution and the reactivity injection is compensated by the introduction

of rod B 8, for each step the reactor is stabilized.

p • f(t) is plotted.
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4.2 - A_gartial_incore_flux_distribution is measured in ten measurement

thimbles for_each_steg of boron concentration (procedure P 0)

This is repeated down to B 8 in the initial position +_ 10 steps.

5 - Then boron is injected in the core and group D is withdrawn up to

200 steps out with the same power level.

6 - Results and criteria of acceptance

e*P * cal + 10 %- 225

- the full flux map with the rod out give after analysis

exp * FQ calc limit

- the partial maps with one RCCA at different stages of introduction give

the ability of the Incore and the out of instrumentation to dedect a RCCA

not at the same level as the other rods of its group.

2.5.3 - Pseudo shutdown of one RCCA at 50 I Pn

According to the safety calculations the shut down of one RCCA of group B (F 4)

with all rods out give the highest penalty for this accident.

The fall down is simulated by static states with the rod progressively intro-

duced from out to fully in.

The initial state is core stable at SO I Pn with Xenon equilibrium, mean

temperature » reference temperature + 1°C, regulation group D at 200 steps out,

CBc stable at *_ 5 ppm.

1 - Reference Incore Flux distribution

242 Procedure P 0

2 - Measurement of the Efficiency of RCCA F 4

With a constant rate of dilution of boron in the core by pure water

injection the rod is progressively introduced by steps giving a reactivity

change in the range 5 to 10 x 10 ^ down to fully in, then the dilution

is stopped to keep the reactor critical at the initial power level.

The boron concentration, rod position, reactivity, mean temperature are

registred and plotted versus time and so the reactivity control of rod F 4

is deduced by adding the (ip), . _ ,, . _ .

CAP) F 4 = i tte)hi - (h -1)

3 - Incore flux distribution with RCCA F4 fully in procedure P 0

4 - Withdrawal of RCCA F4

4.1 - The reactivity due to the extraction is compensated by boron injection

step by step and the reactor is stabilized at each step.

4.2 - A partial incore flux distribution is measured in ten measurement

thimbles for each step (Procedure P 0).

This is repeated up to the rod is close to the out position. (Fig. 32)

5 - The reactor is controlled with group D partly inserted and all the other
rods out.

6 - Results and criteria of acceptance
T

a) - F:H is deduced from the flux distribution with the rod in

exp i 4l calc limit

b) - The partial flux distribution give the ability of the incore and out of

core instrumentation to dedect a RCCA not at the same level as the other

rods of its group.



2.5.4 - Shut down of 3 RCCA

According to the safety analysis the rate of decrease of the flux during

normal operation must be kept lower than a limit value. If this value is

exceded a scram is initiated by a 3/4 logic based on the four out of core

detector flux variation rates with' a threshold (5 l/sec at Pri).

For this test 3 rods control cluster assembly (RCCA) are shut down together

and the signal-of the four power detector are traced versus time. The total

worth of these rods being higher than the limit worth a scram must occur.

If not a manual scram is initiated and the traces of flux are analysed to

explain why (threshold, reactivity, detection chain bad running order...).

The chosen RCCA are 3 rods of regulation group A the other rods are out of

core in the initial state.

2.5.5 - Calibration of Incore/Excore detection chains

Each Excore power chamber is divided in two parts corresponding to the upper

and to the lower half of the core and deliver two signals Iy and IL-

These currents can be related to the power level and to the power (or flux)

desequilibrium between the upper and lower part of the core. (Fig. 33)

40 KL IL) (2)

The Ky, Kĵ , a coefficients must be determined to calibrate the excore

detection chains.

To get these coefficients two sets of results are used.

Firstly, during the power coefficient and power flux maps measurements the

excore chamber currents (1^ and I.) are mesured in parallel with the thermal

power (K) obtained by heat energy balance ; a K coefficient can be deduced

from :

C3)ly + IL

i
K wi

i corresponding to each measurement case.

Secondly, at 75 % Pn power level a variation of the axial offset is produced

by an induced axial Xenon oscillation. During the variation of the axial offset

partial incore flux distributions are measured in parallel with the excore

currents. (Fig. 34)

The analysis of these flux distributions gives the incore axial offset and

its relationship with the excore axial offset can be deduced from :

A °Ex " X + h x 10° = a + b A °ln (4)
The a and b coefficients are deduced from the analysis of around 15 flux

distributions corresponding to a range of variation of the axial offset

between - 18 t and + 5 I.

The principle of the axial offset variation is as follow, the reactor being

stable with Xe equilibrium at 75 % Pn a regulation group is introduced until

the flux desequilibrium is around - 18 %, the power being kept constant by

boron dilution. The regulation group is kept introduced during 8 h and Xe

accumulate in the top part of the core, then the group is withdrawn rapidly

the power being kept constant by boron injection. The Xenon start to burn more

in the top part of the core and the flux desequilibrium goes from a negative

to a positive value during the first phase of the Xenon oscillation (Fig.34 )

The analysis of the two previous sets of results gives :

(3) + (4

and (2)

A 0 K(1 - a)

1 -

1
h * K(1 "a)

v 1
*L K(1 - a)

The main n
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According to the safety criteria these coefficients must give W and A0

respectively with an accuracy of 5 % and 3 %.

2.5.6 - Shutdown margins

The reactivity safety margin is defined as the reactivity worth of N-1 rods

introduced during a scram minus the reactivity gained by the change of the

core characteristics when the core goes from hot full power (HFP) to hot

zero power (HZP), the boron concentration being kept equal to the full power

value and the Xenon being supposed decreased to the equilibrium HZP state.

In fact the total worth of the N-1 rods is not taken into account because

the regulation rods are partly inserted during normal ODeration.

The increase of reactivity when the core goes from HFP to HZP is due to :

- the Doppler effect

- the moderator temperature coefficient (fonction of the boron concentration)

- the flux reequilibrium due to the water density change in the axial direction

(fonction of the axial burn-up, control rod position, ...)

- the void effect (very small in a PKR).

The minimum required safety margin is 1 % ̂  but this value is increased when

the boron concentration is low, (moderator temperature coefficient highly

negative) to take into account the reactivity injection that would occur in

case of steam generator secondary circuit average failure. (Fig. 35)

Table 2.5.6.1 give typical value for the differents terms discussed before.

TABLE 2.5.6.1

SAFETY MARGINS FOR BEGINING AND END OF CORE

(Reactivity worth in 10"S !—• )

1 - Control Tod worth :

HZP N = 48 Tods

1 stuck out rod

HZP N-1 rods

10 % uncertainty

Regulation worth HFP

(N-1) effective worth introduced

2 - Reactivity gain from HFP to HZP :

Doppler

Moderator

Flux reequilibrium

Void

Total

3 - Safety margin

4 - Required Safety margin

B 0 C

9 700

2 000

7 700

770

500

6 430

1 330

80

200

50

1 660

4 770

1 000

E O C

9 300

1 600

7 700

770

500

6 430

1 200

970

850

50

3 070

3 360

1 770

244



The reactivity worth of the Xe is in this case a function of the Dower

level (Fig. 37).

Another particular case is the shut down of the reactor.

d I135

d t

d Xe135

-X T135

T135

d t
Xe Xe135

The production of Xe by I radioactive decrease is faster than the

radioactive decrease of Xe and so the Xe concentration will increase, go

to a maxinum and then decrease.

The reactivity worth of Xe versus time for differents cases of power level

with Xenon equilibrium is given (Fig. 38).

The loss of reactivity due to Xenon is also given versus time for different

power level changes from different initial power level with Xenon equilibrium

(Fig. 39 and 40).

These Xenon reactivity worth variation figures help us to understand the

transients effects during reactor operation (rise to power, load following,

shut down, restart,...).

So far we have only looked at the global Xe reactivity transients for a point

reactor.

In fact the power changes is in general induced by control rod motion

(by group) and the flux distribution is changed (Fig. 41).

When the regulation rod group is introduced in the upper part of the core,

the local flux instantaneously decreases leading to a minor hum w of Xe

and so an increase of neutron absorption and a lower flux, amplifying the rod

movement effect, until the I is decreased enough to produce less Xe and

then the inverse phenomenon is initiated, and so on.

2.6 - POWER OPERATION

2.6.1 - Reactor transients

The Xe , high level neutron absorber fission product is one important

parameter source of mean term reactor transients.

We recall the scheme of Xe production and disanpearance in the core :

T135

FISSION
neutron flux

Xe 1 3 6 stable Caa - 0)

d I
135

Cs 1 3 5 stable (oa - 0)

T135

d t

d Xe135 T13S

d t " <W 3 5 " Xe.135 .Xe.135

The kinetic equations of the Iodine and Xenon variations allow us to deduce the

effects of the flux of neutrons on the build up and burn up of Xe

For example after rise to a constant power level the Iodine and Xenon go to

equilibriun concentrations :

135

obtained after 48 h (Fig. 36)
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The Xenon equilibriun concentration is a fonction of the flux level 0 and of

the specific power Zft .

On the loweT part of the core the relative flux is increased when the rod

are just moved and the things are going the other way round.

An oscillation of local Xe concentration, flux and power level, Axial offset

will go on.

The variation of the axial offset can be followed as (Fig. 34) during the

incore/excore detector calibration test with a control of AI at the end of

the test.

Another test performed is to follow the free Xe oscillation after shut down,

by a come back to a low flux critical state and AI = f(t) observation (Fig- 42)

The axial flux desequilibrium can be written :

+ BAI = A e A t sin

- X negative correspond to a convergent oscillation and a stable reactor

- T the periode is in the range 28 to 32 hours

As we will see in the transient studies the Xenon effect will be compensated

by the boron concentration variation and this concentration variation will be

an image of the Xe variation.

For the step of 10 % Pn (from a reference power of 97 % Pn) a set of full

and partial flux maps before and after the change of power level (kent 1/2 hour)

give after analysis the power peaking factors and the calibration of the power

chains can be checked (Fig. 49).

2.6.2 - Load following

As far as load following is concerned different schemes can be studied, a

typical one is the planned cycle : 12 h with 100 % Pn, linear decrease to

50 I Pn in 3 hours, operation with SO % Pn during 6 hours, linear rise to

241

100 I Pn in 3 hours (Fig. 47 and 48). This cycle of load following is repeated

three times during the test and the differents parameters : Boron concentration,

regulation group position, axial offset AI, temperature, pressure, ... are

registred. During the constant power operation the incore flux distributions

are measured : 4 partial (1/8) and 1 complete maps at 100 % Pn and 3 partial

(1/8) maps at SO % Pn.

The power peaking factors are deduced from these maps and compared to the

design and safety criteria.

During the last cycle and axial disequilibrium of power is initiated by the

introduction of the regulation group during a short time to get a AI out the

reference value but in an allowed range for the SO % Pn. The reactivity change

is compensated by boron concentration variation.

After this disequilibrium the rise of power will be limited to 87.5 % Pn to

limit the power pic factors.

Kb have focused our attention on what is happening in the core and not in the

all plant, fig. 46, 49, SO give an idea of what are the transients . during

the load changes examined before including the secondary circuit feedback.

CONCLUSION

These lectures on operational physics of pressurized water power reactors

have been concentrated to the problems encountered on a PWR of 900 MIfe,

Westinghouse type built up to now in France.

This approach allowed us to examine into details certain practical problems

not treated in the classical courses.

Nevertheless a lot of physical effects described are conmon to all PWR, such as

temperature coefficients, boron effect,...

This way of giving some information on the subject do not pretend to be

exhaustive, or interesting for every one and all comments are welcome.
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POWER OPERATION, MEASUREMENT AND
METHODS OF CALCULATION OF
POWER DISTRIBUTION

S.-G. LINDAHL, 6\ BERNANDER, S. OLSSON
ASEA-ATOM,
VasterSs,
Sweden

ABSTRACT

During the initial fuel loading of a BWR core,
extensive checks and measurements of the fuel
are performed. The measurements are designed
to verify that the reactor can always be safely
operated in compliance with the regulatory
constraints.

The power distribution within the reactor core
is evaluated by means of instrumentation and
elaborate computer calculations, rhe power
distribution forms the basis for the evaluation
of thermal limits.

The behaviour of the reactor during the ordinary
modes of operation as well as during transients
shall be well understood and such that the
integrity of the fuel and the rsactor systems
is always well preserved.

2.1 FUEL LOADIHG PROCEDURES

2.1.1 Neutron Flux Instrumentation

A. Introduction

The neutron flux is monitored by a number of detec-
tors in the core. These detectors give the plant o-
perator information about the total power level and
the power distribution. The instrumentation also con-
tinuously checks that no rules and limitations set up
on the flux level and flux change rates are violated.

Otherwise, the reactor may be scrammed. Thus, the de-
tectors are an important part of the safety system.

Power is in the first approximation related to the
thermal neutron flux density in the fuel, *, by the
relation

P

where

e V Z f • », (1)

£j - macroscopic core average cross section

V - volume of the core

e - energy yield per fission

Equation (1) states that thermal power is proportio-
nal to the thermal flux, the proportionality constant
being c = e V I,.

As the power distribution changes or as the fuel is
burned up the flux averaged fission cross section,
and hence the constant c, changes. This is one of the
reasons why the power range flux monitoring instruments
have to be recalibrated occasionally. During power
ascension from zero to full power the power profile
varies considerably. As a conseguence, the detector
reading is not linearly proportional to the thermal
output over the whole power range.

The fission product decay heat also contributes to
the non-linearity of Eq. (1). The decay heat may be
up to 8 % of rated power.

During transients, Eq. (1) should be interpreted
with some care. Because of the fuels ability to
store heat and the delayed fission product decay
heat, the power transferred to the coolant, and
hence the steam production, does not respond as
rapidly as the neutron flux. In transients Eq. (1)
yields fission power rather than thermal power.

To be able .̂o cover the entire flux range from cold
shut-down to full power the detector equipment has
been divided into three systems, each covering a
different flux range:

1. SRM - Source Range Monitoring

2. IRM - Intermediate Range Monitoring

i. PRM - Power Range Monitoring 279



The PRM system consists of two parts

3.a LPRM - Local Power Range Monitoring

3.b APRM - Average Power Range Monitoring

A fourth system, used for calibration of the LPRM
detectors, is:

4. TIP - Traversing Incore Probe.

The SRM detectors are employed during the startup
phase of nuclear operation (subcriticality and passage
of criticality), the IRM detectors during the heating
phase, and the PRM detectors during power operation,
see figure 1. The monitoring systems must well over-
lap.

The SRM system has a safety function when in use,
i.e. before the IRM system is employed. Typical levels
and ensuing actions are

B. SRM - Source Range Monitoring

210

The SRM system usually consists of four identical
channels, each with a detector, a detector drive
and an amplifier.

There is one SRM detector in each core quadrant
(fig. 2 ) . The detector is a fission chamber designed
to count pulses in the flux range from 103 neutrons/
cm2"s to 109 n/cm2*s, which corresponds to a relative
power from 1 0 ~ " to lo"5.

The SRM drive makes it possible to move the detec-
tors in and out of the core. In the IRM and PRM
ranges, the SRM detectors are moved out in order to
prevent fast depletion of the fission chambers. Other-
wise, the SRMs are always positioned inside the core,
somewhere in the upper part where the flux peak occurs
when the reactor is free of steam void and when con-
trol rods are first withdrawn from a shutdown condi-
tion.

Neutron sources are placed inside the fresh core to
ensure a minimum measurable neutron activity.

A minimum counting rate of 3 pulses per second is re-
quired. Zero counting rate would not be acceptable
since in this case the reactor operator would not
know whether the counting rate was really zero and
stable or the SRM instrumentation was out of order.

The SRM instruments display not only the flux level
but also the flux doubling time.

Low level

High level

High level

Short doubling

x ) WD Block =

LI

HI

H2

time

Control

Counting Rate

3

105

5'105

25

p/s

p/s

p/s

s

Rod Withdrawals are p

Action

WD Block

WD Block

Scram

WD Block

.rohibited.

High level HI is an indication that the SRMs should
leave the flux monitoring to the IRM system. High
level H2 will be effective if the overlapping bet-
ween the SRM and IRM ranges is inadequate.

Short doubling time leading to rod withdrawal block
is, for instance, obtained when the operator is with-
drawing control rods too fast.

One SRM channel indicating level H2 does not cause
scram. Two or more channels are required to shut
down the reactor. These logics are also used for
the IRM and APRM safety systems.

Neutron sources of several types exist. The sources
may be mounted either in separate thimbles in between
fuel assemblies, as shown in figure 2, or mounted in
a few selected fuel bundles. The neutron sources can
make use of different active materials, e.g. Cf-252,
AM-241/Be/Cm-242, Sb-124/Be, etc. The source strength
should be in the range l"108 to 5"108 neutrons per
second.

Once a reactor core has attained an average burnup in
excess of about 10 MWd/kg U, the inherent source will
be sufficient to yield a neutron flux density so that
the SRM system gives an acceptable count rate. Thus,
the initially installed neutron sources may be removed
from the core. The inherent source is due to sponta-
neous fission of several actinides (notably Pu-240,
Cm-242, and Cm-244) and (a,n) reactions in the oxygen
of UO...



c. IRM - Intermediate Range Monitoring

The IRM system consists of four or eight detectors,
see figure 2. The IRM detector is a fission ioniza-
tion chamber working in the flux range

108 n/cm2-s to 10 I 3 n/cm2-s corresponding to the power
range 10"6 to 0.3.

The IRMs have a retraction drive machinery similar
to the SRM drives. During power operation the IRM
detectors are withdrawn from the core.

The IRM range is divided into a number of overlapping
linear subranges, two per flux decade, i.e. about 12
subranges. A manifold of subranges ensures a more de-
tailed supervision than one big IRM range. When the
flux monitoring is taken over by the IRM system from
the SRMs the IRM range switch must be set to bottom
range. The operator successively upgrades the range
number as the flux increases.

The flux level is indicated on a linear scale for
each subrange which is provided by low and high trip
levels. The safety system automatically checks that
the operator has a correct picture of the flux in the
core by supervising the flux levels on the subrange
in use and, eventually, trips the reactor if anything
goes wrong. On the 0-125 linear scale the following
may happen.

Low level

High level

High level

LI

Hi

H2

Relative level

31

110

120

Action

WD Block

WD Block

Scram

At HI (LI) the operator should switch to a higher
(lower) subrange.

At 5-10 % of full reactor power the IRMs leave the
monitoring task to the PRM system.

D. LPRM - Local Power Range Monitoring

295

The LPRM system consists of a large number of detec-
tors such that the entire core is well monitored. In
our example (figure 2 and 3) there are 36 LPRM detec-
tor assemblies with 4 detectors in each assembly. The
LPRM system is designed to monitor the power distri-

bution and its changes during rapid events as well as
during normal operation.

The LPRM detectors are fission ionization chambers
with highly enriched U-235 subject to depletion. The
depletion is approximately exponential in neutron dose.

Newer designs of LPRM detectors have breeding materi-
al (U-234) addded to the U-235 in order to extend their
lifetime by at least a factor of 2.

The interpretation of the LPRM signal is different for
different reactor vendors. In certain BWRs the signals
are calibrated to equal the average surface heat flux
of the surrounding fuel assemblies at the axial level
of the detectors. In this case the LPRMs have to be
calibrated, by running the TIP system, whenever there
is a major change of core status.

In a different approach, the LPRM value shown to the
operator just equals the fission response of the de-
tector (compare the different ways of evaluating power
distributions and thermal limits described in Ch. 2.2.2)
The LPRMs have to be calibrated only when the fission
chamber depletion so warrants, i.e. about twice a month.

E. APRM - Average Power Range Monitoring

There are usually 4 or 8 APRM channels. To each APRM
there are a number of LPRM detectors associated (20-
-30 detectors) that give a representative flux pic-
ture of the entire core. The APRM value is just the
average of these representative LPRM readings.

The APRM system covers a range from 1 % to 125 % of
full power. The APRMs are calibrated via a gain ad-
justment which allows them to be set at the desired
level, no matter what the average current coming from
the LPRMs is. The APRMs readings are occasionally ad-
justed to equal the thermal reactor power obtained
from boiler heat balance calculations (see Ch. 2.2.1).

The reactor is scrammed if the APRM reading exceeds
115-120 % or is too high at low values of the core
coolant flow (figure 4). At 110 % there is a control
rod withdrawal block and an automatic power decrease
by means of recirculation pump speed reduction.

281



F. TIP - Traversing Incore Probe

The TIP system consists of a detector probe that can
be moved inside each of the LPRM detector tubes. As
a result a continuous picture of the axial flux is
obtained, see figure 5.

Due to burnup the LPRM readings drift downwards, some
more, some less, as time proceeds. To compensate for
the drift the LPRMs are now and then intercalibrated.
The LPRMs are compared to the relevant TIP curves and
adjusted to equal the TIP reading.
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2.1.2 Control Rods, The Shutdown Criterion,
Local and Global Criticalities

A. Control Rod Grouping and Maneuvering

299

It is convenient to dividie the control rods into
two groups, one termed "black" and the other termed
"white" (also denoted A and B rods), in a chequerboard
pattern. A colour selector switch may be used which
distinguishes between the two sets and during normal
operation only one set of rods can be withdrawn at
a time. This precludes adjacent rods to be withdrawn
inadvertently through operator selection error.

In some reactor systems the control rods are withdrawn
one at a time, at a fairly large withdrawal speed. In
other systems, rod withdrawal speed will be slow but,
instead, the rods are operated in maneuvering groups
of various sizes, e.g. 2, 4, or 8 rodsT with all rods
within a group belonging to the same colour. This is
sometimes called operation in a "ganged" mode. The
rods in a maneuvering group will of course have to
have adequate separation so as not to interact strong-
ly. In general, they are arranged in symmetrical pat-
terns (half core or quarter core symmetry).

For fast shutdown of the reactor the control rods are
divided into scram 2roug£ (in case each rod does not
operate singly and independently) . A scram group typi-
cally consists of 8 to 10 rods as uniformly as possible
distributed throughout the core. At scram, the rods are
inserted by means of hydraulic systems, one for each
scram group. Thus, if one hydraulic system fails only
the rods belonging to that scram group are affected
and, because of the shutdown criterion (see next sub-
section) the reactor can still be safely shutdown.

A successive set of control rod withdrawal patterns
is called a £oiitro3. rod wit:he3raya_l sequence. An ex-
ample of three successive patterns~in a sequence is
shown in figure 1.

A detailed and carefully preplanned withdrawal se-
quence should be the basis for all control rod move-
ments. For every pattern in a sequence (or every se-
cond or third pattern) precalculations with a three-
dimensional reactor core simulator should have been
performed to show that operation with that control
rod pattern will result in an acceptable power profile

and in positive thermal margins (the concept of
thermal margins is described in Ch. 2.2.2). Thus,
if the operator follows the withdrawal sequence
without any improvisation (which he always should),
undesired power distributions are avoided.

At high power operation a pattern should be designed
such that shallow and deep rods (shallow rod = rod
that is mostly withdrawn) alternate in the central
part of the core whereas all or most of the rods are
fully withdrawn in the peripheral parts, see figure
1. The patterns are usually 90 or 180 rotational
symmetric. Mirror symmetric pattern are also in wide
use. However, from a power shaping point of view ro-
tational symmetry is to be preferred over mirror sym-
metry.

Various hardware and software features can assist in
avoiding errors in the withdrawal sequence ("opera-
tor errors") and in the control rod drive function.
One such feature has already been mentioned - the
division of rods into either white ones or black
ones. Different vendors employ various other methods.

In modern power stations the plant process computer
will assist both in selecting rods and in checking
that the withdrawal sequence, which has been stored
in the computer, is indeed followed. Alarm can also
be given in case a control rod blade sticks in the
core. Thus, for the reactor operator, control rod
maneuvering will be a quite straightforward procedure.

B. Excess Reactivity - The Shutdown Criterion

Since light water reactors are generally in the cold
state during fuelling there will be substantial
exc_e£s_rea£tiyity_ which must be controlled by the
reactivity control system. In the BWR this system
consists of the movable cruciform control rods (usu-
ally containing boron carbide) and, in addition, any
fixed neutron absorbers, often termed augmented reac-
tivity control. Such fixed absorbers were earlier
often in the form of borated stainless steel plates
and were positioned in between the fuel assemblies
but were used only for the very first operating cycle.
Today, for both initial and reload cycles the fixed
absorber consists of very high neutron cross-section
nuclides, such as gadolinium, which is mixed into
part of the ceramic uranium fuel. Since this additio-
nal neutron absorber is almost completely consumed or
burned during an operating cycle, it is called a burn-
able absorber or burnable poison.
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The cold excess reactivity may amount to about 20 %
of reactivity and is required for taking up negative
reactivity contributions from system temperature in-
crease, fission product buildup (notably xenon and
samarium), steam void, and fuel depletion, see the
reactiyit;y_bud2et given in table I. It should be re-
membered that in some cases the depletion of burnable
poison can give a net positive reactivity effect du-
ring the initial part of a cycle, thus increasing the
excess reactivity which must be coped with by the
control system at fuelling (Cf Fig. 2.2.4-2).

The main reactivity constraint for a reactor core in
its most reactive condition (usually the cold state)
is the £hu_td_own_reac_tiviLty_ crj;te_rioii. This usually
states that the reactor shall remain subcritical when
the most reactive control rod scram group is withdrawn.
(When the scram group - driven by a common actuating
system - consists of more than a single rod, adequate
rod spacing is required in the core to warrant a small
reactivity interaction).

A common shutdown reactivity requirement is that the
reactor shall be subcritical with a precalculated
reactivity of at least 1 % or, as measured, by at
least 0.25 to 0.5 % (depending on licensing authori-
ty) . These figures would thus hold in case the core
configuration at fuelling is the most reactive con-
dition during the coming cycle. In other cases account
has to be taken of reactivity contributions which a-
rise because of deviations in the fuelling state from
the most reactive state, e.g. due to temperature diffe-
rences, burnable poison depletion, or possibly any
remaining transient xenon poisoning from previous
operation. A further contribution could in som systems
arise due to a nonnegligible decrease in control rod
worth as a result of boron burnup up to the point in
time during the operating cycle when the most reactive
cold condition occurs. To the extent that these vari-
ous reactivity contributions need to be applied, it
will generally suffice to use theoretical values from
calculations with well qualified methods.

Shutdown reactivity measurements are typically done
at initial fuel loading or after refuelling before
startup when the system is still cold. The measurement
is done as follows. The particular rod or rod scram
group which is deemed most effective (according to
calculations) is first fully withdrawn. So far the
test will merely show that the reactor is still sub-
critical. In order to verify that the reactor is still
subcritical by at least, say,0.5 % of reactivity, a

control rod adjacent to one of the already withdrawn
rods is withdrawn a distance corresponding to a cal-
culated reactivity increase of 0.5 %. If the reactor
is then close to critical or clearly subcritical
the shutdown requirement is fulfilled. The actual
shutdown reactivity can be better determined by
actually continuing rod withdrawal till local cri-
ticality is achieved. Again the reactivity value
obtained will of course be a calculated one but
the uncertainty will be quite acceptable.

C. Local Criticality

By "local criticality™ is meant the core condition
when criticality has been reached locally at some
part of the core while the remainder is subcritical.
Local criticality is obtained by withdrawing a few
adjacent control rods while all other rods are fully
inserted. The shutdown reactivity test is an example
of a local criticality.

Local criticality measurements serve to check the
uniformity, or reproducibility, of the neutron mul-
tiplication property of the core and to evaluate the
reactivity shutdown margin. The measurements are com-
pared to computer calculations and hence give a check
of the accuracy of the theoretical methods.

Depending on circumstances, local criticality may in-
volve several adjacent control rods. The procedure
should always be to withdraw, in turn, successive
rods to the fully withdrawn position until criticali-
ty is approached with the last of the rods partially
withdrawn. The reason for this is to avoid rod banking,
i.e. a condition with adjacent rods equally withdrawn,
in which case very high differential rod reactivity
worths might arise.

Still another reactivity limitation can in some systems
and cases govern the order of rod withdrawals. For in-
stance, if the rod by which criticality is reached is
immediately adjacent to previously withdrawn rods and
has a high differential reactivity in the vicinity
of the critical position, difficulties may arise when
approaching criticality - such as quickly reaching
short positive reactor periods. In such cases it is re-
commended instead to use a rod which has less worth,
for instance a diagonally adjacent rod which will have
appreciably less differential reactivity. This kind
of procedure is of special importance in reactor systems
in which the minimum control rod withdrawal increments
are fairly large, such as with notch mechanisms.
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Examples of local criticalities are given in Fig. 2.
Repetitive measurements at symmetrical positions of
the core confirm the uniformity of the fuel.

Due to the fact that the top part of the core has
high statistical weight when withdrawing rods in a
local configuration, the differential rod reactivity
worth of a rod will be highest for small withdrawals
(in the range 15-35 % withdrawal) and quite small
elsewhere. This effect must be understood and kept
in mind by the control rod operator.

The integral reactivity worth of a control rod is
rather large for local criticalities. However, as
a general rule this worth decreases monotonously from
the first rod in the order of withdrawal. As an example
may be cited the following seguence for a local cri-
ticality involving 4 rods! 3.3, 3.1, 1.4, 1.2 %.

D. Global Criticalitv

The global criticality tests are performed to check
that the fuel behaves as expected and that the com-
putational methods can correctly predict the criti-
cal control rod positions. The measurements also serve
to verify the adequacy of the rod withdrawal eoguence
employed for start-up.

Global criticality tests are done such that criticali-
ty is reached simultaneously in the entire core. Ex-
amples of global tests are shown in Fig. 3.

In making up a control rod sequence up to the point
where global criticality is achieved, the following
items should be considered:

a) Localized criticality is to be avoided

b) Near criticality, reactivity worths of indi-
vidual rods shall not exceed a certain pre-
scribed limit. (A typical value is 1 % of
reactivity in order to limit energy release
in a "rod drop" accident).

c) The rate of reactivity increase must be limi-
ted.

d) Power monitoring with the SRM system should
result in a relatively smooth increase in
SRM readings as control rods are withdrawn.
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All these requirements are automatically satisfied
when the control rods are withdrawn in a distribu-
ted manner such that the core at all times maintains
a fairly uniform rod density. It follows that the
withdrawal pattern will be symmetric. Another con-
sequence is that only "white" rods, say, in a chequer-
board pattern will be withdrawn first until they are
all out, in the case "black" rods are desired for use
at high reactor power. Conversely, "black" rods will
be withdrawn first when "white" rods are used at high
power.

The requirements under item b) should be verified by
calculations. There is usually no difficulty in meet-
ing the requirement.

There is no sharp limit on the rate of reactivity in-
crease for item c ) . The value, e.g. in terms of pcm/s,
that results with a sequence leading to uniform con-
trol rod density will be fully acceptable.

Item d) of course presupposes that the first rods to
be withdrawn are chosen prudently with respect to the
location of SRM detectors and neutron sources. It is
an advantage to raise the detector signal level at an
early stage in order to obtain better counting sta-
tistics. Rods close to neutron sources should be with-
drawn first.

The number of control rods needed to be withdrawn be-
fore criticality is attained will vary greatly from
time to time during an operating cycle. Thus the rod
withdrawal at criticality may vary between about 25
and about 65 % of the total control rod inventory.
The reason is that core reactivity depends on fuel
and burnable posion depletion, on temperature, and on
samarium and xenon transients. However, this veriabi-
lity in core conditions poses no difficulty since the
approach to criticality is readily monitored by the
SRM system. Moreover, only two withdrawal sequences
need to be used (one starting with "white" rods,
the other with "black" rods) up to the point that all
rods belonging to one colour are fully withdrawn, i.e.
approximately 50 % of all the rods.

Consider now the procedure during rod withdrawal from
a fully shutdown condition. Each successive group of
rods will be fully withdrawn before the next is selec-
ted for withdrawal. In a ganged mode, the control rod
grouping conveniently defines the set of rods. When
the rods are operated singly, the rods defining a group
will either be pulled out all the way one after another 217



or they will be moved, in turn, only part of the way
in two or more rounds until they are all out. The lat-
ter mode of operation brings out the importance of
operating the control rods in (usually symmetric)
groups. Behind this lies consideration of the very
unlikely "rod drop" accident. Should one of the
control rods happen to stick in the core and later
to drop out, a severe reactivity transient is avoi-
ded since the other rods in the group have already
contributed to a higher and controlled and therefore
known reactivity level in the core.

E. Subcritical extrapolation
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Subcritical extrapolation is a useful technique to
estimate in advance at what value of a reactivity
dependent parameter a reactor core will attain cri-
ticality. The inverse neutron detector signal is then
plotted as a function of this parameter, and extrapola-
tion to zero inverse count rate gives the critical
value. The parameter will typically be control rod
position or number of loaded fuel assemblies. The
method is mostly applied when building up a new reac-
tor core which has as yet experimentally unverified
properties. It should be remembered, however, that
the extrapolation curves which are obtained in actual
practice may differ considerably from the theoreti-
cally ideal ones. The reason is, of couice, that the
spatial relations between the effective core volume,
neutron source and neutron detector are not constant
and that reactivity dependence on the parameter used
may deviate strongly from a linear relationship. Never-
theless, extrapolation works well close to critical
even for a control rod withdrawal and there is also
a technique to monitor and demonstrate the subctitical
state of a core during initial fuelling.

Extrapolation^ ^^EPS'-'ScJi £°_°EAy£.ai
One desires to plot the inverse neutron detector count
rate as a function of control rod withdrawal position.
However, since the rod differential reactivity varies
strongly, especially in connection with local criti-
cality, rod position should be converted to an e q u -
valent reactivity scale. To obtain this conversion one
can rely on a calculated relation between rod position
and reactivity. Although the procedure is not very
accurate initially, it is quite satisfactory with
respect to the final extrapolation to zero inverse
count rate, especially for reactivity in the range
-0.2 % to critical.

^ub_criticality_monitorin2

When a fresh core is being loaded for the first time
the regular extrapolation procedure becomes very un-
certain when plotting inverse count rate as a func-
tion of the number of loaded fuel assemblies. The un-
certainties derive from a successively changing core
- detector geometry because of increasing core size
and changed detector positions.

A method which is rather insensitive to these distur-
bances is to plot the count rate ratio for all the
rods inserted to the condition with the central con-
trol rod fully withdrawn as a function of the number
of loaded fuel assemblies. According to elementary
theory, the resulting curve will first exhibit a mini-
mum and then asymptotically stabilize at a certain
level as long as the core as a whole will remain sub-
critical for any size with the central rod withdrawn.

in
Nout subcritical at all core sizes

critical for finite core size

The method is valid as long as the core composition
remains uniform and is applicable even for rather
large subcritical reactivities. In practice, .Ue mini-
mum in the curve is not always clearly distinguished
but most important is the trend towards a constant
ratio for the large core.

2.1.3 Methods when loading initial core

A. Introduction

The initial core loading procedure shall warrant a
safe and efficient way of building up the core. The
core reactivity shall bo well controlled at all times
and any inadvertent reactivity increase shall not lead
to any core damage or radiation exposure to operating
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personnel or the general public. At fuelling there
is in effect no containment closure. On the other hand,
with a fresh core there is no inventory of long-lived
fission products. Therefore, procedures for taking
the reactor critical at low power are acceptable. Maxi-
mum power is often set at 1 % of rated for the open
•reactor vessel but there is usually no need to exceed
about 0 1 % of rated power, i.e. of the order of a
few MW.

However, the procedures to be followed should be very
stringent and all prerequisites with respect to plant
status and all fuel transfers must be listed in detail
in the fuel loading procedure document. The accompanying
check list of operations should accordingly be signed
by the responsible fuel engineer aftsr each completed
operation.

The considerations listed in the following paragraphs
will aid in the formulation of detailed fuelling
procedures. Only "wet" fuel loading, i.e. the reactor
core is covered with water, will be treated here since
it is the most common method.

B. Prerequisites for fuel loading

The requirements to be met at commencement of fuelling
will differ in detail between different BWR designs
and due to variations in overall commissioning pro-
cedures such as during preoperational testing. The
following items should, however, be given considera-
tion in most cases.

a) All fuel to be loaded has passed acceptance checkout.

b) Refuelling machinery fully checked out with the help
of dummy fuel.

c) All control rod drives have undergone functional
testing during preoperational tests.

d) All control rods installed in the core and
fully inserted.

e) All incore instrumentation including extra neutron
detectors shall be installed.

f) All startup neutron measuring instrumentation
channels (SRM and extra channels) have been checked
out using the startup neutron sources.

g) Neutron startup source(s) installed.

h) Reactor protection circuits relevant to the
refuelling mode of operation checked out.

i) Results from precalculations of shutdown reactivity,
local critical control rod patterns, and of the
global (distributed) critical control rod pattern
for the prescribed withdrawal sequence shall be
available. The calculated differential reactivity
worth of control rods to be used during shutdown
reactivity testing and approach to local critica-
lity should also be available.

j) Continuously open intercommunication between the
control room and the refuelling platform shall
be maintained during all fuel handling activities.

C. Control rod functional testing

Preoperational tests will have verified the reliable
function of the control rod drives with respect to
both slow maneuvering and fast insertion. However,
such testing may not always be 100 * complete since
the preoperational testing may have been limited to
a cold system or to rod drive tests without the weight
load of the absorber blade. For this reason and in
order to preclude that fuel presence affects maneuver-
ablility, some degree of control rod drive functional
testing is generally done in connection with the loading
procedure. In particular, before any one control rod
is withdrawn in an approach to critical, it must have
undergone a full functional testing in the cold condi-
tion.

The testing can be performed either as a part of the
fuelling procedure or after fuelling (in case the
rods are not withdrawn in any approach to critical
during core buildup). In this connection withdrawal
of a single rod (or single scram group containing
well separated rods) is not taken to be an approach
to critical. The reasoning behind this is that the
reactor by design is still securely subcritical with
the single rod withdrawn and that preoperational
testing has verified the basic rod drive functions
which are redundant. Moreover, power minitoring is
done during all rod withdrawals in order to detect
any inadvertent approach to critical. In addition,
calculational results with respect to reasonable
loading errors will probably have shown that sub-
criticality will subsist. (As an example of loading
error may be mentioned the loading of fuel bundles
that do not contain burnable poison in the central
parts of the core. Such bundles are ofter used only
at the core periphery in first cores-) 289



D. Power monitoring

An appropriate power or neutron flux monitoring in-
volving satisfactory spatial relations between fuel,
neutron source, and neutron detectors as well as
adequate redundancy of measuring channels is essential
to the loading procedure.

A startup neutron so. ; is required to provide a
sufficiently large neution flux so that a measurable
neutron detector signal is obtained. The minimum
count rate should exceed 3 cps with a signal-to-back-
ground ratio of at least 5:1.

The regular source range monitoring (SKM) system
operates with fairly insensitive fission counters
(typically four) in fixed radial core positions. There-
fore, at least during the initial loading phase,
supplementary high sensitivity neutron detectors are
necessary. Such detectors, sometimes called "dunking
chambers", will be inserted from above and are contained
(possibly together with a preamplifier) in immersible
containers or dunkers. The electric cabling will be
contained in a water tight flexible tubing and drawn
to an appropriate power and signal terminal in the
reactor service hall. The dunkers are usually made to
fit into a fuel assembly position in the core with
the detector located in the top half of the core (at
the level of neutron sources). The detector signals
are transmitted to the SEM instrument cabinet and are
fed to the ordinary SRM instrumentation so that all
protection functions of the SEM system are operable
with the extra detectors.

A fundamental power monitoring requirement during
operations involving reactivity increments is that
at least two redundant measuring channels must be
operable. In general, further redundance is to be
recommended in order to provide a margin for channel
failures and to facilitate the loading procedure.
Thus four dunking chambers are often used.

With a typical neutron source strength in the range
1-108 to 5-108 neutrons per second for the source
unit used at start of fuel loading, a detector
sensitivity of the order of 1 to 5 cps per flux unit
is adequate. This is about 1000 times more sensitive
than for the regular SRM detectors.

TABLE I

Reactivity Budget

Fresh Cold Core:

Excess reactivity
needed for

Depletion

Xenon

Temperature

Void

Leakage

k. = 1.15-1.20

Amount
%

6-10

?-3

3-4

3-4

3-4

Reactivity
Controlled by

BA+CR

CR+CRF

CR

CR

-

BA = Burnable Absorber

CR = Control Rod

CRF = Coolant Recirculation Flow

2.1.2

Table I
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GLOBAL CRITICAL MEASUREMENTS

E. Loading procedure

A few basic principles will be detailed below. It
should be born in mind, however, that various reactor
vendors will have different procedures depending on
ths systems design in the specific cases.

The loading procedure should address the following items:

- Fuel loading sequence and instructions.

- Positions of neutron sources and dunking chambers.

- Control rod drive functional testing.

- Power monitoring instructions.

- Shutdown reactivity testing.

- Subcritical extrapolation procedures.

- Critical measurements (if any) for part size core.

- Results from calculations giving expected local
critical configuration and differential reactivity
of certain control rods.

- Critical measurements at end of loading (local and
global).

The f_uel_loading_sequence will be listed in detail
giving assembly Identifications, fetching and loading
positions, as well as assembly angular orientation.
Instructions are also given for when shutdown reac-
tivity checking and subcritical multiplication
measurements are to be done. It is convenient for
the control room personnel to have a core display
where the successive fuel additions are clearly
marked. It is also advisable that the responsible
fuel engineer carries out an independent check of
fuel assembly positions in the core at various
stages during the fuel loading.

The loading will naturally start at the core center
where a iieutr_oii source will have been mounted. Only
this neutron source should be used for most of the
fuelling in order to give consistent neutron multi-
plication data. However, towards the end of the loa-
ding when all SRM detectors and regular neutron
source positions are built into the core, all the
neutron source units can be put in their final posi-
tions and power monitoring can be transferred to
the ordinary SRM system. At this point the average



reactivity properties of the fuel will have been
verified so that any subcritical extrapolation
procedures need not necessarily he continued.

The ex_tra neutron dete£tors in the dunkers will
initially be placed, one in each core quadrant (if 4
detectors are used), at such a distance from the
central neutron source that a convenient count rate
is achieved, e.g. in the range 10-100 cps. This will
give acceptable counting statistics and allow a count
rate increase according as core size increases. The
dunkers will then be successively moved outwards in
several steps. Bach such repositioning should be done
before fuel has to be loaded adjacent to the dunker
since strong local effects on detector count rate
will otherwise show up.

Fuel .loading is typically done so that core size
increases in a symmetrical fashion. It is usually
convenient to load the four fuel assemblies in a
control cell in an uninterrupted sequence. All control
rods should always be fully inserted at fuelling. (No
backup reactivity insertion is needed since the reac-
tivity shutdown margin will be large, of the order of
5 % or more).

Any control rods that will be used for checking sub-
criticality must undergo complete functional_testing
beforehand. For instance, when two fuel assemblies
have been loaded in diagonally opposite positions in
a control cell, the rod can be withdrawn because of
the lateral support from these assemblies and testing
be done of slow and fast rod drive operation as
required for the particular design. (Of course, lateral
control blade support can be provided by using dummy
fuel assemblies).

All increases in core reactivity must be accompanied
by monitoiriiig the neutron measuring channel readings
in the control room. All fuelling operations must
therefore be directed from the control room which
calls for a continually open communication line with
the fuelling platform. If the power monitoring shows
strongly increasing count rates the control room
operator will halt the fuel insertion and direct
further actions. Detector count rate data are taken
after fuel addition.

Verification_of core_subcriticality^ with the control
rod of greatest worth withdrawn (i.e. usually the
central control rod) should be done for several core
sizes, e.g. after each new "ring" of loaded control

cells has been added. The ratio of the detector count
rates for the central control rod inserted and singly
withdrawn, when plotted as a function of loaded fuel
assemblies, will check that the core will remain subcritical
for any size (see procedure in ch. 2.1.2-E).

A further test-of shutdown reactivity is done by
verifying that the reactor complies with the shutdown
criterion. This can be done by first fully withdrawing
the central rod (usually the most reactive rod) and
then withdrawing a nearby control rod a distance that
corresponds to a calculated reactivity increase as
desired. Thus, this test, which should be done a few
times during the complete loading, need not be a true
or full approach to critical. (Often a third or even
a fourth rod may have to be withdrawn to reach a local
critical condition in an initial core).

The very first times that the central control rod is
thus withdrawn, subcritical multiplication should be
measured as function of rod position. The extrapolation
procedure given in 2.1.2 may be used to predict the
critical position of the rod.

^ j y ^ are mostly done only after the com-
pleted loading and using the regular SRM-IRM system
for power monitoring. However, if critical measurements
are done for a part size core and the regular SRM
detectors are not available, then the high sensitivity
dunking chambers may have to be supplemented by addi-
tional neutron detector channels in order to expand
the power monitoring range.

At end of loading final control rod drive functional
testing will have to be carried out (if not completed
earlier). This will only involve a single rod or scram
rod group at a time and will give a detailed core-wide
verification of adequate shutdown reactivity.

Local cri.t^cjil_t£sj:s for the full core are also per-
formed~in addition to those done with part size core.
The test sites in the core of local criticalities
should be chosen in order to obtain convenient neutron
flux monitoring with at least two measuring channels
(SRM). Level trip of one or more of these channels
should actuate the reactor protection system, i.e.
scram.

During the first 2lobal_criM£ality_test the adequacy
of the control rod withdrawal sequence with respect
to power monitoring is checked. The critical rod
positions will be compared with the precalculations. 293



In connection with the local and global criticality
tests, rod differential reactivity worth may be
measured for the partially inserted rods.

Note 1

The initial fuelling is in some respects done diffe-
rently by various reactor vendors. Either the water
level may be only a few meters above the core top
(i.e. in the reactor vessel) or the complete reactor
pool may be filled up entirely. In the first case,
a fuel handling platform is in position on top of the
vessel which in some ways facilitates the loading
procedure and moving of detector dunkers. In the
second case the regular fuelling machinery is used
with the advantage of simultaneously testing the
handling system and training the operating personnel.

Completely dry loading is also possible but will
require different power monitoring procedures as
compared to the methods described above.

Note 2

Some vendors will provide two dummy fuel assemblies
for each control cell in the core in order to give
the control blades the required lateral support when
withdrawn for rod drive functional testing. This
provision will facilitate the loading procedure with
respect to the functional testing of control rod
drives but at the same time it introduces more
equipment handling.

2.1.4 Methods during reloading

b) Reloading after complete core unloading e.g. aftar
any repair or quality control work in the lower
parts of the reactor vessel. The reload will include
fuel from the previous operating cycle and any new
fuel as in a ) .

The distinction is important with respect to criti-
cality control. In the regular case continuous power
monitoring (i.e. of subcritical multiplication) can
be maintained with the SEH system throughout the
operations for a contiguous core. In the second case
the fuelling would be analogous to fuelling a first
core and extra neutron measuring channels may be
required and are known to have been used. However,
in this case there is a way to avoid such extra
instrumentation.

One important difference of the reload core compared
to the initial fresh core is the distribution of source
neutrons. The core which has attained an average
burnup in excess of about 10 HWd/kgU has a strong
inherent source, see ch. 2.1.1-B. It is now general
practice in BWRs to remove the initially installed
sources. The fact that the inherent neutron source
is distributed throughout the core is of importance
in criticality control.

Another important difference in the reload situation
in comparison with the initial fuelling (as in Ch.
2.1.3) is the fact that the irradiated fuel - which
even after refuelling constitutes most of the core -
has wellknown and proven properties because of the
previous power operation. Thus, for this fuel one
need not take into account any deviations due to
possible errors in the fuel delivery. Of course, any
repositioning of irradiated fuel in the core will have
to be done carefully.

A. Introduction

One may distinguish between two types of reloading:

a) Insertion of fresh reload fuel and any partly spent
fuel ("reinsertion") in place of discharged fuel.
This is the standard type of refuelling and will
mostly involve some degree of shuffling, i.e.
movement of fuel assemblies from one core position
to another.

A further point to be made is that since now the core
contains large amounts of long-lived fission products,
thorough consideration should be given to how shut-
down reactivity tests will be made after refuelling but
before the vessel is closed. Practice will vary in
this respect. It is probably generally accepted to
perform control rod functional testing with the open
vessel in order to allow any required rod drive repair
before the vessel head is mounted. At the same time
a core-wide shutdown reactivity test is obtained with
respect to single rod or single scram group withdrawal.
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However, if local criticality tests are deemed
necessary, they will in some countries be done only
aft,er vessel closure.

B. Standard refuelling procedure

All fuel handling shall be carried out with fully
inserted control rods. Even with hypothetical gross
errors in the fresh reload fuel (such as missing burn-
able poison), the generally scattered configuration
of reload positions cannot then result in supercriti-
cality.

A general procedure would be to

- discharge spent fuel to the pool

- reposition (shuffle) fuel assemblies within the core

- insert new fuel

Subcritical multiplication monitoring should be done
during all shuffling and fuel insertion. Fuel hand-
ling instructions should be as with initial core
fuelling.

Upon completion of refuelling, shutdown reactivity
will be checked first when control rod drive functio-
nal testing is carried out but gives only proof of
subcriticality for single rod withdrawals. The
requirement that the reactor shall be subcritical by
a defined amount (see eh. 2.1.2) will necessitate
local approach to critical. The most reactive control
rod positions will have been determined beforehand
(by calculations) and typically four of these core
regions should be checked to fulfil the shutdown
reactivity requirement.

C. Refuelling after complete unloading

In case dunking chambers are available, refuelling
can be done as with the fresh initial core. The
different kind of neutron source distribution will,
however, give somewhat different count rate varia-
tions as a function of the number of loaded fuel
assemblies. In spite of this the method gives a
reliable monitoring of subcritical multiplication.
It should be further noted that the extra dunking
detectors must have good gamma ray discrimination
characteristics in order to give an acceptable neutron
signal.

The use of dunkers is rather unwieldy, however, and
the core may be refuelled without their use in the
following manner. All previously used fuel is first
loaded except that which was to be definitely dis-
charged .

Much of this fuel will sit in its previous positions.
The order of loading should be to first load fuel
assemblies around the SRM detectors and then expand
the loaded region inwards and to the space between
the detectors. Subsequently the outer core regions are
loaded. In this fashion a contiguous and continuously
monitored core is built up.

Since fresh reload fuel has not yet been loaded the
core will now resemble that which is attained in the
standard refuelling procedure and the rest of the
loading and shutdown reactivity testing will be done
according to that procedure.

2.1.5 Determination of reactivity parameters

A. Introduction

During normal operation of a BWR, explicit use is
seldom made of various reactivity quantities such
as control rod worth or reactivity coefficients. One
reason for this is that the complete range of reacti-
vity coefficients for all core states contributes
with ample margin to the excellent inherent stability
and selfregulating property of the BWR reactor system.
The sensitivity of power changes to control rod
movements or core coolant flow control is measured
rather in terms of rod displacements and pump speed
changes. Moreover, the reactivity quantities vary
considerably because of a large void range and rather
large variation in control rod density.

However, implicitly quantitative assessments of
reactivity quantities are of necessity for both
static and dynamics evaluation of the BWR. Thus it
is of interest to verify the calculational methods
that involve reactivity changes either indirectly
(eg reproducibility of critical control rod positions)
or directly by means of actual reactivity measurements.
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The reactivity quantities to be treated here are

- control rod integral and differential worth

- shutdown reactivity

- moderator temperature coefficient

- steam void and fuel temperature coefficient

- pressure coefficient

- power coefficient

- core excess reactivity

B. Control rod reactivity worth

In connection with startup and operation of a reactor,
critical control rod patterns are obtained for all
core states from the cold critical system to full
power. Thus the ability of the calculational methods
to reproduce the measured critical states will be a
proof of how well control rod effectiveness can be
determined. After such qualification, the methods can
be relied upon to work out control rod withdrawal
sequences and to check that these will not contain
control rods that in case of a rod drop accident will
increase core reactivity by some maximum value
(usually 1 % ) .

Actual measurements of control rod int&gral worth
are of little interest since they are valid only for
the particular situations and hence are of little
pratical use. However, for very low powers, two
measurement techniques are readily available: inte-
gration of measured differential worths and the fast
rod insertion method. At high powers, temperature
and void reactivity feedback makes it difficult to
separate the control rod worth component from power
dependent reactivity quantities.

In the first method of measurement a series of diffe-
rential rod worths with respect to successive small
rod displacements are measured for a critical system.
The rod displacements have to be accordingly compen-
sated for by a corresponding reactivity change by
using another control rod or by changing core tempe-
rature.
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The second method of measurement is based on the
prompt change in neutron flux level when a sudden
reactivity change is introduced. At the outset the
reactor is just critical and the particular rod
(or rods) is then inserted with the scram system.
Analysis of the neutron flux transient will then
give the reactivity change. (Note that it may not
always be possible to actuate scram of only part of
the rods that are withdrawn).

It should be understood that neither of these methods
is very accurate when applied in commercial reactors.
With the first method the evaluated rod worth does
not really correspond to a well-definsd core condi-
tion. In the second method, analysis is difficult
to perform due to the comparatively long rod inser-
tion time and the nonoptimal core - detector geometry.

The measurement of the differential reactivity worth
Ap/AZ of control rods for the various critical core
states met with during very low power testing is of
more direct interest. The results indicate the pos-
sible reactivity increase rates that are achievable
and direct comparisons can be made with theoretical
calculations. The measurement is conveniently done
by withdrawing the particular rod or rods a pre-
determined increment AZ starting from an initial
steady state criticality. The stable reactor period
or doubling time is then measured from which the
reactivity change Ap is calculated from the inhour
equation. An electronic reactivity meter may also
be used to give a direct reactivity reading. An
example of differential rod worths is given in Pig. 1.

C. Shutdown reactivity

This quantity is of immediate interest from a safety
point of view since it concerns the capability to
make the reactor subcritical even in the case of
insertion failure of a control rod or control rod
scram group of highest worth. The manner in which
the shutdown criterion is measured is described in
Ch. 2.1.2-B.

D. Moderator temperature coefficient of reactivity

With this quantity is understood the reactivity change
due to a uniform change in core temperature (i.e.
both moderator and fuel). At low temperatures the
coefficient will be slightly negative (-5 to -10
pcm/degr C) for a freshly loaded core and slightly
positive (s 5 pcm/°C) for a core at end of cycle.
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It becomes more negative for increasing temperatures.
Except for comparison with calculations the moderator
temperature coefficient is of interest with respect
to nuclear heat-up of the reactor system. The objective
of a measurement is then to demonstrate that the
coefficient is not unduly positive at beginning of
the heat-up. Often this is done by merely showing
that control rods must be withdrawn or only very
little inserted to maintain criticality when the
system temperature is increased from the cooled-down
condition. Even in the case of a required rod insertion,
the rods will have to be withdrawn again at somewhat
elevated temperatures, eg before 100°C is reached.

Actual determinations of the temperature coefficient
Ap/AT are done by period measurements at different
temperatures. A common method is to start at a some-
what elevated temperature at which the reactor is
taken critical at very low power (i.e. there is no
reactivity feedback from power). Upon cooling the
reactor is maintained critical by inserting control
rods (for a negative coefficient). After a temperature
decrease AT the control rods are withdrawn to the
previous critical position and the positive reactor
period is measured from which the reactivity change
Ap can be determined. The moderator temperature
coefficient is plotted versus temperature in Fig. 2.

If a control rod is first calibrated, then the
temperature coefficient can equally well be deter-
mined during heating up of the reactor system.

E. Steam void coefficient of reactivity

The void coefficient influences core stability and
affects the transient response of the reactor system
in connection with power control and system dis-
turbances. It may be defined as the reactivity
change per fractional change (eg volume %) in void
at constant power. It is in principle a spatially
dependent parameter but it is mostly adequate to
evaluate the core averaged coefficient. A BWR is
optimized to operate with a fairly strong negative
coefficient which will vary over a certain range
within an operating cycle.

The strong reactivity coupling between reactor power,
fuel temperature, and void renders it very difficult
to do accurate measurements of reactivity coefficients
for void and fuel temperature. Instead, system per-
turbations can be introduced (eg in pressure, core

flow, or feed water temperature) which initiate power
transients. Comparisons between the measured and
calculated transients will then check whether correct
dynamic parameters are obtained with the calculatio-
nal method.

The interdependence between void and fuel temperature
reactivity (see Fig. 3) manifests itself clearly in
the power - core flow control line. An increase in
recirculation coolant flow will decrease the steam
void thus increasing reactivity. In turn, power will
increase which raises the fuel temperature leading
to a decrease in reactivity. Thus at every point
along the control line there is a reactivity balance
determined by steam void and fuel temperature. The
ability of a theoretical method to reproduce the
control line is again a good test of the method to
calculate important reactivity parameters.

F. Pressure coefficient of reactivity

In a BWR the vessel dome pressure is held very nearly
constant at about 70 bars ( 1000 psi) by menas of
the pressure controller which operates on the turbine
steam admission vavle. The pressure affects power
through compression or decompression of the steam
in the core i.e. through the void coefficient. The
pressure coefficient which is positive is of interest
whenever pressure transients arise. Again the pressure
coefficient is not evaluated explicitly, but verified
by means of power response tests when the pressure
set point of the pressure controller is varied. A
very convenient measurement is to impose a periodic
pressure disturbance and register the power response.
From this a transfer function (power to pressure)
can be determined which is of significance in judging
core dynamics and stability characteristics.

G. Power coefficient of reactivity

The power coefficient is of little practical use in
its explicit form (e.g. as pcm per % power change)
and is determined generally on a theoretical basis.
It involves the void and fuel temperature coefficients
and thus is difficult to measure. From an operating
point of view it is instead convenient to use the core
flow power control line (described in Ch. 2.2.3) as
the basis for a measure of control capability, for
instance, percent power change per percent change
in core flow. (Note that control rods are seldom used
to increase power at power levels above some 65 % of
rated power). 2S7



H. Core excess reactivity

Excess reactivity can of course never be directly
measured in a BWR. As mentioned before, the theore-
tical methods are checked by reproducing the various
critical core states that are obtained in going from
a cold core to full power. A qualified method will
then give adequate accuracy in calculating the various
reactivity contributions. An indication of the size
of the contributions is given in table 2.1.2-1.
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2.2.1 Total Thermal Power by Heat Balance Evaluation

Themost accurate way to determine the total thermal
reactor power, Q, is by making an overall heat energy
balance over the reactor vessel taking all heat
sources and losses into account.

The parameter Q appears in many calculations. Its
value is essential in the evaluation of thermal
margins, the thermal power is used to normalize the
measured or calculated core power distribution, etc.

The value of Q has also economic implications. The
generator output, G, is easily measured. The plant
gross efficiency, G/Q, is a measure of how well the
fuel is utilized.

The losses and sources of heat for the reactor
vessel are sketched in figure 1. The energy balance
of the system becomes

Qtot = Qtur + Qcl + Qcr + Qrad " Qp <l>

where

Q t o t - heat production of the reactor core

Q t u r - energy absorbed by turbine

Q , - losses in water cleanup demineralizer system

Q c r - losses in control rod drive purge flow system

Q r a d - losses due to heat radiation

Q - energy input from recirculation pumps

It should be noted that equation (1) may vary slightly
from one BWR type to another, but the basic principles
are always the same.

The amount of heat to the turbine is obtained from
measurements of reactor pressure (p), feedwater flow
(W£eed) and temperature ( T f e e d ) , and the moisture (x)

of the saturated steam going to the turbine. Then

where h is the quantity of enthalpy. It is here
assumed that the steam flow equals the feedwater
flow. The moisture content can not be continuously
monitored, but has to be measured, for instance,
during the start-up period.

The cleanup and control rod drive flow losses are
known from temperature and flow measurements. For
a 3000 MW unit they combined amount to approximately
10 to 15 MW.

The losses due to heat radiation is of the order 1
to 2 MW. The term Qrad

 m a v be estimated during a
pre-nuclear hot system test. In such a test the
reactor water is heated to nominal values with
electrical steam generators.Since all heat sources
and heat sinks except Qra(j are well known, the value
of Qra(j is easily computed. In case no pre-nuclear
hot system test is performed, the heat radiation loss
may be estimated from measurements of the temperature
decrease rate during the early cooling phase of a
reactor brought to zero power. A pre-condition for
this procedure to be meaningful is that the decay
heat is negligible,i.e. that the fuel is fresh.

The pump energy gain (a few megawatts) is a function
of the coolant flow, the pump pressure head, the pump
efficiency, and the water density.

Wcool •Ap
(3)

300 Qtur ~ "feed" hsteam <P'x' " h feed <P'T feed >] t2>

c p • n

Using steam tables, Eq (1) may be approximated by

w
Q f% 1 = ~^- • (100+0.3-fiT + 0.06-Ap + 0.8-AX) + q,

1 J Wnom -1

(4)
where

W - "nominal" feed water flownom

AT = 180-T£eed [°C]

Ap = 70 - p [bar ]

AX = 0.1 - X [%]

9l = (Qcl + «cr + Qrad " Q p ) A W 1 0 ° = l°ss term
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Figure 1
HEAT ENERGY SOURCES AND LOSSES

In practice, the loss term has an almost constant
value, say 0.5 %, over the entire power range because
of the nearly constant operating conditions of the
cleanup system and the control rod drive purge flow.

Eq (4) is the starting point for our error analysis.
From the values of its coefficients the relative
importance of the various parameters is evident.
The loss term, the feedwater temperature, the pressure,
and the moisture are fairly easy to measure with
good accuracy. Hence, their contribution to the
overall uncertainly of the thermal power is small.

The dominating source of error is the feedwater flow.
The flow can be measured with an accuracy of about
one percent. Hence, this is also the uncertainty of
the reactor power.

In addition to the above cited problem, the feedwater
flow process signal is affected by noise caused by
flow vacillation. The peak-to-peak noise value may
be several times greater than the measurement
inaccuracy. However, the importance of the noise on
the thermal power determination may be reduced to
any level by proper time averaging and noise filtering
procedures.

2.2.2 Evaluation of Power Distribution and Thermal Limits

A. Introduction

The regulatory authorities have set up rules and limits
for the reactor operation to maintain the integrity of
the fuel and the safety of the plant. The reactor
operator must show that the operation always complies
with these rules.

As a measure of how far the core is from the limits the
concept of "thermal margins" (or equivalently "thermal
limits") is used. Roughly speaking, if the thermal
margin is x % the reactor power may be increased x %
before the regulatory constraints are reached. If the
thermal limit is negative the operator should decrease
the reactor power accordingly.
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Another objective of the core supervision activities
is to check that the actual core reactivity evaluation
is satisfactorily close to predicted behaviour and
that the core is operated optimally from a fuel
economical point of view. To meet the latter requirement
the power shape should, during the entire operating
vcle, be close to the so-called Haling distribution.

An example of a typical power shape is given in Fig. 1.

The thermal limits are usually calculated, automati-
cally or on request, by a process computer. For the
event that the computer is down, a manual back up
method must be available.

B. Limiting Parameters - CPR, LHGR, PCI

The main parameters of interrest for evaluation of
the thermal loads of the fuel are the Critical Power
Ratio (CPR) and the Linear Heat Generating Rate (LHGR).

The critical power is the point where film boiling
breaks down and dryout occurrs.

During a dryout, the local heat transfer efficiency
drops, causing in turn increased cladding temperatures,
which may rise to 600-800°C. In consequence, the
corrosion rate of the cladding accelerates, leading
eventually to cladding failure and activity release
to the coolant.

The operating conditions which determine the margin
to dryout are, seen bundlewise, integral in character.
The main parameters are bundle power and coolant flow.
A dryout correlation, derived from laboratory experi-
ments, determines the critical power.

The CPR is just the critical power divided by the
actual power. A minimum CPR (MCPR) for the entire
core is determined. The MCPR may not fall below some
specified value, say 1.40, which will depend on the
type of reactor system and dryout correlation used.
The margin to dryout is, in this case, defined by

MCPR urel

MCPR - 1.40

1.40
(1)

where Q r e l Is the relative thermal power.

The other parameter, LHGR, pertains to the heat
conduction through the fuel rod cladding. If the heat
generation rate is too high the local temperature
increase causes excessive release of gaseous fission
products from the pellet structure to the gas plenum
at the top of each rod as well as high cladding
stresses due to pellet heat expansion. Eventually,
the cladding may fail and release fission product
gases to the coolant.

The maximum heat generation rate (MLHOR) of the fuel
pins of the core is computed. It may not -exceed, say,
46 kW/m. The margin to this LHGR limit is

"LHGR

46 - MLHGR

MLHGR (2)

The overall thermal margin of the core is
M = min (H,lCPR' LHGR
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Sometimes the Surface Heat Flux (SHF) is used instead
of the LHGR. The SHF is just the LHGR divided by the
circumference of the fuel pin and 46 kW/m corresponds
to approximately 1.20 MW/mi2.

For LOCA (Loss of Coolant Accident) analysis the
concept of Average Planar Linear Heat Generating Rate
(APLHGR) is used. The APLHGR equals the LHGR divided
by the local power peaking factor of the actual fuel
bundle.

If the fuel is exposed to power shocks, i.e. steep
increases cr increase rates of the local heat load.
Pellet-Cladding Interaction (PCI) induced fuel
failures may occur. Those failures are statistical
in nature and a limiting power increase rate has been
determined below which the rod fuel failure rate should
be acceptably small. This power increase rate limit
is around 0.25 kW/m-h over a four-hour period or
longer. Alternatively, a maximum power step increase
of 1.0 kW/m at a time is allowed.

PCI failure only occurs for so-called unconditioned
fuel, i.e. for fuel that is exposed to a heat load it has
never experienced before. Thus, once the fuel has
been exposed to a certain power level the PCI restric-
tions do not apply below that level, at least for a
considerable burnup increase range.



To avoid PCI problems, spec-ific operating procedures
are implemented at high power governing control rod
withdrawal and core coolant flow increases.

C. Calculational Methods

There are several methods employed for evaluation of
the power distribution and the thermal limits. One
method rests heavily on the LPRM and TIP readings.
The LPPMs are calibrated to give a measure of the
average surface heat flux of the four adjacent fuel
bundles at the axial level of the LPRM detector (cf.
the different LPRM calibration described in section
2.1.1). The local power distribution is obtained from
an extrapolation of the TIP values to the four surround-
ing bundles. In this extrapolation a special void and
burnup dependent factor is employed to translate the
detector reading to power. Another factor modifies
the equation for the event that control rods are
present.

A difficulty with this method is to correctly estimate
the void and the coolan. flow distributions (the latter
is needed for the dryout calculations). These are
obtained by applying correlations which are based on
precalculations. Other drawbacks are that a complete
TIP run is needed whenever there is a more signi-
ficant change of the core status and that core quarter
symmetry has to be presumed.

In a different approach the detailed power distribu-
tion is evaluated online on the plant process computer
by employing a three-dimensional core simulator that
solves the neutronic and thermohydraulic equations
of the core in a consistent way.

The calculational flow is shown in figure 2. A cell-
program (see, for instance, references 1 and 2) is
run off-site on a large computer to generate input
data, like cross sections, to the core simulator. This
computation is made once for every fuel batch. The
core simulator (CS) determines a preliminary power
profile based o.i actual process data. The CS is run
on the plant computer after each major change of the
core status, e.g. after control rod movements, once
every n minutes if xenon is followed on-line, etc.
The continuous core evaluation is provided by a fast
Thermal Margins Program (TMP). It adjusts the preli-
minary power distribution to the actual process
situation and computes the thermal limits of the core.

When selecting a core simulator some sacrifice in
accuracy of the model must be made to acquire the
necessary speed, say 10 minutes per calculation. The
most popular models of toc'ay are based on socalled
1 1/2-group nodal theory (Ref 3-10). Each fuel bundle
and control rod is treated individually. The fuel
bundles are axially divided into a number of, cubes,
"nodes", of the approximate size 15x15x15 cur. A
typical core consists of 10 000-20 000 nodes.

Cross section data for two groups are used, but the
diffusion equation is reduced to one group by
neglecting the leadage term in the thermal group
diffusion equation. This approximation is based on
the fact that the thermal diffusion coefficient is
small compared to the node size and hence few neutrons
cross the node boundary after they have been therma-
lized.

However, the use of two-grou^ cross section data makes
it possible to take doppler and xenon feedback effects
into account.

Since the void content of the coolant strongly affects
the cross sections, a thermohydraulic evaluation of
the core is necessary. Power and void has to be found
in an iterative fashion, see figure 3. After conver-
gence, the expected values of the LPRM readings are
calculated, i.e. the nodal powers around a detector
are translated to equivalent fission chamber response.

New and more powerful generations of process computers
will make it possible to relinquish some of the
approximations that are made today, e.g. the elimina-
tion of the thermal group.

In addition to on-line evaluations of power profiles,
the core simulator may be used for off-line purposes.
The reactor engineer may use the program to update
the burnup distribution rsgularily, to predict core
behaviour, etc.

The Thermal Margins Program is based on act-ual LPRM
readings, thermal power, coolant flow, CS power
distribution and CS estimation of expected LPRM
readings. The idea of the TMP is to adjust the CS
power profile such that the CS LPRM values agree with
the actual LPRM readings.

This method works well as long as the deviations
between the core simulator power profile a-'J the
true power is large-scale (slowly varying) in nature. 313
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Such situations exist after moderate changes of core
coolant flow, thermal power, burnup profile, xenon
distribution, etc. The model even corrects for model
imperfections in the core simulator of large-scale
nature.

Based on the modified power profile, the dryout margin
and linear heat generation rate are computed and the
overall thermal margin of the core is found. By
comparing linear heat generation rates from different
TMP runs the rate of change of the local heat loads
is found. Hence, the program provides a PCI check.

D. accuracy

The accuracy with which the local power, and hence
the MCPR and the MLHGR, is finally determined depends
of course on the size of the various error contribu-
tions. The sources of error may be grouped as follows.

1. Uncertainties in cross section data caused by
model imperfections of the cell programs and
inaccurate cross section libraries.

2. Uncertainties in process input data such as
thermal power, core coolant flow and coolant
temperature.

3. Imperfections in the core simulator equations
caused by, for instance, the 1 1/2-group approxi-
mation and the spatial approximation of the
diffusion equation. As already pointed out such
errors are basically large-scale in nature and
the errors are automatically corrected by the
adjustment procedure of the Thermal Margins
Program.

4. Uncertainties in the translation of the nodal
power to detector response.

5. LPRM signal uncertainties caused by noise, signal
calibration, drift, detector vibrations, etc.

6. Interpolation errors in the power adjustment
procedure of the Thermal Margins Program.

The overall nodal power error may be of the order 5-10 %.
This uncertainty can be accounted for in the core
surveillance by lowering the maximum linear heat
generating rate allowed by some factor, say 2x5 %
(from 46 kW/m to 12 kW/m). The uncertainty of the CPR

is usually lower than that of the LHGR since the
margin to dryout is mainly dependent on the overall
bundle power. When the bundle power is determined
the axial errors are averaged out.

CORE
BOTTOM

0-5 1.0 1.5 RELATIVE POWER

0 20 40 60 80 (%) VOID

TYPICAL AXIAL P0V1ER AND VOID DISTRIBUTIONS 290



Control Bods
Thermal Power

Coolant flow
Coolant Temp
Pressure

LPRM

Thermal Power
Coolant Flow

Cell program
Off-site calculation once for
every fuel batch.

Cross-sections
Power Peaking factors
Etc.

Core Simulator
On-line calculation af ter each
major change of core s t a tu s .

Power
Void
Core flow
Simulated LPPM readings
Etc.

Thermal Margins Continuous Supervision

Input:

Cross Section Tables
Power Start Guess
Geometry
Etc.

Void Calculation
Coolant Distribution

Cross Sections

Xenon Distribution

Nodal Matrix A

Solve Modal Eg.

New Power, kgff

NO ^ ^
•aence^>

Detailed thermohydraulic calculation

Interpolation in cross section tables
cross sec = fc%(bumup, void, • . . )
Doppler, xenon feedback effects

A = A (power, void,

neighbours

p -

YES

Expected LPEM Signals D
neighbours

P.-ftt(burnup, void, . . . )

2.2.2
Figure 2 CALCULATIONAL FLOW FOR EVALUATION OF THERMAL MARGINS 2.2.2

Figure 3 FLOW CHART FOR CORE SIMULATOR 395



DID
%)

m

2.2.3 BWR Control Systems - The Operating Range

A. Reactor Water Level and Pressure Control Systems

The main systems of the BWR steam cycle are shown in
Fig. 1.

There are three important parameters - reactor water
level, pressure, and power - that must always be
maintained within close limits. For this purpose,
special control systems are employed.

The water level; controller adjusts the feedwater flow
into the vessel, by means of the feedwater pumps, in
such a way that the water level is kept constant, e.g.
at 4.5 meters above the core. In case the level deviates
too far from the nominal value (say +0.5 m) the
reactor is scrammed. Should the feedwater pumps fail,
or the main feedwater lines be closed, the water level
is maintained by the auxiliary feedwater pumps or
the core spray system.

During normal operation the reactor gressmre is
kept constant by the turbine admission valves. Should
the pressure increase due to increased reactor power,
more steam is admitted to the turbine until the
pressure regains its nominal value (7 0 bar). This
way the turbine plant acts as a slave to the reactor.

Under certain conditions the turbine valves are
completely closed and the steam is dumped (bypassed)
directly to the condenser. In that case, the pressure
control is taken over by the dump control valves. If
steam dumping is also prohibited, or when reactor
isolation is initiated and the main steam valves are
closed, the pressure is maintained by the relief
control valves.

B. Power Control Systems

The two primary tools for controlling the reactor
power are the coolant recirculation pumps and the
control rods.

The power controller can be set in either of two
modes; the £lant gower control mode (PPC) or the
p_ump_SEeed_conj:rol_mrale (psc). Using the PPC mode
the power is~kept at a given constant level by means
of automatic core coolant flow adjustments with the
recirculation pumps. In the PSC mode the pump speed,

and hence the core coolant flow, is kept at a given
constant value while the power is allowed to drift
or is adjusted with the control rods. Referring to
the flow-power map of Fig. 2, the PPC (PSC) corre-
sponds to operating the reactor along a horizontal
(vertical)line.

If the reactor is operated in the plant power control
mode under steady state conditions, reactivity will
be lost continuously due to fuel depletion. The reac-
tivity loss will be offset by a gain due to an
automatic increase of coolant recirculation flow,
i.e. the operating point moves from A to B in the
example of Fig. 2. The operating point A may be
reestablished by control rod withdrawals.

The physical reasons why the recirculation pumps can
be used to gain reactivity are as follows. When the
pump speed is increased the flow increases leading
to decreasing void and the moderating capacity of
the coolant is enhanced.

If the reactor is operated in the pump speed control
mode, the depletion will force the operating point
to move from A to C. The depletion reactivity loss
is balanced by a gain due to a lower void content and
lower fuel temperatures caused by the power decrease.

Another case when the operating point moves back and
forth along the line A-B or A-C (depending on the
control mode) is when the core is experiencing the
reactivity effects of a xenon transient.

During high power operation, the plant power control
mode is to be preferred over the PSC mode since under
the PPC mode no power production loss takes place.

Let us assume that the reactor is operated in point
D in the PPC mode. The plant power set point is
switched to, say, 100 %. The power controller
immediately responds by increasing the recirculation
flow until the requested power is attained. As a
result, the operating point moves continuously along
the slightly curved line D-A. Such a line is called
an "operating line" or, sometimes, a "control line".

The controller can change the power with a speed of
up to about 20 % of full power per minute.

In the lower range of power (below approximately 65 % ) ,
low recirculation flow is normally preferred and the
controller is set in the pump speed mode. Reactor



power alterations are accommodated by adjustments of
the control rod settings. In the flow-power map the
operating point moves along the line E-D, see Fig. 2.
The power increases are carried out at a rate of
1 to 2 % per minute.

This choice of power control is utilized at startup
and shutdown and whenever power changes extend outside
the recirculation flow control range capability.

In the high power range the power controller is
normally in the PPC mode. During power increases the
operating point moves along the line D-A. At steady
power it moves along a horizontal line. Control rods
are moved only to adjust the recirculation flow to a
desired value (e.g. when flow changes move the
operating point outside the permissible range).

Control rod movements should be avoided as much as
possible at high power operation because of PCI
(Pellet-Cladding Interaction)reasons. At the control
rod tips the axial power gradiant is large, see Fig. 3,
and even small control rod withdrawals may cause
significant local power increases. If the minimum rod
withdrawal increment is too large, control rod with-
drawals are not acceptable at full power but have
to be performed at reduced power.

C. The Operating Range

The design of the operating range is determined by
the following factors.

1. Maximum permissible coolant recirculation flow is
restricted either by the pump capacity or by the
maximum permissible coolant flow through a fuel
assembly. (Too high a coolant flow may cause vibrations
or displacements within the assembly, etc).

2. Maximum power is the nominal power of the reactor
on which the operating license is based.

3. At high power the coolant flow must not be too low
for two reasons. A low flow rate means poor cooling
of the fuel pins and dryout may occur. A low flow
rate also causes the reactor to become unstable, i.e.
any power disturbance, such as results from a pressure
perturbation,is not dampened out fast enough. A
common stability condition for operation at rated
power is that the ratio of two successive amplitudes
in the core power oscillation caused by the distur-
bance shall be less than 0.25.

4. Below about 65 % of full power the minimum accep-
table recirculation pump speed gives the minimum
recirculation flow. For reactors with jet pumps the
minimum flow of the operating range roughly equals
the natural recirculation flow.

5. For jet pump reactors operation at low power and
large flow is not permitted because of pump cavitation
restrictions.

At 100 % of rated power the flow may, for a reactor
with internal impeller pumps, vary between 90 % and
about 105 % of nominal full core coolant flow. (The
range 100-105 % of nominal flow is normally used only
as reserve capacity.) For a reactor with jet pumps
the flow range at 100 % of full power is rather
limited.

If the power for some reason becomes too high the
trip limits of thr operating range may be reached,
see Fig. 2. A fast decrease of the power by means
of recirculation pump speed reduction (pump "run-
back") and a control rod withdrawal block may result
or, eventually, the reactor is scrammed.
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EFFECT ON AXIAL POWER PROFILE OF CONTROL ROD WITHDRAWAL

2.2.4 Power Operation Modes

A. Reactivity control during operation cycles

In a power reactor, which normally is loaded with
fresh fuel once a year, the core excess reactivity
must be high enough to ensure that the reactor can
be operated as intended to the next refuelling outage.
In addition to compensation for temperature, void,
and xenon, the excess reactivity must be sufficient
to balance burnup during the operating cycle. The
reactivity loss due to burnup is caused by the
depletion of fissile material and the buildup of
longlived fission products.

As a rule 20-25 % of the core is replaced each year.

The reactivity control system is designed to be abls
to absorb the core excess reactivity and to control
the spatial power distribution in the core during any
mode of operation. The system must be capable of
keeping the reactor subcritical at any time according
to the shutdown criterion.

Long-term reactivity control is provided by control
rods and burnable absorbers, see Fig. 1. The short-
term control is provided by recirculation pumps in
addition to the control rods.

Fuel pellets containing a burnable absorber (BA) are
present in a few rods in each reload fuel assembly
and in most of the initial core fuel assemblies. The
BA pellets consist of a solid solution of gadolinium
oxide (Gd2O3) dispersed in sintered uranium oxide
(UO2). Depending on the various parameters of the
operation of the reactor during the cycle, BA is
typically present in two to seven of the 63 fuel rods
in a fuel bundle with a content of 2-5 % BA by weight
(8x8 fuel assemblies are assumed here). In advanced
uses the BA content is axiallj. varied in order to
contribute to a favourable axial power distribution.

The introduction of burnable absorbers in the fuel
reduces the maximum core excess reactivity during
the operating season. The corresponding reduction
of the reactivity control demand is enough to ensure
that the cold shutdown condition is always satisfied.
The primary objective of BA is thus to supplement
the reactivity control capacity of the control rods.
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The excess reactivity held by BA will decrease with
irradiation in an almost linear fashion. Towards the
end of the operating season practically all of the
strong neutron absorbing isotopes Gd-155 and Gd-157
will have vanished and the residual reactivity effect
of BA is quite negligible, see Fig. 2.

The control rods are designed to be able to bring the
reactor into a shutdown condition at any time. During
normal operation the objective of the control rods
is to compensate for the burnup of the fuel and to
shape tha neutron flux distribution in the core in
order to achieve an optimal power and burnup distri-
bution. This shaping function is one of the reasons
why the rods are inserted into the core from below.

The control of the reactor power during short-term
ordinary operation is achieved either by control rod
movements or by coolant recirculation flow changes.
The control rods are used mainly during the start-up
phase, up to about 65 % of rated power. Above this
level, power is generally changed by varying the
recirculation pump speed and thus the coolant flow.

Slow reactivity changes occurring at high power
caused by xenon concentration variations or fuel
burnup, are in the first place compensated for by the
automatic coolant flow control. When the flow control
approaches either of its range limits, control rods
are moved at constant power in order to maintain
coolant flow within these limits. This type of rod
position adjustments will be made at intervals, which
at certain times may be as short as a couple of days,
at other times longer, depending on the temporary
burnup - reactivity dependence.

The use of BA to reduce control rod inventory and to
assist in axial power shaping and the employment of
an appropriate refuelling strategy makes it possible
to use a single control rod sequence during the whole
operating cycle. This rod withdrawal strategy is
called "Monosequence Operation". The idea is also
known as the control cell core concept. An example
of a monosequence is shown in Fig. 3.

However, during the first cycle it is generally
desirable to change between black and white control
rod sequences in order to obtain a radially uniform
fuel burnup distribution. These changes of control
rod sequence imply that those control rods which have
been fully or partially inserted in the core are
fully withdrawn, and certain others which have

previously been fully withdrawn, are fully or partially
inserted into the core. A change of control rod
sequence requires a temporary reduction of the reactor
power (typically to 40 % ) .

During the first cycle 3 to 4 control rod sequences
are used, depending on the length of the cycle and
depending on vendor recommendations.

B. Reactor Startup from Cold Shutdown to Full Power

A varying amount of control rods (25-65 % of total
inventory) must be withdrawn to make the reactor
critical, depending on core reactivity condition
(core life, xenon history, etc). From the beginning
of control rod withdrawal, the power is monitored
by the source range monitoring (SRM) system. Criti-
cality is reached in the power range of 0.1-10 kW
obtained from nuclear fission.

After criticality is attained, power is increased
by further control rod withdrawal up to about 2 %
of rated output to achieve a heat-up rate of typically
30-40°C per hour. During the heat-up the intermediate
range monitoring (IBM) system is monitoring the
neutron flux. While pressure and temperature are
raised, steam may be increasingly admitted to the
turbine system for establishing condenser vacuum and
for heating the turbine. When the rated reactor
vessel pressure is reached, pressure control is
automatically initiated by the turbine control system.
L.;-r-ng this phase the feedwater system starts operating.

At full reactor vessel pressure, power is increased
by further control rod withdrawals to about 15 %.
The power controller is in the PSC mode. The coolant
recirculation flow is still low and steam is bypassed
to the condenser. In the range 8-15 % the power range
monitoring (APBM) system takes over the neutron flux
monitoring from the IRM system. At 15-20 * the turbine
is brought into operation. The turbine speed is
increased and the synchronization of the generator
follows. During this operation reactor power is
continuously increased. The pressure control is now
transferred from the dump valves to the turbine
governor valve.

Reactor and turbine generator output is increased up
to about 65 % of rated power by withdrawal of control
rods at low core coolant flow. At 65 * power the
control rod pattern is close to that expected at full
power.



Further power increases are carried out by increasing
core coolant flow (i.e. recirculation pump speed)
as illustrated in Fig. 2.2.3-2. An example of a
reactor startup from a xenon free core is shown in
Fig. 4 (in this case at least 3-4 days have elapsed
after shutdown from full power operation). The xenon
concentration approaches its steady-state value
during the startup. This leads to an increasing
reactivity loss which is compensated for by control
rod withdrawals at certain high-power levels. At a
constant power level the xenon buildup will at first
result in increasing core coolant flow via the
coolant reciroulation flow control system. The coolant
flow is then restored to recommended values by control
rod withdrawals.

The thermal margin is evaluated intermittently. A
permissible thermal margin is a prerequisite before
a further increase in reactor power may be done.

Before full power can be reached the Xenon content in
the core must not deviate to much from the full power
steady-state value. After a short outage with a high
Xenon content in the core, it is possible to reach
almost full power in a couple of hours. The faster
the return to the high-power region can be done, the
less the Xenon content variation is.

For reactor shutdown, the procedure of approach to
power is reversed. Thus the power is first decreased
to about 60 % by reducing the recirculation pump
speed to a minimum value. For further power reduction
control rods are inserted at constant recirculation
pump speed. The turbine valve closes concurrent with
the power changes and keeps the reactor pressure con-
stant. After disconnection from the outer jrid and
when the turbine control valve has closed, the task
of maintaining the reactor pressure is automatically
taken over by the dump valves and the residual power
is handled by the turbine condenser.

C. Load follow

Nuclear power is taking an increasing part in the
electric energy supply systems. The light water
reactors will in a few years carry a major burden
of electric energy generation in several countries.
In this process the load follow capability of the
reactors will become more and more important.

Load follow operation implies aaily or weekend load
swings as well as any other load adjustments that
generally do not reduce power to less than about
40 % of rated output.

In some BWR systems two important factors that
greatly facilitate load follow capability are the
fine motion control rod drives (FMCRD) and the large
permissible core coolant flow intervall at full power.
The FMCRD permits control rod withdrawal at full power
with acceptable small steps without violating the
limitations on local power change rates (PCI restric-
tions) .

With a large range within which the coolant flow may
vary many Xenon reactivity transients can usually
be absorbed by the automatic pump speed control
system without power reductions.

Every change of reactor power is followed by rela-
tively slow transients in local Xenon concentrations
throughout the entire core. These transients affect
both the core excess reactivity and the power distri-
bution. A reduction in reactor power from an equilib-
rium condition implies at first a growing Xenon content.
After 4-6 hours a maximum value is reached and then
the amount of Xenon decreases to its new steady-state
value. In the high-power region this reactivity
variations is, as already mentioned, compensated for
by a core coolant flow adjustment. In some cases
control rod pattern changes are also required.

In the power range from about 60 % to 100 % of
nominal power, daily variations can be accommodated
with only insignificant restrictions. An example of
a power reduction to 70 % during 8 hours is shown
in Fig. 5. During the entire load follow the control
rod pattern is held constant and the whole Xenon
reactivity variation is absorbed by varying the core
coolant flow.

For larger power ranges it is not sufficient to
reduce power with the recirculation pumps alone.
Below about 60 % power further reduction is performed
with the help of control rods. This case is illustra-
ted in Fig. 6, where the power is reduced to 40 %
during 6 hours. The Xenon contant variation is in
this case larger because of the larger power step.

After the core coolant flow has been reduced to
about 55 % of the rated value at about 60 % reactor
power, control rods are inserted into the core and
the reactor power is decreased to 40 %. At this
power level at constant low core coolant flow the
growing Xenon reactivity loss is compensated by
intermittent control rod withdrawals. The return
to full power starts with control rod withdrawals
until about 50 % of full reactor power is reached. 311 !
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The power ascension above 50 % is done by increasing
recirculation pump speed. Weekly variations, for
example to meet reduced demands during weekends, are
performed in a similar way. Control rod maneuvering
is often required, in addition to core coolant flow
changes, to absorb the Xenon reactivity variation.
Weekly variations may require a more cautious return
from 85 % to full power depending upon the past
history of the movement of the control rods. The
reason is that for longer periods at reduced power,
the Xenon content in the fuel will reach a lower
level and the return to full power will mean
restoration of the Xenon content and thus a power
redistribution.

D. Stretch-out operation

If all the excess reactivity of a reactor core has
been consumed when approaching end-of-cycle, the
chain reaction can no longer be maintained at full
power. The reactor can, however, still operate for
some time but only at a gradually reduced power out-
put during a so-called coast down (or stretch-out)
period. The reactor is then run in the constant pump
speed mode. The depletion reactivity loss is compen-
sated by the gain due to lower void content and lower
fuel temperatures obtained when the power is decreased.

Coast down operation is employed for flexibility and
economical reasons. The optimal coast down operating
time is a trade off between the savings by augmented
fuel burnup and the expenditure for replacement power.
A typical cost optimum will often occur at about
10-15 % cycle extension.

More important than the economic gain is perhaps the
increased flexibility in fuel management. Unpredic-
table parameters such as power demand and performance
of other units connected to the grid will have a
bearing on the decision to shut down the plant for
refuelling. The reload batches can be repeatedly
re-optimizad to meet such demands. As the optimum
coast-down period generally corresponds to a rather
broad cost minimum, there is considerable flexibility
in the choice of duration of the coast down period.

A typical power reduction during coast-down operation
is shovn in Fig. 7. For a BWR the rate of power
reduction is about 0.35 %/day.

As an alternative to compensate the depletion reac-
tivity loss in a stretch-out operation by reducing the
power, the core inlet enthalpy may be decreased.

This move decreases the core void content and thus
increases the reactivity. A lower enthalpy is
obtained if one or more of the feedheaters are by-
passed, thus lowering the feedwater temperature.

However, the efficiency of the turbine system is
reduced to some extent by this procedure, so that
this mode of oneration may in some cases be unprofi-
table.

E. Spectrum Shift Operation

During steady-state operation it is desirable to
keep the core coolant flow as low as possible within
the operating range. This can be done during most
of the cycle when excess reactivity is available.
Operating at low core flow implies a high void
content and a hard spectrum, which generates excess
plutonium. This plutonium will provide an extended
cycle life time when core flow is increased to its
maximum value and thus the average void is decreased
at end-of-cycle. This operating strategy is known as
spectrum shift operation.
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2.2.5 Reactor Transients
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A. Introduction

During a transient the sequence of events that follow
upon it depends to a certain degree on the specific
type of BWR that is under consideration. For this
chapter a BWR with internal impeller recirculation
pumps will be presumed.

The main systems pertinent to a discuss, on of the
most common transients are shown in Fig. 2.2.3-1.

The control systems necessary for the reactor to be
able to cope with the transients have been discussed
in Ch. 2.2.3.

The transient behaviour of the reactor is analyzed
with regard to fuel cladding and reactor coolant
system integrity. Parameters which have been investi-
gated include

fission power
thermal power
reactor pressure
core steam void
feedwater flow
relief system flow
core coolant flow
reactor water level
dryout margin

For some of these parameters trip limits are defined.
The reactor is scrammed, for instance, when the
pressure exceeds a certain value (about 74 bar).

In addition to the scram limits the licensing authori-
ties have defined design values which should never
be exceeded. The vendor must show in the Final Safty
Analysis Report (FSAR) that the reactor can always
be operated within these limits. As an example, the
maximum permissible pressure is about 94 bar. The
critical power ratio may never fall below 1, or,
taking calculational uncertainties into account,
never below, say, 1.10.
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B. Reactor Isolation

Complete steam flow interruption by closing of the
main steam line isolation valves is automatically
executed upon pipe break accidents inside the reactor
containment or in the steam lines and upon high
water level in the reactor pressure vessel.

The same signals which initiate steam line isolation
also initiate reactor scram, fast reduction of
recirculation flow and feedwater flow, and opening
of the relief valves to blow off steam to the conden-
sation pool. The steam line valves start to close a
fraction of a second after the release of the isolation
signal and they are completely closed after approxi-
mately one second. After four to five seconds the
recirculation pump speed has reached its minimum
value (20 % of full speed). At that time the control
rods are fully inserted.

As a consequence of the scrim and the reduction of the
recirctilation flow the neutron flux is rapidly reduced
to decay power values. The thermal power decreases
more slowly because of the fission product decay heat
and the ceramic fuel's ability to store heat.

Initially, the pressure increases since the reactor
is still producing steam. The relief system, however,
reduces the pressure to its nominal value and keeps
it constant by the relief control valves. Since the
pressure reactivity coefficient is positive, the initial
pressure increase will somewhat delay the power
reduction.

The water level depends on three factors? average
void fraction, relief flow and makeup water flow
(= feedwater flow or auxiliary feedwater flow). As
the thermal power decreases the steam bubbles collapse
and the water level is reduced. The makeup water,
however, slowly restores the level to its nominal
value.

In all those transients vjhere relatively cold feed-
water and/or auxiliary feedwater is pumped into the
reactor vessel, the pressure will decrease 10 to 30 bar
below the normal value within a few minutes. When
all of the water in the reactor is saturated, the
pressure will increase slowly due to the decay power
heating. Eventually, the pressure will be restored
to its nominal value.

Condensation pool cooling is provided by a special
cooling system.

An example of an isolation transient is shown in
Fig. 1.

C. Turbine Trip

Turbine trip is initiated at certain abnormal condi-
tions in different systems of the plant; turbine
overspeed, large turbine vibrations, high condenser
pressure, generator faults, reactor scram, etc.

Tripping causes all turbine control and stop valves
to close. The reactor power is rapidly decreased by
reducing the recirculation pump speed to a minimum
within five seconds. Dumping of reactor steam to
the condenser is initiated by opening of the dump
control valves which control the reactor pressure.
(It is here assumed that the condenser has a bypass
capacity to receive the steam produced at about 60 %
reactor power or more). Notice, that the reactor is
not scrammed.

There is a small pressure increase as the turbine
control valves close while the dump valves open.
The fission power is rapidly reduced, apart from a
small pressure induced increase during the first
second. Concurrent with the power reduction, steam
production goes down. The feedwater flc / is reduced
by the feedwater controller. The transient water level
increase is negligible.

The reactor power temporarily stabilizes on an approxi-
mate level of 50 %. However, the turbine trip reduces
feedwater temperature to about 30°C (from 180°C)
after a few minutes as the feedwater reheating is
stopped. The accompaning increase cf core inlet sub-
cooling causes the reactor power to rise slowly
(cf Eq. 2.2.1-4 where the effect of a feedwater
temperature drop is given explicitely in terms of
totql power increase). If the power reaches a pre-
specified value (60 i) while the feedwater temperature
is still below 100°C a "partial scram" is actuated
(only one scram group is inserted). On top of this
rise there is a significant spatial redistribution
of power.

This partial scram protects the fuel from any
cladding failures.

The generator breaker will open at a generator output
near zero. Auxiliary power is then provided from the
external grid. The reactor response to a turbine trip
is mild and the integrety of the nuclear process
system and the fuel cladding is in no way threatend. 317
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The turbine trip is studied in Fig. 2.

In certain situations, e.g. when a high condenser
pressure is detected, steam dumping to the turbine
condenser is prohibited. In such a case, the dump
stop valves do not open, resulting in a complete
interruption of steam flow. The turbine trip and
dump blocking signal initiates reactor scram, fast
reduction of recirculation flow, and relief valve
opening.

D. Pump Trip

Tripping of one recirculation pump instantaneously
yields a rapid reduction of its recirculation flow.
The flow through the pump will reverse and within
a few seconds a stationary back-flow will be reached.

As a consequence of the reduced core coolant flow,
the reactor power starts to decrease. The power
controller may be set in either the power control
mode or the pump speed control mode. In the latter
case the speed will be kept constant while the power
is allowed to coast down and a sustained power reduc-
tion is experienced until the operator takes corrective
actions. In the former case, which is the normal mode
of operation at high power and which will be assumed
from now on, the power controller counteracts the
fission power reduction by increasing the speed of
the remaining pumps. The pumps are normally operated
at a speed corresponding to 90-100 % of full core
coolant flow, but may for shorter periods of time be
run at a speed equivalent to 105 % of full flow. This
means that the power controller may normally, but not
always, be able to restore power to 100 % of the
pre-trip value.

In the example of a pump trip given in Fig. 3 the
transient starts with a reactor power of 100 %. The
fission power falls off to 50 % within a second. It
returns to 90 % within another second and will finally
reach its original steady state value of 100 %. The
water level is constant within a few centimeters. The
pressure varies between some ten kPa. If more than one
pump trips it is not possible to restore full power.

E. Bypass of Feedwater

The feedwater heater system comprises a number of low
pressure (LP) and high pressure (HP) heater stages.
Each heater set is made up of two parallel heater
strings with its own bypass equipment. Bypass is

actuated if a low water level is detected inside a
heater.

Bypass of one or several LP heaters does not affect
the short time reactor dynamics since the resulting
cold water front will be smoothed and attenuated by
the HP heaters before it reaches the reactor vessel.
On the other hand, bypass of a HP heater will give
rise to a realtively sharp cold water front, which will
be transported to the reactor core. The shock, though,
will be mitigated by the turbulent mixing in the feed
line piping, the reactor downcomer, and the lower
plenum. Loss of one HP heater string will now be
assumed.

The average transit time through the downcomer and
the lower plenum is about 10 s. The feedwater tempera-
ture decreases by 20°C in 5 s. The disturbance of the
inlet subcooling will thus be fully developed 15
seconds after the first cold water has reached the
reactor vessel.

The emergence of cold water in the core is first
noticed as a decrease of the water level by a few
centimeters. The feedwater control system compensates
by temporarily increasing the flow rate.

The negative void coefficient makes the neutron flux
increase by some percent. The power controller
responds by reducing the recirculation pump speed.

F. Control Rod Ramp

Erroneous control rod withdrawals can arise as a
result of component faults or operator mistakes. The
core is most sensitive to withdrawal errors during
approach to criticality and full power operation.
This subsection is going to analyse the full power
case.

All normal control rod maneuvering should be done
according to a preplanned and carefully evaluated
rod withdrawal sequence. Various hardware features
can also be employed to strongly limit the extent
of errors, see Ch. 2.1.2. This should render rod
selection and withdrawal errors to be infrequent.

In the analysis it shall be assumed that a withdrawal
error that amounts to a distance of 5 % of core hight
occurs at full power operation.



The influence on the global reactor power of an
erroneous maneuvre depends very much on the initial
control rod position and pattern type. The greatest
reactivity disturbance is obtained if the rods are
moved at a level of approximately 20 % of total
withdrawal.

The. rods may be maneuvered separately or in groups
of at most 8 rods. A conservative figure for the
maximum reactivity release is 14 pcm/% displacement
per rod in the eight-rod group. Thus, the maximum
reactivity release caused by a 5 % displacement error
in an eight-group will be 560 pent.

The effect of such a disturbance depends on the mode
of control. When the automatic power control is employed
the power increase is restricted to one to two percent.
In the coolant recirculation flow mode the increase
is higher, up to 10 % in extreme cases.

In the case of pump speed control mode, the reactor
power increases monotonously. When the turbine maximum
capacity (some percent above 100) is reached the dump
valves open and the excess steam production is dumped
to the condenser. If the neutron flux reaches the
trip limit fast reduction of recirculation pump speed
is initiated.

The point in time when the flux peak is reached is
determined by the rod maneuvering speed. Assuming
a speed of 0.4 % rod displacement per second, the
maximum flux is obtained 12.5 seconds after initia-
tion of the 5 % rod withdrawal.

In the case of power control mode the reactor power
increase is more modest since the power controller
notices the rise in neutron flux and compensates
by reducing the recirculation pump speed.

In addition to the global effects, erroneous rod
withdraw?! also distorts the core power distribution.
This may lead to above-normal local heat loads in
the fuel without exceeding rated power output. The
local effect may be of the same order as the global
disturbance.

2.2.5
Figure 1
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A SERIES OF LECTURES ON OPERATIONAL
PHYSICS OF POWER REACTORS

P. MOHANAKRISHNAN, B.P. RASTOGI
Bhabha Atomic Research Centre,
Bombay,
India

ABSTRACT

This report d i scusses cer ta in aspects of operational physics of power

reactors . These form * l ec ture s e r i e s a t the Winter College Dn Nuclear Physics

and Reactors, J a n . - March 1990, conducted at the International Centre for

Theoretical Phys i c s , Tr ie s t e , I t a l y . The top ic s covered are (a) the reactor

physics aspects of f u e l turnup (b) theoret ica l methods applied for burnup

predict ion i n power reactors (c ) interpretat ion of neutron detector readings

in terms of adja~ cent fuel assembly power* (d) r e f u e l l i n g schemes used in power

reac tors . The reactor types chosen for the discuss ion are BriR, PSR and PHXQ.

1. FCEL FJHSIT c^HEIS

In power reactors the fuel and core structural materials are irradiated

for a period of Ten ypars . This leads to changes in the mechanical, chemical

and physiea3 behaviour of these materialw with time. Here we w i l l be concerned

mainly with the physics aspects of irradiat ion of fuel only. The Important

e f f e c t s are ( i ) Energy production, ( i i ) (;nan?es in fuel composition and

f i s s i o n yroduct bui ld up, ( i i i ) Reactivity ch&ngea and e f f e c t s of burnable

poisons , ( i v ) Changes in control rod worth and control rod deplet ion and

(v) Chances in kinetic characteristics.

( i ) Energy Production

Then f iss i le nuclei lilce '-*D, ' u or Pu absorb a neutron there is

some probability of these nuclei fissioning. The fission fragements are emitted

si-thin 10" ** sec. The fission fragments contain excess of neutrons which are

emitted promptly. Within 10" s e c , the prompt >'-rays are also emitted Iron

the fission fragments. Fission fragments then stop in the fuel or cladding.

The distance travelled by them is ^s. 0.1 am. They continue to be |V active

to reduce the neutron to proton ratio to a more stable level. The kinetic energy

of thfe fission fragments and all these radiation energies add up to the energy

released "by a fission.

Some of the neutrons are captured by the fuel and also by other materials

like clad and moderator leading to V-ray emissions. This also contribuUtto

the energy production in reactor. But the anti-neutrinos emitted with

decays are lost . Neutron capture energy release is evidently reactor dependent.

The enercy effectively deposited per fission have thus been evaluated by Unit

and Gindler (1971), by comparinc toe masses of reactants and products, adding

the radi - ative capture energy and removing the antineutrino energy. Their

evaluations are presented in Table-I. It is seen that higher Bass numbers leads

to hieher fission energy release. Out of this total energy deposited in the

reactor only 96 to 97 percent appear as heat energy in the fuel and clad to be

removed by the coolant. Three to four , ercent of the energy is deposited in the

moderator directly by the ^'-radiations and due to neutron soltving down.

323



(ii) Changes in Fuel Composition and Fia'sion Product Buildup

Heavy nuclldes get depleted due to fission. They get transformed to

oth?r heavy nuclides by neutron capture, radioactive decay and (n, 2n) reac-

tions. The build up and decay chains of the heavy nuclei are presented in

Fig.1.

Majority of -the nuclides disintegrate only by,X -emission. Onlyc>(, -decay

half lives less than 500 years are mentioned in the figure. T?.o important

beta decaying nuclides usually found in reactors are " p a and 4 Pu. Since

Pa is an absorber its somewhat long half life compared to Np leads to

some limitations on neutron flux level in the Th - U fuel cycle compared

2 " u fuel cycle. Sinilarly the loss of ^ Pu and build up of absorber

Am Kith time lead to loss of reactivity in Pu fuelled reactors operating

at Ion neutron flux level or power level.

to U -

The spontaneous fission half lives of the nuelides are not noted here.

Important examples are Cm, Cm, " Pu and * Pu. The number of sponta-

neous fission neutrons emitted/gm/see for Cm is 7a 2 x 10' while that for
240,

Pa i t is - * 1 0 5 .

A.proximate Sefinninf of l i fe (BOL) and ?.nd of Life (F.01-) fuel compositions

in 5»B and PHSB are given in Table-11.

Fission products

Fission fragments and their decay products are known as fission products.

Their marses are in the ranfe 80 to 160. There are five areas where the

information about fission products becomes necessary in reactor physics of

324 power reactors.

a) Iftiltiplication factor and power distribution prediction with turnup,

b) Measurements of burnups,

c) Estimation of delayed neutron fraction,

d) Prediction of aecay heat output of fuel after reactor shut down and
e) Radioactivity of irradiated fuel.

Now we will consider the fission produexs only fron the interest in

first area. Enorcous anount of efforts have been mace to determine the fission

yields and cross-sections of the fission products. For example latest

compilation of fission yields have been made by Cuninghane (1977) and Rider

(1978). About a hundred fission products have appreciable yield-multiplied

by-cross-section values. About 50 of them account for 90?S of the total

absorption by fission products in the burned fuel.

To quote an example, let us consider the well-known case of ' 'xe. The

full chain of Xe production in reactor is given in Fig.2. It is conven-

tional to consider a simplified chain for finding the ^'xe concentration in

the reactor

1 ET6TT55* X e 9.06 hr* (nSn absorbing)

The text book expressions for Xe concentrations can then be easily

derives. It can then be shorn that the Xe concentration is higher for higher

flux levels and that Xe concentration reaches a naximum after reactor shut
12

dov.n beyond flux levels of the pn?er of 10 . I t has been shown by Ottevtitte

(1977) recently that for flux levels of 4 x 10 n/cm /see this maxiiaum

concentration of Xenon after shut down can be underestimated by s- ^OjL i f the

whole chain given in Fie.2 is not eonsidered. The important extra chain to be

considered is the formation of metastable



Examples of highly absorbing fission products nhich' lead to stable and

vejgr less absorbing products are Cd, ' Gd and Sm. Another isotope

which shows flux dependent concentrations like Xenon is 'flh. But, while the

Xenon absorption worth is about 0.02 to 0.03 ^- k/'< for thermal reactors

fuelled by natural or enriched uraniun, the absorption worth of 'jh is

about one order of magnitude smaller.

Units used for specifying burnup

Before going further, I uould like to discuss about the units used in

quantifying burnup in power reactors.

Three type of units have been used to quantify the burnup of any nuclear
units

fuel. These.result from points of view that look at burnup in three different

ways.

i ) In terns of energy produced from fuel,

i i ) In terns of atocs destroyed by fission/initial concentration of heavy

atons, and

i i i ) In terra of time integrated neutron flux in fuel

The f i i s t one is the most popular approach in L'SEs and fast reactors.

Surnup is expressed in units of '.Vatt lays/cm or I.Jega~att Dayo/tonne. The heat

energy produced in the reactor can be accurately estimated by enthalpy

balance (provided, proper pressure and temperature monitoring is present).

This in t'egaiatt Days is divided by the total weight of fuel to five the

average burnup of fuel. To find the burnup distribution we usually have to

depend on either calculated or measured power distribution. It is conventional

to use the vieight of only the rcetal part of oxide fuel in LViEs for expressing

the burnups.

Experimental measurements of burnup depend on the measurement of concen-

tration of fission products or of radioactivities left in the fuel. Consequently

burnups are expressed in units of percentage fissions per initial metal atom.

To convert this to TO/gm we first ceter-oine the number of fissions in 1 grats

of fuel. Then knowing Hie energy absorbed in reactor/fission of each of the

nuclides the burnup in Watt 3>ays/gm can be estimated. It is evident that for

this, the number of fissions in each of the isotopes is to be known separately.

Burnup in terms of neutron irradiation has been conventionally used in

case of FHSRs. The amount of irradiation or fluence is specified in units of

neutron/kilo barn. Fluence or flux multiplied by time can be converted to

number of fissions in the fuel if the macroscopic cross-section
tut- c#y turnup

of the fuel is known. Thus the csnvertion of burnup expressed in terms of

irradiation to !".T>/tonne will depend heavily on calculated values of naero-

scopic cross-sections with burnup.

( i i i ) Reactivity ChanpeB

We shall consider the ehanees in multiplication factor of typical 1XR

fuel and of FWVR fuel.

In Fig.3 we give the plot of Km. variation with burnup of KH fuel

havinc enrichment 2.4?s and moderator to fuel volume ratio 2.3- AB described

by earlier lecture^ the water inside the fuel channels boil. So we have

plotted the k<«s for two cases - a sero steaa case and the other for 0.7 volume
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fraction of steam^generally termed void fraction. The water densities in the

two cases are O.74 and 0.25 gn/co,respectively. The fuel assembly consisted

of a 6 x 6 array used in TAPS reactors, India.

The Uo* f o r z « ° steam volume fraction reduces from 1.2S1 to 1.245 just

at toe zero burnup i t se l f due to build up of Xenon. Best of the U*> computa-

tions upto25 C3D/Short tonne (one short tonne - 2000 lbs) used an equilibriuii
assembly

concentration of Xenon corresponding to the average fuel power in reactor.

It is to be reneBbered that this worth of Xenon is power (flux) dependent. So

proper corrections are to be applied to these Kus for fuel which is operating
initial

at lower or higher than the average rated power. After this^sudden dip, the

Wo» falls monotonically with burnup due to the depletion of f issi le material

and build up of fission products. The rate of fall of KM slows down at

higher burnupe due to the increased production of Z'°Pu and * Pu per fission

of a thermally f i s s i l e isotope.

Since the neutron spectrum is harder at hifher stean volume fractions the

\<o" at zero burnup is lower by about 40 mK for 0.7 void case compared to the

0 void case. But the harder spectrum leads to higher U conversions. This

finally results in U<*>$ *" t h * 0.7 void case to te higher than the 0-0

void case at high burnucs of the fuel.

The effect on introduction of burnable poison in two of the 36 fuel rods

(1.5 wtjS CflgO,) is depicted in Fig.4. Here the koa values of fuel bundle

without and with the burnable poison are plotted for comparison. The worth of

GdgO, at zero burnup is about 0.11 <4.kfk. The k'u> of fuel with burnable

poison initial ly rises with burnup due to the fast conversion of "Gd and

J2J Gd isotopes to nonabsorbing " G £ and Gd isotopes. The kw reaches a

msacinum around 4000 1KD/St and then fal ls and merges nearly with the KM of

fuel without the burnable poison. Other than the easily recognisable reduction

in contro1 requirement brought about by burnable poisons, the use of such

bundles can lead to better power flattening durfng the operation of the reactor.

This is illustrated in Fig-5.

Consider the shown combination of two fresh burnable poison bearing fuel

bundles and exposed fuel bundles around a control rod. The powers produced by

then will be in proportion to their kc° values. After about 4500 UfD/St

burnup in a cycle, the distribution of Km values have changed such that the

roles of adjacent bundles are interchanged. Two of the bundles are gaining in

kt£ while two bundles are loosing in k u . It i s thus evident that around half

of this burnup step al l the four fuel bundles would be producing nearly the

sene power. The net effect relative to the case of fresh bundles with no

burnable poison is the reduction in Eisnateh of k*>valxies between adjacent

fuel bundles and consequent reduction in paver mismatch.

In Fi£. 6 we have depicted the behaviour of infinite nultiplication

factor with burnup of JH7R fuel. It shows more interesting features than

that of L'.7R fuel. There is the sudden dip in(<V caused by Xenon build up

within e. days tine of operation. Then \<o- continues to fall upto abcut 200 ICTs/

tonne after which i t rlees again and reaches a naximua around 1100 U'/S/tomei

and then falls monotonically. This interesting behaviour is due to the follow-

ing reasons. The Initial slow fall in Kv is due to the build up of ltp

which i s an absorber. Subsequently i t decays with a half l i fe of 2-3 days to
259 259

Pu. The formation of "̂ Pu with burnup leads t o an increase in KM for
PHV."B fuel. In thermal energy range, ' 0 is a najor absorber in natural U fuel



used in PESRs. The formation of '"pu which has nearly double the absorption

Gross-section of *'tf increases the Ko" of fuel even -though the number of

Pu atoms produced per one neutron absorbed in ' U is leBS than unity.

Once " P U also starts depleting due to fissionsfthe Kta starts falling

aonotonically.

(iv) Changes In Control Hod T/orths and Control Bod Depletions

lbs ability of a control roa to absorb neutrons depends on its

ability to compete with the other neutron absorbers, particularly the fuel.

Since the is0topic changes in fuel give rise to changes in absorption eross-

secticn, the north of control rods can also change. But i t turns out that

the increase in absorption cross-section expected with -"PU ana fission

product formation is more or less compensated by the reduction due to

depletion of Z'nJ. In PHEHs the increase in absorption cross-section of fuel

is about 25J6 at discharge burnup. So here also the increases in absorption

cross-section of fuel with burnup is not drastic enough to cause significant

changes in control rod worths.

Control rod depletion is also not a tri".ia] problem in ojicratinf power

reactors. For example consider the case of a B.VK with control rods Eade of

absorbing material B.C. It has been generally accepted that about 10f»

reduction in control rod north is acceptable in consistency with the uncertain-

ty in control rod worth estimation. It has bten found that for cruciform

control rods found in B'.TEs this corresponds to about 4<$ depletion of the

absorber M. Hfcis nay be reached ia ten to fifteen years of reactor operation

in many portions of different control blades. To avoid large errors in reacti-

vity and power distribution predictions after ten to fifteen years of opera-

tion, i t is necessary to keep tr<-ck of control rod depletions along the height

of different control blades.

(v) chanpes in Kinetic Characteristics

•Bie delayed neutron fractions are different for '°Pu (O.O021) and2* Pu

(0.0049) as against that of 2555J (0.0065). flius with fuel burnuF of uranium

fuel, the delayed neutron fraction reduces fron 0.007 to 0.005 in KBs.

Fuel temperature coefficient i se
thia

-1 x 10~5 •S-.kfk for KBs. Magnitude of

^increases with fuel burnup due to Fu production which has a absorption

resonance at 1.06 eY. On the contrary, in PHSBs the nognitude of the fuel
0*0

temperature coefficient reduces with fuel burnup due to effect of '"Pu fission

resonance at 0.29 e7. Due to widening of this resonance with fuel teaperature

increase, more neutrons are absorbed in Fu in preference to ™U. However,

in a l l , fuel temperature coefficient remains negative at any fuel burnup.

In the case of moderator temperature coefficient also KVRe and FHWRs show

divergent behaviour with fuel burnup. At the operating temperature, the K7J)

moderator ten;erature coefficient is negative at all fuel burnups. But in

FEWKs, where the moderator is near room temperature, the noderator temperature

coefficient becomes positive starting with a negative value at zero burnup.

This is again due to the fact that the hardening of neutron spectrum decrease*
J 0 absorptions but increases J7Pu absorptions.

Even in LWRi the noderator temperature coefficient at any burnup can be

positive when large amount of poison like boric acid i* dissolved in the

moderator.
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ffith f u e l turnup, the prompt neutron l i f e time reduces as i t i s roughly

.proportional to the inverse of the thermal ..absorption cross-sect ion of reactor.

As mentioned e a r l i e r , the increases in absorption cross - sec t ions are only lOjS

in case of L"SRs and 25 6 in case of FHWfis leading to corresponding reductions

in prompt neutron l i f e t imes .

2 . THEORETICAL KBTEQES FOR CALCULATING BUIWUP

( i ) Introduction

The present day approach to reactor physics problems is a

fairly rigorous one. He start with the basic nuclear data like

microscopic cross-sections^ radio active decay constants etc. Through

a mathenetical model coded into complex computer programs arrive at

informations required for reactor operation like the power diotribution

or fuel turnup distribution. A satisfactory model of the fuel burnup

process must represent the isotopic changes in each point of the power

reactor and the consequences of these changes. This calls for the

solution of the neutron transport problem as well as the solution of

the equations governing fuel isotopic changes (burnup equations).

Evidently the task in a very stupendous one.

One part of the task is tD evaluate the neutron spectrum

and its magnitude throughout the three-dimensional reactor. Sue to
•for

the geometric complexity involved, this problem is not amenable.airect
solution ' n

j in even aodern computers. The approximation usually introduced is

the separation of local fuel element effects and the global reactor

effects. Thli enables the calculations to be performed in two stages.

A fuel element in two dimensions forms the basis of the reactor lattice

and is called the lattice cel l or fuel ce l l . The analysis of

such a fuel element alone to find the neutron spectrum i s called the

lattice cel l calculation stage. Here the assumption that the reactor

consists of an infinite array of such fuel elements is used.

Calculations are performed using the neutron transport

equation and in many neutron energy groups. The neutron leakage

from the core and the effect of fuel ce l l differences and the exact

magnitude of neutron fluxes in different cells are found in the core

calculation stage. Condensed information from the lattice cell

calculation stage is fed to the core calculation stage. Core

calculations are normally performed in a few neutron energy groups and

using diffusion equation.

luckily the tine constant for fuel burnup ( ~Tjrz ) is of the

order of months. Hence the lattice cell calculations and the core

calculations are static calculations. Except for the effects

produced by Xenon, the fuel nuclear properties can be held to be

invariant for a period of 2 to 4 "reeks or sore for fuel burnup

evaluations. Hence only repetitive solution of the static problem is

required as a function of time. To reach one static problem from the

earlier, the solution of burnup equations are required to be carried

out.

The build up, decay and transformation of different heavy

nuclides and fission products are governed by coupled f irs t order

differential equations. Solution of these equations with appropriate

cross-sections and neutron flux levels gives the isotopic co«po»ition»



at different points of the reactor. Due to the breakup of the reactor

calculations Into two stages, there exists two schemes in which 1he

integrations of these equatinne can be carried out. The integration

of Wrnup equations may be perfr.rir.ed at the cel l calculation stage

or core calculation stage.

(a) Burnup equation integration at the lattice cell calculation stage

For re.actors for nhich the basic separation of lattice and core

calculations is a good approximation i . e . , the local spectrum is

insensitive to environment, the integration of burnup equations can be

carried out at the ce l l calculation stage. This can be done for PEfHs

and Hi'.Hs. In I!KHs the presence of large amount of DgO moderator and

the large Bize of the reactor make the above separability assumption

valid. Ihe water gaps separating fuel bundles in B.VHs is believed to

shield the effects of envirnoment. Eecent investigations of Zolotar

(1?79) confirm this point of view. In this scheme, we obtain the

macroscopic cross-sections as a function of' fuel burnup and moderator

conditions in the lattice ce l l calculations. Fuel isotqpic compositions

at different burnupe are also generated. Core calculations are performed

with the macroscopic cross-sections. The po^er distributions and fuel

burnup at different points (nodes) of the reactor are obtained from

the core calculations. To get the fuel isotcpic composition of any

fuel in the reactor, interpolations in the fuel composition data prepare^

at the lattice calculation stage would be required,

(b) Burnup equation integration at the core calculation Btage

In those situations where the properties of neighbouring fuel

bundles affect the neutron spectrum in & given fuel bundle, i t is desirable

to perform the integration of burnup equation at the core calculation

stage. This i s evidently the more realistic approach. Ihis scheme has

been popular in R'<H reactor analysis. Here, in the lattice cel l

calculation stage we derive microscopic cross-sections as a function

of isotopic composition of fuel (composition changes produced by burnup)

.in a few neutron energy group structure. Subsequently core calculations

are carried out with macroscopic cross-sections prepared using the

actual fuel compositions and tl-e above mentioned microscopic cross-

sections. The few neutron emrgy group spectrum obtained by the core-

calculations in each of the fuel bundle is then used to compute the

reaction rates in different isotopes and hence the changes in fuel

composition. The core calculations may be performed
Xn such a scheme,

only in two-dimensions over the radial plane of the reactor.. tne axial

variation of flux is treated by buckling ( B ) approximation or by flux

synthesis in irore sophisticated codes.

( i i ) Fuel Burnup Calculations in a fflR

As an example we will consider the application of the forcer

scheme mentioned in last section, which we have successfully implemented

in India. \1e are using such a scheme since 1976 for the fuel management

of Tarapur Bras.

The unit cel l of the B.VH reactor lattice i s shown in Fig. 7.

It consists of 56 fuel rods of three different enrichments. T»o of the

fuel rods contain M.O, as burnable poison, in the wide water gap,

cruciform control rod as shown in the figure cay be present. Instrument

tube Is usually located at the narrow-narrow water gap corner. **•



In the ce l l calculation stage, our basic problem is to calculate

the reaction rate in each of the isotopes in every pin in this unit

c e l l . Number of absorptions in isotope ' i ' in one of the fuel pins

Ha1 is given by (-for number dey\Siiy Ni)
10 MfV

here OX t£) is the microscopic absorption cross-section of isotope
1 x.' far neutron energy E and (j> (c) is the neutron flux in the fuel

pin of Interest at energy E. However, we perform the above integration

indirectly. Let ~^_ and ef: denote one group absorption cross-

section and flux such that the reaction rate is given by their product

iB the total flux.

Hence
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To perform the fuel burnup calculations our aim is thus to determine

the effective one group cress-sections for each of the isotopeB in

every pin and the total flux level In every fuel pin.

(a) Lattice ce l l model

Kajor stepa in the lattice cell calculation stage are shown

in Fig. 8. The 69 neutron energy group WBE library of U.K. is the

source of microscopic cross-sections of all isotopes in the lattice

ce l l . In the library condensation stage a microscopic cross-section

library in 28 groupB is prepared using typical spectra in a light water

lattice ce l l . Both 1he libraries give importance to the 0.89 eT and

1.06 eV Pu isotope resonances for fixing the energy limits of group*.

Macroscopic cross-sections of each material in -the fuel box are

prepared using this 28 group library taking into account its isotopic

composition.

One fuel pin, i ts can and surrounding moderator constitute a

pin cel l , neutron flux disadvantage factors in this pin cel l are calculated

using integral transport theory in the Wignex-Seitz c e l l . For Hii*

we have developet i fast and accurate program KDRLI based on interface

current method. HomogeniP;d -'n ce l l cross-sections are obtained using

the disadvantage factors.

Spectra calculated in such a single pin cel l do not take into

account the effect of heterogeneities like water gap? control rod and

adjacent fuel pin differences, neutron spectra in the whole lattice

cel l i s obtained by what is known as supercell aodel. Ihe homogenised pin

cel l cross-sections are used to construct a one-dlnensional picture of

the fuel box, as homogenised fuel cells surrounded by water gap. This

lattice cel l in simplified geometry is analysed hj integral transport

theory (MURLl} to obtain neutron spectra in water gap and different

fuel ce l l rings. Evidently the spectrum in the outer fuel rings will

be softer due to the proximity of water gap. The fine structure

heterogeneity of the control rod is hoaogenised by PI blackness

theory approach with the blackness pareoeterB evaluated using an

integral transport method. Spectrum changes caused by the presence of
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the control rod are evaluated by super cel l constructed wiUi the

homogenised control rod, stainless steel sheath, water gap and homogenised

fuel cel ls In slab geometry. Similarly spectra in GdgO, bearing fuel

pins are evaluated by constructing mini super cells consisting of GdgO,

bearing fuel pin, associated moderator, surrounding homogenised fuej

cel ls and part of the uater gap.

With the neutron spectra in 28 groups derived by the above

described super ce l l nodel, the macroscopic fuel cell cross-sections as

wall as the aicroscopic isotope cross-sections are condensed to five or

six neutron energy group structure. With the macroscopic crosB-

sections two-dimensional calculations of the lattice cell arc performed

in diffusion theory to obtain the pin ce l l power distribution and infinite

multiplication factor ( !<«).

Neutron spectra were evaluated assuming zero net current boundary

conditions in the supercell calculation stage or two dimensional
TuUive B

calculation stage. In the reactor, -the reactivity excess or deficiency^

of a. lattice ce l l is tsvken up by neutron leakage out or into a lattice

ce l l , mi* leakage effect on neutron spectrum can be represented

approximately by perforning a criticality calculation with -the five or

six group hoaoeenised lattice ce l l cross-sections and adding a LB

ocpendrnt leakage tern where 9 is the homogenised diffusion coefficient

of lattice ce l l . In soss reactor latt ices , this leakage between adjacent
n

fuel bundles can not be described by a SB dependence ( i . e . higher

leakage at hicher energies). In eueh cases, the basic serration of

lattice and core calculations is no more valid. To simulate the effect

of control absorber present during some part of the burnup, an extra

absorber having inverse neutron velocily ( ( / i> ) dependence of cross-

eecticn can be considered along with the leakage term during the

criticality calculation. A combination of l/\> absorber and BB type

leakage has been used by us to perform the crit ical l iy calculation of

the homogenised lattice ce l l . Lattice ce l l spectrum correction factors

are thus obtained by comparing the neutron spectrum obtained by homogenized

criticality calculation with the spectrum obtained by solving the

diffusion equation with sources reduced by X^) . One group microscopic

cross-sections of each of the isotopes in every pin of the lattice cell

is now derived by condensing the five or six group microscopic cross-

sections with the leakage corrected spectra.

Burnup equations are now solved in each of the pin ce l l s , given

the average power rating of the lattice c e l l . The equations governing

isotope concentration changes can be written for isotope ' j . ' ao

C«-Mu _ {J- «--i SJ: _. <f> + ^ k N k — Cf~ *• M l . d>

cit ~ _

The f i r s t term on RE represents {{reduction die t o neutron

capture and -the second term production due t o radioactive decay. The

third and fourth teraa correspond to loss due t o neutron absorption anO

radioactive decay. The l a s t term i s non zero only for f i s s ion

products. The summation over j runs over a l l f iss ionable nuclides

and fiti i s the f i s s ion yield of isotope ' i ' fr;:m nuclide ' j '

The magnitude of ej- i s determined by the average power rating

of fuel A. , the l oca l peak factor Lp of the pin c e l l ' ? ' and the

f i s s i o n energy release i n that pin c e l l . We have the power produced 331



in pin cell P per unit volume as

Here summation over 1 runs over all the f iss i le isotopes

and \ ' is the energy absorbed in reactor/fission of isotope ' 1 ' .

P is the power produced per unit volume of fuel.

Hence
Po L,

With the above determined one group cross-sections and total fluxes,

the integration of burnup equations axe carried out by Eunge Kutta

method or by the sijzple trapezoidal rule. In consistancy with the

LWR-TPUE scheme we also consider seven fission products. 135v anfl

e considered separately and their concentrations evaluated^[

using the flux level <j> . Fission products having high thermal

neutron absorption cross-section like C<J_ » Ga a n a Sm a r e

grouped into one fission product and al l the remaining fission

products grouped into 4 psuedo fission products of increasing resonance

integral as suggested by Kephe»(1960) •

With the change in composition of fuel, q-~ is reevaluated

during the integration of turnup equations. Criticality calculations

for leakage corrected spectrum are performed typically at intervals

of 500 M!D/tonne.

Burnable poison containing pins are divided into small annular

ring3 to simulate the self shielded burning of ca isotopes. Hence

332 integration of burnup equations «re required to be carried out in each

of such rings separately at least for the Ga isotopes with the flux levels

of each of the rings.

We go back to Die pin cel l anil supcrcell calculation stage

with -the changed fuel composition after certain amount of burnup. In

uranium bearing fuel i t may be required to update the spectra at

small intervals of burnup like 500 to 1000 KH)/tonne in the init ial stages

of burnup due to the production of Pu iPOtopes. I&ter on,burnup stepB

of upto 5000 HTD/t may be used. As long as burnable poison is present,

i t i s required to update the spectra in such pin cells alone at burnup

steps of 500 lED/tonne.

lattice cell calculations are repeated for different moderator

conditions and with ana without the control rod. Ohe results of the

lattice eel] calculations are the macroscopic one group parameters like

X»r> and migration area (IT) . Bie fuel isotopic composition and -fce

fuel pin burnups at different average lattice cel l burnups constitute

another set of results.

Factors for neutron flur monitor reading interpretation are

also derived from the lattice cell calculation. We trill touch up on

them in more detail in a subsequent lecture.

(b) Core calculations

There may be many type of fuel bundles in the reactor core.

Ttoe one group macroscopic parameters as a function of moderator void,

burnup and control and lattice cel l type (bundle type) are input to fte

code for core calculations. In EARC, Bombay, we have developed a one

neutron energy group BSE simulator 'OC/ffiP-0' which is being regularly

used for fuel management of Tarapur BV.Tts. There are 284 fuel bundles
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to the Tarapur core an3 the core is divided into 24. axial nodes of 6"

each, match ing with the minimum movement of control rods-in all naktag

6*\6 nodes (Fig. 9).

Ui6 other necessary inputs to the simulator are reactor power,

water inlet conditions, core flow, core arrangement in terms of lattice

cel l types and burnup in 6816 nodes and the control rod pattern. 23ie

flow of calculation in the simulator is indicated in Vi%, 10.

One group diffusion theory calculations are perforned to detenu-IT*

the poser distribution with the initial guess that file power distribution

is flat in the core. Bundle inehannel coolant flows and

voids are then calculated with this power distribution. Lattice cell

parameters of the fuel bundles in the core are interpolated for this

void guess, bumup, control etc. We then go again for the solution

of diffusion equation to determine the poser distribution.

Coolant flows and voids are now recalculated for the changed power distribution.

This prosess i* repeated until converged power and void distributions

are obtaired. Proa: the thermal rover produced in the reactor-

determined by heat balance, the energy produced fror. fuel ii l£VD/si is

known from the reactor operation history for a period of two to four

weeks. Reactor conditions have to be approximately constant during this

period. Let /U£be -the core burnup step for the aforesaid period. Then

the fuel burnup distribution and burnup weighted void distribution are

obtained In the following BannerI

Lj' l< and L/£,'kare the initial burnup and burnup weighted void

at axial node K in Hie fuel bundle at location ( £j j) ) in the core.

In the fresh core they are zero for all bundles at every axial height .

IC '̂k and V t A a r e the power and void at axial height W. of bundle

at location ( *•) d ) •

The average fuel burnup in 6" section of any of -the 284 fuel

bundles in Ihe core at any time is thus given by E £,' ({. Average

operating void in any such section over i ts period of burnup i s then

given by Vi - jk = Ui-\)k / E £ j k '

To determine fee fuel composition we will have to make use of

the average operating void \£ \«Oso and interpolate in the table of

isotopic compositicn prepared in the lattice ce l l calculation i

You may remember that fuel macroscopic parameters and fuel isotopic

compositions were determined as a function of burnup «nd void fraction.

Control rod depletions are also estimated at the core calculational

stage using information generated in lattice ce l l calculations. Prom

the lattice calculations, in presence of control rod, a factor P

giving the number of absorptions in control blade per fission in the

controlled bundle is calculated. The pmer produced in any controlled

node of a bundle is derived from the core calculatlanal results, say l . j k .

Hence the number of fissions in that node for the period of burnup step

/Is £ can be estimated.

Number of fissions during burnup step /Uc ~ « ..-
Energy release/fission

is the weight fuel in short tonne for 6" section of fuel assembly.
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Number of absorber atoms ( tS ) depleted in the 6" section

of the control blade controlling that node, say Nft (j^tyiB then given

rsi- / V f \ r̂ -Wunber of fissions during burnup step ^ £
a \, / — v

Depending on the control rod pattern the depletions in d i f ferent

sec t ions of control blades are thut'to be kept track of. The changes in

control rod worth* due to these deplet ions are then taken into account

in the core c a l c u l a t i o n s . As the control rods ge t depleted, i t s e f f e c t

w i l l f i r s t manifest i n cases wheremost of the control rods are inside the

core l i k e Hie cold shut down s t a t e and cold c r i t l c a l i t y s t a t e .

3 . XHTERPRETATIOIT OF HEIIIROH FLUX t-'CNITOR READTKSS

( i ) Introduction

Earlier lectur^ had given you a description of the instrumentation

.weed in neutron flux measurements. In these instruments the response is

proportional to the reaction rate produced by the local neutron flux in

the detector. In case of fission ionisation chamber i t is the number

of fissions produced in highly enriched "tr coating and for activation

detectors like Vanadiuojit is the number of.abscrptions in that activation

material.

Interpretation of the readings of the instrument during poser

operation of a reactor essentially means relating the adjacent fuel

assembly posers from the readings. Fuel assembly powers so obtained are

often referred to as "measured powers" . It is evident that some

Mi dependence on calculated fuel parameters are required to arrive at these

"measured powers" from detector readings. However, these measured powers

are used by plant operators to arrive at power shape and thermal

hydraulic parameters.

Wie basic steps followed in the interpretation neutron flux

monitor reading ace listed in Fig. 11. Keasurea readings (H) are

converted to adjacent fuel assembly power (p) using the ratio (D) of

rate of fissions in the fuel assembly to detector reaction rate obtained

at the lattice ce l l calculation stage. P = kR-i> where k 1 s t

proportionality constant. Hie product R D Is only proportional -to

the fuel assembly power due to -the arbitrariness of the detector reading

introduced by factors like depletion of detector material, amplifier gain

in Hie electronic circuit etc. Next step is the derivation o? values

proportional to powers in unmonitDred fuel assemblies by making use

of symmetry of core loading and extrapolations. The reactor power is

known from heat balance. Hie 'measured1 fuel assembly powers are now

computed by normalising the sum of above derived values to the reactor

power. This information about power distribution is now condensed to

give 'measured' poT.er peak parameters and thermal hydraulic parameters

limiting the reactor operation. (These steps may be coded into a

process computer for on line monitoring of power distribution and poTier

shape indices.

Procedures similar to this have been used in the interpretation

of detector readings in K.Tte and BtfRs. Ihe procedure proposed to be

used for the Canadian CANTO- FEffRs 1B slightly different. Early designs

of CAKEU reactors did not have any detectors for on-line flux monitoring.



I t has become evident that accurate on line flux maps would be extremely

useful for large reactors lrfce that at Bruce. Here also, factors

relating the detector reading to average flux in the node of the size

used in core calculations, are derived at the lattice cell calculation

stage. The three dimensional power distribution is however deduced in

a different manner. The flux distribution <p(Q)iB expanded in terms

of S realistic flux shapes (modes)

Let there be detector readings available from R locations in the

core (R^?S)- T h e coefficients A^ are determined by demanding that

the flux ^(J2) should reproduce these read ings as closely as possible

by a least square method. Typically S= 25 and E =100 are used. Then

the fluxes at about 1000 points of interest in the reactor are derived

from

( i i ) Interpretation of Travelling Incore Probe (TIP^ Headings in a B'.VR

In the following part of the lecture we will consider the different

steps for getting measured powr distribution in a l i t t l e more detail.

For that, we will consider a specific case- that of a BSE.

The detectors used In obtaining detailed pofier map in a B.'IR

are called Travelling Incore Probes (TIP). They are located at the water

gap intersections of fuel lattice ce l l s . So they monitor the flux level

in the water gap corner as contributed by the adjacent four fuel assemblies.

Location of these detectors in the radial plane of a BiVR Is shown in

Fig.12. The detector can travel parallel to the axis of the reactr in
system

these locations. 1J such locations are shown here. So the TlP ĉan

monitor 13 x 4 fuel assembly powers directly.

In a B7!H,the burnup distribution of fuel bundles in any core

loading is desired to be quarter-core symmetric. Further, during rc-actor

operation, the control rod patterns are also maintained quarter core

symmetric. Eence the assumption Is often made that the TIP reading in

any one of these locations is representative of three symmetric locations
also.

in other quadrants^ Evidently the validity of this assumption depends

on the accuracy of calculated fuel turnups. Believing that our fuel

burnup predicticrs are reasonably accurate^'the monitored region of the

core can be extended upto the shaded boundary mown inside the core. The

fuel latt ice cel ls outside this shaded boundary are not monitored at a l l .

Since they axe in the periphery, we can assume th3t pov;er peaks will

not occur there during nornal reactor operation.

nnmelation of detector fissions to assenbly powers

The TIP detector consists of an ionisation chamber inside Trtiich

a very thin coating of uranium oxide, enriched in tJ in excess of 90^,

is present. Fiss'on fragments from the fissions produced in the coating

cause ionisation and give rise to a current proportional to the nuabex

of fissions produced in this coating.

Our problem in the lattice cel l calculation stage is to calculate

the number of fissions in this detector material for a given fission

power in the adjacent fuel assemblies. l e t u3 call this factor as 'D'.

It is assumed that •£• factor depends only on the burnup of the fuel

bundle and the moderator condition inside the fuel channel facing the

detector location at that height of tile reactor. Thin is justifies by

the fact that influence of adjacent fuel cells la a given fuel cell spectrum

is not significant. The effect of environment is only to produce a 335
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general increase or decrease of the total flux level over the whole of the

cel l which wi l l manifest as an increased magnitude of the TIP reading.

In short, the D factors are calculated considering only one fourth of the

detector and assuming zero net current boundary on all sides of -the

lattice ce l l .

Cross-sections of the detector material are prepared in

28 groups and condensed to five or six groups using the spectime

generated in water-fap during the super-cell calculation of the lattice

cel l (supereell model was discussed in the last lecture). It is now

assumed that the detector does not perturb the neutron spectrum

adjacent to i t . Five or six group fluxes at the corner of toe water

gap are generated in the two-dimensional diffusion theory calculation

of the fuel lattice ce l l , tte condensed fission cross-section of the

detector material obtained after the super cell calculation is used to

multiply these fluxes to get the number of fissions in file detector

material. Hie arount of detector material considered 1B immaterial as

the D factors are only relative. Further > the fluxes at the water

gap corner are obtained by normalising the power produced in the lattice

cell to a fixed value. Ihe D factors are given by the fissions in the

detector using the same amount of detector material and for a fixed power

produced in the lattice ce l l for different fuel burnupe and Inchannel

moderator conditions.

when control rods are present adjacent to one or more fuel

cells surrounding a TIP location, the power sharing between the four

cells axe to be readjusted taking into account the flux t i l t produced

by the control rod. The factors for obtaining -the readjusted power

distribution are derived from four-lattice-cell calculations in the

presence of control rod. These factors are found to be nearly independent

of buraup and void in tie four fuel ce l l s .

Extrapolation to nnmonitored assemblies and normalisation

Measured detector readings are thus converted to values proportional

to fuel assembly powers at different axial heights using the factors

derived from too dimesional lattice cel l calculations considering one

or four lattice ce l l s . For choosing the proper factors for each

of the monitored fuel assembly heights (nodes), we have to depend on the

calculated values of turnup and operating instantaneous void at

these noSes. These are available from the core calculations.

Hie calculated vcids are consistent only with the calculated

power distribution. In a BWR, the thermal hydraulic parameters are

critically dependent on the in channel instantaneous voids. To

evaluate more realistic power peak parameters Ihe flow of calculations

take a more complicated route as shown in Fig. 13 for a BAT).

Values proportional to fuel assembly powers at al l axial

nodes of directly monitored assemblies are first derived using B

factors which are obtained by interpolating with the calculated

burnups and voids in these nodes. Using quarter core synmetry these

values 'proportional to powers in nodes are assumed to be representative

of powers in fuel assemblies symmetrically located In the other three

quadrants. For normalisation, only the total reactor power is known.

A guess will have to be made of the powers in assemblies in the

unmonitored region. I t is assumed that the total poier produced in the

unmonitored region is 7_. This is about 0.1$ in the case of reactor



shown In Fig. 12. If P_ is the reactor thermal power, the power

produced In ttie monitored region demarcated In Fig.12 is (1-Pp)P_.

The factor Pp is derived from calculations using typical core

configuration. Due to the fact that power produced In periphery

assemblies is governed mainly by neutron leakage, a constant factor Pp

nay tie used even for different cycles. If necessary, factor Pp may

also be derived every tine, from the core calculation.

Measured power distribution guess in the directly monitored

assemblies i s -thus obtained by normalising the sum of the values derived,

to O.97xPp(1-PF) . Factor O.97 is to take into account of the fact -that
4

only 97J» of the reactor power appears as heat ins id: the fuel channel.

About % of the power i s directly deposited in the out channel water by

radiations and neutron slowing doin.

With the guess of power distribution in a l l the nod^s of monitored

fuel assemblies so derived,tie coolant flow and void in 1hem are re-

calculated. Changed 'D« factors are then estimated (Fo» want of better

values, the calculated burnups are again used). We then derive better

estimates of the values proportional to fuel node powers. This cycle of

calculation i s repeated unti l convergences on void and poser distributions

are reached. Power peaks and thermal hydraulic parameters like Kinimum

Critical Heat Flux Ratio (KCHER) or Kinimum Critical Power Ratio (MCPR)

are computed using this rower and void distribution.

These computations are required often anS to be p-erformed

quickly during the start up and power escalation of a reactor. An online

computer usually performs this job.

( i i i ) Other Kodels for Interpretation of TIP Headings in a BMt

Here we had described a somewhat simple model for interpretation

of TIP readings in a BSR. Ore possible deficiency of Hie model Is -the

assumption that four bundles are separabifor finding detector f issions.

A more detailed model has been presented by tJchi kawa (1977). For getting

the factors similar to fD' factors that ice discussed, he performed

four - l a t t i c e - c e l l calculations. These conversion factors axe assumed

to be a function of both the average void in the four cel ls and fee

individual voids in each of them. He and others had also performed

subchannel analysis of fuel assemblies to find how -the distribution

of void inside any channel affect the TIP readings. He had assumed

that the void distribution i s uniform inside any fuel assembly cross-

section. 3©5Sibi3 ity of small amount of steam generation in the out

channel water is also to be considered.

4 . REMAP STRATEGIES

( i ) Introduction

Reload strategies froatpjrt of the fuel cycle of a po«r reactor.

Fu«J cycle consists of fuel material procurement, fuel eleaent fabrication,

in-core fuel managenent, reprocessing and disposal. Reloao strategies «i»

essentially the refuelling schemes followed in the in-core fuel Bonageoent

of a reactor. Fuel aanagenent is the sain theme of next weeks lectures. So

this lecture will essentially form a prelude to the sore details that you

will be hearing in the ensuing week.

As power is derived froa the fissions produced In fuel of a reactor,

fissi le material gets depleted and fission products which are neutron
337
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absorbers accumulate. me physical and netallurglcal properties of the fuel

element deteriorate due to high temperature operation, neutron irradiation

etc . i t some stage. Did fual has te be discharged and fresh fuel introduce*

into lie care, The strategies to be followed in removing and introducing

fuel i s the subject of present lecture. Different types of reactors us*

different refuelling schemes. Here we will discuss the general fuelling

schemes and briefly the refuelling schemes followed in BKRs, PWEs and EBUls.

In any refuelling scheme, we hare to decide the amount of fresh

fuel to be loaded as a, function of time of reactor operation and guidelines

as ts where the fresh fuel has tibe located in the reactor core relative to

the eld fuel. Hie main aim of any refuelling scheoe Is to derive as rash

pswex as possible from every fuel assembly. The constraints usually

encountered are availability of fuel, cr i t i ca l ly of reactor, controllability

of core reactivity, burnout and fuel temperature limits, metallurgical

limits, etc .

Moreover, for any reactor there are normally two phases of the

. refuelling strategies during i t s l i fe tine of operation. One phase is

during the approach to equilibrium and the other during the equilibrium.

It Is quite possible that true equilibrium In fuelling scheme is never

reached, This may bt due to factors like changing economic environment,

high fuel failure rate, fuel non-availability , plant failure etc.

However, the concept of equilibrium cycle is useful for finding guidelines

for In-core fuel management.

(11) General Refuelling Schemes

From * purely reactor physics point of view, when the reactivity

of fuel in the reactor is such that reactor becomes only just critical

at the required power level, some new fuel has to be introduced for

continued operation. Ibis introduction of fuel may be done on power in

an almost continuous manner ( every day perhaps) as Is done in CAHDB-

IHtfRS, The other extrese Is the single batch refuelling, where the whole

reactor core Is replaced In a refuelling w Is done In some reactors for

special application*, i s a compromise, fuelling aay be done in batches

afte- a fixed period of time { say every year), as Is don* In S*Rs and

rats, m the latter two eases, the reactor has t o be shut down for

every refuelling. The excess reactivity Introduced Into the core by

fresh fuel has to be controlled through proper absorber management.

The discharge trarnup of fuel at equilibrium of any reactor

depends on the refuelling scheme followed, l e t 'It' be the number of

refuellings required to completely replace fuel equal to that contained

In the reactor core. For continuous refuelling IT" Oo and for single baton

refuelling 1M. Consider the equilibrium case of continuous refuelling.

The reactivity of fuel assemblies under operating conditions In the

reactor will have a continuous distrlbutica as shown In Fig. 14 a. B

Is assumed that reactivity decreases linearly with fuel burnup. Let

us denote by Iv> the value of K ,ev «jt zero burnup. For the reactor to

be Just oritieal with a continuous distribution of fuel burnups, the

average value of t w of a l l assemblies his to take a value greather than

unity, say t ^ ( F i « . 14). This value la essentially determined by the

neutron leakage from reactor core. The value of X $0 will be larger

for smaller cores. The discharge burnup of fuel la the continuous fuelling

case is then given by the burnup at which the number of assemblies above

K â equals the number below It . This Is denoted by the value Epo



in the figure. For a given iesign of fuel assembly, this is the maximum

achievable average discharge burnup,.'3 a given reactor core. When the

n
reactor core »iz« Increases, the value »f K w comes down and E H

increases correspondingly.

Kow consider the case of single batch refuelling in the same

reactor core. At the start of fuel Irradiation, all fuel assemblies are

assumed to lucre multiplication factor K°n . After a core turnup

of £*>/a t « » average T. *, value ef a l l the assemblies would Save fallen

to K*> . The average turnup of discharge! assemblies

in single batch refuelling la only half of that achievable with

continuous refuelling.

Let £ / / be the discharge burnup of fuel assemblies in the case

of N batch refuelling schene at equilibrium. -fj

fraction of the fuel in the core is discharged at average burnup of EfJ

at every refuelling. The equilibrium cycle length has to be kltf ,

Consequently the burnup distribution of fuel assemblies at the end of

cycle (EOC) has to be as follows. At EOC, V equal batches of fuel

assemblies will be present in the core, with batch average burnups of

E M 3 F N _ . . . „ . .
N t IT >

The batch of fuel assemblies having average burnup £/y accumulated

through irradiation in V cycles, i s to be discharged.

At the EOCythe average fc^oa value of assemblies has to b* k»»

below which the reactor becomes subcritlcal at the rated power. This

happens when core average burnup reaches
N

Hence

- N £* N N

then given by

The equilibrium discharge turnup in II batch refuelling

= E*** **

>i>

Equilibrium cycle length i t ^^/(N+l) • *»*• means that the

distribution of fuel assembly burnups at the Beginning of a Cycle £ BOC)

consists of groups of assemblies having average burnups

IT N

The above described burnup distribution at EOC core is

Illustrated in Fig. 14 b . The loss in discharge burnup In K

batch refuelling compared to the continuous refuelling is also . /1 /

The loss i s small for large value of H . In HB , the reactor has to

be shut-do*n for a certain period of t ise for every refuelling, resulting

in loss of power generation. A balance will have to be made between

these two losses for choosing a suitable batch refuelling scheme. I t

is found that three to five batch refuelling 1> optimal.

In case of batch refuelling, i t la possible to recognize two

basic way* of positioning fresh fuel in the core relative to the burn**

fuel. In the out-in schene, fresh fuel i s introduced at the core
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periphery and the less burned Kiel In -the adjacent outer ring and the

•oat burned fuel at core centre. This leadB to power flattening at

the expense of reduced utilisation of fuel. More cycle length could

hare been achieved If fresh fuel i s positioned inside fee core.

9ie other extreme is the in-out scheme where fresh fuel is

loaded at the centre of core and fuel burnups increase progressively

as we proceed to the core periphery. Thit soheae utilises fresh fuel

efficiently In their f irs t cycle, but will lead to power peaking

which aay be excessive,

( i l l ) Befuelliiw Schenes in a BWB

The refuelling scheae followed in a B7JH is a nid way course

between in-out and out-in refuelling schemes. Originally i t was

envisaged to fallow a checker board scheme where the four fuel

assemblies surrounding a cruciform control rod approximately have burn-

ups,corresponding to fresh, one cycle burned, two cycle burned and

three cycle burned assemblies, such a, distribution through out the

core with the restriction that the fresh assemblies are not located in

the very periphery or very centre of -the core , gives a good balance

between power flattening and fuel utilisation.

With experience,this refuelling scheme has been improved upon

as shown in Fig. 15. The distribution of Ktx> values of fuel assemblies

In the cor* i t shown as a function of distance from the core centre.

The important modifications from the original checker board scheae

are that th* highly burned fuel i s located in the very periphery and Hie

fresh fuel la located In a region closer to the periphery. The fuel
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assembly powers in toe periphery are dictated by neutron leakage. Hence

the poaitioning of highly burned fuel In periphery Increases ih*

utilisatiou of less burned fuel inside and at the saae tlae reduces

neutron leakage due to lesser flux.level ~t the periphery. The

positioning of freBh fuel away from centre reduces the radial power

peaking.

When burnable poison Is present in BfR fuel, the variation of

Knvalus with bumup is no longer l itear. But the amount of burnable

poison is adjusted such that i t burns out in one cycle of burnup ( ie £if)»
N

Hence our arguments regarding discharge burnup in • batch refuelling

remain valid. The modified refuelling scheme discussed in Fig. 15

remains valid with the change that fresh fuel i s to be understood as high-

est reactivity fuel which now becomes the me cycle burned fuel.

Refuelling schemes in Initial cycles will usually be different.

Initial core design nay contain less enriched fuel than the one planned

for equilibrium cycle and some may have higher concentrations of burnable

poison. Xatural uraniua fuel assemblies aay be used for periphery. Fuel

asseablies discharged at the end of first cycle will have burnups nuca

less than the equilibrium discharge turnup. Hence these fuel assemblies

are reinserted in later cycles.

( I T ) Refuelling Schemes In a PUB

The typical equilibrium refuelling scheae for Zffis Is a three

batch ouv-in scheae. The underlying principles aze the following,

(a) the core is divided into two zones

(b) fresh fuel assemblies are located at the core periphery and



(o) the partially depleted fuel assemblies which have been irradiated

for one or two cycles are distributed in the Inner zone using

a checker hoard scheme.

the emphasis i t on power flattening using fuel assembly burnupe,

as ibe finger type control roda are usually not used during reactor

operation. Boron pslsoning of the moderator is used to control the reactor

anting power operation. The cycle ends *en the boron poison goes to

zero.

In the approach to equilibrium cycle, deviations occur Iron

the equilibrium circle. To attain power flattening in the first cycle

itself , enrichment Tariation of fuel assemblies i s used. Fuel of enrichment

planned for equilibrium cycle i s loaded in toe core periphery. Fuel

assenbliea of two lower enrichments are located in a chcker board pattern

in the centre zone of the core. Burnable poison is usually used in the

init ial core. Reinsertion of fuel assemblies discharged in first cycle

may be contemplated during the approach to equilibrium cycles.

(v) Refuelling Scheme* in a PEWB

The ClUDD-IBWRt are fuelled with natural uranium continuously

and on power. Thus the fuel utilisation is much better here ompared

to 1MB. I S described by earlier lecturers, the reactor axis is horizontal

and fuel channels form a square lattice. Each channel contains usually

12 fuel bundles. To get flat axial flux shape,half the channels are

fuelled from one side and the otter half from the opposite side. One

channel fuelled in one direction has four nearest channels fuelled in

opposite direction. Four or eight fuel bundles may be loaded into one

channel at a time and the same number of depleted fuel bundles removed

from the other end of the channel. Each bundle moves in steps along one

end of channel to the other during i t s irradiation l i f e .

Two bundle shifts were init ial ly used for toy refuelling.

These were later replaced by eight bundle shifts to avoid frequent as*

of fuelling machine and to give lesser power shock to the shifted fuel.

However there was a resultant loss of burnup in discharged fuel. With

better fuelling machine and fuel design, the four bundle shifts are being

considered now. In the equilibrium refuelling scheme,there are two burznp

zones in Hie reactor. To achieve radial power flattening?the fuelling

rate in the centre zone is loner than in the outer cone. Consequently

the discharge burnup of fuel bundles in the central zone is greater.

Refuelling is done to maintain reactor critical at the rated power level.

In approach to equilibrium cycle there may be deviations from

the equilibrium fuelling scheme. If depleted fuel as assemblies from

previous reactors are available, then equilibrium fuelling can be

established in CANDU-ITCRs quickly. However, i f such depleted fuel is

not available complications in fuelling scheme occur. With a all fresh

natural uranium core i t is pot possible to achieve full power ia the

beginning due to the non availability of radial control elements for

reducing the consequent power peaking at the core centre. With core

burnup, tie power distribution flattens and the reactor power can be

increased. To reach the full power In * reasonable time, refuelling

at the core periphery should be made at a faster rate than the centre.

Discharged fuel bundles will have less than the desired burnup and can

be reinserted in other channels or in other reactors.
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TABLE - I

ENERGY IN KeV DEPOSITED IN EBR-II REACTQH

PER FISSION FOR DIFFERENT HEAVY KUCt-IDES.

N u c l i d e

5'2rn

2 3 3 O

2 3 5 U

238n

2 3 9 Pu

24OPU

2 4 1 Pu

2 4 2 Pu

196.37

197.99

202.74

205.39

207.16

206.4

210.92

210.8

E*
13.3

7.8

10.3

14.7

8.8

10.1

11.5

12.9

8.88

9.71

9.29

11.82

12.26

14.17

12.63

14.24

192.0

200.0

201.7

203.0

210.6

210.5

212.0

212.1

S T

+1.0

+ 0.6

+ 0.7

i 1»1

+ 0.7

+ 2.2

+ 0.8

+ 4.2

- fission energy release

- anti neutrino energy

- neutron capture *"-ray energy

- energy deposited in the reactor
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TABLE - I I

FUEL COMPOSITIOIf CHANGE WITH BORNUP

"%

^ P u

Z40Pu

2 4 1 P .

242Pu

Pu/tJ

F i s s i l e Pu •

Inaction

F«R Fuel

BOL

0.024

0.976

0

0

0

0

0

0

EOL

0.007

0.984*

0.005

0.002

0.001

0.008

0.69

PEWR Fuel

BOL

0.007

0.993

0

0

0

0

0

0

EOL

0.0015

0.994"

O.CO27

' 0.0013

0.0003

0.0001

O.OC43

0.68

H t H O
S-SCCONSS

Vnt-MINUTES
d -UTS
•j -TEAKS
J-MOIHID STATE
m - W U S U K E S1MI

FIG. 1. DEPLETION AND BUILDUP CHAINS OF ACTINIDES
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IN-CORE FUEL MANAGEMENT FOR THE
COURSE ON OPERATIONAL PHYSICS OF
POWER REACTORS

S.H. LEVINE
Breazeale Nuclear Reactor,
The Pennsylvania State University,
University Park, Pennsylvania,
United States of America

3.1 In-core Fuel Hanagement1 ' '

The heart of a nuclear power station is the' reactor core producing

power from the fissioning of uranium or plutonium fuel. Expertness in

many different technical fields is required to provide fuel for continuous

economical operation of a nuclear power plant. In general, these various

technical disciplines can be dichotomized into "Out-of-core" and

"In-core" fuel management. In-core fuel management is concerned, as the

name implies, with the reactor core itself. It entails calculating the

core reactivity, power distribution, and isotopic inventory for the

first and subsequent cores of a nuclear power plant to maintain adequate

safety margins and operating lifetime for each core. In addition, the

selection of reloading schemes is made to minimize energy costs.

3.1.1 Importance of Fuel Management

For fossil fuel electric power stations there is a

relatively short time between when the fuel is taken from the earth and

fed into the boilers. Very little if any chemical processing of the

fuel is required and almost all of the cost for the fuel is for the raw

material itself. The simplicity of providing fossil fuel to an electric

power station should be contrasted with the complexity of doing the same

for a nuclear electric power station. Because of this, fuel management

is a very important aspect of supplying electric power with a nuclear

power plant.

The uranium ore must be procurred approximately 24 months before

it is to be used in the reactor. The ore must be chemically processed to

very high purities, enriched, and fabricated into fuel assemblies for

placement into the reactor core. The materials comprising the core are

more pure than the medicines we swallow and the machined precision of

the fuel assemblies is comparable to that in a fine wrist watch. A major

emphasis is placed on the manufacturing of the fuel to assure its

reliability so that the cost of the fuel material itself is only a fraction

of the total cost of the fuel assemblies.

The first core is supplied by the nuclear steam supply systems

(NSSS) vendor and may be viewed as one component among many (pumps, valves,

controls, etc.) in the NSSS. There are strong incentives for plants, and

hence, first cores, to be standard thereby simplifying licensing. To a

large extent the science (and art) of in-core fuel management does not

come into full play until core reloadings at the end of a reactor cycle

(EOC) are required. When the energy requirement for a reload cycle is

made, core fuel management calculation must proceed.

There are many practical aspects to in-core fuel management that

are implicit in the very nature of the tasks. The utility's nuclear engineer

must determine the energy requirements for the reload cycle more than a

year before it starts. The energy requirement 1* difficult to predict

precisely so far in advance of its actual use. Aa a consequence, the

designer analyzes reload situations that are valid over a small energy 351
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range or window about the expected energy use. The results provide

information that allow last minute adjustments to be made to the projected

energy requirement. A strict schedule must be followed throughout. The

process by which reloading decisions are made is logically divided into

three phases:

Phase 1 - Commercial decisions commence several months before

uranium must be sent to the enrichment plant for the reload under design

(presently about fifteen months before the reloading date). The most

active party is the utility who must specify eneTgy requirements.

Activities are highly commercial and characterized by relatively simple

computations. This phase is complete when the number of fuel assemblies

for the reload and their enrichment is set. New and old fuel assembly

positioning is not yet finalized.

Phase II — In-core fuel management calculations are now performed

to determine accurately the reload pattern for the new and used fuel.

Phase II begins approximately one year before the core is needed at the

site for reload. This generally occurs »t the beginning of the reactor

cycle (BOC) for the preceding core. The calculations for Phase II takes

place over a six month period and are complete when the selected reload

pattern meets the most stringent safety limitations such as q ^ and the

shutdown capability. Specification of the final loading pattern is

delayed as long as possible to allow consideration of the latest plant

operating information and projected energy requirements.

Phase III - Licensing commences in time to issue a reload licensing

report to the Nuclear Regulatory Commission (currently three months prior

to criticality for that reload) and during this phase the three major parties

to core management — the utility, fuel vendor, and regulators — are likely

to be equally active. Activities during this time consist of justifying

the selected reload plan from a safety standpoint — documentation of new

methods or designs, confirmation that prior safety analyses remain valid,

revision to plant technical specifications if required, etc. This phase

is complete when the Federal Regulation (10 CFR-50) is net by an internal

review (not involving the NSC) showing that no new safety questions are

raised by the selected design and the NSC issurlng letter of approval for

the reloading to take place.

There is the possibility for the best laid plans to go awry, and

this often happens in the core management process. Common causes in the

past were fuel failures requiring that substantially nore fresh fuel be

loaded, equipment failures requiring a prolonged outage and thus an

Incentive to reload early, changes to the utility's system plan requiring

that the plant stay on the line longer, and new regulatory requirements

(10 CFR 50, App. K) leading to fuel assembly design changes. In addition,

there is always the possibility that the work of a subsequent phase will

upset the preceding ones — it may not be possible to meet power peaking

constraints with the fuel chosen in Phase I, or the regulatory interaction

may require revisions to the loading pattern selected in Phase II. The

process is in truth a dynamic one with hundreds of interactions among the

major parties and among their personnel. An illustration of the process,

based upon fact, is shown in Table 1 and illustrated in Figure 1.

In summary, fuel management is important to allow all of the

complex and difficult decisions to be made in sufficient time for the fuel

to be loaded into the reactor on schedule. A logical sequence of decisions
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MONTH
TO

RELOAD

T5

14

13

12

11

9

Tablel

ILLUSTRATIVE CORE MANAGEMENT SEQUENCE

(1) Utility specifies energy requirements and preferences for
spent fuel utilization for loading N.

(2) Vendor recommends alternative core loadings, varying new
assembly number and enrichment to satisfy energy require-
ments.

(3) Utility modifies (2) to minimize power costs, orders
uranium and fuel fabrication, and detailed design commences.

(4)

(5)

(6)

(7)

4

3

3
2

1

0

(8)

(9)

(10)
(11)

(12)

(13)
(14)

Core loading of cycle N-1 commences and a fuel assembly
intended for loading N is found to be unusable. Utility
and vendor consider alternatives of running a used fuel
assembly to higher burnup or ordering a special low
enrichment assembly as an alternative — the latter is chosen.

Loading N-1 commences power production and is found to be
somewhat less reactive (won't last as long) than predicted,
subsequent calculations are adjusted accordingly.
A preliminary core loading pattern is selected by the vendor
but it has very little margin to license limits. The utility
agrees that plant operating procedures can be modified if
necessary to prevent derating the plant to stay within license
limits.

The loading pattern is shown to meet all major constraints
except for the temperature coefficient of reactivity. It is
concluded a new safety analysis would show the temperature
coefficient to be acceptable and the analysis is started.
A reload safety review is prepared.by the vendor and sent to
the utility for revision as necessary and transmitted to the NRC.
NRC requests a meeting and more documentation to justify the new
limit on temperature coefficient.
Utility specifies energy requirements for loading N+l.
Utility system requirements make it desirable to run the unit two
weeks longer than originally planned. Analysis shows this does
not require revision to the existing loading pattern.
NRC okays loading plan but requests special startup testing.
following the reload.
Core loading takes place uneventfully.
Utility and vendor analyzes normal and special startup tests and
demonstrate safe operation.

and processes must take place to insure the reliability and economical use

of the fuel. In conclusion, in-core fu«i management is important because

it determines:

(1) the power distribution in the core to allow for

the safety analyses that must be performed,

(2) the k .. to insure the energy requirements are met, and

(3) the isotopic inventory used in economic analyses.

3.1.2 Design Objectives and Scope of Fuel Management

Before continuing, it is necessary for the nuclear engineer

to understand precisely the relevant important reactor physics terns.

A list of some of these terms are:

Neutron flux - imagine a small sphere of cross-sectional area A

in the reactor. The number of neutrons intersecting the

sphere per second divided by A is a rigorous definition

of the neutron flux. If the center of the sphere is at

point £, we refer to the neutron flux as $(r).

Thermal neutrons - neutrons with energies in thermal equilibrium

with the thermal motion of matter, I.E., less than

approximately 1 electron volt.

Microscopic cross section, a - an effective area surrounding a

nucleus which will result in an interaction with an Incident

neutron if it enters the area.

k__ - the ratio of the total reactor neutron population for a

neutron generation over the population of the previous

neutron generation. If k „ ° 1, the neutron population

remains constant and the reactor is critical. If k £ f > 1,
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the neutron population and power increase with time, the

reactor is supercritical.

k^ - refers to the k „ of a core or region having infinite

size (no leakage of neutrons from the reactor).

k - equal to (k fj-D and is a quantitative measure of

the supercriticality of the reactor.

Excess reactivity, p - ratio of k ^ ^ g ove
"eff"1

, (-j )
ss " v " eff

One neutron group theory (thermal group) - reactor analysis nay

be performed assuming all neutrons are thermal, and that

they effectively interact as if they were at one energy.

Each parameter used in the analyses is averaged over the

thermal neutron spectrum, and the equations incorporating

these one velocity parameters are called one group equations.

Moderator - material used in the reactor core and reflector to

rapidly reduce the energy of the neutrons.

(H,0, D,0, Be, C contain the elements used in all moderators)

Coolant - a fluid used to flow past and remove heat from the fuel

in the reactor core and maintain the reactor core at

acceptable temperatures.

(H20 may be both a moderator and a coolant, whereas graphite is

only a moderator, and sodium is a coolant only).

Other terms are described in any basic reactor physics text.

The design objectives of all reactors are relatively similar. They

must meet energy and power requirements for the lifetime of the power

plant, at ainisun costs, while operating within a safe envelope of criteria

and constraints.

Power Distribution

A nuclear reactor is designed to produce a thermal output of

energy, Q , using a fixed number of fuel assemblies, N_,. The fuel assembly
t i A

design differs significantly between the FUR and BWR core as can be seen

in Fig. 2 and Fig. 3 where pictures of both types are shown, respectively.

Each fuel assembly is constructed with long, slender fuel rods positioned

equal distances apart. Approximately 9SZ of the power is produced by the

slowing down of fission products in the fuel rods, the remainder is

generated by fast neutrons slowing down in the water and by gamma and

beta particle interaction in the core. In this series of lecutres only

the PWR and BUR reactors are considered.

Each fuel assembly produces thermal power, P, at a rate depending

on its fuel and poison content and its core position. Thus, the sum of

the power produced by all of the fuel assemblies in the core must add

up to the total thermal power, Q , generated by the core. For the sane

total output, Q , the BUR requires a larger N and a larger core, than

the FWK. In all cases, safety constraints liait both the maximum power

density, ql!'> and the maximum linear heat generation rate, q_uc> produced

within a fuel rod to prevent exceeding any of the thermal safety limits,

i.e., departure from nucleate boiling (DNB), fuel melting, etc. The fuel

assemblies are placed side-by-side in an X-Y array to form an approximate

cylindrical core. The fuel assemblies in a BHK are positioned similarly

but the core is larger, has more control rods, and jet puaps arc positioned

inside the pressure vessel.

One of the principal design objectives in evaluating core perfomance

and predicting new fuel loadings is thus the determination of the power

density distribution, q'"(r_), within the core as a function of core life. " ™
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The pover density, q'"(r^, is the power produced by a unit volume of the

core at position r_. The temperature distribution, hot channel factors, and

change In lsotopic content are directly related to qf'*(r). For incore

fuel management purposes, another important quantity to follow is the

thermal power produced by each fuel assembly obtained by integrating

q'"(£) over the volume of the fuel assembly, V .

q'"(r)dV (1)

FA
By following the power produced by a fuel assembly during its life in

the core, its isotopic content can be determined when it is removed from

the core, and used for economic evaluation. The fuel assembly power

and isotopic content are chosen as basic units to follow because the fuel

assembly is the minimum unit that can be changed or identified when

refueling cores or reprocessing spent fuel.

Let P. be the power produced by the j fuel assembly, where j can

represent any fuel assembly within the core. To simplify the calculations,

a term called the normalized power (sometimes referred to as the power

fraction or power factor ) NP., for the j fuel assembly is introduced

where

Zi (2)

the average power produced per fuel assembly in the core

(3)

In terms of thermal output, the absolute value of P is

P - Qt/NFA (4)

By this means the power P. of any fuel assembly in the core can be

determined using

P. - HP. • P (5)

obtained by rearranging Eq. (2).

With these few simple but very important equations, Eq. (2) through

Eq. (4), the procedure for performing in-core fuel management begins. All

of the complications in the calculations are associated with determining

precise values for NP.,. Consequently, the major portion of in-core

fuel management involves calculating the HP.'s.

A principal goal of in-core fuel management is to calculate the

NP 's as a function of core life using automatic core depletion codes.

A simple first approximation of NP. is given using one group (thermal

group) theory. By definition

(5)

where

fj

'FA

- avenge energy released per fission that is absorbed
in the fuel assembly (moderator included)

- the thermal fission macroscopic cross section averaged
over the j t h fuel assembly

« the average thermal flux in the j fuel assembly

« volume of a fuel assembly

With these definitions, 357



"FA
<6a>

It also follows using Eq. (8), (6b), and (2) that

*i hi <6b)

It is Important to note that the absolute value of the thermal flux,

?., can be determined from Eq. (6b) and Eq. (4)

NP.
FA

IIP -P

Gi" GIfi VFA

(7)

The extension of one group theory to many groups Is straightforward and

will be introduced later. However, one group theory will be used throughout

this section to keep the explanation simple.

Presently all fuel assemblies are of equal size for the core of a

commercial nuclear power plant; however, the fuel element size, V^,,, for

one power plant may differ from that of another power plant. To analyze

a core, drop the subscript FA, and use

V m vv FA

Substitution of Eq. (6b) into Eq. (3) results in an equivalent

expression for P.

3»
NFA

(8)

HP.
HFA Zf 1

NFA

L-£3
(9)

It is important to notice that Eq. (9) is a function of the nuclear

paraneters E f. and $. only, and that the elative values of the flux, ~t.,

Can be used here. The variation of $ as a function of core position, is

normally calculated ia a relative and not absolute Banner, by the neutron

diffusion theory codes. Hence, it is easy to use these codes to determine

the NP.'s. The absolute values of the power are obtained from F and Eq. (3)

whereas the absolute flux values are obtained from Eq. (7). A set of

calculated NP 'a for the Three Nile Island Unit 1 core (TMI-1) at its

beginning of cycle (BOC) is shown in Fig. 4 using a plan view of 1/8 of the

core. Only 1/8 of the core is given because the core hat 1/8 core lyametry.

Using the NP 's of Fig. 4, the P.'s of four fuel assemblies are calculated

in Example 1.

13

9

13

5
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Core Reactivity and Control

For the reactor to produce the required pover durir.g the

lifetica of the core, the reactor wist be able to remain critical

(k f f " U *t full power throughout the life of the core. To do thia,

there Bust be sufficient core k £ f f at BOC to allow for the fuel burnup

to provide the energy requirements during the core llfetlae. Presently

cores are designed to last approximately one year before partial refueling.

In addition, sufficient reactivity control mist alvays be available to

shut the reactor down, i.e., reduce and maintain the core '*eff below 1.

Exanple 1

The TMI-1 nuclear pover plant operating parameters are:

Q t - 2,535 tH " 177

Determine the P. for fuel assemblies j - 1, 4, 8, and 21 at

BOC. Using Eq. (4).

p . i=^L . 14.32 jfc/fuel assembly

Fig. 6 show* KP1 - 1.04 and NP4 - 1.41, also

M5
8 0.9i sad OT>21 - O.ti

The power produced by any fuel assembly, P., can then be determined

using Eq. (4)

Therefore, vning Eq. (4)

14.89 Hw

P4 - (1.41)(14.32) « 20.19 Mn

P8 - (0.94) (14.32) - 13.46 lit

P., - (0.44)(14.32) - 6.30 Mw

1-3
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The core k ,. at EOC must be much greater than 1 to override the loss

in reactivity due to (1) the change in moderator temperature (and

voids for a EWS); (2) the change in the fuel temperature (Doppler

effect); (3) xenon and samarium fission product buildup; and

(4) loss of fuel and resulting buildup of the other fission products

during the reactor cycle.

The scope of in-core fuel management covers the calculation

of the reactivity and control of the various cores throughout the

life of the plant. Decisions must be made at each stage of

refueling the core as well as during operation. To make these

decisions, a systematic set of reactor physics calculations must be

performed.

Macroscopic Cross Sections

The determination of the macroscopic crosa sections is

the first step taken to perform in-core fuel management and presents

a most important and Interesting aspect of the subject. The

macroscopic cross section, I, is defined as the product of the

microscopic cross scctim, a, and the number density, H, of the

exposed material

I - NO . (10)

The microscopic cross section, o, is defined in the glossary in the

beginning of Section 3.1.2. The interaction referred to is between

the nucleus of an atom and the neutron, and the interaction may be a

scattering event, an absorption event followed by a gamma-ray emission

(capture), or any number of different types of reactions.

Let

o - microscopic cross section for the i isotope

and x reaction

N. - number density of the i isotope

then Eq* (11) becomes

NOI

(11)

where

KOI is the number of isotopes in the material. The sum is taken

over all isotopes in the material exposed to the neutrons.

To enlarge the concept further, we aay restrict the reaction to

neutrons having energies all within a range of energies, e.g., thermal

neutrons, between 0.625 ev and 5000 ev, <tc. All neutrons having

energies within the defined limit aay be referred to as Group g

neutrons. In this case, the macroscopic cross section may be written

as:
NOI

(12)

where the subscripts

th
K. is the number density of the i isotope

g refers to energy group

i refers to an isotope

x refers to the reaction



It should be noted here that the microscopic crosB section, 0(E)> is

a function of neutron energy, and hence, group.

Methods for calculating the macroscopic cross section as well

as its physical interpretation are covered thoroughly at the beginning

of all reactor physics texts. Consequently anyone interested in

studying these parameters should utilize references texts because only

a brief and simple presentation is given here.

A fuel assembly consists of discrete components, fuel rods,

spacer grids, control rod channels, etc., which taken separately produce

widely varying £'s both as a function of position within the fuel

assembly and as a function of neutron energy. Ultimately the fuel or

sections of the fuel assembly must be characterized by few group

macroscopic cross sections. The few group cross sections or group

constants are derived to conserve the reaction rates, Na$, as a

function of neutron energy, core position, and fuel depletion. The

process by which the group constants are determined is one of the most

difficult problems to solve. Special codes are available for deriving

the few group constants, and the easiest codes of this type to use

are the VPI codes,*3^ F A R C O N / 4 ' D I S F A C ^ and SLOCON.(6^ The more

rigorous codes like LEOPARD* ' and GAM-GATHER* * ' are used to provide

accurate group constants for designing reactor cores. However, before

proceeding further in the discussion, it is advantageous to present

the calculational methods in sequence.

The source of the cross section data comes from the fundamental

measurements and theoretical calculations of neutron interactions with

the various isotopes. Such data as exists in the literature have been

studied, interpreted frr its validity, and compiled for use with

nucleonic codes in the Evaluated Nuclear Data Files/B (ENDF/B data

library files.)*105 Except for the Monte C a r l o ( U ) and HC 2 codes/ 1 2 5

the ENDF/B data is much too detailed and complicated for direct use

with the LEOPARD and GAM-GATHER type multigroup codes used to generate

macroscopic cross sections. Consequently intermediate codes such as

ETOG,(135 ETOM,*145 and FLANGE-II(155 are used to generate multigroup

cross section libraries for the LEOPARD and GAM-GATHER type codes as

shown in Fig. 5.

A typical neutron energy spectrum for a light water reactor (LWR)

extends from 0 to above 10 Mev as shown in Fig. 6. Neutron behavior

in matter makes it convenient to divide the neutron energy spectrum

into the fast and thermal groups also shown in Fig. 6. In the fast

group, the neutrons continually lose energy as they scatter off the

nuclei in the core whereas thermal neutrons nay increase or decrease

their energy through such encounters. The neutron microscopic cross

sections, o(E), may fluctuate in magnitude by several orders of

magnitude over a 10Z change in energy; consequently, the reaction rates,

Noif, will vary similarly. In order to analyze neutron behavior over the

full neutron energy spectrum, both the fast and thermal energies are

further divided into many subenergy groups of AE intervals within which

the neutron behavior is relatively uniform and the reaction rates are

easily averaged. The more subgroups employed, the smaller the interval

AEn< and the less c(E) changes across the subgroup. If the change in

o(E) across AE is sufficiently small, the group cross section remains

fixed and essentially independent of the different reactor designs. If
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the multigroup structure consists of groups so numerous that the energy

width is very small, i.e., greater than 1000 groups, the variation of

the cross section across the energy groups can be made linear and small.

For such a multigroup structure, it is obvious that the microscopic

cross sections remain independent of the reactor system and neutron

spectrum* In practice computer codes having such large numbers of groups

are not utilized.

The LEOPARD code uses 54 energy groups in the fast region and

172 groups in the thermal range; however, the cross sections assigned

to each of these groups are consistent for light water reactors only.

A finer group structure and a more rigorous analysis is used by the

GAM-GATHER code to provide fine group cross section essentially

independent of reactor systems, but this code is costlier to run.

The fine group cross sections are stored as a permanent multi-

group library in codes used to generate few or broad group constants.

For example, the LEOPARD code is used to determine two group macroscopic

cross sections as represented by:

Group 1 (Fast)

hr

Group 2 (Thermal)

a» **• a n d

"ltr

hi' V Z2f E2a> and D2 3E,2tr

where the subscripts

f refers to fission

a refers to absorption

R refers to scattering from Group 1 to Group 2

tr refers to the transport cross section

and the other symbols are standard.

After the broad group constants have been determined for all

regions of the core, the data can be used with a multigroup diffusion

theory code to determine the core k _- and the fluxes, 4>'s» as

summarized briefly in the next section.

Solutions to the Multigroup Diffusion Equations

The static multigroup diffusion equation for a number

of specified groups in one, two, or three dimensions can be solved

using high speed digital computers. For economical reasons, the

in-core fuel manager chooses the minimum number of groups and

dimensions to perform the calculations. These codes are principally

used to determine the core k „ and power distribution, and the accuracy

demanded of the code depends on the purpose of the task.

The one group diffusion theory code is written as

NT* - I
"eff

(13)

where all terms have their standard definition. The group constant!

D, t&, and k^, are determined by the cross section generating code*

and substituted into Eq. (12) to obtain a solution for k .. and 4>. The

power distribution as represented by the HP.'s, Eq. 9, can then be

determined.

For practical design calculations it is necessary to use more

than one group codes.

3S3



3(4

For research reactors with axial symmetry, I.e., the standard

TRIGA, or homogeneous reactors,' ' a one-dimensional 2-group

diffusion theory code vill suffice. The present LUR design used to

produce electric power requires more accurate codes except to perform

crude survey type calculations. In general, LWR's can be analyzed

with 2-group equations although coarse Vi group codes, e.g., FLAKE,

are popular, especially where the BWR is concerned. For many of the PWR

analyses, two dimensions will suffice; however, the BWR requires three

dimensions.

The nuclear engineer selects each code to perform a task. Shown

in Fig. 7, special codes are used to generate group constants which are

then used to solve multigroup diffusion theory codes. The output of

a multigroup diffusion code gives the pnint-by-point values of the group

fluxes, $., and the core k „ . Ihe latter term is used to establish

the lifetime energy capability of the core and reactivity control

information, whereas the former, $., is used to determine the power

distribution. As stated previously the relative values of the fluxes,

$., are used to determine NP. via Eq. (9), and Eq. (3) and Eq. (4) are

used to determine the magnitude of the power, P., for each fuel assembly.

This information together with the control requirements and thermal

hydraulic effects permit the burnup calculations to proceed.

Core Burnup and Isotopic Inventory

Once the reactor begins to produce power, U-235 begins

to deplete producing the fission product xenon. The buildup of xenon

initially causes the core reactivity to reduce dramatically as shown

i" F i8- 3. The xenon buildup also produces a noticeable shift in the

MULTIGROUP LIBRARY

of

MICROSCOPIC CROSS SECTIONS

CODES TO GENERATE

MACROSCOPIC

CROSS SECTIONS

V V
EXAMPLE

tEOPABB

GAM-GATHER

MULTIGROUP DIFFUSION THEORY

CODES

(CALCULATE k e f f. Jy RP^)

EXAMPLE.
FOG<26> c m W 2 7 )

EXTERMINATOR II
(28)

Figure 7

System for Calculating Macroscopic
Cross Sections, k ..,and $
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power distribution. For the FUR the loss in reactivity due to xenon

buildup and other fission products is compensated for by reducing the

soluble boron content in the water moderator. The BWR compensates by

withdrawing control rods from the core. The change in the kfiff or

soluble boron content for a FUR as a function of core burnup over the

core life (Fig. 8) can be easily determined using one dimension 2-group

diffusion theory calculations, provided the core Is properly honogeni*su.

As stated previously, a BWR requires a three-dimensional calculation.

The FUR also nay require a 3-dinensional analysis if an accurate

assessment of the power distribution and isotopic inventory is required;

however, 1- and 2-dimensional codes suffice for certain information.

The axial shape In a FUR core may be changed by axial power shaping

(partial length) control rods, and an accurate picture of their effect

can only be seen in a three-dimensional calculation. Special attention

must be given to burnable poisons at beginning of the first cycle because

errors made in the flux-depression (self-shielding) calculations

propogate into the calculated macroscopic cross sections and such errors

nay be magnified near the end of the reactor cycle affecting subsequent

cycles. A reactor cycle refers to the time a reactor core operates,

starting at the beginning of the cycle, BOC, until it oust shut down

for fuel reloading; It includes the reloading time.

The power distribution across the core is never flat, so the

fuel assemblies produce power, P., of different magnitudes. The power

distribution as represented by the NP.'s at BOC establishes the

essential data needed to determine the isotopic change in each fuel

assembly as the core begins to deplete. Those fuel assemblies having

NP > 1 deplete faster than the fuel assembly with

p • - P or NP. - 1.0

and deplete more slowly when NP. < 1. The depletion of each fuel

assembly is calculated at a function of It* burnup, BU

let

Assuming a constant power dictribution for a tine period, d,

ABU(d) - burnup of the average fuel uienbly after
operating d days at full power

ABU(d). - corresponding burnup of the j fuel assembly
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The burnup ABU(d). is defined as Answer

ABU(d). - (NP.) P d

(1A)

(15)

Substituting Eq. (15) into Eq. (7) and rearranging terms, we

obtain

ABu(d).
(16)

Eq. (16) relates the flux $. to the burnup of the fuel assembly, an

important relation when calculating the isotopic changes during the

reactor cycle.

The units of burnup are usually either megawatt days (Mwd) or

megawatt days per initial metric tonne uranium (Mwd/MTU*). It can be

observed from the following example why Hwd/MTU is normally preferred

when comparing burnups of the fuel assemblies from different reactors:

Example 2

The TRIGA reactor contains 90 fuel elements and operates at

1 Hut (megawatt thermal). Compare the average burnup of • TRIGA fuel

element with the fuel assembly of TM-1 after 3 days and 100 daya of

full power operation, respectively. Mats of U in TRIGA cor* • 17 kg

of 20Z enriched U and the mat* of U in the TMI-1 la 82.1 metric

tonnes uranium (MTU) of approximately 35! enriched U.

The standard ton (2000 lb) is used when analyzing BWR cores.

TRIGA

-i- .01111 Mw

ABU(t). - P • d

ABU(3) - .01111-(3)

- .03333 Mwd

ABU(IOO) - 1.11 Hwd

THt-1

? - 14.32 M B

AB1JC3) - 14.32(3)

- 42.96 Hud

l - 1432 Mwd

M_, • mass of D in a fuel assembly

„ _ 82.1 MTH

FA T T " °-189**

(90 fuel elements in TRIGA core)

"FA 1.89 x 10" 4 MTU

ABU(3) -

ABU(IOO)

.03333

1.89 x 10"

1.11

m 1 7 6 - 3 5

1.89 x 10.-4
5882 Mud/MTU

0.4638 KID
XA A/ /

(177 fuel elenents in TMI-1 core)

M ^ « 0.4638 MTD

ABD(3) - 92.6 Mwd/MTU

ABU(IOO) - 3087 Hwd/MTU

Mote that the units of Mwd for the two cores differ by orders of

magnitude for the full power days of operation whereas they differ by

less than a factor of 2 in Mwd/MTU. This difference Is due to the

different enrichments of the fuel. For LWR's, where the enrichments

of the fuel are of the saae nagnitudasi the units t-f Hud/MTU can be

used to compare directly the burnup of fuel from different size reactors.

However, utility engineers assigned penunently to a single reactor find

Hwd a more useful term, becsuse Mwd relates directly to their reactor.

352



The reactor produces power principally by the fission process.

The U-235 isotope produces the major part of the fission energy although

Pu-239 builds up during core operation to where this isotope supplies

significant energy before the fuel is removed from the core. Fig. 9

depicts the change in the principal isotopes for a typical LWR as a

function of fuel burnup.

The change in isotopic content in each fuel assembly is a function

of its composition and Its depletion rate. As the core depletes, the

various fuel assemblies deplete at different rates causing a continual

shift in the power distribution across the core. For the purpose of

calculations, the shift or change in power distribution is followed In

sufficiently small burnup steps to keep the change in the power distribution

small over a single burnup step. Specifically, the core depletion is

calculated over separate time steps, d,, where d^ is the length of the

£ t h step in Mwd/MTU. In general, for lMR's, d^ is taken as 100 Mwd/HTU for

the first step to allow for equilibrium Xe to build up in the core, after

which dj is increased. Table 2 provides an example of a depletion

schedule for a core. During each time step, the calculation assumes

that the power distribution or flux distribution remains constant

as defined in Eq. (16). I*t

ABU(d-). J*• the burnup of the j fuel assembly during tine atep d^

» the burnup of the average fuel assembly during time atep d-.

Then the cumilative burnup or burnup, BU can be repretented aa

n
BU(t ). » I ABtKd.). (17)

n j * i x, j

Step No.

(=)

Table 2

Core Depletion Schedule

Step ABu(d)
MHD/MTD

for the j t b fuel assenbly and

Burnup

MWD/MTD

1

2

3

4

5

6

7

8

9

10

11

100

400

500

1000

2000

2000

2000

2000

2000

2000

2000

100

500

1000

2000

4000

6000

8000

10000

12000

14000

16000

BU(t) -
n

for the.average fuel aiieably. Hire

1-1

where n - "he number of burnup steps.

(18)

(19)
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The flux, 4>. at each step is determined using Eq. (16).

Substituting Eq. (14) and Eq. (15) into Eq. (17) result* in

(20)

f)(P)- I (NPf)(P)(d.) (21)

381

where

- the power produced by the j fuel assembly during the

i, burnup step.

th
NP. - the normalized power of the J fuel assembly during

the Jl burxvup step.

Example 3

Compute the burnup of the innermost fue.l element and the outermost

fuel element in a TRIGA core after the first, second, and third burnup

steps given below. Compare their burnup to the average burnup.

Three tine steps are used where the burnup steps for the core or

average fuel element are given first

'dj - 100 .

:d2 - 500 Hud/MTU

d3 - 1000 tfvd/MV

For two of the fuel elements, the HP.'s are as follows:

Step No. (£)

1

2

3

Answer:

Using Eq. 21

Innermost fuel

Innermost KF.

1.54

1.50

1.46

element:

Outermost ur

0.74

0.76

0.79

BU(.t3)in - (1.54) (100) + (1.50) (500) + 1.46(1000)

- 154 + 750 + 1460

- 2364 M»d/MTU



Outermost Fuel Element where

BU(t,) .. - (O.74)(100) + (0.76) (500) + (0.79) (1000)
j out

- 74 + 380 + 790

BU(t-) . - 1244 Mwd/MTU
J OUt

Average Fuel Element

BU(t3) - 100 + 500 + 1000

- 1600 Mwd/MTU

At the end of each burnup step, BU(d)., a calculation is made

to determine the new isotopic inventory for the core. The laws which

govern the change in isotopic inventory of the fuel and non-fuel

materials are very similar. The effects on the reactor produced by

the change in fuel and non-fuel isotopes, however, can be quite

different. Xenon is a transitory fission product which builds up to

an equilibrium value * few days after startup; after shutdown, xenon

builds up to a peak value but disappear! from the core after several hours

with a 9.2 hour half-life. Other fission products build up and approach

equilibrium values during the reactor cycle. In general, the isotopic

inventory at any point and tine in the reactor can be determined

using solutions to Eq. (22)

ai

"c.i-1

* number density of the non-fuel isotopes i or i-1

• decay constant of the non-fuel isotope i

• absorption microscopic cross section of isotope 1

« the capture microscopic cross section for the

isotope i-1

• number density of the precursor

• decay constant of the precursor

- fission product yield

* flux as determined by Eq- (16)

* macroscopic fission cross section

Many of the non-fuel isotopes do not require all five terms on

the right hand side of Eq. (22). For example, a uniform distribution

of 1 0B uses

dt (23)

which is a very simple expression. B has no precursors, N A - 0;

it is not produced by fission, X. - 0; it is not radioactive A - 0;

Q
and B does not exist (N. ^ • 0 ) . Other non-fuel isotopes can be

similarly represented by Eq. (22); however, Xe involves all five terns

(9)

in following its buildup and decay; although the last term in

Eq. (22) is small.

The fuel isotopes are handled in a sinilar manner except that

the fission product yield term, y±, is not applicable/1'5'10*28'
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The solution to these equations for both fuel and non-fuel isotopes

is a sum of exponentials, which are a function of the neutron fluxes, $.

The change in isotopic composition as a function of exposure, BU(tn)., is

detemined from the power P. and the corresponding <t>. that occurs at

each step (Eq. 7 ) . Thus all depletion calculations must compute the flux

in each region of the core to determine the change in isotopic

composition as a function of time. At the end of each burnup step, a new

set of macroscopic cross sections are determined producing a set of

discrete values for each group constant as depicted for Z^ and E^ in

Fig. 10. Each new set of macroscopic cross sections determined at the

end of a burnup step differ from the previous set because of two effects.

One, of course, is due to the change in the number density, H^, of the

various isotopes within each fuel assembly. The other effect is on a

which is produced by the neutron spectrum change that occurs as a result

of the new material composition. Consequently, it is not sufficient to

determine the change in £. due to the change in N^ alone, but an

additional spectrum calculation must also be made, to detemine the new

a of Eq. (10). Codes such as LEOPARD determine the o's based on both

effects after each time step.

The step-by-step burnup calculation of a nuclear reactor over one

reactor cycle accounts for the changes in the power distribution and k e f f

as the core depletes. At the end of a reactor cycle, a portion of the

core, called a batch, is removed, the remaining fuel assemblies are moved

to new locations, and new fuel is loaded into the unfilled core positions.

Although it is presently the goal of the nuclear engineer to effect a flat

power distribution across the core with the new core configuration,

2.747 w/o TMI PWR FUEL ASSEMBLY
Zo x .878 E-01 cm"1

5,000 10,000 15,000 20,000 25,000

—•*- BURNUP MWD/MTU

Fig. 10. Change in Macroscopic Cross Sections with Burnup

significant differences inevitably occur between the HP.'» for the inner

and outermost fuel assemblies. In addition, fuel is more economically

utilized if all fuel assemblies to be removed from the core have received

<t burnup close to their allowed maximum burnup.

For all LWR's the maximum burnup limit for a Ut>2 pellet !• approximately

55,000 Mud/MTU. The average burnup of a fuel assembly is limited by the

axial hot channel factor and thus for an axial hot channel factor of 1.4,

35S
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the maximum average burnup for a fuel assembly is approximately 40)000

Mwd/MTU. The HTU (metric tonne of uranium or heavy metal) unit is

normally used for PWR's, but for BUR's General Electric uses a regular

ton, i.e., 2000 lbs. Care should be used when comparing burnup values

for BWR's and PWR's.

The burnup distribution for the TMI-1 reactor at the end of cycles

1, 2, and 3 are shown in Figs. 11, 12, and 13, respectively. The average

burnup for these cycles is 14,415 Mwd/MTU, 7900 Mad/MTU, and 8900 Mwd/MTO,

respectively. At the end of cycle 1, all fuel assemblies labeled B in

Fig. 11 (2.06 w/o U-235) are removed from the core and except for the

central fuel assembly, all other fuel assemblies are shuffled to leave

the perimeter positions free for fresh fuel. At the end of cycle 2

(Fig. 12), the burnup distribution is relatively flat except for those

fuel assemblies loaded at the beginning of cycle 2. Fig. 13 is for the

third cycle and its is the first cycle wherein all fuel assemblies, except

Che central fuel assembly, remain for three cycles. The central fuel

assembly is replaced every two cycles by a low depleted fuel removed

from a previous cycle. In general, PWR's replace 1/3 of the core every

year with new or fresh fuel.

BUR's on a one year cycle attempt to replace 1/5 of the core

at each reload stage. Small BWR's like the Oyster Creek reactor replace

1/4 of the core each year. The Brown's Ferry BWR's are now on 18 month

reload cycles and remove typically 20 to 40 percent of the fuel assemblies

at each reload.

The
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C
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Fig. 11 Burnup Distribution of THI-1, EOC-1
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In all cases, fuel management attempts to get maximum burnup of

all fuel assemblies before removal from the core. Hence it is desirable

to have the burnup of a batch be uniform as it approaches the end of

its last cycle in the core.

Xenon Oscillation Problem

The buildup of Xe-135 in the core is caused by the direct

production from fission product yield CYjrgEf *) and by the decay of the

fission product isotope 1-135 (NjAj)(See Eq. 22). The Xe-135 production

rate depends, in part, on the neutron flux or power distribution and

the time variation of the amount of Xe-135 at that core position and is

a function of both the Xe-135 and 1-135 decay constants. In large

reactors, the neutron flux may be assymetrically distributed either axially,

radially, or azinuthally. Where the neutron flux or power is higher,

the Xe-135 initially builds up to a higher concentration than its

symmetric location in the reactor. At some point the Xe-135 begins to

cause the flux in the high power region to decrease. As the flux decreases

in this region, its symmetric position in the other part of the core

begins to increase. The dynamics of the neutron flux — Xe concentration

interaction is such as to induce oscillation in the Xe-135 and power

distributions.

The extent to which a reactor is susceptible to spatial Xe-135

oscillation depends upon the core dimensions, the power level, the

shape of the flux distribution, and the influence of reactivity feedback

mechanisms of the moderator, void (BUR), and fuel temperature. In

order to prevent regions of the core from exceeding the power pecking

constraint, it is necessary to design the reactor to be stable, or

self-damped, to Xe-135 oscillations. Analyses indicate that self-

damped conditions can be designed into the core for radial and

azimuthal-type oscillations but not for axial oscillations. In the

TM1 reactors, partial length control rods are used to control such

oscillations.

3.1.3 Definitions of Some Additional Important Terms

We have now presented sufficient background information

to permit describing a few important terms. Terms or phrases used here

express some condition of the reactor or reactor fuel and there are

usually equivalent terms used in the industry to express the same

condition.

a) Radial Form Factor

The power distribution in the core is a function of the

radial and axial directions. The radial form factor is associated with

the radial power distribution.

The power each fuel assembly produces, relative to the average

power per fuel assembly, is a function of its material content, the

adjacent fuel assemblies, and its core radial position and is called

Relative Fuel Assembly Power, Power Fraction, Normalized Power, and

Relative Pover Peaking Factor (see Eq. 9). Superimposed on the relative

power produced by a fuel assembly is the ratio of the fuel rod power to

the average fuel rod power in a single fuel assembly. This latter effect

is called local power peaking factor or channel power peaking factor.

The axial power peaking factor or axial hot channel factor, together with

the normalized power, and local power peaking factor, are used to perform 373



thermal-hydraulic and safety calculations. The radial hot channel factor

is a product of the normalized power and the local power peaking factor.

b) Fuel in Reactor Dwell Time

From an economic point of view, the moment the reactor is in

the core, it is potentially available to generate power and revenue. It is

therefore important to know the residence time of the fuel in the core and

the time each fuel assembly remains in a core position. The reactor dwell

time relates to the residence time of the fuel in the core.

c) Load Factor

A nuclear power plant operates from the beginning of cycle,

BOC, to the end-of-cycle, EOC, and then shuts down for refueling. The ideal

plant cycle is one wherein the reactor operates at full power from BOC to

EOC. This does not happen often for several reasons. Unexpected system component

failures may force the reactor to shut down for repairs other than the time

used for normal maintenance and refueling the core. From time to time

regulatory agencies may require the reactor to shut down to check some safety

aspect of the system or perform unscheduled inspections and maintenance.

The power plant may thus be available for operation for a fraction of the

time during some accounting period.

The availability factor (NRC definition) is defined as the ratio

of the time the plant is available to generate electricity to the total time

during that period x 100.

Another reason the reactor say not operate at full power between

BOC and EOC is that the power system may not demand such power. The electrical

power system produces electricity on demand. There are cyclical

characteristics for electricity demand, i.e., greater demand during the

day than night, season to season variation as well as other frequency

structure superimposed on the demand cyclfs. If the power system does not

need the electricity, the reactor will be operated at a poweT less than

full power or rated capacity. The load factor of a power plant is the

average power demand to the peak power. Hence, the load factor of a power

plant varies between BOC and EOC and the average load factor for a reactor

cycle, i.e., time between BOC of one cycle to BOC of the next cycle, is

used in economic calculations.

Another term often used is the capacity factor. The capacity factor

,CF, is the net energy generated curing a time period divided by the

maximum dependable energy the unit could produce during the same period.

£p _ Energy produced during a time period
£p _

Max. Dependable Full Power x Length of Tine Period

It is thus possible to have CF's greater than 1 because power plants

may produce more electrical energy than the system can do dependably.

For example if the secondary system becomes more efficient due to low

temperatures in the cooling water, the electric power may be greater than

that anticipated.

d) Loading Window

The cyclical demand for energy forces a utility to establish

certain times during which the plant can be shutdown for refueling the core.

During spring and fall in the U.S., the electrical demand is low and provides

an excellent time to shutdown the nuclear power plants for refueling. A

time interval during which a reactor may be shutdown and refueled is called

a loading window.



e) Burnup

Eq. (17) and Eq. (21) describes the burnup quantitatively.

Example 2 provides an exercise in learning how to calculate burnup either

in MWD/'MTU or Megawatt days (Mwd). Nuclear engineers assigned to work on

one reactor for a utility usually use Mwd or Equivalent Full Power days,

EFPd, i.e..

EFPd Mwd (2A)
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f) The Equilibrium Cycle

At the end of the first cycle, some fuel assemblies are

removed which may never be rsed again In the core or they may be used in

some subsequent cycle. At the end of Che second cycle, a portion of the

core will again be removed and these fuel assemblies will have experienced

two cycles of burnup. Fuel removed from all subsequent cycles for a PUR

or a BUR on an 18-month cycle will all have undergone burnup in three

cycles. (An exception could be the fuel assembly in the central core

position which at TMI is removed every other cycle). If a third of the core

is reloaded in all subsequent cycles, a condition is reached where the BOC

core configurations are all essentially identical. When this occurs, each

subsequent cycle is referred to as an equilibrium cycle and the cycles

preceding the equilibrium cycle are called transient cycles.

In practice the equilibrium cycle is not attained because the

conditions necessary to attain an equilibrium cycle are almost impossible

to meet. Nevertheless the concept is a good one to use as a reference

for comparison with actual cores.

3.2 General Approaches to Fuel Management

a) Fuel and Channel Design

The physical design of the fuel channel for the FUR and BUR

have been previously described. For the fuel manager it is necessary to

represent the fuel water geometry in a configuration that can be

analyzed. The FUR fuel assembly provides a relatively easy geometry to

analyze because all fuel rods within a PWR fuel assembly have the same

enrichment and there are no large spaces open between fuel rods. The

heterogeneous effect can therefore be calculated to determine equi 'alent

homogeneous cross sections by nucleonic codes like LEOPARD.

The BUR fuel assembly requires more accurate codes, i.e., transport

cr Monte Carlo computer codes to calculate the equivalent homogeneous cross

sections. The LEOPARD cade can be used to determine the change in BUR

cross sections as a function of burnup provided the void fraction is not

too high. A more rigorous code like GAM-GATHER can be used to extend the

LEOPARD calculations for all possible void conditions in a BUR. The

EPS! CELL*21^ which uses a GAM-THERMOS*22* combination can be used to

calculate the equivalent homogeneous cross sections directly.

In both the BWR and PUR fuel assemblies, the fuel rods are

equally spaced apart (the pitch is constant); however, the BUR fuel rods

are all contained within a zircaloy box called a fuel channel. The fuel

rods in a PUR fuel assembly are not enclosed and allow free circulation of

water between adjacent fuel assemblies. Small w: _ei" gaps exist between FHR

fuel assemblies providing a. geometry not difficult to represent as an array

of unit cells. The LEOPARD code uses the concept of the unit cell to

generate group constants and provide a good starting point to explain

these calculations. 375



b) Unit Cell - LEOPARD Code

The LEOPARD code is organized around two codes. HUFT and

SOFOCATE, and computes both 2 and 4 group macroscopic cross sections.

MUFT is a 54-group Fourier-transform slowing down code which uses the

B. and Grueling-Goerti'.el approximations to calculate the fast cross

sections. The SOFOCATE code calculates the thermal-group constants

averaged over a Wigner-Wilkens spectrum using 172 energy groups. The

unit cell is homogenized at each of the 172 energy groups using the

(23)Anouyal, Benoist, and Horowitz (ABH) method, to provide the equivalent

homogeneous multigroup macroscopic cross sections for the Wigner-Wilkins

model. The cutoff energy between the fast (MUFT) and thermal (SOTOCATE)

groups is 0.625 eV. The lower limit of the thermal group goes to 0 eV

whereas the upper limit for the fast group is 10 MeV. The energy group

structure is shown in Fig. 14.

LEOPARD contains a depletion subroutine, BURN, to calculate the

change in cross sections as a function of the material buxnup. Consequently,

it is possible to obtain a complete set of macroscopic cross sections for

a fuel assembly over its lifetime in the core with one LEOPARD calculation.

LEOPARD assumes that the fuel assembly consists of a large array of unit

fuel cells arranged in either a square or hexagonal lattice.

A unit cell consists of a cylindrical rod protected by a cladding

material and both are surrounded by a moderator region. Both the square

and hexagonal unit fuel cells are shown in Fig. IS. An equivalent

cylindrical representation, also shown in Fig. 15, is used to calculate

the thermal self-shielding effects. A fictitious extra region, shown in
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Fig. 14 . Group Structure for MUFT-SOFOCATE (LEOPARD) Codes
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Fig. 16, is used to account for that portion of the core which is not

represented by the unit fuel cell. In a real reactor, there are water

slots. Instrument and control rod channels, etc. that are outside the

unit fuel cells, and these materials are incorporated into the extra region,

c) Method of Calculation Used

The calculation of the thermal constants is extremely

complex; consequently, many approximations must be made before actual

values can be obtained. The variation of the absorption cross sections

from 0 to 0.625 eV is very large producing a corresponding change in

the self-shielding of the neutron flux. This can be seen more clearly

in Fig. 17. As a consequence of the large change in cross section with

energy, the thermal energy group is subdivided into 172 groups to minimize

the change in self-shielding effects across any one group. The 172 energy

points are as follows: 0 eV to 0.006 eV in 0.0001 eV energy steps (61

pts), 0.006 eV to 0.06 eV in 0.001 eV energy steps (54 pts), and 0.06 eV

to 0.63 eV in 0.01 eV energy steps (57 pts). The last energy point is

actually at 0.625 eV, but the calculation at this point is a linear

interpolation between 0.62 and 0.63 eV.

All thermal energy groups are individually homogenized using the ABH

method in an identical manner; consequently, showing how the method

homogenizes one energy group suffices for all groups. The flux distribution

within the cell for a representative energy group is the same as that

of Fig. 18.

Square Cell Hexagonal Cell

Cylindrical Cell

Figure 15. Unit Cell Configurations
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The homogeneous croca section for the ] energy thermal group,

< X (E.) >_,,, 1» defined to cause the sane rate of x reactions in
X > CELL

the hoaogeaixed unit or supercell as occurs in the actual heterogeneous

call. It ia determined by the relation

•n
-JCFV

>CELL

(25)

where z refers to any reaction, i.e., absorption, transport, and fission.

Since LEOPARD uses 172 energy groups in the thermal region, each of the

cross sections are homogenized via Eq. (25) at each of the 172 energy

groups. The resulting 172 energy group homogeneous constants are now

adaptable to a solution with the Vigner-Wilkens model.

The Wigner-Wilkens model enables one to determine the thermal

neutron energy spectrum, iJi(E), in the homogeneous medium. Once 4>. (E)

is determined for each of the 172 groups, the groups can be collapsed

to one group to provide a set of thermal group cross sections by

averaging the < Ex(E.j)
 >

CEVL
S o v e r * * * • H e n c e

(26)

where

172

Ex,th >CELL

The diffusion coefficient is also averaged similarly

172

<D

and

th' 172

I V, AE.

(27)

(28)

Although the Wigner-Wilkens model contains many simplified assumptions

which restrict its use to only water moderated reactors, the model has

proved to be effective for analyzing these react-jis.

The Fast Group Cross Sections

The Huft Code is used to generate fast group cross sections using the

Bj and Greuling-Goertzel approximations. Tt is * 54 groiip Fourier transform

slowing down code that calculates either • 1 group or 3 group set of fast

cross sections between 0.62S eV and 10 MeV. Its derivation nay conveniently

begin with the one dimensional transport code applicable to a homogeneous

medium. The heterogeneous effect of resonance absorption is handled in a

special manner as explained subsequently.

*«.,)

The Muft Code described here is actually Huft-IV; the earlier Muft II

and Muft III codes are not considered. 37)



The one dimensional transport equation is

• rTC^.u) -r(z.u.u)

• S(z,u,u) (29)

where

u is the lethargy

u - In EQ/E ; E o • 10 MeV

E is the neutron energy

z Is the one dimensional spatial coordinate

p - cos 6

6 is the angle between the z axis and the neutron direction

iKz,)j,u) the angular flux at z with lethargy u and moving in

direction p.

Here it is noted that the angular flux.iKz.y.u), as used in

transport theory relates to neutrons moving in a specified direction V

and is symmetrical about a direction arbitrarily chosen as the z axis.

To obtain the neutron flux <J>(z,u) as given in diffusion theory,

+1

iKz,lJ,u)dy

-1

(30)

U. Referring to Fig. 19, it can be observed that all neutrons having

a direction u lie in a cone shell of solid angle

Ml - 27rsln9d8 - 2irdy

If the angular flux ij)(z,!2,u) is restricted to a small solid angle dfl

where

dft - s i n 8 d6d<t>,

then the angular flux i|>(z,n,u) is related to t|i(z,u,u) by the relation

L(z,n,u)d(J>

(31)
o

2TT

311
wherein the angular dependence has been eliminated by integrating over

The one dioensiooal transport equation assunes the angular flux Is

Independent of the angle * and thus iKz>V,u) integrated over * is 2n

times greater than iKz.fl.u).

Z^diu) = total macroscopic cross section for neutrons at

position z having lethargy u. It includes all

reactions, I.e., absorption, elastic, and Inelastic

scattering, etc.

Z>(z,u') = elastic scattering macroscopic cross section for

z,u' coordinates.

f(z;ft',u'-»ft,u) = probability that a neutron scattered at position z

and having initial ft',u' values will end up with

!5,u coordinates.



The scattering cross section in th» double integral (inscatterlng

Integral) on the right hand side of Eq. (4-35) can be written in another

convenient form as

u') f (z;fl',u' (32)

Therefore,

11=1 sin 0 cos^+J sin9
sin<£*kcos0~

= cos 5 = II • k

= probability that a neutron at z having Initial

coordinates SI1, u' will be scattered into the

ft,u direction and energy respectively.

S («; SJ'.u1 + JJ.uM/Cz.u'.u^dtl'du'

Is the rate in which neutrons at z having coordinates between v' and

u' + du' and u' and 11 + du1 in the phase space volume dft' du' are being

scattered from SI', u' to Sl.u.

The first two tens of Eq. (29)

little difficulty in finding solutions for many problems.

are relatively simple and present

(25)

1 dz

Fig. 19. Angular Fluxes and Their Corresponding Solid Angles
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leaVage rate into or froa a unit volume and unit

solid angle due to the divergence of ij/(t,u,u) with z.

The V t e n represents the projection of the neutron

velocity on the z axis and modifies -r'- to provide

the one dimensional leakage.

Loss rate per unit volume and unit solid angle due

to every type of interaction or collision. By

restricting the flux to a small solid angle, any

scattering of i|i(z,u,u) neutrons will change both

U, and u at z. 3t1



The third tern (lnscatterlng Integral) Introduces complexities requiring

approximations for solution.

//i:s(z,u)f (zsfl
1 .u'-^n.uWz.u1 ,u')dn'du'

is. the rate neutrons are scattered into the correct phase space. The

principal difficulty in evaluating this integral is one of geometry.

The scattering la? depends only on the angle 8 between J2' and U, and

it is necessary to relate f(z;fi',u' fl,u) to cos 6 or V . Fig. 20

Illustrates the problem by showing cone shells of constant y' and u related

to n1 and Q, respectively. The angle 9Q can vary over a wide range

of values between the two cone shells of constant u' and p. The scattering

law is Cos6o | (A + 1) /E7F' - (A - 1) ̂ 7

u'-u
2

where

Cos6o » | (A + 1) c

U • Cos6 » SI1 • ft
o o — —

- (A - 1) e
u-u*

(32a)

(32b)

(33)

Solutions are obtained by first expressing the scattering cross

section as a function of p , and then expanding the functions into se'ts

of. Legendre polynomials as follows:

First the identity

is introduced where the cross section

(34)

Z (z,y ,u'-m) = the probability a neutron at z will be scattered from

u* to u (p is automatically fixed by Eq. (32).

"7
POINT OF / _
COLLISION/®?^

CIRCLE OF
CONSTANT ft1

V^-CIRCLE OF
f a CONSTANT ft

OF

Fig. 20 . Cone Shells of Constant u and p' with
Varying Ji



The geometric complexity can now be understood more easily, by referring

to Fig. 21 where the solid angle for constant 8 or V is about the

vector £. Note that Eg(z,vo,u'-*u) refers to all scattering vithia the

cone shell 2ndji whereas E (z;ft',u'->fl,u) relates to the smaller solid angle

du about ft1, and that in the solid angle 27rdp u" is not a constant as in
o — o

Fig. 20. T"o values of tr or 6' are shown in Fig. 21.

After expanding the cross section X (z;SJ'u'-»i2ru) into a set of

Legendre polynomials and integrating over the azimuthal angles,

the one dimensional transport equation reduces to

I * = * p.00 J Z..(«,u'-m) /
£-0 2 * u S X -1

+ S(E,U,U)

where the source term S(z,p,u) is included.

(35)

B Method
n

In the B method the sum in Eq. (35) is terminated when m-n.
n

To obtain a solution it is also necessary to use the Fourier transform

to eliminate the z dimension. This is performed by letting

where a bare homogeneous core in slf.b geometry having a buckling, B ,

is assumed. Thus

+ B2* - 0 (37)

for the slab and

(38)
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In UEOPARD, n-1 so that Eq. (35) reduces to

where

Po(y) - 1 and P^p) - V

(39)

Dividing Eq. (39) by (E - iB(i) and using the following Legendre polynomial

expansions

where +1

-1

and noting that for l~0, 1 respectively

V u > • j
-1

-l

(40)

(41)

(42a)

(Mb)

Eq. (42a) and Eq. (42b) are used in conjunction with Eq. (39) to provide

the B^ equations. Two separate equations are obtained by first solving

Eq. (39) for 4<(u,u) and then substituting it into Eq. (42a) and Eq. (42b).

After sone integrations and algebraic nanipulations the two equations

are transformed into the B. equation. The B, equations are

BJ(u) + ET*(u) - S,(u) + /E (u'-nOMTOdu" (43)

Y(u) (44)

It is very important to note at this point that the B, equations referred

to in the literature and employed in MUFT and other fi^ codes are

Eqs. (43) and (44). The MUFF code simplifies the B 1 equations by

evaluating the integrals on their right hand side. To do this, the

cross sections are defined in terns of neasured parameters.

The integration limits in Eqs. (43) and (44) have been purposely

left off, because they depend on the u s s of the scattering isotope

and an arbitrary naxinum and nininua energy for the fast speczrun.

In MUTT, the Units arc 10 aeV naxlnua and 0.625 eV minimum, and the

scattering integrals in * fora tractable for numerical solution.

ET(u) - Ef(u) + Ea(u) (45)

where the total crois section is separated into scattering and absorption

components. The scattering cross sectiop 1* now divided into three

contributing factors, pure hydrogen elastic scattering, inelastic

scattering, and elastic scattering by all isotopes other than hydrogen.

On noting that the scattering occurs at lethargy u, it follows that

3M



u+Hnl/a.
+1

isotopes '

VVu'*u)llodl'o

- 1

(48)

(49)

(46a)

E INCREASE

Es(u) (46b)

isotopes

E (u) represents all scattering processes out of the lethargy u and thus

the integration limits must allow for the maximum increase in lethargy

during a scattering event. For hydrogen it is •», but for the i

isotope it is

u + £n l/ai

as shown in Fig. 22.

It is convenient to describe the cross sections E (u'-*u) and
so

E .(u'-na) by their definition as given in Eqs. (47) and (48); however, unlike

Eq. (46a) the scattering cross section represents scattering into lethargy

u rather than out of lethargy u.

+1

(47)

U INCREASE

- Emin

• a , E

u

u1

• Umax

=U + lnl/2

ENERGY LETHARGY

Fig. 22. Scattering in Energy and Lethargy Units
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J

Equation (49) also has the equivalent relationship these integrals

(50)

Placing Eq. (50) into Eqs. (47) and '48) provides the solution for

the zero and first scattering coefficients. For convenience, the

cross sections arc written In both energy and lethargy units.

(51)

and since

it follows that

For the Z ,(E'-»•£) tern,

(52)

(53)

rs(E') Vf, - (A-O^fl]^ (54)

Slailarly

2 (u1) u'-u -iu'-u).'

(55)

Equations (53) and (55) are used to reduce the B1 equations,

(43) and (44) » Into a more tractable fora. Consider the firit of

WH

(56a) s

ii
j; O

r- m

3 c

psoCu
1-ni)iKu')du' - n + r + w (56b)

vhere

n

r

v

and

inscattering from H

inscattering from all isotopes other than H

inseattering from inelastic scattering

H(u') (57)
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u-Jtnl/a.

+ x

(S8a)

I 5,

(63a)

(63b)

Here

' • \ *i

(59)

(58b)

Substituting Eqs. (57) through (59) into Eq. (43) the first

of the B, equations becomes

- Sf (u) + T\ + r + v (60)

The B. equations are solved by utilizing the Grueling-Goertzel

approximations to evaluate the integrals on the right side of these

equations. This introduces a convenient way for evaluating the resonance

absorption during the slowing down process. As a consequence,

all of the MUFT equations needed to solve for the macroscopic cross

sections are written below for a convenient reierence.

w(u)

i

p(u) - | Is
H(u)J(u) - |

(59)

(65)

(66)

q is the slowing dows density

and Jin I/a,

"i 2(1-0^)
u V u du

(64a)

(64b)

S f (u)

-n + rs
H(u)iKu) (62)

At this point the absorption cross sections are divided into resonance,

R S
£ , and smooth cross sections, Z .
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Let

and

Substituting these two definitions into Eq. (61) gives

BJ(u) + [H

(67)

(68)

v(u) + Sf (u) (69)

E1- (69) can now be integrated, using lethargy units, over one of the

54 groups (see Fig. 23 in the MUTT code.

(H + R)iKu)du + J(u)du Sf(u)du w(u)du

u n - l V i n-1
un-l

" "n-l> " (qn "

H * A u + RiKu)du + BJ Au " x Au + v Aui B n n n 1

u n - l
(70)

10 MEV

GROUP I

0.821 MEV H

GROUP 2

5.53KEVH

GROUP 3

0625EV

GPL

nthGP
n+IGP

•u 0

•uj

•Uf-|
us

•INELASTIC SCATTERING

— un- |

GP

Fig. 23 . MUFT Lethargy and Energy Group Structure
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where

and the bar slgnlfiea tht average value, e.g.,

n n-1

(71a)

(71b)

for Ha, t|>n, Jfl, x^, w^, etc . The remaining MOTT equations «ay be written

I » \ * "r.

(71c)

jdu" vXf(u'))l)(u') » 1. Thus MUTT arbitrarily sets Sf(u)

o

The resonance absorption integral in Eq. (70) is removed in

a clever manner.

Example

in MWD/K

one reac

EFPd, 1.

£-25 i
all element

where the inelastic scattering takes place from group I to group n

as shown in Tig. i3 and

(I* ) is the inelastic scattering cross section of
** 8.

element i in group £.

a» is the probability that a neutron in group I,
JC+n

inelastically scattered by isotope i, will appear

in group r>.

un-l

(u) du is the rate of resonance absorption per unit volume

in the n lethargy group.

This is identically equal to (1 - p n) (i^^ + nn_j) or

»Ku)du - (1 -

un-l

(73)

Substituting Eq. (73) into Eq. (70) gives, after a simple arrangement of

terras >

Vl

This set of MUJT equations can be solved provided the p^ for each lethargy

group is Vnoun. MUTT uses a unique prescription to calculate the Pn's>



Eq. (74) involves determining p for each of the last 29 groups in

the 54 group structure, group 26 to 54. MBFT first calculates from an

empirical formula the total p for all 29 groups. The empirical formula

is derived from experimental values of p for various U-H.O systems. The

calculation then proceeds to distribute the total p among the 29 groups

based on a simple calculation of the resonance absorption, P c> for each

group.

MDFT first calculates the resonance escape probability, pnc> for

each of the 29 groups using the Breit-Wigner single level formula assuming

the reactor is homogeneous and contains U, Th metal or U-, Th-oxide and

water only. The calculated p 's for each group and their product, the

calculated-total resonance escape probability p^, are all smaller than

their corresponding true values because the actual cell is hetergeneous.

Here

54
IT p

n-26 n

The difference between p and p is corrected by defining a self-shielding

factor, L, for the U-water system where p is now defined as

(75a)

exp

The HUET program searches for an L to make

by a fast iteration process. The L so determined is then used in the

final calculation to determine p and p for Pu. The resonance

absorption of all other isotopes assumes L-l.

MUFT Equations

The HUFT equations solved by the computer Bay be written in a

somewhat more convenient form

(75c)

391

•nd

Pn.c " exP ["I (75b)

where the c subscript denotes a calculation of the resonance escape

probability using Eq. (75b). It then calculates a corresponding p

using an empirical formula based on experimental data. The p calculated

tn this manner is larger than the corresponding pc determined using Eq. 75*.

V n + B An " Vun

n -
n

n-l

V
,u + I H r
n sn n

t<n

W i

(76)

(77)

(78)

(79)

W i



<80>

(81)

where

(82)

A - J iun n n

The solution to the HUFT equation begins by realizing that above 10 MeV,

the flux and current are 0. At n»l, Eq. (76) is

Vl + B

and Eq. <77) is

(83a)

(Mb)

where

El- (78) becomes

p - > (Cjt̂ ) ra (83c)

where

Eq. (80) is

(83d)

and Eq. (61) may be written as

(83e)

where

P, " T-

We are now left with five equations, Eqs. (83a) through (83e)and

five unknown*, 1*̂ , l\.y t\., Hy and o.. The Eqi. (83) are solved

for these unknowns, and the results substituted back into the MUFT

equations for evaluating the 2nd lethargy group. Here

q2) (84a)

(84b)

(84c)
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(84d)

(84e)

and

and

(84f)P2 Au2 - I Zs2 A2 " f ( p 2 " pl>

vhere a l l averages are determined in the usual toanner, e.g.

Substituting Eq. (84d) for » 2
A u2 into Eq> ^84a* • w e are a S a l n

left with 5 equations and 5 unknowns to determine the parameters of

the 2nd lethargy group.

The above procedure is continued for the 54 groups until ell 54 group

parameters are calculated and used to compute the macroscopic cross sections

and broad group constants.

Referring to Fig. 23 . it is observed that the fast group cross sections

are determined for either 3 or 1 fast group (nrvt,2, or 3) where in the three

group structure, group 1 is from .821 MeV to 10 MeV

group 2 is from 5.53 keV to 821 keV

end group 3 is from 0.625 ev to 5530 ev.

The program computes for the three broad groups

(85)

m - 1,2,3

m

1'
n-k

(86)

where k and & are, respectively, the highest and lowest energy of them m

54 fine groups within the m broad or macro energy groups. The macroscopic

and fission cross sections are determined in a straight—forward manner.

Let

(87)

• the total absorption rate in the • macro group.

Thus

0=). (88)

Similarly, the fission parameters

£f,m

382 n-K.

(89)

(90)

OD= 0.374 ia.



where

£••
n-k

(91)

(92)

the fission rate per unit volume

due to absorption in resonances = (1-p- )(n i * 1 _j)

in the n — micro group

The diffusion coefficients D end the E transfer croc* sections
xa r

are not calculated la a direct manner aa the other group constants. For

DjjJ, the definition

(93)
(95)

ia used where (see Eq. (36).

Vf.n (94)
J - - (96)

(o.) «• is the average value of the smooth fission microscopic

cross section for i isotope in the n— group.

B|* « total fission rate per unit volume in the m— macro

group (the SUB of the fission rates i.i the corresponding

fine groups due to smooth capture, s F , plus resonance

capture, (1 - p^) (n
n_j + i^.i^J*

o • neutron production rate per unit volume in the m— group.

It should be emphasized that p . is the probability of not producing fission

in a resonance and (l-p f ) is the probability fission will Occur. The

number of fast neutrons entering the n— fine group is n^jCsource due to H

slowing down) and a . (source due to heavy element slowing down,), so that

so that

la used to determine the group diffusion coefficients.

The diffusion equation

(97)

- 0

can be written as

- 3 . T - 3 . J . 3 - 3

(98)

(99)
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Solving for ^ f I t Eq. (99)

(100)

where

permit* the leakage to be deleted

I

(101)

n-k

(97)

(89)

(90)

together with Eq. (100) provide the MtlFT fact group conctatti.
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"Supercell" Number Density Calculations

The cell description of LEOPARD incorporates an extra region to

account for water slots, instruments and control rod channels, etc. that

are outside the unit fuel cells. The unit cell plus the extra region

is referred to as a "supercell." Fig. 16 shows a typical FUR fuel

assembly and the corresponding supercell having 4 regions; the 4th

region is the extra region. LEOPARD computes both flux weighted and

volume weighted number densities for the supercell and prints out the

results. The volume weighted number densities provide an excellent

mechanism for checking the input data. Mistakes and misunderstanding

in imputing the material composition can be corrected by calculating

the volume weighted number densities using a desk calculator and comparing

the results with the LEOPARD output. The volume weighted number densities

are easy to compute. Let

1 volume weighted number density of the i
isotope

th

where

(102)

(103)

- volume of the extra region

.th
number density of the i isotope in the j region
(j - F, C, M or 4).

V • AJ
 Na (104)

thwhere V.J is the volume fraction of the i material in the j region

and p^ and k^ are the density and the molecular weight of the material,

respectively.



the flux weighted number densities.

A

(105)

r

and the user must input the number density N.J as expressed in Eq. (104)

Table 1 in Kef. (7) provides the relevant information.

Consider as an example water in the moderator and extra regions.

VJT~ » voltne fraction of wster in the moderator region

fraction of water in the extra region

LEOPARD Incorporates the extra region by means of Its volme fraction

of the total fuel assembly; the volume fraction of the extra region i» called

•the non-lattice fraction and is part of the input data.

Let

f^ " V^/Vj - non-lattice fraction (106)

f -
u

1-f, » fraction of volume of the unit
fuel cell in the super cell

f4*T k v
vhere

Vu F C M

(107)

(108)

Consequently the size of all regions can be determined in LEOPARD from the

Input data.

LEOPARD uses Eq. (104) to compute the number density of each isotope
P.,

in the j region. The -p^N term is stored in LEOPARD for many materials,
Ai *

i.e.i HjO, 2r-2, C, UO2, etc. Tor these materials, the LEOPARD input

requires for each material the volume fraction, V^, for each region. For

many other materials, i.e. U-235, U-236, H, B-10, etc.,

Then

and

Similarly

(109)

(110)

Normalization has ' T"l. and using Eq. (4-164), the volume weighted

number density for hydrogen becomes

(111)

where V H and V^ • f^ are the moderator and extra region volume fractions,

respectively.

The flux in the extra region, *4» is not calculated in LEOPARD. Recall

that the fluxes in the fuel cladding, and moderator region are calculated for

the unit cell by the AJBH method . The flux in the extra 385
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region, "£,, is determined using the non-lattice peaking factor, k, where

h - (112)

If t » 1, the flux In the extra region is assumed to be the same as that

in the moderator region*

As another example, consider CO., pellets in the fuel region, and light

vater in the moderator and extra region.

V
where the definitions are standard (K - 6.022 x 10 ).

*o?

Since the fuel is only in the fuel region,

\ " (U3W

(113c)

(113d)

assuming the clad legion is oxygen free.

Eq. (112) can be substituted into Eq. (113c) and Eq. (113d) co

eliminate the flux term for the extra region. Determining an accurate value

of I c m he a complex process if burnable poisons are In the extra region.

The rule to follow In determining It is to equate the reaction rates In the

supercell with those in the actual assembly. The process of effecting a

good set of group cross sections over the lifetime of a sore involves assy

calculations. Determining an accurate value of It is an example of this

process. Two dimensional calculations using E2TEEKMHUXO& 2 wherein the unit

cells and each of the extra regions axe explicitly represented can he used

to determine k. at EOL, EOL, and a few intermediary depletion steps.

Fortunately, k is usually close to 1 and nominal errors in V do not produce

significant errors in the N '*.

Depletion Calculations

ISfSKXD ctntputes the change in number density for the Th, 0,

and Fu isotopes; Th-232, V-233, B-234, V-235, 0-236, V-238, fu-239, *u-240,

Ju-241, and V-U2. Unlike FUELBUBH, TiOPARD lump* all fission product*

except 1-135, Xe-13S, Pr-149, and Sn-149 into one paeudo element. The

pseudo element yield is one per fission and the cross sections have the

dimensions of barns/fission.



Tfc* change In number density uses where the units of

where

-V C114)

m number density of the 1 element after

d days of operation

« coefficients

Ui " decay term

Consider the simplest example, the depletion of B-10. For B-10,

.10 Hcv

dH.

a is a

$ is n/a -sec

d is seconds

Note that

The atio ̂ / ^ i s deteraiaed in LEOPARD assuaing a bare core configuration

so that $2 ±s t h e ool5r unknoun. The thermal flux, $g> is determined from

the.power and volume input on Card 8.

Let

P - the power of the fuel assembly

3? - the volume of the fuel assembly and uuing Eq. (66) it
follows that

(116)

Solving for

and therefor* 10 Mev

-d fa,(E)(KE)dE

(117)

Eq. (117) is used in Eq. (115) to determine Mj(d) where all terms are

either known from the input data or are evaluated in LEOPARD. The

value for G is assigned » value and ^-,^2 i s c a l c u l a t e a iox a n equivalent

homogeneous bare core representation of the unit cell and having a

buckling equal to the value input to the code. « M



Assuming $_ and $. are constant during each time step, the new

number density for B-10 can be determined after each time step, d . The

sane In true for all of the other isotopes, except that for them Eq.

(115) is more complex. For a digital computer, the time to compute the

new NjWJ's from Eq. (114) is negligible. The MUFI and SOFOCATE neutro:;

spectrum equations are solved after each time step using the new number

densities to provide a set of 2 group constants for the beginning of each

subsequent step. The units of burnup are given in either MWd or MWd/MIU.

Fuel Assemblies with Control Rods

When control rods are inserted in a fuel assembly, the equivalent

homogeneous cross sections mist account for the extreme flux depression

produced in these fuel assemblies. Several methodB can be employed.

Monte Carlo techniques or transport theory codes can be used to obtain

the control rod worths when fully inserted into the core or their

equivalent homogeneous cross section at BOC. In either case it is

possible to deteraine the equivalent soluble boron that will produce

the sane control rod worths or effective absorption cross sections.

Assuming no effective reduction in control rod worths over a cycle,

a LEOPARD calculation can be made having the soluble boron simulating

the control rods superimposed on the actual soluble boron used to maintain

criticality.

Other method* are available to calculate the effective absorption

cross section E of the control rods. Calculating the current into

the rod J

-eff

Acell *cell

(118a)

..eff 2irr

cell

c D
A

(118b)

where

cell

is the radius of the control rod

is the area of the cell

is the diffusion coefficient of the moderator region
outside the control rod

A is the extrapolation length

Varying Requirements for Detail and Accuracy

The calculational methods employed in LEOPARD are adequate to

use in in-core fuel management calculations f>f FWK's. Although such

methods can be used in a very restrictive way for BUR calculations,

considerable caution must be used to develop BWR homogeneous group

Constanta.

The BWR fuel assembly cannot be adequately represented by unit

cells due to the spectral change caused by the large spacing* between

fuel bundles. It is possible to use LEOPARD to calculate relative

changes in the group constants as a function of burnup. Even here

the calculations are United to regions where the vater-to-metal

ratio is greater than approximately one. For high void calculations

the GAM-GATHER code is required to obtain the relative variation in

group constants. A good absolute value must use a GAM-THERMOS code

which allows incorporating the region between fuel bundles.

A brief outline of the GAM code is given because this code

can be used to generate fast group constants, not only for BWR cores

but also tor graphite and heavy water moderated cores as well as fast

reactors.
3M



The GAM Code

The B or P_ method is used to generate the cross sections and

group constants in the GAM Code* The neutron spectrum, iKE) > and the

current spectrum, J(E), are determined for a representative cell of

the reactor, after which the usual averaging of the constants between

the energy limits of the group is performed. The general procedure

is very similar to that used in MUFT. The difference between MUFI and GftM

commences with Eq. (43) and Eq, (44), the B, equations. GAM codes

incorporating the higher order B equations are available; however,

useful group constants are generated by the B, equations and extension

of the B., equations to higher orders 1B straightforward. The B-

equations become the P. equations on setting Y(u) • 1. As stated above,

GAM discretizes directly Eq. (43) asd Eq. (44>, whereas MUTT further

simplifies these equations before discretizing.

Rydin presents a clear explanation of the GAM code, starting

with the P, equations. Although be restricts the description to the

P. approximation, as mentioned previously, the P, and B. approximations

can be transformed from one to the other by the Y(U> parameter - the

P. equations have Y(u) " 1.

Discretizing or integrating Eq. (43) and Eq. (44) over a

lethargy group results in

iMu)du Y(u) ZT(u)J(u)du

•gin

\ j Zsl(u'-ni)J(u')du' du

un-l (120)

The inscattering integrals are solved directly, and as a result

Eq. (119) and Eq. (120) can be written as

B J Au + £—if' Au • S Au + \
n n Tn n n in n ^s

£

g<n

where

J(u)du

"n-1

Au

ijj(u)du

(122)

(123a)

"n-1
(123b)

J(u)du +

"n-1 n-1

Sf(u)du +

n g
g<n

[ gin

"n-1 un-l Vl

•1du
(119)

Tn Au 399



sog^n
(123d)

and

w . • "»-* v Au
(123e)

The latter equation, Eq. (123e) is evaluated similar to Eq. (123c)

where Eq. (55) is used for I .(u'-m). The J and t|i are not in

Si g g

Eq. (123c) , Eq. (123d) and Eq. (123e) , because they occur in both

the denominator and numerator and thus cancel.

Smooth absorption, resonance absorption, (n,2n) reactions, and

inelastic scattering are accounted for in £_ along with the elastic

outscattering of neutrons.

ETn sel (124)

and

m

" macroscopic cross section for elastic
scatter out of the n*h group «25a)

Z n « J £ J*. « macroscopic cross section for inelastic
sn fc sn*tc scatter out of the n e h group (12.3b)

macroscopic cross section for the
(n,2n) reaction (125c)

where

- smooth absorption

Z » resonance absorption
an r

The resonance absorption in the fast groups are accounted for in

the I macroscopic cross section. Unlike MUTT, where the resonance
an

escape probability accounts for the resonance absorption, GAM

evaluates £ for each of the n micrcgrcups. Nordheim's Integral

equations are solved to determine I
.R (29)
an'

The total fission source is normalized to be 1, as in LEOPARD,

ao that

and, hence

S, (u) » X_(u) |du'(u')S.(u')l(' («'£n n to
o

Sfn(u)

(126a)

(126b)

With these definitions, input data is available to the GAM code

to evaluate all parameters in Eq. (121) and Eq. (122) except î  and

J . \l> and 3 are determined in a manner similar to LEOPARD,
n n n

The microgroup cross sections are collapsed into the macrogroups

for multigroup calculations similar to that used in MUTT.



Let, as In MDTT, the group average fission cross section is

ra in

r-ET
n~k n

n-k_

(127)

(128)

fm

Hr
the group average ofvZf is

(133)

where

A - J Au
n n n

(129)

(130)

and m la the aacrogroup in a total of M macrogroups. Then the diffusion

coefficient, D*j, is

(131)

the fraction of the fission spectrum in the n group it

I

(132)

Zf n

and the transfer matrix Is

g in n
to

n in i

r

SOgp*!! 8*O
in . ,rn,2n.

r1
(j is a mactogroup at higher lethargy than m)

(134)

(135)

m



The total "removal" (smooth absorption + resonance absorption + outscatter)

cross section is

Here

y
r _

r

all g
so t n."*g n**g O"*"g

(136)

Tn'>m

the macroscopic absorption cross section (smooth +
resonance) for the m oacrogroup for a system of M
broad macrogroups.

the macroscopic outscatter cross section from the broad
group m to the lower energy broad group m'.

In the LEOPARD code and much of the early literature, the removal cross

section referred to outscatter only. Today, many books use removal

cross section to include absorption with outscatter.

GAM-1 divides the fast spectrum into 68 groups and 69 energy

mesh points; the lower energy limit is 0.414 ev.

The cross sections must always account for equilibrium xenon,

depletion, and the poison control used in these fuel assemblies.

Average fuel temperatures and water density may be appropriate for PWR

scoping calculations but BWR calculations require void fraction, water

temperature, and fuel temperature for each region of the core even for

most scoping calculations.

Characteristics

Cross sections can be determined direct from ENDF/B data files

using sophisticated calculational methods. Recent developments allow

resonance cross section to be calculated precisely. However, such

codes are costly and time-consuming and should only be used for bench-

mark calculations. On the other extreme a code like LEOPARD is fast

and economical to use but is applicable to PWlt-type reactors. It uses

experimental data to determine resonance absorption and does not

calculate accurately high void regions that can occur in a BWR core.

Special methods must be used to compute group constants for fuel

assemblies having control rods. Once the supercell group constants are

determined at BOC, the major effect on the group constants is produced

by the build-up of the Xenon and Sm fission products. The group constants

with burnable poison will then be dominated by the depletion of these

poisons compensating for the depletion of fissile material. The build-

up of Pu-239 occurs in the first half of the cycle for fresh fuel so that

at the end-of-cycle the buildup of other fission products and the

depletion of fissile inventory dominate.



The water temperature affects the cross section in a FWR

differently than in a BWR. In a ?WR soluble boron is present in the

water. When the temperature changes, the water density changes causing

a corresponding change in fthe boron number density. Increase in water

temperature decreases the density of water and boron increasing the

leakage at that point but decreasing the absorption due to boron.

In a BUR the lower part of the core does not have boiling, but once it

reaches saturation temperature the remaining heat produces voids,

thus decreasing the absorption slightly but increasing the leakage

greatly.

The fuel temperature change causes a change in the doppler effect,

and, hence, in the resonance absorption. Accurate calculations on

doppler effects are more appropriate for safety calculations than in-core

fuel management.

3.2.2. Multigroup Diffusion and Nodal (Coarse Mesh) Codes
for PWR's and BWR's

Neutron nultigroup diffusion theory codes are

used to determine the reactivity and power distribution in the reactor.

For in-core fuel management two groups are the maximum needed to deplete

an LWR core. Four groups may be used to benchmark a two group depletion

calculation of a core with control rods inserted,

a) Methods of calculation used

EXT-2 ' provides a good example of a multigroup diffusion

theory code capable of analyzing in two dimensions. The code solves

the aultigroup diffusion theory equations

NOG

Y
h-1

NOG HOC

- 0 (137)

where

HOG

• 1 for 2 dimensions in the x,y or r,6 plane

» 0 for the R-Z plane.

) _ I (g*tt g - out scatter from group g to group h.

NOG

I

If % ( h, down-scattering occurs

E ) h, up-scattering occurs

n - in-scattering from group h to group g

If g < h, up-scattering occurs

t) h, down-scattering occurs.

Upscattering occurs only In the thermal or near theraal energies

where, due to the motion of the moderator atens, an elastic collision

between moderator and neutrons can result in a faster moving neutron

after the collision. At high energies, neutron* are slowed down either

«3



by elastic or inelastic scattering events giving rise to the down-

scatter cross sections.

A two-dimensional calculation for 1/4 core can be performed without

errors if the left and top_ boundary conditions have 0. flux gradients

,d£ m ,d£ m Q. in(j tj)e £2ux goes to 0 at the other two boundaries. In
dx dy

most cases, the reactor core has 1/4 core symmetry and the above boundary

conditions suffice. The minimum size has two intervals in etch

fuel assembly as shown In Fig. 24, where the proper boundary conditions

are also displayed. The mes points for an EXIERMINATOR-2 problem are

positioned to straddle the boundaries where -rj - -?*• - 0 also shown in

Fig. 24. Otherwise, the mes points are placed on the interface between

different core compositions and where the flux goes to 0. In Fig. 24

only 1/4 of the central fuel assembly is represented, and the core

configuration chosen has a central fuel assembly. Other core designs

have four fuel assemblies in the center as shown in Fig. 25.

CITATION^3® is a multigroup diffusion code similar to EXT-2

but has the ability to analyze in three dimensions. The cost of

running CITATION is high and is too costly to use in depleting

a BWR core. It can be used to benchmark calculations performed

with a nodal or coarse mesh code. Coarse nes'u codes were first

developed to analyze BWR cores, and the code first used was FLARE.

For tliis reason FLARE is introduced as an example of a nodal code.
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Fig. 24. Core Configuration with 4 Central Fuel Assemblies
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The FLARE Code

Both reactor physics and thermal hydraulic codes are linked

together in FLAKE to calculate the power distribution and k „ . The

thermal hydraulic calculations are needed to determine the void

formation throughout the core. The nucleonic code is based on one-group

diffusion theory, modified to provide improved coupling between the

nodes.

The one-group diffusion equation is

2
DV $ -

where, for convenience,

X - keff

(138a)

(138b)

and all other terms have been previously defined. The coarse mesh

approti'h homogenizes large equal-sized regions of the core about each mesh

or nodal point as shown in Figure 25. Neutron conservation equations

are derived by integrating the diffusion equation over a volume

represented by a nodal point. The one-group diffusion equation,

Eq. (137) is integrated over a volume V about the m nodal point to
m

obtain

D72*dV - (Zj) V (139)



Using Gauss' theorem to transform the volume integral of Eq. (139) into

a surface integral surrounding the node and dividing by V , we obtain

1
V - o <140)

surface

FLARE NODAL CODE

s
s •?

•p

•P
* * •

Volume

EACH

>/ S >

about m( node Is V

DOT REPRESEN"
A NODE

r ^ ^ '
•^ -^ s -^ ,

>^ S" S~ S~

THREE DIMENSIONAL MODEL

Fit. 25

By defining

(1A1)

and representing the integral in Eq. (140) by leakage terms, the

simple recursion formula used in FLAKE is derived. This formula is

(142)

where

of the material surrounding the node m

X ' keff

Sffl « rate of production of neutrons pex 11011 volume of node n

S * rate of production of neutrons per volume at node n

o » a reflector coefficient called the albedo at a node m

where node m is adjacent to a non-fuel region

W ^ - probability a neutron born at node n will be absorbed at

node n. H ^ is a function of spacing between nodes and

d-g) + g (143)

| m - distance between the m and n nodes

g has no physical significance; 0 <_ g £



Then are several important conditions that must be attained if

the FLARE code is to provide useful results.

1. The k^'s and a "s must be obtained by appropriately

homogenizing the fuel bundles composition and geometry.

The method to achieve this is quite complex, particularly

when control blades are inserted near the bundle. Monte

Carlo calculations or transport methods ars required to

accurately homogenize the fuel bundle region containing

control blades and determine an accurate k^. In addition,

thermal hydraulic equations must be incorporated into the

code to calculate the temperature distribution, void fractions,

and flow distribution. When FWR fuel assemblies are considered,

the homogenization process is much simpler. In addition, the

thermal hydraulic code, with Dome loss in accuracy, can be

decoupled from the FLARE calculation.

2. Values assigned to the a^'s and g are determined by comparing

FLARE power distribution with those determined by the more

accurate fine mesh calculations. Values of a will differ for

different material compositions of the reflector; a for the

top core boundary will differ from cc's used in the radial plane

at a core-reflector interface. The value of g selected for the

kernel la the axial direction may differ from that used in the

radial plan*.

The power at code m, P , is made proportional to the source, S ,

using a simple relation between the two,
E- \ n*

p - G E • « G ==• A S • Const S (144)
v fa m. Z k m nam

Consequently, equations similar to Eqs. (8) and (9), together with Eqs. (3)

and (4) are used to determine the normalized power, HP and the

corresponding power, F at node a.

5.2 Generating Input Data for FLARE

The recursion formula for FLARE, Eq. (142) , is a function of

the k^, a, and g at each nodal point in the core. The input data for

FLARE must be sufficient to allow evaluation of each of these parameters

for all regions of the core at any tine In core life. Fortunately, one

or two values of g suffice for all nodal points (one for the axial

direction and the other for the radial plane), and similarly the fuel-

reflector regions are characterized by one or two values of a. The

k,,'* must be determined as a function of control, void, exposure, and

void history, whereas n is assumed to be a function of control and void

only. The void fraction about each node is calculated by coupling

the thermal hydraulic equations Into the iterative calculations involving

Eq. (142) • ?he constant* a and g are determined by comparing FLAKE

results with the more accurate fine mesh multigroup diffusion codes.

Once chosen, they remain essentially constant until the end of cycle is

reached and should not differ appreciably for the reload cycles.

However, the FLARE calculations are normalized to fine mesh multi-group

diffusion calculations (typically two-dimension two-group) at the BOC

of a reload.

The major effort for obtaining reactor physics input data for the

FLARE code involves calculating k^ for all possible core conditions. The

procedure for computing ka is complex and various methods can be used to

determine its value' as a function of all of the variables. The Oyster
417



Creek BUR core is used as the example for describing the procedure for

The k^ Is calculated as a function of depletion, voids, and void

history, and control using a supercell average of the fuel assembly in

the LEOPARD code. The absolute value of these calculations is not correct

and sust be normalized to more accurate calculations. Nevertheless, the

•ajority of the calculations used to determine the relative shape of

the various km curves are determined by the LEOPARD supercell calculations.

The sore accurate calculations of k,, are made using a cross section code

EXTERMINATOR-2 sequential calculation. As an example, consider the plan

view of a core lattice unit of the Oyster Creek core as shown in Fig. 26

and the equivalent plan viev of a fuel bundle region divided late 1C

separate regions as given In Tig. 27. The Oyster Creek core lattice

unit consists of 4 fuel bundles arranged around a control rod blade.

Although the Oyster Creek reactor used control curtains to suppress the

large peaking of the flux in the wide water gaps surrounding the core

lattice unit, control curtains are not used in modern BWR't.

The firit step In the analysis is to determine the equivalent

group constants for each of the 10 regions of Fig. 27. Onct obtained,

a two-dlaensional two-group diffusion code like EXTERMINATOR-2 Is used to

determine the k. of the cell. Bowever, generating two-group constants

is not a simple problea beceuse of the severe heterogeneity in the fuel

assembly, both with and without control rods.

The different fuel regions or unit cells in Fig. 27 are

numbered 1 through 6. Fuel regions having the same numbers are exposed

TEMPORARY CONTROL CURTAINS
• FOR INITIAL CORE

ID CORE
FLUX MONITOR

oooooo©
oooooo©
oooooo®

©oooooo
©oooooo
©oooooo

FUEL ELEMENT &
CHANNEL ASSEMBLY

NOTE: SPECIAL CORRECTED
CORNER RODS HAVE DIFFER-
ENT ENRICHMENT THAU
STANDARD RODS
(1) INTERMEDIATE ENRICH-

MENT
kf2) LOW ENRICHMENT

- CONTROL BLADE

Fig. 26. Core lattice unit



OYSTER CREEK

COMPOSITIONS

1. 1.19 w/o; 1/24 extra region
2. 1.67 w/o; 1/24 " "
3. 2.** w/o; 1/2* " "
4. 1.67 w/o; 1/49 " "
5. 2.44 v/o; 1/49 " "
6. 2.44 w/o; 1/98 extra region
7. zircaloy shroud
8. interassenbly water
9. control curtain

10. control rod

Pig. 27. Fuel assenbly with compositions for EXTERMINATOR input

to the sane hardness of neutrons; the neutron spectrum In fuel closest

to the wide water regions is different from fuel cells near the

center of the fuel assenbly. In general, Mie moderator outside of the

7 x 7 unit fuel cells has a significant effect on the neutron spectra in

the fuel region, its effect being greatest on the peripheral regions

and progressively less as one goes further into the fuel region.

A code like EPRI-CELL or GAM-THERMOS can be used to calculate

the cross sections for each of the regions and then data are input

into EXT-2 to determine the ka at BOC. In this manner, accurate or

benchmark determinations are made of the k^ of a fuel bundle at BOC,

with and without control rods, for various void conditions. Such

calculations are also used to give accurate W values. The k^ for

each condition changes with burnup and the changes can be determined

using a code like LEOPARD. A supercell, representing the average

of the fuel assembly for each condition, i.e., control no-void,

control 252 void, etc., is calculated for changes in k^ at a function

of burnup. A few more accurate k^'s are determined at EOC to bench-

mark and correct the normalized LEOPARD results.

Many of the fuel bundles in a BUR are identical. Recent BWR

core designs use the sane arrangenent of the core lattice unit of

Fig. 26 throughout the core but the four fuel bundles within the

core lattice unit »re different/32' In the Oyster Creek core, all

first core fuel assemblies are of the design shown in Fig. 26.

The numerous calculations needed to graph the k^ and IT as a.

function of % void fraction are made with the LEOPARD code. The

LEOPARD results are normalized to the more accurate calculations and m



plotted as shown in Fig. 28 and Fig. 29. Curves for full control

and no control represent a control rod fully inserted and no control

rod, respectively, in the core lattice of Fig. 27. Half-control is

half-way between the other two curves and represents a node with the tip

of the control blade at the node, i.e., contrcl blade inserted 1/2 way

into the region represented by the node.

A fuel bundle is depleted in steps and the resulting k^ plotted

as a function of MHD/MTU. General Electric has traditionally used

a short ton, 2,000 lbs, rather than 1000 kg, a metric tonne. It is

traditional to use short ton when analyzing BWR's, although Furia

used metric tonnes. PSU-LEOPARD is used at Penn State for all

depletion calculations, PWR and BWR, and thus the results all have the

same depletion units. Fig. 30 displays the kn curves as a function of

exposure in MWD/MTU. a does not change appreciably with exposure,

and any such changes are neglected in FLARE.

The FLARE code uses separate functions to express ~A and kn as

functions of the independent variables, exposure, X void, and control.

The functions are curve fit to the graphs of Figs. 28, 29, and 30 and

stored for use. lite equations and procedures for fitting the curves

are relatively standard and are now presented in sequence.

Void Calculations

The X void within a cell affects the relative moderator density,

U, about the nodal point and U is the parameter in FLARE used to

determine the effect of void on k^ and M .• The relative moderator

density, U, is defined by

1- 1-
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where

- v /(V + V ) void fraction (146)

p - density of the water
w

p - density of the steam

V - volume fraction of steam

V - volume of fraction of water
v

and

(147)

The equations used in FLARE to determine k_ as a function of

U are

k(no control) » B4[1+(B7)W(B1O)U2]

k(half control) - B5[1+(B8)U+(B11)U2]

k(full control) » B6[1+(B9)D+(B12)U2]

(148a)

(148b)

(148c)

NOTE: the subscript "• is dropped for simplicity and for the remainder
of this chapter. \, is represented by k.

X least square curve fit is made to the appropriate curves to determine

the B constants In Eq*. (148).

The FLAKE equations use a redundant number of constants, described

by the vector B, to provide convenience in altering the curve ihepes.

Thi» will be noted throughout the discussion wherein many equation!

are uaed to follow k as a function of burnup. In addition, FLAKE

use* a aubacript t to the B constants tc denote material. It should

be understood that each set of constants define the nuclear character-

istic* for a particular material and the t subscript la dropped for

convenience.

iftno control) - B1+(B2)W(B3)O2

M^hslf control) - B27+(B28)W-B29D2

H^full control) - B3Ot(B31)»(B32)D2

(149a)

(149b)

(K.9c)

Exposure Calculations

As the core depletes, the k at a node changes as expressed

by

k(E) - k(0)
"UP (150)

where

E m BU m burnup or exposure

Z. - Z(E,u",S.. ) which incorporates all effects (burnup, Xe,
iJP IJP

doppler effect, etc.) into k as given b;

< ^ - ) X e accounts for xenon buildup

(151)

Me^Doppler •ccounts for th' doPPl«r effect

& } - accounts for the fuel depletionk Exposure

The FLAKE equations assume separability in some of the reactivity effect*

as follows:

(1) The effect of the void on k is Independent of xenon, doppltr

effects, and exposure (burnup).

(2) The reactivity effect of xenon i« a function of power demity

only.

(3) The reactivity change due to the doppler effect is a function

of both power density and voids.

3M



(4) The reactivity loss due to fuel depletion or exposure depends

only on burnup (exposure) and void (V,,.),

We will nov consider each of the Ak/k effects of £q. (151) separately.

The fission product buildup of Xe-135 is evaluated at a point

using the relation

Akj frtt) Sp/Pr),
1 k \ " . a + S£(P/Pr) k (152)

where

constant

P/P - the ratio of total core power to rated core power

S, » S..., the nodal source rate normalized to an average

value of 1

From elementary reactor physics, the ( f ) X e produced at equilibrium

Xe is

'Xe

CXe(Y1

(153)

where

o " thermal macroscopic absorption cross section of Xe-135

y - fractional yield of 1-135

Y, - fractional yield of Xe-135

X « Xe-135 decay constant

f • thermal utilization

I. - macroscopic fission cross section (thermal)

Z - macroscopic absorption cross section for fuel only (thermal)
au

and all other symbols have their standard definition. To transform

Eq. (153) Into Eq. (152) let

and Eq. (5-31) becomes

(154)

(155)

(156)

(157)

. _
The — j - — is referenced to Ak_ ,. , the change in Iĉ  produced at the
core average power.

Hence, using the r*tio C ^ ) X e / ( ^ ) X e , ve obtain

'Xe

Recall that

Hence

q"1 Gr£ip - const

(158)

(159)

- GZJb " const S, » const

± . (160)

Substituting Eq. (159) and Eq. (160) into Eq. (158) and using P/Pr

to adjust for different core powers, the results are approximately the

413
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same aa Eq. (152) ; however, FLARE uses

SJ1kP(l+Bl5)Bl6

- \ j k P + BIS
(161)

where P is the pover density (P-l average power density).

The change in 1c due to Xe-135 is due to equilibrium Xe only end

Eq. (161) adjusts the equilibrium Xe effect to correspond to the power

density at the node. For a node with average power density and

core at rated power S... • 1, P " 1, then

• B16 - -(B16) (162)

-B16 is equal to the reactivity change caused by equilibrium Xe at the

average power density node when the doppler change and fuel depletion are 0.

Because the curve in Fig. 30 contains some fuel depletion after the

equilibrium Xe buildup, extrapolating this curve to 0 burnup gives B16,

-B16
k(extrapolated to E»0)-k(0)

k(ext. to E-0)
(163)

The doppler effect is a function of both power density and voids as

given by

1 k 'doppler ~Sijk

where

(164)

(165)

8 - 2[fraction of control] - 1

&E - burnup step length (BU(d>).

Both V. „ and R ^ have been previously defined (See Eq. (145) and

Eq. (146 )• 'JJI, i* • depletion «nd control dependent void fraction.

The doppler effect is produced by a change in fuel tempearture. The

LEOPARD code is used to determine (flk/k). . by varying the fuel

temperature only. At BOC, &.,k permitting one to isolate the effect

of varying V.-k on &k/k due to fuel temperature. For example Ak/k Is

determined at BOC, no control (8-0), for changes of fuel temperature at

no void, R,,. - 0. Hence

414

The constant B15 accounts for changes In the equilibrium Xe effect on k

due to F. change In porer density at the noda. By calculating auch changes

with different LEOPARD calculations, B15 is determined. It should be

aentionad that the first step change In the depletion calculation should

be long enough to allow a buildup of equilibrium Xe, i.e., BU - 100 MWD/MTU.

Otherwise, Eq. (151) Is not valid.

vk'doppler -B17(l+B18) (166)

The above equation is repeated for different V... - R... to determine

the constants; only 2 of the 3 constants are Independent. B23 Is noraally

1 but can be used as a scaling factor. B26 permits correcting for any

control effect which is normally small; B26 is zero or a very snail number.



The la«t term of Eq. (151) is

'Exp
V ) B13 e

where

exposure or burnup

« burnup before AE(ABU) burnup step

Eijk • BUijk

E .

(167)

(168)

Here B22 is similar to B23 in that it is normally 1 but allows for a

scaling factor In the burnup steps. Eq. (167) has a linear term plus

an exponential tern; the latter term is used to treat depletion of burnable

poisons. Eq. (167) is fit to the curve of Fig.-38 (no void) after

equilibrium Xe is built into the fuel with constants B20, B13, and B1A.

The constant B21 is used to account for the void effect. Of importance

here is to realize that under certain conditions removing a contrrl blade

can decrease the flux in the region due to the increase in voids caused

by the removal of the control blade. The change in k, (Ak/k)Ex_ decreases

vith both exposure and voiding. The decrease in k due to voids is correlated

with B21 realizing that ( ^ j — *•' multiplied by B20.

5.2.3 Thermal-Hydraulic Analysis

As water flows up the channel of a BUR fuel assembly, it i*

raised to the saturation temperature, Tg,_, after which steam voids are

produced increasing tn mass until the coolant exits the fuel region. The

voids increase in mass as they move up the fuel channel due to the heat

flow from the fuel to the coolant. Heat transport equations'33'3 are

used to determine the void fraction, R, and I) (Eq. 145) at each nodal

point. The void calculations complete the set of FLAKE equations for

BWR analysis.

The quality of the water, -^or J^^^t defines the ratio of vapor

mass-flow over the mixture mass flow

<169>

where

wr/w

r. -

the rated to actual flow

the total number of actual nodes in the problem

the ratio of flow in channel ij to the average channel flow

exit quality

"exit " Hsat

• inlet quality

Hinlet " "sat

(170)

(171)

H • enthalpy of the coolant

H, • latent heat of vaporication at system pressure

expresses J<jjk as the sua of the inlet quality, J/o, plusEq. (169)

the fractional increase of the total quality increase, Jj - _/0.
the channel up to the node under analysis. The fractional increase in quality

is equal to the fraction of channel power produced up to the node in the

channel.

41S
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The total core flow,. T±,, in channel ij can be altered by the

expression

ij ij (172)

If the reactor is operating at full power, P-l, and F. - F. . The constants,

B24 and E25, alter the flow In all channels by the saae amount; consequently,

these constants are derived from the coze total flow versus total thermal

power curve.

The void fraction, R, is the Important parameter needed for solving the

FLARE equations. It is related to the quality by

R -

Evaluation of the six constants in Eq. (173) involves knowing the slip ratio

which is a function of pressure, channel position, and many other variables^ '.

Furia<48>

showed that for the Oyster Creek power plant Von Glahn's correlation

.0.1
0.67

3

gives good agreement with Eq(5-51) when the MIT FLARE

Here

(52)

(174)

constants are used.

specific volume of the vapor

V " specific volume of the liquid

The remaining three constants needed for input to FLARE are

C9 - H f g

.-1

.-1

C8 - p..

C9 (v.)

The exit quality is related to the thermal power, P , produced by the ij

fuel assembly by

V (175)

(176)

where

H F - flow in channel i j

fiHs - Inlet subcooling (BTO/lb)

A detail of the input format for the FLARE code is presented reasonably

clear in Ref. 20 and Ref. 35.

b) Varying requirements for detail and accuracy

The requirements for detail and accuracy depend on the

purpose of the calculation. In-core fuel aanageaent has basically

three purposes. One of these is determining that the core will meet

its energy requirements and meeting this requirement demands the

least accuracy. A one-dimensional lh group diffusion theory calculation,

wherein the core is properly homogenized in a radial direction, will

permit calculating the k ff of the core within + 0.005.

The accuracy and detail requirements increase when it is

necessary to follow the isotopic inventory for economic calculations.

Presently it is the practice to use the fuel assembly as the ninimum

component during a reloed. Fuel assemblies are not disassembled for

reload, but either removed from the core or allowed to remain in the

Here
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core albeit at a different core position. The average power or

conditions (temperatures soluble boron) in a fuel assembly are

sufficient to provide good isotopic inventory information. When the

fuel assemblies of a batch are tr be reprocessed, the fuel derived

from the batch will be credited to the owner. It is therefore not

necessary to follow the depletion of each fuel rod to obtain these data.

The most accurate calculations must be performed for safety

analyses. The temperature distribution in the cere must be known with

sufficient accuracy to define the hot channels within the core, i.e.,

determine the hot channel factors. Such calculations can be made for

PWR'E at BOC using standard diffusion theory calculations to determine

the general shape of the power in the core followed by perturbation

techniques to determine the peak hot fuel channels within the fuel

assembly. One can also simply place a mesh point at each fuel rod's

center and calculate the detailed power distribution with sufficient

accuracy to determine the hot channels. Two or three dimensional

calculations of this type are very expensive to run.

For BWR's the task may be more difficult than PWR's due to the

use of control rods (blades) used to shape the power distribution

and the complex void distribution in BWR's. However, it is not

sufficient to determine the hot channel factors at BOC* Normally

the core depletes in a manner to flatten the flux so that if the

safety condtions are net at BOC they suffice for the complete cycle.

This is not true for PWR's that use burnable poison or BWR's. The

burnable poisons suppress the depletion in a fuel assembly at BOC.

At some time in core life the burnable poison depletes to where the power
l

distribution shifts the position of the hottest fuel channels. It is

therefore essential to follow the depletion to assure the temperature

limitations on the core are not exceeded.

In a BUR the control rods move in from the bottom of the core

depressing the flux in that region at BOC. Near EOC the control rods

are moving out of the lower portion of the core causing the power to

peak in a manner that can exceed any previous time in core life. Axial

placement of burnable poisons is helping to relieve this condition, but

following hot channels throughout core life is mandatory.

c) Characteristics

Diffusion theory can be made to provide as accurate data

as required provided the group constants have been accurately

homogenized. The accuracy of diffusion theory depends on the spacing

of the mesh points; the fewer the mesh points the less accuracy but

the higher calculation speed and the more econonical. For in core fuel

management, 2 gps should suffice for LWR's, however, a Vi group will

provide greater speed with perhaps adequate accuracy. This must

always be checked periodically.

One should always use the most economical method for analyses.

The one-dimensioz>, two-dimension, and three-dimension increases the

cost by approximately an order of magnitude as one proceeds in that

order. The nodal codes are the most economical to use but lacks the

accuracy. As the nodal methods are modified to increase their accuracy,

the costs of using them increases. Nevertheless, they are becoming
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more accurate and more popular in the industry. However, it is

essential that their results be compared periodically with the

results of more accurate calculations using diffusion theory, or

best of all, comparing with experimental results.

3.2.3 Core Depletion Analysis

At this point, it is convenient to summarize some of the differences

between the operational characteristics of FWR's and BUK's and their

difference response to thermal-hydraulic flow. First, the thermal

hydraulic effects in the BUR must be coupled with the nudeonic analysis

for all calculations including the scoping type calculations; FUR

scoping calculations can decouple the thermal hydraulic analysis.

Second, BHR's use control blades to shape both the axial and radial power

distribution and do not use soluble boron for control whereas, except for

partial control rods used to change the axial power shape, the reverse

i* true for PWR's. Third, BHR's use control blades positioned outside

the fuel assemblies whereas PWR's use finger-type control rods inside the

fuel assemblies. Bence BWR fuel assemblies are separated by larger water

gaps than FUR1*. Fourth, different fuel rods in the sane BUR fuel assembly

contain different enrichaents of U-235 to reduce flux peaking near the

water gaps, particularly at the corners of the BUS fuel bundles. Because

of the short thermal neutron mean free path in thermal reactor lattices,

complexities are introduced into the thermal neutron behavior in this type

of geometry. It is therefore essential that transport theory be used to

analyze the BWR fuel assembly.'115' Fifth, the BUR fuel assembly has a

411 thin zircaloy box. Called a fuel channel, enclosing the fuel rods to

isolate the boiling within each fuel assembly. The 7WR fuel assemblies

have an open grid structure that allows flow mixing between fuel

assemblies.

The above statements and what follows neither asserts advantages

nor disadvantages for the BUR power plant relative to the FUR power plant.

Each type power plant has its advantages and disadvantages. The transient

behavior, safety performance characteristics, system construction and

operation, and a host of other items are different for these two reactor

types. In each case they present different problems, but with each

problem there may also be unique opportunities for the design engineer.

Control rods are used in the Babcock & Wilcox reactors to shape

the radial power distribution. In these cores, control rods near the

periphery are either fully inserted in the core or fully withdrawn

during core operation. Near mid-cycle the control rods in the core are

removed and another control rod bank near the periphery are inserted to

shift the radial power distribution to give a more uniform radial EOC

burnup distribution. Near the end-of-cycle all control rods are removed

from the core.

b) Methods of Calculations Used

The methods used to deplete BUR cores have been described

via the FLARE code. Depleting a ?VR core requires incorporating flexibility

into the depletion code to account correctly for soluble boron in the

water. This is best explained using the Fenn State Fuel Management

Package (PFMP).<19-36>
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The two-group cross-sections are generated in the PFMP for each

region of the core by a modified LEOPARD code. The standard LEOPARD has

been altered to produce ADDs. An ADD (Assembly Data Description) is a set

of polynomials that describe the cross sections as a function of burnup

or a function of soluble boron in the water. Macroscopic cross-sections

determined at discrete points are fitted to polynomials as a function of

burnup (MWD/MTU) to provide a continuous description of the change in

each macroscopic parameter as a function of burnup. The sane is done

using parts per million boron (PPMB) as the variable. This feature

permits adjusting the soluble boron content in a fuel assembly independent

of the exposure or burnup — a necessary condition if the code is to provide

accurate cross—section data. The ADD's are used to input into SCAR the

cross-section data for each of the different regions of the core at any

stage of the core depletion. SCAR incorporates the 2-dimensional 2-group

diffusion equations of EXT-2 with other subroutines to deplete the core

automatically starting at BOC and ceasing at EOC.

PSU LEOPARD

PSU LEOPARD is, in effect, the standard LEOPARD code with a

few convenient options added, one of which is to provide ADD's. The

modifications required to effect the new options do not affect using

the code as the standard LEOPARD. The fuel assemblies in the PWK core

are normally of three different enrichments as shown in Fig. 31. All

fuel assemblies in a PUR core have the same physical dimensions and can

be interchanged with each other in the core. Elemental content varies

between fuel assemblies due to (1) enrichment, (2) burnable poison,

and (3) control rod insertion or removal.

Fig. 31 is a plan view of the h core Three Mile Island Unit 1

reactor showing the different types of fuel assemblies In the first

loading. The cere at BOC has 1/8 core symmetry which reduces the number

of fuel elements to 29 that have different depletion paths. Because many

fuel assemblies are identical in isotopic content at BOC, only 9 separate

LEOPARD runs plus an additional ADD for the reflector are required to

provide the initial ADDs for the first reactor cycle. Table 3 lilts

some of the physical characteristics of the fuel assemblies.

Table 3

Pellet Dimeter in.

Density, Z of theoretical

Cladding Thickness, in.

Fuel Rod Outside Diameter, In.

Fuel Rod Pitch, in.

Fuel Assembly Pitch Spacing, In

Unit Cell Metal/Water Ratio
(Volume Basis)

Cladding Material

Fuel Material

0.370

92.5

0.0265

0.430

0.568

8.587

0.82

Zircaloy-4 (Cold Worked)

DO.

Ho. of Fuel Rods per Fuel
Assembly 20B

No. of Control Rod Guide Tubes
per Fuel Assembly 16

No. of In-Core Instrument
Positions per Fuel Assembly 1
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All of the 29 fuel assemblies in the l/8th core must be individually

"followed" because each depletes at a different rate. For example, after

the first burnup step, almost everyone of the 29 fuel assemblies have

different burnups. As a consequence, the group constants are different

for each of the 29 fuel assemblies even though some may have been identical

at BOC. Complications occur in following the depletion of each assembly

because the soluble boron is uniformally dispersed throughout the core

and the boron content is manually or externally adjusted to maintain the

core critical as it depletes.

LEOPARD allows lnputing the soluble boron into the fuel assembly

baBed on the core burnup. The amount of soluble boron in a fuel assembly

is correct only for those fuel assemblies having a normalized power, NP.,

equal to 1. Since this is rarely the case, the soluble boron must be

independently adjusted to agree with the amount in the core at each

step. Soluble boron becomes another independent variable; the group

constants are functions of both burnup, BU, and soluble boron, SB.

Zx - f[BU(d),SB]

This can be understood by noting that individual fuel assemblies

of identical type and ADD, but at different core positions, deplete at

different rates. The soluble boron input in LEOPARD correlates with the

core depletion or average fuel assembly. A fuel assembly that depletes

faster than the core average (NP > 1.0) will have insufficient boron, SB,

based on the LEOPARD calculation, as the core depletes, whereas a fuel

assembly with NF < 1.0 will have too much SB as shown in Fig. 32.

SBCt,)

SBb{t,)"

BUa(t,)

SB,=SOLUBLE BORON IN CORE
" AFTER t, DAYS OF FULL

POWER OPERATION

NP=IAND §B=f(BU)

NPb>!ANDSB=fmax(BU)

Fig- 32. Soluble Boron Concentration as a Function of BU(t)
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In Fig. 32, the curves represent (1) the actual soluble boron

concentration in the core (JUS « 1), (2) fuel assembly 'a' with NPg < 1,

and (3) fuel assembly 'b' with NFb > 1 as a function of burnup. After

tj days of operation, the core has burned up BU(tj) MWD/MTH and all fuel

assemblies have soluble boron concentration, SB(t«). The burnup for fuel

assemblies 'a' and 'b' are BUa<tj) and BUfc(t1), respectively, where

because of their normalized powers

The LEOPARD calculations assume the soluble boron is the same for all fuel

assemblies and uses the core or average soluble boron as a function of

core burnup, i.e., the curve for HP • 1. Using LEOPARD data as calculated,

the group constants would correspond to soluble boron of SBa(t^) and SBb(tj)

for the fuel assemblies 'a' and 'b', respectively. Both soluble boron values

must be changed to use in a core depletion calculation; SB (t,) has to be

decritsed and SB^Ctj) to be increased to iBCt^). The ADDs must therefore

allow for two independent variables, SB(t) and BU(t) when calculating the

group constants.

In general

E^C BD.SB) - J NA( BD)o ( BU,SB)+l»s»a { BU.SB) (177)

t SB

where

x refers to the reaction in either group

SB is the soluble boron

N..0" is the soluble boron contribution to £

PSD LEOPARD approximates Eq. (177) for any fuel assenbly by

setting

Zx( BU.SB) - Z H ^ BD)c*< BD,S

-f SB

and

Thus

BD.SB')
i

ii«SB

BU.SB1)

OT'.SB) (178a)

(178b)

Several aethodi are available to allow for the two independent

variables In a single LEOPARD calculation. The method used in the

?fHP is to (tor* the boron macroicopic cross sections in separate

aquations of the ADD. Thcac equations allow changing the FFHB to the

correct value.

rx( BU.SB) - E ™ " ( BU.SB
1) + \ BU'.SB) (178c)

where ^ a S e (BU,SB') is called the base cross section and is stripped

of the soluble boron contribution. The prime denotes cross sections for

which the soluble boron number density is adjusted to agree with actual

values in the core and is therefore different fron soluble boron used in
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the LEOPARD calculation as input to LEOPARD. The base cross sections are

evaluated at average core values for the correct BU but incorrect SB,

thus we use BB'. The boron microscopic cross section, , is evaluated

at the correct SB but incorrect BU, hence BU'.

PSU LEOPARD determines at each depletion step values of

2' Z trl' 2' Zfl- and

as well as N__o (BU',SB). The ADD number is identified and polynomials

are determined for the T. ase and N__o for each of the 9 cross sectionsx So x

by least square fitting polynomial through the data points. The polynomials

are actually fitted in segments as established in the input data to provide

good fits with no more than 5 polynomial coefficients for any one curve

segment.

The polynomials are of the type

1 L
V a l C B U ) + a 2 C B U > 2

HSB°x

(179a)

(179b)

and are fitted to curves as shown in Fig. 33. The approximations assume

that the a 's are independent of NeiI and the b_'s are independent of BU.

In practice, these approximations appear to work well. Thus

(180)

CO , n

ui 1.0

UJ 0.8
p 0.7

to
CO
OCVI
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SCAR

The SCAR code , an acronym for JScoping dode for the Analysis

of Reactors, performs an automatic two-dimensional diffusion-depletion

analysis of a PWR reactor core. SCAR uses the two group 2-dimension

diffusion theory subroutine in EXT-2 to obtain the power distribution and

k __ at each step In core life. All of the cross sections are input from

ADD's created by PSU-LEOFAKD. Mesh points identify the various fuel

assembly regions using an input format similar to EXT-2. At the beginning

of each burnup step, ABU(d), in core life, the normalized power, NP., for

each fuel assembly is determined using Eq. (8); the burnup steps having

been chosen to keep the changes in the NP.'s over one burnup step small.

Consequently, the NP 's at BOC are used in Eq. (15) and Eq. (18) to

calculate the step burnup, ABU(d)., and the burnup, BU(t)., respectively.

A subroutine in SCAR uses the BU(t). to obtain a new set of group constants

for each fuel assembly from the ADD's. The new set of cross-sections are

automatically fed back into the diffusion theory subroutine to determine

the NP 's and k „ at the beginning of the second step. The burnup step

for the second step is used, to obtain the new burnup BIKtj) for each fuel

assembly in the core, and, as before, a new set of group constants are

determined from the ADD's for the next step. The simple procedure is

continued for the number of time steps specified in the input data.

The PFMP is used as a basic tool for teaching in-core fuel management

at Perm State. SCAR uses a free format input to minimize problems beginners

have in using the code. The free format greatly reduces the complexity in

providing the input data to run the code, but complicates the code itself.

SCAR is therefore not an easy code to modify for improvements or adding new

subroutines.

SCAR incorporates a method for estimating nev ADDS for core reload

enrichments without much user preparation of data. As an example, the

reload enrichment for the next operation cycle lies between 2.05 and 2.10

weight percent (w/o), e.g. 2.07. If 2 ADDs exist with enrichments of

2.05 and 2.10 w/o, SCAR will interpolate the group constants between

these two ADDs for the 2.07 enrichment or any enrichment that lies between

the two values. SCAR essentially creates an artificial ADD which can be

used as a regular ADD. Use of this feature circumvents additional

PSU-LEOPARD calculations, further reducing computational time requirements.

There are a few approximations used In the PFMP, and the user

should be aware of them.

1) Equilibrium Xe is built into the ADD's after approximately

100 MWD/MTD for the lifetime of the fuel. At the beginning

of the 2nd reactor cycle, the equilibrium Xe remains in the

cross sections at the BOC of the new cycle. By taking one or

two 100 MwD/MTU steps initially, the correct power distribution

and burnup picture follows.

2) The equilibrium Xe concentration is derived for the average

core power, and it is not adjusted to account for the

difference in power or flux that actually exists in the fuel

assembly during core operation.

3) The water density in a fuel assembly is equal to the average

water density in the core. Fuel assemblies with HP.'s < 1,

have lower water temperatures, higher water densities, and

boron content whereas for fuel assemblies with NP 's > 1, the

reverse is true.

A new code is being developed to allow eliminating these approximations.

,
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c) Varying Requirements for Detail and Accuracy

There are two basic differences for storing cross section

information for use with diffusion or nodal codes. One method is to

store them in the form of analytical equations, e.g., the ADDs or the

equations used in FLARE. The other is to store them Ii. tabular form

as a function of as many variables as necessary or in tabular form for

the principle variables, i.e., burnup and poison, and use analytical

formulas to extend the group constants as functions of the other

variables, e.g., fuel temperature. The analytical formula storage format

uses less storage and is much faster than the tabular method but it is

less accurate. Hence scoping calculations and many depletion studies

can be made with the former, but exact calculation for safety analysis

should use the latter.

3.2.4 Techniques for Refueling PWR Cores

a) Various fuel loading schemes, their advantages and dis-
advantages

Two basic methods may be used to reload cores

(1) reload to maximize safety by developing the flattest possible power

distribution and (2) develop a low leakage core at EOC to minimize fuel

costs. In the former one uses the out-in type loading scheme, i.e., the

fresh fuel is first placed in the core periphery and in subsequent cycles

moved into the core and in the latter case, the in-out scheme is used.

The in-out scheme has the new fuel loaded into the central portion of

the core first and in its last cycle loaded in the core periphery. Actually

when fuel remains in the core for three cycles, it is more appropriate to

identify the reloading schemes as in-in-out, out-in-in, in-out-in, or out-

in-out, the out referring to the periphery location and the in to the

central part of the core.

Annular zone loading as performed initially in the San Onofsre

reactor in California places the fuel of the sane enrichment in radial

zones. Scatterloading refers to where the fuel of high k^'s are

surrounded with low k^ fuel to prevent high peak powers in the core.

Refueling cores remains as much an art as a science. Although

there are some general guidelines to be followed in refueling a reactor,

there does not exist a precise set of rules or equations to determine

a unique optimum reload pattern. Presently most cores are loaded to

operate with the flattest possible power distribution. Using the flat

power distribution as a goal, tit lies are made prior to reactor operation

to determine the reload patterns for the planned operations over many cycles

of a nuclear power plant. Experience is gained during these studies in

finding refueling patterns that meet constraints, and finding some reload

configurations which are superior to others. Nevertheless, the optimum

reload core may not have been found. During actual power plant operations

unforeseen events can occur which force a change in the planned shutdown

schedule for core reload. As a consequence, all previous studies on core

reload patterns must be changed to correspond to the new operation schedule.

The experience gained in the previous studies are extremely helpful in

changing the core reload design.

The FUR normally has the core initially loaded with three different

enrichments in a mixed zone scatter loaded pattern. A few core configurations

for the first core are shown in Fig. 31 and Fig. 34, the latter being a

Westinghouse core. The highest enrichment is normally loaded on the perimeter tnc
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of the core to help flatten the radial power distribution. Except for the

first reactor cycle, subsequent reactor cycles are designed to last

approximately one year. At the end of the first reactor cycle, fuel

is removed which normally is not used again. The relative low total exposure

to the removed fuel results in increased fuel costs. To ninimize the first

batch fuel costs, the first reactor cycle is normally run for approximately

1-1/2 years daring which tine the portion to be removed receives the maximum

possible burrtup.

Approximately 1/3 of the core is removed after each reactor cycle,

the exposed fuel moved to their new positions, and the new fuel loaded in

the core periphery and other positions close to but not adjacent to the

periphery. The rules used to find the new core positions for the fuel

assemblies are general, providing guidance to enable the fuel engineer

to determine by iteration the accepted new loading configurations. It is

obvious which fuel is to be removed after a cycle; for example, the 2.06

w/o fuel is removed in the Three Mile Island Unit 1 core at the end of the

first cycle. Shuffling the remaining and new fuel into positions for the

second core must be determined. As a first guess, the vacant positione left

by the renoved fuel (2.06 w/o) are replaced by exposed fuel with the lowest

enrichment; fuel to be removed at the end of the next cycle, i.e., 2.747 w/o

in the Three Mile Island Unit 1 core. The new fuel is placed in the core

periphery and the remaining fuel assemblies scatter loaded to fill up the core.

The correct enrichment for the reload is determined using one dimensional

2-group analyses or perhaps an empirical formula; consequently, when a 2-

dimensional 2-group analysis is performed to obtain an accurate radial

power distribution, as represented by the NP.'s, the correct enrichment

where

and

II are
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for the reload is close to its correct value. The first guess core

configuration rarely exhibits the appropriate NF.'s, although the k ,, may

be satisfactory. The procedure for shuffling the fuel to improve the

radial power distribution are given below and follows closely those

presented by Stout and Robinson.

1) New fuel remains in the core periphery positions (out-in

loading procedure)

2) Low k^ fuel should be placed around high k^ fuel.

3) Scatter or checkerboard loadings should be followed where

possible, i.e., low k^ fuel adjacent to high k^ fuel.

4) Where both the NP. and k^ are high, replacing the high k^

with a low k fuel assembly will reduce the HP. in this
00 j

region of the core, provided the low k o is brought from a

position a few assemblies distant. The high k n will increase

the HP.'s in the region where it replaces the low k^ fuel.

5) A fuel assembly is never exchanged with one having a lower k^

and a higher NP..

6) Different regions of the core require different logic while

shuffling the fuel. Some core positions have 8 identical

fuel assemblies whereas other positions have only 4 identical

fuel assemblies. One-quarter core symmetry is usually

maintained although 1/8 core symmetry may be attained usually

at a cost of higher HP.'s. The effect of interchanging

fuel assemblies from core center to near the core periphery

are different from interchanging within a region. Experience

here, is presently the best teacher.

7) New fuel assemblies should be moved one position at a time in

the reactor interior. Their large k^'s produce large effects

in the power distribution.

When the best or a satisfactory core configuration is determined,

a code like SCAR is used to automatically deplete the core. The NP.'s

and k „ must satisfy certain core performance criteria as a function

of depletion during the reactor cycle. The maximum HP. must be less than

some assigned value to insure fuel temperature, SNBR, and LOCA safety

requirements are not exceeded. Other safety requirements must also be met.

The core k „ must be <_ !•& ac EOC with the core operating at full power.

If these conditions are not met, further studies must be made until an

acceptable loading is established. Further reshuffling of the core can be

studied to flatten the power distribution or to possibly lower the enrich-

ment of the new fuel. Several reactor cycles beyond the next cycle must be

analyzed to assure the enrichment is not made too low. It may be possible

to find a very low acceptable enrichment for the reload fuel of the next

cycle, but the low enrichment causes severe flux peaking in subsequent

cycles. Analyses of several reactor cycles beyond the next cycle will

prevent this.

Figs. 35, 36, and 37 show the loading configuration for the Common-

wealth Edison Company Zion I reactors. It should be noticed that there

are four enrichments in the reloaded cores of Zion 1. The 1/3 replacement

figure is only approximate, and there exists some reloaded cores with more

than four enrichments as shown in Figs. 36 and 37.

Analyses are also made to include an exposure window, a range of

energies the core can meet. The energy requirement for a core is difficult
427



to establish many months prior to the core's operation. There are many

safety analyses that must be made to prove that any reload configuration

is safe. If these safety analyses are performed for a range of energies

for the core, then any energy requirement that lies within the band of

energies or exposure window, should attain the necessary approvals without

any delay in the operating schedule.

Superior core reload configuration may be obtained automatically

in the future replacing the manual method of testing now in use.

Automatic reloading of cores will by necessity incorporate optimization

methods to produce the best reload pattern. For this reason, a separate

discussion is presented on optimization methods.

b) Basis for comparing refueling schemes

There are two bases for comparing refueling schemes:

(1) safety (reliability) and (2) economics. If two schemes are safe and

reliable then the one that conserves U-235 is the most economical. In

general, the utility doc? not change the mechanical design of a power

reactor; poison control, enrichment, and reloading patterns are all of the

options available to then. Hence, once the energy of a cycle is set, the

total number of fissions are established. The mechanical design to the

first order determines the Fu buildup and hence the U-235 depletion during

the cycle is fixed for all reloading patterns. The U-235 needed to main-

tain criticality can be ainiaized by using a core that has low leakage

at EOC. Thus, if a EOC low leakage core has reliable operation characteristics,

it will be the aost economical and the one to choose. However, if the safety

is in doubts flatter power distributions vill be chosen.

v » \
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Fig. 35. Zion Units I S I I I n i t i a l Core Loading Arrangement
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The use of control rods to shape pouer distribution adds some

complications. If the cost advantage in fuel cycle economics is small, an

alternate scheme that does not use inserted control rods will be chosen.

Burnable poisons is the 2nd and subsequent cycles are usually avoided.

However, if the EOC low leakage cores are to be used in the future, burnable

poisons will have to be used in these cycles to prevent excessive power peaking

in the core.

5.4 Techniques for Refueling BWR Cores

a) Various Fuel Loading Schemes, Their Advantages and Disadvantages

As with FUR. cores, experience is a necessary ingredient to

properly reload a BWR core. In general the reload configuration is

designed to attain the flattest power distribution, while satisfying

other important core constraints. Such constraints include minimum

hot operating excess reactivity at BOC; sufficient cold shutdown margin

with one control rod stuck out during the cycle; acceptable performance

during a 1) rod withdrawal error, 2) rod drop accident, 3) fuel

misloading errors, or 4) operating transient; fuel thermal-

mechanical integrity during burnup; and sufficient cycle energy

generation capacity. If the power distribution is so flat as to provide

& large margin in the projected thermal operating limits (linear heat

generation and minimum critical heat flux ratio), a reload pattern

may be designed with greater power peaking to Improve other parameters,

i.e., cycle energy capability, plant operating capacity factor or fuel

integrity.(38)

The operation and burnup of a BWR is dominated by the production

431 of voids. Larger void fractions occur in the high power density regions

of the core, tending to reduce the thermal flux, and thus reduce the

power in those regions. Voids tend, by this means, to flatten the power

distribution across the core; They also have a significant affect on the

end-of-cycle group constants, and hence, group constants are functions

of both burnup and void history. For the large modern BWR's, significant

power distributioi flattening is induced by xenon and the Doppler effect

because the core is strongly decoupled, i.e., one part of the core is

not strongly affected by changes in another part of the core, and has

(39)small neutron leakage. Burnable poisons are also distributed to

(39)aid in flattening the overall (axial and radial) power distribution.

For scoping calculations and for design comparison purposes, the

reload configuration is designed using the Baling principle. '

Haling defined the EOC power distribution as the important criterion,

and established a procedure to deplete the core and maintain a constant

power distribution. The Haling principle is useful because it

determines the flattest possible power distribution to deplete the

core. It is used extensively, therefore, as the target power distribution

to attain when setting control rod patterns during the cycle. However,

caution is advised before making certain decisions based on the results

using the Haling principle, because it is not always possible to deplete

the core with this power distribution. Two designs with similar Haling-

type EOC pouer distributions, based on EOC bundle reactivities, may

differ considerably vhen the control rods are positioned at an earlier

point in the cycle. It may be necessary, then, to conduct more detailed

(38)depletion calculations before acceptable results are attained.



The EOC exposure distribution, which is the objective of the

Haling principle, is a function of the EOC group constants and the EOC

group constants are dependent on the control rod strategy employed to

deplete the core to that point in the history of the fuel. Thus, the

EOC pover distribution is a function of both the energy generated during

the cycle and the control rod strategy used during the cycle. In actual

core operation, several rod sequences are normally employed to achieve

an EOC exposure distribution as close as possible to the Haling

distribution.

b) The Baling Principle

The Haling principle starts with the end-of-cycle core and

establishes an iterative procedure for finding a refueling pattern and

a dynamic control pattern during the core depletion which maintains

a constant power distribution shape over the cycle. The Haling

principle emphasizes maintaining as low a power peaking factor as

possible and, hence, necessitates the use of burnable poisons and control

blade positioning distributed to match the burnup of the fuel. The

depletion trajectory defined by the Haling principle can never be attained

precisely) but it establishes a goal for the refueling engineer to meet.

The burnup distribution change that takes place during the reactor cycle

is referred to as the depletion trajectory.

The goal of the Haling principle is easily understood by

referring to Fig. 38 where the maximum normalized power is plotted as

a function of core burnup. Curve A follows the Haling principle whereas

curve B or C does not. The method for computing the reload pattern and

depletion trajectory to follow Curve A in Fig. 38 is briefly outlined

as follows:<41)

Consider a BWR having a power distribution F(r) where r_ is the

three-dimensional space vector. Let

and

P(r) - P A(r)

Bu(r) - BuA(r_) - r
P

(181)

(182)

Maximum
Normalized
Power XA, Haling's Principle

Burnup

Fig. 38. Maximum normalized Pover as a Function of Burnup
for a BUS 431



where

P is the average power density in the core

A(r) is a normalized shape function

The Haling principle attempts to maintain A(r) constant during the

reactor cycle. In addition A C r ) ^ ^ is minimized.

The steady state two-group diffusion equation for the fast neutron

group can be written

v(r)P(r)
V • D1(r)V<^(r) - ^ ( r ^ r ) + x G(f) - 0 (183)

When the reactor is critical, A - 1, Eq. (183) using Eq. (182) becomes

V • D_(r)V4(r) - Z (r)$ (r) + v(r) P - M l l . 0
L x x x Bu G(r)

(184)

At this point a guess is made for A(r_) and Bu through which P(jr)

and Bu(r) are evaluated. The spatial temperatures, moderator density,

xenon, and the nuclear properties are all evaluated to correspond to the

correct P(r_). The next step is to solve Sq. (184) for the fast flux

distribution ^(r) by either inverting the matrix or using an iteration

method. For the large 3-D calculations the iteration solution is raOBt

efficient.^ Once the *,(£) distribution is determined, the thermal flux

can be calculated in a similar manner using the thermal neutron group

diffusion equation

r) » 0 (185)V-D2(r_)Vi|>2(r) - E2(£)*2<£)

With both ^(r) and P2(r) determined, a. new more correct power distribution

P Or) is computed using

P(1)(r) - P [ Z f j t ) * ^ ) + Z£2(r)*2(r)] G(r) (186)

where the superscript identifies the iteration number. The process is

repeated in an iterative fashion calculating a new improved Pn(r) after

each (n ) iteration. Because the equations are non-linear, the use

of acceleration techniques tc speed up convergence helps to shorten the

(41)time to compute the reload pattern.

In practice, a subroutine is normally incorporated into FLARE to

(42)attain the Haling conditions. It uses a means of accelerating the

convergence; oscillations in the convergence procedure can be avoided by

the interpolation technique. '

The procedures used to assign individual fuel assemblies their new

position, determine the number and enrichment of new .fuel assemblies, and

define other needs for the reload configuration are mostly proprietary.

There are some standard rules one should follow. Scatter loading is

employed to reduce power peaking and new fuel is loaded near the center

of the core. Note the procedure here is presently different from that

used in reloading FWR's. One can study the reloading process by referring

to some reload configuraclors previously employed in BWR's, and try them

out using the FLARE code to gain experience and insight. It should be

mentioned that it is not necessary to shuffle all of the fuel assemblies

in the core for the partial refueling of the BKR core. Two reload cycles

of the Quad Cities Unit I reactor are presented in Fig. 39 and Fig. 40

(431
for this purpose. For Cycle 1, all 724 bundles are identical; they

have a 7 x 7 fuel rod array and en average enrS.ehment of 2.12wt %. The

reload configuration of Fig. 39 uses 88 new fuel bundles having an 8 x 8

fuel rod array and an average enrichment of 2.50Z. An additional 5 new
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experimental fuel bundles, containing mixed oxide (PUQj and UC^) fuel,

are used in the reload of Fig. 39 giving a total of 93 new fuel bundles

for the first reload. The reload core for cycle 2 (and cycle 3) is

designed to produce near 6000 KHD/TU (Here TU » 2000 lbs.) average

exposure for the fuel during the cycle. Fig. 40 shows the reload con-

figuration for operating cycle 3 (2nd reload) vhereiii two different

enrichments are employed in the reload. All new fuel is of the 8 x 8

array type; 108 bundles of 2.50 wt. % enrichment (type A) and 52 bundles

of 2.62 wt. Z enrichment are used. As stated previously, scatter loading

is used to reduce power peaking, and new fuel is loaded in the central

portion of the core. New fuel increases the core's k JJ by a greater

increment when placed in the center of the core, as opposed to the

periphery. For the first two reload cycles, the old fuel remains in

fixed positions.

(44)
Recently Specker, et al have reported on a new improved

reloading scheme for the BUR that uses three zones of enrichment to

improve uranium utilization and to flatten the radial power distributions.

Natural uranium or highly exposed low reactivity fuel are used in the

core periphery. High enrichment fuel assemblies are located just inside

the peripheral region and scatter loaded everywhere except the very

center of the core. The new strategy is used to maximize the excess

reactivity of the core with concurrent minimization of the radial power

peaking. In addition, it minimizes the U-235 requirements.

In conclusion, there are more options as well as flexibility in the

reload design open to the BUR fuel manager than the FUR fuel manager.

The core is much larger for the same power output, and the feedback



between void formation and control rod patterns present both problems

and opportunities in establishing reload configurations and operation

strategies. For this reason, optimization techniques may provide

additional guidance to the BUR fuel manager.

cana an nn.

aaaaaaaa
B Low Enrichment
0 Intermediate Enrichment
• High Enrichment

Fig. 41. Typical Initial Core Configuration

3.2.6 Optimization Methods

a) Introduction

The operation of a nuclear power plant commences when

the first care begins to produce power. A number of fuel assemblies in

the first core will be removed from the reactor after the first reactor

cycle never to be used again; consequently, the first reactor cycle is

designed to operate longer and provide more energy than subsequent

cycles. At the end of each cycle most of the used fuel assemblies are

repositioned (shuffled) to new positions in the core, and the

remainder are transferred out of the reactor to a spent fuel storage

pool. Some of the used fuel assemlies may be used in subsequent cycles

depending on the fuel management scheme employed in refueling the reactor.

The core positions left empty by the removal of the used fuel are

filled with fresh or new fuel assemblies. The final arrangement of

the refuelled core, containing both used fuel from the previous cycles

and the fresh fuel, prior to the operation of the next cycle is

referred to as either the refueling pattern, reloading pattern, or

reloading configuration.

The nuclear engineer responsible for refueling a nuclear power

plant uses established procedures to determine the refueling pattern

for a core at the end of a reactor cycle. Experience and use of "trial

and error" calculations allow him to determine the reloading pattern.

The engineer attempts intuitively to optimize the reload pattern to

minimize the energy costs while simultaneously assuring adequate margin

to safety and operational limits. Analytical optimization methods are

not presently used to automatically finalize the reload configuration,
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although several useful optimization methods have been developed over

the past decade which do provide guidance. If optimization methods

have been developed to finalize the refueling pattern, they have not

been made available to the public.

Optimization theory has evolved new terms which have to be

defined before the subject can be understood. ' Indeed optimi-

zation theory is in the process of change and new definitions are

being introduced by various authors. A few of the more important terms

are defined here for convenience and quick reference to aid in reading

this chapter; however, interested readers should refer to textbooks

on optimization theory for a more complete discussion of the basic

terms.C*7'48>

To begin, optimization theory requires some function to be

optimized, i.e., the objective function. For in-core fuel management,

(49)a cost functional is the preferred objective function although

other functionals are sometimes substituted to simplify the problem.

(47)The term functional is used to express a function of a function.

The terms criterion function or performance index nay be used in lieu

of the objective function. The cost functional, to be truly correct,

should include all fuel-cycle cost components) i.e., fuel cycle costs

plus fixed charges on capital costs plus operation and maintenance costs,

and, hence, calculate the total energy costs. The total energy cost

is the sum of the energy costs for each reactor cycle, lavelized over

the number of reactor cycles used in the study. Capital costs amortized

during the down-time between refuelings are reflected in the energy costs,

because reduced down-time results in reduced energy costs.

To optimize the cost functional, the analysis must include many

different reload schemes and different operating methods. Some reloading

patterns and operating methods will have lower costs than others, but

this may not become apparent until many different paths have been

analyzed. Hence calculations along each path must be stored stepwise

for future comparison, and unless some simplified assumptions are

made or some criteria introduced to limit or eliminate many choices,

the storage requirements quickly exceed that available in even the

largest computer.

The operation of a reactor over many reactor cycles occurs in

a stagewise fashion. After each reactor cycle is complete, decisions

must be made regarding the next cycle. Such decisions involve the

number of fuel assemblies to be retained for the next cycle, the

enrichment of the new or fresh fuel assemblies to be added, and the

length of the next reactor cycle. Hence a decision contains components

or variables; variables are conditions which can be changed as desired

to alter the magnitude of the objective functional. The term decision

vector is used to identify the decision and its various components

assigned at each stage or cycle of the core history.

At the beginning and end of each stage or cycle, the condition or

state of the reactor (BOC and EOC) must be defined in terms of items such

as its reactivity (k „ ) and the burnup of the fuel. The condition or state

of the reactor is referred to as the state vector * or simply, as

the state, with its components such as k ,- and Bu. The state vector

will change as it goes from the BOC state to the EOC state. After each

EOC state is attained the decision vector is applied by the fuel manager

to transform the EOC state to a BOC state.



The fuel manager has the flexibility of using the following

variables, i.e., components of the decision vector, when choosing the

reload pattern:

1) The enrichment of fresh fuel

2) The quantity of fresh fuel (number of new fuel assemblies)

3) The reuse of used fuel

4) The length of a reactor cycle, i.e., the residence time of each

fuel batch in the reactor

5) The detailed reloading pattern

6) Poison management

7) Altering the mechanical design of the fuel assembly

There are, however, five imposed basic constraints on the operation of a

nuclear reactor that are important from this viewpoint; they are as follows:

1. the reactor must be capable of sustaining a chain reaction

(critlcality) to meet the energy generation plan,

2. fuel temperature must remain below melting point,

3. surface heat flux should not exceed its cladding minimum

critical heat flux ratio (MCHFR) in a BUR or departure from

nucleate boiling ratio (DHBR) in a PVJR,

4. reactor control system must always be capable of shutting

the reactor down, even with the most reactive control rod

stuck in the full "OUT" position (it is called stuck-rod

criterion for a BWR to limit regional reactivity), and

5. local fuel burnup must not exceed the maximum permissible

burnup to avoid cladding failure.

In the two-dimensional (X-Y) analysis for full power operation, an

axial nuclear hot channel factor, a local nuclear peaking factor, and an

engineering hot channel factor are usually assumed. The constraints, itea 2

and 3, can thus be replaced by a limit on the radial power peaking factor

of a fuel assembly. The constraint item 5 can also be replaced by a limit

on the average burnup of a fuel assembly.

b) Basis for Comparing Refueling Schemes

For in-core fuel management, the principal problem

restricting the use of optimization methods is the large number of

variables involved in the process. Constraints help to simplify the

analysis somewhat by limiting the range of the variables, but even

so, the number of fuel assemblies, B F A, their core positions, the

enrichment, and poison content present a large number of possibilities

(variables) to follow over several reactor cycles. To provide answers,

the optimization procedure must reduce the number of variables. This

may be achieved, for example, by allowing only one enrichment for all

cycles or by restricting placement of new fuel to a few reactor zones,

but as a consequence, the results are limited in their usefulness.

Other methods may seek to reduce the number of variables by replacing

the cost objective functional with an equivalent but lower dimension

functional that depends on only a few variables. Some noncost criteria

used in optimizing in-core fuel management schemes are:

(50,51,52)
1. maximizing average discharged fuel burnup

(53,54,55,56)2. maximizing cycle length (or k „ or cycle burnup)

3. minimizing fresh reload fuel (or enrichment)<57>58«S9.60)

4. minimizing power peaking factor (or maximizing core

power(S3'60'61'62'63>
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The determination of the minimum critical mass for a thermal

reector by Goertzel is probably the first optimization problem that

has been encountered in nuclear reactor theory, and numerous studies

have since been devoted to similar solutions. The problem of minimizing

critical oass is closely related to maximizing core keff- Goertzel's

theorem states that the condition for minimum critical mass for a

thermal reactor, with uniform moderating and thermal properties through-

out the core and reflector, is a constant thermal flux in the region

where there is fuel (the core) and the thermal flux never greater than

this constant value where there is no fuel (the reflector)•

Noncost functionals are simpler to optimize than cost functionals; how-

ever, It is important to ensure that the noncost analysis produces the desired

economic objective by verifying •with cost analysis. Even with noncost

functionals, it is usually necessary to divide the optimization procedure

into a few subproblems each of which may be independently optimized. In so

doing, the global optimum condition cannot be guaranteed. For these reasons,

optimization theory is presently used in fuel management to provide guidance

iii the reloading strategy.

There are two aspects of in-core fuel management that determine the

methods used in studying the reloading configuration. Studies may be made

to improve the long range use of fuel and minimize energy costs in the future.

The long range studies employ optimization methods which may develop new

criteria for the actual reloads. For example, the reactor cycle tine may be

changed from the present one-year schedule to an IB-month schedule, as has

happened for some BWR's and PWR's, because the studies have shown definite

438 cost improvement. However, their objective is to provide planning and

guidance for the future rather than detailed reloading information on the

actual placement of individual fuel assemblies for the next refueling.

The other aspect involves the actual reload configuration for

the next reactor cycle. Here the engineer has one principal objective -

meet on schedule the rated power and produce the energy planned for

that cycle. Normally time does not permit using other than established

procedures for determining the reloading configuration for the next

cycle. Optimization procedures used here must be well defined and

relate to direct searching and placement of individual fuel assemblies.

c) General Method of Calculations Used

The nuclear reactor is one component in the power system,

and other components may be considered if the objective is to minimize

the supplied energy costs, i.e., power system optimization. How-

ever, that is a larger problem than the one considered in these

lectures. Here, we consider only those variables or decision-vectors

available to the in-core fuel manager at a nuclear power plant.

Although optimization methods for in-core fuel management include

1) dynamic programming, 2) linear programing, 3) varlational

methods and perturbation theory, 4) heuristic learning, 5) nonlinear

programming, and 6) direct search, only the first two are discussed

in detail.

7.1 Dynamic Programming

The problem of refueling a reactor is one of a multistage

process, each stage involving a reload followed by a period of reactor

operation. Dynamic programming was formulated by Bellman to help optimize

such multistage processes.



Bellman's "principle of optimality" states that in an optimal

policy, whatever the initial state and decisions are, the remaining decisions

must constitute an optimal policy vith respect to the state resulting from

the initial decisions. In dynamic programming, the state of the reactor is

identified by a state vector, i.e., burnup, k ,,, etc., which is a function

of various parameters called state variables or variables. What is different

in dynamic programing is that the state variables relate the state vectors

between the stages rather than characterize a process taking place during

the stage. Several studies have been performed using dynamic programming

to minimize energy costs or power peaking factor. It is perhaps easier

to understand dynamic programming by describing the first application

of it to optimal fuel management.

Wall and Fenech optimized the refueling program for an equivolume

3-zone cylindrical reactor, loaded and refueled with a single enrichment by

minimizing energy cost (mills/kw-hr) over the plant l^fe. Using the three

equivolumes and single enrichment, they reduced the number of variables

to a sufficiently low number to make the problem tractable. The constraints

used were :

1) limit the maximum burnup of the fuel (BUmax)

2) limit the local heat generation rate (ppmax)

3) the core k e { { must be greater than 1; when k ,, < 1, the core

is reloaded

4) use a single enrichment throughout plant life

The objective is to find an optimal sequence foe the zonal refueling

policy. The length of the reactor cycle is set by the reload configuration.

Even within these limited operation rules, the number of possible states

to be considered are very large.

Fig. 41. Cylindrical Reactor of 3-equivolume Zones

There are three equivolume zones, as shown in Figure 41 any one,

two, or all can be replaced with new fuel at any stage. The fuel in any one

zone can be replaced by fuel in any of the other zones. If there are K

reloadings made during the plant life and there are C choices for refueling

at each stage or reload, there Is then a possibility of C core histories

to be followed. For a 3-zone core, C on the average, considering constraints,

may be approximately 15 and N can be 30. If an exhaustive search is to be

applied, the number of calculations required are 15 - 2 x 10 ! Clearly,

the number of core histories to be considered wist be greatly reduced and

the computational time at each stage kept to a minimum. In dynamic

programming, both conditions are attained by establishing simple methods

for determining the state of the reactor at each stage via facts of life

curves and by using a computational acceleration method which eliminates

similar end states.
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The state vector for the reactor is the burnup of each zone. Let

Bu, - burnup of the 1 zone

8 (BU, ,BU,,BU,) » state vector for the n' end of cycle core
n 1 * -*

defined by the burnup of Che three zones

8'(BU, ,3U,,BU.) - state vector for the n beginning of cycle core
n 1 * J

n - number of reloads

7 - total energy output over core lifetime
n
G - total associated costs over core lifetime

Then

P2 + P3 - -

• 8 2 + S 3 • •

<187)

(188)

where the p 's and E _ * are the component energy and cost produced at each

stage. Thi objective function to be minimized within constraints is

(189)

At the end of
i

6

Figure 42 vill help clarify the dynamic programming method. The

initial core, 8. , is loaded at g^ and products energy

the Initial cycle the ctate vector 6^ oust be refueled to create ^

Here Wj repreients the decision vector used to identify the reload configuration
•

mode to transform « b to 6j, the prises .efer to the BOC core. There are 28

possible decisions at each stage and each passible decision mutt be tested.

Let 1,2,3, or F refer to used fuel from zone 1,2, or 3, respectively,

and F refer to fresh fuel; the arrangement [2-1-FJ refers to the reloading

pattern with used fuel in zone 2 moved to zone 1, used fuel in zone 1

moved to zone 2, and fresh fuel placed in zAse 3. Then the 28 possible

refueling patterns are:

R t

1.

2.

3 .

4 .

5

6

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

fF-F-F]

[1-F-F]

[2-F-F]

[3-F-F]

[F-l-F]

[F-2-F]

[F-3-F]

D-2-F]

[1-3-F]

[2-1-F]

[2-3-F]

[3-1-F]

[3-2-F]

[F-F-l]

[MM]

[F-F-3]

17.

18.

1 9 .

2 0 .

2 1 .

2 2 .

2 3 .

2 4 .

2 5 .

2 6 .

27 .

2 8 .

[l-F-2]
[l-F-3]

[2-F-l]

[2-F-3]

E3-JT-1]

[3-F-2]

[T-l-2]

[F-l-3]

IH-I]
[F-2-3]

[F-3-1]

[F-3-2]
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I
1st reload 2 n d reload

5bl9l M 9 2

nth reload Nth(last) reload

u
% *1 Kl

•.time to reload./

•u—
n

1 En

->. CALENDAR TIME

e - BOC state of core

w » decision vector

p - energy output in one stage, MWD/T

% » expenditure over one stage, dollars

PLANT LIFE

8 - EOC state of core

T - plant life, years

n - stage number

b - initia!. loading

Fig. 42. Time Event Diagram For Partial Batch Refueling

There are thus 28 possible decision vectors, u,, available to the

refueling manager for the first reload (actually 28 possible for all

subsequent reloads). The decision vector, Wjt nay be written in matrix

form

"11

"21

"12

(190)

"31 "32 V33

and any decision for the first refueling is described by

or for example, one decision operating on the EOC state, the following

(192)

Finally,

(193)

A normal procedure at this point would be to use nucleonic codes to calculate

the power distribution, keff, and burnup of ttie core to relate EOC conditions

to the BOC core. The same codes would be used to study each refueling

pattern and subsequent reloads and depletion trajectories. However, Hall

and Fenech have developed "facts of life" curves which provide the same

information and obviate the need to perform the nuclfonic calculations

during the optimization analyses.

A systematic set of one dimensional depletion calculations are per-

formed with the FEVER code to develop the facti of life curve** The facts

of life curves are thus a summary of the FEVER code depletion calculations.

These curves are used directly in the optimization calculation to determine

nucleonic parameters at EOC or BOC for different refueling patterns and



depletion schemes. The facts of life curves permit the determination of the the first stage transformed nay be represented by

power peaking factor, pp., for each of the possible 288 's, refueled from

6. . These curves allow the reactor cycle lifetime, 6t., to be determined

•s a function of any beginning of cycle state vector 8. as well as the

corresponding burnup, BU., for each of the three zones. In other vords,

any one of the allowed refueling patterns can be chosen for the next stage in

the optimization analysis. The facts of life curves provide automatically

the PP.,, St., and the corresponding 8, for that refueling pattern. The

isotopic inventory of the fuel is assumed to be a function of BU only, hence

B. (BU., BIT,, BU,) can be used to determine both p. and g. for each step. By

this means, the p.*s and g."s as well as the operating lifetime, fit. + Z 6t.
3 3 b j-1 3

are determined at each stage. The reactor cycle lifetime relates directly to

the corresponding p since the reactor operates at full power during the periodi

The energy costs, g , are slightly -more complex to compute because the capital

costs are included to assess the effect of a loed factor change assumed to

be 802. The fects of life curves also allow the constraints to be used to

eliminate many of the 28 possible 6^'s, i.e., remove all pp^'s where pp^ is

greater than pp max.
t

Each of the possible 28 refueling patterns of 8. have a maximum power

peaking factor pp.. When pp. for any such configuration exceeds the

constraint pp , that refueling pattern is not allowed and the refueling

max

pattern discarded. The sane is true for the constraint BU referring

to some naxioum allowed burnup within a fuel assembly. The curves are then

used to relate each of the EOC states. 6 * with the 8 . states. Hence
* n n~i

ei " H(8b> V (194)

for each of the allowed 6, states, (Note that Eq. (190) relates only

to the EOC state, i.e., 6^ and 8 b). The objective function for each pf

these states is

(195)P1(Bb,w1) + pb

and all must be stored for future reference. Continuation of this procedure

results at each stage in a set of

6n - H(6Ti ,n n—X

and

(196)

(197)
ww

The overall operating policy is identified fox each path by

Many different final end states are found at any stage and each state has

an optimum for the path chosen. A final comparison is then nde to choose

the overall optimun operating policy and its niniaun energy coat. In

addition to constraints a number of decisions at w (or corresponding 6

states) are removed by considering the elimination of similar end states.
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That i s , i f any two EOC states and 6™(BU: . due to

different reload decisions «n(£) and wn(n) at stage n have the Bl^'s

for each zone equal to within + 3Z, then the two states are assuned equal.

The state for which G (6 )/P (6 > is a minimum is then kept and the othern n n n

discarded using the optimal policy.

(198)

In this Banner the calculation proceeds until

S + Zt^T

where T is the lifetime of the power station.

The optlaal policy obtained by dynamic programming is also the global

optimum, and constraints are easily handled because ihe optimum policy

obtained automatically satisfy the constraints on the state variable. Com-

puter time and storage, however, Is the most serious difficulty with dynamic

programming since tine and storage requirements increase exponentially with

the dimension of the state variable. Three regions are the maximum number

dynamic programming can be used pracdcally in the batch refueling policy.

7.2 Linear Programing

The optimization of fuel managemenr costs using linear programming

techniques is reported In many papers ̂ "»",5B,73; ̂ n ̂ ^ literature.

In this method, the reactor objective function and Its constraints are

written in the form of a linear combination of reactor related variables.

Many of the requirements for nuclear fuel management are mathematically

linear by nature, and others can be linearized. The equations with constraints

establish limits for a range of an infinite number of possible solutions.

Linear programming finds the optimum of the allowed solutions based on mini-

mizing or maximizing the objective function. The constraint equations must

also provide information on the state of the reactor at the EOC and at the

SOC for the next cycle.

Linear programming suffers from the same disadvantages as dynamic

programing In that there are too many variables associated with the

placement of individual fuel elements to follow. For example, a two-region

10-cycle problem of 116 lots and 40 constraints can be easily solved by

a computer, while a five-region 10 cycle problem which yields 10 lots

and 100 constraints is beyond the ability of present computers. A lot* ^

as used by several authors, differs from a batch in that a batch contains

fuel assemblies with the same cycle history, whereas a lot further restricts

fuel assemblies to the sane core regions throughout their life.

The procedure for determining the exact location of individual fuel

elements for a reload requires a solution to nudeonic codes which arc

nonlinear. The linearizing of the nudeonic codes permit the analysis

of simple one-dimensional geometry solutions using at nost a few separate

regions to define the cote. Thus linear programing is used more as a

guide to limit the number of possible choices available for refueling a

core and thus reducing the number of calculations performed with the accurate

nucleonlc codes to find a near optimum solution. Both linear programming

and dynamic programming nay be used in a complementary fashion to optimize

reload configurations. Here linear programing is used to determine the

optimum conditions at each stage or cycle of the reactor life. Dynamic

programming is then applied So limit the number of decisions and state

vectors to store for the remaining stages.

To understand linear programming, it is best to introduce first a

simple fictitious example conceived to introduce the subject (74)
The 443
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problem chosen is one which maximizes the reactivity of the core. A company

manufactures two types of fuel for a breeder reactor, type 1 and type II,

using U-235, Pu-239, and U-233. The following lists the fuels required.

Fissionable Material

U-235

Pu-239

U-233

Inventory h»s available for manufacture * total of 10000 go, 10000 go, and

12000 gm. of U-235, Pu-239;and U-233 fissonable material respectively.

Let Xj - no. of type I fuel rods

X2 - no. of type II fuel rods

The constraint equations limit each fissionable material for the tvo

types to the amount available, i.e..

Amount

Type

40

30

30

I

gm

go

gin

of
1
Fuel
fuel

to Produce
rod

Type 11

50 gn

20 gm

80 en

for U-235

40

50

+ 50 X2 <_ 10000 (199a)

+ 20 X 2 < 10000x 2 (199b)

foT Pu-239

and 30 ^ * 80 X2 £ 12000 (199c)

for U-233.

The reactivity produced by Type I is, on a relative scale, 5 per fuel

rod and 3 per fuel rod for Type II. The objective function Co optimize is:

Y - 5 Xx + 3 X 2 (200)

The three constraint equations, (Eqs. (199a-199b-199c) are drawn in Fig. 43.

The shaded area is the region allowed by the constraints. The location within

this allowed area where the objective function (reactivity), Eq. (200)is a

maximum can be found by drawing lines for different values of Y in Eq. (200)

i.e., reactivity lines parallel to Y are lowered until one touches the

allowed region.

600

^•500

I
400

300

200

100

k b

V
J\

/ < /

\\

V\

6

Y(OPTIMUM)

\ Y - 5J

a)

b)

c)

ix +

V ,

\

40]^

3X2-

\

+ 50X2

+ 20X2

+ 80X2

1350

- 10000

- 10000

- 12000

50 100 150 200 300 400

NUMBER OF TYPE I FUEL RODS, 7^

Fig. 43. Linear Programming Sample Problem
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3000
17

176.17

and

_max
*2

1000
17 - 58.82 (201)

The core will contain 176 fuel rods of Type I and 58 fuel rods of Type IX.

Almost all of the U-235 and Pu-239 will be used in making the fuel rods for

the core, but some U-233 Is left over due to the constraints equation for

U-235 and F-239 intersecting with the objective function at their allowed

maximum values. The U-233 constraint is not limiting, i.e., it is an

inactive constraint.

The prime objective of a fuel management optimization program Is to

provide an automatic procedure for refueling reactors which minimize the

energy costs and satisfies all of the safety and operating constraints.

These programs should be applicable to both the equilibrium and nonequilibrium

cycles. Any optimization program that fulfills this objective must shuffle

and replace Individual fuel assemblies to effect the final reload pattern -

a formidable task. However, such programs will be different for different

kinds of reactors. An optimization program for PWR's can consider fuel

assemblies unlformally loaded with the same enrichment, but they must follow,

in addition to the history of the individual fuel assemblies, the variation

in burnup of each quarter section of the fuel assembly. Hence rotation of

the fuel assembly as veil as its location must be determined. A BWR fuel

assembly contains within it different enrichments, so that its orientation

within a unit scouP °f four assemblies around a control blade Is fixed.

Hence following the average burnup of a BWR fuel assembly may be sufficient

for a BUR core.

There are many different methods for optimizing the refueling decisions

for nuclear power plants. The method of separating the overall task into

separate subtasks, first introduced by Melice, and applying the best optimi-

zation procedure to each subtask appears to be very promising. In this

method the refueling of the reactor nay be separated from the cost analysis

and the refueling of the reactor optimized using a decision vector of few

dimensions. Then by determining the cost of various reload decision vectors

a separate but external optimization procedure can be used to determine the

overall best refueling pattern. It is Important to remember that multicycles

must always be analyzed to assure refueling decisions made for the initial

reactor cycles do not lead to complications In the operation of future cycles,

addition more precise nucleonics and thermal hydraulic calculations and safety

analyses must be performed before the final reload configuration becomes

acceptable.

When isolating the optimization of the refueling of a reactor from the

overall problem, the factors to be considered basically remain the same.

There are seven variables in the decision vector as presented in the rirst

part of this chapter. Almost all of the studies reported in the literature

separate the decision to change the mechanical design of the fuel assembly

from the other six, and do not consider changing the fuel assembly design.

In general changing the mechanical design will involve a large analytical

and experimental effort to insure the integrity of the new design, and

optimization procedures developed for the remaining six decisions can be

applied to any new fuel assembly design.

Several authors begin their optimization procedure by dlvidlnp, the

reactor into a few one-dimensional homogeneous regions. Either dynamic 445
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programing or linear programming can be applied to optimize the refueling

patterns for theae simple configurations; however, linear programming appears

to be the sere promising. Even so, Lew and Fenech have recently uaed dynamic

programing to optimize the reloading of a TOR for a non-equilibrium cycle

using a coat functional for the objective functional. Their model Incorporates

the direct placement of Individual fuel assenblles and gives emphasis to the

accuracy of physics modeling and realistic reactor operating constraints.' '

The "Principle of Optlaality" uaed in dynamic programming is useful to

Incorporate Into any optimization model because It Units the number of stored

reactor states and related data by eliminating similar end states having less

than the optima conditions.

Hotoda et.al.(75) , Sauer(70), and Mingle<49) initially homogenize the

reactor into a few radial zones and use linear programming to optimize the

one-dimensional geometry. More refined analysis is then used to optimize

the core on a higher level to determine the placement of the individual fuel

assemblies. The higher level optimization places the Individual fuel assemblies

baaed on the results of the one-dimension homogeneous analysis, i.e., the

homogenlzation of the Individual fuel assemblies conforms to the optimization

result* using the one-dimensional aethods. The more detailed and accurate;

the analysis, the larger the code and the vore time and storage capacity

required of the computer.

Anyone developing an optimization scheme for the first time should

recognize the usefulness of optlaizing equivalent one-dimensional homogeneous

cores, even though their aethod aay not require this type of optimization

procedure. Although Chitkara, et.al." ' circumvents the simple geometry

to optimize for the equilibrium cycle, their non-equilibrium cycle procedure

initially employs the simple geometry method.

There are two different principle optimization constraints one may choose.

If the power is limited by the nuclear portion of the plant then it is advanta-

geous to use the constraint that obtains the flattest possible power distri-

bution. This is, the constraint employed by -most authors. If the power is

limited by the non-nuclear part of the plant, then the core k r f £ (BOC or EOC)

is to be optimized. Under these conditions, the EOC core is the determining

factor In any optimization scheme, and optimizing the EOC k .. as performed

by Huang, et.al. ' is the preferred direction. It is then necessary to

find a EOC refueling pattern and a depletion trajector that leads to the

optimum EOC core.

All of the above methods use calculational techniques that must be

refined with more precise calculations. If the objective functional is not

a cost functional, then sensitivity studies about the optimum configuration

nust be made to determine if the cost functional le at a minimum. More precise

nucleonic thermal hydraulic calculations mist be coupled into the calculations,

and the standard safety analyses performed to assure safe operation of the

reactor and to obtain HRC approval.

In conclusion, there remains much to be accomplished in optimizing the

refueling of nuclear reactors. Faster and siapler nucleonic codes which

incorporate a direct search routine and terminate in precise locations for

all fuel assemblies in the reloaded core, e.g. those by Stout and Robinson ' 5'

Chitkara and Weisman/765 Huang and Levine,<77> lew and Fenech, <78) and

(79"}Chen, et.al. should be further improved to include three dimensional

analyses. In optimizing the overall problem it is best to break the problem

into subproblems and apply the best optimization procedure to each subproblem.

where



The optimization model must include somewhere in the iteration scheme thermal

hydraulic calculations, safety calculations, and terminate with precise

nudeonlc analysis before the refueling pattern can actually be used by

the utility. It is important that sensitivity analyses be performed about

the final design to show the changes in the performance characteristics of

the core due to changes or variations in core variables, i.e., fuel tempera-

ture, enrichment, cross section variations, to allow selection of near

optimum conditions for other reasons. For such sensitivity studies variational

methods, perturbation theory and other similar calculational techniques

appear promising and should be investigated for future applications.

3.2.7 Experimental Support of Codes Development

In the 1950's when nuclear reactors were being developed to produce

megawatts of power, critical facilities played an important role in their

development. Multigroup cross sections applicable for design purposes were

just beginning to be used and it was essential that experimental nuclear

reactors be constructed and used to verify reactor design calculations.

Basically, two type3 of critical facilities were constructed. In the

first type, the fuel elements and core design were of a simple configuration

and used to effect group constants and various basic nuclear reactor parameters.

The cores of these facilities consisted of one or two regions incorporating

a regular and uniform array of fuel elements. The fuel elements and their

relative positions presented a configuration that could be analyzed with

minimum complications due to geonetry considerations. Critical mass, excess

reactivity, temperature coefficients, k^, n , f,e ,p, flux distribution,

and other related parameters were measured and compared with theoretical

calculations. Cross section data, resonance escape probability data, and

other nuclear reactor physics parameters were either incorporated into

the codes or normalized to give the best comparison with experimental

results.

The other type of critical facility is one that allows construction

of a reasonable duplicate of a portion or the full core of a power reactor, i.e.

the core configuration is a mock-up of the core of the power reactor.

From the reactor physics point of view the fuel assemblies and control

rods used in the mock-up had the same neutron interaction characteristics

as the actual power reactor; however, the construction cost and environ-

mental requirements were much less. For example, aluminum would be

substituted for zircaloy, the fuel was not designed to withstand high water

temperatures, and foils and other types of experimental devices could be

easily placed within or next to the core region. Nuclear design codes

were evaluated and modified to provide good agreement with the results

using the mock-up reactor. Of particular importance were the critical mass,

excess reactivity, control rod worths., power and neutron flux distribution,

and the temperature coefficient. In general, the critical facilities were

designed to operate at temperatures below 110°F (43°C).

Critical facilities are used today to study various conditions of the

reactor for comparison with nudeonic code calculations. For example, critical

experiment*: have been performed to study critical mass under storage or

reprocessing conditions
(80)

Charged particle accelerators creating neutron

beams at various energies have been and are continuing to be used to measure

neutron cross sections. These experimental data are compiled and used to
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provide the basic data for calculating group constants for all reactor design

codes. Errors in these measuremeits produce errors in the calculations

which are then normalized to give good agreement with reactor experiments.

A large data base has now been accumulated from measurements

performed on critical assemblies and power reactors to test and verify

nucleonic codes. ' Neutron detectors and thermocouples are now

placed within operating nuclear power reactors to provide important power

and temperature distribution for qualifying nuclear analytical methods.

Operating core critical rod patterns, power, flow, inlet subcooling, dome

pressure, and traversing in-core probe measurements are routinely performed
( SI ̂

in BHR plants. Similar 3-D spatial measurements are made

in PWRs to verify their code calculations. As more and more reactors

are operated with mixtures of depleted and fresh fuel, computer codes are

continually being improved both in speed and economy of operations as

well as in accuracy. This is an ever-going process that will continue to

improve the operation, safety, and economics of nuclear power plants.
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CANDU-PHW FUEL MANAGEMENT

G.M. FRESCURA, A.L. WIGHT
Nuclear Studies and Safety Department,
Ontario Hydro,
Toronto, Ontario,
Canada

Abstract

This report covers the material presented in a series of six
lectures at the winter College on Nuclear Physics and Reactors
held at the International Centre for Theoretical Physics in
Trieste, Italy, Jan 22 - March 28, 1980. The report deals with
fuel management in natural uranium fuelled CANDU-PHW reactors.
Assuming that the reader has a basic knowledge of CANDU core
physics, some of the reactor systems which are more closely
related to fuelling are described. This is followed by a
discussion of the methods used to calculate the power
distribution and perform fuel management analyses for the
equilibrium core.

A brief description of some computer codes used in fuel
management is given, together with an overview of the
calculations required to provide parameters for core design end
support the accident analysis. Fuel scheduling during approach
to equilibrium and equilibrium is discussed. Fuel management
during actual reactor operation is discussed with a review of
the operating experience for some of the Ontario Hydro CANOU
reactors.

In general, methods and procedures used in other reactor
systems are not applicable to CANOU fuel management. This
series of lectures deals with the methods of calculations and
the operating procedures currently used in CANDU fuel
management. Further information on CANDU reactors and CANDU
fuel management may be obtained from References 1 to 10.

1.1.1 Definition of Fuel Management

The term "fuel management11 is used in reactor physics to
indicate those aspects of fuel loading, whether related to
physics, engineering or economic decisions, which are
associated with fuel utilization and fuelling system
performance. Fuel management fits within the framework of the
overall fuel cycle, and the design limits imposed on the
reactor.

A more precise designation is "in-core fuel management" since
other aspects of fuel management, such as fuel procurement,
fabrication and disposal are peripheral to the work of the
reactor physicist. It is in this sense that the term "fuel
management" will be used here.

Fuel management plays a central role in the design and
subsequent operation of a CANDU reactor. As an integral part
of the design process, it defines the requirements for several
reactor parameters, for example fuel and channel design, fuel
handling system, control margins, etc.

During reactor operation, fuel management defines the fuelling
strategy and the fuel replacement pattern. Information
generated by fuel management is also used for station fuel
accounting.
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1.1.2 Objectives of Fuel Management

1.0 INTRODUCTION TO CANDU FUEL MANAGEMENT

1.1 General Remarks

Natural uranium fuelled CANDU-Pressurized Heavy Water (PHW)
reactors, developed mainly by Atomic Energy of Canada Ltd.
(AECL), have now reached the stage of mature commercial
application [1, 2, 3]. On-power fuelling and special design
characteristics make the fuel management in these reactors
substantially different from that of Light Water Reactors (LWR),

The primary objective of fuel management is to determine fuel
loading and fuel replacement strategies which will result in
minimum total unit energy cost while operating the reactor in a
safe and reliable fashion. Within this context, the specific
objectives of CANDU fuel management are as follows:

(a) The reactor must be kept critical and at full power.
On-power fuelling is the means of maintaining criticality.
If the fuelling rate is inadequate, the reactor would
eventually have to be derated, resulting in large cost
penalties.
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(b) The core power distribution must be controlled to satisfy
safety and operational limits on fuel and channel powers.

(c) The fuel burnup is to be maximized within the operational
constraints to minimize fuel cost.

(d) Fuel defects are to be avoided or minimized. This
minimizes replacement fuel costs and radiological
occupational hazards.

1.1.4 On-Power Bidirectional Fuelling

(e) Fuel handling capability must be optimized,
capital, operating and maintenance costs.

This minimizes

1.1.3 Periods During Operating Life

From the point of view of fuel management the operating life of
a CANDU reactor can be separated into three periods.

The first period is from first criticality until onset of
fuelling. It is of limited duration, usually about 100 to 150
full power days.* The reactor is initially loaded with all
fresh fuel. Consequently, there is considerable excess
reactivity which is compensated by adding boron poison to the
moderator. This period does not have a major impact on the
determination of the total unit energy cost. Fuel management
calculations are required to assess the effect of the initial
fuel loading on the subsequent power operation.

When the excess reactivity in the core falls to a small value,
fuelling begins to maintain the reactor critical. During this
transitional or "pre-equilibrium" period, the reactor gradually
approaches the final or "equilibrium" state.

The equilibrium condition in a CANDU reactor is reached after
approximately 400 to 500 full power days. It is characterized
by a relatively unchanging core configuration in which the
macroscopic or global power and burnup distributions do not
vary significantly with time. The burnup of the discharged
fuel, and the fuelling rate of new fuel become essentially
constant.

Although the macroscopic power distribution is relatively
unchanging, the microscopic or local power distribution is
constantly changing as fuel burns up and is replaced. We shall
discuss this important effect in considerable detail later.

The equilibrium period covers about 95 percent of the reactor
life. It is by far the most important period in determining
the total unit energy cost. Most fuel management studies are
therefore performed for this core configuration.

A CANDU reactor is fuelled while the reactor is operating at
full power. After the excess reactivity of the initial load
has decreased to a small value, several fuelling operations are
carried out every day on various channels in the core. Only a
very small fraction of the core is changed at one fuelling
operation, so that fuelling is essentially continuous. This
avoids the need for a fuelling shutdown, making it unnecessary
to tailor the fuelling schedule to the utility power grid's
system requirements.

Fuelling is the primary method of controlling the long term
core reactivity, and maintaining the desired power
distribution. By adjusting the overall fuelling rate we can
control the core reactivity. By fuelling one region of the
core more frequently than another we can control the power
distribution - a lower fuelling rate leads to an increased
irradiation and reduces the region's relative power.

An important consequence of this feature is that the reactor
regulating system has only to compensate for changes in
reactivity due to power maneuvering, fuelling of one channel at
a time, and short term xenon transients. Therefore, the
reactivity control margin can be maintained at a small value
resulting in good neutron economy and contributing to low
fuelling costs.

Another important feature of CANDU fuelling is the
bi directional axial fuelling. Alternate fuel channels are
fuelled in opposite directions by inserting new fuel in one end
and removing irradiated fuel at the other end. This results in
a symmetric axial flux and power distribution and an
approximately constant burnup for all discharged fuel bundles
in a radial burnup region.

Normally only a portion of the fuel in a channel is replaced in
a single fuelling operation. The remaining fuel is shifted
along the channel. During its life in the reactor each fuel
bundle moves along the channel in a series of steps.

1.2 Outline of the Report

452 A "full power day" is the energy generated by a reactor
when operating at rated power for 24 hours.

The reactor physicist is involved with fuel management not only
during the design phase of a reactor but also during operation
of a power reactor. Both points of view are discussed in this
report.

Since fuel management in CANDU reactors differs substantially
from that of Light Water Reactors (LWR's), we shall devote the
rest of this section to a discussion of some of the systems
which most directly affect fuel management. A broader overview
of a typical CANDU core design has been given earlier in this
coursellOl.
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In the second section we shall consider the basic design
methods used to calculate power distributions for the
equilibrium core and some quantities of interest in fuel
management.

In the third section wp shall discuss briefly the computer
codes in which these methods are applied, describe typical core
models and discuss the types of calculations that have to be
performed to provide design parameters for the core and support
the safety analysis.

In the fourth section we shall discuss fuel scheduling during
approach to equilibrium and equilibrium operation.

Finally, in the last two sections we shall deal with the
procedures used for fuel management during actual reactor
operation and discuss some operational problems. Data obtained
from operating CANDU reactors will be presented to demonstrate
how the objectives of fuel management are achieved in practice.

1.3 Overview of Some CANDU Reactor Systems
Related to Fuel Management

For a more complete understanding of CANDU fuel management, we
need to have a general physical picture of those reactor
systems closely related to fuelling. This will also serve to
define some terms commonly used in relation to CANDU reactors.
For convenience, a glossary of frequently used terms is given
in Section 7.

As an example of current CANDU design, we shall use the
reactors of the Darlington Nuclear Generating Station,
presently in the early stages of construction. The station
consists of four identical units each rated at 850 MW(e).

Some basic parameters for these reactors are given in Table I.I.

The reactor assembly is illustrated in Figure 1.1. It
comprises the calandria/shield tank assembly, the fuel channels
and the reactivity control units. The calandria vessel is a
horizontal cylinder approximately 4 m in radius and 6 m long
which contains heavy water moderator and reflector. The
calandria is made of sitainless steel. It is of relatively
simple design and fabr ication since the moderator system is
operated at low temperature and pressure.

The moderator surrounds the pressure tubes from which it is
separated by Zircaloy-2 calandria tubes. A stagnant gas space
between the calandria and the pressure tubes provides thermal
insulation for the hot, pressurized heavy water coolant
circulating through the pressure tubes. Fuel is contained in
the pressure tubes. The Darlington reactor consists of 480
pressure tubes on a 285.8 mm square lattice.

The general layout of the reactivity control units is
illustrated in Figure 1.9a and Figure 1.9b. They include
control devices such as adjuster rods and zone controllers,
shut-off units for a rapid shutdown of the reactor, and
measuring devices such as in-core detectors. The main
functions and design characteristics of the control and
shutdown devices are similar to those discussed in [10J for a
600 MW(e) CANDU reactor. We shall spend some time later on in
this section dealing with the in-core detectors in view of
their importance to fuelling.

1.3.1 Fuel Bundle

Fuel in Darlington is in the form of short fuel bundles as
shown in Figure 1.2. The bundle is approximately 500 mm long
and 100 mm in diameter. It consists of 37 natural UO2
elements hermetically sealed in a thin (/" 0.4 mm) Zircaloy
sheath. The bundle is approximately 92 weight percent UO2
and 8 weight percent Zircaloy (sheath, end caps, etc).

The structural material accounts for only approximately 0.7
percent of the thermal neutron cross-section of the bundle,
contributing to the highly efficient use of neutrons typical of
CANDU reactors. Other CANDU reactors employ a similar design
with smaller number of elements, 19 or 28 instead of 37. In
general, increasing the number of elements allows operation at
higher bundle power for a constant outer element linear
rating. It also increases the fabrication costs for the fuel
bundle, and decreases the burnup.

1.3.2 Fuel Channel

A fuel channel assembly is shown in Figure 1.3. It consists of
a zirconium-niobium pressure tube expanded at each end into the
hub of an alloy steel end fitting. It is provided with a
closure plug to contain the hê at transport fluid and with a
shield plug to attenuate axial streaming of neutron and gamma
flux. Bot:» these plugs are removable to allow fuelling.
Feeder pipers connect the pressure tube to inlet and outlet
headers andV.he rest of the heat transport system.

1.3.3 Fuel Handling System

Fuelling machines similar to the ones shown in Figure 1.4
enable the reactors to be fuelled on power.The fuelling
machines in Darlington are mounted on trolleys which travel on
rails in a duct beneath the reactors. Each trolley can reach
and fuel any of the four reactors in the station.

A general view of the fuel handling system is given in
Figure 1.5, while Figure 1.6 illustrates a fuelling machine
head.
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From the point of view of fuel management important
characteristics of the fuel handling equipment are:

(a) Fuelling Rate: The system must be capable of fuelling the
number of channels pec week of full power operation as
determined from the average core discharge burnup.
Moreover, the system should be able to sustain a higher or
"catch up" fuelling rate for short periods of unusually
high fuelling demand or following fuelling machine outages.

(b) A break down of the time spent in each task leading to
fuelling one channel. These tasks include loading of fresh
fuel into the magazines, travel to the reactor face,
locating and inserting the fuel in the desired channel,
discharging of irradiated fuel, etc.

This is an important consideration when selecting the axial
fuelling scheme. As we shall see later, it may be more
efficient to replace, for instance, eight fuel bundles in a
single channel rather than four bundles each in two
different channels during one cycle of the fuel handling
system.

1.3.4 Fuelling Operation

In simple terms, in order to perform a fuelling operation, two
fuelling machines latch onto either end of a channel, new fuel
bundles are inserted from one machine in pairs, shifting the
remaining fuel along the channel and discharging irradiated
fuel into the other machine. Fuelling machines work in pairs,
one at each end of the coce.

The detailed operation of the fuelling machines is as follows:

To perform a fuelling operation the transport trolley carries
the fuelling machine heads under the reactor where they are
picked up by the carriage on the reactor bridge.

Each bridge is then raised to the reactor face and the fuelling
machine heads are positioned at opposite ends of the channel
about to be fuelled. Normally, one head carries fresh fuel
bundles while the other is empty.

The operations performed by the fuelling machines from this
point on are illustrated in Figure 1.7. Once the fuelling
machines lock onto the channel their heads are filled with
&20 and pressurized. A leak test is performed and, if
satisfactory, the channel closure and shield plugs are removed
and stored in a rotating magazine on the fuelling machine head.

At this point one fuelling machine head inserts fuel bundles,
.P. two at a time, from the fuel carrier into the channel. This
™ causes the string of bundles to be shifted and the two end

bundles to enter an empty fuel carrier at the other fuelling
machine head. This operation is repeated several times until
the desired number of bundles are loaded into the channel.

Following this, the channel closure and shield plugs are
replaced, the heads cooled and depressurized, a leak test
performed and, if satisfactory, the fuelling machines are
unlocked from the channel. All the operations of the fuel
handling system are performed automatically under the control
of a central computer located in the main control room.

1.3.5 In-Core Detectors

Current designs of CANDU reactors incorporate a large number of
in-core, self-powered detectors located between and
perpendicular to the fuel channels. The signals from these
detectors are proportional to the local thermal neutron and
gamma flux. They are used for a variety of purposes in the
reactor regulating and protective systems.

The on-power, bi-directional fuelling feature of the CANDU
implies that, once equilibrium is reached, the macroscopic
power and burnup distributions are approximately constant with
time. This, however, is only true in a macroscopic sense, if
we consider individual fuel bundles in a core region we notice
a significant variability in their irradiations and powers.
This is because fuel bundles in adjacent channels have
different "ages", i.e., have resided in the core for different
times, and hence have different burnups.

Since the in-core detector signals are proportional to the
thermal neutron and gamma flux in their immediate vicinity,
fuelling close to a detector may lead to a large change in the
signal. This change is, generally, undesirable since it may
not be possible to establish whether it reflects a macroscopic
change in the power distribution or simply a localized
perturbation.

The localized effect on the detector signal can be attenuated
by using "long" detectors, that is, detectors which extend past
several fuel channels. Nevertheless, this must be considered
when planning the fuel management for the core. In-core
detectors are used in most CANDU designs for three different
systems:

(a) flux mapping,
(b) regulating systems, and
(c) regional overpower (ROP) system.

Localized perturbations have an effect on all three systems.
It is, however, more important on the last two. All three
systems have been described with some detail earlier [10]. We
shall make only some qualitative remarks about the regulating
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and overpower systems to give a feel for how they might be
affected by fuel management.

1.3.6 Reactor Regulating System

The primary control devices for regulating both the bulk
reactor power and the spatial power distribution are iourteen
light water zone controllers. These devices are located in two
axial planes, each containing three assemblies. The assemblies
in each plane are subdivided into a total of seven controller
compartments each of which is individually controlled. The
general layout of the zone controllers is illustrated in
Figure 1.8.

The level of light water in each compartment is governed by the
reactivity balance required to regulate:

(a) the reactor power to a specific setpoint, and

(bt the spatial power distribution to a nominal distribution.

The basis for changing the levels is provided from measurements
of zonal power given by a set of in-core detectors, and fully
instrumented channels. The latter are fuel channels where
accurate flow and temperature measurements are taken to
determine the channel power.

The in-core detectors for this system are approximately
one metre long and, therefore, not particularly sensitive to
localized perturbations. Nevertheless, fuelling close to a
detector or fuelling ai> instrumented channel could leaci to an
erroneous indication ol the zonal power and therefore to
inappropriate control action. This may lead to difficulties in
maintaining the desired fuelling pattern as we shall see later
when discussing operating experience.

1.3.7 Regional Overpower System

In order to protect the reactor against local fuel bundle and
channel overpowers that arise from perturbations in the power
distribution or from postulated loss of regulation accidents,
CANDU reactors are equipped with a regional overpower (ROP)
system.

An "overpower" is a fuel bundle or channel power in excess of
specified safety related limits. These limits are distinct
from and above the normal operating limits on bundle and
channel powers.

The ROP system consists of a grid of in-core detectors, usually
40 to 60, distributed throughout the core perpendicular to fuel
channels. The detectors are mounted on special assemblies as
indicated in Figure 1.9. They are approximately one metre long

and are characterized by a fast response to changes in neutron
flux.

The detectors of an ROP system are grouped into three
protective channels. If, in response to a flux change in the
reactor core, the signal from one or more detectors in each of
two of the three protective channels exceeds a pre-determined
setpoint, a fast reactor shutdown is initiated. This is called
a "reactor trip". Current CANDU designs have two independent
and diverse shutdown systems each with its own set of ROP
detectors.

Because the microscopic flux distribution is time varying, a
detector will measure a flux at any given time which may be
highet or lower than the macroscopic average flux in its
region. Similarly, channel powers may be higher or lower than
their time averaged values. Figure 1.10 illustrates this
situation where the lower solid line shows the smooth time
averaged channel power distribution, and the X shows the
channel power at some instance in the reactor life. The basic
problem is that a detector which may be reading a low flux at a
particular time is required to protect channels in its vicinity
vhich may be relatively highly powered at that time.

To solve the problem, the detectors are periodically calibrated
so that they read the reference flux multiplied by the "channel
power peaking factor" (CPPF). The CPPF is determined by
computing the ratio of the instantaneous power to the reference
power for all the high power channels in the core, and
selecting the largest.The effect of this is that if the flux at
a detector rises above the reference value to its setpoint, the
reactor will be shut down before even the highest power channel
in the region reaches its overpower limit.

The CPPF is calculated regularly from a continuing simulation
of reactor power distribution which follows the operating
reactor. It is apparent that it is highly desirable to
minimize CPPF in order to maximize the margin between the
detector readings and the setpoint.

We will be discussing methods of computing the "reference"
power distributions, and estimating the CPPF during reactor
design in some detail in subsequent sections.

From the point of view of fuel management the ROP system
presents two problems. First, the fuelling strategy must
minimize the CPPF in order to allow the maximum operating
margin. This implies accurate control of the macroscopic power
distribution to ensure that "on average" the actual power
distribution is close to the reference. It also implies
minimizing the variations in the fine structure of the power
distribution and therefore, keeping to a minimum the .„.
perturbation due to fuelling. This means that an axial 433
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fuelling scheme in which a small number of fuel bundles is
replaced in a channel visit is preferable to one where a large
number of bundles is replaced. This, however, is not the only
consideration in deciding the optimum axial fuelling scheme as
we shall discuss in Section 3.4.

The second problem is caused by refuelling in the vicinity o£
one ROP detector. Concentrated fuelling near a detector will
increase its reading even though this may not increase the CPPF
in the core. The high detector reading, if not corrected by a
calibration, may lead either to spurious trips or power
deratings, both of which lead to loss of power production.

TABLE I.I

the pp.

Some Nuclear Design Data for the
Darlington Reactors

Gross Properties of Core

Core radius: 3.5 m
Number of fuel channels: 480
Number of bundles per channel: 13
Number of bundles in core portion of fuel channel:
Reactor length: 5.944 m
Average reflector thickness at mid point: 0.699 m
Coolant temperature (average): 276°C
Moderator temperature: 80°C
Fuel temperature (core average): 882oc
Radial power form factor: 0.863
Axial power form factor: 0.679
Overall form factor: 0.586
Total fission power: 2798 MW
Heat removed by coolant: 2651 MW
Unit electric output: 850 MW

12

Channel Ratings

Time-averaged maximum channel power: 6.4 MW
Time-averaged maximum bundle power: 787 kW
Linear bundle rating corresponding to maximum bundle power:
1590 kw/m of bundle length

Fuel Bundle and Channel

Fuel: Natural uranium dioxide
Number of elements per bundles 37
Element outside diameter: 13 mm
Pellet outside diameter: 12 mm
Bundle length: 495.3 mm
Average uranium dioxide density: 10-6 Mg/m3
Uranium dioxide weight per bundle: 21.23 kg
Zircaloy weight per bundle: 2.27 leg
Pressure tube material: Zr-Nb
Inner radius: 51.7 mm
Calandria tube material: Zr-2
Inner radius: 64.5 mm
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1 . CALANDRIA
2. CALANDRIA MAIN SHELL
3. CALANORIA-SIDE TUBSSHEET
4. CALANDRIA SUB-SHELL
5. FUELLING MACHINE-SIDE TUBESHEET

6. LATTICE TUBES
7. END FITTINGS
S. FEEDERS
9. CALANORIA TUBES

10. SHIELD TANK SOLID SHIELDING
11. STEEL BALLSHIELOING (END SHIELD!
12. MANHOLE
13. EMERGENCY DISCHARGE PIPES

14. MODERATOR INLETS
15. MODERATOR OUTLETS
16. SHUT-OFF UNIT
17. ADJUSTER UNIT
tB. VERTICAL FLUX OETECTOR
19. CONTROL ABSORBER
20. LIQUID ZONE CONTROL UNIT
21. END SHIELD COOLING PIPING
22. SHIELD TANK
23. SHIELD TANK EXTENSION
24. RUPTURE DISC ASSEMBLY
SS. MODERATOR OVERFLOW

FIGURE 1.1
REACTOR ASSEMBLY
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1 CHANNEL CLOSURE
2 FEEDER COUPLING
3 LINER TUBE
4 END FITTING BODY
5 CHANNEL ANNULUS BELLOWS
6 FUELLING MACHINE-SIDE TUBESHEET
7 END SHIELD SHIELDING BALLS

8 SHIELDING SLEEVE
9 SHIELD PLUG

10 OUTBOARD END FITTING SLEEVE
BEARING AND JOURNAL

11 SPACER SLEEVE
12 SPLIT (INBOARD) END FITTING SLEEVE

BEARING AND JOURNAL

13 TUBE SPACER
14 PRESSURE TUSE
15 FUEL BUNDLE
16 CAIANORIATUBE
17 CAIANDRIA-SIDE TUBESHEET
18 END SHIELD LATTICE TUBE

CHANNEL 'FLOATING'SIDE

19 LATCH ASSEMBLY
20 SHIELD PLUG
21 LINER TUBE
22 SHIELDING SLEEVE
23 POSITIONING ASSEMBLY YOKES
24 POSITIONING ASSEMBLY STUD

FIGURE 1.3
FUEL CHANNEL ASSEMBLY
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2.0 DESIGN METHODS FOR THE EQUILIBRIUM CCRE

2.1 Introduction

As we have seen in the first section, the equilibrium core
configuration in a CANDU reactor is characterized by
macroscopic power and irradiation distributions which do not
change significantly with time.

This, however, is only true in a macroscopic or time-averaged
sense. In reality, a limited number of channels are fuelled
every day to compensate for the loss of reactivity due to fuel
burnup. As a consequence, different fuel bundles will have
different irradiations which change with time. If we take a
"snapshot" of a CANDU core operating at equilibrium, we shall
see a fine structure in the power distribution, which varies
with time, superimposed on a smooth distribution which is
invariant with time as indicated schematically in Figure 2.1.
The "smooth" power distribution is often called the "nominal"
or "reference" power distribution since it forms the basis for
the design of a reactor.

The fine structure is considered in the design by adding
appropriate margins to the nominal design values. Note that
the "fine structure" we are considering here refers to the
channel to channel and bundle to bundle variations in flux and
power. Beyond this, there is an ultra-fine structure variation
in the flux distribution through the cell* and power
distribution within the bundle. This ultra-fine structure flux
distribution is also time varying since it is a function of the
irradiation of the fuel in the lattice cell.

Some quantities of interest to fusl management such as fuelling
rate, average discharge burnup, residence time of a fuel bundle
in the core can be derived from the "smooth" distribution.
Others, such as channel power peaking factor, require the
determination of the fine structure in the power distribution.
The fuel management methods for. the equilibrium cote can.
therefore, be divided into two broad classes, those required to
determine the nominal, smooth power distribution and those
required to determine "instantaneous" power distributions which
include the time-varying fine structure.

For each class several methods of varying degree of
sophistication have been developed and are used in different
phases of the design process. For instance, during the
conceptual design phase of a reactor, a large number of
alternatives usually have to be examined in a reasonable time.
An appropriate model is therefore one which is easy to prepare,
inexpensive in computer usage, and gives results with good
relative accuracy rather than absolute accuracy. The model
must have the ability to simulate the equilibrium core directly

* A unit cell is defined to include the fuel bundle, the
associated pressure and calandria tubes and the surrounding
moderator. See Figure 2.2.

since the initial core configuration may not be known and it
would be impractical to simulate the approach to equilibrium
period.

In the detailed design phase, absolute accuracy is more
important. The smooth power distribution must be calculated
with detailed three-dimensional core models which include
representation of all in-core structural materials and
reactivity devices. Also a determination of various
instantaneous distributions is needed to assess the adequacy of
the fuel design, the control system and the safety systems.

In this design phase, a model which allows the detailed
simulation of the approach to equilibrium transient is usually
required.

In this section we will examine these methods and point out
their limitations and applicability.

2.1.1 Nuclear Cross Sections

The isotopic composition of the fuel varies with the
irradiation of the fuel bundle and depends on the flux history
to which the bundle has been exposed. The cross sections for
the lattice cell containing the fuel bundle depend in turn on
the isotopic composition. It is neither practical nor
necessary to calculate the isotopic composition of every fuel
bundle as a function of its operating history in the core, even
if this were known in advance. Instead, we assume a
representative mean flux, and compute the fuel isotopic
compositions as a function of irradiation using this constant
value. The value commonly used is the flux-squared-weighted
mean flux*.

Lattice cell cross sections are then calculated as a function
of irradiation using a lattice cell such as shown in Figure
2.2. These are stored as tabulated functions of irradiation
for use in core flux distribution calculations.

2.2 Methods for Calculating Nominal Power Distributions

Two methods are normally used to determine the nominal,
equilibrium power distribution. They are usually referred to
as the "homogeneous" and "time-averaged" methods,
respectively.

2.2.1 Homogeneous Model Approximation

The continuous bi-directional fuelling of the CANDU can be
idealized by assuming that the fuel moves at a constant rate R
from one end to the other of the channels as illustrated
schematically in Figure 2.3.

The "flux-squared-weighted" mean flux is /** dV/* dV
, where * is the flux, and the integral is over the core.



The irradiation of the fuel is the integral of the flux seen by
the fuel in its travel along the channel.

The irradiation at position Z in the channel is given by:

= /

for a channel fuelled from the Z=0 end and is

•e
<&(7)

dz

for a channel fuelled from Z=L end.

The average irradiation at point Z is thus:

• 1/2 ["(^(z) + &>2

2 *gl dz
= 1/2 u (L) = a constant

The average irradiation along the channel is therefore
constant, so that reactivity and cross sections will also be
approximately constant. The average cross sections to be used
in the core calculation can be obtained from:

"exit

exit
£(u>)du

The two-group cross sections based on this approximation are
obtained directly from a lattice cell program that calculates
isotopic compositions and cross sections as a function of
irradiation. The cross sections are then used in a diffusion
code to generate the powr<- distribution. This is referred to
as "homogeneous" modal si ,ce the cross sections are constant
along the channel, that i - axially homogenous•

In most CANDU designs the :ore is divided into two concentric
irradiation regions. The irradiation in the inner region is
adjusted to give a flat flux distribution; that is, no radial
leakage. The outer region has a lower irradiation which is
selected so as to make the reactor critical. The flux in the
inner region is constant at the maximum value (See Figure
2.4). The size of the inner region determines the form factor,
that is, the ratio of average to maximum flux in the core.
Initially, in the conceptual design phase, simple
one-dimensional diffusion calculations are performed to
determine the approximate size of the two regions.

As the core design progresses, three dimensional core
calculations are performed. These calculations are normally
not very expensive in computer time since coarse mesh
subdivision can be used in the core model without significant
loss of accuracy. This is due to the very large neutron
migration area of the D2O lattices.

2.2.2 Time-Averaged Approximation

The "homogeneous" approximation cannot determine the variations
in power and flux which occur because a finite number of
bundles are replaced at every channel visit. The homogeneous
model neglects the axial fuel management scheme. To determine
the effect of the axial fuelling scheme the time average
approximation is used.

In the time average model we assume that the power distribution
which is calculated from cross sections averaged over the
residence time of the fuel is the time averaged power.

That is, we use cross sections which are obtained from:

/' Z (w)dw

where m 1 and «i 2 are the irradiations at the beginning and
at the end of the residence time and Aw = uj - uj_.

The £ 's will, in general, vary with axial position in the
channel since Aw varies with the flux at each position and
A a 1 Ht,

To obtain the initial and final irradiation for each axial
position we assume an axial flux distribution, then

& 00 1 * T,

where T is the residence time.

Now when the fuel string is pushed to a new position, the
irradiation at the start of the new cycle is equal to the end
of the cycle irradiation at the previous position. Therefore,
starting from the fresh bundles, and knowing the axial fuel
management scheme, we can determine
positions in the channel.

1 and u 2 for all

Generally, however, the residence time is not known, but the
average discharge irradiation is known (for instance, from a
previous homogeneous calculation). That is:

"out

1 N

= 1 £ 467



where the summation is over all the bundles discharged. But,

oo. =
1

where the summation is over all the positions occupied by the
bundle during its core residence period. Thus,

out
i 1

The double summation includes all positions in the channel.
This can be clarified by looking at Figure 2.5. As a
consequence:

Now if we know the axial flux shape 5>K we can derive the
residence time

T = out

and substitute to get

The fluxes we want to use in this equation are the time
averaged fluxes that we wish to calculate. We are, therefore,
in an iterative situation where the output of one calculation
must be used to provide the fluxes for calculating the input to
the next step in the cycle until the process has converged. In
practice convergence is achieved in a very small number of
iterations.

The basic steps in an iterative, time-averaged calculation are
illustrated in Figure 2.6 and described in the following:

1. An initial estimate is made of the exit irradiation, the
size and shape of the inner region. This can be obtained
from previous homogeneous calculations. An initial guess

468 for the axial flux shape is assumed.

2. The initial and discharge irradiations for each bundle are
computed from the exit irradiation, the axial flux shape
and the fuelling scheme.

3. For each position (bundle) in the channel, average cross
sections are calculated by integrating from initial to
final irradiation as illustrated in Figure 2.7.

4. with this cross section a core calculation is performed to
derive the flux distribution, the eigenvalue and the power
distribution.

5. steps 2 to 4 are repeated until the axial flux shape has
converged.

6. The irradiation of the inner region is adjusted to get a
flat channel power distribution in this region, the outer
region irradiation is adjusted to produce the required
excess reactivity. The relative size of the inner and
outer region is adjusted to get the desired form factor.
All these factors are not necessarily adjusted at every
iteration.

7. steps 2 to 6 are repeated until the desired form factor and
excess reactivity are obtained.

2.2.3 Comparison of Homogeneous and Time-Averaged Power
pistr ibutions

in order to get a feeling for the effect of the approximations
involved in the models discussed above, let us look at some
representative results. Table II.1 presents some data obtained
with the two approximations using identical reactor core
models. The main difference is in the maximum bundle power.
The burnup and the maximum channel power are quite close.

Figure 2.8 and Figure 2.9 give a radial channel power
distribution and an axial bundle power distribution,
respectively. Since both approximations ignore the fact that
adjacent channels are fuelled at different times, the channel
power distributions are similar. The axial power
distributions, as it is to be expected, are different. The
"homogeneous" approximation uses constant properties along the
channel while the "time-average" approximation includes the
effect of the discrete nature of the fuelling.

2.3 Methods for the Estimation of the Fine Structure
in the Power Distribution

As has been discussed previously, if we examine a CANDU reactor
operating at equilibrium, each channel will have resided in the
core for a different length of time' since it was last fuelled.



At a given time in the reactor's history we will have a fine
structure in the distribution of the irradiation which will
produce a fine structure in the distribution of power and
flux.

To calculate the effects associated with this fine structure in
the irradiation distribution, several methods have been
developed. They include:

(a) the random age approximation,
(b) the patterned age approximation, and
(c) simulation of time history of the core.

Figure 2.10 shows schematically the various quantities we are
trying to estimate. The maximum channel power, maximum Bundle
power, and channel power peaking factor (CPPF) in the core are
time-varying about some average value which is greater than the
corresponding value from a time-averaged calculation. Methods
(a) and (b) attempt to estimate the magnitude of the variable
fine structure by sampling "typical" irradiation distributions
from the range of possible distributions and calculating the
corresponding power distribution. Several calculations are
then combined to give statistical estimates of the required
quantities.

Method (e) requires a flux calculation at every time-step.
Since fairly long periods of operation must be simulated to
give representative results, this method is quite expensive,
even when a code optimized for this kind of calculation is
used.

2.3.1 The Random Age Approximation

The simplest method of obtaining an instantaneous power
distribution or a "snapshot" of a core at a certain time during
its equilibrium operation is to assume that a given channel has
equal probability of having resided in the core for any length
of time from its last fuelling to the next.

The irradiation of a bundle at position
is then given by the expression:

(i, j, k) in the core

where » i(k) is the bundle irradiation immediately after
refuelling, that is zero for the fresh bundle and equal to the
end of cycle irradiation at its previous position for a bundle
which has been shifted; w 2(k) is the bundle irradiation
immediately before refuelling and f(i, j) is the "age" of the
channel, that is the fraction of time since last fuelling for
channel (i, j ) .

The fraction, f, can be selected from a uniform random
distribution in the interval (0, 1) for all the channels in the
core, while mi and u>2 are obtained from a time averaged
calculation discussed previously.

The above equation assumes that the irradiation increases
directly with time, that is:

constant =

This implies that the flux is constant.

The irradiations produced by this method an be used to
calculate the corresponding flux and power distribution. By
selecting several random age distributions, we can obtain a
representative sample of power variations for the equilibrium
core without having to know the previous operating history.

Calculating irradiation distributions this way is not very
accurate, because the flux is not constant and because channels
are fuelled in a certain sequence by following specific rules,
as we will see later in this report, rather than at random.

This method yields results which are pessimistic in estimating
the maximum bundle and channel powers. The random sample
selected could result in large tilts in the power distribution
or in a "cluster" of fuel channels having approximately the
same age. This is not very realistic since, in reality, the
reactor will be fuelled carefully to avoid large tilts or
clustering. However, the method gives a conservative upper
limit, below which we can expect the reactor to operate.
Moreover, the results can be treated statistically to provide
more realistic estimates of the maximum channel and bundle
power and to compare the CPPF obtained from different axial
fuelling schemes as we shall see later.

2.3.2 The Patterned Age Approximation

The distribution of channel ages can also be selected assuming
that the channels in the core are fuelled in a fixed pattern.
To be useful, the selected fuelling pattern must maximize the
separation between channels fuelled sequentially and be
approximately symmetric so as not to produce gross tilts in the
power distribution. One pattern which is often used is based
on the Knight's move of the chess game. That is, the fuelling
sequence within a four by four square of channels is as shown
below:

2
9

12
5

15
4
1
8

6
11
14

3

13
16

7
10

This pattern is repeated over the whole core.

Each block of 16 channels can be laid over the core in super
blocks of 4 by 4 blocks and the fuelling sequence for the
blocks is the same as the sequence of fuelling channels within
blocks.



The patterned age approximation yields maximum bundle and
channel powers which are usually lower than achieved in
operating the reactor. This is because a rigid pattern in the
fuelling cannot be followed in practice since unusual or random
occurences such as, fuel failure, unavailability of fuelling
machines, etc., would destroy a pattern very quickly.

However, the results obtained from this approximation are
useful to provide a lower limit below which we would not expect
the reactor to operate with a given flattening of the cote flux
distribution.

5.

2.3.3 Simulations

The random and patterned age methods provide upper and lower
limits for the maximum channel and bundle power in the
equilibrium core. More realistic values can be obtained by
simulation of the core operation, that is, by calculating the
time history of the flux and power distributions at discrete
time steps. This type of calculation is used to obtain the
initial transient from start-up to equilibrium, to investigate
the effect of various refuelling rules and to follow the
fuelling of an operating reactor. These calculations are
expensive, particularly if a 3-dimensional model is used, and
therefore are not performed often during the design of a core.

The basic steps required in a simulation are as follows (see
Figure 2.11):

'

1.

2.

3.

Irradiation and flux distributions from a previous
calculation are used to start the calculation,
alternatively, the core can be assumed to be entirely fresh
fuel.

If the reactor requires fuelling, the channels to be
refuelled are either used as an input or are determined
according to some fuelling rules. We will discuss these
rules later on.

If a time step is to be taken,
bundle is calculated from:

the new irradiation for each

The new flux distribution, eigenvalue and power
distribution are calculated.

•"k

where ui

At)

ii i is the previous irradiation,
* k is the bundle flux from the

previous time step, and A ti is the
time increment.
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Cross section are calculated for each mesh point. This is
done by interpolating in a table of cross sections vs.
irradiation calculated beforehand by a lattice cell
program.

6. Steps 2 to 5 are repeated as required.

2.3.4 Comparison of "Instantaneous" Methods

Table II.2. illustrates maximum channel and bundle power
obtained from a simulation of the equilibrium core, and random
age and patterned age calculations. All these data were
derived assuming a uniform eight bundle shift, that is eight
bundles are replaced in a single channel visit for all channels
in the core.

The core models used in the simulation and the "random age"
approximation calculations are slightly different. However,
corrections have been applied to the results to account for
this. As we have discussed previously, the maximum channel and
bundle power obtained from the simulation are bracketed by
those obtained from the random and patterned age
approximation.

Table II.I

Comparison of Homogeneous and Time-Averaged Calculations

Homogeneous Time Averaged

Irradiation (input)
Inner region
Outer region

k-effective

Corrected average burnup

Maximum channel power
Maximum bundle power

1.72 n/kb
1.31 n/kb

1.00007

149 MWh/kg

6356 kW
697 kW

1.72 n/kb
1.31 n/kb

.99969

148 MWh/kg

6160 kW
7 51 kW



Table II.2

Results from Patterned Fuelling, Simulation and Random Fuelling

Time- Patterned Simulation
Averaged Instantaneous Average (2) Overall (3)

Maximum Maximum

Maximum
bundle
power (fcVJ) 788 807

Maximum
channel
power (kW) 6.46 6.67

816

6.72

851

6.96

Random (1)
Instantaneous

898

7.23

1. Results based on average of 3 runs with clusters removed by

statistical treatment (see Section 3.3.2).

2. Average maximum and channel powers over the time period.

3. Peak values obtained in the simulation.
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SIMULATION

3.0 FUEL MANAGEMENT CALCULATIONS FOR THE EQUILIBRIUM CORE

3.1 Introduction

In the previous section we have discussed some of the methods
used to calculate nominal and instantaneous power distributions
for the equilibrium core. In this section we will deal briefly
with the computer codes in which these methods are applied,
describe typical core models used and discuss the types of
calculation that have to be performed to provide design
parameters for the core and support the safety analyses.

3.2 Computer Codes

3.2.1 Lattice Cell Codes

Cell averaged nuclear cross section as a function of
irradiation are calculated by lattice cell codes which assume
unit cells such as that shown in Figure 2.2 in an infinite
repeating array of such cells. The computer code
POWDERPUFS-V [IT.] , developed by Atomic Energy of Canada Limited
(AECL), is most commonly used in CANDU fuel management
calculations. Other more expensive codes, such as LATREP [12]
and WIMS [13], are used for intercomparison of results and
specific purposes.

POWDERPUFS uses data about the geometry, materials, densities,
and temperatures of the cell to generate tables of two group
cross section? as a function of irradiation. It can generate
time averaged cross sections suitable for use in homogeneous
model calculations directly. It can calculate the effect of
perturbations on the unit cell for use in reactivity
coefficient calculations.

3.2.2 Core Physics Codes

Two computer codes are most commonly used for fuel management
core calculations in CANDU reactors. The first, FMDP (for Fuel
Management Design Program) [14] has been developed by Atomic
Energy of Canada Limited, it is used mainly for design and
analysis activities. The second program, SORO (for Simulation
Of Raactor Operation) (15], is mainly used to follow operation
of existing stations and select channels for fuelling. It is
also used to perform detailed cere simulation during the final
design of a reactor. This program has been developed by
Ontario Hydro.

Both programs perform a large number of different types of
calculations. A complete description would require
considerably more time than available here. We shall give only
a brief description of their main features.
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3.2.2.1 The FMDP Computer Program

This program is primarily intended as a design tool for
predicting reactor behaviour in response to various fuel
management schemes. It performs the calculations based on the
methods described in the previous section.

The program solves the two-group three-dimensional diffusion
equations by a finite difference iterative technique using
cell-centre fluxes. Succ ,<=ive point overrelaxation is
employed to accelerate the ̂  nvergence.

Some of the features of the code are:

(a) It allows variable mesh spacings. That is, the grid for
the flux calculations can be selected by the user to fit
the requirements of the problem without being limited by
the positions of the fuel bundles in the core.

(b) It can use extrapolated, symmetry and inhomogeneous
boundary conditions at all boundaries.

(c) It employs dynamically allocated variable dimensioning so
that the computer core memory required is selected
automatically to the size of the problem.

(d) It is of modular design. That is, each element which has a
distinct function is a separate entity with well defined
input and output. This makes the code flexible and easy to
modify. Similarly, the data are organized in blocks
according to function and type.

Three dimensional core models similar to the one illustrated in
Figure 3.1 are used in the FMDP program. Depending on the
requirement of the problem, symmetry can be used to reduce the
cost of a calculation.

Reactivity devices and structural materials are represented by
incremental cross sections which are added to the fuel cross
section of the lattice cells affected. These incremental
"supercell" cross sections are calculated separately by
suitable programs. Typical models have from 5,000 to 30,000
mesh points depending on the requirements of the problem.

3.2.2.2 The SORO Computer Program

SORO is the program used by Ontario Hydro to follow the history
of an operating reactor and to perform predictive simulations
of reactor operation for both reactors in-service and under
design.This program can also perform "homogeneous" and
"time-averaged" calculations. However, it is rot as flexible
as FMDP for these purposes.

SORO has been optimized for simulating operating histories. It
uses a simpler core model. However, its computing costs are
lower than those of FMDP.

The program reads its data from a master file on magnetic tape,
transferring it to a word addressable drum for 'use internally
by the program. The program then does any or all of the
following:

(a) It can update its data set from input data cards.

(bj It can increase the irradiation and burnup arrays to
simulate burn up over a time step.

(c) It can rearrange data arrays to simulate fuelling of
selected channels. The program keeps track of the location
of each bundle in core and the destination of each bundle
in the spent fuel bay.

(d) It can calculate the flux and power distributions by
solving the two-group three-dimensional diffusion equations
by accelerated point successive overrelaxation.

(e) It can print selected data blocks such as flux and power
distributions, lists of channels in decreasing order of
burnup, histograms of channel burnup and refuelling
reactivity gain. This information is useful to decide
which channels to refuel in the next period of reactor
operation.

(f) The program can select automatically the channels to be
fuelled in the next simulation step. We shall discuss the
criteria used in the next section.

3.2.2.3 Reactor Core Model in SORO

Only full core models are used in SORO. Symmetries are not
normally possible for detailed fuel management simulation.
Models almost always have one flux mesh point per fuel bundle.
Reactivity devices and structural materials are treated by
increasing the basic fuel cell thermal absorption cross section
with pre-calculated quantities. These quantities are usually
obtained by matching SORO results to values calculated by more
detailed codes such as FMDP. The program has been developed
specifically for UNIVAC computers. It takes advantages of many
special characteristics of this computer particularly in the
data handling.

Comparison of SORO with measured values will be discussed later.

480



3.3 Fuel Management Analysis of the Equilibrium Core

Fuel management analysis for the equilibrium core provides a
large number of quantities of interest in th<=. design or
operation of a reactor.

Some of these quantities are:

(a) core average burnup,
(b) fuelling rates,
(c) core reactivity decay per full power day of operation,
(d) reactivity change upon fuelling, and
(e) channel and bundle residence time in the core

These can be derived in a simple manner once the nominal flux
distribution has been calculated. For instance, the core
average irradiation, u, for a reactor with two concentric
burnup regions at average irradiation u)i and i»Q is derived from

P P. P

where P, Pi and P o are the total reactor power and the powers
of the two burnup regions. The reactivity change upon fuelling
is calculated from:

Ap (channel N) = V1
chanchannel

Apx$

where the first summation is over all bundles in the channel,
and the second is over the entire core, and

Ap =

with u a an(j u b being the irradiations after and before
fuelling, respectively, ands

p(u) [k(u) -ll

where:

/kfw)

vEt is the yield cross section,
XR is the removal cross section,

are the absorption cross sections for the
fast and thermal energy groups, respectively.

Fuel management calculations are also performed to provide data
for fuel design, accident analysis, and to select the axial
fuel management scheme.

3.3.1 Data For Fuel Design and Accident Analysis

An 850 MWe CANDU reactor contains nearly a quarter of a million
fuel elements in fuel bundles in the fuel channels. Each
element during its life in the core has a different power and
burnup history. This is because the power of the element
changes for reasons such as:

(a) changes in the concentration of fissionable isotopes,

(b) movements of the fuel in the channel during refuelling,

(c) perturbation in the flux due to maneuvering of reactivity
devices, fuelling of neighbouring channels, or xenon
transients, and

(d) changes in total reactor power due to normal power
maneuvering (i.e., load following) or abnormal conditions
(i.e., equipment malfunctions).

Clearly, analysis of every single element to assess its
behaviour for fuel design or for accident analysis is
impractical. Recourse is then made to upper bound techniques
and conservative assumptions.

For the CANDU reactor, this technique consists of calculating a
bundle power history envelope. This is a curve of expected
bundle power versus burnup which encompasses or "envelopes" all
possible individual bundle histories and includes all the
changes in fuel power due to the effects listed above.

The concept of bundle power history envelope is illustrated
schematically in Figure 3.2. Different fuel bundles in the
core have different histories. However, they all fall under
the "envelope". Clearly, if the analysis is performed for the
envelope, it will be conservative for all individual bundles
whose histories fall below it. To calculate the "envelope" two
methods are normally used.

The first one consists of simulating a long period of reactor
operation with the reactor at equilibrium. The "envelope" can
then be constructed by following the individual history of a
large number of bundles and choosing for each burnup interval
the highest power for the bundle or the element. This method
is accurate but rather expensive. A more economical end direct
method is the following.
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wher

It can be shown (Appendix 3ft) that the flux in the lattic cell
occupied by a particular fuel bundle can be related to the
average flux in the four neighbouring cells by the approximate
relation:

3.3.2 Calculation of Channel Power Peaking Factor

where *n is the average flux of the four neighbours,
the lattice pitch and:

2

B is the material buckling (calculated by a lattice code as
a function of irradiation) and B is the axial buckling of
the core.
The power of a bundle can be calculated from the average cell
flux as:

P = H*

where H is the power to flux ratio, which is calculated as a
function of irradiation by a lattice code.

If we assume that the flux *n is constant, which is not a bad
approximation for the equilibrium core, then we have the
relative bundle or element power as a function of burnup. in
this manner we have obtained the shape of the fuel power
history envelope but not its magnitude.

For the fuelling schemes normally used in CANDU reactors, the
maximum power of a bundle during its life in the core is
generally reached when the concentration of fissionable
isotopes is maximum. This occurs after a bundle has
accumulated some burnup as illustrated in Figure 3.3.

From this we can determine the burnup at which the bundle power
will be maximum. If we know the maximum bundle power we can
normalize accordingly the shape of the "envelope". The maximum
bundle power can be estimated on the basis of a simulation or
from instantaneous distributions obtained with the random age
approximation.

Additional margins are usually added to the maximum bundle
power obtained from simulations or instantaneous distributions

482 to allow for transients and provide operational flexibility.

As we have seen in the first lecture, one important parameter
which has to be derived from fuel management studies is the
Channel Power Peaking Factor (CPPF). This is defined as:

CPPF = Max / =

where CP(i,j,T) is the channel power distribution at time T,
and CP(i,j) is the "nominal" channel power distribution.

During the operating life of a reactor the CPPF is calculated
frequently with a program such as SORO which gives CP(i,j,T),
using a fixed nominal distribution CP(i,j).

In the design phase of a core, two methods are normally used
for this purpose. The first consists of using the results of a
long period of simulation for the equilibrium core obtained
from SORO or FMDP.

With this method CP(i,j) can be obtained simply by averaging
all the channel power distributions obtained in the course of
the simulation. This is:

whet
bunc

The
This
cons

i
N

CPn(i,j)

where N is the number of channel power distributions
calculated, -̂ nd CPnare the individual distributions. With this
we can derive the maximum CPPF or an average CPPF over the
period of simulation.

The second method consists of using the results of time-average
and instantaneous distributions. This is a direct method which
is useful particularly if we need to compare CPPF's for
different axial fuel management schemes. With this procedure,
the CP(i,j) is available from a time-averaged calculation while
CP(i,j,T) can be obtained from instantaneous distributions
using the random age approximation.

Usually a number of instantaneous distributions are calculated
using different "seeds" for the random number generator. For
each case, tilts in the power distribution are partly removed
by dividing the core into subregions and normalizing the
subregion power to an average value. We then calculate the
average ratio of instantaneous to time-averaged channel power
as:

where N is the number of chattels in the core or in the region
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of interest; and:

- r)2

where s is the standard deviation/ and is a measure of the
variability within the region. The CPPF is then calculate from:

CPPF = 1.0 +/f s

where s is the average standard direction from the various
instantaneous distributions.

This statistical procedure has the advantage of removing
effects of "clustering"; that isr a group of adjacent channels
having similar "ages" which results in unrealistic local peaks
and tilts in the power distribution. The method gives a very
good relative accuracy particularly if the same set of random
numbers is used when comparing different axial fuelling schemes.

3.4 Selection of Axial Fuel Management Scheme

One of the primary requirements of fuel management studies for
CANDU reactors is the determination of the optimum axial fuel
management scheme. For the once-through fuelling normally used
in CANDU-PHW, this requires determining the number of bundles
which are replaced with fresh ones or "shifted" every time a
channel is fuelled. This is referred to as the "bundle shift
scheme".

The select on of the bundle shift scheme is usually done by
comparing a number of possible schemes and determining the one
which minimizes total unit energy cost for the reactor while
satisfying the appropriate limits. This comparison is done
during the design phase to select the best scheme for reference
design and initial fuelling. It is also, at times, repeated
during the operating life of a plant to estimate whether
different conditions, such as availability of improved fuel
design or better knowledge of certain parameters acquired
during commissioning and operation warrant a change.

Since the CANDU reactors are fuelled on power, a change in the
bundle shifting scheme can easily be accomplished with a change
in the operating procedure, requiring little lead time, without
shutting down the reactor.

3.4.1 Basis For Comparing Axial Fuelling Schemes

In order to arrive at the axial scheme with the minimum total
unit energy cost, a series of parameters have to be calculated
and compared for each scheme. The parameters which are
normally required are:

(a) discharge burnup
(b) maximum channel power and channel power peaking factor
(c) fuelling machine usage
(d) fuel performance and bundle power

Many of these parameters are interrelated and therefore they
cannot be rigourously considered separately. Nevertheless, we
shall make some remarks about each to give an appreciation of
their importance.

3.4.1.1 Fuel Burnup

Usually, bundle shifting schemes involving a small number of
bundles, 2 or 4, give the highest burnup since they approximate
more closely the ideal "continuous" fuelling. However, the
loss of burnup associated with an 8 bundle shift is small while
10 or 12 bundle shifts produce a significant burnup penalty.

The discharge burnup obtainable from various schemes is usually
evaluated intially using a "time-averaged" model.

3.4.1.2 Maximum Channel Power and CPPF

Usually the time averaged maximum channel power is not
significantly affected by the axial fuel management scheme.
The variations in channel power with respect to the "nominal"
distribution, however, are strongly dependent upon the axial
fuel management scheme.

As we have seen in the first section, the ROP detectors are
calibrated, on a frequent basis, to reflect the maximum ratio
of instantaneous to nominal channel power or CPPF. In order to
maximize the margin to trip it is important that the CPPF be
kept at a minimum value. A fuel shifting scheme involving a
small number of bundles shifted may be preferable since it
causes small variations in the channel power distribution and
therefore a small CPPF. For instance, the (CPPF-1) obtained
from a eight bundle shift scheme is about twice that obtained
from a four bundle shift scheme.

Current CANDU reactors are designed so that the ratio of the
limiting channel power to the nominal channel power is higher
for the channels in the outer part of the core. Thus, higher
CPPF can be tolerated in the outer region than in the inner.
As a consequence, mixed fuel shifting schemes involving, for
instance, 4 bundle shift in the inner region and 8 bundle shift
in the outer core region are often considered and used.

3.4.1.3 Fuelling Machine Usage

In order to minimize the load, and the maintenance costs on the
fuelling machine, the number of fuelling operations should be



kept to a minimum. From this point of view, the more bundles
are loaded per cycle, the fewer visits the fuelling machine has
to make to the core. Fuel shifting schemes involving large
number of bundles are therefore desirable.

There is an upper limit on the capability of the fuel handling
system so that it may not be possible to fuel the entire core
with the a fuelling scheme involving a small number of bundles
per shift, for example, a four bundle shift. As discussed
previously, it is possible to fuel outer region channels with
eight bundle shifts and inner region channels with four bundle
shift. The fuel handling system capacity then determines the
size of the region which can be fuelled with four bundle shifts.

3.4.1.4 Fuel Performance

Another factor considered in selecting the axial fuelling
scheme is the fuel performance, specifically, the probability
of fuel defects. If irradiated fuel bundles are moved along
the channel from a low power position to a high power position,
the sudden increase in power (power ramp) may cause the bundle
to fail.

As an example, one can consider the typical bundle history
shown in Figure 3.4 for a 4 bundle shift scheme. The bundle at
position 2 moves to position 6 and its power increases from
about 400 to over 800 kW. This increase exceeds the
empirically determined limit shown on the figure as the "defect
line". Fuel bundles whose power exceeds this line have a
significant possibility of failure. A discussion of the
current power ramp performance criteria is given in [16] .

3.5 Comparison of Various Fuelling Schemes

Table III.l and III.2 compare FMDP calculations for various
bundle shift schemes for an 850 MWe reactor. Note that the
time averaged calculation reveals very little difference among
the various schemes. However, the CPPF values for the schemes
are:

Appendix 3A

Derivation of Cell Flux Equation

Using a one-group, discrete diffusion theory model, the flux in
a bundle is coupled to the flux in the neighboring bundles bys

-£* + 4 $
n

(1)

where £ * n is the sum of the fluxes in the neighbors,* is
the neutron flux in the cell containing the bundle, B2 is the
local radial buckling, which is a function of burnup, and £ is
the lattice spacing. The axial leakage is treated by assuming
a cosine axial flux distribution, so that the radial buckling
is given by:

where

B 2 =

B„

- (TT/L)

is the cell material buckling which is a

(2)

function of irradiation, « , and L is the extrapolated core
length. This is a fairly reasonable assumption for
eight-bundle shift fuelling. Equation (1) can now be
rearranged to yield:

(3)

1.120 for all eight bundle shift,
1.064 for 4 bundle shift in inner 208 channels, 8 bundle

shift elsewhere,
1.061 for 4 bundle shift in inner 256 channels, 8 bundle

shift elsewhere, and
1.050 for all 4 bundle shift.

Note that the CPPF in the four bundle region of the mixed
schemes is higher than for a complete 4 bundle shift scheme.
This is because eight bundle shifted channels on one side of
the interface increases the CPPF of the four bundle shift

484 channels immediately on the other side.

where *n = 1/4 I * n is the average flux in the neighboring
cells. If we assume that, on the average, *n is constant,
then we can use (3) to get the variation of * with burnup.



TABLE III.l

FUEL MANAGEMENT DATA FROM FMDP TIME AVERAGED CALCULATIONS

Cote fission power is 2773.5 MW
Core thermal power is 2651.0 MW
Zone controller level is 40%

Inner region size is 208 channels
Outer region size is 272 cnannels

Fuelling Scheme
B bundle
shift

4 inner (208)
8 outer 1272)

4 inner (256)
8 outer (224)

4 bundle
Shift

Inner region irradiation 1.795 n/kb 1.795 n/Kb 1.795 n/kb 1.795 n/kb

Outer region irradiation 1.555 n/kb 1.555 n/kb 1.555 n/kb 1.555 n/kb

7. .

Average exit irradiation

Calculated k-effective

Average exit burnup

Fuelling rate
(channels/day!

Feed rate (bundles/day)

1.664 n/kb

.99981

165.3 MWh/kg

2.69

21.5

1.665 n/Kb

1.U0002

166.1 MWh/kg

2.45, inner
1.45, outer

21.4

1.665 n/kb

1.00007

166.3 MWh/kg

3.06, inner
1.14, outer

211.4

1.664 n/kb

1.00020

166.6 MWh/Kg

5.34

21.4

Reactivity decay rate
(milli-k/day)

-.393 -.402 -.405 -.418

Maximum channel power 6458 kW 6514 kW b509 KW 6499 kW

Maximum bundle power 788 kW 777 kW 785 kW 793 kW

415



TABLE III. 2

RESULTS FROM FMDP INSTANTANEOUS CALCULATIONS

8 Bundle Shift Fuellinq

Case

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters removed

4 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters removed

Scheme

k-eff

.99981

1.00053

.99990
1.00018
1.00138

Scheme

1.00020

1.00047

1.00005
1.00029
1.00082

Maximum
Channel
Power (kW)

6458

6668

7323
6938
8098
7953
7233

6499

6617

6812
67 56
6848
6806
6824

Maximum
Bundle

Power (kW)

788

807

944
824
997
921
898

793

809

879
832
852
854
849

Estimated
CPPF

(1 + 30)

1.047

1.140
1.083
1.137
1.120

1.024

1.063
1.038
1.050
1.050



TABLE I I I . 2 Continued

Case

4/8 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters Removed

4/8 Bundle Shift Fuellinq

Time averaged

Patterned Instantaneous

Random Instantaneous
Case 1
Case 2
Case 3

Average of Random
Clusters Removed

k-eff

Scheme, 108

1.00004

1.00043

1.00033
1.00053
1.00147

Schemer 256

1.00007

1.00061

1.00005
1.00092
1.00146

Maximum
Channel
Power (kW)

inner, 272

6514

6628

7096
6737
6915
6913
6990

inner, 224

6509

6595

7180
6687
69b7
6945
6906

Maximum
Bundle

Power (KW)

outer

777

788

899
839
840
859
846

outer

785

792

911
835
861
902
846

Estimated
CPPF

(1 + 30)

4 B.S.
Reqion

4 B.S.
Reqio"

1.028

1.084
X.050
1.057
1.064

1.028

1.079
1.045
1.058
1.061

8 B.S.
Reqion

8 B.S.
Reqion

1.046

1.098
1.060
1.065
1.073

1.053

1.076
1.059
1.062
1.066
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FIGURE 3.2
CONCEPT OF BUNDLE POWER HISTORY ENVELOPE
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4.0 FUEL SCHEDULING DURING APPROACH TO EQUILIBRIUM AND
EQUILIBRIUM

4.1 Introduction

During approach to equilibrium and equilibrium operation of a
reactor the fuel scheduling or fuel replacement pattern has to
be determined. For the CANDU reactors, fuel scheduling -
requires the determination of: i) the bundle shift scheme, and
ii) the sequence of channels to be fuelled.

The determination of the bundle shift scheme is mainly a design
problem. Normally, it is specified before the reactor is
commissioned, although operating experience may lead to
changing the originally specified scheme.The determination of
the sequence of channels to be fuelled is an operating more
than a design problem.

While designing a reactor, it would be possible to specify the
detailed schedule of fuel movements, giving the time of each
move in the lifetime of the reactor in terms of integrated
reactor power. Such a detailed fuel schedule is of limited
value for the following reasons.

(a) It might be unusable because no allowance can be made in
this type of approach for unusual, random or unforeseen
occurences such as temporary unavailability of the fuelling
machines, fuel failures, or action of the reactor
regulating system.

(b) It would likely be inefficient, since it would not take
into account inaccuracies in the calculations, and
experience gained during commissioning and operation of the
reactor.

Detailed simulation of reactor operation are performed to
provide the operator with some broad guidance in the form of
general fuelling rules. These rules should be framed so as to
allow the operator to make a decision as to the action to take
under a large range of conditions using the information which
tie has available on the state of the reactor.

In this section, we will discuss the general rules used to
select the channels to be fuelled during reactor operation. We
will examine how these rules are used in computer programs for
reactoc simulation and review some of the characteristics of
fuel management during approach to equilibrium and
equilibrium. Some data obtained from the operation of the
Bruce NGS A reactors will be used for this purpose.

4.2 Rules for Channel Selection

The selection of the channels to be fuelled is usually made on
M A the basis of the following general guidelines:

1. Priority in fuelling is given to channels with the highest
burnup. This is an obvious requirement. To minimize the
total unit energy cost it is desirable to maximize the
burnup obtainable from the fuel. Therefore, for any
reactor configuration, the high burnup channels are the
ones to fuel, where possible.

2. The power distribution must be controlled to approximate
the reference power distribution in order to limit
overpowers and minimize CPPF. Underpowered zones are
fuelled preferentially and overpowered zones are avoided.

3. The power distribution has to be kept symmetrical.
Distortions in the power distribution would increase the
load on the reactor regulating system and increase the
probability of reactor trips by reducing the margin
available at the ROP detectors (see Section 1 ) . In order
to maintain a symmetrical power distribution, two factors
have to be considered:

(a) Axial distortions can be minimized by fuelling an
equal number of channels having opposite fuelling
direction at about the same time. As we have seen, in
CANDU reactors, adjacent channels have opposite
fuelling and coolant flow direction. In order to
avoid end-to-end tilts it is desirable that an
approximately equal amount of fresh fuel is present at
each end of the core at all times.

(b) Radial and azimuthal distortion can be avoided by
fuelling an equal number of channels in each zone
controller region. As we have seen in Section 1,
CANDJ reactors are divided for control purposes in
seven radial azimuthal zones, each containing two
axial light water controllers and a set of measuring
devices. Fuelling an equal number of channels in each
controller zone helps to keep the level of light water
in each controller compartment close to the average
for the reactor and to minimize radial and azimuthal
distortions in the power distribution. If distortions
are already present, low zones are preferentially
fuelled to raise the power.

4. Maximum separation is maintained between channels fuelled
at about the same time. Concentrations of freshly fuelled
channels would create "hot spots" in the power distribution
increasing the probability of fuel defects, and increase
the CPPF, thereby reducing the margin to ROP trip.

5. High reactivity gain in the channels fuelled is desirable.
Sufficient reactivity is normally maintained by adjusting
the fuelling rate to compensate for the reactivity loss due
to fuel burnup. when this fuelling rate cannot be
maintained, it is necessary to select channels which will



produce high reactivity gain upon fuelling. These are the
high burnup channels with high neutron importance/ usually
channels in the innermost part of the core.

Obviously these guidelines do not provide a unique selection
and are often conflicting. The process of channel selection
for fuelling is then performed by compromising and trying to
achieve a satisfactory overall balance. The procedure used to
sele'ct the channels to be fuelled in an operating station will
be examined later on.

4.3.1 The AUTOFUEL Metnod

4.3 Simulation Methods

In Section 2 we discussed the basic steps required to perform a
simulation of a period of reactor operation. These are
illustrated in Figure 2.11. The second step involves the
specification of the channels to be fuelled in the next
irradiation period. The SORO or FMDP computer programs are
used for these calculations.

In both these programs the selection of the channels to be
fuelled can be made "manually" or "automatically".

In the "manual" selection mode, the user specifies in input to
the program the channels to be fuelled. The manual selection
is usually performed in the following steps:

(a) The user decides how many channels should be fuelled in the
next irradiation step, typically 5 or 10 full power days,
in order to maintain the desired reactivity margin. This
could be done on the basis of previous experience or with
the aid of the reactivity gain per channel fuelled
calculated using a simple one group perturbation theory
method.

(b) SORO or FMDP produce, from the last calculation, a list of
channels in decreasing order of burnup, the channel bundle
power and irradiation distribution. On the basis of these
data, the channels which best fit the above mentioned
guidelines are marked for fuelling in the next simulation
step.

The process may require repetition of some steps if the results
are not satisfactory and the conclusions depend to some extent
on the "experience" of the user. The manual method is very
flexible since different rules can be used easily. It is,
however, very time consuming and its use is reserved for
detailed studies when the parameters of the reactor ace well
established.

To eliminate this repetitive "manual" selection of channels to
be fuelled, an "automatic" procedure has been developed. In
the "automatic" mode, the guidelines discussed above are
translated into a series of logic steps that are programed into
the computer, and result in a selection of a set of channels at
every time step. A description of the salient features of the
method as implemented in the SORO program is given below. The
FMDP algorithm is very similar.

In performing a simulation with this method, which is
incorporated as a module in both the SORO and FMDP programs,
the channel selection is done in the following steps:

(a) The reactor core is divided into burnup regions. There are
typically two burnup regions in current CANDU designs. For
each burnup region a minimum acceptable discharge burnup is
specified.

(b) The burnup regions are further subdivided into blocks of
channels. Each channel block is assigned a target or
reference power, usually obtained from a time-averaged
calculation. A typical model for an 850 MWe reactor is
shown in Figure 4.1.

(c) The allowable maximum bundle and channel powers, and
fuelling rate are specified. Also a linear reactivity
rundown rate is given in input, together with the excess
reactivity from the previous flux calculation. All ether
data needed such as reactor geometry, bundle and channel
power distribution, etc., are available from other SORO
modules.

For each time step the sequence of operations is illustrated in
Figures 4.2 and 4.3 and consists of the following:

(a) For each channel, the expected reactivity gain from
fuelling is evaluated using a one-group perturbation theory
method. The required reactivity insertion to maintain the
desired margin over the next period of simulation is also
evaluated.

(b) Each pair of symmetric channel blocks is tested for
excessive difference in power or tilts. If the tilt is in
excess of a specified limit, the block with lower power ~'.s
marked for fuelling.

(c) The power of each symmetric pair of block is calculated and
a list of the power for each pair of blocks is produced in
order of decreasing percent variation from the reference
block power. 491



(d) For each block selected in (b) and, starting from the top
of list produced in (c), for each pair of symmetric blocks
a channel is chosen for testing on the basis of the highest
burnup in the block. Before the channel is accepted for
fuelling, it is tested for:

i) fuelling di-ection - if too many channels have already
been fuelled in that direction the channel is
rejected. This is done to maintain axial symmetry.

ii) surrounding channels are checked for high bundle and
channel power, or for recent refuelling. This is done
to avoid creating "hot spots" in the power
distribution.

If the channel does not satisfy the above two criteria, it
is rejected and the channel with the second highest burnup
in the block is tested.

(e) The process is repeated until enc-jgh channels have been
found to give the desired reactivity insertion over the
next period of simulation.

(f) At the end of the selection process, the channels are
fuelled and the calculation continues as specified in
Section 3.3.

This method usually gives maximum channel and bundle powers
wh.ich are slightly higher than obtained with the "manual"
selection. Obviously, in using "manual" selection the same
rules can be used with more flexibility. However, comparisons
of results obtained from AUTOFUEL with actual data for the
Pickering reactors give a rather satisfactory agreement.

4.4 Initial Fuel Loading and Approach to Equilibrium

Having discussed the criteria used in deciding the fuel
scheduling for the equilibrium core, we will now examine some
of the characteristics of the initial core and the transient
leading to equilibrium operation.

4.4.1 The Fresh Core

4S2

As we have seen, most CANDU designs have two burnup regions
when at equilibrium. This differential burnup is used in
combination with absorber rods to flatten the power
distribution. At the time of first start-up, a CANDU core
consists entirely of fresh fuel. In order to be able to
operate the reactor at full power without exceeding the target
values on maximum channel and bundle power, additional flux
flattening is often required.

Bundles having a concentration of U-235 lower than natural
uranium are loaded in some positions of the inner core
channels. These "depleted" bundles have lower reactivity than
natural OO2 bundles, and hence tend to reduce the flux and
power in the inner region. They are removed from the core
during the course of normal fuelling and replaced with natural
UO2 bundles. By that time, there is sufficient differential
burnup to flatten the flux distribution, and special bundles
are no longer required.

The 850 MWe CANDU reactors are loaded at start-up with two
"depleted" bundles in each of the inner burnup region
channels. In the case of the Darlington reactors, the U-235
concentration of these depleted bundles will be 0.57 percent by
weight.

4.4.2 Initial Transient to Onset of Fuelling

The initial reactivity transient is illustrated in Figure 4.3.
At start-up, the core has a considerable excess reactivity
which is compensated by adding soluble boron poison to the
moderator. As the fuel burns up, plutonium is produced so that
the core excess reactivity initially increases up to about 50
full power days. From this time the concentration of
fissionable isotopes in the fuel decreases, as does the
reactivity. By approximately lit) full power days, the core
excess reactivity falls to zero, and some fuelling must be done
to keep the reactor operating.

The maximum channel power versus time is presented in
Figure 4.4. The trend is similar to that of the reactivity. A
peak is reached at approximately 50 to 60 full power days.
Then the maximum channel power decreases until onset of
fuelling. By this time the channel power distribution is
overflattened and some fuelling must be done to remove the
depleted bundles from the core inner region and bring the
channel power distribution to equilibrium shape. This is shown
in Figure 4.5.

4.4.3 Initial Fuelling Up to Equilibrium

Fuelling usually begins shortly before the boron concentration
in the moderator falls to zero. The fuel scheduling is done
using procedures similar to the ones followed for the
equilibrium core. The bundle shifting scheme which will be
used for equilibrium fuelling is also used in this period while
the channels to be fuelled are selected on the basis of the
general guidelines discussed previously. These guidelines,
however, must be applied with some caution since fuel
management during approach to equilibrium presents some special
problems.
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At the onset of fuelling the inner core region has the highest
burnup and the lowest power relative to the equilibrium power
distribution. If we wish to maximize the discharge burnup and
bring the power of the inner channels rapidly up to the
equilibrium value, we should fuel preferentially in this Legion.

Only some channels, however, can be fuelled in the inner region
before the power rises to the equilibrium value, After that,
some outer region channels must be fuelled in order to keep the
reactor critical. Xn the outer region, channel burnup
decreases with increasing radius so that fuelling tends to
proceed generally from the inside toward the outside.

To avoid "hot spots" we have to maintain separation between
channels which are fuelled at approximately the same time.
Therefore, only a few channels are fuelled in each ring in the
first cycle. Channels missed will be fuelled on subsequent
cycles until the burnup in each ring reaches an approximately
uniform distribution between fresh ana discharge.

In practice, for every period a mixture of inner and outer
channels are fuelled with the aim of maintaining a symmetric
power distribution and a fuelling rate high enough to
compensate for the reactivity loss due to fuel burnup. This
procedure implies that the channel with the highest burnup is
not always the one which is fuelled. In going from onset of
fuelling to equilibrium, the average burnup of the discharged
fuel bundles increases approximately linearly until the
constant equilibrium burnup is achieved. Usually, during this
period the fuellinj rate is significanf.y higher than at
equilibrium and may present considerable variations around the
average, if care is not taken to maintain a balance of inner
and outer channel fuelling in a given time period. Fuelling
outer channels results in very small reactivity gains since
these channels have low neutronic importance and also low
burnup.

In the approach to equilibrium period, many of the discharged
fuel bundles have low burnup since they come from outer
channels or end positions in the channel. These bundles can be
recycled into other channels to acquire additional burnup.
This would result in a better utilization of the fuel.
However, it would complicate considerably the fuel scheduling
and increase the fuelling machine usage at a time when the
iuelling rate is already abnormally high.

Recycling of fuel bundles has not been used in the nuclear
generating stations operated by Ontario Hydro because the
operational problems outweigh the advantages. Different
economic conditions, however, can make the recycling attractive.

Usually a detailed simulation of the approach to equilibrium
phase is performed, using SORO or FMDP, just prior to

commissioning tha reactor. This is useful because of the
special problems associated with fuel scheduling during this
period and also to provide the operator with some general
guidance on the reactor response before actual experience is
available.

4.4.4 Approach to Equilibrium for the Bruce A Reactors

The Bruce A Nuclear Generating Station consists of four
identical 740 MWe reactors which were placed in service between
1976 and 1979. The reactors are very similar to the Darlington
units described in the first section.

Before the first unit started up, a "manual" simulation of the
approach to equi.libi.ium period was performed using the SORO
computer program. As we have mentioned, SORO is also used to
follow reactor operation, that is, to simulate the fuel
scheduling using input data obtained from actual operation of
the reactor. These data include the sequence of channels
fuelled as a function of time, the position of the reactivity
control devices averaged over the irradiation step and various
random occucances such as temporary unavailability of the
fuelling machines, associated with reactor operation.

Figure 4.6 illustrates the burnup of the discharge bundles as a
function of integrated reactor power. The data obtained from
the "manual" SORO simulation are plotted with thoso obtained
during operation as calculated in the routine "monthly" SORO
run for the first two reactor units placed in service.

The agreement is quite good. Note that the channel fuelling
sequence is different in the three cases. The burnup increases
in linear fashion until an approximately constant value is
reached. At this point the core is considered at equilibrium.
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5.0 Fuel Management and Reactor Operation

5.1 Introduction

The last two sections are concerned with fuel management during
reactor operation. We shall review the procedures used by
Ontario Hydro to plan and implement the fuel scheduling,
discuss some special problems that arise during reactor
operation and present data to demonstrate our ability to meet
the objectives of efficient fuel management. These sections
are of particular interest for the reactor physicist who is
involved with the daily operation of a CANDU reactor, or who
provides advice to the operating staff when unusual or
unforseen situations develop.

5.3.1 The Role of Head Office Staff

5.2 Organization of Ontario Hydro With Respect to Fuel
Management

Ontario Hydro is the electric utility serving the Canadian
province of Ontario. Currently it has an installed electrical
capacity of approximately 25000 MW of which over 5000 MW are in
Nuclear Generating Stations (NGS), all using CANDU-PHW
reactors. The nuclear stations operated by Ontario Hydro are
listed in Table V.I, along with the ones currently under
construction. Within Ontario Hydro, the Nuclear Generation
Division has the responsibilty for operating the stations, and
for planning and implementing the fuel scheduling. A staff
group, located away from the generating stations, defines the
limitations within which the fuel should operate, provides
expertise in the event of unusual or unexpected occurrences,
and analysis of long term problems. The work includes support
and co-ordination of research and development activities to
anticipate the cause of malfunctions or provide improved
performance for the fuel. It also includes feedback of
operating data to the designers of new generating stations.

The operating and technical personnel at the stations are
concerned with the daily operation of the reactor and with the
solution of problems which do not require the use of
specialized tools (i.e., large computers) or methods. This
type of organization, which has been built over a considerable
period of time, is appropriate for utilities with a large
nuclear capacity in their generating mix, and may not be
typical of other utilities operating CANDU reactors.

5.3 Procedures for Fuel Scheduling in Ontario Hydro

The planning and implementation of the fuel management is a
co-operative effort between head office and station operating
staff, with a key function being provided by the "monthly" SORO
simulation. Their roles are discussed in the following.

The activity of Head Office staff with regard to fuel
management usually begins well before the reactor is
commissioned. Studies are done, in collaboration with the
reactor designers, to compare various fuel bundle shifting
schemes and select the most suitable for reactor operation.
Calculations are performed to determine the initial fuel
loading and to simulate the initial core transient and the
approach to equilibrium.

Results of these studies are used, in conjunction with the data
provided by the designers, to plan the fuel procurement and
fabrication. Very often the effects of varying fuelling rules
are studied oy simulating a period of operation at
equilibrium. The results are usually reviewed and discussed
with the operating staff and may be used as part of their
training.

During reactor commissioning and initial low power operation,
special tests are performed to verify oc improve the accuracy
of the data and computer methods which will be used later in
fuel management. These tests typically include measurements of
reactivity worth of control and shutdown devices, flux
distributions, etc.

Once the reactor begins power operation, the Head Office
personnel follow the fuel management by running the SORO
program, usually on a monthly basis, to simulate the actual
station operation. Support to operating staff is also provided
in the event that unusual problems lead to special difficulties
in planning the fuel scheduling. Typical examples are the
occurrence of fuel defects or the temporary unavailability of
the fuel handling equipment. We shall discuss these problems
later in this section.

Complementary to this function of direct support is the
collection and analysis of operating data. Activities in this
area include:

(a) Fuel performance analyses. The output from the monthly
SORO simulation provides the input to a program which
records the operating history of each bundle which has gone
through the reactor. These data are analyzed to determine
the mechanisms leading to fjel defects and to provide
feedback to designers on criteria for more efficient
operation of the reactor.

(b) Analyses of the reactor regulating and protective systems
to optimize their performance and assure that the
reliability targets are met.
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(c) Calculation of cobalt activity in the adjuster rods. The
Pickering NGS A units are equipped with adjuster rods made
of cobalt. These are periodically removed from the core
when they reach a certain activity since the Co-60 produced
has a commercial value.

5.3.2 The Role of the Fuel Engineer

Each operating station in Ontario Hydro has a "fuel engineer".
This is a professional or a group of professionals who have the
responsibility for planning the fuel scheduling on a daily
basis and dealing with all operating problems related to
reactor physics. Once the bundle shifting scheme has been
selected through design studies, the main function of the fuel
engineer is to provide the operators with a list of channels to
be fuelled in the following period of operation. In order to
determine this list at any given time, the fuel engineer must
first establish the status of the core and of other systems
such as ROP, reactor regulating system, etc. which are affected
by fuelling.

To determine the status of the core the fuel engineer has
available the latest SORO simulation and readings from the
reactor's instrumentation. The SORO output contains all the
information needed to plan the fuel scheduling on the basis of
the general guidelines discussed in the previous lecture. This
output includes the detailed channel and bundle power
distributions, the irradiation of each bundle or channel in the
core and a list of channels in descending order of burnup for
each zone. The SORO simulation, however, is normally performed
on a monthly basis and therefore the information provided may
be partially or completely out-of-date.

While in general the irradiation distribution or the channel
burnup provided by SORO are still approximately valid, the
local bundle and channel power distribution may have changed
significantly since the simulation was performed.

The power distribution, however, can be inferred from the
available reactor instrumentation readings. The
instrumentation varies from station to station. Some stations
such as Bruce NGS A have a flux mapping system which provides
an on-line three-dimensional map of the flux distribution using
the signals from a set of in-core detectors and a modal flux
synthesis method [17]. Other stations, such as
Pickering NGS A, have coolant temperature instrumentation at
the outlet end of each fuel channel and at the inlet reactor
headers. In general, a first indication of the power
distribution can be obtained from the distribution of the water
level in the zone controllers. A persistent low lavel in one
zone may indicate that the zone is underpowered and needs

fuelling. A better indication of the power distribution can be
derived from flux mapping or temperature rise across each
channel.

Once the status of the core is established, the fuel engineer
can select the channels to be fuelled using the channel burnup
list from SORO and the general guidelines discussed
previously. Particular care is usually taken to account for
the effect that fuelling may have on the ROP and control system
in-core detectors. Special SORO predictive simulations can be
performed or the fuel engineer can rely on the experience
obtained in similar situations.

Usually, enough channels are selected at one time to allow
fuelling at the desired rate for one to two weeks at full power
operation. The list of channels selected, however is
re-evaluated and, if necessary, revised on a daily basis to
reflect the current status of the core. The frequency of
predictive SORO simulation usually varies with the age of the
reactor and the experience of the fuel engineer. For the
initial period of operation at Bruce NGS A, predictive
simulations were performed twice weekly on average. This
frequency has now decreased considerably.

5.3.3 The SORO Monthly Simulation
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Apart from the various predictive simulations which may be
required, a SORO simulation is performed once a month to
provide data on the operating history of the reactor for the
previous month of operation.

The simulation is performed following the steps described in
Lection 2.3.3. Some of the input data, however, are obtained
d.Mrectly from the station's records. These data include the
set̂ -sice of channels fuelled during the month, the position of
the zone controllers averaged over a period of 4 or 5 days, the
reactor power history and data to identify the fuel bundles
which have been loaded or discharged from the reactor during
the period.

In the simulation, a flux calculation is performed at intervals
of 4 to 5 full power days. The channels fuelled during each
interval are simulated as being fuelled in a batch at the
beginning of the interval. This tends to overestimate slightly
the actual maximum bundle and channel power, and core
reactivity. A number of tests performed have indicated that
the error is negligible for practical purposes. This is in
contrast to FMDP which simulates fuelling within the interval.

The output from SORO includes, as we have seen, the power and
irradiation for each bundle at each time step and several other
data which are used for fuel accounting (i.e. bundle serial
numbers) and long term analyses.



5.3.4 Accuracy of SORO and SORO Simulation

Given the importance of the SORO simulation in planning and
following the fuel scheduling, the code has been extensively
validated against operating data.

Figure 5.1 presents a comparison of channel power as calculated
by SORO, and as measured by instrumented channels for the
Bruce NGS A reactors. The mean diffference is -1.8% with a
standard deviation of 3%. The agreement is within the error of
the instrumentation. Another way of verifying the SORO
simulation is to compare the discharge burnup of selected
bundles with that obtained by measuring, through chemical
separation and mass spectrometry, the U-235/U-238 ratio and
deriving the burnup from a lattice code. The results for
various elements of two Bruce NGS A fuel bundles are shown in
Figure 5.2. The difference is less than 3%.

A third method of validating SORO is to compare the measured
activity of the cobalt adjuster rods removed from the core with
that predicted using the flux distributions calculated by
SORO. A typical comparison for a set of adjuster rods is given
in Table V.2. The mean and standard deviation are 1.1% and 5%
respectively.

5.3.5 Accuracy of FMDP and FMDP Simulation

Both FMDP and SORO obtain their cross sections (fuel tables)
from the POWDERPUFS program. The FMDP program allows modelling
of the reactor with variable mesh spacing so that any desired
degree of accuracy can be obtained, whereas SORO uses a fixed
one lattice pitch square by one bundle length mesh spacing.
(There are other minor approximations made in SORO which are
not made in FMDP, which will not concern us here.) In
principle, one can input a SORO model into FMDP, and reproduce
the SORO flux distribution. In this case, the verification of
SORO discussed above is also a verification of FMDP.

In practice, one usually takes advantage of the FMDP features,
and consequently FMDP models are usually more detailed than
SORO models. Incremental cross sections of devices (eg.
adjuster rods) in SORO are frequently obtained by matching flux
distributions and reactivity against the corresponding FMDP
distribution.

FMDP has been independently verified against flux measurement
taken during Bruce GS A commissioning. Figure 5.3 shows
measured and simulated flux distributions for Bruie GS A
initial core. Figure 5.4 shows the discrepancies between
simulated and measured fluxes. (Note that Figure S.I shows
channel powers, where 5.4 shows fluxes, so they are not
directly comparable.)

The burnup and CPPF prdictions from FMDP time averaged and
instantaneous calculations have been compared with Bruce NGS A
operating data. The predicted burnup agreed with the fuel
added within one percent. The predicted CPPF was 1.10 which
agreed with observed values of from 1.08 to 1.11.

5.4 Special Operating Problems

The normal fuel scheduling is, at times, disrupted by unusual
events. These are often related to fuel failures or
malfunction of the fuel handling equipment. The flexibility
inherent in the on-power fuelling feature of the CANDO system
permits the fuelling strategy to be adapted promptly to the
changing operating conditions with minimum loss of production.
Typical situations which affect the fuel management are
discussed in the following.

5.4.1 Occurrence of Fuel Defects

The performance of the CANDU fuel has been outstanding as we
will see later when reviewing operating experience. Some fuel
defects, however, did occur in the Douglas Point and Pickering
reactors in the early part of their operating life. Most fuel
failures originated when there were large increases of power in
fuel bundles which had accumulated appreciable burnup. The
principal defect mechanism was stress corrosion cracking of the
Zircalloy fuel sheath induced by fission products, mainly
iodine. The fuel jurnup governs the iodine inventory and the
power increase determines the UO2 temperature and hence the
release of iodine to the Zircalloy surface.

CANDU reactors are normally equipped with a Failed Fuel
Detection system which allows the defected fuel bundles to be
located quickly. Failed bundles are removed from the core by
fuelling.

In most cases, the occurrence of defects is followed by a
re-examination of the fuel management schemes in order to
eliminate the potential for further fuel failures. This
re-examination may lead to a change in the fuel shifting
scheme. As we have seen in 3.4.1.4, some fuel shifting schemes
may lead to large increases in bundle power in excess of an
empirically determined "defect line" as illustrated in
Figure 3.4.

Excessive and concentrated fuelling in one region of the core
may also lead to high bundle powers and fuel failures. In this
case the removal of the defective bundles must be accompanied
by reactor power derating and a fuelling strategy which reduces
the power in the region where the failures have occurred.
Bundles with a U-235 content lower than that of natural fuel
(depleted bundles) may be used to replace the defective bundles
and reduce the region's power. 501



5.4.2 Reactivity Shim Operation

Since the reactivity control margin in the zone controllers is
very small, whenever the fuel handling equipment becomes
unavailable additional positive reactivity must be provided to
keep the reactor operating. For most CANDU reactors reactivity
shim compensation is accomplished by withdrawing adjuster rods
from the core in a pre-specified seguence. Removal of adjuster
rods leads to a distortion in the normal flux distribution. In
most cases some derating is required to keep the maximum bundle
and channel power within target limits. The derating depends
on the number of adjuster rods withdrawn from the core and
hence on the duration of fuel handling system outage.
Table V.3 gives the reactor power level vs number of adjuster
rods withdrawn for a typical CANDU. Typically, the reactivity
worth of a single adjuster rod is approximately 1x10-3 Ak/k
on average while the reactivity loss due to fuel burnup is in
order of 0.3 to 0.4x10-3 .. k/k per full power day so that in
the great majority of cases only the first few adjuster rods
need to be withdrawn from the reactor core. If, however, the
inability to fuel persists for a significant time, a special
fuel management strategy must be followed, once fuelling
capabilty is re-established, in order to speed up the recovery
to full power operation and return to a normal flux
distribution.

The fuelling strategy followed varies from case to case.
Normally priority is given to improving rapidly the overall
core reactivity rather than the flux distribution. In the
recovery period the channels to be fuelled are selected
primarily on the basis of high reactivity gain.

5.4.3 Moderator Poison Management
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In the CANDU reactors long term reactivity control is achieved
by maintaining an appropriate fuelling rate. Moderator poison
is not normally required for the equilibrium core. Adding
poison to the moderator leads to a burnup penalty and to
increased fuelling machine usage. On the other hand with
poison present, if fuelling becomes unavailable, the reactor
can be operated at full power by decreasing gradually the
moderator boron concentration rather than removing adjuster
rods.

Some CANDU reactors are equipped with booster rods instead of
adjuster rods. These are rods of highly enriched uranium which
are normally parked outside the core, and are inserted when
additional reactivity is required. If booster rods are used
for reactivity shim, besides the cost of the lost generating
capability associated with the flux distortion, there is an
additional cost associated with the burnup of booster fuel.

The optimum moderator poison is then determined by the economic
balance between burnup penalty on one hand and reactor derating
and booster fuel burnup on the other, and by the expected
frequency and duration of the fuelling machine outages. Some
moderator poison can also be used in anticipation of a period
of peak electrical demand from the power grid to assure
continuous full power operation.

The Pickering NGS A reactors are not normally operated with
poison in the moderator, while the Bruce NGS A reactors, which
are equipped with booster rods, run normally with enough poison
in the moderator to allow full power operation for 8-10 days
without fuelling.

5.4.4 Example of Reactivity Shim Transient

To illustrate some of the problems which can be encountered in
the operation of a power reactor and to demonstrate the
flexibility of the CANDU fuel management in meeting unforeseen
situations, we will nov review a transient that occurred in
Pickering Unit 1 in the fall of 1974.

A series of events related to problems with the reactor coolant
temperature instrumentation and to some non-optimum fuelling
led to bundle powers in excess of the target limits and to a
significant side to side tilt in the power distribution.

The high bundle power was discovered through the SOkO monthly
simulation and the reactor was immediately derated by a few
percent in accordance with operating practices. This problem
was further complicated by a failure of the fuelling machine a
few days later. There then ensued a period of 84 days during
which no fuelling took place. A complete history of the event
is shown in Figure 5.5. Adjuster rods were withdrawn from the
core in a pre-determined sequence and the reactor derated in
successive steps. The normal reactor power limits for
operation with adjuster rods withdrawn could not be used
because of the flux distortions. New limits were derived using
a time-dependent neutron diffusion code to follow the xenon
transients and the burnup distribution from the SORO runs. The
reactor was operated with up to 16 adjuster rods withdrawn from
the core. The rods were withdrawn in pairs to minimize the
flux distortion.

During this period many predictive SORO simulations were done
to study recovery fuelling patterns. Since fuelling could not
be done to correct the original flux distortion, the location
of the maximum bundle power shifted in the core depending upon
the number of adjuster rods withdrawn. Each time more rods
were withdrawn, a new fuelling pattern was examined.



Once fuelling capability was re-established the ideal fuelling
pattern would have been one which immediately improved the flux
distribution. This could have been achieved by either fuelling
in the high power region of the core with depleted fuel or by
fuelling a large number of channels well away from this
region. Neither of these schemes, however, would have improved
the reactivity of the core rapidly. The decision was then made
to fuel channels with high reactivity gain. This led to all
the adjuster rods being reinserted after 122 channels were
fuelled. However, reactor power was still restricted to 96% of
full power because of bundle power in excess of the target
limit.

Co-60 Calculated

Calc. Activity
At Measurement

224,781
223,657
161,792
383,096
380,549
393,322
376,078
284,423

Table V.2

Activity Versus

Measured
Activity

(Ci)

222,962
231,392
158,132
392,310
387,492
349,216
378,422
280,486

Measurements

Calc.-Meas x 100%
Meas.

+ 0.8%
- 3.3%
+ 2.3%
- 2.3%
- 1.8%
+12.6%
- 0.6%
+ 1.4%

Rod
Mo

2-AA3
2-AA8
3-AA14
4-AA6
4-AA7
4-AA8
4-AA10
4-AA17

The mean and standard deviation is (1.1 + 5.0)%.
(0.6 + 3.5)%.

Another set gave

Table V.I

CANDU Nuclear Stations Table V.3

Adjuster Rods Withdrawn for Reactivity Shim Operation

Station Owner
Electrical Output First
MW(e) net Electricity

Pickering GS A Reactors

Ontario Hydro/AECL 22 1962
AECL 208 1967
Ontario Hydro 4 x 508 = 2032 1971-1973
AECL 250 1971
Pakistan 125 1971
India 2 X 200 - 400 197 2-80
Ontario Hydro 4 x 732 « 2928 1976-1979
Ontario Hydro 4 x 732 - 2928 1983-1987
Hydro Quebec 638 1982
CNEA, Argentina 600 1981
NBEPC, New Brunswick 635 1981
Ontario Hydro 4 x 516 - 2064 1982-1983
Korea Electric Co. 629 1982
Ontario Hydro 4 x 881 - 3224 1988-1990

Total - 16683

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)

NPD
Douglas Point
Pickering GS A
Gentilly-1
KANUPP
RAPP
Bruce GS A
Bruce GS B
Gentilly-2
Cordoba
Point Lepteau
Pickering GS B
Wolsung 1
Darlington GS A

No. of Adjuster
Rods Withdrawn

2
4
6
8

10
12
14
16

Reactor Power Level
(% of Full Power)

100
100
100
98
90
90
86
83

563
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6.0 REVIEW OF OPERATING EXPERIENCE

6.1 Introduction

The excellent performance of the Pickering reactors is a
measure of the successful operation of CANDU reactors. These
reactors have achieved a high capacity factor and very low
fuelling cost. Approximately 30 reactor-years of commercial
experience have now been accumulated with the four Pickering
reactors,

The average capacity factor of all units since their in-service
date is very close to 80 percent. In 1978 the total unit
energy cost at Pickering was 10.1 mj/kwh. This compares
favourably with the fuelling cost alone of 13.7 m$/kWh for the
most efficient coal-fired station in the Ontario Hydro system.
Meeting the objectives of efficient fuel management both during
design and operation has made a significant contribution to
this achievement.

To illustrate how this performance is achieved with the methods
and procedures for fuel management discussed in the previous
sections, we shall now review the operating experience at the
Pickering and Bruce Nuclear Generating Stations. In doing this
we shall consider one typical unit from each station and
highlight the lessons learned and problems of general interest
encountered.

6.2 Fuel Management at Pickering

6.2.1 Initial Operation

Pickering Unit 1 went critical on February 25, 1971. The
Pickering core was designed to have a radially uniform
discharge burnup. Adjuster rods provide radial and axial flux
flattening. The first fuel charge consisted entirely of
natural UO2 bundles. Because the adjusters provided
sufficient flattening, no "depleted" fuel bundles were
required. Fuelling began at approximately 5 TWh (-130 FPD)
when the excess reactivity in the core was reduced to
approximately 5 x 10-3 Ak/k. A uniform 8 bundle shift scheme
was selected as being the most suitable on the basis of the
following economic factors:

(a) fuel maKe-up cost, that is the cost of fuel bundles
inserted in the core per unit energy output;

(b) fuelling machine operating and maintenance cost; and

(c) costs associated with fuel defects.

At that time the only known cause of fuel failure associated
with fuelling was large increases in fuel rating of highly

irradiated bundles after fu^l shifting. No special
consideration was given to Minimizing the CPPF. The Pickering
reactors use out-of-core instrumentation rather than in-core
detectors for overpower protection. Out-of-core
instrumentation is not very sensitive to local flux
perturbations. In addition, the Pickering reactors have
j>re-specified limits on the coolant temperature rise across
each channel. If these limits are approached, because of an
overpower, the reactor power is reduced.

By late 1971, a large increase in the iodine-131 concentration
in the heat transport system indicated the presence of fuel
failures. The resulting investigation revealed two reasons for
the fuel defects:

(a) excessive variations in bundle power due to adjuster rod
maneuvering; and

(b) high incremental bundle powers due to the eight bundle
shifting scheme.

The first problem was eliminated by re-analyzing the adjuster
rod sequencing and associated reactor power levels, with an
imposed arbitrary limit of 15% on bundle power variations. The
new adjuster rod withdrawal sequence considerably reduced
bundle power variations.

The second cause of fuel defects was due to two effects:

(a) large permanent increase in fuel rating when bundles in
position 1 are moved to position : by an 8 bundle shift, and

(b) a short exposure (about 15 minutes) of bundles in position
1 and 2 to high powers at the centre of the channel during
the fuel movement.

To remedy the piobleni two steps were taken. Fuel management
simulations were carried out to compare the economics of 8, 10
and 12 bundle shifting in light of the increased cost
associated with fuel defects. The 10 bundle shift scheme was
found to give a small burnup penalty when compared to the 8
bundle shifting scheme, while eliminating permanent increases
in oundle power due to fuel re-arrangement within the channel.
This scheme was, therefore, adopted for all the high power
channels in the core.

The exposure of some bundles to high fluxes in the centre
the channel during fuel movement was shortened to about 5
minutes by a change in the sequence of operation of the
fuelling machine. These steps were very effective. Of the
approximately 48,000 bundles fuelled to the end of 1974, 101
had developed defects. Of these, 88 are attributed to the
above effects. Excluding these the defect rate is 0.027 587
percent.



Some of the lessons learned in the area of fuel scheduling from
this period of operation of the Pickering reactors can be
summarized as follows:

(a) It is valuable to be able to simulate reactor operation
accurately and in a timely manner. The availability of
individual bundle power histories from the simulations
enabled a prompt identification of the defective bundle
location and provided the data to understand the underlying
causes of fuel defects.

(b) It is valuable to be able to compare different bundle
shifting schemes on short notice, taking into account
changing operating requirements or situations unforseen
during the design phase.

(c) The flexibility of the CANDU fuel scheduling allowed the
station to adapt to new schemes and incorporate changing
operating requirements without having to shut down the
reactors.

(d) It was important to develop a fuel design more tolerant of
the variations in power which can be expected from movement
of the reactivity mechanisms or from the fuel shifting
scheme itself.

6.2.2 Subsequent Experience

In 1972, tests indicated that the deposition of a thin graphite
layer on the inner surface of the fuel sheath would make the
fuel more tolerant to power variations. This fuel, designated
CANLUB, became the standard design and bundles of this type
were used to fuel the reactors starting in 1974. The
experience gained with this fuel design allowed the relaxation
of the 15% limit on short term power variation. The fuel
shifting scheme, however, was not changed. Since then the fuel
management at Pickering has been very successful when measured
against the objectives described in the introduction of the
first section.

6.2.2.1 Maximum Bundle Power History

Figure 6.1 shows the maximum bundle power as a function of
integrated reactor energy for Pickering Unit 1. The shaded
band is a +10% variation about the nominal reference bundle
power of 6?0 kW, the upper end of the band being the target
power limit of 705 kW. The original objective of the fuel
scheduling was to maintain the maximum bundle power close to
the nominal 640 kW value. The data show that, in general, this
was achieved.

cnn In particular, if we examine the period after 1974 ( 40 TWh)
""• with the unit having reached maturity, the variation in maximum

bundle power is very small. A slow trend towards a lower
target maximum bundle power is also evident from about 50 TWh.
In the last 4 years the maximum bundle power has been varying
around an average value of approximately 600 kW with variations
of the order of 6% or less.

6.2.2.2 Maximum Channel Power History

The history of the maximum channel power is given in
Figure 6.2. The reference design value of 5.5 MW has been
maintained, with a few exceptions, to within +10%. As with the
maximum bundle power, the band of variation around the nominal
value decreased as the unit reached maturity.

6.2.2.3 Burnup and Fuel Consumed

Figure 6.3 shows the core excess reactivity as a function of
reactor integrated power. After the initial reactivity
transient due to firesh fuel had decayed, the excess reactivity
in the core was maintained close to zero. Moderator poison as
a means of "storing" reactivity has been used very rarely at
Pickering. Figure 6.4 shows the average monthly discharge
burnup as obtained by the SORO simulation. Figure 6.5 shows
the fuel added versus reactor heat. Also plotted is d e line
of "ideal fuel added" assuming a burnup of 175 MWh/kg. The
data indicate that the burnup is in the range 170-175 MWh/kg.

Unit 3 and 4 have Zr 2.5% Nb pressure tube rather than
zircalloy. This material allows thinner pressure tubes to be
used with an attendant burnup gain of approximately 15 MWh/kg.

6.2.2.4 Fuel Defect Performance

The performance of the fuel at Pickering after the initial
problems were solved has beer, extremely good. As can be seen
from Table VI.1, the total number of defective bundles,
including suspected ones, was 112 up to the end of June 1978.
This gave a defect rate for the 4 units of 0.12*.

6.3 Fuel Management at Bruce

The Bruce units were the first CANDU reactors to incorporate a
regional overpower (ROP) system for overpower protection.
Early fuel management studies indicated that controlling and
minimizing the CPPF was imperative to maintain an adequate
operating margin at the ROP in-core detectors. As we discussed
in the first section, the ROP detectors are calibrated on a
frequent basis to reflect the CPPF existing in the core. Large
variations in the CPPF would increase the frequency of time
consuming calibrations and the probability of spurious
activation of the shutdown systems. 494



The f •- ing schemes used at Pickering (8 or 10 bundle shift)
would luce i-nacceptably high CPPF in Bruce A. On the other
hand sc.iemes involving a small number of bundles, 2 or 4, tend
to increase the fuelling machine usage and cause relatively
high increases in bundle power during shifting, leading to
higher probability of fuel defects. From a number of studies
performed during the final design phase, it was concluded that
the most suitable scheme was a mixed 4 and 8 bundle shifting.
As indicated in Figure 6.6 the channels in the inner part of
the core are fuelled with a four bundle shift, while the outer
channels are fuelled with an eight bundle shift.

The studies showed that this scheme has the following
characteristics:

(a) It yields a discharge burnup comparable to that obtainable
from a uniform 2 or 4 bundle shifting and slightly higher
than that of an 8 or 10 bundle shifting scheme.

(b) The (CPPF-1) is approximately half that of an 8 or 10
bundle shift.

(c) The probability of fuel defects due to fuelling was
acceptably low. CANLUB fuel, which is more tolerant to
power variations, is the reference design.

A uniform 4 bundle shift would have been preferable from the
point of view of minimizing CPPF. This scheme, however, would
have increased excessively the fuelling machine usage. Fuel
management at Bruce has been generally successful as we shall
see later by reviewing the operating data. Some operational
difficulties associated with fuelling have been encountered,
however, with the reactor regulating system and the ROP
system. A brief discussion is outlined below.

6.3.1 Reactor Regulating System

As we have seen in the first section, the reactor regulating
system employs in-core, self-powered detectors to provide an
estimate of the power in 14 zones (regions) of the core which
are controlled by the 14 light water zone controllers. The
flux detectors are continuously calibrated to estimates of the
thermal power in each zone. The calibration factors are
derived from 3 or i fully instrumented channels (inlet and
outlet flow, inlet temperature and temperature rise
measurements) located in each zone.

A typical response of the zone controllers to a fuelling
operation is shown in Figures 6.7 and 6.8. Zones 3 and 10,
which are close to the channel being fuelled, change in level
by approximately 20%. The remaining controllers show little
change. The figure shows a comparison of actual data with a

simulation using the SMOKIN code [18]. rhis code is often used
in conjunction with SORO to predict the control system
configuration after fuelling. Ideally, the fuel scheduling
provides the means of controlling the power distribution and,
hence, of maintaining an approximately uniform level
distribution in the controllers. At Bruce, however, individual
controllers have displayed a tendency to drift to extreme level
over a period of fuelling. This anomalous drift has adversely
affected, at times, the ability to maintain the desired fuel
scheduling. Analysis has shown that the drift is directly
related to local burnup dependent flux variations which are not
completely calibrated out of the in-core flux detector signals.

A fuelling operation causes a redistribution of the flux and
power distribution in the core. The perturbation consists of
both a global tilt component and localized flux peaking
component. Since the number of controllers is limited, only
the global tilts can be effectively controlled. Localized flux
peaks due to the fine structure in the irradiation distribution
cannot be controlled, if these are not calibrated out of the
detector signals, an inappropriate control action might be
taken which can cause the controllers to drift to extreme
values.

The problem is presently being handled by performing periodic
manual adjustments of the pre-calibrated detector signals and
spatial power distribution setpoints. Efforts are currently
underway to modify the spatial control algorithm to make it
less sensitive to these local flux variations.

Another difficulty encountered is related to over-response of
individual zone controller level changes when one of the fully
instrumented channels is fuelled. Since an average of a few
measured channel powers in a zone is used to provide an
estimate of the average power in the zone, the local power
peaking in a freshly fuelled channel may result in an apparent
higher zone average power. The zone controller is called upon
to reduce the estimated power to the desired setpoint and does
so by filling to a higher level then is required.

Some test data collected at Bruce are shown in the upper part
of Figure 6.9. It can be seen that the change in level in the
controllers is strongly influenced by the distance between the
channel being fuelled and the closest fully instrumented
channel.

The lower part of Figure 6.9 shows the response of the zone
controllers when the zonal power is estimated from the
temperature rise across each channel in the zone and the
instrumented channels. The response is fairly independent of
the distance up to about 3 lattice pitches.



This type of calibration, which is also used at Pickering, is
only a temporary solution to the problem. The Bruce reactors
are currently operated at full electric-1 output which
corresponds to approximately 88% of ful] thermal power. Once
the additional power is required to provide steam for a heavy
water plant on the site, some channels will be boiling at the
outlet end. The power estimate from temperature measurements
will, therefore, be unreliable. A more permanent solution is
being sought through modification of spatial control algorithm
as mentioned above.

These problems have indicated the need for a representation of
the control system response in fuel management programs, like
SORO, which are often used to predict the fuelling pattern
during operation.

A model of the control system based on the SMOKIN program is
now being incorporated into the SORO program.

6.3.3 Maximum Bundle Power History

6.3.2 The Regional Overpower System
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The occasional difficulties in maintaining a reasonable
distribution of zone controller levels have also caused
additional problems in maintaining an adequate margin at the
ROP detectors. Since the desired fuelling pattern could not
always be maintained, relatively high CPPF's were occasionally
encountered.

Moreover, as mentioned previously, particular care had to be
taken in fuelling channels close to ROP detectors. The
observed changes in detector reading following fuelling close
to a detector is in the range 1.5 to 6 percent. Of this
change, up to 2 percent has, in some cases, been attributed to
control system action. In general, those changes in detector
signals exceed the changes in channel powers, thereby resulting
in an effective reduction of the operating margin.

The net result of fuelling on the ROP system detectors and
regulating system response has been to place an abnormal burden
on operating personnel to ensure that fuelling does not lead to
spurious overpower trips of the reactor. This has resulted in
small temporary deratings and loss of production due to
inadequate operating margin in the ROP system.

Some improvements are expected to be obtained through proposed
modifications of the spatial control algorithm. The benefits
will be derived through an improved ability to maintain a
better distribution of the level in the zone controllers and an
attendant improvement in the control of the CPPP.

Maximum bundle power as a function of integrated energy for
Bruce Unit 1 is presented in Figure 6.10.

It can be seen that after the onset of fuelling the maximum
bundle power increased fairly rapidly to a value of
approximately 800 kW ±10%. The variations in Bruce are somehow
larger than Pickering due to the fact that the reactor has not
yet reached maturity and also to the fact that no special
attempt was made to strictly control the bundle power. The
operational margin on maximum bundle power is larger in Bruce
that it is in Pickering.

6.3.4 Maximum Channel Power History

Because of the relatively narrow margin on the ROP system and
the need to minimize the CPPF, good control was kept on the
maximum channel power. As can be seen from Figure 6.11, the
target value of 6.0 MW has been maintained, with a few
exceptions, within a very small band.

6.3.5 Burnup and Fuel Consumed

Figure 6.12 shows the fuel usage, burnup, and core excess
reactivity as function of reactor integrated power. The upper
portion of the figure shows the core excess reactivity. After
the initial reactivity transient due to fresh fuel had decayed,
the excess reactivity in the core was maintained close to 5 x
10-3 ft/i This excess reactivity is held in soluble boron
in the moderator to provide additional "shim- reactivity when
fuelling machines are unavailable. The Bruce reactor does not
have adjuster rods for shim purposes. Power shaping is
provided principlely by burnup flattening.

The lower portion of the figure shows the average monthly
discharge burnup as obtained by the SORO simulation, and the
fuel added versus reactor heat curve. Also, plotted is the
line of "ideal fuel added", for a burnup of 195 MWh/kg. With
boron in the moderator, the actual fuel added data indicate a
burnup of about 175 MWh/kg.

6.3.6 Fuel Defect Performance

Table VI.1 shows the defect rates for both Pickering and
Bruce. Overall defect rate was .11%, comparable to Pickering.
Bruce uses 37 element CANLUB fuel. The station has not yet
reached maturity. Most of the 9 confirmed defects were dus to
manufacturing defects in the fuel bundles and are not related
to fuelling.



First Core Bundles

Replacement

Total Bundles
Irradiated

Defect Bundles
- visually

confirmed

Defect Bundles0

- suspected

Total Defective
Bundles (confirmed
and suspected)

Defect Rate t
(accumulative)

Defect Rate * (1976)

Defect Rate % (1977)

Defect Rate % (1978)

Notes for Fuel Defect

NFD

1 188

2 852

4 040

8

0

8

0.198

0.000

0.000

0.000

Statistics

Douglas
Point

3 632a

12 085

15 717

58

33

91

0.579

0.194

0.000

0.000

Unit 1

4 680

23 800

28 480

77

24

101

0.355

0.000

0.000

0.030

Unit 2

4 680

22 442

27 122

0

1

1

0.004

0.000

0.000

0.000

Table

Fuel Defect
(To End of

Pickering
Unit 3

4 680

16 992

21 672

6

0

6

0.028

0.000

0.000

0.000

VI. 1

Statistics
June, 1978)

Unit 4

4 680

14 292

18 972

1

3

4

0.021

0.000

0.000

o.coo

Total

18 720

77 526

96 246

84

28

112

0.116

0.000

0.000

0.008

Unit 1

6 240

4 836

11 076

4

8

12

0.108

—

0.035

0.101

Unit 2

6 240

5 042

11 282

5

16

21

0.186

—

0.136

0.100

Bruce
unit 3

6 240

1 264

7 504

0

0

0

0.000

—

0.000

0.000

Onit 4

(a) Forty cobalt bundles are not included.
(b) A Minimum of one defective bundle is assumed to have been discharged froa positions 5 to 10 of channels from which defective

fuel was suspected on discharge based on radioactivity measurements (e.g., bay water, bay fields, air, release through the stack)
or due to defect location measurements (DH of feeder scan) prior to channel being discharged.

,_> n«f«ct Rate total defective bundles
(c) Defect Rate , t o t a l b u n d l e s irradiate x 1 0 °

Total

18 720

11 142

29 862

24

•33

0.111

0.062

0.070

511



6.3.7 Channel Power Peaking Factor

Figure 6.13 shows the channel power peaking factor as
calculated by SORO.

6.4 Conclusion

In this report a broad overview of the analytical methods and
operating procedures used in CANDU-PHW fuel management has been
given. Following a brief description of some of the reactor
systems which are more closely associated with fuelling, the
methods which are employed to determine "reference" and
"instantaneous" power distributions for the equilibrium core
have been discussed. The salient features of the fuel
management computer codes most commonly ustS, and the
parameters which have to be calculated as part of the analysis
of the equilibrium core have been reviewed. The general
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guidelines for selecting the sequence of channels to be fuelled
while the reactor is in the approach to equilibrium and
equilibrium phases was discussed.

Operating procedures used by Ontario Hydro to plan and
implement the fuel management in operating reactors were
described. Some special operating problems were discussed in
this context. A review of operating experience for the
Pickering NGS A and Bruce NGS A was presented. This review
indicated that the objectives of fuel management set out in
Section 1.1.2 are achieved in actual reactor operation.
Meeting these objectives with the methods of calculation and
operating procedures discussed contributed strongly to the
achievement of high capacity factors and low fuelling costs for
the CANDU-PHW reactors.

750-

700
TARGET LIMIT

NOMINAL MAXIMUM

10 20

REACTOR HEAT (TWh)

FIGURE 6.1
PICKERING UNIT 1, MAXIMUM BUNDLE POWER

m



7000

NOMINAL

3000

10 20 30 40 SO 60 70 80 90

REACTOR HEAT, TWh

FIGURE 6.2
PICKERING UNIT 1. MAXIMUM CHANNEL POWER

513



10

REACTOR HEAT. TWh

FIGURE 6.3
PICKERING UNIT 1. CORE EXCESS REACTIVITY

514



600

500-

5
Q"m
Q

§

300-

2 0 0 -

100-

10 20 30 40 7050 60

REACTOR HEAT, TWh

FIGURE 6.4
PICKERING UNIT 1, BURNUP

80 90 110

175MWh/kg

ACTUAL FUEL ADDED

10 20 30 40 50 60 70

REACTOR HEAT. TWh

80 80 100

FIGURE G.S
PICKERING UNIT 1, FUEL USAGE 515



I I = FUELLING FflOM EAST TO WEST

I "I = FLOW FROM WEST TO EAST
BRUCE G.S. LATTICE CODE (WEST FACE)

C/L

10 1.1 12 13 Ijl IS 16 17 18 19 20 21 22 23 24

CJDE3EHE3

ED E3 EH E3 EU E3 EH C3 EH
Z3CDIZ3CZ3CI3

• E3 EH E3 EH EH EH C3 EH E3 EH E3 EH E3 • • ->
E3EIH
EHE3-L

ED E3 EH E3 EH E3 EH E3 EH E3 EHE3 EHL=3 • EH
E3 EH E3 EH E3 EH E3 ED E3 EH E3EH E3EH E3 EH

E3 EH E3 EH EH E3 E= E3 EH EH EH E3 EH C3 EH E3 ED

EH E3 EH E3 • L=3 EH EH
EH E3 EH E3 EH E3 EH
E3 EH E3 ED E3 E3 EH E3 EH E3EH E3 EH

E3 EH E3 • C3 C=3 E3 EH
EHE3EDE3 E3EDE3—|—s

a • i=a • a • (=3 • a cq
a • a • L=3 en a •

1 2 3 4 5 6
C

FIGURE 6.6
BRUCE A FUEL SHIFTING REGIONS

516



I N

71

Si H

M-

4 1 -

21-

I I -

r.4
"-KM
— * 2 . 7

IRUCE6J.A-UNIT1
DATA

X ZONES 114
* ZONES 2 It 7

•V- ZONE 3
n Z0HE5
• ZONEf

-SM0KM RESHLH

2 4 8 t I I 12 14 I I I I M 22 M M • M 31

—START OF REFUELLING I— REFUELLHH
TIME MiwtK)

REFUELLHIBOFI
•UNDLEt COMPLETED

FIGURE 6.7
ZONE CONTROLLER LEVEL TRANSIENT FOR

SINGLE CHANNEL REFUELLING IZONES 1 TO 7)

S17



I N

s
3

5

H

4 1 -

31;

20-

I I -

IRVCEGJS.A-UNIT1
DATA

o

- • -

•
•
X

ZONE*
ZONE*
ZONE 11
ZONE 11
ZONE 12
ZONE 13
ZONE 14

400-

13

2 4 t

—START OF REFUELLING

I I 12 14 I I II

TMKtamM)

24 21 t 2
I— R

OKIN RESULTS

1 0 0 -
21 M
REFUELLING OF I
IUNDLES COMPLETED

FIGURE 6.8
ZONE CONTROLLER LEVEL TRANSIENT FOR

SINGLE CHANNEL REFUELLING (ZONES 8 TO 14)

O - "

518



II •
lOl-tt M

• r o t - * t-»ooi\3Oo
Ol O **J h-« (-• l-» A* O N
~j 03 -si t U M M MOO

AVERAGE ZONE LEVEL CHANGE, PERCENT

6>

at
Tit

c

- f S is

m• Ms-
i o -

C N

zq

• H

I—rft-f

US
v. S 3

H

MAXIMUM BUNDLE POWER, kW



O 3 (5 " •sis. rt-
zf

(D
n> ct o. o" o

MAXIMUM CHANNEL POWER, MW

FUEL ADDED <Mg of U)

8 K S
EXCESS REACTIVITY (milli k)

ifi



1.20-

1.15-

1.10 —

1.05-

1.00

REACTOR HEAT, TWh

FIGURE 6.13
BRUCE UNIT 1,

CHANNEL POWER PEAKING FACTOR

521



7.0 GLOSSARY

to
r vessel

Adjuster rods - control rods normally fully inserted in the
core to provide positive reactivity for xenon override or
reactivity shim.

Bidirectional fuelling - adjacent channels are fuelled in
opposite directions.

Booster rods - rods of highly enriched uranium which provide
positive reactivity when inserted in the core for xenon
override or reactivity shim. CANDU reactors have either
booster rods or adjuster rods, but not both.

Bundle power envelope - a fictitious bundle power history which
gives a power for every burnup which is greater than or equal
to the power produced by any bundle in the core at any time
which has that burnup.

Bundle shifting scheme - the number of new bundles charged to a
channel at one fuelling. For example in an "eight bundle
shift", eight bundles are inserted in one end of the channelr
the bundles in the channel are shifted along by eight
positions, and eight irradiated bundles are discharged.

Burnup - the integrated energy produced by the fuel per unit
mass of heavy elements initially in the fuel. It is usually
expressed in units of MWh/kg.

Calandria - cylindrical vessel which holds the moderator. It
is also called "reactor vessel".

Calandria tube - zirconium alloy tube which surrounds the
pressure tube. It separates the cold moderator from the
pressure tube containing the hot coolant.

Channel age - the fraction of the dwell time for a channel
since its last refuelling.

Channel power peaking factor (CPPF) - the ratio of the channel
power at a particular time to the reference channel power for
that channel. The CPPF for a regioni on the whole core, is
taken as the maximum CPPF of all channels in the region.

Continuous bidirectional fuelling - an approximation used in
calculations which assumes the fuel moves continuously through
the channels in opposite directions in adjacent channels.

Core code - a computer program which computes flux distribution
and reactivity from lattice cell cross sections, using discrete
diffusion theory.

Depleted fuel bundles - fuel bundles having U-235 concentration
522 lower than natural uranium, used for flux flattening or for

fuel defects replacement.

Discharge burnup - the burnup corresponding to the discharge
irradiation.

Discharge irradiation - average irradiation of fuel bundles
discharged from a channel. As an approximation in
calculations, the average discharge irradiation in a region is
fixed at a constant value. It is also referred to as "exit
irradiation".

Dwell time - the length of time between fuellings for a
channel, in full power days.

Excess reactivity - the reactivity cf the core compensated by
removable poisons.

Flux distribution - the variation of the relative value of
neutron flux from point to point in the core.

Flux-squared-weighted-mean-flux - the integral of the flux over
the core, weighted by the flux squared.

FMPD - acronym for "Fuel Management Design Program" • a series
of linked computer programs or "modules" used by AECL for
reactor physics and fuel management calculations, and fuelling
simulations. Ontario Hydro has a version of this program
called OHRFSP for "Ontario Hydro Reactor Fuelling Simulation
Program".

Fresh core - core consisting entirely of irradiated (fresh)
fuel.

Fresh fuel - unirradiated fuel, sometimes called "new" fuel.

Fuel - the fissionable material, uranium or plutonium, which
generates the heat, and the neutrons to sustain the chain
reaction, in the form of a metal or oxide, including the
associated cladding and other required structural materials.

Fuel accounting - is a record of each bundle which is or has
been in the core, its burnup, serial number, and other relevant
data.

1'uel bundle - assembly of fuel elements into a single
structural unit. There are 28 or 37-fuel elements in
commercial CANDU fuel bundles. The bundles are about .5 m long
and .1 m in diameter. See Figure 1.2.

Fuel channel - assembly of pressure tube which contains the
fuel bundles, and associated end fittings, feeders, closures
and other hardware. Also used loosely to mean the pressure
tube containing the fuel.

Fuel defect - any hole, crack or leak in the fuel sheath which
allows the escape of fission products. Also called "fuel
failure".

(a)

(d)



Fuel element - rod of zirconium alloy (sheath) and the
cylindrical pellets of fuel material, usually UO2, contained
therein. It is sometimes referred to as a "pin" or "pencil".

Fuel engineer - a professional member of the station operating
staff responsible for fuel scheduling.

Fuel handling system - all the mechanisms which take part in
charging the fuel to the reactor, and removing irradiated
fuel. It includes new and irradiated fuel bays, transfer
mechanisms, trolleys, fuelling machines, fuelling machine
carriages, and associated cooling, hydraulic and electrical
systems, and control computers.

Fuel management - those aspects of loading, whether related to
physics, engineering, or economic decisions, which are
associated with fuel utilization and fuelling system
performance. In this report, "fuel management" always refer:.
to "in-core fuel management".

Fuel scheduling - the selection of channels for fuelling durii.-:
the operation of a reactor.

Fuelling - the act of charging fresh fuel to the reactor and
removing spent fuel. It is done on-power in CANDU reactors.
The term "refuelling" is sometimes used interchangeably with
"fuelling". The act of putting new fuel into the fresh core is
referred to as "fuel loading", rather than "fuelling", and is
usually done manually.

Fuelling capability, or fuel handling capability - the maximum
number of channels or bundles which the fuel handling system
can fuel per unit time over an extended period of time.

Fuelling machine - mechanical device for charging new fuel to a
fuel channel and removing irradiated fuel. Fuelling machines
usually work in pairs, one at each end of the channel .

Fuelling rate - number of channels or bundles which must be
fuelled per unit time to keep the reactor critical.

Fuelling scheme - a more general term than "bundle shifting
scheme". It refers to the replacement pattern of fuel in the
channel and applies to systems where schemes more elaborate
than simple push through fuelling are allowed.

Fuelling strategy - the selection of channels for fuelling, or
the set of rules by which channels are selected for fuelling.

Full power day (FPO) - the energy generated in 24 hours of
normal full power operation.

Homogeneous method - a method of calculating the flux
distribution by assuming the irradiation dependent fuel
cross-sections are constant axially in the core. The values of
the cross-sections are determined by making the "continuous
bidirectional fuelling approximation".

Initial core - core which has not yet been fuelled. The
"initial core" extends from the fresh core to onset of fuelling.

Initial fuel loading - pattern of depleted and natural fuel
bundles in the initial core.

Instantaneous power distribution - the power distribution at a
particular time in a real reactor, or a power distribution
calculated with a varying irradiation distribution.

Irradiation - the integrated flux to which the fuel has been
exposed. It is usually expressed in units of neutrons/kilobarn
(n/kb). Since burnup and irradiation are almost directly
proportional, they are frequently used interchangeably in
qualitative discussions.

Lattice cell code - a computer program which computes neutron
balance and flux distribution for a unit cell in an infinite
repeating array of unit cells. These codes are used to
calculate cross-sections as a function of irradiation.

Liquid zone controllers - tubes in the core having compartments
partially filled with light water. Reactivity is controlled by
emptying or filling the compartments.

Milli k - unit of reactivity, sometimes written "mk". It is
numerically 1000 times the value of reactivity.

Nominal power distribution - the time-averaged or reference
power distribution used in the CPPF and other calculations.
The ROP design and fuelling strategy are based on this
distribution. The fuelling engineer uses this as a "target"
distribution in fuel scheduling.

Onset of fuelling - time at which the core is first fuelled.
It must occur before the excess reactivity has dropped below
zero.

Overpower - fuel bundle or channel power in excess of specified
safety related limits.

Power distribution - the variation of the relative value of
bundle (or channel) power from point to point in the core.

POWDERPUFS - a computer code used for lattice cell calculations
for CANDU reactors. POWDERPUFS is included within FMDP. 523



Pressure tube - zirconium alloy tube which runs horizontally
through the core, it contains fuel bundles and coolant.

Regional overpower system (ROP) - the system which detects an
overpower condition somewhere in the core, and causes a rapid
shutdown (trip).

Residence time - length of time a bundle has resided in the
core, in full power days.

Sheath - the rod which contains the fuel pellets, usually made
of zirconium alloy. It provides structural support for the
fuel and prevents escape of fission products. It is sometimes
called "clad" or "cladding".

Simulation - a mathematical model of the reactor is set up on a
large digital computer, and the behaviour of the system is
approximated by calculating the flux and power distributions.
In a "fuelling simulation" the irradiation is computed by
integrating the flux distribution, and lattice cell
cross-sections are calculated as functions of irradiation.

SMOKIN - a computer program which simulates reactor transients
by expanding the flux distribution in a series of modes based
on the higher harmonics of the diffusion equation.

SORO - acronym for "Simulation Of Reactor Operation", a
computer program used by Ontario Hydro for fuelling simulations.

Spent fuel - fuel which has been irradiated in the core and
discharged. Fuel is usually discharged because of low
reactivity (high burnup) or because of a defect detected in the
channel. Fuel bundles are not recycled in current CANDU
reactors, so all discharged bundles are "spent fuel".

Supercell - a special unit cell which contains a reactivity
device in addition to the fuel channnel. Since the reactivity
devices are perpendicular to the fuel channels, the supercell
is inherently three-dimensional and requires special computer
programs for calculation of the cross sections.

Tilt - an imbalance in power between one location in the core,
and the symmetrically opposite location.

Time-averaged method - a method of calculating the flux
distribution by assuming cross sections for each bundle which
are averaged over the bundle's residence time at each position
in the channel. The resulting power distribution is a good
approximation to the "time-averaged power distribution".

Time-averaged power distribution - the power distribution of
524 channels or bundles, averaged over a sufficiently long time.

For an equilibrium core the time-averaged power distribution is
a constant.

Trip - a rapid shutdown of the reactor in response to the
detection of certain abnormal and potentially dangerous
conditions.

Unit cell - a fuel bundle, pressure tube and calandria tube,
and associated coolant and moderator, used in the calculation
of cross-sections by lattice cell codes. See Figure 2.2. It
is also called a "lattice cell".
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TMI-2 AND REACTOR SAFETY
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ABSTRACT

The accident on March Z8, 1979 at the Three M i e Island Unit 2 (TMI-2)
Nuclear Power Station located near Harrisburg, Pennsylvania has had a major
Impact upon the design, construction, operation, regulation and safety re-
search of nuclear power plants. It also has had an Impact on utility and
regulatory organizations. This paper presents a review of the TMI-2 acci-
dent scenario, Its consequences and the conclusions of various Investigat-
ing groups. An overview of the nuclear licensing process, computer codes
used 1n safety analysis, safety research, and current issues Is provided,
using as a basis the TMI-2 accident.

Some of the current safety issues which are Included In the proposed
NRC ruiemaking hearings on such subjects as safety goals, siting criteria,
emergency plans, and degraded or damaged core analysis are discussed.

I. INTRODUCTION

There are currently approximately 533 commercial nuclear power re-
actors under construction or In operation in the world, with a total gen-
erating capacity of about 408 GW, with 172 being located In the United
States. At the end of 1980, there were In the United States 71 LVtR power
stations in operation with a capacity of 52 GW, which constitutes about 101
of the total electricity generating capacity of the country. Although the
overall percentage is relatively low, 1t is somewhat misleading because In
such high population density areas as Northern Illinois and the North-
eastern part of the United States, nuclear power generation capacity is SOX
or more of the total generating capacity of that region. In spite of this
significant contribution to the electrical generating capacity of the
country, nuclear power is considered a controversial subject by many
individuals. The principal Issues which have been raised by critics of
nuclear power include safety, disposal of the radioactive waste, possibil-
ity of nuclear weapons proliferation through transfer of nuclear tech-
nology and plutonitm production or recovery from spent fuel, and economics.
Of these, safety represents one of the most Important Issues; therefore,
this paper will discuss various aspects of this subject.

The safe operation of nuclear power stations 1s dependent on con-
servative design with engineered safeguards — careful construction with
appropriate quality control on a considered site; operation with highly
trained and dedicated operators with careful and periodic Inspection and
maintenance, and enlightened utility management. The U.S. safety philo-
sophy is based on a "defense in depth" concept, where engineered safeguards
Involving multiple barriers assist the operators In mitigating the conse-
quences of an accident by preventing or limiting the escape of radio-
activity.

This discussion on reactor safety will commence with a review of the
Three Mile Island Unit 2 (TMI-2) nuclear power station accident because it
represents the first major accident involving a commercial power reactor
where significant damage occurred in the core. As a result of the acci-
dent, significant changes have and are taking place In the licensing,
siting, hardware design, operation, safety analysis and safety research re-
lated to nuclear power reactors. It is proposed to review the various
aspects of reactor safety using the TMI-2 accident as an illustration of
how safely is considered. This overview discussion, in addition to a re-
view on TMI-2, will include topics on nuclear reactor regulation, safety
analysis, safety research and current licensing issues.

II. THREE MILE ISLAND UNIT 2 (THI-2) ACCIDENT

There have been a number of investigations of the accident at TMI-2,
Including those by the NRC staff,[1-3] Nuclear Safety Analysis Center,[5]
the President's Commission (Kerneny Commission)[6] the Special Inquiry
Group,[7] and a U.S. Senate Subcommittee.[8] In addition, there have been
articles such as Collier and Dav1es,[9] IEEE Spectrum Articles,[10] and
Lewis [11] which have described the accident In detail. The reader Is re-
ferred to these references for more extensive details than are presented 1n
this review.

Three Mile Island is on the Susquehanna River about 10 miles southeast
of Harrisburg, In the southeastern part of the State of Pennsylvania. Har-
risburg 1s the capital of the state and has a population of about 68,000.
It 1s also located about 90 miles west of the city of Philadelphia, which
has a population of about 2 million, and about 60 miles north of Baltimore.
On the Island are located two 900 MWe pressurized water reactors designed
and built by Rabcock S HIT cox Co. and operated by Metropolitan Edison Co.,
a subsidiary of General Public Service Company. Unit No. 1 has been in
commercial operation since 1974, and Unit-2 started operation 1n December
1978.

In order to understand the accident scenario, it is important to un-
derstand the heat transfer mechanism of a PWR. The main components of the
heat removal systems and engineered safeguard systems for TMI-2 are shown
in Figures 1 and 2. A typical PWR reactor vessel which contains the nu-
clear fuel is shown schematically 1n more detail m Figure 3. The uranium
dioxide fuel 2.6% enriched In the isotope U-235 is In the form of pellets
encased in zircalloy (zirconium alloy) tubing, as shown schematically In
Figure 4. The zircalloy clad fuel pins are clustered into 15x15 row fuel 527
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assemblies {Figure 5) of 14 feet In length. The active core height of the
fuel assemblies 1s 12 feet. Typical thermal hydraulic and neutronic design
parameters of TMI-2 are given In Table I as Illustrative of a typical PUR
nuclear power plant. The TMI-2 nuclear steam supply system consists of the
reactor vessel and two primary coolant loops with two once-through steam
generators In each loop. Light water which 1s used both as moderator and
coolant In the primary system Is circulated through the fuel assemblies In
the reactor vessel and the tubing forming the heat exchanger In the steam
generator by coolant pumps In each of the two loops. Steam generated In
the secondary side of the steam generator 1s used to drive a conventional
turbine generator. The steam, as shown In Figure 1, passes through the
turbine generator, Is then condensed, and 1s returned to the steam gener-
ators with the use of the main feedwater pumps following filtration of the
condensate through Ion exchange resins.

Since It Is vital to always have heat removal capability from the
steam generator, an auxiliary feedwater circuit, as shown In Figure 1, Is
provided so that water can be Injected directly Into the secondary side of
the steam generator. There are two electrically driven (470 gpm) and one
steam driven (940 gpm) separate pumps In the auxiliary feedwater circuit in
order to provide redundant feedwater pumping capability.

The operating temperature and pressure of the outlet side of the pri-
mary circuit Is maintained at 608°F (320°C) and 2185 ps1g 1n order to
ensure that there Is no bulk boiling In the core or the remainder of the
primary circuit. To maintain a high pressure 1n the primary circuit, a
component called the pressurizer Is located In one of the two loops. The
pressurizer Is also used to keep the primary circuit filled with solid
water at all times. The pressurizer Is a large tank with electrical
heaters which provide additional heat within the volume to maintain a
steam-water Interface in the pressurizer. By controlling the water level
trip set point (2355 psig) and the reactor tripped. As the control rods
were Inserted Into the core, the chain fission reaction was terminated and
the heat generation rate started to decrease rapidly, accompanied by a de-
crease In pressure. Within about 13 seconds following turbine trip, the
pressure dropped below the set point (2205 psig) for automatic closure of
the PORV; however, the PORV failed to close and water continued to be lost
from the RCS through the pressurizer. While this was occurring, since
there was no water being Injected Into the secondary side of the steam gen-
erator because of the closed auxiliary feedwater, the steam generator was
rapidly drying out. The RCS pressure continued to drop and at about 1 min-
ute the level In the pressurizer began to Increase. When the RCS pressure
dropped to 1600 psig, the high pressure Injection system (HPIS) of the ECCS
automatically turned on, Injecting borated water Into the cold leg of the
primary circuit which allowed the water to go Into the core. The liquid
level In the pressurizer started to Increase, which the operators Inter-
preted as signifying that the primary circuit was starting to fill up. The
operators were under Instructions not to allow the RCS to go solid with
water because of losing control over RCS pressure. In order to not go
"solid", one of the HPI pumps was turned off at 4 minutes 38 seconds, while
the others were operated 1n a "makeup" mode. It should be noted that In
the BSW PWR design the HPI pumps have a dual function to pump makeup water

or emergency cooling water Into the RCS. Although ECCS Is normally auto-
matically Initiated, It could be manually turned off or operated In a lower
flow mode. In addition to decreasing the flow from the HPI pumps, the op-
erators began to drain coolant from the RCS through the letdown line at a
flow rate In excess of 160 gallons/minute. This action overrode the Isola-
tion of the containment and the water was drained Into tanks In the auxil-
iary equipment building. This became the pathway for radioactive releases
to the auxiliary building and to the environment because there were known
leaks in the letdown line. The operators did not recognize that they were
losing more water from the RCS through the PORV and the letdown line than
gaining through the HPI system action. By about six minutes Into the ac-
cident the RCS had reached saturation pressure and water was boiling in the
RCS maintaining the level In the pressurizer high. Steam and water were
draining Into the drain tank through the F3RV and at about 15 minutes the
tank rupture disk blew because It was full. Radioactivity was now being
released to the containment building through the drain tank opening. Water
from the drain tank went Into the sump, which then transferred to holding
tanks In the auxiliary equipment building and which overflowed In about 30
minutes, releasing small amounts of radioactivity.

The RCS continued to lose water, although the temperature and pressure
appeared to stabilize because of saturation conditions in the RCS, as can
be seen In Figure 8. The operators tripped the two main coolant pumps at
about 1 hour 14 minutes and 1 hour 40 minutes, respectively, because of ex-
cessive vibration due to pumps working on high fractions of steam Instead
of water. Stopping the pumps caused separation of steam and water, which
In turn prevented natural circulation Initiation In the primary loop and
heat removal through the steam generators. The auxiliary feedwater valve
had been opened at about 8 minutes so that some cooling (heat removal) had
been possible until shutdown of the RCS pumps. Once the pumps had been
stopped, the core began to become uncovered because the water level con-
tinued to decline and the fuel temperatures Increased. The steam In the
core tended to displace the water and forced more of 1t Into the pressur-
Izer and out the PORV. Although the operators tried to Initiate natural
circulation for heat removal, they were unsuccessful because of
accumulation of steam In various portions of the primary circuit. As the
water level In the core decreased, exposing larger sections of the fuel,
the fuel temperature Increased rapidly because of the decay heat production
and Inefficient steam cooling. As the fuel and cladding temperatures In-
creased, the zircalloy cladding started to react with the steam, forming
zirconium oxide and releasing hydrogen gas. Oxidation of the cladding
tended to decrease the structural strength of the cladding with accompany-
ing increase In cladding failures which released fission product gases
(volatile fission products and noble gases) from the fuel rod plenum into
the RCS. The generated hydrogen gas was released Into the RCS with steam
and fission product gases and collected In the higher elevations of the
circuit, contributing to further blockage of the primary circuit. Some of
the hydrogen and fission product gases escaped Into the containment through
the still open PORV. The boiling In the core, the further deterioration of
the fuel rods, and the escape of hydrogen and fission products Into the
containment continued until about 2 hours and 22 minutes after the start of
the accident. At this time the operators closed a manually operated block
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TABLE I
Some Design Parameters for THI-2

(TMI-2 FSAR)

Design Heat Output (core), MWt
Design Overpower, % Rated Power
Core Operating Pressure, psig

Coolant Flow
Total Reactor Coolant Flow Rate, Ib/h ,
Coolant Volume, Including pressurizer, ft
Core Coolant Average Velocity, ft/s
Total Reactor Flow, gpm

Coolant Temperature
Nominal Inlet, F
Nominal Outlet, F

Number of Loops

Fuel Pellets
Material
Density, % of theoretical
Diameter, Inches
Length, inches

Control Rod Assemblies
Neutron Absorber
Length of Poison Section, inches
Cladding Material
Cladding Thickness, inches
Number of Assemblies
Number of Control Rods/Assembly

Burnable Poison Rod Assemblies
Neutron Absorber
Length of Poison Section, inches
Cladding Material
Cladding Thickness, inches
Number of Assemblies
Number of Rods/Assembly

Fuel Assemblies
Number
Rod Pitch, inches
Overall Dimensions, inches
Total Weight, lbs/assembly
Number of Spacer Grids per Assembly

2,772
112

2,185

137.8 x 10°
11,800
16.52

369,600

556.5
607.7

UOo sintered
" 92.5

0.37
0.7

5* Cd, 1535 In, 80% Ag
134

304 SS, cold worked
.021
61
16

AI0O3-B4C

Z1rcaloy-4, cold worked
0.035

68
16

177
0.568

8.536 x 8.536
1,550

8

Fuel Kods
Number
Outside Diameter, inches
Diametral Gap, inches
Clad Thickness, inches
Clad Material

Nuclear Design
Fuel Weight, UOo 1b.
Clad Weight (Active Zone), 1b.
Core Diameter (Equivalent), inches
Core Height (Active Fuel), inches

Reflector Thickness and Composition
Top (water plus steel), inches
Bottom (water plus steel), inches
Side (radial, water plus steel), inches

Number of Fuel Assemblies

Fuel Rods/Fuel Assembly

Core Average Enrichment, wtX of U

Control Characteristics
k e f f ( B 0 L )

Cold 70F Clean
Hot, 582F, Clean Full Power
Control Rod Worth (% AK/K)

Moderator Temperature Coefficient AK/K/F
Moderator Pressure Coefficient AK/K/psi
Doppler Coefficient AK/K/F

36,816
0.43
.007

.0265
Zircaloy-4

204,820
42,200

128.9
144

12
12
18

177

208

2.57

1.252
1.169

11.1

+ 0.1 x 10'5 to -3.0 x 10"!
- 3.0 x 10"i to +3.0 x 10"H
- 1.1 x 10'b to -1.7 x 10'3
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1n the pressurizer through the addition of heat with the heaters or sub-
traction of heat through a cold water spray, 1t is possible to control the
pressure 1n the primary c i rcui t due to water volume changes from changes in
temperature resulting from such events as reactor power changes or amount
of heat removal by the steam generator. There 1s a power operated rel ief
valve (PORV) at the top of the pressurizer in series with another valve
(block valve) which can be operated by the reactor operators. The PORV op-
erates automatically when the pressure in the pressurizer exceeds a preset
value, normally about 100 psi above the operating pressure, the PORV actu-
ates under such transient conditions as in a turbine t r ip or when the main
feedwater pump is turned off, or in other situations when the heat removal
from the secondary side of the steam generator is decreased for a given
power from the reactor. The PORV is connected to the reactor drain tank so
that steam and/or water from the pressurizer can be discharged to i t . When
the drain tank is f i l l ed to capacity, a rel ief valve on the tank actuates
to discharge the overflow to the containment building sump. Mater In the
sump Is pumped to a radioactive waste storage tank located in the auxiliary
equipment building, as shown in Figure 2.

In order to follow the "defense In depth" philosophy, the nuclear
power plant has been designed to prevent or l imi t the release of fission
products or transuranic elements to the environment. The fuel is in the
form of uranium dioxide pellets which have a high melting temperature of
5100°F and retain the non-gaseous and non-volatile fission products. The
zircalloy cladding which has a melting temperature of 3400°F retains the
gaseous and volati le fission products released from the pellet. The fuel
assemblies are located in an 8 to 10 inch thick pressure vessel. The en-
t i re primary system is located 1n a containment building bui l t to withstand
pressures, in the case of TMI-2, of about 60 psig. At TMI-2, there is a
0.7 to 1.4 km radius area surrounding the reactor which constitutes the
site boundary area. In addition to these passive safeguard systems, a nu-
clear power station has a number of active protection systems. All re-
actors have a reactor plant protection system which wi l l automatically shut
down the reactor when predetermined reactor parameters, such as reactor
power, temperature, or pressure are exceeded. Since 1t Is necessary to
have heat removal capability from a nuclear power plant at all times, even
after the reactor has been shut down due to decay heat generation, a l l LHRs
have an emergency core cooling system which wi l l be activated when there Is
a decrease in primary c i rcui t pressure below 1600 psig, which may be caused
by a leak in the primary system. In the case of the B&W designed reactors,
tha ECCS consists of three principal components. They are a high pressure
injection system (HPIS), consisting of 3 pumps which can Inject borated
water into the cold leg of the primary system. This system is automatic-
ally activated when the primary c i rcui t pressure drops below 1600 psig. A
second system consists of two large accumulators which contain about 10,000
gallons of cold borated water under 400 psig nitrogen gas pressure, and
which automatically inject water Into the reactor vessel when the pressure
drops below 400 psig. The third system 1s the low pressure Injection sys-
tem (LPIS), which consists of 2 pumps which can obtain borated water from a
large storage tank or from the containment sump and inject 1t into the
reactor vessel.

In order to prevent overpressurization of the containment building,
534 there !s a containment water spray cooling system which contains dilute

sodium h.-droxide. The spray cooling is activated upon an increase in

containment pressure and i ts purpose is to condense any steam which may es-
cape into the containment from a leak in the primary c i rcu i t , such as in a
pipe break accident.

In order to prevent the release of fission products to the environ-
ment, the containment building is Isolated manually or automatically after
the in i t ia t ion of an accident. In the case of TMI-2, the containment
building is Isolated automatically when the pressure inside the building
exceeds 4 psig, but not upon ECCS operation. In order to avoid buildup of
hydrogen gas which might result in rapid combustion, hydrogen gas recom-
biners are installed within the containment building. The hydrogen may be
produced under accident conditions due to zirconium-water reaction or radi-
olysis.

Auxiliary systems such as the makeup water and waste treatment plants,
radioactive water storage tanks, and auxiliary feedwater pumps are located
in the auxiliary equipment building.

Since the TMI-2 accident has been described in much detai l , this paper
wi l l only review briefly the outline of the accident scenario, with more
details outlined in Table I I .

TMI-2 was operating at about 97% of i t s rated power of 2772 MWt at
about 4:00 a.m. on March 28, 1979. A schematic of the thermal hydraulic
flow conditions in the two-loop system is shown in Figure 6. I t had gone
cr i t ica l in March 1978 and had been in commercial operation since December
30, 1978. The Ini t iat ion of the THI-2 accident was the accidental closure
of the condensate polishing isolation valves in the feedwater l ine of the
secondary c i rcu i t . This in turn tripped the condensate booster pump, which
in turn tripped the main feedwater pump and a t r i p of the main turbine.
The steam dump valve opened and the auxiliary feedwater pumps automatically
started. Decreasing or stopping the main feedwater flow in the secondary
side of the steam generator w i l l Immediately decrease the heat removal ca-
pability of the steam generator and there w i l l be an increase in primary
ci rcui t water temperature accompanied by an increase in primary c i rcui t
(RCS) pressure, since the reactor is s t i l l operating at fu l l power. In the
B&W designed plants the reactor is not normally tripped when there is a
turbine t r i p . In the case of TMI-2, although the auxiliary feedwater pump
was automatically turned on, there was no flow to the secondary of the
steam generator because a valve in the auxiliary feedwater l ine was closed.
The closed valve did not give rise to the rapid Increase in pressure since
i t takes about 13 seconds for the auxiliary feedwater pumps to reach their
operating pumping speeds. During this period the RCS pressure may exceed
the set point of the PORV. This occurs especially in B&W-designed plants
because they use a once-through steam generator whose secondary side has a
much smaller volume of water thin other reactor manufacturer's U-tube st«am
generators. The B4K steam generators have the characteristic of being
highly sensitive to changes (increase or decrease) 1n the secondary c i rcui t
flow.

Following the stoppage of the main feedwater flow, the RCS pressure
quickly (within ^ 6 seconds) exceeded the set point (2255 psig) of the PORV
and the PORV opened to relieve the pressure in the pressurizer, as shown in
Figure 7, which shows the reactor coolant system parameters in minutes
after the accident In i t iat ion. The opening of the PORV was not sufficient
to start pressure reduction and the RCS pressure soon exceeded the reactor
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TMI SEQUENCE OF EVENTS

OPERATING AT 9751 OF POWER

FEEOWATER PUMP TRIP
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4.

5.

6

7

0.

9.

10.

11.

12

13.

14

IS.

16

17.

13.

6 sees.

8 sees.

•v. 13 sees.

14 sees.

30 sees.

54 sees.

1-4 min.
"\> 1 min.

2 min.

2 min. 2 sec.

2 min. 28 sec

5 nin. 15 cac

6 min.

3 min.

14 nin.

TEMPERATURE INCREASES IN PRIMARY CIRCUIT
PRESSURE INCREASES
WATER EXPANDS - PRESSURIZER LEVEL INCREASES
AUXILIARY FEEDWATER PUMPS STARTED

RCS P - 2255 psig PORV OPENS STEAM/WATER EXIT

RCS P - 2355 psi<) REACTp.RJRJfS

RCS P - 2205 psifl PORV Dip. NOT CLOSE

AUXILIARY FEEOHATER PUMP REACHES FULL PRESSURE
HOWEVER, NO FLOW TO S/G

RCS P - 1940 psig
PRESS. EXHAUST PIPE T - 239°F

PRESSURIZER LEVEL AT MIN. 158 INCH AND STARTS TO RISE

PREOSURIZER LEVEL RISING RAPIDLY
RCS GENERAL REDUCTION IN DENSITY
ST'iAM VAPOR VOID FORMATION

RCS P - 1726 psig

P • 1600 psitl HPI INITIATION

PRESSURIZER LEVEL AT 225.7" AND INCREASING

HPI FLOW IS THROTTLED

PRESSURUER LEVEL APPEARS LOST

AUXILIARY FEEDWATER VALVES OPENED

RCS PRESSURE UNDER CONTROL OF LOOP SATURATION CONDITIONS

DRAIN TANK RUPTURE DISC BLOWS AT 192 psig
BUILDING PRESSURE INCREASES ONE psi

19. 18 nin.

20. ^ 1 hr.

21 74 min.

22. 87 min.

23. 93 min.

24 101 min.

25. 103 nrin.

26 2 hrs. 18 min.

27. 2 hrs. 54 itrin.

28. 3 hrs. 18 min.

29 4 hrs. 27 min.

30. S hrs. 44 min.

31. "Vi 7 hrs.

32 7 hrs. 30 min.

33. Q hrs. 41 min.

34. -v. 9 hrs. 15 nin.

REACTOR BLDG. RADIATION MONITORS INCREASE FACTOR OF 10
GASES RELEASE TO BUILDING

RCS NEAR SATURATION AT 550°F AN:; 1050 psig

RCP IN B LOOP TRIPPED BECAUSE PUMPS VIBRATINfi

S/G B ISOLATED

RCS P DROPPING

BQP_»!_A_i.OOP_TRIPPEp_
TRIED TO ESTABLISH NATURAL CIRCULATION

P, T, CONDITIONS OUTSIDE OF RANGE FOR NATURAL CIRCULATION

HOT LEG T = G20°F AND IS SOON OFF SCALE

EORV ISOLATED BY BLOCK VALVE CLOSURE
*» 32,000 GALLONS LOST FROM RCS (1/3 OF TOTAL)
RCS PRESSURE BEGINS TO INCREASE
WANTED TO VENT HOT LEG TO TRY NATURAL CIRCULATION
TRIED TO START RCP WITHOUT SUCCESS
NOT ENOUGH WATER IN RCS

ATTEMPTED NATURAL CIRCULATION WITHOUT SUCCESS

MAKEUP PUMP 1C STARTED AND WITH IB FEEDS 250 opm
UNTIL 9 hrs. 4 min.

RCS P • 2050 psi
BLOCK VALVE CYCLED BY OPERATORS

OPERATORS RECOGNIZED THEY HAD STEAM BUBBLE IN BOTH LOOPS
PERSONNEL BELIEVED CORE WAS COVERH
RELUCTANT TO START RCP BECAUSE OF VIBRATION

OPENED FORV AND BLOCK VALVE TO DEPRESSURIZE RCS TO
TRY TO REMOVE HEAT WITH DECAY HEAT REMOVAL SYSTEM

RCS P * 600 psig
CFT N z PRESSURE - 600 psig
ONLY SMALL AMOUNT OF WATER FROM CFT

CFT PARTIAL INJECTION
ATMOSP. STEAM PUMP CLOSED - NO COOLING MECHANISM S3S



35. 9 hrs. 50 nrin.

36. i' 12 hrs. 25 min,

37. 12 hrs. 30 win.

38. 13 hrs. 5 min.

39 13 hrs. 30 min.

40. 13 hrs. 32 min.

41. 14 hrs. 39 min.

42. 14 hrs. 43 min.

43. 14 hrs. 47 min.

44 15 hrs. 50 min.

45. 16 hrs.

(-v- 8:00 p.m. 3/28/79)
Wednesday

TABLE II (cont'd)

BUILDING PRESSURE SPIKE OF 20 psig.

HPI OF 400 gpm ESTABLISHED

PORV OPENED TO DEPRESSURIZE
RCS P -v. 385 psig

RCS P 'K 650 psig

START hEPRESSURIZIHG TO COLLAPSE VOID
AND START RCP
RCS P - 623 psig AND INCREASING

RCS P « 2080 psig

HPI FLOW REDUCED TO 120 gpm

RCS P - 2275 psig

RCS P = 2300 psig
STEAMING FROM A S/G LOOP TO CONDENSER
TRYING TO START RCP

RCP - 1A STARTED

RCP - 1A RUNNING
B S/G IS ISOLATED

A S/G IS STEAMING TO CONDENSER
USING NORMAL COOLDOWN PROCEDURES

- Electromatic
relief valve (ERV)

• Relief block valve

• i
CD

Primary Water

Secondary Water

Steam

Steam/Hydrogen

Steam generator

0

P * 2150 psig

Steam generator

Loop A LoopB

Initial conditions - system steady
s! 07% power operating conditions

FIGURE 6 .
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HPI PUMP 1C STOPPED*

C FLASHES

*HPI HISTORY UNCERTAIN
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1400
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Reactor Coolant System Parareters in Minutes After
Turbine Trip at Three Mile Island, Unit 2, March 28, 1979.

FIGURE 7 .

RCS parameters in hours after turbine trip at TMI-2, March 28, 1979.

FIGURE 0.
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valve which Isolated the PORV and stopped the loss of coolant water from
the RCS. The operators at this point appeared not to have recognized that
the core had been uncovered and significant core damage had occurred.

Between about 3 hours and 13 hours after the start of the accident,
various unsuccessful actions, such as attempting to start the coolant
pumps, opening the block valve to depressurize the RCS to allow the low
pressure ECCS accumulators to actuate, were attempted to Initiate heat re-
moval from the core. It was not until about 13 hours and 30 minutes when
sustained HPI was again Initiated to fill the RCS and the coolant pumps re-
started at 15 hours 51 minutes, was 1t possible to start removing heat
using the steam generators. The reactor plant was basically back under con-
trol at this point, although i t still was necessary to remove the gas bub-
ble In the reactor vessel which was composed principally of hydrogen, using
the pressurizer as a degassing mechanism and the letdown system over the
next seven days. The reactor was put into a natural circulation cooling
mode using the steam generator about a month after the accident.

Although there was considerable publicity 1n the news media concerning
the possibility of a hydrogen explosion In the reactor pressure vessel, a
detailed study of the hydrogen chemistry at the existing temperatures and
pressures Indicated that there was no possibility of a hydrogen explosion.
This is because any oxygen produced as a result of radiolysis would Immedi-
ately react with the excess hydrogen at the elevated temperatures and pres-
sures, so there was l i t t le possibility of oxygen buildup. The release of
hydrogen to the containment building via the open PORV was, however, an-
other matter. After the termination of the accident 1t was found that
there was a pressure pulse of about 28 psig at about 9 hours and 50 minutes
into the accident. This pressure pulse appears to be n result of rapid
combustion of hydrogen in the containment building. One of the major con-
cerns of the NRC and industry as a result of the TMI-2 accident is how to
prevent rapid buildup of pressure from hydrogen combustion which would
cause overpressurization of the containment building. Considerations are
being given to the use of glow plugs to Ignite the hydrogen before large
quantities build up In the containment, inerting of the containment, and
filtration and venting of the containment.

Analysis of the accident by various groups has led to some disagree-
ment as to how long and how many times the core was uncovered during the
period of the accident. There is general agreement, however, that the
major damage to the core occurred from about 1.5 to 3 hours following the
turbine trip when a large fraction of the core was uncovered. An estimate
of the core uncovery as a function of time was made by NSAC [5J and Is re-
produced In Figure 9. It was during this period that there was significant
zirconium-steam reaction with the production of hydrogen gss and the re-
lease of fission product gas to the RCS and to the containment. Other
periods when the core may have been uncovered were at about 4 hours and 30
minutes and between 8 hours and 12 hours.

A commission appointed by the President of the United States under the
Chairmanship of John G. Kemeny investigated the TMI-2 accident and made a

technical assessment of the events and their causes (Ref. 6). Analysis of
the TMI-2 accident by the Kemeny Commission resulted in the following con-
clusions.

1. Throttling of HPI had major effect on core damage.

2. Closure of block valve at 25 minutes would have prevented core
damage.

3. Delay in auxiliary feedwater system had l i t t l e effect on extent of
core damage.

4. Only period of core uncovery 1.7 to 3.5 hours.

5. Between 2.5 and 3.3 hours, temperatures in the upper region of the
core were achieved which would lead to: cladding oxidation,
severe damage to integrity of fue;, possibly some fuel melting.

6. Between 3.5 and 10.5 hours, there was sufficient coolant flow
through the core and PORV to carry away decay heat.

7. Hydrogen was vented from the primary system when the surge line
was uncovered 3.2 to 3.8 hours; 8.3 to 9.0 hours; 10.8 to 11
hours.

It has been estimated by the Kemeny Commission analyses that about 44
to 63% of the zirconium in the core has oxidized with a release of 1,000 to
1,300 pounds of hydrogen, and that 90% or more of the fuel has experienced
cladding failures. Several feet of the upper core are estimated to have
collapsed with substantial melting of the control rods which occurred when
fuel temperatures exceeded 4000*F In the upper 30-40% of the core.

The Rogovin Special Inquiry Group t7] reports that the effects of the
radioactivity released to the environment on the population around TMI-2
will not be measurable nor detectable. It is estimated that about 2.5 mil-
lion curies of radioactive noble gases and 15 curies of radioiodine were
released from the containment building to the environment. This is es-
timated to have resulted in a maximum dose per person of 100 mR to persons
within a 0.5 mile radius and less than 0.1 mR to those at a 20 mile radius.
It is estimated that the release resulted in a collective dose of about
2,000 person-rem to the 2,000,000 inhabitants within a 55 mile radius.
This total dose averaged over the population may produce zero to one
additional fatal cancers over the lifetime of the population. In compar-
ison, i t is estimated that about half t million cancers are expected to
develop due to other causes in this population over Its lifetime.

The amount of radioactive iodine retained in the containment was much
larger than that released to the environment. It Is estimated that in
April 1979 there were 7.5 million curies In the primary loop, 10.6 million
curies in the containment water, and about 36,000 curies In the containment
atmosphere. Most of the short-lived iodine has since decayed. No detect-
able amounts of long-lived radioactive cesium and strontium escaped to the
environment.
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The Kemeny Commission concludes that the major health ef fect of the
accident was the immediate and short- l ived mental distress among certain
groups of the population l iv ing within 20 miles of TMI.

The Kemeny Commission, following i t s invest igat ion, made the recom-
mendations outlined below:

RECOMMENDATIONS
(KEMENY COMMISSION)

A. NUCLEAR REGULATORY COMMISSION

1 . Restructure NRC as an agsncy in the Executive Branch

2. Establish 15 member oversight committee

3. Strengthen ACRS

4. Establish and explain safety-cost tradeoffs

5. Locate new reactors at remote locations

6. Improve procedures to resolve safety issues

B. THE UTILITY AND ITS SUPPLIERS

1. Industry must set and police i ts own standards of excellence

2. Establish an operational safety group a t each u t i l i t y which
reports to high-level management

3. Integrate management responsibility a t a l l levels

C. TRAINING OF GPERATING PERSONNEL

1. Improve training of operating personnel, especially to diagnose
and control abnormal events

2. Improve simulators

D. TECHNICAL ASSESSMENT

1 . Improve control room designs
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2. Improve equipment such as:

a) iodine filters
b) hydrogen recombiner
c) vent gas system
d) containment Isolation
e) water level indication in containment
f) radiation monitors

3. Continue probabilistic risk assessment, Including consequences
of meltdown

4. Improve understanding of water chemistry

E. WORKER AND PUBLIC HEALTH AND SAFETY

1. Improve our understanding of biological effects of low level
radiation

F. EMERGENCY PLANNING AND RESPONSE

1. Develop emergency response plan

2. Improve public understanding of nuclear power and radiation

G. PUBLIC RIGHT TO INFORMATION

1. Federal and state agencies should make adequate preparations
to provide accurate and timely public Information during a ra-
diation-related emergency

During the post mortem investigations, i t was discovered that there
had been Incidents closely resembling the TMI-2 accident at the Davis Besse
Nuclear Power Station 1n Ohio on September 24, 1977, and at the NOK-1 plant
in Beznau, Switzerland on August 20, 1974 (Ref. 8 ) , in which a PORV had
stuck open in i t iat ing a small break LOCA and the pressurizer level i n -
creased because of steam formation in the primary system hot leg. In both
cases the operators recognized the stuck open PORV and took appropriate
action to stop the leak relatively quickly so that no damage was done to
the reactor core. In the case of the Davis Besse plant, which 1s a B4W-
designed plant, the Incident was very similar to that at TMI-2, except for
the fact that I t was operating at about 9% of fu l l power. The lower power
and quick closure of the block valve in the PORV prevented damage to the
core. Considerable analysis of the incident had been carried out by BSW
and NRC staff ; however, significance of the malfunction of the PORV, and
the increase of pressurizer level with decreasing pressure was not ef-
fectively transmitted to other u t i l i t i e s having BSW-designed plants. The
Rogovin SIG makes a strong recommendation that the NRC develop a mechanism
for evaluating operating data w that 1t can recognize events, reports and
responses of significance.
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As a consequence of the TMI-2 accident and the various investigations
which have taken place, many changes in plant control systems, operator
training, and reactor safety research have occurred and will occur in the
future. Some changes which were initiated very quickly following the ac-
cident are outlined below:

Hardware Changes

1. Emergency power for pressurizer heaters, valves, and level
indicators for PWRs

2. Performance testing for relief and safely valves

3. Improve instrumentation to aid operators in accident diagnosis and
control

a) Direct position indication for BUR and PMR relief and safety
valves

b) Instrumentation for detection of inadequate core cooling

1) level Indication in pressure vessel

4. Provide containment isolation for PWRs and BWRs on diverse signals

5. Post accident hydrogen control systems

a) Dedicated penetrations for external recombiner or external
purge system

b) Inerting of Mark I and Mark II BUR containments

c) Capability to install hydrogen recombiner

6. Post accident control of radiation In systems outside containment

a) Leakage control

b) Shielding

7. Improve auxiliary feedwater system reliability

a) Automatic initiation of all auxiliary feedwater systems

b) Auxiliary feedwater flow Indication

8. Instrumentation to follow course of accident

a) Improved sampling capability

b) Increased range of radiation monitors

c) Improved in-plant Iodine instrumentation



Operational Changes

1. Operators were Instructed to not throttle or shut off HP! opera-
tion once Initiated, unless the pressure in the primary system
was above saturation pressure or unless the reactor was 1n the
normal shutdown procedure mode.

,2. Operators were to turn off the reactor coolant pumps once HPI
was Initiated.

3. Containment was to be Isolated once HPI operation was Initiated.

Institutional Changes

1. NRC has organized an Office of Analysis and Evaluation of Opera-
tional Data which has the responsibility of systematically ana-
lyzing and evaluating operating data, Including licensee event
reports and making recommendations for corrective or Improvement
actions In procedures, operations, management and hardware.

2. The electric power utilities have organized an organization, the
Nuclear Safety Analysis Center (NSAC), Post Office Box 10412, Palo
Alto, California 94303, for the analysis and evaluation of safety
issues for nuclear power plants. In addition, the Institute for
Nuclear Power Operation (INPO), 1820 Water Plaza, Atlanta, Georgia
30339, has been organized to Improve nuclear power plant operator
training and management.

III. NUCLEAR REGULATION

Since the Nuclear Regulatory Commission (NRC) played an Important role
following the initiation of the accident at TMI-2, and the Kemeny Commis-
sion and Rogovin Special Inauiry Group both have made significant recom-
mendations regarding Its role 1n assuring public safety, this section will
be devoted to a discussion on nuclear regulation.

In the United States the Nuclear Regulatory Commission has the re-
sponsibility for assuring public safety over all aspects of commercial
nuclear power plant operations. It carries out Its responsibilities by
licensing, regulating, and Inspecting the construction and operation of
commercial and other non-military nuclear facilities.

The NRC consists of five Commissioners appointed by the President of
the United States and confirmed by the U.S. Senate. The Commission has a
large staff of about 3,300 technical and administrative people. It is an
independent agency of the Executive Branch of the government and 1s organ-
ized Into a number of offices, three of which are statutory ones. These
are the Offices of Nuclear Reactor Regulation, Reactor Research, and Nu-
clear Materials Security and Safeguards. The Commission also has a statu-
tory advisory body, the Advisory Committee on Reactor Safeguards, consist-
ing of 15 Independent experts, scientists and engineers, which has the
responsibility for reviewing licensing evaluations as well as other aspects
of Commission activities such as reactor safety research.

A utility, in order to build and operate a nuclear power plant at a
specific site, must obtain a Construction Permit (CP) and an Operating
License (OL) from the NRC. In order to obtain a CP, a utility must submit
a Preliminary Safety Analysis Report (PSAR) and an Environmental Report
which includes information on component and system design as related to
safely, site characteristics, public health issues, operating personnel,
management and administration, emergency response plans, hypothetical ac-
cident response, environmental impact, quality assurance, radiation ef-
fluent and waste control, and financial capability. The NRC has specified
in Regulatory Guide 1.70 (Ref. 125 the type of information and its format
which 1s required for a safety analysis report.

One of the major subjects which must be discussed in the PSAR and FSAR
is accident analysis. The NRC has divided possible accidents Into nine
classes, as listed in 10 CFR SO and outlined below:

NRC Accident Classifications

Class 1. Trivial incidents

Class 2. Small releases outside containment

Class 3. Radwaste system failures

Class 4. Events that release radioactivity into the primary system

Class 5. Events that release radioactivity Into the secondary system

Class 6. Refueling Accidents Inside containment

Class 7. Accidents Involving spent fuel outside containment

Class 8. Accident Initiation events considered In design basis eval-
uation in SAR

LOCA
Break In instrument l ine
Reactivity transient
Steam line break

Class 9. Hypothetical sequences of failures more severe than Class 8
accidents

The applicant 1s required to analyze a broad spectrum of accident? in
which he postulates in i t ia t ing events In the following categories:

1 . Increase in heat removal by the secondary system

2. Decrease in heat removal by the secondary system

3. Decrease In reactor coolant system flow rate

4. Reactivity and power distribution anomalies
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5. Increase in reactor coolant inventory

6. Decrease in reactor coolant Inventory

7. Radioactive release from a subsystem or component

8. Anticipated transients without scram

Since it is not possible to analyze all possible accidents in detail,
a spectrum of accidents which serves as a boundary envelope based on fre-
quency and consequence is chosen. The NRC has developed the following
three categories of accidents:

1. Incidents of moderate frequency — those which may occur during a
calendar year for a particular plant.

2. Infrequent incidents — those which may occur during the lifetime
of a particular plant.

3. Limiting faults — those occurrences that are not expected to oc-
cur but are postulated because their consequences would include
potential for the release of significant amounts of radioactivity.

The applicant is required to discuss each of the above eight Initiat-
ing events In terms of the three frequency groups. Analysis 1s to be car-
ried out for the limiting events for each combination of category and
frequency group.

The staff of the Office of Nuclear Reactor Regulation (NRR) reviews
the material submitted by the licensee 1n accordance with a Standard Review
Plan (Ref. 13) and prepares a Safety Evaluation Report (SER) summarizing
its findings. The ACRS reviews the SER and background material and submits
its recommendations to the Commissioners. The staff also prepares a Draft
Environmental Impact Statement for review by other federal, state and local
agencies and the public. A 3-member Atomic Safety and Licensing Board
(ASLB) conducts public hearings on all applications for a CP and makes such
intermediate or final decisions as the Commission may authorize 1n pro-
ceedings to grant, suspend, revoke or amend NRC licenses. If the ASLB
findings are favorable, the Commission issues the CP. Any decision of the
ASLB may be appealed and reviewed by an Atomic Safety and Licensing Appeal
Board with a final review possible by the Commission. The entire licensing
procedure may take about 2-1/2 to 3 years, or longer, depending on the de-
sign, site, location, extent of public Intervention, and any technical is-
sues which require resolution.

In the design of the plant the reactor designer and utility follow the
Regulatory Guides which are guidelines for component or system specifica-
tions. Following Issuance of the CP, the utility may start construction.
As the plant construction approaches completion, the utility submits a
Final Safety Analysis Report (FSAR) which contains the final design In-
formation and operating procedures and plans to obtain the Operating
License. The FSAR contains the final design characteristics of all aspects

of the nuclear power plant, including such information as containment data
and specifications of the radioactive waste handling systems. The NRC
staff reviews the FSAR and supporting information 1n a similar manner to
the CP review, except that no public hearings are required unless requested
by intervenors. When the FSAR is approved, the NRC Issues the OL with
Technical Specifications which provide the operating criteria and param-
eters which the utility must meet to ensure public health and safety.

During the construction stage as well as when 1n operation, members of
the NRC Office of Inspection and Enforcement staff make periodic audit-type
inspections to assure that proper quality assurance procedures ore in ef-
fect so that construction is proceeding according to design specifications,
and when in operation that the operators are fulfilling approved procedures
for operation.

If there are any unusual events after a plant has gone into operation,
the utility must file with the NRC a Licensee Event Report (LER) which de-
scribes the event, its causes, and any remedial action. The Commission
staff maintains close touch with the operating reactors so that any unusual
events which are reported are investigated promptly.

IV. REACTOR SAFETY ANALYSIS

In the licensing process In the United States, analysis of reactor ac-
cidents plays a very important role. Since it 1s not possible to conduct
full scale reactor experiments which simulate various accident scenarios,
it 1s necessary to depend on analytical methods to determine the conse-
quences of such scenarios and the design basis of the plant Is, thus, based
on such analyses. The NRC requires that a series of accidents must be an-
alyzed for the PSAR as a design basis analysis. In addition, a hypo-
thetical loss of coolant accident (LOCA) must be analyzed in accordance
with a specific prescription, as provided in Appendix K of 10 CFR 100 (also
Ref. 14) to show the effectiveness of the ECCS. The analysis must show
that the reactor under LOCA conditions will meet the ECCS effectiveness ac-
ceptance criteria, as given in Table III. Computer codes which Incorporate
the neutronic behavior in the core, the thermal hydraulic behavior of the
coolant (water) in the complete primary and secondary systems, and effects
of control action have been developed to predict both normal and abnormal
reactor transients. Both complete systems codes, as well as stand-alone
codes which describe specific parts of a transient, are currently used,
although the trend is to use the systems codes for LOCA analysis.

Two types of codes are currently used: the evaluation model (EH)
codes which have incorporated conservative models and correlations for
licensing use, and best estimate (BE) codes which utilize the best physical
models and realistic correlations. The BE codes are being assessed by com-
parison with experiment and are used to evaluate the margin of safety
inherent 1n the EH codes.

Fabic [15J and more recently Jackson et al.L16J have reviewed the ex-
isting (as well as those under development) computer codes which can be
used for LOCA analysis and have made a comparison of various computer
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codes. Current BE computer codes are In a modularized format such that
each system component nay have I ts specific thermal hydraulic equations
rather than have the overall system divided Into control volumes and solv-
ing the same conservation equations for each volume.

Because of the complexity, the two-phase flow codes which have been
developed in the past have used the simplification that the two-phase f lu id
was considered as a homogeneous mixture of the l iquid and vapor (steam)
phases and that the two phases were in thermal equilibrium with each other.
These simplified codes were called homogeneous equilibrium model (HEM)
codes, where single phase equations were used to describe the f lu id flow
and steam tables were used to define the properties of the mixture f l u i d .

TABLE I I I

ECC5 Effectiveness Acceptance Criteria

1. Peak Cladding Temperature

Calculated maximum fuel cladding temperature shall not exceed 2200 F.

2. Maximum Cladding Oxidation
The calculated total oxidation of the cladding shall nowhere exceed
0.17 times total cladding thickness before oxidation.

3. Maximum Hydrogen Generation
The calculated total amount of hydrogen generated from the chemical
reaction of the cladding with water or steam shall not exceed 0.01
times the hypothetical amount that would be generated if all of the
metal in the cladding surrounding the fuel, excluding the cladding
surrounding the plenum volume, were to react.

4. Cool able Geometry
Calculated changes in core geometry shall be such that the core re-
mains amenable to cooling.

5. Long Term Cooling
After any calculated successful initial operation of the ECCS, the
calculated core temperature shall be maintained at an acceptably low
value and decay heat shall be removed for the extended period of
time required by the long-lived radioactivity remaining in the core.
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In order to improve the thermal hydraulic modeling to describe
situations where there may be clear phase separation, some current codes
such as TRAC [16] have Introduced modeling which takes into account non-
homogeneity and non-thermal equilibrium of the two phases in what is called
a two f lu id (TF) model. In the two f lu id model the equations for the con-
servation of mass, momentum and energy are developed for each of the two
phases with the assumption that the pressures in both phases are equal
(pj,=Pn=p). In addition to these conservation equations, i t is nec-
essary to have conservation of the interfacial mass, momentum and energy
transfer terms. The TF model thus characterizes two-phase flow as accu-
rately as possible. In the TF model the local instantaneous equations are
time-averaged over a short period of time. The time-averaged equations can
then be used directly or averaged over the control volume, area or compon-
ent of interest.

The THI-2 accident clearly showed the need for a thermal hydraulics
computer code which could simulate the two-phase conditions which existed
during much of the accident. There was clearly phase separation and the
more simplified computer codes were unable to simulate the accident con-
ditions once significant amounts of steam were generated in the primary
system.

For those situations where the complexity of the TF model Is not re-
quired, a model called the d r i f t f lux (diffusion) model has been used,
where the vapor and l iquid phases are considered as a mixture. In the DF
model the conservation equations for mass and momentum are considered for
the mixture as a whole and the conservation of energy equations in terms of
the d r i f t velocity (Vg-Vj). The DF model is an improvement over the
HEM model because the effects on the mixture dynamics of the difference be-
tween the steam and l iquid velocities is taken into consideration and the
effects of thermal nonequilibrium are considered in a simplified manner.

Current EH computer codes are used in lumped parameter modes where the
homogeneous equilibrium model is averaged over large control volumes. The
EH codes with their conservative assumptions and HEH models yield bounding
type analyses of LOCAs. BE computer codes such as TRAC and RELAP5 use non-
homogeneous, non-equilibrium hydrodynamic models.

Fable has l is ted practical two-phase flow models which are in current
use 1n various codes. Some of the codes currently in use are l is ted in
Table IV, with the definitions of each of the variables being l isted in
Table V.

Summary descriptions of RELAP5 and TRAC have been given by Jackson et
31.116] where RELAP5 (developed by the Idaho National Engineering Labor-
atory (INEL) 1s described as "an advanced, one-dimensional, fast running
system analysis code. I t is a completely new code based on a non-homoge-
neous, non-equilibrium hydrodynamic model and features top-down structural
design with significant programming elements coupled in modular fashion."
RELAP5 has been developed for system transient simulation of LWR LOCA and
non-LOCA transients. A summary of the general characteristics of RELAP4,
RELAP5 and TRAC, as given by Oackson [16] Is provided in Table VI . 543



TRAC is a multidimensional, non-homogeneous, non-equilibrium systems
computer code developed by the Los Alamos Scientific Laboratory (LASL).
The flow fn the reactor vessel is treated on a three-dimensional basis,
whereas the flow outside of the vessel is treated on a one-dimensional
basis. In the reactor vessel two f lu id , six-equation modeling is used,
while a five-equation DF mode*! is used in the one-dimensional loop com-
ponents to describe the f lu id flow. A five-equation DF model adds a sepa-
rate energy equation for the vapor phase to the standard form DF model.
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TABLE IV
BEST ESTIMATE IV.?. ACCIDEST AilALYSIS COI'JUTER CODES

Appl ica t ion Characteristics
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TABLE V

TWO-PHASE FLOW MODELS
TABLE VI

Comparison of LWR LOCA Codes

1V2T

1VD2T

2VTkTs

Designation Characteristics

1V1T HOMOGENEOUS EQUILIBRIUM (HEM)

1VS1T SLIP, EQUILIBRIUM

1VD1T DRIFT, EQUILIDRIUM

lVTkT$ HOMOGENEOUS. PARTIAL NON-EQUILIBRIUM

lYSTfcTs SLIP, PARTIAL NON-EQUILIBRIUM

lVDTkTs DRIFT FLUX (DF), PARTIAL NON-EQUILIBRIUM 2

2V1T TWO FLUID, EQUILIBRIUM 1

HOMOGENEOUS. FULL NON-EQUILIBRIUM 2

DRIFT. FULL NON-EQUILIBRIUM 2

TWO FLUID, PARTIAL NON-EQUILIBRIUM 2

2V2T TWO FLUID. FULL NON-EQUILIBRIUM 2

No. Field Equations
Mass Momentum Enemy

1

1

1

1

1

1

2

1

1

2

2

1V1T
ZV2T

Vs
S
0

ONE VELOCITY. ONE TEMPERATURE MOOEL
TWO VELOCITIES. TWO TEMPERATURES MODEL
ONE PHASE AT SATURATION TEMPERATURE
TEMPERATURE OF OTHER PHASE IS COMPUTE
SLIP RATIO IS USED
VAPOR DRIFT IS USED

1

1

1

2

2

1

1

2

2

1

2

Capabilities
Reactor System

PWR
BUR
Control Vol. No.
Dimensions
ECCS-LPI
ECCS-HPI

RELAP4 HOD 7 TRAC (P1A/BDO) RELAP5

Yes
Yes

Yes Yes
Yes No

Dynamic Storage, Computer Storage Limited —
Multi 1

Time/Pressure, Dep. Fill »
Time/Pressure, Dep. Fill 1

Accumulator

Secondary System Yes'

Control Vol.
w/Polytropic Air

- HT

Trip Logic

Check Valves

Motor Act. Valves

Hydrod.ynamic Model
Homog. Equil.

Momentum Flux

Nonhomo. Equil.

Numerics

Arbitrary Network

Model Improvements

Fuel Type

Av/Hot Channel

and/or Logic Added

Yes

Yes

Slip Added

Yes
Explicit Nonhomog.

ECC Mix.

Implicit

Yes

Pin/Plate

Yes

Gap Yes

Thermal Properties Yes (MATPRO)

Conduction Yes

Active Control
Vol. w/air

Adequate Primary/Secondary Model
Steam Generator Only

Complex Trip, Logic Complex Trip, Logic

Yes Yes

Tabular Yes

No

Yes
Two Fluid
6 Eqs.

Semi/Full Implicit

Yes

Pin

Yes, 3-D
Multi Rod

Yes

Yes

Ves

Optional

Yes
Two Fluid
5 Eqs.

Semi-Implicit

Yes

Pin/Plate

Yes
Multi Rod

No

No

Yes
545



TABLE VI (Confd)

Capabilities

Metal Water Reaction

Reactor Kinetics

Phase Separation

Integral Blowdown
Reflood

Metal Heat Cond.

Water/Steam Prop-
erties

Heat Transfer Cor-
relations

FOR/Rev. Loss Coeff.

Pump Model

Choked Flow Model

User Convenience

Plots

Restart

Automatic Steady
State

Input, Free Format

Input, Diagnostics

Computer Used

RELAP4 MOD 7

Yes

Point Kinetics

Var. Bubble Rise

Auto. Renodal.

Yes, Distributed

Extensive Iter.
Table Lookup
with Memory

Improved Correl. &
Logic-Diff. Correl.
for Blowdown/Reflood

Yes

Homologous
Pump Curves

Several Options

Yes

Yes + Renod.

Yes (PWR only)

Yes

Same as RELAP4/H3

CDC 7600

TRAC (P1A/BD0)

Yes

Point Kinetics

TF Model

Auto. Renodal

Yes, Lump-Dist.

Correlations

1 set for entire
trans. Phases
treated separately

No

Homologous
Pump Curves

Num. Choking
Fine Mesh

ves

Yes + Renod.

Yes

No

Limited

CDC 7600

RELAP5

No

Point Kinetics

TF Model

Yes

Yes, Distributed

Extensive Direct
Table Lookup with
Memory

Same as
RELAP4 HOD 6

Yes

Homologous
Pump Curves

TF Boundary
Conditions

Yes

Yes

No

Yes

Yes

CDC 7600
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In addition to the basic conservation equations, there are the con-
sti tut ive equations which describe the transfer of mass, momentum and
energy between the vapor and l iquid phases as well as the interaction of
the phases with the system structure. TRAC has included a flow-regime-
dependent (bubbly, slug, and annular flows! constitutive equation package
in the code.

TRAC also has heat transfer models such as conduction models to calcu-
late temperature distributions in structural materials, and fuel rods and
convection models to calculate the heat transfer between the coolant and
structural materials. The conduction model for the fuel rod takes into
consideration surh effects as gap conductivity changes, metal water reac-
tion and quenching phenomena.

TRAC has been developed in a modular format so that each component 1s
considered a separate module. Any PWR desion or experiment configurator
can be modeled as a system by assembling the appropriate component models
by input data. Accumulators, pipes, pressurizer, pumps, steam generators,
tees, valves and vessels have been modeled separately in a modular format.

Currently TRAC, in addition to further development, is undergoing as-
sessment by comparison with separate effect as well as integral experi-
ments. Assessment efforts are in progress at LASL and at BNL. A l i s t ov
TRAC-P1A assessment analyses is provided in Table V I I .

TRAC was also used by LASL to analyze the TMI-2 accident up to about 2
hours after the start of the accident. The type of noding scheme used in
the analysis is shown in Figure 10. The comparisons of actual system
pressure and primary system temperature as a function of time with TRAC
results are shown In Figures 11 and 12.

V. REACTOR SAFETY RESEARCH

Reactor safety research In the United States is sponsored by the U.S.
Nuclear Regulatory Commission (USNRC), the Department of Energy (DOE},
Electric Power Research Institute (EPRI), reactor manufacturers, and some
u t i l i t i e s . In fiscal year 1981, the NRC and DOE had budgets of $216M and
$35M, respectively, for LWR safety research, and these agencies constitute
the principal governmental sources for funding in this area.

Before the TMI-2 accident, an emphasis was placed on the understanding
of large break loss of coolant accidents (LBLOCA), with the NRC Loss of
Flow Test (LOFT) program having the major role 1n the NRC safety research
program. Since TMI-2, the emphasis on safety research has shifted toward
Improving our understanding of accidents whose frequency of occurrence have
a higher probability. The importance of the small break loss of coolant
accident (SBLOCA) has been recognized and much of the research effort has
been redirected toward improved understanding of this class of accidents.
I t has also been recognized that LWR accidents which result In degraded or
damaged cores with accompanying release of significant amounts of hydrogen
may be possible. Research has been Ini t iated on the effects of severely
damaged cores, methods for mitigating or preventing the combustion of hy-
drogen, and methods for mitigating the effects of rapid combustion and
pressurization of the containment. In this la t ter category, consideration 532



TABLE VII
TRAC-P1A Developmental Assessment Analyses [16]

No_. Experiment

1 Edwards Horizontal Pipe
Blowdown (Standard Problem 1)

CISE Upheated Pipe Blowdown
(Test 4)

CISE Heated Pipe Blowdown
(Test R)

Harviken Fail-Scale Vessel
(Test 4)

Semiscale 1-1/2 Loop Iso-
thermal Blowdown (Test 1011,
Standard Problem 2)

Semiscale Mod-1 Heated Loop
Blowdown (Test S-02-8,
Standard Problem 5)

Creare Countercurrent Flow
Experiments

FLECHT Forced Flooding
Tests

Non-nuclear LOFT Blowdown
with Cold Leg Injection
(Test Ll-4, Standard
Problem 7)

Thermal-Hydraulic Effects

Separate effects, 1-D critical
flow, phase change, slip, wall
friction

Same as 1 plus pipe wall heat
transfer, flow area changes,
and gravitational effects

Same as 2 plus critical heat
flux (CHF)

Same as 1 plus full-scale effects

Synergistic and systems effects
1-D flow, phase change, slip wall
friction, critical nozzle flow

Same as 5 plus 3-D vessel model
with rod heat transfer including
nucleate boiling, DNB, and post-
DNB

Separate effects, countercurrent
flow, interfacial drag and heat
transfer, condensation

Separate effects, reflood heat
transfer, quench front propaga-
tion, liquid entrainment and
carryover

Integral effects during blowdown
and refill, scale midway between
Semiscale and full-scale PUR
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IS CCM>ONENTS
I t JUNCTIONS

24 VESSEL CELLS
4 2 1-D CELLS
66 TOWL CEOS

FIGURE 10. TOK noding schsrattc for m i -2 .
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is being given to the possibility of f i l te r ing and vanting the hot radioac-
t ive gases inside of the containment to maintain Integrity of the struc-
ture. Another area which has gained attention 1s in the improvement of
training of operators with the use of more real ist ic training simulators.
Studies have been init iated on machine-man interactions as well as on the
human factors Involved 1n accident in i t ia t ion . Emphasis has also been
placed on risk assessment studies, including ut i l izat ion of techniques used
in the Reactor Safety Study (KASH-1400),[17] and development of improved
methodology and re l iab i l i ty data.

This overview of reactor safety research wi l l discuss some of the
major programs being carried out under the sponsorship of the NRC. The LHR
safety research In the NRC is divided into the following categories: sys-
tems engineering, LOFT, code development, fuel behavior, primary system
integrity, seismic engineering and site safety, and risk assessment.

In the systems engineering category are conducted experimental studies
of transients ini t iated by small breaks 1n the primary system and tran-
sients in i t ia ted in the secondary steam system. The primary fac i l i t i es
used in this program Include Semi scale at the Idaho National Engineering
Laboratory (INEl) and the Two-Loop Test Apparatus (TLTA) at the General
Electric Company in San Jose, California.

The Semiscale fac i l i t y [18,19] is a non-nuclear (electrical heating)
one-dimensional representation of a PWR f a c i l i t y , as schematically shown in
Figure 13, which has been in operation since 1968 at the Idaho National En-
gineering Laboratory. The fac i l i ty simulates a pressure vessel with com-
plete Internals, intact loop with active steam generator, pump and pres-
surizer, a broken loop with active steam generator, a pressure suppression
system, heater and steam supply system, and ECCS. The f i r s t core had a
length of 5.5 feet , the sane height as LOFT, with 40 electrical test rods.
The second core, MOD 2A, is 12 feet long wUii 25 electrical ly heated rods.
The total power in the core is 2 MM. The components are scaled on a one-
to-one elevation with a four-loop PWR. The Semiscale program has the ob-
jective of providing a data base for transient and LOCA code development
and assessment. Tests which have been conducted on Ssmiscale are sum-
marized in Table V I I I . Studies which are being conducted on Semiscale
Include: overcooling transients, small break LOCAs, steam generator tube
break, steam l ine break, feedline break, loss of feedwater, UHI, alternate
ECC and off-design transients.

Tong [20] reports that the Semiscale program findings to date are:

• Blowdown Heat Transfer - CHF was reached in 0.3 to 4.0 seconds in
the Semiscale cold-leg LBLCCA which is comparable to delays ob-
served in the ORNL BDHT runs.

• Reflood "teat Transfer - The data from the forced flooding tests
were compiled to the FLECHT data with good agreement, and the HOD 1
gravity flooding dats were compared to the FLECHT-SET data, with
some difference because of the differences in core length.

Semiscale
Mod-2A System

Type U steam generator
(broken loop) .Type II steam generator

(Intact loop)

Special Features:

> Instrumented SG
• Honeycomb insulation
< Pipe heat tracing
• New core

Pressure
suppression
tank

Pump suction — • » 1

Vassal downcomer ^

y
Pressure
suppression
header

FIGURE 13. Isometric View of the Semiscale N0D-2A System
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Test Series

500-700

800

900

1000

65

69

TABLE VIII
SEHISCALE TEST SUMMARY

Dates

- 68

- 71

71

72

No. of Tests

-\-100

<\, 40

One Test

9

Description

Vessel Slowdown

Vessel and Single Loop
Blowdown and ECC

As Above. Longer Core

Vessel and Two Loops

72 - 74

Blowdown and ECC

90 Countercurrent Flow and
Hot Wall Tests

1

z
3

4

S

6

7

28

TMI

SB

TR

08/74 - 07/75

05/75 - 11/75

01/76 - 03/76

05/76 - 10/76

10/76 - 03/77

04/77 - 08/77

06/78 - 05/80

07/77 - 09/77

0o/79 - 07/79

11/79 - 05/80

05/80 - <«/«>

8

8

12

9

9

6

10

13

10

10

2

Isothermal Blowdown

Blowdown Heat Transfer

Reflood Heat Transfer

Alternate ECC Concepts

Alternate ECC Locations

Integral LOCA

H0D3 Baseline (LOCA Series)

Tube Rupture, Power Control

Three Mile Island

Small-Break

Preliminary Station Blackout
Transients

550

• Alternate ECC Injection Concepts - Lower plenum ECC injection tests
showed substantially earl ier core quench than the cold leg injec-
tion method (75 seconds versus 200 seconds). The combined upper
plenum and cold leg injection tests also showed an earl ier quench
time. An improvement of performance of current ECCS seems
feasible.

• Steam Generator Tube RupV.ure Tests - The t ;s t results showed that
the potential for increased cladding temperature in tube rupture
during a LOCA is largest for a range of ruptured tube numbers
between 12 and 50. However, the computational methods currently
used to analyze this transient appear to be overly conservative.
The peak clad temperature observed in this test did not exceed
1366°K (2000°F) because of the core internal flow recirculation
observed in the Semi scale tests.

The Two-Loop Test Apparatus (TLTA) at the General Electric Company -fs
a fac i l i t y which corresponds to the Semiscale f a c i l i t y for BWRs. I ts pro-
gram is under the jo int sponsorship of NRC, EPRI and GE. The fac i l i ty uses
a fu l l length 7x7 and 8x8 electr ical ly heated fuel bundle in i t s test sec-
tion to determine the thermal hydraulic characteristics under BKR LOCA con-
ditions.

Tong [20] reports that the experiments with a 7x7 fuel bundle have
produced the following results:

• The current licensing BWR LOCA evaluation method, when applied to
the TLTA results, shows a substantial margin In the prediction of
peak cladding temperature during blowdown.

t The system response was observed to be insensitive to large varia-
tions in the bundle power (3 to 6.5 HH).

• Boiling transition (BT or CHF) generally occurs after the lower
plenum flashing surge due to rod uncovering as the two-phase
mixture level Is depleted. However, in the peak power bundle
tests, boiling transition occurred due to exceeding the cr i t ica l
power during the non-typical TLTA core-flow coastdown while the
mixture level remained above the bundle.

• The maximum measured cladding temperature was less than 1030'K
(1400*F) for the peak power bundle tests.

One of the principal components of the NRC safety research program Is
the Loss of Flow Test (LOFT) program. The objectives of the LOFT program
are: (a) to provide data for the assessment of LOCA analysis computer
codes; (b) to Investigate the margin of safety In ECC systems, and (c) to
detect unexpected phenomena which might occur during a LOCA and the i n i t i a -
tion of ECCS. The LOFT Integral test , which is a pressurized water reactor
experimental f a c i l i t y , simulates loss-of-coolant accidents with ECCS opera-
tion using nuclear heating.

In order to provide experimental data for use in LOCA code assess-
ments, the following effects are studied in the LOFT program:
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(1) Break flow area and break location

(2) Pump resistance e f fec t s and coastdown characteristics

(3) Downcomer bypass and mixing of the accumulator coolant with the
primary coolant

(4) Core and system differential pressures, and accelerations oc-
curring during subcooled blowdown}

(5) Heat transfer through the steam generator

(6) Three-dimensional hydraulic e f fects In the core, plena, and
other volumes of the primary system

(7) Two-phase flow resistance of various system components

(8) The ECC flow rates , Injection location Interaction with counter
current steam flow and steam generation from wall heat transfer
in the in l e t annul us and downcomer

(9) The scaling e f fects of the various primary system components

(10) The e f f ec t of redundant test ing on the confidence of the data

(11) The t e s t assembly structural response

(12) The fuel rod cladding deformation and deterioration during a
LOCE

(13) The transient heat transfer behavior from core to the coolant

(14) The behavior and/or Influence of blowdown suppression tank
parameters on the LOCA.

The LOFT f a c i l i t y [21] i s a 55 HW(t) pressurized water reactor de-
signed to simulate the Integral system behavior of a large PWK during a
postulated loss-of-coolant accident (LOCA). The LOFT has a nuclear core
approximately 168 cm long and 61 cm in diameter, with 1,300 fuel rods and
four control assemblies. The primary coolant system has been designed so
that the volume-to-core power ratio 1s similar to that which ex i s t s 1n
PWRs. The three unbroken loops for a PWR are simulated by a single loop in
LOFT and a broken FUR loop 1s simulated by the blowdown loop, as shown In
Figure 14.

The broken loop in LOFT contains an or i f ice so that various break
s izes can be simulated, and also contains a steam generator and pump to
simulate the external hydraulic characterist ics of these components 1n a
broken PWR loop. LOFT can simulate a hot leg or cold leg break by reloca-
tion of the steam generator and pump simulators. To simulate the I n i t i a -
tion of a piping rupture, quick opening valves are used In the broken loop.
A blowdown suppression tank c o l l e c t s the blowdown effluent and simulates
the containment back pressures during a loss of coolant experiment.

FIGURE 14. Major components in the LOFT system.

551



Two high pressure Injection system (HPIS) pumps, two low pressure in-
jection system (LPIS) centrifugal pumps and two nitrogen pressurized accu-
mulators are used to simulate the emergency core cooling system (ECCS)
operation In a PWR. These components have the following operating charac-
teristics:

TABLE IX

SUMMARY OF Ll TESTS SERIES PARAMETERS

HPIS

LPIS

Accumulator

Capacity

0.17 - 17 a/s

Up to 18.9 V s

1.72 m3 of coolant

Pressure

Up to 17.2 HPa

99m head

6.9 MPa

552

ECCS can be injected In any of five points located in intact hot leg,
intact loop cold leg, upper plenum, lower plenum and vessel downcomer.

For the Investigation of LOCAs, a program consisting of ten test
series (Ll-10) have been planned for the LOFT f a c i l i t y . These series of
tests are brief ly discussed below.

The L l test series which was conducted between March 1976 and April
1978 consisted of six non-nuclear heating loss-of-coolant experiments
(LOCE) with exothermal coolant temperature conditions. The heat for the
experiment* was supplied by the mechanical energy losses from the primary
coolant pumps and pressure was obtained using the electrically heated pres-
surizer. The major parameters which were varied in these tests included:
break size, break "location, break opening time, primary system (PCS) flow
resistance, ECC injection point and PCS pressure. A summary of the test
parameters Is given In Table IX.

The L2 test series consisted of fu l l power double-ended cold leg break
experiments. A summary of the test parameters for the L2 series is given
1n Table X.

The L3 test series consists of LOCEs due to small break in the primary
coolant loop. The following types of small break transients are studied:
break mass flow greater than HPIS; break mass flow equal to HPIS; system
repressurization, and stuck power operated re l ie f valve (PORV) of the
pressurizer c i rcu i t . A summary of the L3 test series parameters Is given
1n Table X I .

The L4 test series wi l l consist of five LOCEs designed to study the ef-
fects of various ECC systems on the LOCA transient from blowdown through re -
flood. A summary of the L4 series test parameters is given In Table X I I .

The L5 te-,t series wi l l consist of 4 LOCEs designed to study the core
and system response to Intermediate sized breaks In the primary coolant
system. Including hot and cold leg ruptures. A summary of the L5 test
series parameters Is given in Table X I I I .

Experiment
Designa-
tion

Ll-l

L1-2C

H-3

Ll-4

Ll-5*

Break
Size

100*
breaka

200* .
break"1

200* .
breakd

200* .
breakd

200*

Break
Type

Hot
leg

Cold
leg

Cold
leg

Cold
leg

Cold
leg

Break
Opening
Time (ms)

17,5D

50 + 10e

1 7 . 3 D

17.5D

17.5b

PCS
Resis-
tance

Low

High

Low

Low

Low

ECC
Injection
Point

Cold leg

Cold leg

Lower
plenum

Cold leg

Cold leg

PCS
Pressure
(MPa)

9.44

15.45

15.45

15.45

15.45

a. Simulated a 100X (50X of the break area In each leg) double-ended break
in the hot leg of a four-loop LPHR.

b. Blowdown valves orifices opened In 17.5 MS I f PCS pressure was
15.45 MPa. No tolerance given on this limit.

c. Cold leg ECC Injection to be applied after completion of blowdown to
separately evaluate "hot wall" effect.

0. Simulated a 200* (100% of the break area in each leg) double-ended break
in the cold leg of a four-loop LPUR.

'.«. set for PCS pressure of 15.45 MPa.

f . Hutfear core Installed, but not ger.srating heat.
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TABLE X
12 SERIES - POWER ASCENSION TEST SERIESa

Primary
Coolant

Power System
LOCE Level* Flow/ T.

Number (kH/m) (kg/s/K)0

12-2 26.3 186.4/23.9

L2-3 39.4 181.6/35.8

L2-4 52.5 241.9/35.8

Offsite
Power

On

On

On

12-5 39.4 181.6/35.8

L2-6 39.4 181.6/35.8

Off

On

Fuel
Condition

Unpres-
surized

Unpres-
surized

Unpres-
surized

Unpres-
surized

Prepres-
surizcd
center
nodule
(2.41 MPa)

Coimiems

Completed

Completed

The core will be
changed out (both
nondestructive and
destructive examina-
tions will be con-
conducted) .

The center fuel module
will be replaced with
a module with pres-
surized fuel rods for
this test (Type F
fuel module).

TABLE XI

SUMMARY OF THE L3 TEST SERIES PARAMETERS

Test

L3-0
1.3-1
13-2
L3-3
L3-4
L3-5
L3-6

Break*
Size

0.1 ft2

0.0075 ft2

0.0075 ft2

0.0075 ft2

0.1 ft2

0.1 ft2

Break
Location

ILHL
BLCL
BLCL
BLCL
ILHL
ILCL
ILCL

Co-went

a. Break sizes for full LPHR sizes,
to LOFT.

Isothermal; stuck PORV

Dry steam generator
Stuck PORV
Isothermal; pumps off
Isothermal; pumps on

Breaks will be volume scaled

a. Parameters not listed here are defined in the experiment operating
specification (EOS) for each test. All tests are full-area (200%) OECL
breaks and assume loss of one low-pressure injection system (LPIS) and
high-pressure Injection system (HPIS) train.

b. A total core peaking factor of 2.43 was assumed.

03

8 8.0

11 70

Sg
2 o

8 o 4.0
ra
S 3.0
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TABLE XII

SWUM OF L4 SERIES PARAMETERS

Test"

L4-1

L4-2

L4-3

L4-4

L4-S

Linear Heat
Generation Rate

(MM)

(39.4)

(39.4)

(39.4)

(39.4)

(39.4)

ECC Injection
Location

Lower plenum

Hot leg

Hot leg and cold leg

Downcomer

Cold leg upper
plenuM/downcomer
pressure equalization

a. an tests will simulate a 200* DECL LOCA and will assume the loss
of one LPIS and one HPIS train.
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TABLE XIII

SUMMARY OF L5 TEST SERIES PARAMETERS

Parameter

Power (KH/«)
PCS Flow (Kg/s)
Core AT (K)
Break Size
Break Location
Primary PUMPS

L5-1

39.4
181.6
35.8
14"
HL
Off

L5-2

39.4
131.6
35.8
10"
CL
Off

LS-3

39.4
181.6
35.8
16"
PS
Off

L5-4

39.4
181.6
35.8
16"
PS
On

The L6 test series has been designed to study operational transients
and anticipated transients without scram (ATWS), while the L7 test series
will consist of LOCEs which are designed to study the behavior of steam
generator tubing rupture coincident with a LOCA. Other test series which
are being planned include L8, degraded core tests, L9 transients with mul-
tiple failures, and L10 accident override transients. The degraded core
transients will study core uncovery and fuel response to severe transients,
while transients with multiple failures will investigate accidents of dif-
ferent compounded events. The accident override transients will study
various schemes for operator Intervention during an accident to enable the
plant system to arrive at a safe shutdown condition.

L. S. Tong 120J reports that the major conclusions which can be drawn
as a result of the LI series and L2-2 and L2-3 tests are:

• The ECC water 1s delivered more quickly to Hie core, more reactor
coolant remains in the core region and less ECC water flows from
the break than is predicted by codes based on the conservative
licensing ECC rule.

• Early In the accident, even before the ECCS is actuated, the core
receives a flow of water which rewets the core and significantly
lowers the temperature of the fuel during blowdown period.



• The hydraulic behavior of LOFT experiments is basically predictable
by the "best estimate" codes. No unexpected severe events were
observed. This finding provides confidence in the current
analytical methodology.

• The ECC systems work as expected. Peak cladding temperature in the
LBLOCA tests was less than 980°K (1300T) .

Following the THI-2 accident, the LOFT program schedule was changed to
study small break LOCA and transients. Tests, including a stuck open PORV,
a 4-inch and a 1-inch break simulation in the primary system, and effect-
iveness of various heat sinks have been studied. Tong reports that these
tests suggest that for 4" pipe or larger breaks the break flow is s u f f i -
cient to carry away a l l decay heat, while for small breaks the steam gener-
ator Is the dominant heat sink. In addition, the LOFT program now includes
the study of methods for the operator to recognize, control and mitigate
accidents as well as the study of the ini t iat ion and development of natural
circulation aid methods for the measurement of coolant inventory.

In the code development area the principal effort is in the develop-
ment and assessment of TRAC and RELAP5 which have been described in a pre-
vious section. There Is also effort in the development of COBRA-TF L22]
which, when coupled to a system code l ike TRAC, is a computer code to
analyze full-scale reactor systems under accident conditions, with special
emphasis on hot bundle/hot channel analysis and complex internal vessel
geometry simulation. COBRA-TF is a three-dimensional two-phase flow code
using three f ie ld representation. COBRA-TF has been linked to TRAC-P1A as
a vessel module, thus providing a system simulation capability. I t also
has been linked to FRAP-T6, a transient fuel behavior code for reflood
calculations.

The fuel behavior program provides analytical tools and experimental
data to assess fuel behavior under accident conditions. The program I n -
cludes cladding experiments, in-reactor tests, fuel meltdown and fission
product transport tests, and fuel behavior code development. The principal
fac i l i ty in this program 1s the Power Burst Facil i ty (PBF) at INEL.

The PBF fac i l i t y consists of a 40 HW l ight water moderated and cooled
reactor with a loop for test fuel rods which can be uti l ized In a pulse
mode of operation (maximum power during shaped burst = 1000 MM), and which
has been in operation since 1974. I t can be operated in various modes to
provide test conditions typical of accident conditions such as:

1 . Power Cooling Mismatch (PCM) Accidents

2. Loss-of-Coolant Accidents (LOCA)

3. Reactivity-Initiated Accidents (RIA)

4. Operational Transients With and Without Scram (OPTRAN)

5. Small Break LOCAs (SBLOCA)

Experimental studies at PBF on gap conductance and fuel stored energy
provide data to assess fuel behavior codes such as FRAPCON and FRAP-T,
which are steady state and transient behavior codes. FRAP-T can be used to
analyze fuel transients in LOCA from blowdown through reflood phases of the
accident.

The PBF program consists of a 37 test program to investigate LWR fuel
behavior under accident conditions, as l isted above. In-pile PCM experi-
ments have been performed in which unirradiated, Irradiated fue'i rods and
irradiated cladding and fresh fuel rods have been tested. Some conclusions
123,24,25] which can be drawn from these experiments are: (1) LWR rods can
operate in fi lm boiling mode and incur significant damage without fa i lure;
(2) the primary rod failure mechanism is that due to oxygen embrittiement
of the cladding due to steam-si realloy and UOg-zireal Toy reactions, and
(3) rod-to-rod film boiling and fuel fai lure propagation did not occur.

Single and multiple rod tests under RIA conditions have been per-
formed. Tests with pre-irradiated fuel rods indicated substantial swelling
of the rods caused by fission gas release, cladding fragmentation and fuel
powdering which resulted in flow blockage around separately shrouded i r ra -
diated fuel rods. Bundle cool abi l i ty and coolant channel integrity In a
cluster fuel rod assembly wi l l be studied under RIA conditions of about 220
cal/g UO2 peak fuel enthalpy.

LOCA blowdown tests were carried out with pressurized fuel to deter-
mine rod deformation and ballooning. Fuel behavior with peak cladding
temperatures of 1030, 1190, 1350 and 15O0K are being studied.

The effects of operational transients on fuel rods, especially cumu-
lat ive damage effects, are being Investigated. Such effects as cladding
collapse with dryout, and pellet-cladding interaction combined with stress
corrosion cracking wi l l be studied.

The effects of small break LOCA (SBLOCA) on fuel behavior wi l l also be
Investigated. Effects of slow system depressurization accompanied by
coolant flow reductions similar to that of THI-2 on fuel rod bundles wi l l
be investigated. The program wi l l assess fuel rod damage due to cladding
oxidation, hydriding, zircalloy-UOj eutectic formation and rod fragmenta-
t ion. The program will include tests with peak cladding temperatures up to
about 2300K.

Significant results from the fission product release program from de-
fective LWR fuel rods under prototypic LOCA at ORNL 126] have indicated
that cesium and iodine are released a factor of 10 to 100 less than that
assumed in WASH-1400. Cesium iodide (Csl) appears to be the principal
chemical species released froc fai led fuel into a steam environment. Since
Csl 1s highly soluble in water, the amount of radioactive Cs and I released
into the containment and to the environment would be considerably less than
that previously postulated in WASH-1400 L17J according to Levenson and
Rahn.L27J This explanation is given for the very small amount of iodine
released to the environment at THI-2. Almost a l l of the cesium and iodine
released at TMI-2 from the failed fuel has remained In the coolant water 555



within the containment. Levenson and Rahn contend that the risk of radio-
active iodine and cesium release from LWR accidents is substantially re-
duced from previous postulates in such studies as WASH-14O0.

The primary system Integrity program includes the development of tech-
niques to detect incipient cracks in the pressure vessel and piping, pre-
dicting the growth of cracks and inhibiting the growth of cracks by con-
trolling the coolant chemistry. This program also Includes studies to
improve the understanding of the reduction of fracture toughness of pres-
sure vessels due to neutron irradiation as well as an understanding of the
effects of thermal shock on the structural Integrity of pressure vessels.

There has been increased interest in the effects of thermal shock, es-
pecially because of the possibility of overcooling transients on such re-
actor plants as designed by BSW. The sensitivity of the B&W design steam
generator to changes in the feedwater flow increases the possibility of
overcooling or undercooling transients.

This has been a review of the major highlights of the NRC safety re-
search program. This program continues to evolve in response to the TMI-2
accident. The following represent some additional research needs [28,29]
which are related to the TMI-2 accident:

1. Development of a highly reliable shutdown heat removal system.

2. Development of improved instrumentation such as pressure vessel
water level indicator, accident diagnosis instruments, improved
control console/room design.

3. Improved understanding and methods of analysis of anomalous tran-
sients and small break LOCAs.

4. Improved operator action to respond to transients and accidents.

5. Improved simulators for operator training.

6. Reexamination of overall design adequacy.

7. Measures to deal with or mitigate degraded core and core melt
accidents.

8. Improve probabilistic risk assessment methodology and reliability
data.
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VI. CURRENT ISSUES

As an aftermath of the TMI-2 accident, the USNRC Is considering hold-
ing rulemaking hearings on a number of subject? directly related to reactor
safety. These subjects include (a) safety goals, (b) reactor sit ing, (c)
engineered safety features, (d) emergency preparedness for nuclear power
plants, (e) alternative site reviews, and (f) degraded core accidents.

The ACRS L30] has made a trial approach to the development of quanti-
tative safety criteria. It has divided the problem into two tasks; (a) the
social and political task of setting safety criteria, and (b) the technical
task of estimating the risks and determining whether the criteria have been
met. The ACRS has proposed the following safety criteria:

(a) Limits are placed on the frequency of occurrence of certain
hazardous conditions within the reactor.

(b) Limits are placed on the risk to the individual of early death or
delayed death due to cancer arising from an accident.

(c) Limits are placed on the overall societal risk of early or
delayed death.

(d) An "as-low-as-reasonably achievable" approach 1s applied with a
cost-effectiveness criterion that includes both economic costs
and a monetary value of preventing premature death.

(e) A small element of risk aversion i s applied to Infrequent acci-
dents involving large numbers of early deaths compared to a
similar number of deaths caused by many accidents, each involving
one or t»o deaths.

The ACRS has suggested goals for the criteria (a) through (d), and
these are reproduced as Tables XIV to XVII.

The USNRC in August 1978 established a Task Force to develop a general
policy statement on nuclear power reactor siting. This Task Force produced
a report 131J to the Commission which will be the basis for the siting
rulemaking hearings. The Task Force produced nine recommendations which
were to accomplish the following goals.

(1) To establish requirements for s i te approach which are independent
of plant design considerations.

(2) To take Into consideration in siting the risk associated with ac-
cidents beyond the design basis (Class 9) accidents by estab-
lishing population density and distribution criteria.



TABLE XIV

Limits on Occurrence of Hazard States

Hazard State

Significant Core Damage
(> 10% of noble gas inventory
leaking into primary coolant)

Urge Scale Fuel Melt - LSFM
(> 33* of oxide fuel becoming
molten)

Urge Scale Uncontrolled Release
from Containment given LSFM
0 lot of Iodine inventory
and 90% of noble gas)

Probability Goal

Less than 1/100
per reactor lifetime

Less than 1/300
per reactor lifetime

Small, given a Urge
Scale Fuel Melt

Decision 'tales on Mean Frequency

Coal Level

f^OclO"1

per reactor year

fa <lxI0"4

per reactor year

per LSFM

Upper Uni t

f e d <lx l0- 5

per reactor year

f̂  <Sxl0"*

pes reactor year

f R / - < O a

per LSFM

el
n
ir

it
wj
pti
Th
CO
ar

fcd i s the frequency of Significant Cor* Damage per reactor year.

fa i s the frequency of Large Seal* Fuel Melt per reactor year.

fR.a i s the frequency of Large Scale Uncontrolled Release per large Seal* Fuel Melt.

The upper non-acceptance limits must be satisfied for extended operation of a new plant or for
issuance of a construction permit. Between the upper limits and the goal levels i s a discretionary
range for case-by-ca$e consideration of uncertainties and competing risk. Once the risk level
decision rules have been applied, rl \ must s t i l l be reduced i f such reduction is reasonably
achievable within the cost-effective, i s criterion of Table 4.
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TABLE XV

Limits on Risks to Host Exposed Individual

COJ
Th<
wh«
ba:
wh-
poi
rai

Probability Goal

Probability of delayed death
from cancer due to all reac-
tors at a s i te over lifetime
of individual <O.0O0S

Probability of early death
due to a reactor accident
over lifetime of individual
< 0.0001

Mean Frequency per Site-year

Goal Level

fd <sxio-6

per s i te -
year

per s i te-
year

Upper Liait

fd <2.5xlO"S

per site-year

f^ <5xlO"6

per site-year

Decision Rules on Mean Frequecy per
Large Scale Fuel Helt-LSFH

Goal Level

fd/ -<0.01

per ISFH

fea/,<0.002
per ISFH

Upper Limit

fd/,<o.os
per ISFH

fed/« < 0 - 0 1

per LSFH

f, i s the individual risk of delayed cancer death per s i te year.

f., i s the individual risk of delayed cancer death per large scale fuel melt,

f . i s the individual risk of early death per s i t e year.

*ed/« i f t h * i n < l i v i < l 1"1 r i $ k °* «*rly death per large scale fuel melt.

The upper 'non-acceptance limits nust be satisfied for extended operation of a new plant or for
issuance of a construction permit. Between the uppar limits and the goal levels is a discretionary
range for case by case consideration of uncertainties and competing risks. Once the risk level
decision rules have bean applied, risk must s t i l l be reduced i f such reduction is reasonably
achievable within the cost-effectiveness criteria of Table *.
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TABLE XVI
Societal Health Risk Limits

Measure of Risk

B. • the expected value of:

^ (Frequency) (Delayed Ctncer itealhs)
accidents
and noraal operation

E . * the expected valua of:

2 (Frequency) (Early Deaths)1*2

accidents

Decision Rules on Societal Health Risks
Goal Level

E d < 2

per 1010 kffli

E e d < 0 . 4

per 1010 V1S1

Upper Nbn-Acceptanca Limit

E d < 1 0

per 1O10 kWh

H e d < 2

per 1010 kHh

is the avcraga number of delayed cancer deaths per 10'
electricity generated.

,10 win of

E . i s tha average number of equivalent early deaths per 10
of electricity generated.

kWi

1010 kWi i s tha amount of electricity generated by a large (1200 M*e)
power plant operating at full capacity for one year.

The upper non-acceptance limits must be met for extended operation of a new plant or for issuance
of a construction permit. Between tha upper limits and tha goal levels i s a discretionary range
for casa by casa consideration of uncertainties and competing risk. Once tha risk level decision
rules have been applied, risk must s t i l l ba reduced i f such reduction i s reasonably achievable
within tha cost-effectiveness criteria of Tabla 4.

Desionat'

1V1T

1VS1T

1VD1T

lVTkTs

lVSTkT,

lVDTkT,

2V1T

1V2T

1V02T

2VTkTs

2V2T



TABLE XVII

Quantified ALARA Cost-Effectiveness Criteria.

Expenditure Limits for Impact Reduction

$ 1 Bi l l ion par delayed cancer death averted

$5 million per early equivalent death averted

2 t iaes the economic loss (due to resource
dosage) averted

$1 X 106 / ( iE, L)

$5 x lO /̂CAE ,̂ L)

2/(AEr L)

A particular improvement i s "cost-effective"
and required i f

Cost <, [ 2ABr • (*Sxl06)(6Eed)+£$lxl06)(AEd)] L

AE. is the change (due to the proposed improvements) in the expected
value of:

y ] (Frequency) (Delayed Cancer Deaths)
accidents

and
noraal
operation

AIT. is the change (due to the proposed improvements) in the expected
00 value of:

(Frequency) (Early Deaths)lt?

accidents

AE is the change (due to the proposed improvement*) in the expected
value of:

'^ (Frequency) (Economic Losses)
accidents

L is the remaining lifetiae of the plant in units of 10 1 0 xWh to be generated
and the frequencies are calculated per 10 1 0 KNh. This is the amount of elec-
tricity generated by a large (1200 MNe) plant operating at full capacity for
one yeas.

(3) To require that sites selected will minimize the risk from energy
generation.

The three most significant recommendations of the Task Force are re-
produced below:

1. Revise 10 CFR 100 to change the way protection 1s provided for ac-
cidents by incorporating a fixed exclusion and protection action distance
and population density and distribution criteria.

a) Specify a fixed minimum exclusion distance based on limiting the
individual risk from design basis accidents. Furthermore, the reg-
ulations should clarify the required control by the utility over
activities taking place in land and water portions of the exclu-
sion area.

b) Specify a fixed minimum emergency planning distance of 10 miles.
The physical characteristics of the emergency planning zone should
provide reasonable assurance that evacuation of persons, including
transients, would be feasible if needed to mitigate the conse-
quences of accidents.

c) Incorporate specific population density and distribution limits
outside the exclusion area that are dependent on the average
population of the region.

d) Remove the requirement to calculate radiation doses as a means of
establishing minimum exclusion distances and low population zones.

2. Revise 10 CFR 100 to require consideration of the potential haz-
ards posed by man-made activities and natural characteristics of sites by
establishing minimum standoff distances for:

a) major or commercial airports,

b) LNS terminals,

c) large propane pipelines

d) large natural gas pipelines,

e) large quantitites of explosive or toxic materials,

f) major dams, and

g) capable faults.

3. Revise 10 CFR 100 by requiring a reasonable assurance that Inter-
active measures are possible to limit groundwater contamination resulting
from Class 9 accidents within the Immediate vicinity of the site.
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Perhaps one of the most significant Issues raised by
dent Is that of whether degraded or melted core (Class 9)

the TMI-2 acci-
accidents should

be considered In the safety analysis and whether there Is a need to design
improvements to the plant and containment to cope, with such events. The

TMI-2 accident caused core damage more severe than that considered in cur-
rent design basis accidents 1n safety analysis reports, although the f i s -
sion product release to the environment was less than the limits in 10 CFR
100.

The USNRC is thus planning to hold rulemaking hearings L32J to con-
sider amending i ts regulations to determine to what extent, i f any, nuclear
power plant designs need to be evaluated over a range of degraded core
cooling events with resulting core damage, and what design improvements are
needed to cope with such events.

The Commission is planning to have rulemaking that would have the f o l -
lowing features:

" 1 . Require that a broad range of accidents of both lesser and
greater severity than the design basis accidents be considered in plant de-
sign, plant operation, and reactor protection analysis; design and analysis
might be required for a range of loss-of-cooling events and resultant core
damage, including a ful ly melted core, so that certain predictable conse-
quences might be prevented or substantially mitigated.

"2. Require more coherent consideration of core damage and release of
radioactive materials in design of plant structures, systems, and compon-
ents, and eliminate uneven treatment of accident classes by different parts
of the regulation."

Some of the considerations which wil l go Into these rulemaking hear-
ings are:

1. The need for incorporating into the containment system mechanisms
for controlling or suppression of the combustion of hydrogen. Discussion
on inerting of the containment vs. the use of controlled burning devices
such as catalytic combustors, open flames, etc.

2. Should containments be designed to have controlled f i l tered vent-
ing systems to protect the containment from overpressures due to hydrogen
combustion?

3. Is there a need to incorporate a molten core retention system into
the containment in order to mitigate the consequences of a molten core ac-
cident?

4. What sort of seismic cr i ter ia should these additional safety sys-
tems iiieet?

VII. CONCLUSION

The TMI-2 accident has had a major impact on a l l aspects of commercial
nuclear power plant design, construction, maintenance and operation, l i -
censing and regulation, and safety research in the United States, as well
as in other countries where nuclear power plants are under construction or
in operation. This paper has tr ied to show the relationship between some
of the developments in regulation, safety analysis, safety research and the
accident. Other important questions which are being considered include:
improvements in operator training, studies of human factors in accidents,
man-machine interactions, abnormal event diagnostic instrumentation devel-
opment and control room design improvement.

I t is the hope of the author that as a result of the actions following
TMI-2 taken by al l members of the nuclear power community — government,
u t i l i t i e s , manufacturers and research institutions — that nuclear power
plants wi l l be operated safely without accidents which release significant
amounts of radioactivity to the environment, and wil l thus regain public
confidence and acceptance in the United States.
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