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EXECUTIVE SUMMARY

The safety analysis of a Nuclear Power Plant (NPP) is based on the application of complex
computer codes that are able to simulate the physical behaviour of the system under normal
operations and abnormal conditions. Therefore, such codes must be extensively and
continuously verified and validated in order to demonstrate their reliability.

In this context, the current report presents an assessment study for the U.S. NRC 3-D neutronic
core simulator PARCS, and it includes an evaluation of the performances of the code for LWRs
applications. For this purpose, the cores of the Swedish Ringhals-3 Pressurized Water Reactor
(PWR) unit and the Forsmark-2 Boiling Water Reactor (BWR) unit were modeled with PARCS.
As regards the cross-sections needed for this kind of calculations, they were prepared by
following a special procedure developed by the present authors since core material data were
only available in the format of library and restart files created by the SIMULATE-3 neutronic core
simulator. Correspondingly, a new cross-section interface was developed and verified by the
Division of Nuclear Engineering, Chalmers University of Technology, in order to convert the
SIMULATE-3 data into data suitable for PARCS. Thereafter, the PARCS models developed for
Ringhals-3 and Forsmark-2 were used for neutronic core analyses, at different operating
conditions, along several fuel cycles. The results achieved from these simulations were then
compared against the axial power and the radial power distribution estimated from the
measurements that were provided by the owners of the plants.

In the PWR case, the PARCS simulations predict satisfactorily both the core axial power profile
and the core radial power distribution, although, in some cases, the deviations between
calculated and measured data exhibit trends that need further investigations. For instance, the
PARCS simulation at the beginning of a fuel cycle seems to overestimate the power in the
center of the core and to underestimate the power at the periphery, whereas, at the end of a fuel
cycle, the situation is opposite.

In the BWR case, the core axial profile was predicted in a reasonable manner, but quite
significant discrepancies for the radial power distribution was found. The current work suggests
that such a disagreement might be due to the inability of PARCS to properly model multiple
composition control rods. In fact the largest deviations in the computed power from the
measurements were observed for those fuel assemblies placed in the neighborhood of control
rods.
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1. INTRODUCTION

The safety analysis of a Nuclear Power Plant (NPP) is based on the application of complex
computer codes that are able to simulate the physical behaviour of the system under normal
operations and abnormal conditions. Therefore, an extensive verification and validation work of
these computational tools is crucial, so that safety analyses based on such tools can be
considered as reliable.

The division of Nuclear Engineering at Chalmers University of Technology has been active in
the development of coupled thermal-hydraulic / neutronic models for the analysis of transients
that are relevant in the safety analysis of the Swedish NPPs, and, in this framework, efforts in
validating the U.S. NRC 3-D core neutronics simulator PARCS [1, 2, 3] were initiated. More
specifically, PARCS models were developed for the Ringhals NPP - Unit 3 (a PWR core type)
and for the Forsmark NPP - Unit 2 (a BWR core type). Then static calculations at different
operating conditions were performed by making use of these two models, and the results were
compared to the radial power distributions and the axial power profiles reconstructed from the
in-core measurements provided by the owners of the plants.

The present document is organized as follows. In section 2, the two PARCS models are

described. In section 3, the results from the assessment work are presented and discussed.
Finally, in section 4, conclusions are drawn.
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2. PARCS MODELLING

For the PARCS simulation of the neutronic behavior of a reactor core, one needs to prepare:

° a card name based input deck in which the calculation options and the core
geometry and nodalization are specified;

° the PMAXS files that contains the data from which the neutron cross-sections and
kinetic parameters can be obtained; and

. a file that contains the 3-dimensional spatial distribution of the history variables
(burnup inclusive) and, in the present case, the instantaneous variables that
identify the reactor core conditions at which the neutron cross-sections and kinetic
parameters must be estimated.

2.1 Description of the card name based input files

Following the guidelines provided by the PARCS User’'s Manual [3], two input decks were
developed for describing the Ringhals-3 and the Forsmark-2 cores, respectively.

2.1.1 Ringhals-3 reactor model

The Ringhals-3 core consists of 157 fuel assemblies, and each of them is modeled with 26 axial
levels, and, divided radially into 2 x 2 nodes. The first and the last axial levels are used for the
bottom and top reflectors, respectively. As regards the radial reflector, 64 reflector ‘assemblies’
are employed and they surround radially the active core. These 64 reflector assemblies are of
two types: the ones that only take the baffle in account, and the ones that include both the baffle
and the core barrel.

Although control rods have no effect during normal operations (i.e., the control rods are
completely withdrawn), they are also included since the present model is meant at investigating
transient scenarios as well [4]. In the Ringhals-3 unit, all the control rods belong to the same
type, and the different banks are defined on the basis of the different movements that groups of
control rods can do.

Among those options that are used for the solution of the neutronic problem in PARCS, the
boundary conditions for the neutron field are settled by assuming to zero incoming current. In
addition, the PARCS hybrid neutronic solver based on a combination between an Analytic Nodal
Method (ANM) and a Nodal Expansion Method (NEM) is selected.

2.1.2 Forsmark-2 reactor model

The nodalization used for the Forsmark-2 core is such that each of the 676 fuel assemblies is
modeled radially with one node and axially with 27 equidistant nodes. Again, the first and the
last axial levels are employed for the bottom and top reflectors, respectively. The other axial
levels are such that the several different segments in which one fuel assembly is divided can be
taken in account with little approximations. Besides, similarly to the PWR case, the radial
reflector is reproduced by making use of dummy assemblies that surrounds the active core and
that are associated to the proper radial reflector materials and conditions.

2-1



Then, since control rods in BWR play a role in normal operation, their modeling is also important
for static predictions. In the Forsmark-2 core, there are 161 cruciform control rods, and they are
of 5 different types. Since PARCS cannot model explicitly cruciform control rods, each control
rod is defined as a bunch of 4 control rods placed in those fuel assemblies that are near the
specific cruciform control rod. The 5 different types of control rods are modeled with the card
‘CRB_DEF’, the several banks of control rods and their location in the core are specified with
the card ‘BANK_CONF’, the control rods positions are given in the card ‘BANK_POS’, and the
type of control rods in each of the banks is provided in the card ‘CRB_TYPE’.

As for the PWR model, zero incoming current is assumed as boundary condition for the neutron
field, and a hybrid neutronic solver is used.

2.2 Cross-sections preparation and PMAXS files

In order to perform core calculations, material constants and kinetic parameters representative
of the actual local conditions, of the exposure, and of the history effects for a specific core are
needed. Such properties are provided to PARCS via proper files, so-called PMAXS files. These
files can be generated from the 2-D transport calculations performed at fuel-assembly level with
the HELIOS code [5] or the CASMO-4 code [6]. For this purpose, the separate core module
GenPMAXS [7] was developed.

In the context of the work presented in this report, an alternative interface for building the
PMAXS files was developed by the Division of Nuclear Engineering, Chalmers University of
Technology, because data from HELIOS or CASMO-4 could not be released by the utilities.
This novel approach is based on the capability of the Studsvik Scandpower 3-dimensional core
simulator SIMULATE-3 [8] to retrieve, from binary library and restart files, all the material
constants and kinetic parameters of all the fuel assemblies loaded in a specific core. Most
importantly, the SIMULATE-3 code can then be used to edit any material/kinetic data for any
fuel/reflector segment loaded in the considered core at any specified set of instantaneous and
history variables. In such a way, the complete dependence of the material/kinetic data on
instantaneous and history variables can be obtained. Therefore, no additional transport
calculation is required, and the PMAXS files can be constructed relatively fast. Nevertheless,
the procedure needs to take in account the fact that the CASMO-4/SIMULATE-3 formalism is
different than the PARCS one, i.e., the data functionalization is different in the two cases.

In the following subsections, the Chalmers cross-section interface is described, the preparation
of the cross-sections for the Ringhals-3 and Forsmark-2 cases is discussed, and the correct
implementation of such a procedure is verified. More details on this topic (for the PWR case)
can be found in reference [9].

2.2.1 Description of the Chalmers cross-section interface

As mentioned above, the CASMO-4/SIMUALTE-3 and the PARCS functionalizations of the
cross-sections and of the neutron kinetic parameters with respect to the reactor core conditions
differ from each other. Therefore, first, the two formalisms are introduced, and, then, the cross-
section interface that was developed for the generation of the PMAXS files from the SIMULATE-
3 library and restart files is described.
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2.2.1.1 CASMO-4/SIMULATE-3 formalism

According to the CASMO-4/SIMULATE-3 model [10], the macroscopic and microscopic two-
group cross-sections, discontinuity factors, fission product data and detector data can be
expressed in a generic form as

P(A,B,C) = P(Ay, By, Cy) + AP4(A) + AP5(A,B) + AP: (4, B, C)

eq. 2-1
where P(4,, By, Cy) is the base value, and
‘ 0
BPAA) = [ 5 PCA' By, G
Ao
eq. 2-2
{ 0
APy(A, B) = f i P(AB,Co)dB’
By
eq. 2-3
‘ 0
AP-(A,B,C) = faC,P(A,B,C’)dC’
Co
eq. 2-4

The approach for the generation of this specific type of parameters via eqs. 2-1 to 2-4 is
displayed in a more intuitive manner in Fig. 2-1.

In brief, the data needed in eq. 2-1 are obtained from CASMO-4 lattice calculations and
organized into additive series of tables containing the partial functions. For those points of the
tables in which data are not available, second-order Lagrangian interpolation is applied.
Moreover, one can notice that, according to this scheme, parameters can only depend on a
limited number of variables, i.e., no more than three variables are allowed. Tables 2-1 and 2-2
summarize the possible CASMO-4/SIMULATE-3 data functionalization in PWR cases and in
BWR cases [11, 12], respectively.
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AP(A) B
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A

Figure 2-1 Construction of the macroscopic and microscopic two-group cross-
sections, discontinuity factors, fission product data, and detector data in
the CASMO-4/SIMULATE-3 code package
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Table 2-1 CASMO-4/SIMULATE-3 data functionalization for PWR cases

Parameter P

Reflector segment

Fuel segment Radial and T
bottom P
Dy, D,
2:1—>2
2:a,l’ Za,z
P(Cp) P(Cy, Trn)
vZf‘l, VZf‘Z
P(b,HT,,) + APy, (b,HCy)
K/v + AP, (b, Cp) + APr, (b, Ty)
o + APr (b, Tf) + APy, (b, acg)
B B
0a1 5 0a2 + APTcooling (b; Tcooling)
[optionally, +APy, (b, bgp)]
v
Y1135, Vxe135, ¥V pm149, ¥Vsm140
135 149
a: 0z
Gd fraction remaining
AP, (b, Cy) + APy (b, Ty)
+ APr (b, Tf) + APy, (b, acg)
discontinuity factors +APr ting (b, Teootin g) P(Cp) P(Cy, Ty)
[optionally, +APy, (b, bgp)]
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Table 2-2 CASMO-4/SIMULATE-3 data functionalization for BWR cases

Parameter P

Reflector segment

Fuel segment Radial and T
bottom op
Dy, D,
2:1—>2
2:a,l’ Za,z
P(Tm) P(a)
VZf‘l, VZf‘Z
P(b,Ha) + AP,(b,Ha, @)
/v + APy, (bres, Ty)
B0 _p10 + APy, (brgs, Acr)
O0g,1 » 0q,2
' ' + APygp (b, acr, Hacg)
+ APTcooling (b' Tcooling)
%
Y1135, Vxe135, ¥V pm149, ¥Vsm140
3{5135, O"‘f'rzrl149
Gd fraction remaining
P(b,Ha) + AP, (bggs, @)
+ APr (bges, Tr)
discontinuity factors ! P(T, P
y + APy (brps, @, acr) (Tm) (@)
+ APTcooling (b’ TCOOling)
Fission rate of L!-.235 in P(b, Ha) + AP, (bggs, @)
detector position LA Prf (bRES: Tf) ) )
Peaking factor + APy (bres, @, acr)
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In addition, for those quantities for which the principal variation is due to burnup, like,

pin-by-pin power distribution,

corner flux ratios,

detector flux,

peaking factors,

detector microscopic cross-sections,

two-group neutron velocities,

effective neutron precursor yields, and

precursor decay constants,

one-dimensional table sets in exposure are given. The additional dependencies are modeled
with one-dimensional tables of the derivatives of the data as function of the exposure. Thus, the
model applied in this case is as follows [10],

P(b,B,C, ,Z) = P(b,Bo, Co, ...,Zo) + APB(b) + Apc(b) + ce + Apz(b)

where b is the exposure (burnup), and

0
oB’

B
APy (b) = Bf

VA
0
Apz(b) = jﬁp(b, Bo, Co,
Zo

2-7

P(b,B',Cy, ...

IZO)dB’

w0, Zg)dC’

,Zdz'

eq. 2-5

eq. 2-6

eq. 2-7

eq. 2-8



The variables A, B, C, ..., Z that appear in eq. 2-5 depend on the case that is studied and they
can be, besides burnup b,

e  fuel temperature T;

. history-averaged fuel temperature HTy,

. moderator temperature T,,,;

° history-averaged moderator temperature HT,,;
. void fraction «;

° history-averaged void fraction Ha;

. boron concentration C;

° history-averaged boron concentration HCy;
. control rod insertion acg;

° history-averaged control rod insertion Hag;
. burnable absorber exposure bgp; and

. Teooling fOr the shutdown decay time.

2.2.1.2 PARCS formalism

In the case of PARCS, any generic parameter P (that could represent a macroscopic cross-
section, a microscopic cross-section, an assembly discontinuity factor, a kinetic parameter, etc.)
can be written as [2, 7],

P(b,H,acg, Dy, Cp, Tr, Tm)

oP
= P(b; H, acr0, Dm0, Co0, Tr 00 Tm,o) + 0 (aCR - aCR’O)
Acrl (b, H,acp rer)
op oP
*aD (D = Do) + 57~ (6= Coo)
m(b,H,acgr.Dmref) * (bH acrDm Corer)
N oP (\/; /T )
— VN B
a\/Tf (b.H,acR.Dm.Cp.Tfref)
oP
+ aT (Tm - Tm,o)
m (b,H,aCR,Dm,Cb,Tf,Tm,ref)
eq. 2-9
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where

° b is the burnup;

° H is either one history variable or a vector of two history variables;
. acr is the effective rodded fraction;

° D,,, is the moderator density;

. C, is the boron concentration;

° T is the effective fuel temperature; and

. T, is the moderator temperature.

The subscript 0 denotes the base case, and the subscript ref the reference point that is defined
as the midpoint between the instantaneous value and the base value.

It must be borne in mind that PARCS, at the time when the cross-section interface was
developed, could not handle more than 2 history variables.

The partial derivatives that appear in eq. 2-9 can be estimated as,

ap _ P(ul v, WO) - P(u' UOI WO)

ov (worey) v — 1

eq. 2-10
where

° u represents all the variables having their instantaneous values; and

. w, represents all the variables having their base values.

In addition, according to the PARCS formalism, the data related to each of the parameters are
stored into a three levels structure, each level having a ‘tree-leave’ structure (an example for a
PWR case is shown in Fig. 2-2). The highest level represents the history cases. The second
level in the PARCS structure is related to the different possible instantaneous states of variables
as the control rod insertion, moderator density, boron concentration, fuel temperature, etc., for
each history case. In the third level the burn-up dependency of the data can be reproduced.
Therefore, when any parameter is needed by PARCS at a given set of operating conditions, the
data are retrieved from the tree-leave formalism, and used through eqgs. 2-9 and 2-10.
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2.2.1.3 Description of the Chalmers cross-section interface

The Chalmers cross-section interface developed to build-up the PMAXS files consists of 3
steps.

In the first step, the fuel/reflector assemblies loaded in the core are retrieved from the
SIMULATE-3 restart file, and the operating points (i.e. instantaneous and history conditions,
burnup inclusive) at which the material/kinetic data are available are also extracted from the
SIMULATE-3 library file. More specifically, the following data are gathered into a summary file:

. the segment number, its name, the type of segment (i.e., fuel or reflector), the
number of rods, the number of heated rods, the average enrichment;

° the burnup points;

° the instantaneous values and the histories for the fuel temperature, moderator
density/temperature, boron concentration, and control rod position, as well as
which points are referred to as base condition or branch; and

° the shutdown cooling times, and whether these points are referred to as base
conditions or branches.

In the second step, the data contained in the summary file are edited according to the PARCS
‘tree-leave’ formalism discussed in subsection 2.2.2, and stored in a SIMULATE-3 output file. As
mentioned above, this ‘tree-leave’ structure does not correspond to the way the data are
functionalized in CASMO-4/SIMULATE-3 (see subsection 2.2.1). Nevertheless, the SIMULATE-
3 interpolation procedure can be used with confidence for following each branch of the PARCS
‘tree-leave’ structure and then editing the corresponding data.

In the third and last step, the PMAXS files are built for each of the fuel/reflector segments. This
is done by successively stacking the results of different sets of values for the history variables.
For each set of values for the history variables, the results corresponding to the ‘base’ branch
are first stored for each burnup point. The partial derivatives associated to each instantaneous
variable are then computed for each branch associated to a change of the considered
instantaneous variable according to eq. 2-10 and for each burnup point. When constructing the
PMAXS files, care has to be taken about the transport cross-sections and the macroscopic
thermal absorption cross-sections. The transport cross-sections, which it is not directly given by
SIMULATE-3, is derived from the diffusion coefficients D; as follows,

5 1
tr,i - 3Dl

eq. 2-11

As regards the thermal absorption cross-section X, ,, the effect of the Xe-135 and Sm-149
poisons might be included. This is the case when the SIMULATE-3 libray file is created with
equilibrium fission products [13]. However, in a PARCS calculation (and, especially, when the
concentration of the poisons is different from the equilibrium one), PARCS itself will provide the
concentration of the poisons explicitly. Thus, the effect of the poisons in the thermal absorption
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cross-section retrieved from SIMULATE-3 has to be removed, i.e.

without poisons __ «With poisons Xel35 Sm149
Za,z = Za,z — (NXe135 Oa2 *+ N5m1490-a,2

eq. 2-12
The current interface has also some limitations, i.e. some data cannot be retrieved, such as

. the kinetic data (precursor decay constants, fractions of delayed neutrons, inverse
velocities) for individual fuel assemblies;

° the corner discontinuity factors;

° the power form factors.
2.2.2 Preparation of PARCS cross-sections for the Ringhals-3 PWR unit

For the Ringhals-3 core, the PARCS data functionalization of any parameter P related to any
fuel segment is based on:

. the burnup b,

. the history of the moderator density HD,,,

. the history of the boron concentration HCp,

° the instantaneous boron concentration Cj,

. the instantaneous effective fuel temperature Ty,
. the instantaneous moderator density D,,,, and

. the effective rodded fraction a g.
Therefore eq. 2-9 becomes,

P(b, HDp, HCy, acg, Dy, Cp, Tr)
= P(b» HDyp, 0, HCy 0, @cr,0, Do) Cp 0, Tf,O:Tm,O)

ap oP
y | (acr — tcro) + =5 (Dm — Do)
ACR! (b,HDmHCp AR ref) ™ (b HDm HCp R Dmyrer)
oP
+c] (6= o)
b (b,HDm,HCb,aCRva'Cb,Té’f)
aP
+— (J;f - \/Tf °>
0Ty |

(b,HDp, HCp, 0t cR.Dm,Ch, T f ref)

eq. 2-13
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For the reflector segments, the parameters P is functionalized only with respect to the
instantaneous value of the boron concentration, i.e.,

ap
PC) = P(Coo) + 5| (Co = Cip)
b (Cp,rer)

eq. 2-14

Although the cross-section interface discussed in subsection 2.2.3 allows retrieving the
dependency of the reflector material data on the instantaneous moderator density as well, such
dependency is not used because the necessary data are not available in the SIMULATE-3
summary file that is used for PARCS static calculations (see subsection 2.3) [14].

2.2.3 Preparation of PARCS cross-sections for the Forsmark-2 BWR unit

In the case of the Forsmark-2 model, history of void fraction Ha and history of control rod
insertion Ha g are chosen to be the two history variables in the PARCS functionalization of the
parameters P for the fuel segments, together with the instantaneous effective fuel temperature,
the instantaneous moderator density, and the instantaneous effective rodded fraction. For this
specific application, eq. 2-9 can then be reduced to:

P(b,Ha,Hacg, acg, Dm, Ty)
P

dacr

- P(b, HDm,Or HCb,O' aCR'O, Dm’o, » Tf,O) +

(acr — acro)
(bHDy HCh,aCR ref)
apP
*onn (P = Do)

(b,HDy HCp,&cR. D ref)
( fo - fo,O)

oP
+_

0T

(b,HDp, HCp,acRDin,Ch.T fref)

eq. 2-15

As regards the parameters P that characterize the reflector segments, they are computed by
only taking in account the instantaneous moderator density, as follows,

P
P(Dy) = P(Dyp) + D

(Dm - Dm,O)
(Dm,ref)

eq. 2-16
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2.2.4 \Verification of the Chalmers cross-section interface

Before using the cross-section interface for practical applications, it was verified that PARCS
can correctly reconstruct the data from the PMAXS files generated with such an interface. For
that purpose, all the possible combinations of values of instantaneous and history variables
appearing in the PMAXS files were employed as sets of operating conditions for PARCS
calculations. Thus, the data reconstructed from the PMAXS files, according to eq. 2-9, for each
of the calculations, were compared with the data that were built from the SIMULATE-3 library
file, according to eq. 2-1.

The procedure for the verification process can be summarized as follows. First, data are
retrieved from the SIMULATE-3 library file, for all the possible combinations of values of the
instantaneous variables, of the history variables, and of burnup. Thereafter, the PARCS input
files for each set of variables are built-up. In particular, each of the PARCS input files models
only one assembly through a pseudo-assembly, where segments covering the whole range of
exposure were axially stacked, so that the whole dependency of the material data on burnup
can be handled in one single calculation and computational effort can be saved. On the other
hand, the moderator density, fuel temperature, boron concentration, etc. are kept constant in
each input file. Finally, from each of the PARCS runs, the material data are edited at the
corresponding values of burnup, instantaneous variables, and history variables, for a single
segment, and compared to the original data directly coming from the SIMULATE-3 binary file.

In the case of PWR applications, the verification procedure was applied fully, and, for the sake
of simplicity, the results achieved for only a few combinations of instantaneous and history
variables are shown in Fig. 2-3. By comparing the infinite multiplication factor calculated with the
SIMULATE-3 cross-sections and with the PARCS cross-sections (i.e. the cross-sections from
the PMAXS files generated with the new interface), one can find an excellent agreement
between the two cases, and conclude that the Chalmers cross-section interface works correctly.

As regards BWR applications, only a random check was performed for verifying that PARCS
retrieves the correct data from SIMULATE-3:

. detector flux, for the base history, one history of moderator density, and one history
of the control rod position;

° on each of the histories, for the reference branch, a few control rod branches, a
few moderator density branches, and a few fuel temperature branches; and

° on each of the branches, for two random burnup points.

Again, the data reconstructed by PARCS matched the original data, and the correct
implementation of the interface could thus be demonstrated for BWR applications as well.
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Figure 2-3 PWR case, variation of k.. as a function of burnup, instantaneous and
history variables. The infinite multiplication factor calculated from the
original data is represented by lines, whereas the infinite multiplication
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2.3 3-D distribution of the history and instantaneous variables

In order to run a static core calculation with PARCS, 3-D distribution of the history and
instantaneous variables must be available, so that cross-sections and neutron kinetic
parameters can be evaluated at the proper local conditions. Former SIMULATE-3 calculations
were performed for the same reactor core conditions of interest as in the current work.
Thereafter, the SIMULATE summary files from these simulations were properly modified and
directly used as spatial distributions of both history and instantaneous variables fed to PARCS
(see the description of the PARCS card ‘INP_HST’ in [3]). However, it must be mentioned that
PARCS has also the capability to calculate the spatial distribution of the moderator density and
of the fuel temperature over the core. Such a capability was not used in the present work.

On the contrary, the concentration of the poisons was recalculated by PARCS, based on the

corresponding microscopic cross-sections and fission yields stored in the PMAXS files, by
activating the PARCS card ‘XE_SM'.

2-16



3. RESULTS OF THE STATIC CALCULATION AND COMPARISONS
WITH MEASUREMENT DATA

Several sets of measured data at different core exposures and for different fuel cycles were
available for the Swedish Ringhals-3 PWR unit and the Forsmark-2 BWR unit. In the Ringhals
unit 3, the neutron flux measurements were carried out by making use of Movable In-Core (MIC)
detectors, which are fission chambers. These detectors can only be positioned in the central
instrumentation tube of a limited number of assemblies. In the Forsmark unit 2, neutron flux
measurements are given by Traversing Incore Prove (TIP) detectors that are located in a certain
number of inter-assembly instrumentation tubes. For both cases detector signals can be used in
SIMULATE-3 to reconstruct the Relative Power Fraction (RPF) for each of the nodes in which
the reactor core has been discretized for the solution of the neutronic equations.

In order to evaluate the accuracy of the static calculations, the values of the RPF estimated with
SIMULATE-3 from the detector signals are thus compared against the values predicted by
PARCS, node by node, in terms of relative differences, as follows:

A= RPFPARCS - RPFmeasured

RPFmeasured
eq. 3-1

where
. RPFp gcs is the RPF calculated with PARCS, for one core node; and

. RPF,cqsurea 1S the RPF estimated by SIMULATE-3 from the detector signals, for
one core node.
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3.1 PWR case

The cases studied for Ringhals-3 are summarized in Table 3-1. The sets of measurements
correspond to three different fuel cycles, and, for each cycle, they referred to operating
conditions at about the beginning, the middle and the end of the cycle (except for cycle 22 for
which measured data at the end of the cycle were not available).

Table 3-1 Ringhals-3 PWR unit, Operating conditions of the measurement sets

Core- Critical Boron
Relative averaged Concentration
(.f ueII Ié)\(/sg/st;ﬁ Power Coolant [ppm]
ycle [ ] [%] Temperature
[’C]
10 0.2208 99.8 303.3 965
10 4.8136 99.8 303.0 524
10 9.5929 99.8 303.2 79
19 0.3694 100.0 301.4 915
19 4.5983 100.0 301.4 519
19 9.830 100.1 301.2 25
22 0.1442 99.1 301.2 1270
22 4.6668 100.1 301.3 828

The results are reported in details only for the fuel cycle 19, since similar trends can be
observed for the others. The simulations shown in the following are computed with PARCS
version 2.71. Nevertheless, the discussion is still valid for PARCS version 3.0, since almost
identical predictions can be obtained (see Figs. 3-1 and 3-2).
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Figure 3-1 Ringhals-3 PWR unit, fuel cycle 19, exposure 0.3694 GWd/tHM: axial
power profile calculated with PARCS version 3.0 and version 2.71
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Figure 3-2 Ringhals-3 PWR unit, fuel cycle 19, exposure 0.3694 GWd/tHM:
differences between the assemblywise radial power fraction calculated
with PARCS version 3.0 and version 2.71
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Figures 3-3 to 3-5 show the comparison between the axial power calculated with PARCS and
the profile estimated from the measured data. A systematic deviation of the PARCS predictions
from the measurements can be seen. As mentioned in subsection 2.2.3, the variation of the
cross-sections and neutron kinetic parameters in the reflector region due to the instantaneous
moderator density is not included. This approximation might not be valid and can lead to a poor
estimation of the axial leakage of neutrons through the top and bottom reflectors. Therefore, this
fact could explain the larger discrepancy observed close to the top and the bottom of the active

core. Nevertheless, the overall axial power profile is correctly reproduced by the PARCS
simulations.

Axial Power Distribution
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Figure 3-3 Ringhals-3 PWR unit, fuel cycle 19, exposure 0.3694 GWd/tHM: axial
power profile
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Figure 3-4 Ringhals-3 PWR unit, fuel cycle 19, exposure 4.5983 GWd/tHM: axial
power profile
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Figure 3-5 Ringhals-3 PWR unit, fuel cycle 19, exposure 9.830 GWd/tHM: axial
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As regards the radial power distribution, a trend can be identified by looking at the relative
differences computed with eq. 3-1. At beginning of cycle conditions, the PARCS simulations
overestimate the power in the center of the core and underestimate the power at the periphery
(see Fig. 3-6). At middle of cycle conditions, the deviation of the PARCS results from the
measured data does not exhibit any systematic behavior (see Fig. 3-7). At end of cycle, the
calculations show an underestimation in the center of the core and an overestimation at the
periphery (see Fig. 3-8).

Assemblywise power difference (%)

Figure 3-6 Ringhals-3 PWR unit, fuel cycle 19, exposure 0.3694 GWd/tHM: radial
RPF relative differences (%)
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Figure 3-7 Ringhals-3 PWR unit, fuel cycle 19, exposure 4.5983 GWd/tHM: radial
RPF relative differences (%)
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Assemblywise power difference (%)

Figure 3-8 Ringhals-3 PWR unit, fuel cycle 19, exposure 9.830 GWd/tHM: radial RPF
relative differences (%)
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A summary of the relative differences between calculations and measurements for the several
cases analyzed is reported in Table 3-2. It can be seen that the largest discrepancies are at the
beginning and at the end of cycle, while the best performances can be found at the middle of
cycle. Moreover, the effective multiplication factor k., shows a similar behavior, with a deviation
from the expected criticality within typically 200 pcm.

Table 3-2 Ringhals-3 PWR unit, Summary of the assembly-wise deviations in power

density

Relative difference between PARCS

Fuel Exposure | Calculated and measured relative power

Cycle [GWd/tHM] Kess fraction (%)

Average Minimum Maximum

10 0.2208 0.99865 -0.91 -10.22 8.95

10 4.8136 1.00116 -0.21 -4.81 5.07

10 9.5929 1.00189 0.11 -5.14 7.01

19 0.3694 0.99986 -0.68 -6.72 5.25

19 4.5983 1.00052 0.02 -4.27 3.70

19 9.8300 1.00120 0.22 -5.67 5.56

22 0.1442 0.99764 -0.4 -5.10 5.79

22 4.6668 1.00017 0.17 -3.54 4.47

3.2 BWR case

The PARCS model of the Forsmark-2 BWR unit was compared against TIP measurements
provided by Forsmark Kraftgrupp AB / Vattenfall Nuclear Fuel AB to Chalmers. The core
operating conditions corresponding to these measurements are summarized in Table 3-3. This
database includes the measurements performed in three different fuel cycles (21, 24, and 25),
at about the beginning, the middle and the end of each cycle.

Table 3-3 Forsmark-2 BWR unit, Operating conditions of the measurements sets

Core-

Relative averaged

Fuel Exposure Power Coolant

Cycle [GWd/tHM] [%] Temperature
[C]

21 0.341 108 283.82
21 2.311 108.1 283.75
21 5.191 107.9 283.67
24 0.485 108.1 284.48
24 4.622 108.1 284.18
24 7.394 108 283.42
25 0.135 107.9 284.65
25 3.050 107.7 284.46
25 5.731 107.8 283.97
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In the following discussion, only the results for the fuel cycle 21 are shown in details, since
similar conclusions can be drawn for all the other cases. Besides, the calculations were
performed with PARCS version 3.0. Nevertheless, as shown in Figs. 3-9 and 3-10, PARCS
version 3.0 and version 2.71 produce simulations with negligible differences.
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Figure 3-9 Forsmark-2 BWR unit, fuel cycle 21, exposure 0.341 GWd/tHM: axial
power profile calculated with PARCS version 3.0 and version 2.71
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Figures 3-11 to 3-13 display the positions of the control rods for the three operating conditions in
cycle 21. Such control rods are moved through the fuel cycle, in order to compensate for the
loss of reactivity that the core experiences during the life of one fuel load, and to keep the radial
power distribution as flat as possible.
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Figure 3-11 Forsmark-2 BWR unit, fuel cycle 21, exposure 0.341 GWd/tHM: control
rods that are inserted and their positions in steps withdrawn (‘100’ is
the value for a control rod that is completely withdrawn)
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Figure 3-12 Forsmark-2 BWR unit, fuel cycle 21, exposure 2.311 GWd/tHM: control
rods that are inserted and their positions in steps withdrawn (100’ is
the value for a control rod that is completely withdrawn)
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Figure 3-13 Forsmark-2 BWR unit, fuel cycle 21, exposure 5.191 GWd/tHM: control
rods that are inserted and their positions in steps withdrawn (100’ is
the value for a control rod that is completely withdrawn)
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Figures 3-14 to 3-16 show the comparison between the calculated axial power profile and the
profile estimated from the detector signals via SIMULATE-3, for the beginning, the middle and
the end of the cycle, respectively. From these plots, the prediction of the axial power profile is
quite satisfactory, throughout the entire fuel cycle. However, it can be noticed that larger
discrepancies occur in the lowest axial half of the core (and, indeed, BWR control rods are
inserted from the bottom of the core). Since control rods are inserted from the bottom of the
core in BWRs, this suggests that the model for the control rods implemented in PARCS might
be somehow inaccurate.
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Figure 3-14 Forsmark-2 BWR unit, fuel cycle 21, exposure 0.341 GWd/tHM: axial
power profile
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Figures 3-17 to 3-18 provide the relative differences (see eq. 3-1), for each fuel assembly,
between the calculated RPFs and the RPFs that are derived from the detector signals via
SIMULATE-3, again, at the beginning, middle, and end of the cycle, respectively. When the
radial power distribution is investigated, one can find that the discrepancies are quite significant
for those fuel assemblies close to the control rods and less pronounced in the region less
affected by the control rods (e.g., see Fig. 3-11 together with Fig. 3-17). Moreover, near the
control rods, the RPFs for the majority of the fuel assemblies are underestimated, whereas a
relatively strong RPF overestimation is achieved for a few fuel assemblies. This fact seems to
point out that a problem in the modeling of control rods exists in. As a matter of fact, an issue
with the modeling of multiple composition control rods is known by the PARCS developers, who
are currently working on resolving such an issue [15]. Since all control rods in the present
Forsmark-2 model are multiple composition control rods, the discrepancies noticed in Figs. 3-17
to 3-19 may thus be attributed to such a pending issue of the PARCS code.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

-20

1 852|523 |6.73 | 661 [10.11(9.34 | 502 | 457

2 458 (438 | B24 | 7.44 | 809 (631 | 566 | 6.67

3 5.02 | 295|275 (094 (198 | 471 835 726 |8.11 |667 | 531 |3.31 [019 0.34

4 130 1.13 |-002 |-028(263 | 391 | 752 [685 |554 |5.46 (420 | 210 802 1121

5 12.45|8.07 | 7.10 | 043 |0.72 | 0.45 | 1.61 | 2.01 | 489 | 6.20 | 596 |6.09 [5.70 | 3.62 | 1.65 |-5.75 -1.35

6 10,53/ 6.93 | 6.56 |4.41 | 250 | 0.82 | 1.07 | 401 | 480 | 2.19 (441 | 460 | 3.88 (417 | 1.95 |-2.08 |-6.11

7 10.18| 7.53 | 7.12 | 604 | 396 | 3.33 | 152 | 387 (1228|727 (-060|4.38 (349 (199 |-0.40 |-1.36 |-2.75 |-461 |-3.72 |-329 | 594 |-068

8 9.67 [10.33|7.54 | 7.21 | 7.21 |6.11 |5.76 | 4.47 | 2.55 |-2.06 | 3.96 [11.28|3.84 | 1.43 (232 | 1.85 |-0.09 -3.91| 269 |0.24 |-382 | 648 | 767 (1.89 | 574

9 6.21 | 842|905 |7.79 | 5.66 (685|521 (1.28 |-0.28|-0.88 |-375|0.17 | 0.50 | 0.54 (-0.18 [-2.27 [13.60| 2.62 -0.12 | 1.17 |-0.31 |-3.05 |-1.86 |-0.36 | 464

10 -1.83|3.01 |6.72 |7.72 | 7.97 |650 | 3.40 -4.64)-1.47 |-281 -4.90 |-5.17 -1.08 [1293(-1.38 | 1.43 | 164 | 1.30 | 0.22 | 065 | 0.86 [ 510

1" -265|093 | 5.72 | 868 | 6.27 | 570 an -3.85 075 -4.63|-1.82|-0.01 |0.37 | 1.46 | 154 | 220 (244 | 682

12 |0.54 (-213(-4.05|-045 | 418 | 852 | 6.98 |-4.12| 566 |14.11 450 =251 1335 -455 -066|1.45 (-3.31 | 0.94 | 300 | 469 |566 9.83 [14.84 L 40
13 |-213(-3.95|-4.47 |-064 [ 4.41 | 7.18 | 483 | 0.13 -2.98 |-4.60 16.00| 2.38 -2.23|8.76 474 |087 |430 542 (773 |817 (11.98
14 |071|-114|-074 151 |450 | 904 | 556 |144 |-138|-175|-416 258 2524221492 1302|602 | 753 | 7.58 [8.61 |8.00 |11.10
15 |351|169 205|289 | 612|798 |451 | 211 |0.05 |-246 -EH 958 -2.84|081 | 047 |-064 | 7.22 | 855 | 852 | 852 (10.50|9.27 |1264
16 690 (346 (471 |482 | 685|827 618 |-2.82 |-233|-1.36 (-374 10.63 510|004 | 385 | 530 |622 | 890 |9.46 |9.27 (1151 11.15|10.54
17 |5.45 | 266 |3.27 |4.26 | 6.24 | 6.19 [12.41 | 347 -&H -4.57 =387 -3.18(1.06 | 259 | 4.82 | 7.48 [10.16|8.08 [10.16(11.88 [11.37 [10.79
18 [6.39 (320 (279 |278 | 3.40 | 0.91 | 4.08 | 7.07 | 423 0.42 (1357 -3.36 |-0.19 |-4.42| 312 | 583 | 681 |8.11 | 7.98 (869 |9.25 |10.23
19 929 (484 (0B84 | 255|207 | 014 |-467 |-0.72 |-3.01 -010 -3.25 917 |-1.78 | 697 | 662 |582 (612 (709 |915 [13.01
20 283 |1.45 | 1.23 |-0.48 |-1.34 |-3.00 |-3.41 | -4.64 213 -3.20 513 B.53 | 6.28 |6528 | 481 (455|661

21 1.09 |-0.09 |-033 |-2.64 |-2.41 |-2.55 |-280 [ -4.53 1047|-218 354 ’-&m_ -3.36(-1.60|-349 (474 | 6680 992 | 912 632 | 504 | 484 (738

22 -1.24-312|-458 -5& -5.62 1.16 |13.78|-202 |-0.76 | -0.98 |-1.96 (-2.32 (-4.92 -0.82 | 112 (288 | 741 | 937 |7.19 |7.35 |621 | 564 (694

23 -0.29|-404 | 1.48 |-5.05 348|587 088|324 | 304 (115|263 |984 (376 |-1.03|4.21 |552 | 652|713 | 793 | 683 |470 | 742 1017

24 -370 fB -0.75|0.30 |1.30 | 418 | 553 (577 |-0.08 | 7.66 (14.68| 8.04 | 5.98 |6.38 | 517 |6.71 | 6.98 | 7.40 |10.60

25 -S.W -1.00|0.17 | 3,36 6,06 (593 (634 |568 (327 [ 815 (10.21|814 |636 | 613 |6.90 | 645 |681 1098

26 -5.08 -120(1.42 | 273 | 426 (469 | 404 [3.75 | 521 | 543 (814 [695 | 7.28 | 6.99 |9.14 [1012|12.41

27 344 165.12 -0.48 | 0.35 |0.84 | 0.83 | 1.33 (1.14 (000 | 1.85 | 2.47 (3.78 | 7.74 | 789

28 665 047 |-449 |-248 |-108| 026 |-163 [-1.74 |-299 |-2.66 |-0.75 095 | £06 1028

29 -1.46 |-2.38 |-1.47 | 0.23 |-1.43 -1.79 [-3.27 |-0.10

30 097 [1.16 [1.24 | 2.04 | 0.88 |-0.20|-1.00| 2.19

Figure 3-17 Forsmark-2 BWR unit, fuel cycle 21, exposure 0.341 GWd/tHM: radial
RPF relative differences (%)
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The results obtained for the several sets of TIP measurements performed in Forsmark-2 are
summarized in Table 3-4. It can be seen that the total average value of the relative differences
between PARCS and measured relative power fraction does not exhibit any strong bias (in fact
it is between -0.71% and 2.34%), whereas the minimum and maximum values of the relative
differences computed over all the nodes in which the core was discretized underline that the
PARCS calculations are not completely satisfactory. Besides, the k. is predicted relatively well,
with a deviation from criticality within +437.1 pcm and -731.8 pcm.

Table 3-4 Forsmark-2 BWR unit, Summary of the assembly-wise deviations in power

density
Relative difference between PARCS
Fuel Exposure | Calculated and measured relative power
Cycle [GWd/tHM] Kesf fraction (%)
Average Minimum Maximum
21 0.341 1.004371 0.09 -34.06 61.00
21 2.311 1.001700 1.9 -37.67 65.07
21 5.191 1.003494 0.25 -67.24 75.15
24 0.485 0.996145 -0.71 -39.29 51.10
24 4.622 0.995974 0.93 -34.41 42.26
24 7.394 0.997569 0.5 -36.38 30.54
25 0.135 0.992682 1.69 -29.63 49.88
25 3.050 0.993217 1.23 -35.15 52.07
25 5.731 0.992794 2.34 -38.17 45.17
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4. SUMMARY AND CONCLUSIONS

A comparison study has been presented for the U.S. NRC 3-D core neutronics simulator
PARCS. In the present report, the work includes an evaluation of the performances of the code
for both PWR and BWR applications.

For this purpose, the Swedish Ringhals-3 PWR and the Forsmark-2 BWR cores were modeled
with PARCS, and analyzed at about the beginning, the middle, and the end of three different
fuel cycles (except for the Ringhals-3 fuel cycle 22, for which the data at the end of cycle were
not available). Then, the PARCS simulations were compared against the axial power and the
radial power distribution estimated from proper in-core detector measurements.

First of all, no significant difference between the simulations computed with PARCS version
2.71 and 3.0 was observed for both the PWR and the BWR cases (see Figs. 3-1 and 3-2, and
Figs 3-9 and 3-10).

As regards the PWR case, the predictions achieved with PARCS reproduce the main variations
of the radial and axial power distributions over the core, and show a good agreement in the
range of a few percents (see, for instance, Figs. 3-3 and 3-6, and Table 3-2). However, the
PARCS simulation at the beginning of a fuel cycle seems to overestimate the power in the
center of the core, and to underestimate the power at the periphery, whereas, at the end of a
fuel cycle, the situation is the opposite.

Concerning the BWR application, it was found that the PARCS results can capture quite well the
behavior of the axial core power, although quite significant discrepancies can be observed in the
radial power distribution (see, for instance, Figs. 3-14 and 3-17, and Table 3-4). The reason
behind this shortcoming seems to be due to the fact that the control rod model implemented in
PARCS is not fully adequate for describing multiple composition control rods as is the case for
BWRs (e.g., see Fig. 3-11 together with Fig. 3-17). In this regard, the PARCS team has
announced that work has already started to resolve such an issue [15].

For the effective multiplication factor £, calculations give reasonable values with respect to the
critical value: within £200 pcm for most of the PWR cases, and between +437.1 pcm and -731.8
pcm for the BWR cases (again, see Tables 3-2 and 3-4).

In the framework of this study, an alternative interface was also developed and verified
successfully for both PWR and BWR applications (see Fig. 2-3), and allows creating the
PMAXS files (that are needed for PARCS to generate the cross-sections and the neutron kinetic
parameters with respect to the nodal reactor core conditions) directly from the SIMULATE-3
output and library files. No CASMO-4 input file is necessary to create the PMAXS files, as is for
instance the case with the GenPMAXS interface. The developed interface thus represents an
alternative and complementary procedure to generate cross-sections data to PARCS, in
comparison with GenPMAXS.
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