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ABSTRACT

The purpose of this work is to improve the performance of the core
calculation system used in Ringhals for in-core fuel management. It has been
observed that, whereas the codes yield results that are in good agreement
with measurements when the core operates at full nominal power, this
agreement deteriorates noticeably when the reactor is running at reduced
power. This deficiency of the code system was observed by comparing the
calculated and measured boron concentrations in the moderator of the PWR.

From the neutronic point of view, the difference between full power and
reduced power in the same core is the different temperature of the fel and
the moderator. Whereas the coolant temperature can be measured and is thus
relatively well known, the fuel temperature is only inferred from the
moderator temperature as well as neutron physics and heat transfer
calculations. The most likely reason for the above mentioned discrepancy is
therefore the uncertainty of the fuel temperature at low power, and hence the
incorrect calculation of the fuel temperature reactivity feedback through the
so-called Doppler effect.

To obtain the fuel temperature at low power, usually some semi-emrpirical
relations, sometimes called correlations, are used. The above-mentioned
inaccuracy of the core calculation procedures can thus be tracked down to
the insufficiency of these correlations. Therefore, the suggestion is that the
above-mentioned deficiency of the core calculation codes can be eliminated
or reduced if the fuel temperature correlations are improved. An improved
model, called the 30% model, is implemented in SIMULATE-3, the core
calculation code used at Ringhals. The accuracy of the 30% model was
compared to that of the present model by considering a number of cases,
where measured values of the boron concentration at low power were
available, and comparing them with calculated values using both the present
and the new model. It was found that on the whole, the new fuel temperature
correlation model yields results that are much more accurate than those
obtained by the present model. However, in certain cases even the new
model yields slightly incorrect result, thus there is need for urther
development.

Degivlning
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INTRODUCTION

SINvIULATE-3 is a core simulator which is used by utilities to perform in-
core fuel management studies, core design calculation and calculation of
safety parameters, see Ref. [911. This is the program system, presently used at
Ringhals. The calculation results correspond very well to measured values
when the core operates at full reactor power. When the core operates at
reduced reactor power, deviations between calculated and measured values
have been observed. The aim of this work is to investigate the agreement
between measurements and different fuel temperature models in
SIMULATE-3. The result is to be used by Core Engineering at Ringhals to
propose improvements of the model in INTERPIN-CS.

For reduced reactor power, great deviations between calculated and
measured boron values are observed at Ringhals, both at transients as well as
at steady operation. The boron content in the water adjusts the criticality in
the PWR units during operation. Thus, comparing measurement and
calculation of the boron concentration is, in principle, equivalent with
comparing the measured and calculated criticality factor.

From the neutronic point of view, the difference between full power and
reduced power in the same core is the different temperature of the fuel and
the moderator. The various macroscopic cross sections are functions; of the
temperature, and this expressed by the notion of reactivity coefficient, in
particular temperature reactivity coefficients. These coefficients are
calculated from first principles, i.e. nuclear reactions, and thus they can be
considered as correct. However to use them in the core calculation codes,
one needs to know the moderator and fuel temperatures with good precision.
Whereas the moderator temperature can be measured and thus is relatively
well known, the fuel temperature is only inferred from the moderator
temperature, the neutron physics and the heat transfer calculations. The most
likely reason for the above mentioned discrepancy is therefore the
uncertainty of the fuel temperature at low power, and hence the incorrect
calculation of the fuel temperature reactivity feedback through the so-called
Doppler effect.

Calculation of the fuel temperature at a certain operational point is usually
made by a separate routine, which receives some input from the neutronics
calculations. This way of calculation is verified to be correct at full power.
To obtain the fuel temperature at low power, usually some semi-emnpirical
relations, sometimes called correlations, are used. The above-mentioned
inaccuracy of the core calculation procedures can thus be tracked down to
the insufficiency of these correlations.

The probability of neutron absorption increases with increasing temperature.
This phenomenon is called Doppler broadening, and has the effect that the
criticality factor decreases with increasing fuel temperature. Thus, the boron
concentration is by the operator decreased with increasing fuel temperature
to keep the reactor critical. Accordingly, by decreasing the reduced reactor
power fuel temperature in the SIMULATE-3 model, the criticality factor and
the boron concentration increases and the deviation between calculated and
measured value decreases.
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By modifying the model of the fuel temperature in SIMULATE-3 and
comparing the results of both the present model and the modified c'ne, it is
possible to study which model has the best agreement with measurements. In
SIMULATE-3, a second order polynomial describes the fuel temperature in
relation to relative power. By changing the parameters in this second order
polynomial, a new model is produced in which the fuel temperature has a
different relation to the relative power. Consequently, the temperature is
decreased when relative power is greater than 0.0 but less than 1.0.

This thesis is divided into six sections. The Introduction gives the motivation
to this work and a summary of the course of action and results. A short
review of nuclear reactor engineering, for instance a general description of
some power reactors, the neutron cycle and the theory behind resonance
absorption, the Doppler Effect, boron and the criticality factor and their
connection, is given in Section 2. The third section is a short account of the
present calculation and simulation system. The investigation part begins in
Section 4. The model used today to perform in-core fuel management
studies, calculations and safety analysis is discussed and so is the method
used in this thesis, referred to as the new model or the 30% model. In
Section 5 the obtained results are presented and discussed, whereas the sixth
and final section summarises and draws same conclusions from the present
work, and also suggests some extensions of it.

2 NUCLEAR REACTOR PHYSICS

2.1 Power Reactor Systems

Sweden has Light-Water Moderated Reactors of two different types,
pressurised water reactors (PWR) and boiling water reactors (W)
Ringhals has three PWRs and one BWR. A reactor power plant is a system,
which generates steam, utilising the heat of nuclear fission to warm up the
water. The steam is expanded in a turbine, thus driving the generator to
produce electricity in the conventional manner. The exhaust steam from the
turbine passes through a condenser, where it transforms to condensed water.
This is returned as feed water to the steam generator of the nuclear steam
supply system. For a more detailed description, see Ref. [1.

The American Company Westinghouse has developed the PWRs at
Ringhals. All other Swedish reactors are BWRs constructed by ABB. The
reactor investigated in this work is Ringhals 4, R4, which is a PWR. This
was ready for use in 1982.

2.1.1 Boiling Water Reactors - BW&Rs

The thermal and electrical powers are essentially the same for the BWRZ and
the PWR. The parameters used for the two types of light-water reactors are
also the same. The differences arise in part from the fact that in a BWRVI the
steam is generated directly within the reactor core. The steam is thus
generated in the primary circuit whereas the cooling of the core is mostly
provided by the recirculation flow. The recirculation is a branch of the
primary circuit, with no boiling.
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2.1.2 Pressurised Water Reactors - PWRs

The core of the reactor R4 at Ringhals is approximately cylindrical and
contains 157 assemblies of fuel and control rods. Each assembly consists of
a 17xl7 array. Of the 289 spaces available in an assembly, 264 are occupied
by fuel rods, 24 positions contain guide tubes for control rods, and a central
tube is available for instrumentation. The fuel rods in each assembly are
supported and separated by grid assemblies at intervals along the length. The
top and bottom nozzles control the flow of coolant water through the fuel
assembly.

-CONTROL ROD
ASSEMBLY

* ~TOP NOZZLE

ABSORBER ROD

ABSORBER ROD
GUIDE SHEATHS

Fig. 2.1. A fuel and control rod assembly of a PWR.

The fuel material is uranium dioxide (U0 2), 3.5-3.95% enriched in uranium-
235, in the form of cylindrical pellets, typically 15 mm long and 9.4 mm in
diameter. The fuel pellets are stacked inside a tube of zirconium alloy
(zircaloy), the cladding. Each control rod is a stainless steel or inconel tube
containing either compressed boron carbide (B4C) powder or, more
commonly, as in R4, an alloy of silver, indium and cadmium as neutron
absorber.

The reactor core is surrounded by a steel core barrel and is supported in a
cylindrical pressure vessel constructed of steel 200 to 230 mm thick, which
can reach up to 13.7 m in height and 4.6 m in internal diameter. The pressure
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vessel contains water that serves as coolant, moderator and reflector. The
water is maintained under a pressure of 15.5 MPa (2250 psi) to inhibit
boiling, in the core. After heating by passing through the core, the water
temperature is about 3290 C or 6240 F, whereas at this pressure the boiling
point of water is 3450C or 6530F The heated water passes on to a steam
generator, or heat exchanger, where it releases some of its heat to produce
steam. It is then pumped back into the reactor vessel, entering just above the
core and flowing down through the downcomer, between the core barrel and
the vessel wall. At the base of the core, the water flow turns upward through

the core, thereby removing the fission heat.

CONTROL ROD DRIVE MECHANISM

-INSTRUMENTATION

PORTS-THERMOCOUPLES
CONTROL ROD DRIVE SHAFT

DLPFTAMN LUG ET THERMAL SLEEVE

CLOSURE HEAD ASSEMBLY

UPPER SUPPORT PLATE 

INTERNALS SUPPORT LEDGE HOLD-DOWN SPRING

CORE BARREL-
CONTROL ROD GUIDE TUBE

ROD CLUSTER CONTROL

UPPER SUPPORT COLUMN

OU.TLET NOZZLE -

UPPER CORE PLATE--~-

REACTOR VESSEL BFL

LOWER CORE PLATE

IRRADIATION SPECIMEN GUIDE

BOTTOM SUPPORT FORGING . NEUTRON SHIELD PAD

LOWER INSTRUMENTATION
GUIDE TUB ~~~~~~~~~~~~~RADIAL SUPPORT

CORE SUPPORT COLUMNS -TEPAS

Fig. 2.2. Internal Structure of a PWR.

Modem P~s have two to four independent steam generator loops in
parallel. The reactor water at 2250 psi passes through the primary side,
whereas water at 7.6 MPa or 1 1 00 psi, flows through the secondaiy side,
where it is converted into steam. Thus, there are two entirely separated
circulating water loops, the primary oop, which removes heat from the core,
and the secondary loop, which is heated by the coolant and transports steam
to the turbine generator. For further information about PWRs the interested
reader is referred to Refs. [1] - [3].

6 (45)



ID-nummerl1 Utga1va Alternativt ID Status

1733366 /2.0 Godkint

STEAM
(TO TURBINE)

SECONDARY
LOOP

FEE DWATER
CONTROLS -- (FROM

CONDENSER)

~STEAM GENERATOR

CORE -~~DOWNCOM ER

SHROUD- -PRIMARY LOOP

REACTOR - !P-UM~P
VESSEL-WAE

Fig. 2.3. Schematic representation of a press urised water reactor steam supply
system.

2.2 Neutron Reactions

Free neutrons an interact in various ways with nuclei. The neutron-nuclei
reactions of present interest can be divided into three general categories:
scattering, capture and fission. In a scattering reaction the net result is the
exchange of energy between a neutron and a nucleus. The first stage of a
capture reaction is usually the absorption of the neutron by the nucleus to
form a compound nucleus in an excited state. Instead of expelling a neutron,
as in inelastic scattering, such a compound nucleus can emit its excess
energy e.g. as gamma radiation. In power reactors, the most important kind
of interaction between neutrons and nuclei is nuclear fission. As the fission
process is essential to the operation of nuclear reactors it will be treated in
greater detail in Section 2.2.1 below.

The fission neutrons in a reactor, when first liberated, have high kinetic
energy levels in the range of 0.1 MeV to 10 MeV and are thus called fast
neutrons. As a result of scattering collisions with various nuclei in the
medium through which the neutrons move, they loose much of their energy
and become slow neutrons, with energies of 1 eV or less. In between they are
called intermediate neutrons with kinetic energy levels from 1 eV to 0.1
MeV.

Eventually, the kinetic energy can be reduced to such an extent that it is in
equilibrium with the kinetic energy of the scattering nuclei. Since the value
of the kinetic energy then depends upon the temperature, it is called thermal
energy. Neutrons whose energies have been reduced to this extent are called
thermal neutrons. They are, in general, slow neutrons. These have a much
higher probability of producing fission compared to neutrons of other
energies. Neutrons with higher energy than the thermal ones are called
epithermal neutrons. At ordinary temperatures, the average energy of
thermal neutrons is less then 0.1 eV. The most probable value of the energy
for thermal neutrons at 2C is, by the Maxwell-Bolzmann energy
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distribution, 0.0253 eV. For a more comprehensive description of the
neutron reactions, see Refs. [31 - [5].

2.2.1 Nuclear Fission

Fission, caused by the absorption of a neutron, occurs with certain nuclei of
high atomic number. When fission takes place, the excited compound
nucleus, formed after absorption of a neutron, breaks up into two, lighter
nuclei, called fission fragments. At an average, we also get two to three new
fast neutrons per fission. The three most important fissile nuclides are
uranium-233, uranium-235 and plutonium-239. It is, among others, with
these three nuclides a self-sustaining chain is possible. Of these nuclides,
uranium-235 is the only one that occurs in nature. The other two are
produced artificially from thorium-232 and uranium-238 respectively.
Natural uranium consists of 99.3% of the isotope uranium-238 and about
0.7% of uranium-235. The most important nuclide to maintain the fission
chain in a thermal reactor is uranium-235. The fresh fuel at Ringhals 4
contains uranium dioxide enriched to about 3.5 weight percent of uranium-
235. The amount of plutonium-239 is zero in fresh fuel, but increases with
neutron capture in uranium-238 in the reactor fuel and contributes to the
fission.

2.3 The Neutron Cycle

A critical system is a system of finite size in which a self-sustaining neutron
chain reaction can be achieved. In the critical condition of such a system
equal amounts of neutrons are produced by fission and lost by absorption
and by escape from the system during a given time. In a system of finite size
some neutrons are lost by leakage. The criticality condition is then defined in
terms of the effective multiplication factor, represented by kff, which is
defined as

keff = average number of neutrons produced per unit of time
average number of neutrons absorbed and lost by leakage per unit of time

The requirement for criticality in a finite system is that keff = 1 in the absence
of an extraneous source. For keff < 1, the system is subcritical, and for keff > 1,
supercritical. In a hypothetical system of infinite size, there is no loss of
neutrons by leakage. In this case the multiplication factor is denoted k.
These multiplication factors are related by

kegj = kP(1

where P is the non-leakage probability of the finite critical system., i.e. a
measure of the probability that neither fast nor thermal neutrons will leak out
of the finite system but will remain until absorbed.

The non-leakage probability is dependent on the reactor materials and also
on the geometry, i.e. the size and shape of the multiplying medium.
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The infinite multiplication factor is influenced by factors in the reactor such
as fuel, moderator, coolant and structure, and can be evaluated by reans of
the following four-factor formula

where

i7= the thermal fissionjfactor, the average number of fast neutrons released
by fission for every thermal neutron absorbed in the fuel

E = the fast fission factor, the number of neutrons produced by fission of
uranium-238 by one neutron generated in thermal fission. This gives 77.e fast
neutrons produced per thermal neutron being absorbed by the fuel.

p = the resonance escape factor, the fraction of neutrons escaping from
being absorbed in the fuel by non-fission processes, while slowing down.
Hence, the number of neutrons reaching thermal energies is i.ecp.

f = the thermal utilisation factor, the fraction of thermal neutrons in the
reactor that are absorbed by fuel and not by other materials, such as
moderator and construction materials, present in the reactor. Thus, each
thermal neutron being absorbed in the fuel gives i7.E-pf new neutrons that
will be absorbed in the fuel material.

The fast neutrons have a large probability of leaking out of the material or to
be absorbed during slowing down and thus to be lost from the chain reaction.
The moderator slows the fast neutrons down. When the moderator consists
of light atoms the slowing down of the neutrons is more effective than with
heavier atoms. It is also of great importance that the moderator has a large
scattering cross section and that it has low absorption cross section for
neutrons. The thermal neutron absorption cross sections, for a few elements
of interest in connection with nuclear reactors, are given in the table below.
The neutron cycle is also described in Refs. [ 1] - [41.

Table 2.1. Thermal (0.0253 e neutron absorption cross sections. Absorption
cross sections for other elements are listed in Ref. [1] and [5].

CF.

Element (barn)
Aluminium 0.23
Boron 759
Cadmium 2450
Carbon 0.0034
Deuterium 0.0005
Iron 2.55
Uranium 7.6
Water (ordinary) 0.66
Zirconium 0.19

The large absorption cross section values of boron and cadmium make these

elements useful for neutron-absorbing control rods. The small values for
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deuterium, beryllium, ordinary water, and carbon, on the other hand,
illustrate the advantage of these materials as moderators. Similarly, the
relatively small absorption cross sections of aluminium, zirconium and iron
enable their use as structural materials.

2.4 Resonance Absorption and The Doppler Effect

The probability of capture, whereby a nucleus absorbs a neutron, is
extraordinarily high if the sum of the binding and the kinetic energy of the
neutron correspond to an energy level of the compound nucleus. This is a
resonance phenomenon. Hence, if the absorption cross section as a function
of neutron energy is illustrated, one observes distinct peaks at certain energy
levels. For elements of low mass number the distance between the energy
levels is large but decreases with higher mass number. The cross sections at
the resonance peaks can be very large, such as several thousand barn for
uranium-238, while it is not more than about 10 barn between the peaks.
Immediately beyond the region of well-defined resonances, minor resonance
peaks may occur, but they are difficult to resolve. The cross sections for
uranium-238 and fission cross section for uranium-235 as functions of
neutron energy are shown in Fig. 2.4.

Therm~oI flutron&

Neutrons Omeduced by fission

0~~~~~~~~~~~~~~~~~~0

cros secionof uaniu-23 as funtio of hefeuronenegy

The resonances are broadened as a result of the thermal motion of the nuclei.
This phenomenon is referred to as the Doppler effect. An increase! in the
temperature of the material containing neutron-absorbing nuclei will result in
a widening of the resonance peaks, a phenomenon called IDoppler
broadening. The area under the resonance remains unchanged since the
broadening of the peak is accompanied by a decrease in height, which is
shown in Fig 2.5.
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TvArsnitt, barns U-238

20,000 _ 

10,000

Noutronenergi

Fig. 2.5. The absorption cross section of uranium-238 at different temperatures as a
function of the neutron energy.

At the resonance top, the absorption cross section is large enough to leave
the material virtually black for neutrons, even with a decrease in height of
the resonance peak. Thus, the effect is that the region non-penetrable for
neutrons is widened, lowering the probability for neutron passage. With
increased fuel temperature, uranium-238 will capture neutrons over a greater
interval of neutron energy and consequently the neutron capture in the
resonance increases.

Hence, if a system contains nuclides with significant resonances for neutron
capture, the Doppler broadening will cause the resonance escape probability
to decrease with increasing temperature. This means that the Doppler effect
gives a negative contribution to the reactor temperature coefficient. For
further reading about the Doppler effect Refs. [ 1 - [4] are suggested.

2.5 Boron and the Control System

The neutron capture probability varies considerably with neutron energy and
for different nuclei. For some powerful neutron absorbers the total cross
section as a function of the neutron energy is illustrated in Fig. 2.6.
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Fig. 2.6. Total cross section as a function of the neutron energy for the absorbers
Boron, Cadmium and Indium.

Boron has a large neutron absorption cross section. When boron absorbs a
neutron the boron atom is consumed and an absorption product is created.
Boron, in the form of boric acid, is dissolved in the moderator water of the

Ws.As the reactor operates and the fuel reactivity decreases, the boron
concentration is gradually reduced by passing the coolant water through an
ion-exchange system for removing boric acid. This exchange system can
also be used for adding boric acid. Some of the boron-10 in the boric acid is
removed by neutron capture during reactor operation, but the decrease in
concentration due to this is relatively small. Accordingly, the boric acid does
not serve as burnable poison. The boric acid concentration in the mc'derator
is varied to control long-term reactivity changes, such as those resulting from
fuel depletion and fission-product build-up, and to some extent coolant
temperature changes.

An increase of the reactor poison concentrations, such as the concentration
of xenon-135, which has a large cross section for thermal neutron
absorption, will induce reactivity reduction. This can be compensated for by
e.g. reducing the boron concentration.

A new cycle with fresh fuel is started with a surplus of reactivity. This is to
make it possible to operate the reactor even though some of the fuel is
consumed and fission fragments and their many decay products poison the
core. Sometimes tubes containing boron in the form of borosilicate glass or
gadolinium are included in the core. They are placed in some of the control-
rod guide tubes as burnable poison. In 8 to 12 of the fuel pins in some of the
fuel assemblies at Ringhals 2-4, gadolinium oxide is presently admixed to
the fuel. This poison compensates for the reactivity change, due to fuel
depletion and reactor poisoning. As the reactor operates, the absorber is
consumed by neutron absorption. This makes it possible to keep the
concentration of boron (boric acid) in the moderator below a level that would
give a positive moderator temperature coefficient, MTfK. A positive M/TK is
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not allowed because it implies a positive reactivity feedback. To ensure
negative MITK a PWR is under-moderated. In an under-moderated reactor an
increased moderator temperature, which implies a decreased moderator
volume, lead to a decreased reactivity. When adding boric acid to the
moderator, the absorption capacity is increased, and this increases the NMK

In the pressurised-water reactor Ringhals 4, the control rods, containing an
alloy of 80% silver, 15% indium and 5% cadmium, are combined in clusters
of 20 or 24 rods. The control rods are inserted or withdrawn from the top of
the reactor vessel. 48 fuel assemblies are euipped with control rodls. The
control rod clusters are combined in radial symmetrical banks. Altogether
there are 6 banks: 4 control banks and 2 shutdown banks, each with 8
clusters. All the clusters in each bank are moved simultaneously. The control
rod material is enclosed in a stainless steel tube to protect the neutron
absorbing material from corrosion by the high-temperature water. Both silver
and indium have significant resonances in the epithermal neutron regions.
Although indium melts at an even lower temperature than cadmium, the
melting point of the silver-indium-cadmium alloy is substantially higher than
that of cadmium. The control rods are used at start up, to follow load
changes, to control small transient changes in reactivity and to scram the
reactor. In addition, the rods serve to control the power distributicin. The
interested reader is again referred to books like Refs. [ 1 - [2].

2.6 The power peaking factors Fq, FAH and AO

The power peaking factors, FH, Fq and AO (Axial Offset) are important
variables for core control, Ref. [1] and [5]. High power peaking factors
imply that the peak power is large in relation to the average power in the
core. Fq is referred to as the total heat flux hot-channel factor and is defined
as the maximum to average ratio of the linear power density in the core. The
total heat flux hot-channel factor limitation is settled to avoid the
temperature in the core locally to become so high that the cladding is
degraded.

Fq= "Potm (3)
PcOrcavere

where

Pspotm. is the maximum spot power in the core

and

Pcoreaverage is the average power of the core.

The maximum heat flux, referred to as the DNB (Departure from Nucleate
Boiling), is attained when the vapour bubbles, which are formed at the
heated surface of the fuel, become so dense that they coalesce and form a
vapour film over the heated surface. The heat must then pass through the
vapour film. Consequently, the heat flux decreases appreciably despite an
increase in fuel temperature. To prevent this, the hot-channel factor for the
enthalpy rise, F,,f is controlled during operation. The hot-channel factor for
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enthalpy rise is defined as the ratio of the maximum enthalpy increase in the
hot channel, AHod, and the average enthalpy increase per channel,
Afirodaer.age.

F ,~od AH = enthalpy change (4)
r1 ~ odave rage 

The Axial Offset, AO, is defined as the ratio of the difference in power
between top and bottom of the core, PTOP -PBOT, and the total relative power
of the core, PTOP +PBOT. PTop and PBOT are the relative power progress in top
and bottom of the core, respectively.

AOI= TOP D POT (5)
PTOP + P0T

3 THE CORE CALCULATION CODES

The Studsvik Incore Fuel Management System, which is referred to as the
Core Master System, CMS, developed by Studsvik Scandpower, SSP, is
used to perform in-core fuel management studies, core design calculations
and safety analysis at Ringhals. The code ITERPIN execute fuel
temperatures, the codes CASMO-4, CMIS-LINK and SIMULATE-3 execute
core calculations, whereas S3CORE and INCORE, from SSP and
Westinghouse respectively, compare the calculated figures with the
measured ones. This code package can be used for both boiling water and
pressurised water reactors, but at Ringhals it is only used for the PWR units.

The starting point is the construction of the input file for each unique
assembly type for CASMO-4. This requires, among other things, that the
fuel temperature is known at operating conditions. This is achieved by use of
the code INJTERPIIN-CS. The INTERPIN-CS code generates a nominal
average fuel temperature for CASMO-4, based on the operating conditions.
It also generates the fuel temperature as a function of exposure and relative
power when it models a detailed temperature distribution for a single
representative fuel pin for the SIMULATE-3 model, Ref [6].

The methodology used in the Studsvik Scandpower codes is to first solve the
problem at the pin cell level, then at lattice level and finally at the core level.
It is then noticed that when one increases the dimension of the system, the
number of energy groups used by the codes decreases, i.e., the number of
unknown parameters is roughly the same at each step of calculation.

CASMO-4 is a two-dimensional transport theory code that calculates fuel
assembly characteristics during bumn-up for individual fuel pins. The
transport code is solved in two steps: First for each typical pin cell, without
taking the other cells into account and second for the bundle in an infinite
lattice. In this second step, the errors introduced when neglecting the
interdependence of the different cells are corrected. A neutron library, and an
input file with facts of specific fuel segments, is used as input data. The
nuclear data used for the calculations is taken from a neutron library
containing microscopic cross sections for 93 nuclides in 70, alternatively 40,
energy groups covering the range fom 0 to 10 MeV. The input file is a
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collection of all information that specifies each fuel segment such as
geometry, construction material and fuel enrichment. All different operating
conditions, such as varying fuel temperatures, fuel bumn-ups, different
moderator and coolant temperature and history effects, the branch cases
when a parameter is changed during the depletion, have to be modelled in
CASMO-4. Among other things, macroscopic fission and absorption cross
sections, diffusion coefficients and the infinite multiplication factor are
calculated and partly printed in the output and partly given to a card image
file. The theoretical work in this calculation code is reported in Ref. [7].

CMS-LINK is a data processing code that link CASMO-4 and SIMULATE-
3, by generating a binary file out of the card image file from CASMC)-4. The
binary file contains tables of partial cross sections, which are used by
SIMULATE-3. The partial cross sections can each be a function of up to
three variables, chosen among exposure, fuel temperature, moderator
temperature, control rod insertion, boron history and enrichment. For a more
detailed account Ref. [8] can be consulted.

SILMULATE-3 constitutes the last step of the core simulation making neutron
and thermohydraulic calculations. The calculations are performed for the
whole core by using a two-group diffusion code capable of performing nodal
analyses for both PWRs and BWRs. For a more comprehensive description
of the SIMULATE-3 code Ref. [9] is recommended.

The SIMULATE-3 code fetches data from the cross section library. To make
a complete definition of the core, two files are required. The general
geometry of the core and the operating conditions, such as power and flow
density, are described in an input file. A restart file describes depletion and
history of the assemblies.

The model of the neutron flux is more advanced in the SIMULATE-3 code
than in earlier used codes. Instead of making calculations of individual pins
and assemblies, the core is divided into nodes. Each fuel assembly is divided
in axially stacked, homogeneous nodes, e.g. 12, 24 or 48 nodes per fuel
assembly. This replaces each bundle. Radially, each node replaces either a
whole assembly or a quarter of an assembly. The calculations are made
radially from 1/8 of the entire core to the entire core, depending on the
symmetry of the core. High accuracy is achieved by solving the diffusion
equation for the neutron flux in each node. Here the cross sections,
calculated by CASMO-4, are required.

The total simulation is registered in a print file, while a summary of the
calculation results is collected in a summary file. Some important results are
the neutron fluxes, power distributions and the critical boron concentrations.

S3CORE, which is a data processing code, reads the summary file from
SEMULATE-3, converts the calculated data, and creates a card image file,
INCDATA, containing calculated data for use in the INCORE code.
Furthermore, S3CORE has an option that allows direct comparison of
measured reaction rate data and SIMULATE-3 calculated reaction rate data.
Beside the standard output from the reaction rate comparisons, S3CORE
writes a postscript file, which summarises the comparisons in the form of
graphs and maps of the core.
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The INCORE code compares the results of measurements and calculations.
Calculated values are fetched directly from the file INCDATA, whereas the
measured data are gathered from internal neutron flux measurements, known
as flux maps. For those fuel assemblies without detectors of their own,
artificial measurement results are interpolated. For this purpose PDQ-data,
which consists of precalculated neutron flux values and power, is required.
This means that INCORE compares calculated values with semi-empirical
measured values. The output file from INCORE contains, among other
things, the differences in the total reaction rate and the power peaking
factors.

The code versions used in this work are:

CASMO-4 1.25.05
CMS-LINK 1.04.02
SIN1ULATE-3 5.01.02

4 SIMULATION MODELS OF FUEL TEMPERATURE AS A FUNCTION OF
RELATIVE POWER AND EXPOSURE

For reduced reactor power, deviations between calculated and measured
boron values, at transients and at stationary operations, have been observed
at Ringhals. This is directly related to the criticality factor, but because it is
impossible to measure the criticality factor, boron is used to determine the
accuracy.

To keep the reactor running during an operating it is necessary to have an
excess of reactivity in the beginning of the season when the fuel is fresh. The
excess of reactivity is counterbalanced by the use of boron. Consequently,
the criticality factor is kff = 1.0 during the complete cycle. The amount of
boron that was necessary during cycle 09 at Ringhals 4 to keep kff 1.0 is
shown in Fig. 4.1 below.
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Fig. 4.1. Depletion of the Ringhals 4 core during Cycle 09. The excess of reactivity

is counterbalanced by the use of boron.
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A deviation between the measured and calculated boron concentration is
related to both the calculated fuel-temperature as a function of relative power
and exposure, and calculated Xenon transients. This work is limited to
investigate the relation between the calculated fuel temperature and the
deviation between calculated and measured boron values. The calculated fuel
temperature as a function of relative power and exposure is created
empirically. The absence of direct measurements of the fuel temperature as a
function of relative power and exposure increases the insecurity of the
calculated fuel temperature as a function of relative power and exposure. The
coolant temperature is easy to measure so the amplitude of the deviations
between calculated and measured coolant temperature is in this case
neglected.

A calculated fuel temperature, as a function of relative power and exposure,
that is higher than the real fuel temperature results in a calculated criticality
factor, k and boron concentration that are low in comparison to the reality.
An increased fuel temperature implies an increased resonance absorption,
which results in Doppler broadening and in this connection, reduces the
resonance escape factor and subsequently the keff. The idea of this work is to
observe in which way boron concentration is influenced by fuel temperature.
The calculated fuel temperature as a function of reactor power is decreased
for reduced reactor power to increase the calculated boron concentration and
thus decrease the deviations between measured and calculated boron v'alues.

4.1 The present fuel temperature model in SIMULATE-3

Studsvik Scandpower uses the INTERPIN code to predict fuel temperature
versus relative power by calculating the fuel temperature at different
exposures. The results are fitted to a second order polynomial used in
SIMULATE-3. This polynomial is the connection between the fuel
temperature, moderator temperature, relative power and exposure:

TFU = TMO +A +(B +TABTFU(Nf)). P +C. P' (6)

where

TFU = the fuel temperature (Kelvin)

TMO = the moderator temperature (Kelvin). The value of TO is
independent of which model is being used. Therefore, in the continuing
discussion of TFU, TMO is not included.

P = node-averaged power density expressed as a fraction of maximum
allowed power density

TABTFU(N) = the linear coefficient of the fuel temperature with respect to
power density described as a table that is a function of exposure and
moderator temperature (Kelvin).

N = the exposure (MWd/kgU)

A, B and C = coefficients calculated by INTERPIN to make the polynomial
fit with the predicted fuel temperature at different exposures.
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In 1989 Vattenfall Bdnsle investigated the fuel temperature letdown at
Ringhals 2, 3 and 4. The INTERPIN calculated fuel temperature appeared to
give too high critical boron concentrations for Ringhals 3 and 4. Therefore
the fuel temperature letdown used in the Farley unit 2 benchmark was used
instead. The Farley unit 2 in France is, like Ringhals 2, 3 and 4, a
Westinghouse reactor. The initial core of the Farley unit 2 was almost
identical with the Ringhals 3 initial core.

The first step in the examination of the fuel temperature is to make an
analysis of the present model, which in this report is called the FARLEY2
model. The FARLEY2 model is the second order polynomial, Eq. (6), the
coefficients having the values given in table 4.1 and 4.2 below.

Table 4.1I. The coefficients A B and C.

A B C

0.0 357.0 -15.4

Table 4.2. N given in the unit MWd/kgU and TABTFU(N) in the unit Kelvin.

N 0 2 13 30 50
TABTFU(N) 40 8 -62 -68 -80

These values are significant for the FARLEY2 model. By modifying the
model of the fuel temperature in SIMULATE-3 and create benchmark
statistics, it is possible to study which model is the most accurate.

4.2 Alternative Models

The connection between fuel temperature and relative power is investigated
in this work. Therefore, when creating the alternative models, the connection
between fuel temperature and exposure is disregarded. This means that the
parameter TABTFU(N) is set to zero in Eq. (6).

To create alternative models, the fuel temperature versus relative power is
changed except in two discrete points. The cycle length is settled by the
amount of boron added to the moderator at the beginning of the cycle. If the
calculated cycle length is in accordance with the actual cycle length it
implies that the calculation of the amount of boron is correct. The cycle
lengths at R4 are in good accordance with the calculated cycle lengths. Since
the fuel temperature adjusts the neutron absorption in the moderator, which
influences the amount of boron, this implies a correct fuel temperature at
relative power equal to 1.0. This entails a fixed fuel temperature value of
342.36 Kelvin when the relative power is 1.0. This means that the total fuel
temperature, for relative power 1.0, is 342.36 Kelvin plus 558.65 Kelvin, the
value of TMO.

The second fixed point is for relative power equal to .0. To maintain the
second fixed point, the fuel temperature and the moderator temperature has
to be equal. Thus, an alteration of the fuel temperature for relative power
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equal to 0.0 must not be made. This means that the total fuel temperature, for
relative power 0.0, is 558.65, the value of TMO.
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the algorithm is, among other things, the relative power and fuel temperature
in at least three points. As the corrections are supposed to be where the
relative power is reduced, the points at relative power 0.0 and 1.0 have been
kept constant and used as two of the three necessary points. By reducing
FARLEY2's fuel temperature at relative power 0.5 with 10, 30, 40 and 50%
respectively, four new second order polynomials are constructed, each with
their respective A, B and C coefficients, see Table 4.3. The purpose of this is
to find a second order polynomial that fits the reality better than the
FARLEY2 model for relative power less than 1.0. The four different second
order polynomial models are referred to as the 10%, 30%, 40% and 50%
model, respectively.
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Table 4.3. The four second order polynomial model's differen t parameters A, B and
C.

A B c
10% 0 272.976 68.624
30% 0 135.728 205.872
40% 0 67.104 274.496
50% 0 -1.520 343.120

An input file to SMULATE-3 is created for each of those four new
polynomials. In SIMULATE-3 the TAB.TFU and SEIG.TFU cards are used
to define the fuel temperature as a function of relative power and nodal fuel
exposure for each fuel type. The generic model has only one type of
mechanical fuel pin. Therefore the same input cards can be applied to all
assemblies.

By running the input file of each model, results for each polynomial are
produced. To test the differences between these polynomials, each model's
results are compared to measured values. As the aim of this work is to
examine the alterations of boron values, power peaking factors and the
reaction rates, the further investigation is focused on the model with 30%
decreased fuel temperature and relative power 0.5, referred to as the 30%
model. The larger the differences between the FARLEY2 model and the
alternative models, the more distinct is the deviation. Therefore, the 30%
model is preferable to the 10% model. When running the 40% mnodel it
diverges and the 50% model get interrupt errors. Consequently, the 30%
model is preferable to all the other models and still sufficient for the task.

4.2.1 The 30% Model

The value of TABTFU(N) is independent of which model is being used.
Therefore, the TABTFU(N) is assumed equal to 0 K and the second order
polynomial for the 30% model will be

TFU = + 135.728. P +205.872. P2 (7)

In this equation TMO equals zero, as earlier stated.

The difference of the calculated fuel temperature between the 30% and the
FARLEY2 model is apparent when plotting the fuel temperature as a
function of the relative power, Fig. 4.3.
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Fig. 4.3. The fuel temperature treated as a quadratic function of relative power. A
comparison between the FARLEY2 model and the 30% model, which is a second
order polynomial with adjusted coefficients.

The consequence of a 30% decrease of the fuel temperature at relative power
0.5 is a fast increase of the fuel temperature for relative power greater than
1.0, see Fig. 4.3. This effect affects the calculations of the power peaking
factors in a negative sense when comparing them to measured power
peaking factors. As the definitions indicate, high values of the fuel
temperature result in low power peaking factors such as F,H- and Fq, owing
to the doppler effect. An alternative would be to use either a third or fourth
order polynomial. This would make it possible to decrease the fuel
temperature when the relative power is higher than 1.0, and thus Correcting
the negative trend of the power peaking factors and the deviations between
measured and calculated values.

5 THE SIMULATION COMPARED TO MEASUREMENTS

After a completed operation cycle an important core follow-up calculation is
made and reported in a benchmark report. The core follow-up is a summary
of the differences between measured and calculated results during a cycle
and describes cases that can be used to improve the calculations.

A core follow-up consists of many parts, which are executed in a specific
order. The fundamental idea is to find semi empirical measured data for the
entire core, including parts without instrumentation, by interpolating and
comparing the measured figures with the calculated ones. The calculated
figures are obtained by simulating the operation of the last cycle. The tools
are, among others, the SIMULATE-3 code, the data processing code
S3CORE and the INCORE code, all described in Section 3. Fig. 5.1 shows
the connection between them.
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At Ringhals, operational data are continuously logged, and after the p~rogram
Follow has converted the operational data to nominal values, it can be
retrieved from the Follow file. The programi BOP, which uses the Follow
file, ploits a graph of tie power as a function of the burn-up during a cycle.
When plotted, some urn-up points, which are representative of the cycle,
are manually, chosen in the graph. Out of these points the program BOP
forms inean values between the points and create an input file to
SIMULATE-3. This is also the line of action when input files of transients
are crealed.

Calculated Measured
Reaction Rates Reaction Rates

Fol low

BOP

~CA S NI SINULATE-3

Fig. 5.1. Work method ofIn-core Fuel Management at Ringhals. The left column
shows the method of calcila ted values and the right column shows the method of
measured valtues. Calculated values are compared to measured values with
S3 CORE.

A state point is defined as a single CASMO eigenvalue calculation where
boron concentration, exposure, moderator ad fuel temperature are given.
Changing any of these parameters means thai the state point also changes. A
state point condition >las a unique value fo0r each state point parameter.
During a depletion calculation, all state point parameters are constant except
for the exposure parameter. A coefficient is. an instantaneous change in a
state poinlt parameter ot~her than exposure. This is the case when iterating and
searching with SIMULATE-3, e.g. when te core boron concentration is
varied to reach a requested eigenvalue. For a mrore detailed account Ref. [8] -

[9] can be consulted.

5.1 Transients

Six transients are simulated with both the FARLEY2 and the 30% model,
searching for the calculated boron concentration at the start and end point of
the transient. After the simulation, the calculated boron concentration of
each model is compared to measured values. B~efore it is possible to simulate
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transients with each model it is necessary to rnake a depletion calculation for
all cycles with the FARLEY2 and 30% model respectively. This is to include
the core history of earlier cycles in the calculations of the present cycle
simulation. The sequence for this is described in Section 5.2.

To compare calculated and measured boron concentration values it is of
great importance that there is Xenon equilibrium at the start and end points.
The contrary would involve the influences of reactor poisons such as Xe- 135
and Sm-149. This would result in a reduced criticality factor duel to the
increased absorption of thermal neutrons, especially during transients. Thus,
if Xenon equilibrium does not exist at the condition points, further instability
factors must be taken into consideration. In these six power transients, the
Xenon concentration reaches equilibrium within 72 hours. Therefore, this
time is selected as the end point. The start and end points for the transients
one to six are given in Table 5.1. The measured boron values given in the
table are received from the chemistry laboratory at Ringhals. The chemistry
laboratory measures the boron value in the cooling water at regular intervals
every second day.

Table 5.1. Start and end points for current transients at R4.

Transient Reactor, Start point Measured Power End point Measured Povver
number cycle Boron (%) Boron (%/)

~~~~~~~~~(ppm) (ppm)
1 R4, C09 920721 96 99.9 920729 285 38.7

2 R4, C10 930426 207 100.0 930503 358 48.3
3 R4, C09 920403 461 100.1 920409 601 50.9
4 R4, C09 920625 179 100.1 920630 321 52.3
5 R4, C09 920227 562 100.2 920304 652 57.1
6 R4, COG 1890323 342 99.9 1890328 370 79.2

For each transient, input files for SIMULATE-3 are created by BCOP with
these data as a basis. This is described as the second step below. To make it
possible to compare the calculated and measured boron values at the end
point for each transient, it is necessary to start with exactly the same boron
concentration in the calculations as measured. To start with a specific boron
value in a SIMULATE-3 file, the criticality factor in that specific point, must
be given as input. Therefore, as a first step in the search for calculated boron
values, an iteration of the criticality factor at the start point is made. An
iteration of the criticality factor, that is a kff criticality search for fixed
conditions, leads to a state point condition with its unique value of each state
point parameter, see appendix A for the FARLEY2 model and appendix 13
for the 30% model. The fixed boron value is the measured boron value at the
start point in table 5.1. The output of this iteration, the calculated value of
the criticality factor, is the requested eigenvalue at the start point in the
second step described next.

In this second step, the program BOP creates one input file for each transient
and model, see appendix 2A for the FARLEY2 model and appendix 2B3 for
the 30% model. Each of these input files is completed with an iteration card.
This iteration varies the core boron concentration in the start point to reach
the requested eigenvalue i.e. the criticality factor calculated in the first step
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above. The output gives the calculated boron concentrations at both the start
and end points in the unit ppmn. The calculated value in the start point should
then be the same as the measured.

Table 5.2. Deviation between measured and calculated end point boron values.

Boron deviation
Transient number FARLEY2 (ppm) 30% (ppm)
1 27 1
2 23 5
3 22 9
4 25 2
5 21 10
6 7 9

The boron deviation between measured and calculated boron values for both
models and all transients is shown in Table 5.2. The deviation is the result of
measured boron concentration minus calculated boron concentration at the
end point for each transient.
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Fig. 5.2. Deviation between measured and calculated boron concentration.

The transients that are being calculated in this report are fairly well
distributed over the range of relative power. The transient with the lowest
relative power at the end point is called the first transient and the transient
with the highest relative power is called the sixth transient, as seen in Table
5.1. Fig. 5.2 shows that the boron deviation is lower, and thereby closer to
measured boron values, for the 30% model, except for the sixth transient.
The sixth transient ends at a relative high power approximately 80%. The
result of a comparison between the models at transient six suggests that the
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previous model is preferable. This indicates that the 30% model only is
preferable when the relative power is reduced below 80%.

Instead of showing the boron deviation in the unit ppmn, it is possible to show
the deviation as reactivity, in the unit pcm, per percent power. The advantage
of this is that we can compare the differences between each transient as well
as between the models.

Firstly, the criticality factors that are equivalent to measured boron
concentrations at beginning and end point for each transient and model are
calculated with SIMULATE-3, se appendix 3A for the FARLEY2 model and
appendix 3 for the 30% model. The next step is to calculate the reactivity
for each criticality factor. As third step, the absolute reactivity difference
between the start and end points of each transient is calculated and divided
with the end point power. Thereby the absolute reactivity value per percent
power for each transient is calculated. Fig. 5.3 shows the outcome.

The reactivity states how close to criticality the reactor is. When the
reactivity deviates from zero the reactor is either supercritical or subcritical.
Since the reactor was exactly critical when the boron concentration was
measured, the calculated reactivity should be zero. The bigger the deviation
is from zero, the bigger the deviation between calculated and measured value
is.

7
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Fig. 5.3. A comparison of reactivity per percent power versus relative end point
power between the FARLEY2 and 30% model.

Fig. 5.3 shows that, the 30% model is close to zero pcm, especially up to
about 0.7 relative end point power. The opposite is significant for the
FARLEY2 model. Since the deviations between measured and calculated
values at reduced reactor output have been considerable using the FAWLEY2
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model, this outcome is desirable. In the figure, a line is fitted to the transient
points for each model.

5.2 Core Tracking - Benchmark

Big changes of the fuel temperature versus relative power in the calculation
influence all parameters of the core. When controlling the core, some
parameters, such as the power peaking factors and the reaction rates, are
considered. The deviation between calculated and measured values of these
parameters for the FARLEY2 and 30% model provides an excellent way of
comparing the models with measurements.

Calculations have been made for a series of cycles. Cycle 8 data is not
available, due to an error in one of the flux maps. This can be noted in this
section.
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model (see Fig 5.4). However, FAH is relative to maximum power of a rod.
The maximum power of a rod does not get as high as the maximum spot
power in the core. Therefore, with the 30% model FAH is not affected that
much by the fuel temperature as Fq.

The reaction rate distribution in the core is very important since it is the only
parameter that is feasible to measure directly. The reaction rate, referred to
as RR, is defined as the number of neutron interactions per cubic centimetre
and second. In the follow up calculations, measured and calculated figures of
radial (or assembly), axial and nodal reaction rates are compared. 61 axial
measurements of the neutron flux are made for each one of the 50 (letector
tubes in the core. By interpolation the reaction rates are calculated for the
remaining assemblies and the 61 axial measured reaction rates are
interpolated to 24 new nodes. To make it possible to compare measurements
and calculations it requires calculated reaction rates in 24 nodes for each one
of the 157 assemblies. The assembly reaction rate deviation is produced out
of 50 radial nodes, that is the 50 assemblies holding detector tubes, and the
axial reaction rate deviation is produced out of the 24 axial nodes. The nodal
reaction rate is an overall deviation of the core that is produced out of 24x50
nodes. The root mean square, RMS, of calculated and measured reaction
rates for each flux map is calculated with S3CORE (Section 3). The
difference between calculated and measured values for a flux map,
calculated with S3CORE, are shown in appendix 4A for the FARLEY2
model and appendix 4B3 for the 30% model. Fig. 5.5 shows, for each cycle,
the mean value of the RMS of the flux maps belonging to a cycle.
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Fig. 5.5. Mean value of RMS (Root Mean Square) from 3 CORE, difference
between calculated and measured reaction rates per cycle, for the FARLEY2 and the
30% model.
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In Fig. 5.5 it is evident that the difference between calculated and mreasured
reaction rates is lower for the 30% model compared to the FARLEY2 model
for the assembly, nodal and axial reaction rate.

The reaction rates presented in this thesis (Fig. 5.5) are root mean square,
RMS, of calculated reaction rates for each flux map. They do not depend on
a spot power in the core, which is the case for Fq and FAH. Therefore, the
mean values of RMS for the difference between calculated and mreasured
reaction rates of the fourth to fifteenth cycle, decreases with the 301% model.
It decreases for the assembly, nodal and above all axial reaction rate (Fig.
5.5).

The conclusion is that the 30% model is in better accordance with the
measured reaction rates than the FARLEY2 model.

6 SUMMARY AND FUTURE WORK

The work presented in this thesis is to investigate the conformrity of
calibrations made with different fuel temperature models in SIIMULATE-3.
The temperature models being compared are the present fuel temperature
model, the FARLEY2 model, and the new fuel temperature model, the 30%
model.

The work contained in this thesis shows that the new fuel temperature
model, the 30% model, yields results that are much more accurate than those
obtained with the fuel temperature model, the FARLEY2 model. in the
present version of SIMULATE-3. The deviations between measured and
calculated boron values are lower with the 30% model with the exception of
a transient at 80% power. The result pointed out in Section 5.1 implies less
deviation between calculated and measured boron values for reduced. reactor
power, with the new fuel temperature model, the 30% model when the
relative power is reduced below 80%.

In certain cases, the new model gives an indication of the necessity of further
development of the relation between the fuel temperature, relative power and
exposure. The comparison between the parameters of the model and reality
in Section 5.2 points out theoretical predictable results i.e. the deviation of
the reaction rates decreases while it increases for the power peaking factors.
Increasing deviation of the power peaking factors implies that the best fuel
temperature polynomial is not yet fully achieved. A further investigation
with a polynomial that is in accordance with measurements, when relative
power is greater than 1.0, is suggested.

There are some projects going on about fuel temperature and te core
calculation codes. The Halden Reactor in Norway is an experimental plant
for advanced studies of nuclear power problems. An international research
on safety and reliability of nuclear power generation, known as the OECD
Halden Reactor Project, is one such project. One activity of the OECD
Halden Reactor Project is focused on fuel performance studies, such as
thermal behaviour. A good prediction of fuel temperatures is an essential
requirement for any code used in design, fuel performance and safety
evaluations because fuel temperature influences many phenomena and
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material properties. This research is important for improvements on every
fuel temperature code.

During this work, improvement of the fuel temperature code INTER]PIN-ICS
is realized. The improvement is in accordance with the 30% model for
reduced relative power, but the magnitude of it is lesser. Deviations between
calculated and measured values for reduced relative power are still present.
Consequently, there are still improvements to do.
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9 APPENDIXES

APPENDIX A

' CON' .................. .**** .*.* -** -***** ... *........* ***.****

'COM' *

'CON' Filename: /usr/local/appl/r4/c09/kefftest/keff920625new.inp
'CON' 

'CON' SIMULATE INPUT
'COm' 
'CON' 

'TIT.PRO' 'Ringhals 4 cycle 09'I
TIT.RUN' 'Burnup'!
'TIT.CAS' Ringhals 4 cycle 09 * Keff punkten 1992-06-25-07:54 *'

'RES' 'usr/local/appl/r4/c09/distr/r4-c09-map-l65.res 8.8984/ * FLUXMAF 165 1992-06-11l15:03 *
'PWR.OPT' 'OFF'/

'PRITINP' 'ON' 'FULL' FMAP' 'CMAP'/
'PRI.STA' 50*' '/
'PRI.STA' '2RPF' SKINF' SEXP' XEXP' 2EXP' 2KIN' 2TFU'/

'COR.OPE' 100.09/
'COR.TIN' 545.88/
'CRD..BNK' 226.54 228.00/
'DEP..STA' 'AVE

1
8.8984 9.4245/

'STA'/

'TIT.CAS' '- Keff vid borbalt= 179 ppm /

'ITE.KEF'I
'COR.OPE' 100.1/
'COR.TIN' 545.9/
'COR.BOR' 179/
'CRD.BNK' 225/
'STA' /

'EN' 
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APPENDIX B

. CO* *...............................*.....

'CON' *

'Com' Filename: usr/local/appl/r4/c09/kefftest/keff920625new-3O.inp
'COM' 

'CON' SIMULATE INPUT
'CON' 
'CON' .. *.........................*..*.*...*

'TIT.PRO' 'Ringhals 4 cycle 09'/
'TIT.RUN' 'Burnup'!
'TIT.CAS' Ringhals 4 cycle 09 11 eff i punkten 1992-06-25_07:54 30% '

'RES' '/usr/locallappl/r4/c09/distrlr4-c09-nap-165-3O.res' 8.8984/ * FLUXMAP 165 1992-06-11_15:03

'PWR.QPT' 'OFF'/

'PRI.INP' 'ON' 'FULL' FMAP' CMAP'/
'PRI.STA' 50* 1/

'PRI.STA' '2RPF' SKINF' SEXP' XEXP' 2EXP' 2KI1N' 2TFU'/

'COR.OPE' 100.09/
'COR.TIN' 545.88/
'CRD.BNK' 226.54 228.00/
'DEP.STA' 'AVE' 8.8984 9.4245/
'STA' /

'TIT.CAS' 111 Reff vid borhalt =179 ppm *--/
* ITE.KEF'/
'COR.OPE' 100.1/
'COR.TIN' 545.9/
COR.BOR' 179/
'CRD.BNK' 225/
'STA'/

FM~'
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APPENDIX 2A

CON' .......
CON' *

'CON' * Filename: usr/local/appl/r4/c09/boroncheck/bor920625_920630new.inp
'CON' 

'CON' SIMULATE INPUT
'CON' 

'C* ************

'TIT.PRO' Ringhals 4 cycle 09'!
'TIT.RUN' 'Burnup'/
'TIT.CAS' Ringhals 4 cycle 09'!

'RES' /usr/local/appl/r4/c09ldistr/r4-c09-nap-165.res' 8.8984/1* FLUXMAP 165 1992-06-11_15:03 *

'PWR.OPT' 'OFF'!

'PRI..INP' 'ON' 'FULL' 'FMAP' 'CMAP'/
'PRI.STA' 50- '/
'PRI.STA' '2RPF' SKINT' SEXP' 'XEXP' 2EXP' 2KIN' 2TFU'/

'COR.OPE' 100.09/
'COR.TIN' 545.88/
'CRD.BNK' 226.54 228.00/
'DEP-STA' 'AVE

1
8.8984 9.4245/

'STA' /

'ITE.BOR' 179 1.0015174/

'COR.OPE' 100.1/
'COR.TIN' 545.9/
'CRD.BNK' 225/
'STA' /

'COR.OPE' 98.34/
'COR.TIN' 546.42/
'CRD.BNK' 223.46 228.001
'DEP.STA' 'AyE' 9.4245 9.4625/
'STA' /

'COR.OPE' 50.87/
'COR.TIN' 551.89/
'CRD).BNK' 170.07 228.00/
'DEP.STA' 'AVE' 9.4625 9.4681/
'STA' /

'COR.OPE' 52.36/
'COR.TIN' 552.06/
'CRD.BNK' 198.18 228.00/
'DEP.STA' 'AVE' 94681 9.5431/
'STA'I/

'COR.OPE' 52.3/
'COR.TIN' 552.02/
'CRD.BNK' 220/
'STA'I

'END'!
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APPENDIX 2B3

'CON' *

'CON. Filename: usr/local/appl/r4/c09/boroncheck/bor920625_920630new-30.inp
'COM' *

'COW. SIMULATE INPUT
'CON. *

'COM' ......**** ******* ........ **** ** *****

'TIT.PRO' Ringhals 4 cycle 09'/
'TIT.RUN' 'Burnup'!
'TIT.CAS' Ringhals 4 cycle 09 3/

'RES' '/usr/local/appl/r4/c09/distr/r4-c09-map-165-30.res' 8.8984/ * FLUXNAP 165 1992-06-1.1_15:03

'PWR.OPT' 'OFF'/

'PRI.INP' 'ON' 'FULL' FNAP' 'CNAP'/
'PRI.STA' 50-~ Q
'PRI.STA' '2RPF' 'SKINF' SEXP' XEXP' 2EXP' 2KIN' 2TFU'/

'COR.OPE' 100.09/
'COR.TIN' 545.88/
'CRD.BNK' 226.54 228.00/
'DEP.STA' 'AVE' .8984 9.4245/
'STA'/

'ITE.BOR' 179 1.0008565/

'COR.OPE' 100.1/
'COR.TIN' 545.9/
'CRD.BNK' 225/
* STA' /

'COR.OPE' 98.34/
'COR.TIN' 546.42/
'CRD.BNK' 223.46 228.00/
'DEP.STA' 'AVE' 9.4245 9.4625/
'STA'/

'COR.OPE' 50.87/
'COR.TIN' 551.89/
'CRD.BNK' 170.07 228.00/
'DEP.STA' 'AVE' 9.4625 9.4681/
ISTA' /

'COR.OPE' 52.36/
'COR.TIN' 552.06/
'CRD.HNK' 198.18 228.00/
'DEP.STA' 'AVlE' 9.4681 9.5431/
'STA' /

'COR.OPE' 52.31
'COR.TIN' 552.02/
'CRD.BNK' 220/
'STA' /

IEND)'/
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APPENDIX 3A

'COm' ................... * * ***.......... ...... ********

'CON' 

TCOM' Filename: usr/local/appl/r4/c09/keffcheck/keff920625-920630new.inp
'CON' 

'COM' SIMULATE INPUT
'CaM' 
'CON' .... * ...

'TIT.PRO' Ringhals 4 cycle 09'I
'TIT.RUN' 'Burnup'/
'TIT.CAS' Ringhals 4 cycle 09'1

'RES' '/usr/locallappl/r4/c091distr/r4-c09-map~165.res' 8.8984/ 11 FLUXMAP 165 1992-06-11_15:03 *

'PWR.OPT' 'OFF'!

'PRI.INP' 'ON' FULL' FMAP' CMAP'I
'PRI.STA' 50-~ 1/
'PRI.STA' '2RPF' 'SKINF' SExP' 'XlEXP' 2EXP' '2KIN' '2TFU'/

'COR.OPE' 100.091
'COR.TIN' 545.881
'CRD).BNK' 226.54 22B.001
'DEP.STA' 'AVE' 8.8984 9.4245/
'STA' /

'TIT.CAS' '** Keff vid borhalt =179 ppm *---

'ITE.KEF' /
'COR.OPE' 100.1/
'COR.TIN' 545.9/
'COR.BOR' 179/
'CRD.BNK' 225/
'STA' /

'ITE.BOR' 179 1.0015174/

'COR.OPE' 100.1/
'COR.TIN' 545.9/
'CRD..BNK' 225/
'STA'I/

'COR.OPE' 98.34/
'COR.TIN' 546.42/
'CRD.BNX' 223.46 228.001
'DEP.STA' 'AVE' 9.4245 9.4625/
'STA'I/

'COR.OPE' 50.87/
'COR.TIN' 551.89/
'CRD.BNK' 170.07 228.00/
'DEP..STA' 'AyE' 9.4625 9.46811
ISTA'!

'COR.OPE' 52.36/
'COR.TIN' 552.06/
'CRI).BNK' 198.18 228.00/
'DEP..STA' 'AVE' 9.4681 9.5431/
'STA /

'TIT..CA.S' '1* Keff vid borhalt =321 ppm 11'/

'ITE..KEF'/
'COR.OPE' 52.31
'COR.TIN' 552.02/
'COR.BOR' 321/
'CRD.BNK' 220/
'STA' /
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APPENDIX 3B3

'COM' ......***** *** * ******* *

'COW *

'COM' Filename: /usr/local/appl/r4/c09/keffcheck/keff920625_920630new-30.inp
'CaM' 
'COW * SIMULATE INPUT
'COM' 
'Com' ................ *.**********......***

'TIT.PRO' Ringhals 4 cycle 09'!
'TIT.RUN' 'Burnup'/
'TIT.CAS' Ringhals 4 cycle 09 3'

'RES' /usr/local/appl/r4/c09/distr/r4-c09-map-165-30.res 8.8984/ * FLUXMAP 165 1992-06-71_15:03

'PWR.OPT' 'OFF'/

'PRI.INP' 'ON' 'FULL' FMAP' CMAP'/
'PRI.STA' 5o* 1/

'PRI.STA' '2RPF' SKINF' SEXP' XEXP' 2EXP' 2KIN' 2TFU'/

'COR.OPE' 100.09/
'COR.TIN' 545.88/
'ORDEBNK' 226.54 228.00/
'DEP.STA' 'AVE' 8.8984 9.4245/
'STA' /

'TIT.CAS' '*1 Keff vid borhalt =179 ppm ~'
'ITE.KEF' /
'COR.OPE' 100.1/
'COR.TIN' 545.9/
'COR.BOR' 179/
'CRI).BNK' 225/
'STA' /

'ITE.BOR' 179 1.0008565/

'COR.OPE' 100.1/
'COR.TIN' 545.9/
'CRD..BNK' 225/
'STA' /

'COR.OPE' 98.34/
'COR.TIN' 546.42/
'CRD..BNK' 223.46 228.00/
'DEP..STA' 'AVE' 9.4245 9.4625/
'STA' /

'COR.OPE' 50.871
COR.TIN' 551.89/
'CRD.BNC' 170.07 228.00/
'DEP.STA' 'AVE

1
9.4625 9.4681/

'STA'/

'COR.OPE' 52.36/
'COR.TIN' 552.06/
'CRD.BNK' 198.18 228.00/
'DEP.STA' 'AyE' 9.4681 9.5431/
'STA'!

'TIT.CAS' '** Keff vid borhalt= 321 ppm ~'
'ITE.KEF' /
'COR.OPE' 52.3/
'COR.TIM' 552.02/
'COR.BOR' 321/
'CRD.BNK' 220/
'STA'I/

'EN' 
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APPENDIX 4A

R4 C14 FLUXMAP 238
1 00.1%1.POWER B.692GWDIMT 51.9PPM

2-fl REACTION RATE DISTRIBUTION

R p N M L K J H G F E D c B A

.0518 0.498 0.508
0.489 01
-0.009

.0575 0.999 120 1.1 65 1.202 10.889 0.577 0
10851 0
1-0.0D8

0.568 1.101 1.289 1.187 1.202 1.314 1.287 1.089 0.578
0.572 1.180 1.195 0.570 03
0.004 0.013 -0.006 -0.006

.0.653 1.109 1.300 1.335 1.3;11.151 1.303 1.-177 1.282 1.095 0. 04
11.167 1.205 04
0.016 0.028

.0.578 0.974 1.283 1.176 1.298 1085 1.288 1.232 1.289 1.175 1.148 1.087 0.507
0.953 1.1 66 1.096 .177 .5300605
-0.012 -0.010 0.011 0.001 0.006 0.001

.0985 1.289 1.333 1.289 1.240 1.285 1:117 1277 1.098 1.297 1.335 1.288 0.987 0
-0.002 0.022 . .

.0.508 1.203 1.161 1-303 1232 1.276 1.104 '1.281 1.105 1.285 1.223 1.157 '1322 8 19 0.518
1012 0.021 2 . -048021
11821 1.01 001 0.001 1.04810

0.498 1.156 11.203 1.0 1.137 1.264 1.257 1.229 1.261 1.1 17 1.288 1.304 11.202 1.030 05655
10482 11.219 1.156 I 1.127 1.192 1.014 0
-0.01 7 10016 0190.010 -0.010 -0.0156

0.518 1.210 11322 1.310 1.085 1.284 1.249 11.257 1. 104 1.127 1.232 1.303 1.314 1.203 0.449
1.079 1.112 1.3 0:438 .09
-0.006 0.008 0.0 -0.0111

0.87 1.138 1.335 1.298 1.240 1.126 i1.263 128 121 123 1.192 1.288 0.869
09 1.138 1.131 1 4 121 120 1.182 0.854 1 0

0.001 0.004 -0.009 -0.01 5

0574 1.8 .W 1.176 1.289 1.230 1.136 1.228 11.146 1.190 1.283 1.089 0.577
1. 164 1.150 11.157 1.173 I1
-0.012 0.014 10.011 -0.017 I

0.58 1095 1.282 1.332 1.300 I 1.301 1.311 11352 11.300 0.97 1*0.576 1
'088.0 ::13 __ 0.004 10007 1

1214 ~~1.:135 13
0.010 -0.004

.0.430 MEASURED RMS 0.0081 1 5
--- 0.020 MEASURED-WRMS 0.01 44

ASSEMBLES EXCLUDED:
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R14 C14 FLUXMAP 238
100.1%/POWER B.692GWDUMT 51.9PPM

2-D RELATIVE POWER DISTRIBUTION

R P N M L K J H G F E D C B A

0.371 0.423 10355
0.415 0 1
0.008

0.423 1.017 11.227 1.088 11.219 1. 012 0.422 0
I ~~~~~~1003 0

000

0.527 1.135 1.025 1.259 1.214 11.2630 1.031 1.13 0.524
0.531 1.273 1,208 I0.519 03
-0.003 -0.014 0:006 a 0.005

0.525 11.146, 0.928 1.381 0.953 1.281 0.956 1.379 0.931 1.143 J0526 0
1.299 1420110 -0.018 -0.032

0.423 1.138 10.932 1.382 0.957 1.57 1.236 1.034 0.946 1.382 0.927 1.133 0.422
1.124 1 1.370 11.0638 1.383 0.932 04205

-___0.014 10.012 1-0.011. -0.002 -0.005 ___0.001

* 1.013 1.032 I1.380 0.946 1.227 1.036 1.182 11.030 1.228 0.957 1.381 1.024 1.015 0
1.180 I 1.252 0
0.002 -0.025

0.355 1.220 1.-262 0.957 1.034 1.029 1.20`7 1.072 11208 1.036 1.057 0.953 :1.259 1.227 '0371 
1.285 1:29 229 0.9531 1.203 07L____ I -0.023 .-0.023 021 __ __-0.091 __ 0.024

0.423 1.088 1.215 1.281 1.236 1.180 11.070 1.039 1.072 181 1.236 1.281 1.215 1.088 0.423
10.409 i 1.231 1.256 I1.192 1.204 1.07 08
0.0 14 j -0.017 -0.021 i -0.011 0.010 0.017

0.7 27 1.259 094 1.057 1.035 11.206 1.070 1.207 1.029 1.035 0.957 1.260 1.220 10355
11.2 0.954 ~1.051 I1.215 1.035 I0.347 09

0.006 0.CO8 -0.096 ___]_ _0.009

1.015 1.024 11.381 0.957 1.227 11.028 1.180 :108 1.227 10.946 1.382 1.032 1.012
1.025 1.032 0
0.001 ~-0.004 .1:31: 0.994 1

0.422 1.133 1.38 0.4 1.33 1.235 j 1.057 0 958 1. 38 0.931 '1135 0.422
1 .314 1.250 0.957 1.34 I 1

_____ --0.01 -0.015 i -0.099 10.03-.__

0.526 11.143 0.931 1.379 0.54 1.29 10.954 1.383 0.928 1.143 10.524 1
0.515 ~~~~~~~~~~~~~~1.148 0.530 20.012 OD~~~~~~ 1-.04-09

0.524 1.135 1.031 1.258 1.219 1.264 1.026 113 0.527 1
1.229 I 1.022 3
-0.010 i 004

04 1.012 1.220 1. + 1.3 1.01 423
.1 1011'043 1 4

0.356 0.424 10.373 SIMULATE-3
00 MEASURED 1 5
001 S3-MEASURED

ASSEL1IBL ES EXCL UD ED:
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R4 014 FLUXMAP 238 
100.1% POWER &5692 GWDtMT 51.9 PPM

z-D P EACilGN RATE DBITRIEITIN -0 RELATrVE POWER DISTPIRUTaIN

11117 1.137 i~~~~isi 1.203 1.03 10.498 1.i i 1.3 .221 1.216 1.088 0.423
1.153 i~~i67 1205 1.014 10.485 11.18 1.25 1299 '1 218 1.071 0.412

000.06 006 0.002 0.016 0.01 3 1-0.004 008I-0.0 8 -0003 0.017 0 1

1105 1127 ii161 0.449 1.337 1028p 1.2620.5
11 1 1 32 1.182 .434 1.225 10J31 12 0.343

-OfLe .6005 1.021 ___ ~015 .017 .0.0)5 - 3 0i312

1. 17 i 096 1 1.184 0.869 i .i8i 11228 j 1 .3812 1.012
1 121 1 118 1.193 0.858 1.156 1 252 1.281 0.99

.004 -0.022 -0.009 0.012 0.0)4 10.025 -0011 I 0.013

1.137 :11085 1.146 1.179 0.9741 1.235 1.057 ]0I987Z 82 i 1.138
11l53 11.0a87 11.157 1170 0.963 :1.253 1.059 0.967 1 1371 I .24
.0.016 00~O02 1-0.O 1 &.009 0J012 .0.01 8 -0.002 .0.0)9 0.011 } 0.014

1.151 1.1 57 1 1.1 48 0.967 059 1.281 0.953 I 0.927 11.143 0.524
1.167 1.5 1 1153 0.971 0576 1.292 0.953 I 0.922 I1 148 0525
-0.016 0011__ .. ~004 .. ) 0.018a 0.0)0 .0j005 -0.004 0.0W0

1 203 1.167 11 138 0.568 1.216 1.259 1025 1 10.527
1 205 1:180 1.137 0.564 1.218 1.273 102 03
.02 . .0013 00) 2 0.004 -0.0)3 .0.014 10002 1 0004

1 033 1.077 0.507 1 088 1.230 1 0.422
1 014 1.0414 0.506 1.071 1.192 I 0.422
0016 0.034 0.001 0G017l o039 o.oo

0.498 SIM*ULATE-3 0.423 SIMUiLATE-3
0.485 MEASURED PMSO0.0)81 0.412 MEASURED
0j013 MEASUPED-53 RP#AS0.01 44 0.01i S3-MEASURED

AXAL OFFSET

1~~~~~~ .~~~ .~-MEASURED QUADRANT RELATIVE POWER (MEA)
-3.654 -439 501 -.619 51 -2.621

11 ____ I ~~-2.995 J .8 5584945 4 3 -2.a20i - ' - - - - ~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~0.995 0.997 0.994
-3£77 3.306-5.860 1-2.536' 

____ -2.826j ___ -5.0)9 -.- 2.128

.-3.6541 -4.363 -5.849 4.978 .9 a.)

-2.995 -3.705 -5.743 4j049

4.369 I-3584 -4.074 I 5.708 -5.240 1 002 1,005 1.0)5

411 .010 1-3.057 5.810 46.072

-5.019 13.933 -4.84 -5.185 -3.179

-5.578 -2,8K] 4.280 4.307 -2.464

-5.619 -5899 -5.479 -3.217 CALCULATED QUADRANT RELATIVE POWER (:)
-4.945 -5, --91 -2.685

-5.516 -64 
29
2

5 1
100), 1,00) 1.00

-2 1 SI1M U LAT E 3
............. 1.000 1 )

j 2.W20 MEASURED

CORE AVEPRGE:SIMIILATC-j -sa5 0.999 1001l 1.000
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ID-nummer I Utg~va Alternativt ID Status
1733366/2.0 Godkant

R4 C14 FLUXMAP 238
i0O).19%POWER 8.B92GWDIMT 51.9PPM

Axial Distributions Axial Distributions (S3-MEA)
26 26- ST-DE -) 6V

MAX.DrV- nxr
24 ... 24

22- 2

20- 20~

in 1 6 Wn 15
o 14---14z .z 

<12k 12- 

6 6~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

4~~~~~ 4.

2 SIMULATE-3 2
MEASURED

oD - - ~ - _ _ - - 0 - - - - - - - - -

0.0 0.25 0.5 0.75 1.0 1.25 15 175 2.0 -0.15 -0. 1 -005 0.0 0.05 0.1 0.15

RELATIVE FEACTION RATE RELAIVE REACTION RATE DIFFERENCE

2-flRE RATE DBISWTW~ -- BATCH BY BATCH RELATIVE COMPARISON
1 5 ...- ............

TO .0.016 .0.016 .2 0.016 0.013 13 -

4.016 ____ -0 102200_ .000120.10 

I I .- - -....-...--.~~-3 
.4.01 02 1O.0 0.06 0.00 001

-0.002 OL10.02 000= 

00)16 0.034 ___j.00o -13 -

MEASUJPED-531.
ST-DEY - 015

0013i NL.DV QD 1 2 3 4 5
Batch Number

OvoiaI Devions
5T-DEV 0021
LiAX.DE = 0247
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ffD-nummer Utg~va Altemnatlvt ID Status

1733366/2.0 Godkant

APPENDIX 4B3

R4 C14 FLUXMAP 238
100.1% POWER .692 GWDIMT 45.6 PPM

2-D REACTION RATE DISTRIBUTION

R p N M L K J H G F E D C B A

.0.521 0.502 0.511 0
0.489 
-0.01 3

:0.578 1.000 120 115 .200 1710.581
J1.165 1.2800.1 02

0571 1.101 1-288 1.163 1.200 1.308 1.286 1.088 0.579
0.572 1.-180 11.196 0 .570 03
0.001 0.017 -0.03 -0.008

0.656 1.100 -0 1.325 1313 11.148 1.304 1.172 1.284 1.095 064

10.019 0.033 _ I__
0.581 .974 1284 1.170 1.300 1.088 1.287 1.35 11.292 1.170 1.149 1.086 0.510

-0.011 -0804 0.008 ] __ 0.007 0.004 -0.004

0.985 1.287 1.326 1.292 1.240 1.289 11.12D 1.282 1.096 11.299 1.327 1.287 10.988 0
1.115 1.118 0
-0.05 0.021I

_ _ _ _ _ _ _ _ _ _ _ _ _... . +0.511 1.200 1.157 1.30~5 11-235 1-281 1.108 11.267 1.109 11.289 1.231 1.160 1.316 1. 067 0.521
1.182 1.125 1124 I .157 1.048 .07

L........ ____ 0.026 ___ ___ 0.017 0.015 ___ _--0.02 -0.01 9
0.52 1. 164 1.199 1.29 11.137 1.266 1.264 '1237 1.267 1.12 1.286 1.299 1.199 1.029 0.568

0.482 ~~1.219 1.156 I1127 F 1.92 1.014 0
-0.020 ~0.029 0.019 - -0.007 I __ 1-0.007 -0.01 6

050 1.207 1.316 1.313 11.087 1.288 1.252 *1.263 1.108 .1.132 11235 1.304 1.308 1.280 0.452
'052~ ~ ~~~~~~~19 1.09j :112 .1134 0.438 ~09

0004 -0.014

0.987 11.1 37 1.327 1.299 1.239 1.131 11.265 1.288 .1240 1.292 .18 1.286 1087
___ 1_ ___ 131_ - 1.182 

0.577 11086 12 1.3 1 69 129 1233 113 1.230 1.148F 1.184 1.284F 1.088 0.580F -ill~~~.164 1101.157 '1.173
-08005 ~ 0.0 14 0.009 1-0.011 _ __

.0570 1.09 .8 324 1.301 F11296 1.313 ~.344 11.301 0.967F 0.579
0.555 fI0.971 0 .582 1 2
-0.015 __ __ __ __ -_ _J0.004

o^ 11.088 1.285 1.305 1.201 1.329 '1.138 1.087- 0.646
1.214 '1135 '1 3

_____ 1 1~~~~~ ~ ~~0.014 -0.003
0.58 0984 1.200 1.170 1.083 F0.989[ 0.578

1.039 .1 4
____ ____ ____ ~-0.044j

0.452 :0570 0.523 SIMULATE-3
0.430 iMEASURED RMS 0.8080 1 5
-0.022 MEASURED-53 RMS 0.01 46
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ID-n ummer Utgiva Alternativt ID Status

1733366 /2.0 Godkant

R4 C14 FLUXMAP 238

100.1%/POWPER 892GWE0,MT 45.6PPM

2-1D RELATIVE POWER DISTRIBUTION

R p N M L K J IH G F E 0 C B A

0.372 0.425 0.356
0.414 
0.011

0.424 1017 225 1.087 1.218 1012 042

I ~~~~~~~~1.001 02

0.529 1.134 1.024 1.57 1.212 11.258 1.031 1.134 0.525
.0.529 1.276 1.209 0.518 03
0.001 ___ -0.018 0.003 I0.008

0.526 1.144 0.926 1.377 0.52 1281 '0957 1.375 10.925 1.141 0.528 0
1 302 1.413 04
06021 -0.038

.0.424 1.136 0.929 1 377 0.957 1.060 1.238 11037 0.945 11376 0.925 1.132 0.423
1.123 1.372 1 068 ' 1.385 0.929 0.42D 05
0.013 0.005 3-08 __-0.009 -0.003 0.003

1.012 1.032 1.375 0.945 1.229 1.041 1.187 :1.034 1.229 0.957 1.376 1.023 1.015 0
1.a 1.253 0
0.005 -0.024

1.1 1.260 0.957 1.037 1.033 i 1213 1.079 11214 1.041 1.059 0.952 1.257 1.224 0.372
1.288 123. 231 0.950 1.12I 07
-0.028 -i____ -0.018 .0.017 0.002 0.022

0.424 1.087 11.212 1.280 1.238 1.186 11.077 1.047 1.079 1.186 1.238 1.280 1.212 1.088 0.424
0.407 1.232 1.259 1.194 I1.25 1071 I 08
0.017 -002 -0.021 -0.008 10.007 0.0 171___

0.372 11224 1.257 10.953 1.059 1.04 11211 1.076 11213 1.034 1.037 0.957 1.258 1.217 1035 0
1.051 127 1.0351035 9t ____ 0.06~~~0.0.00 -0.00 1 0.011

.1014 1.023 175 0.957 1.22B 1.032 1.185 11.040 1228 0.945 1.377 11.031 1.011
1.024 11032 1.373 0.992 1 0
000001 1 0.004 0.019

0.423 1.131 0.925 1.378 0.944 1.035 1.236 1.09 0.957 1.378 098 114 0.423
12370 1.252 I 0.965 1.366 1
0.06 -0.016 -0.007 0.012

0.528 1.141 0.927 1.373 0.954 1.277 0.952 1.378 0.926 1.141 0.525
0.514 .1.146 0:291
0.0 14 -0.005 -0.004

0.528 1.133 1.030 1255 1.216 11261 1.024 1.132 0.528 1
1.230 1 1021 3

-0.014 0 .003
0.423 1.011 1.217 1.091 11.23 1.016 0.423 1

1180 
10.050

037 0.425 0.373 'SIMULATEL3
.0.339 MEASURED 1

0.018 S~3-MEASURED
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ID-nummer Utgiva Altemativt ID Status

1733366 /2.0 Godkant

R4 C14 FLUXMAP 238
1D.1%/POWrER 8.622GWD/MT 45.6 PPM

z-fl RE~I~ KM 9EBIBUTU -0 RELAT1q; POWER DrTPIBUTCN

I 1.120 1148 1203 ~~~~~~~~~~1.029 0.532 12 .1 .8 .2
1.121 1.153 ~~167 123 014 10.485 1. 1 3 121 .1 1.071 0.4241.1 87 1.257 1.32 .19 .71 40

-0o1 0.m 419 . 006 0.017 .0.031 .0l18 .0.021 1.0.006 0.017 0J014

1.108 1.-132 1.157 10.452 1.-213 133 r 1.-2EM 0356
I 1.133 1.132 1-182 0434 1.227 1 033 I11.288 0342

.0012 -0.001 .0.026 10.013 .0.013 10.00 1 0.028 0014
J__ _ _ _ ........ ..

113 j .9 .179 0.8m, i.187 1 229 11.376r 1.012
1 11 21 .118 1.193 0.858 1.188 25 1.393 0.997
.-.001 -0.021 40.015 0.013 -0.031 .. 24 1-0.017 , ~0.015
1.139 1.088 1.148 1.173 01974 1.237 1060 0.957 1.377 1.3
1.153 1.8 1.57 L 70 013 .1.255 1.1059 0.965 11.373 1.123
.0.017 '0.003 -0.000 000 0.011 .0.018 0.000 1.0.037 0.004 0.013

1.148 1.100 1.049 0167 0~~~~~~~~~579 1.281 0.952 10.925 '11 02

1.167 1157 l.53 0-971 0.319 1.302 0.950 0.929 11.148 0:523
.0.010 9 0.00 .4 4004 000 .0.021 0.032 .003 1.0.005 0.002

1.200 1.163 1.138 0.191 1.213 1.5 [124 i 0.528
1.205 .83 1.37 0841.219 1.7 123 10.522
.0.036 .0017 0.031 j .07 .0.036 .0.01 i000 I __0.007

109 051 10.310 1.088 1.227 10.423
101 .4 110 0 1.071 1.191 0.433)
a01 0.004 0.017 0.036~ 10.003

0302 SIWULATE-3 0.424 SIMULATE.3
0.4a5 MEASURED RI14SOMM 0.410 MEASURED
0,017 MEA3RED-5RhflOfl14 0.014 S3-MEASURED

-- .~~. .... ~~~ ?UEASURED QUADRANT RELAlIVE POWER (MEA)
-3.972 410 .2 -5.1133 579-.7

-2.99 4.181 437K -4.945 -45633 -2820 09 21 .9

4,022 -3.640 -6.041 -2.752

I .2~4 -2.826 -5.009 -2.128

.972' 4.490 .&.1 -5.17K - 98 13

-2.995 .3MS -&7 -4"4

4.660 -3B61 -4.314 -881 1 -5.3mi ~ ioa13

-4181 .3010 .3A357 4.810 -6.072

-5.222 1-4.158 46016 4.w -3.336

-5.578 2-34.20 430 r2441

-5.a33 400O7 -51 ..34 CALCULATED QUADRANT RELATIVE POWER (SI)
-4945 .5 B61 -4991 -£

-5.730 -6263 -3.153 1003 1000 1.00

-4.633 A2A . W

-2.H878 SIWJLATE.3
--.- ~~~~ -- ~~1.003 03

.,2.a20 1 MEASURPEW

03R AVERA~~~~~~~~~6 S~~~aILAI6.2 -aa. ~~~~~~~~~~0999 1000 1.00
MOGUPED
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ID-nummerl1 Utgiva Alternativt ID Status
17333661/2.0 Godkiint

R4 C14 FLUXMAP 238
100.1%POWER &BS92GWDIT 45.1BPPM

Axial Distributions Axial Distributions (S3-MEA)
2 6 .. --~~~~~~~~~~- .~~~~~ - 26 ;~~~~~~~ST-DEV -

24 Z4 j2

22 - 2

20~ 20~

18 16

0 14 - 0 ~~~14*z 
< 12 ~~~< 12<

10. 410~

4~ - 4

6 6

RELATIVE REACTION RATE RELATIVE REACTION RATE DI FFERENCE

2-D PRACl RATE DIBTRUTO4 BATCH BY BATCH RELATIVE COMPARSON15"
_________ [40)1 .0.017 4 O 0.0)6 0a016 0.017 13

.0D12 1-0.C)1 .__ 0.026 0.028
7I ~~~~~~0

00) ___ -0.021 -0.025 0.012

0.017 0.00-.0 0.0 01

.1.1 .0 0.0 04 wg0,00

-74
002 007 .001 0.007 r-9

___1_ 0 -3 0.04<-1

MEASUJRED-53 -15.
00i7 ~~J~TWE - 0JZ1 1 2 3 4 5

Bath Number
OwwvalR Doveiaons
ST-DEV - 0.021
MAX.DEV- 0248
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