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ABSTRACT

The shortcomings of the conventional core supervision
methods are briefly discussed. A new strategy for core
surveillance is proposed. The strategy is based on a
combination of analytical evaluation of detailed core
power and adaption of these results to detector mea-
surements. The adaption is carried out 1) each time
the simulator is executed by use of averaged detector
readings and 2) once a year (approximately) in which
case the coefficients of the simulator's equations are
overviewed. In the yearly overview, calculations are
tuned to measurements (TIP, ^-scannings, k-eff) by
parameter optimization or by inversion of the diffu-
sion equation.

The proposed strategy is believed to increase the
accuracy of the core surveillance, to yield improved
thermal margins, to increace the accuracy of core
predictions and design calculations, and to lesser, the
dependence of core surveillance on the detector
equipment.
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1. CONVENTIONAL CORE PERFORMANCE MONITORING

The state of a nuclear reactor core is continuously
monitored by use of detectors. The detectors provide
only sparse point information on the core neutron
flux and a supplementary on-line method is therefore
needed to compute the detailed core power distribu-
tion. The power distribution is utilized for several
tasks :

To give the reactor operator a detailed and
instant picture of the state of the core;

To compute quantities on which the regulatory
authorities have specified operational limi-
tations to ensure the integrity of the fuel
(dryout, loss of coolant accident, surface heat
flux, pellet-cladding interaction limitations);

To guide the reactor operator on how to run the
reactor in the most economical way.

The detectors also have a fourth function. They are
connected to the scram system and cause the reactor
to be shut down sho-ld unpermissible transients
occur.

The on-line evaluation methods in use can broadly be
divided into two groups. In the first group, the
detailed core power distribution is obtained direct-
ly from local power range monitoring (LPRM) detec-
tors. The power in between the detectors is computed
by means of interpolation. This technique could be
labeled the "P1" method, the name used by General
Electric Corporation, which invented the method.

The weakness of this approach is two-fold. Firstly,
the LPRMs are sparsely distributed in the core. In
a 1000 MW(e) reactor there are approximately 150
detectors while the detailed power is sought in
about 18000 points. Therefore, by necessity, the
interpolation error is significant. To increase
detector density in the calculations, quarter core
symmetry is always utilized. The detector readings
of the four quadrants of a core are reflected into
one quadrant, thereby increasing the apparent LPRM
density by a factor cf four. This restriction to
quarter core symmetry, however, penalizes the fuel
usage. Reload batches of cores with forced symmetry
often require morf fresh fuel bundles than those of
unrestricted cores.

The second weakness of the P1 approach is the imme-
diate dependence of the quality of the evaluated
power distribution on the accuracy of the LPRM read-
ings. These are known to have errors of up to 20 7. .

One difficulty, out of several, is to know the exact
geometry around the detector. As an example, if,



because of fuel channel bowing, the water gap where"
the detector is positioned is widened bv 2 milli-
meter, then the reading of the fission chamber
detector is misinterpreted bv about 107.. Another
important source of error is the depletion of the
active material of the LPRM detectors. To correct
this error. the LPRMs are recalibrated circa every
four weeks. However, at the end of such a four week
period the error in detector reading may, because of
different depletion rates for different LPRMs. be up
to 5 7. (in extreme cases 10 7.).

To partly overcome these difficulties, gamma sensi-
tive TIPs (travelling in-core probes) have in some
reactors replaced the old neutron sensitive TIPs.
(The TIP detectors are used to calibrate the
LPRMs.) The -y-TIPs may cut the channel bowing error
in half or more, but they do nothing to correct the
above-mentioned LPRM depletion error.

The second on-line core performance monitorinq
method relies somewhat less on the LPRMs and more on
a three-dimensional core simulator. The simulator
calculates a preliminary detailed power distribution
(P ). From this distribution, expected LPRM readings
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The power P calculated by the UPDAT method well re-
produces the detailness of the power distribution
in between the detectors. The technique does not
rely on any presumed core symmetries. It shares,
however, one weakness with the P1 approach. Errors
in the LPRM readings are directly propagated to the
corrected power distribution and. hence. to the
thermal margins evaluation.



2. DEFINITION OF THE ADAPTIVE METHOD CONCEPT

By an "adaptive method" we mean a technique where
measurements are utilized via some feedback
mechanism to improve the physical model of the core
simulator in use. Thus, there is a systematic way in
which the core simulator improves its performance by
learning from experience.

Adaptive methods have been discussed by a Japanese
group (Ref. 2) and by General Electric Corporation
(Ref 3) .



3. A NEW STRATEGY FOR ON-LINE CORE PERFORMANCE SURVEILLANCE

We now propose the followinq strategy for on-line
supervi sion.

1. The continuous depletion of the LPRM detectors
is accounted for by a burnup correction in the
detector evaluation part of the core simulator.
Data for the characteristics of the LPRM deple-
tion have to be provided.

2. The continuous core surveillance is based on a
combination of the core simulator results and
the LPRM readings. This idea is also used in the
UPDAT method but there the modified nodal power
depends on the detector signals of the 8 adja-
cent LPRMs (compare Ea. ( 1 ) ) while we propose to
use averaged deviations between measured and
calculated LPRM readings:

= p c a l c . C(z) (2)

The correction function C(z) is defined at the
LPRM levels bv

(3 )

where the summation is taken over all LPRMs at
the given level. In between these levels. C(z)
varies linearly.

Experience has shown that the C(z) function is
an important correction. It accounts for the
fact that the BWR has a strong axial depen-
dence, because of the void formation, which it
sometimes is difficult tc model accurately.

A more sophisticated formula would be

= Pcalc-C1(2).C2(r) U>

where C (r) gives a radial correction. However,
experience has shown that the C (r) function is
fairly close to unitv and considerably less im-
portant than C (z). In the only domain where it
may be of importance (at the core Deriphery) it
is anyhow not possible to compute a realistic



value of C (r) since there are no detectors lo-9

cated here .

Approximately once a year, the core simulator is
carefully examined. checked, and modified by
some adaptive method. The experience and mea-
surement data accumulated during the year are
used to modify the simulator to improve its per-
formance. Notice, that the adaptive improvement
is not continuously applied (say, at each TIP
calibration) but carried out only once a year.
This approach is taken because the user of the
simulator must have complete control of whatever
changes are made to the code and its data. Also,
experience from several reactors could thus be
used to look for similar (or deviating) trends.
The modifications motivated by the online learn-
ing process should be utilized, not only in the
core follow mode for the coming year, but also
for all predictive calculations.

By the strategy described above, the results of
the core simulator are only weakly affected by
sudden changes in a single, isolated detector.
This is a primary goal of our method, not an
unwanted side effect, since we want to avoid the
influence of erratic signals. However, to cover
all possible events we propose an independent
surveillance of the LPRM signals. The purpose of
this supervision is to give the reactor operator
a warning when the LPRM detectors behave in a
way inconsistent with what the core simulator
predicts. The operator then has to find out
whether the warning is due to a failing detector
(the probable explanation) or whether really
something is happening to the neutron process.
The independent LPRM surveillance should not
serve as a basis for determining the core ther-
mal margins, but only as a complement to the
ordinary core simulator.
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4. A ONE-DIMENSIONAL CORE SIMULATOR

To develop and test our proposed strategy a one-
dimensional core simulator has been written. The
simulator is described in detail in Appendix A. The
model simulates the behaviour of an imagined
"average" fuel assembly of the core. Main features
of the simulator are:

The fuel assembly is divided into 25 axial
"nodes". Cross sections are uniform within each
node.

The two-group diffusion equation is solved
exactly or by the finite difference method (FDM)
with 25 axial meshes. The FDM has been incorpo-
rated in order to be able to simulate
deficiencies in the simulator's ability to solve
the diffusion equation exactly.

Cross sections are functions of fuel burnup
void, void history and fuel types (i.e. enrich-
ment/burnable absorber concentrations).

The doppler feedback effect is accounted for.

The xenon-iodine equations are solved and xenon
transients can be followed.

The fuel depletion over a cycle can be tracked.

The thermohydraulic module calculates the change
of coolant flow regime from one-phase to two-
phase flow by Levy's model (Ref. 4). The void
content is found by ASEA-ATOMs void correlation
AA78 (classified information).

Knowing the power P, the corresponding detector
response is computed from the formula

D ~ P • F (5)

where the "conversion constant" F is a function
of void, burnup, void history, control rod pre-
sence, control rod history, the "flatness" of
the internal void distribution inside the fuel
channel, the deviation from its nominal value of
the width of the water gap where the detector is
located, etc.

In summary, the core simulator has all the important
features any full-scale simulator has, apart from
its one-dimensionality. Thus, it can be used for
parameter studies of xenon transients, fuel deple-
tion, void formation, reflector influence, etc.
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5. SOURCES OF ERROR

There are numerous sources of error in the evalua-
tion of core Dower distributions. The deviation
between measured and calculated detector readings
is a result of combined effects and it is usually
impossible to isolate and identify individual
sources of error.

In practical life. the simulator imperfections
manifest themselves in mainly two ways. The least
sauare difference between measured and calculated
detector (TIP or LPRM) readinos

ET = h $ (Tn3lC " C 3 ^ 2 dV <*>

is often used as a measure of the performance of
the core simulator. In so-called gamma scanning
measurements, which are considerably more accurate
and reliable than detector measurements, the power
distribution replaces the detector readings in
Eq. (6 l .

The second important measure of the accuracy of the
core simulator is fie stability of the reactivity
eigenvalue, k-effective, in various situations
(transients, fuel burnup over a cycle, etc)

Ek = ~p I (k (t) - k ) 2 dt (7)K T _ eff average'

The sources of error can broadly be divided into
four groups .

1. Process data:

Process information on total thermal power,
total core coolant flow, coolant tempera-
ture, and control rod settings is suscep-
tible to instrumentation errors and process
noi se.

2. Model approximations:

The restriction to one or two groups in
diffusion theory;

The approximate ways in which the diffusion
equation is solved;

The homogenized cross section assummpti on
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where fuel pins, water gaps and control rods
aie treated in an averaged fashion;

The void formation is computed, not from
first principles but from a correlation de-
rived from laboratory experiments;

A simplified reflector description;

Etc.

3. Data inaccuracies:

Cross section libraries;

The burnable absorber (BA) influence on
reactivity and the burnup depletion charac-
teristics of BA;

Constants to describe the doppler effect;

Constants to describe the xenon effect;

Albedos;

Constants in the thermohydraulic model;

Etc.

4. The detector measurement and simulation:

The model predicting the detector response,
Eq. (5), does not account for all influencing
phenomena;

Input data, above all the deviation of the
width of the detector gap from its nominal
value are inaccurate or not known at all;

The depletion of the fissile material of the
LPRM detectors, and hence their change in
sensitivity, is not incorporated into the de-
tector model. This source of error is elimi-
nated at each TIP recalilbration but there-
after it is a constantly growing problem.

To improve the performance of the core simulator one
may tune st-ne of its parameters. Some of the quanti-
ties suitable for tuning are :

The slip factor of the void correlation;

Albedos;

Reactivity corrections Ak (ftyp.E.v) to
account for BA errors etc;

Corrections AD and AD on diffusion constants
to account for nomogemzation errors;



Tunable parameters resulting from the approxi-
mate solution of the diffusion equation log the
g-factors of the FLARE model);

Coefficients of the detector model.

An important contribution to mitigate the effect of
erroneous detector readings is to have a careful
signal validation before the readings are accepted
for use in the core simulator. The signals should be
checked for drift and for large and unexplainable
deviations between measured and calculated values,
symmetrically positioned detectors should be com-
pared, etc. When in doubt, a reading should rather
be discarded than accepted since there are anyhow so
many signals available and only the least square
deviation (Eq. (6)) or average values (Eq. (2)) are
used .

A profound difficulty with improving the simulator
model lies in the fact that not only is the model
itself imperfect but the reference against which
the simulator results are compared, i.e. the TIP
measurements, are also in error. One way to avoid
this difficulty is to ignore the TIPs and instead
base the tuning on gamma scannings and on keeping
k-effective stable (Eq. (7)).



6. ADAPTION BY INVERSION OF THE DIFFUSION EQUATION

The General Electric approach (Ref. 3) to improve
their core simulator is as follows. Based on TIP
measurements, the "true" flux distribution is esti-
mated. Knowing the flux, the one-group diffusion
equation is inverted and the "true" k-infinite
value is computed nodewise.

In appendix B, this approach is extended to two-
group theory. As a result improved values of E ,
uE and albedos (a) are found. The changes AE ,
AUL , and Aa are analysed with respect to fuel
type, burnup, void, and control state and represen-
ted, by a least square fit, as polynomials in burn-
up and void.

Notice the important feature that A-values are not
defined nodewise but in an averaged fashion with
generic dependence on fuel type, burnup, void, and
control state.

The disadvantage of the GE approach is that it pre-
sumes all errors to steam from faulty cross sec-
tions. Its main advantage is the ease with which
the corrections are generated.

The important problem of how fuel reactivity changes
as a result of BA depletion may handily be studied
by this method. It is well-known that the deviation
between calculated and measured TIP distributions
varies strongly and systematically over the fuel
cycle. E rors in the BA cross sections are suspected
to strongly contribute to this phenomenon.
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7. ADAPTION BY PARAMETER OPTIMIZATION

The performance index E, defined by either Eq. (6)
or (7). is a function of a number of parameters;
E = E(x , x , x , . . . ) . The x. parameters may be al-
bedos, reactivity corrections, the slip factor, etc
(compare the discussion in chapter 5). The core
simulator is improved by minimizing the performance
index E with respect to the x..

A weakness of this approach is that there are more
simplifications and approximate values built into
the simulator than we, by any practical means, can
correct. Therefore, only the most important and
"strategic" x. parameters can be optimized. A con-
straint on the modification of these x must be
that thbir corrected values have to be reasonable
from a physical point of view.

The minimization of E can be carried out by, for in-
stance, the gradient method or the Newton-Raphson
method. These are described in Appendix C.
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8. BENEFITS OF THE PROPOSED CORE ON-LINE SURVEILLANCE METHOD

The proposed adaptive methods are used to correct
the simulator on a regular basis. Knowledge on the
simulator and its shortcomings are accumulated in a
systematic fashion.

Hence, the adaptive method will yield a successive-
ly more accurate core supervision. The approach
will contribute to an increased understanding of
the models underlying the simulator.

The proposed core supervision method will also avoid
the problem of the present UPDAT method where errors
in the detector readings are directly propagated to
the updated power distribution. Since only least
square results (Eq. (6)) or averaged signals (Eqs.
(2) and (3)) are used, the effect of a faulty de-
tector is smeared out over the entire reactor. In
many cases, erroneous readings may cancel out.

By avoiding false power peaks caused by misleading
LPRM signals, the proposed core simulator strategy
will yield improved thermal margins.

Since the process adaption leads to improvements of
the core simulator itself, also the accuracy of
off-line calculations will be enhanced. The devia-
tions between home office predictions and on-line
surveillance will decrease. As a result, reload
cores can be designed with a lesser degree of uncer-
tainty. Reload batches can be made smaller since the
conservative assumptions on thermal margins made
today to make up for calculational uncertainties can
be relaxed.

The fact that for the adaptive method to work, only
some ten detectors are needed may turn out to be
the main benefit of the adaptive approach. LPRM
detectors are, historically, installed for two
reasons; to measure the flux inside the core in
some detailness and to supply the reactor scram
system with core performance information. B-Jt the
scram system needs only a handful detectors for its
function. (In fact, PWRs have only 8 detectors,
located outside the core, for the reactor protec-
tion system.) Thus, with the adaptive approach, the
need for a high number of detectors is obviated.

In the Swedish BWRs there are circa 1100 LPRM de-
tectors installed. One fifth of those are replaced
every year at an approximate cost of 100 000 Swedish
crowns (SEK) a piece. If the cores could be super-
vised with only one fourth of the number of detec-
tors used today, then the yearly saving in procure-
ment expenditure would be 16.5 million SEK.
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APPENDIX A. A ONE-DIMENSIONAL CORE SIMULATOR

The equations of a or.e-dimensional core simulator
are described in detail below. A program. MALIN, has
been written by which the neutronic and thermohy-
draulic behaviour of a 1-D core may be simulated.

A.1 Cross Sections

The fuel bundle of the one-dimensional model is
divided into a number of axial segments. called
nodes. All nodes are of equal size (h cm) and the
nuclear properties are uniform within each node.

The cross section parameters D , D , E . E . E
vE , vE and v are given as three-dimensional
tables with entries for burnup, void and void
history. The cross sections also depend on fuel
type and control rod presence.

-DtiO-i. ROE. JRei>r,esjen.ta.ti.on

The core control rods are represented by a "stair
case" function. C(Z). If x 7. of all bottom nodes of
the core to be simulated are covered by control
rods, then C(1) = x, etc.

The cross sections E and E depend, via the dopp-
ler phenomenon, on the fuel temperature. The reac-
tivity in each node is modified according tr the
model

= P(E,v) • (/f" - /if
o

where p(E,v) is a polynomial in burnup and void, T
is actual fuel temperature and T is nominal fuel
temperature. T is tabulated as a function of the
node power. Once k^ is known one has

AZ = -AZ
al
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.Coxr.ec.ti.on

Xenon strongly affects the absorption in the thermal
region. The additional absorption cross section is
computed from

where X is actual xenon concentration and X is no-
0

m m a l concentration. The microscopic xenon absorp-
tion cross section o(xe) is given as a polynomial
in burnup and void. The equations used to com-
pute xenon concentrations are described in Appendix
A. 4 .
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A . 2 NEUTRONICS MODEL

A X Ne.y.tI.on.i.£.s_M.ed£l

The neutron migration inside the problem domain is
described by the two-group diffusion equation

D 2 V = 0
(A.I)

with the albedo boundary conditions

. in
= a. i o u t

.in
J2 = a i o u t

3 i o u t

21 22
(A. 2)

Denotations for cross sections and albedos are con-
ventional. The X equals 1/keff. The j (j ) de-
notes partial current leaving (entering) the
system.

Equation (A.1) will now be solved by the so-called
model expansion method. In compact form, Eq. (A.1)
may be rewritten

* 7 -

-DV = 0 ( A. 3)

or

V2? = 0 < A . I, )

where

D =

I =
-Z

-AvI
f 2

a2

(A.5)

B = -D •£



The general solution to Eq. (A.4) is
20

(A.6)

where the f (x) and u are solutions to
i i

V2f.(x) b*-f.(x) = 0

The solution to Eq . (A.7) is given by

U l = e i =
2..

(A. 7}

(A.8)

(A.9)

U2 - ? ' e2 = (A.10)

(A.11)

where

r =
a2

(A.12)

("infinite spectrum index")

= D ("square of thermal dif. length"

= D ("neutron age")

The s o l u t i o n (A.G) c o m p r i s e s one " a s y m p t o t i c " part
-• -•

(f u J and one "transient" part <f?
u
2''

 T h e e i 9 e n "
2

value b is approximately equal to the one-group

material buckling. The eigenvector u is approxi-

mately equal to the infinite medium spectrum. The

transient eigenvalue b is strongly negative. The
transient solution is therefore of importance only
in the domain (some diffusion lengths wide) around
the node boundaries, which excite the transient.

The solution to Eq. (A.8) is, in general form, in-
side any node given by (nodal index i is, for con-
venience, dropped)

sin B(l-K)
sin 2É " (A. 13)



21

where dimensionless quantities are used

B - | h2 b 2

2x
(A.14)

The values of the functions at the node boundaries
i.e. f(-1) and f(*1). are for the moment unknown,
They will later be determined by use of the boun-
dary conditions.

The node average value and the node boundary deri-
vatives are easily derived

f = 4- (f(-l) + fl+1)) (A.15)

•dx

2
h'

(f (±1) - s-f) (A.16)

where the so-called node size correction factors
are given by

t =

s =

tan

2g
sin 26

(A.17:

(A.is:

The node boundary r.et currents, defined as directed
outwards, can now be computed.

After some algebra, one obtains

5 = .2 5. .a . s4)
h b

(A.19

D = D«t

where • is the node average flux and • is the node
boundary flux. The node size correction matrix t is
given by

t =
V ele2t2 e2(t2- t l)

V ele2tl

(A.2

The s is given by a similar expression but with s



replaced by t..

For two adjacent nodes n and m, Eq. (A.19) gives
combined with the boundary condition

J = - J
n-»-m

expressions for the boundary flux and net currents

nm n m n n n m m m

J = ^W '(s| - s|)
n-*in h nm n n m m

(A.21)

(A.22)

W
nm

(D + D
m n is

(A.23;

Eq. (A.22) relates the node boundary net current to
the average fluxes of the adjacent nodes. The ex-
pression is exact. If the node size correction fac-
tors t. and s. are approximated by unity. then Eq.
(A.22) transforms to the classical finite difference
approximation. In case the node size h approaches
zero, then t and s approach unity (compare Eqs.
(A.14), (A. 17) and (A.18). Hence the denotation
"node size correction factors".

j}ojjndaxy_C.ondit.i.on.s, J.t_t.he_R.ef.le.ctior

At the core boundary one has (compare Eq. (A.2))

= a-3out

la21 a22i

where the partial currents are given by

tin/out 1 ? _

One easily derives for the net current between the
reflector and node n (E is the unity matrix).

.1 = — r D '4.

n r b
(A.24)

D* = i h-(É - a)- (E + a ) " 1
r 4

(A.25;

By comparing Eq. (A.24) with Eq. (A.19) one con-
cludes that, formally, the r e f l e c t o r can be treated



as a fictitious node with an average flux identi-
cally equal to zero and an equivalent diffusion con-
stant matrix given by Eq. (A.25).

T_he_

Integration of the diffus'ion equation (A. 3) gives
for node n

Utilizing Eq. (A.22). a three-point consistency
relation for the node average flux can be establi-
shed.

-h\2

2
•?, •

n n
= Z

m

W •
nm

(s $ - s~$
m m

) (A.27)

The consistency relation is transformed into

| = fl(W s ) + ih2l I"1 • Z W s I (A.26)
n [ nm n 2 nJ nm m m

m m

an equation which may be solved by the power itera-
tion method.

Notice, that the flux obtained from equation (A.27)
gives the exact solution to the one-dimensional
two-group diffusion equation.

Jh£ .Nocjai £owex

Once the flux is known, the nodal power is easily
computed

P ~ Zfl^l + Zf2*2 (A.29)

The power distribution is normalized to average
unity over the entire core.

J h e J£e.ac.tiyi.ty_E.ig.enva.lue J<-ef.fejc

Summation of Eq. (A.27) over the entire one-dimen
sional domain gives, utilizing the explicit ex
pression for the cross section matrix (Eq. (A.5)),

K F - A = L ( A.3o,
ef f



where

F =

Vn

L = ±_ I . ^ [ « W n B i s n ) n . ^ , . - (W__s_),,

The summation on n extends over all nodes of the
domain. The summation on r extends over the
boundary nodes, i.e. the top and bottom nodes.

Equation (A.30) gives immediately a new estimate on
the reactivity eigenvalue keff. The equation ex-
presses balance between fast neutrons produced by
fission and lost by absorption, downscattering and
leakage to the reflector.
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A. 3 THERMOHYDRAULIC MODEL

The thermohydraulic (TH) model simulates the
coolant behaviour in one fuel channel. The output
of the calculations is the void profile, which sub-
sequently is used in the cross section evaluation
of the neutronics module.

The input to the TH module is

Geometry data

Reactor pressure (the pressure is assumed to be
constant over the entire channel)

Channel inlet temperature T.
in

Total core coolant flow m
t ot

Total reactor thermal power 0...
The normalized power distribution, P.. known
from the neutronics calculations.

The void distribution of the channel will be
computed by enforcing a heat balance in each node.
Knowing the enthalpy of a node, the steam qulity is
easily found. Then, based on a correlation, the
void is computed as a function of steam quality,
coolant flew, pressure and heat flux.

The evaluated fuel channel represents a fictitious
average assembly of the core. If the core is made
up of K assemblies, the coolant flow inside the
average channel is

m = (1-s)•mtot / K (A.34)

where s represents the fraction of the coolant
flowing through the bypass gaps in between the fuel
channels .

Knowing the pressure and the coolant inlet tempera-
ture, T. , the following quantities are easily
compouted from tabulated thermodynamic steam/water
functions

0 s - saturated water density

o - steam density

h - saturated water enthalpy

h - steam enthalpy

h. - inlet water enthalpy

c - specific heat capacity at constant press.

T - saturated water temperature
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The "nominal" thermal power in each node is equal
to the total power divided by the number of nodes
of the core.

th
EP

The average
given by

(A. 35*

heat flux for the pins of node i is

(A. 36)

where t is the fraction of the heat developed
out-side the pins by neutron and gamma heating and
A is the total area of all pins of the node.
The power heating the node coolant water is

= p.
(A.37)

where t
lost to
lost to

equals the fraction of the fission heat
by radiation. Part of this heat is

the bypass water by conduction:

bp
bypass

= hbp* A Tbp' P
cv

The h gives the coolant-to-bypass heat transfer
coefflEient, p equals the channel wall circum-
ference and AT gives the temperature difference
between coolant and bypass. The AT varies as a
function of relative node height (z) and is crudely
given by

A T bp

The node outlet
balance relation

enthalpy is computed from a heat

- Jl ) ål
C III

(A.

where Az equals the node height and m the coolant
flow.
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_Ch_anjje_o-£ .Fl.ow

The change from one-phase flow to two-phase flow is
determined by use of Levy's model (Ref. 4). Sub-
cooled boiling occurs when the superheating of the
water film covering the fuel pins reaches a critical
value.

The node outlet water temperature is given by

h. - h
T = T + —i—i - (A.41)
w s C

P
and the surface temperature of the fuel pins is
described by

Tfuel
pin

where the • is given by Eq. (A.36) and h is the
heat transfer coefficient for fuel-to-cooSant. Sub-
cooled boiling occurs whenever

Tfuel " Ts > SLEVY #*F / CV
(A.43)

» •

where c
Reynolds

MAX

. c ,
numbe

c

1

c
r .

and

3

Re

c are constants and Re is

£te_am.

The equilibrium steam quality, x, is easily com-
puted once the node enthalpy h is known since

h = (l-x)»h + x»h (A.44)
S g
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Void

The aim of the thertnohydraulic calculations is to
compute the void. The void v is related to the
steam quality x in a complicated way. A conven-
tional way to relate v to K is by a so-called slip
correlation

(A.

i s
x pf

where the slip S equals the ratio between the steam
velocity and the water velocity.

Our model employs the ASEA-ATOM void correlation
AA78. In addition to the slip, this correlation
also takes into account that the flow along a cross
section of a fuel channel is not homogeneous.
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A . * XENON TRANSIENT MODEL

When balance equations for iodine and xenon con-
centrations are derived. one takes into account
direct yield from fission process, production by
decay of precursor, loss due to decay, and loss due
to neutron absorption. (Ref. 5).

K = V ( Z f l * l + *f2*2> " V 1

dx ( A*4 6

dt = V ( Z f l * l + If2*2 ) + V 1 " V X ' a X e * V X

Notations are conventional. Utilizing the
definitions

Eqs. (A.46) may be written

(A,

T T = Y v * I , • $ 0 + Å-*l — A Y ' X
a t A l l 1 A

Jhe

By setting the time derivatives of Eqs. (A.47) equal
to zero one obtains the equilibrium concentrations
of iodine and xenon

eq 1
(A.46)

X = 1= i 1
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The Transient Case

Let X and I be the concentrations at the
beginning of the time step. If one assumes the
fluxes • and • to be constant during the inter-
val At, then

It = 1eq'
a'E1)

El - EX (A.49

X = X -EX + X •(1-EX)+(I -I )
t t-1 eq t-1 eq ,*•

1

where

El = e"

EX = e x

Eqs. (A.49) are not exact since they are based on
the constant flux assumption. Since however, the
influence of the xenon concentration on the flux
distribution, via the high xenon thermal absorption
cross section, is an order of magnitude weaker than
the influence of the flux on the xenon, one may
safely accept time steps of several hours without
significant loss of accuracy.



31

A.5 FUEL BURNUP MODEL

When fuel depletion is simulated, new values of
burnup (E) and void history (VH) are computed node-
wise.

Et = Et-1 + A E

* (A.50)
AE = P Q-At / w

P - Normalized node power density at time t-1

Q - Total nominal reactor power

w - Total weight of core uranium

At - Burnup increment in units of equivalent full
power hours.

The quantity of void history takes into account the
fact that the fuel composition with respect to
certain isotopes depends not only on the burnup in
units of MWd/tu but also on how tha steam void has
varied during earlier phases of the depletion
history. The void history is defined as

E E
VH = J v-dE / J dE (A.51 )

0 0

Assuming the void v to be constant during the burn-
up increment AE, one derives

AE
(A.52)

t
= VH

t -
+ (v

1 i
- VH

t - 1 t - 1
) *

E t
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APPENDIX B ADAPTION BY MODIFICATION OF THE DIFFUSION EQUATION

A group at General Electric has proposed a method
to enforce agreement between calculated and
measured TIP readings by modifying the k -value of
the diffusion equation (Ref. 3 ) . The GE group based
their idea on one-group theory. The method will now
be generalized to two-group theory.

The two-group node balance equation can in a
general form be written (compare Eq. (A.1) in Appen-
dix A. 2)

(B. 1 )
E •
r 1

• E •
a2 2

where L. and L. are expressing the leakage of neut-
rons out of the node.

TIP detectors based on fission chambers roughly
measure the thermal flux. Detectors responding to
gamma radiation have a different flux spectrum
sensitivty. For both types, however, we assume that
the ratio between measured detector response and
simulated signal equals the corresponding ratio for
the fast and thermal flux. The corrected flux then
becomes

TIPmea s

t . = • .
i i

TIP calc
i=1 ,2 (B.2)

The flux obtained from Eqs. (B.I) are node average
values while the TIP readings are defined pointwise
at fou"-node intersections. Therefore, the correc-
tion formula for node average fluxes should rather
be

• . •! w
i nn

TIP me as

TIP calc

n

where w n is a geometrical weighting factor and the
summation covers all detectors surrounding node i
(at most 8 detectors, one in each corner of a
parallelepiped ) .
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To preserve neutron conservation with the modified
fluxes V and V , the values of E and vE of
Eqs. (B.^) are changed accordingly. The k of
Eqs. (B.1) can then be chosen either as the cue ob-
tained during the calculation to obtain first gues-
ses of • and • , or as any desired target value of
core reactivity.

A set of changes, AE and AvE . will be generated
for each node of the core. These A-values are
classified according to fuel type and control rod
status. Within each class, the dependence on void
(v) and burnup (E) is represented by a polynomial
in v and E. The polynomial coefficients are com-
puted by a least-square fit.

Thus, in the end, core average values, not node in-
dividual quantities, on AE and AvE are gene-
rated .

The nodes at the core periphery may require special
attention since flux calculations are especially
tricky at core boundaries. The A-values may deviate
substantially from those of the core interior. We
therefore propose the following procedure for boun-
dary nodes. For those, the AE and AvE values
of the interior nodes are automatically adopted. The
balance equations (B.1) are then forced to hold by
manipulating the leakage terms on the right hand
side of the equations. Those fast and thermal albe-
dos (a and a ), for which the balance holds with

11 2 2
the corrected flux, are chosen (see Eqs. (A.24) and
(A.25) in Appendix A.2). Average values for the
albedo deviations are subsequently computed.
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APPENDIX C OPTIMIZATION TECHNIQUES

In the gradient method (Ref. 6). also known as the
method of steepest descent, the parameters to be
optimized are improved step by step according to the
scheme

(t)

The x. are
descent". The

improved in the direction of "steepest
convergance rate of this formula is

slow, but the iteration will almost always con-
verge. The gradient is estimated by calculating the
change in performance index induced by a small
deviation Ax. of parameter i. The factor d in
Eq.(C.1) is choosen
iteration steps.

as to minimize the number of

The optimization technique of Newton-Raphson (Ref
6)

-(fl) = j(t) _ fi-l.jCO

g = iZ
(C.2)

H.. .

is more complicated than the gradient method since
it requires the computation of the Hessian H ..
It's convergence rate is, however, superior. Compu-
tation time is saved if the Hessian is updated only
at every n'th iteration step (say n = 3).
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