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ABSTRACT

Linear Reactivity Model (LRM) is currently being used in fuel
management calculation of Pressurized Water Reactors (PWR). A computer
code Reload Power Mapping (RPM) which is based on LRM was developed
by Driscoll et al'. However, in many commercial power reactor types,
assembly reactivity is a nonlinear function of burnup. Moreover, there is a
strong coupling between assembly power and assembly reactivity in Boiling

Water Reactors (BWR).

In this study, RPM computer code is modified so that it can be applied
in fuel management analyses of commercial reactor types other than PWRs.
The modifications include the incorporation of piecewise linear reactivity
model with reactivity feedback due to thermal hydraulic coupling, the
implementation of an under-relaxation technique to improve accuracy and
convergence characteristics of the code.

Thus developed computer code is shown to be applicable to fuel
management calculations of BWRs and PWRs with burnable absorbers, in

addition to PWRs which can be modelled by the original RPM code.

! Driscoll M.J., Downar T.J ., Pilat E.E., The Lincar Reactivity Model for Nuclear Fuel
Management,American Nuclear Society,L.a Grange Park, Illinois USA, 1990
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OZET

Dogrusal Reaktivite Modeli (DRM), Basingli Su Reaktorlerinin (BSR)
yakit yonetim hesaplarinda halen kullanilmaktadir. DRM metodunu kullanan
Reload Power Mapping (RPM) bilgisayar kodu bu amacla Driscoll ve ¢aligma
arkadaslar1 tarafindan gelistirilmistir. Ne var ki, mevcut pek ¢ok ticari reaktor
tipinde yakit demeti reaktivitesi yanma oranin dogrusal olmayan bir
fonksiyonudur. Bunun da 6tesinde, Kaynar Sulu Reaktdrlerde (KSR) yakit

demeti giiciiyle reaktivitesi thmal edilemez bir iliski vardir.

Bu c¢alismada, RPM bilgisayar kodunda degisiklikler yapmak suretiyle
BSR haricindeki ticari reaktorlerin yakit yonetimi i¢in de kullanilabilmesi
saglanmistir.Bu degisiklikler, termal hidrolik geri beslemeleri de kapsayan
kesikli dogrusal reaktivite modelinin koda uyarlanmas1 ve kodun yakinsama
ve duyarhilik 6zelliklerini iyilestirmek i¢in under-relaxation metodu

kullanilmasinit igermektedir.

Boylece gelistirilen bilgisayar kodunun, orjinal RPM kodu ile
modellenebilen BSR’ler haricinde, KSR ve yanabilen yutuculu BSR’lerinde

yakit yonetimi hesaplarinda kullanabilecegi gosterilmistir.
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CHAPTER 1

INTRODUCTION

Nuclear energy is one of the most significant technological
achievements in this century. Currently, there are more than four hundred
commercial nuclear power plants operated in the world. Three quarters of
these nuclear power plants are Light Water Reactors (LWR). Two-thirds of
these LWRs are Pressurized Water Reactors (PWR) and the rest are
Boiling Water Reactors (BWR).

Nuclear fuel management plays a crucial role for reducing the cost
of electricity generation of nuclear power plants. Safety is another major
concern during the operation of a nuclear power plant which requieres the
knowledge of fuel characteristics at any burnup step. This information is
normally provided by nuclear fuel management calculations which depend
on the type of the reactor. These calculations can be performed by using
simple models for PWRs. However, such calculations are rather
complicated in BWRs due to the strong thermal hydraulics and neutronics
coupling. There are several general nuclear fuel management strategies

dealing with the fuel loading patterns of the reactor cores.

1.1. Nuclear Fuel Management

Nuclear fuel management activities are classified in two main
categories: "out-of-core" and "in-core" fuel management. Out-of-core fuel
management deals with the front-end and back-end of nuclear fuel cycle. It
also assesses the contribution of fuel supply, enrichment, and disposal to
electricity generation cost.

In-core fuel management begins with the design of the fuel
assembly. Operational parameters of the fuel and the reactor power history
are also in the scope of in-core fuel management.

The primary objective of the fuel management activities is to

minimize the fuel cost. This is achieved by adjusting fuel parameters and



fuel loading patterns. However, this must be done without violating
operational and safety constraints.

Multi-batch core loading is the preferred choice to minimize the
cost of electricity generation. In multi-batch core loading, only a fraction
of the core is removed and substituted by the fresh fuel during the

refueling.

1.2. Fuel Loading patterns

The criterion for selecting the best fuel loading pattern is to extract
the maximum energy from the fuel at a minimum cost without violating the
safety and operational limits. This is achieved by keeping peak-to-average
power ratio low and thus flattening the power distribution as much as
possible.

Fuel management calculations are simplified by considering the
core symmetry, resulting in reduction of computational time and cost.

Typically, 1/8 or 1/4 core symmetry is used.

Out-In Loading

In this loading strategy, core is divided into N numbers of
concentric annular sub-region. The fresh fuel is loaded into the outermost
region of the core. At each refuelling, irradiated fuel batches are moved to
the neighbouring inner regions, the batch at the central region is taken out
of the core. Thus, central region always contains the fuel with the highest
burnup. This pattern has the advantages of low power peaking. The
primary disadvantage of this loading pattern is the requirement of greater
fissile material inventory and therefore, higher initial fuel enrichment and

higher fuel cost.

Scatter Loading

Scatter loading is also called the checkerboard scheme. In this
scheme, the core is divided into many small regions. Each region consists
of either four or six assemblies. This loading scheme has two major

advantages; the first is the achievement of a nearly uniform power



distribution and the second the relatively lower neutron leakage out of the

core.

Low-Leakage Core Loading

Neutron leakage out of the core is an important consideration for
the long-term safety criterion for pressure vessels as well as neutron
economy. Low leakage core loading strategy is based on placement of the
batch with the highest burnup at the periphery of the core. This scheme
contributes to the reduction of radiation damage on the pressure vessel.
Therefore, it extends the service lifetime of the pressure vessel resulting in

an economical benefit.

1.3. History

In nuclear fuel management studies, the linear reactivity model
(LRM) is applied to PWRs. LRM is a simplified model in order to solve 2-
D in-core fuel management problems. Because of the simplifications in the
model, the computational time and cost are low, whereas, the detailed fuel
operational parameters are not provided.

Driscoll et al. [1] who developed and studied the history of the
method note that:'...simple tutorial versions of this general approach can be
traced back to the 1950s. However, with the notable exception of Egan's
lengthy paper in the 1984 issue of Progress in Nuclear Energy, previous
publications have been either limited in scope or focused on quite
specialized aspects such as the convergence of refueling sequences'. In
nuclear fuel management area, linear reactivity model became popular

among scientists in the first half of 1980s.

1.4. The purpose of this thesis

In PWRs, the reactivity of each assembly can be approximated as a
linear function of the burnup. Furthermore, the reactivity of the assembly
does not depend on the location of the assembly in the core. Moreover,
moderator density can be approximated to be independent of the assembly

power.



In BWRs, however, the reactivity of the assembly is a strong
function of the assembly power and burnup. Axial power profile depends
on the assembly power and is bottom peaked. Thus, the moderator density
varies with the power level of the assembly. For this reason, migration area
becomes a function of the assembly power and therefore, cannot be treated
as a constant as in the case of PWRs.

Reload Power Mapping (RPM) is a computer code which is based
on the linear reactivity model developed by Sauer and Driscoll [2]. This
program is intended to PWR fuel management analysis, hence has certain
constraints such as constant migration arca.

RPM computer code cannot be directly applied to BWR and
CANDU fuel management analyses because of the non-linearity in the
relationship between assembly reactivity and burnup. Moreover, there is a
strong interdependency between thermal-hydraulics and neutronics in
BWRs. Hence, migration area cannot be assumed constant and assembly
reactivity also depends on power distribution.

The main objective of this thesis is to make necessary modifications
on the RPM computer code to study the fuel management strategies for
reactors in which the assembly reactivity is a nonlinear function of burnup.
Among these reactors are BWRs, CANDUs, and PWRs with burnable
absorbers. As a result of this study, piecewise linear reactivity model is
implemented into the RPM computer code and a new computer code
PLRM is developed.

This thesis consists of four chapters: this first chapter is dedicated
to the introduction, review of the previous studies related to this work, and
the statement of purpose.

Chapter two 1s devoted to the description of the RPM computer
code and its algorithm. Governing equations of the linear reactivity model
are also presented in this chapter.

Piecewise linear reactivity model is introduced in Chapter III. In

this chapter, the modifications on the RPM computer code are also



presented. In-core fuel management calculations for PWRs are carried out
by using the RPM and the modified RPM computer codes. For BWRs, the
modified RPM computer code is used to obtain 2-D beginning of cycle and
end of cycle power map and end of cycle burnup distributions. The results
are also presented and discussed in this chapter.

In the final chapter of this thesis, achievements of the study are

summarized and recommendations for further studies are presented.
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CHAPTER 2
LINEAR REACTIVITY MODEL

Reload Power Mapping (RPM) computer code, which is written in
BASIC programming language, computes both power and burnup
distributions at the beginning of cycle (BOC) and end of cycle (EOC)
employing the linear reactivity model. The program is translated from
BASIC to FORTRAN-77 and modified at Hacettepe University Nuclear
Engineering Department. The program allows the user to specify up to 36
different types of fuel assemblies with 2-D calculations using 1/8 core
symmetry. In the input description, the reactivity of each type of assembly

is given as a linear function of burnup.

2.1. RPM Algorithm

To derive the governing equations of the LRM, we begin with two-

group diffusion equations. Equation for Group 1 is given by
L
_D1V2¢1 +Za1 ¢1 +le ¢1 “;(szl ¢1 +VZ/‘2 ¢2) =0 (2.1)

for Group 2 by

~D,V$, 43,0, +Z, ¢, =0 (2-2)
where,

D; is the ith group diffusion coeficient,

V? the Laplacian operator,

¢; the ith group flux,

2, the ith group macroscopic absorption crossection,

v the neutron yield per fission,

¢ the ith group macroscopic fission crossection,

2;j the macroscopic scattering crossection from ith to jth group,

and,

k the neutron multiplication factor.



In the case of D:V’¢, << X _,¢,, which is a good approximation for

LWRs, the diffusion equation for thermal group (Group 2) can be rewritten

as
T 0 =%, 0
hence,
Z 9,
i v B 2.3
9, 5 (2.3)

Reactivity is defined as

_ neutron production - neutron consumption

; (2.4)
neutron production
and therefore, given by
= (vz.f’1¢l +Vz‘f2¢2) - (Eal(bl + Zaz‘pz) (2.5)

(VX 1@ +VZ 150,)

Using Equations (2.3) and (2.5), Equation (2.1) can be written as

1
Vio+—L =0 2.6
0+t (2.6)
where, M? is the migration area, defined as
M? = F L 4 2.7
Z12 +Za]

The local power density expressed as function of the fast flux is

q=K (zfl +2f2 % )¢, (2.8)

where,

K is the energy yield per fission.

Combining Equations (2.5), (2.6), and, (2.8), and finally, the result

can be written as
Pq
Vi0g(-p)l+-5=0 (2.9)

Sauer et al. [1] used these approximations and their results are

presented as follows:



Coupling Relation

) ‘ ) Adjacent face-to-face
J ! J nodes in x-y geometry

= U Ew

1—[9 B g - 1>J[p —R-p, ]

y, —

where R is the number of neighbors that are reflector (i.e., nonfuel) nodes (e.g., R=0,1,2);{-
ifj are the power levels (relative to the core-average assembly having f=1.0) for
assembly i and its face-to-face neighbors,j; and p,, p  are their corresponding reactivities

Coupling Constants for 3-D

where

h is the node (i.e,assembly) width

M? the migration area

p. the leakage reactivity, can be related to albedo, but best determined empirically (typical
value ~ 0.1).
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Using these results, Driscoll et al. [1] developed two dimensional
the power sharing relationship. They used geometric and material buckling
and finite difference approximation. Their work produced the following

relationship:

1 S
S (1 - .
S;qs,( py)

C1=0,(p,~ PL)

where R is the number of reflected faces, the remaining S interfaces

q; (2.10)

are with fueled assemblies. In this algorithm the parameters take on the

following values:

R 0 PL
0 1 h2
(interior) 0, :1+ZM2 P =0
1 1-
1 iy i P = 3T 1Ta
_49,-1 h, ° 4
1T A =/
3A-pu) P =
Ll 36]
-7
2 Pia = 20, —
6, =(26, -7) '
- -7y
92 =M P, = 0
l-p,, 2

First, assembly power according to the nodal relation given by
coupling relation is estimated by RPM computer code. Then, mean

potential reactivity of the core is given by the power-weighted relation:

— = filp, = 0 _Ai—i‘Bc
m=2ﬁw’p5 fiB.)

i=l z f,

(2.11)



where, p is the burnable poison reactivity, B, the core-average cycle

burnup and f; the cycle average power of assembly i:

7[ — f;',b’()(.' ;—f;’,/:'()(f (2‘12)

The leakage reactivity is given by

if, -NF -RQ
P =— (2.13)

where, NF is the number of assembly faces to reflector and RQ the
fraction of assembly-born neutrons leaking per reflected faces.

The soluable poison is given by

Psp Zp—u_p_l (2.14)
The thermal leakage correction is applied converged powers at
BOC and EOC.

The formula for the thermal leakage is

A

=-TL-p, 2.15

where, the thermal leakage correction is TL=4L/h.

Figure 2.1. shows the flow chart of the RPM computer code flow.
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Burnup Problem Input Parameters

Change
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Figure 2.1. RPM flow chart.



2.2. Description of RPM and its input parameters

When RPM program is executed by user, it open two files. First one
is the input file "RPM.INP" prepared by the user to manage program
branching, the output file "RPM.OUT" created by the computer code itself.

Input file of RPM consists of several data cards. The number of
cards is changed by user directive.

Card 1: Number of differen assembly Types: N

Card 2: Specified end of core p

Card 3: Power sharing factor

Card 4: Thermal Leakage Correction

Card 5: Radial Leakage Corection

Card 6: Number of iteration

N times

Card 7.1: Reactivity of assembly at beginning of cycle

Card 7.2: slope of p

Card 7.3: Burnable Poison reactivity

Card 8.1: Assembly type at first location

Card 8.36: Assembly type at last location

Card 9: Continuing options

RPM program has five option for continuing.

I Continue Burnup (Coastdown)

2 Start Totally New Problem

3 Change Selected Assemblies at BOC and Rerun

4 Change Control Parameters

5 Stop Program.

The user must specify the iteration number, power sharing factor,
thermal and radial leakage correction factor, assembly reactivity and

soluble poison reactivity at BOC for each assembly, slope of p and,



number different assemblies. In RPM program, one-eighth core symmetric

loading pattern can be modelled as shown in Figure 2.2.

1 2 4 7 11 16 22 29
3 5 8 12 17 23 30

6 9 13 18 24 31

10 14 19 25 32

15 20 26 33

21 27 34

28 35

36

Figure 2.2. RPM fuel assembly locations.

Reflector must be shown '0' in the input of RPM. RPM has also
capabilities of these:

1. Pincell Within an Assembly: set 0=7h=1 and RQ=0

2. BWR Cores: BWR has four times assemblies comparing the PWR
core. User must be pre-averaged BWR Assembly because RPM can be

perform 193 assemblies.



CHAPTER 3
PIECEWISE LINEAR REACTIVITY MODEL

RPM is a compact computer code with great capabilities designed

for the fuel management studies of PWRs using the linear reactivity model.

3.1. Modifications on RPM Computer Code

RPM computer code becomes inadequate in the case of nonlinear
dependency of reactivity on burnup. In the fuel management of BWRs, due
to nonlinear void reactivity feedback, reactivity is also coupled with the
power generated in the assembly. As a result of these feedback
mechanisms, RPM computer code needs to be modified. The first
modification is that the piecewise linear reactivity model is imbedded in
the modified diffusion equation to incorporate nonlinear reactivity
dependency on burnup. The second one, the migration area is also the
function of power generated in each assembly. However, in PWRs, there is
not such a case. But, if we need to model the assemblies with burnable
poisons , migreation area needs to be considered to be dependent on the
assembly type, mainly on the location and the amount of burnable poison

rod. Due to those reasons, modified diffusion equation is written as
V2 lg(t-p)l+ L =0 @3.1)

where,

p is function of burnup and power peaking factor and,

M? is function of burnup, power peaking factor and, assembly type.

Piecewise Linear Reactivity Model (PLRM) is based on four main
modifications on RPM. In the original RPM code, the migration area M? is
assumed to be constant. Reactivity,i.e., p is also assumed to be function of
burnup. This is a good aproximation in the case of PWR. However, a
mixture of steam and water is present in BWR assemblies. Therefore,

migration area becomes a function of both assembly power and axial



location, because with increasing steam fraction, migration area increases.
In this study, the first modification on the RPM algortihm is the inclusion
of variable migration area.

The strategy of the RPM computer code is to search the EOC
reactivity which is given as an input parameter. While the calculations of
the EOC assembly power performed by the program, estimated burnup is
used. Thus, the end of cycle reactivity is found by the formula

p=po-Bp (3.2)

where,

po is the initial reactivity,

B the end of cycle burnup,

B the slope of reactivity versus burnup.

While RPM is searching the EOC reactivity, it uses simple iteration
algorithm. This algorithm has some advantages like the shorter runtime.
But it has the disadvantage of lack of convergence. Under relaxation
method is used in PLRM to overcome the convergence problem. It is the
second modification on RPM. The convergence problem is overcomed
using the under-relaxation method, thus, the ossilatory convergence
behaviour of BWRs 1is also successfully handled. Under-relaxation is
utilized at each burnup step calculation. Thus, it is given by

F=F°dw(Fmev-poldy (3.3)
where,

F is normalized assembly power and,

w the weight factor.

PLRM utilizes two variables for the next step calculations. One of
the two is the number of iteration. If the number of iteration exceeds the
maximum iteration number given in the input file, the code terminates the
current burnup step calculations and then passes to the next burnup step.
The other control statement is the infinity norm of the difference of two
succeding step power peaking vectors. The difference vector is defined as

the error vector. If the infinity norm of the error vector is less than epsilon,
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i.e., 0.001, the code passes to the next burnup step calculations. When
under-relaxation is used, it is observed that the code is successfully

converges without exceeding the maximum number of iterations.

Radial leakage correction factor for the large reactor core is

calculated using:

M
27rR(7) _ M

_— 3.4
nR? R 3.9)

P =

It is a good approximation for R>>M. Radial leakage correction
factor for the fresh fuel assembly is less than that of the irradiated fuel
assembly. This correction factor is used at the peripherial fuel assembly
calculations. Moreover, the power peaking factor of the periperial fuel
assembly is depend on the number of the faces of the assembly adjacent to
reflector region. The correction factor is assumed to be constant in the
RPM code and it is given as an input parameter. However, the variable
correction factor can be supplied in the PLRM computer code.

The last modification in the RPM code is the burnup steps. At the
start up of the reactor, the reactivity is decreased within a short time
interval due to xenon build-up. Using a small initial burnup step, the initial
transient due to poisonous fission products can be handled. It is also
possible to investigate the effect of burnable poison on the power history
of the nuclear reactor by adjusting the burnup and utilizing piecewise

linear reactivity model.



3.2. Modification on RPM Input File

PLRM input file is similar with RPM input file. There are some
additions to it before the card 1. These additions are related program
branching and the under relaxation factor. Card 2, Card 3, Card 5 and,
Card 7.x are dummy cards and are not use by PLRM computer code.

The additional cards are located before card 1 in the input file.

Card 0.1: Under relaxation weigth factor

Card 0.2: Initial burnup step

Card 0.3: Maximum Burnup

Card 0.4: Burnup step

3.3. Reload Pattern Calculation for PWR

Figure 3.3. shows the BOC assembly power peaking factors for
PWR obtained by the RPM code. Figure 3.5. shows the results of PLRM.
The results of the RPM and the PLRM computer codes are comparable
with each other.

The EOC assembly power peaking factors and the assembly burnup
obtained by the RPM and PLRM computer codes are given in Figure 3.4
and (3.6) respectively. In PLRM computer code, at each burnup step power
peaking factor of each assembly is calculated and utilized in the next step
calculations to obtain EOC assembly burnups and power peaking factors.
Thus, the differences on the EOC power peaking factor and burnup of the
assemblies between the RPM and PLRM codes occur.



Assembly Characteristics

Batch BOC Reactivity Number of Assemlies

1 0.1454 64 or 65

2 0.1733 64

3 0.1940 64 or 65

193 Total

Other
Slope of p(B), A= 9E-3 kg/MWd 1/8 core symmetry, all cases
Power-sharing factor, 6; =2.83 Twenty iterations, all cases
Radial Leakage Factor, p;=0.1 Zero EOC core Reactivity, all cases

Thermal Leakage correction, 41./h=0.38 No burnable poison employed

Table 3.1. Input parameters for reload pattern calculations.
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Figure 3.1. The location of the assembly type and the power factors for
PWR at the BOC given by PLRM code. Top and Left: No.1, out-in(S). Top
and Right: No.2, low-leakage. Bottom and Left: No. 3, Pure scatter.
Bottom and Right: No.4, very low-leakage.
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Figure 3.1. con't. The location of the assembly type and the power factors
for PWR at the BOC given by PLRM code. Top and Left: No.5, out -
in(Annular Arrangement) - Central(Annular Arrangement). Top and Right: No.6,
Central(dnnular Arrangement) - in(Annular Arrangement) - out. Bottom and
Left: No. 7, Central(dnnular Arrangement) - out - in(Annular Arrangement).
Bottom and Right: No.8, out(scatter Arrangement) - Central(Annuiar

Arrangement).
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Figure 3.1. con't. The location of the assembly type and the power factors
for PWR at the BOC given by PLRM code. Left: No.9, in(4nnular
Arrangement) - Central(Annular Arrangement) - out. Right: No. 10, in(4nnular
Arrangement) - out - Central(4nnular Arrangement).
Arrangement Description Peak Leakage
Number Number of Average Assembly p
Assemblies in Batch Assembly Power
# in Batch #
1 2 3 1 2 3
I Out-In(S) 65 64 64 | 1.173 | 1.342 | 0.480 1.831 0.0107
2 Low Leakage 65 64 64 1.198 | 0.342 | 1.456 2214 0.0079
3 Pure Scatter 65 64 64 1.041 | 1.034 | 0.923 1.842 0.0088
4 Very Low Leakage | 64 64 65 | 0.302 | 1.406 | 1.286 2.350 0.0063
5 Out-In(A)-C(A) 65 64 64 | 1.076 | 1.225 | 0.696 | 1.334 0.0158
6 C(A)-In(A)-Out 64 64 65 [ 0203 | 0.722 | 2.057 3.008 0.0039
7 C(A)- Out -In(A) 64 64 65 0.583 | 0.185 | 2.212 3.501 0.0036
8 Out(S)-C(A) 65 64 64 | 1.038 | 1.026 | 0.934 1.443 0.0151
9 In(A)-C(A)-Out 64 65 64 0.363 | 1.536 | 1.091 1.703 0.0074
10 In(A)-Out-C(A) 65 64 64 1.001 | 0.626 | 1.371 1.599 0.0137

Table 3.2. PLRM results at the BOC.
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Figure 3.2. The location of the assembly type and the power factors for
PWR at the EOC given by PLRM code. Top and Left: No.l, out-in(S). Top
and Right: No.2, low-leakage. Bottom and Left: No. 3, Pure scatter.
Bottom and Right: No.4, very low-leakage.
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Figure 3.2. con't. The location of the assembly type and the power factors
for PWR at the BOC given by PLRM code. Top and Left: No.5, out -
in(Annular Arrangement) - Central(dnnular Arrangement). Top and Right: No.6,
Central(Annular Arrangement) - in(Annular Arrangement) - out. Bottom and
Left: No. 7, Central(4dnnular Arrangement) - out - in(dnnular Arrangement).
Central(4nnular

Bottom and Right:

Arrangement).

No.8,

out(scatter Arrangement) -
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Figure 3.2. con't. The location of the assembly type and the power factors
for PWR at the EOC given by PLRM code. Left: No.9, in(4dnnular
Arrangement) - Central(Annular Arrangement) - out. Right: No. 10, in(4nnular
Arrangement) - out - Central(4nnular Arrangement).
Arrangement Description Batch Burnup Core Leakage
Number MWd/kg Average Average p
Assembly Power Cycle
in Batch # Burnup
MWd/kg
1 2 3 1 2 3
| Out-In(S) 1573 | 16.51 | 13.38 | 1.037 | 1.088 | 0.873 15.21 0.0239
2 Low Leakage 15.40 | 13.22 | 15.80 | 1.035 | 0.901 | 1.062 14.71 0.0247
3 Pure Scatter 14.85 | 14.97 | 14.62 | 1.004 | 1.010 | 0.984 14.81 (.0234
4 Very Low Leakage | 11.50 | 17.05 | 17.05 | 0.753 | 1.122 | 1.121 15.21 0.0191
5 Out-In(A)-C(A) 16.65 | 15.36 [ 12.69 | 1.123 | 1.026 | 0.847 14.91 0.0232
6 C(A)-In(A)-Out 11.46 | 16.63 | 18.39 | 0.736 | 1.069 | 1.191 15.51 0.0189
7 C(A)-Out-In(A) [ 15.65 ] 13.65 | 15.42 | 1.049 | 0.913 | 1.036 14.91 0.0243
8 Out(S)-C(A) 17.99 | 13.44 | 12.35 | 1.238 | 0.916 | 0.841 14.61 0.0206
9 In(A)-C(A)-Out 11.36 | 17.70 | 16.23 | 0.745 | 1.183 | 1.068 15.11 0.0191
10 In(A)-Out-C(A) 1770 | 11.26 | 14.52 | 1.231 | 0.768 | 0.996 14.51 0.0202

Table 3.3. PLRM results at the EQC.
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Figure 3.3. The location of the assembly type and the power factors for
PWR at the BOC given by RPM code. Top and Left: No.1, out-in(S). Top
and Right: No.2, low-leakage. Bottom and Left: No. 3, Pure scatter.
Bottom and Right: No.4, very low-leakage.
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Figure 3.3. con't. The location of the assembly type and the power factors
for PWR at the BOC given by RPM code. Top and Left: No.5, out -
in(Annular Arrangement) - Central(dnnular Arrangement). Top and Right: No.6,
Central(dnnular Arrangement) - \n(Annular Arrangement) - out. Bottom and
Left: No. 7, Central(dnnular Arrangement) - out - in(Annular Arrangement).
Bottom and Right: No.8, out(scatter Arrangement)y - Central(dnnular

Arrangement).
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Figure 3.3. con't. The location of the assembly type and the power factors
for PWR at the BOC given by RPM code. Left: No.9, in(4nnular
Arrangement) - Central(Annular Arrangement) - out. Right: No. 10, in(4nnular
Arrangement) - out - Central(Annular Arrangement).
Arrangement Description Peak Leakage
Number Number of Average Assembly p
Assemblies in Batch Assembly Power
# in Batch #
1 2 3 1 2 3
| Out-In(S) 65 64 64 1.178 | 1.337 | 0.481 1.889 0.0110
2 Low Leakage 65 64 64 1.199 | 0.336 | 1.461 2.252 0.0073
3 Pure Scatter 65 64 64 1.048 | 1.033 | 0.916 1.932 ().0089
4 Very Low Leakage 64 64 65 [0.295 | 1411 | 1.287 2.395 0.0060
5 Out-In(A)-C(A) 65 64 64 1.075 | 1.216 | 0.707 1.322 0.0165
6 C(A)-In(A)-Out 64 64 65 | 021007252047 2986 0.0042
7 C(A)- Out -In(A) 64 64 65 0.593 { 0.190 | 2.197 3.448 (0.0038
8 Out(S)-C(A) 65 64 64 1.038 | 1.027 | 0.933 1.423 0.0158
9 In(A)-C(A)-Out 64 65 64 | 0373 | 1.536 | 1.081 | 1.709 0.0078
10 In(A)-Out-C(A) 65 64 64 1.004 | 0.639 | 1.355 1.581 0.0144

Table 3.4. RPM results at the BOC.
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Figure 3.4. The location of the assembly type and the power factors for
PWR at the EOC given by RPM code. Top and Left: No.1, out-in(S). Top
and Right: No.2, low-leakage. Bottom and Left: No. 3, Pure scatter.

Bottom and Right: No.4, very low-leakage.
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Figure 3.4. con’t. The location of the assembly type and the power factors
for PWR at the EOC given by RPM code. Top and Left: No.5, out -
in(Annular Arrangement) - Central(dnnular Arrangement). Top and Right: No.o,
Central(Annular Arrangement) - in(Annular Arrangement) - out. Bottom and
Left: No. 7, Central(4dnnular Arrangement) - out - in(Annular Arrangement).
Bottom and Right:

Arrangement)

No.8,

out(scatter

Arrangement) -~

Central(Annular
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Figure 3.4. con't. The location of the assembly type and the power factors
for PWR at the EOC given by RPM code. Left: No.9, in(4nnular
Arrangement) - Central(Annular Arrangement) - out. Right: No. 10, in(4nnular
Arrangement) - out - Central(4nnular Arrangement).
Arrangement Description Batch Burnup Core Leakage
Number MWd/kg Average Average p
Assembly Power Cycle
in Batch # Burnup
MWd/kg
1 2 3 1 2 3
1 Out-In(S) 16.51 | 17.58 | 11.35 | 1.000 | 0.981 | 1.017 15.15 0.0275
2 Low Leakage 16.79 | 10.35 ] 18.56 | 1.003 | 1.021 | 0.974 15.23 0.0272
3 Pure Scatter 15.37 | 15.54 | 14.69 | 0.973 | 1.010 | 1.016 15.20 0.0259
4 Very Low Leakage | 9.16 | 19.02 | 18.61 | 0.877 | 1.024 | 1.096 15.61 0.0225
5 Out-In(A)-C(A) 15.63 | 17.53 | 12.05 ] 0.998 | 1.110 | 0.890 15.07 0.0238
6 C(A)-In(A)-Out 898 | 16.17 | 22.18 | 0.926 | 1.319 | 0.758 15.81 0.0238
7 C(A)- Out -In(A) 1424 | 997 | 22.44 | 1.234 | 1.089 | 0.681 15.58 0.0290
8 Out(S)-C(A) 15.61 | 1529 | 14.25 | 1.034 | 1.004 | 0.960 15.05 0.0230
9 In(A)-C(A)-Out 9.22 | 19.50 | 17.65 | 0.817 | 0.983 | 1.199 15.47 0.0209
10 In(A)-Out-C(A) 15.57 | 11.12 | 18.45 | 1.064 | 0.838 | 1.095 15.04 0.0220

Table 3.5. RPM results at the EOC.




31

3.4. Data evaluation for BWR

There is a study in the field of thermal hydraulic and neutronic
calculations in BWR. 1-D BWR assembly is modelled. Converged axial
power profile in this study is obtained. Then, using these results, a code,
which performs radial power distribution calculations in BWR, and its
interface programs was developed. The code was named "COUPLE".

In this Thesis, 1-D BWR assembly model was used. Previous study
in H.U. Nuclear Energy Dept.[5] only dealed with axial power shape and
Multiplication factor. It's aim was achieved. But it hasn't burnup
capability.

To do it, A new program (namely "CBU") is developed, so that it
has burnup capability. Figure 3.7 shows that this program has algorithm.
Converged power profile is used at the each burnup step. Figure 3.8 show
that program output.

Using developed program, 18 different power peaking is evaluated

with 3 MWd/kg burnup step up to 30 MWd/kg.
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Figure 3.7. Radial power distribution for BWR. [5]
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Figure 3.8. Pre-averaged radial power distribution for BWR. [5]
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Figure 3.9. The location of the assembly type and the power factors for
BWR at the EOC given by PLRM code. Top and Left: No.lRadial
leakage=0.04 & Power sharing=2.0. Top and Right: No.2 Radial
leakage=0.1&Power sharing=2.0. Bottom and Left: No. 3, Radial leakage
is variable & Power sharing=2.0. Bottom and Right: No.4, Radial leakage
is variable &Power sharing is variable



0.794
16.37

0.658
16.42

0.668
16.39

0.706
16.38

0.958
16.30

1.074
15.98

1.123
15.08

1.077
12.65

0.679
16.37

0.722
16.35

0.816
16.34

0.978
16.24

1.082
15.89

1.128
14.92

1.079
12.46

0.776
16.34

0.889
16.29

1.026
16.12

1.106
15.63

1.139
14.39

1.077
11.87

1.000
16.16

1.079
15.81

1.128
15.01

1.128
13.22

1.020
10.59

Assembly Type _\_>

Relative
BOC Power )

—»>
Cycle Burnup _/

(MWd/kg)

1.117
15.12

1.117
13.56

1.077
11.14

1.017
11.24

1.040
16.77

1.029
16.87

1.028
16.83

1.032
16.81

1.049
16.68

1
1.058
16.44

1.056
15.89

1.016
14.68

1.028
16.80

1.032
16.77

1.040
16.72

1.050
16.59

1
1.057
16.29

1.051
15.61

1.004
14.14

1.037
16.72

1.045
16.61

1.053
16.37

1
1.054
15.84

1.030
14.66

0.923
12.30

1.052
16.39

1.053
15.89

1
1.035
14.85

0.961
12.81

0.785
10.15

Assembly Typ84\—>

Relative
BOC Power >

—»
Cycle Burnup _/

(MWd/kg)

1.033
14.85

1
0.955
12.77

0.762
9.85

I
0.760
11.31

36

| 1 1 l
1.123|1.121|1.124]1.130
16.85{16.79[16.73]16.62

1.134
16.33

|
1.122
15.58

1
1.045
13.69

|
0.758
9.16

! I |
1.118]1.122|1.128
16.72{16.66]|16.53

1.132
16.21

1
[.118
15.40

!
1.039
13.43

I
0.749
8.95

[ I
1.125]1.130
16.57]16.38

1.131
15.94

|
[.110
14.92

|
1.O18
12.55

|
0.717
8.23

|
1.132
16.06

1.121
15.34

|
1.070
13.82

|
0916
10.64

|
0.597
6.41

Assembly Type—\—->

Relative
BOC Power >

—»
Cycle Burnup _/

(MWd/kg)

1.076
14.04

|
0.947
11.27

|
0.662
7.52

1.179
18.07

1.170
17.89

[.155
17.56

1.134
17.09

|
1.104
16.47

|
1.065
15.69

|
1.015
14.77

I
0.948
13.58

1.161
17.70

1.145
17.37

1.123
16.88

|
1.092
16.24

1
1.051
15.43

|
0.998
14.43

|
0.924
13.17

1.128
17.01

1.102
16.47

|
1.066
15.75

I
1.018
14.84

I
0.949
13.57

I
0.857
12.03

1.071
15.85

l
1.027
15.01

|
0.962
13.81

|
0.878
12.33

|
0.779
10.87

Assembly Type —\—>

Relative
BOC Power >

~—»>
Cycle Burnup _/

(MWd/kg)

1
0.965
13.88

l
0.880
12.39

|

0.772
10.76|

|
0.772
10.78

Figure 3.10. The location of the assembly type and the power factors for
BWR at the EOC given by PLRM code. Top and Left: No.lRadial

leakage=0.04 & Power sharing=2.0. Top and Right:

No.2 Radial

leakage=0.1&Power sharing=2.0. Bottom and Left: No. 3, Radial leakage
is variable & Power sharing=2.0. Bottom and Right: No.4, Radial leakage
1s variable &Power sharing is variable
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The power peaking factors of fuel assemblies of the BWR core are
given in Figure 3.8 and 3.9. The infinity and L; norms of the error is
minimized when radial leakage correction and power sharing, e.g., variable
migration area are used as a function of power generated in each assembly.
The infinity norm of the error of the power peaking factor is about 11.2%
at the central region of the BWR core and it is shown in Table 3.6. The L
norm of the error in the power peaking factor is also given in Table 3.6. as
4.35%. The results show that the nonlinear feedback due to void formation
in BWRs must be taken into account in the fuel management calculations
by means of variable migration area as well as including piecewise linear

reactivity model.

Arrangement Description Peak Leakage p The Max. Integral
Number Assembly point error error
(%) (%)
1 Radial leakage=0.04 1.367 0.0076 30.0 9.3
Power sharing=2.0
2 Radial leakage=0.1 1.535 0.0129 47.6 21.0
Power sharing=2.0
3 Radial leakage corrected 1.367 0.0080 18.8 9.2
Power sharing=2.0
4 Radial leakage corrected 1.390 0.0101 11.2 4.35
Power sharing is variable

Table 3.6. PLRM results at the BOC for BWR.

Arrangement Description Core Leakage
Number Average reactivity
Cycle
Burnup
MWd/kg
[ Radial leakage=0.04 14.71 0.0134
Power sharing=2.0
2 Radial leakage=0.1 13.41 0.0216
Power sharing=2.0
3 Radial leakage corrected 14.91 0.0122
Power sharing=2.0
4 Radial leakage corrected 14.61 0.0120
Power sharing is variable

Table 3.7. PLRM results at the EOC for BWR.




38

CHAPTER 4

SUMMARY AND CONCLUSIONS

Estimating the reactivity of fuel assemblies as a function of burnup
provides an important imformation for developing fuel management
strategies in nuclear reactors. Different reactors have their own
characteristic relations between the reactivity of the fuel assemblies and
the burnup. For instance, the reactivity in PWRs can be charecterized by a
linear function of the assembly burnup. However, the reactivity of the
assemblies in other type of commercial reactors is not only the function of
burnup, but also the function of the power peaking factor of the assembly.
Especially, the reactivity in BWRs must be modelled as a nonlinear
function of the burnup and power peaking factor due to the reactivity
feedback effect of the void.

In this study, the PLRM computer code based on the RPM code
power sharing relationship algorithm was developed. The PLRM code
generates the BOC power map and the EOC power map and the assembly
burnup using a piecewise linear model. The code uses the variable
migration area in the calculation of assembly power peaking factors. The
migration area in the BWRs 1s also changed with the assembly power.
Thus, the migration area is related to the assembly power.

In RPM code, a simple iterative scheme is applied using the linear
reactivity model. In this scheme, the code initially calculates the BOC and
the EOC power peaking factors and assembly burnups are calculated with
these power peaking factors. However, in the PLRM code,the calculation
of the BOC and the EOC converged power peaking factors are performed
by the inclusion of the nonlinear model. Thus, these calculations are
performed at a number of given burnup steps, and the EOC assembly
burnup is obtained considering the power peaking factor of the assembly at
each burnup steps. An under-relaxation method is applied at each burnup

step calculation to improve the convergence characteristics of the code. As
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a result, the converged power map in the PLRM computer codc is used
during the next step of the calculation as an initial condition. This concept
is especially important in the fuel management of BWRs due to void
reactivity feedback.

The PLRM computer code can perform fuel management
calculations in 2-D. Only radial power peaking factors are generated by the
code. However, the axial power distribution may be an important factor to
be taken into account as in the case of BWRs. Normally, the axial power
profile of a BWR assembly is function of the assembly power history and
it is normally bottom peaked. This effect should not be ignored in the fuel
management analysis of such reactors. In this study, this effect is taken
into account by coupling the neutronics and thermal hydraulics
characteristics for each fuel assembly in the axial direction for different
power peaking factors and power histories. The current study may be
extended for 3-D calculations to analyze BWRs and to obtain more

realistic and accurate results for full core geometry.
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