
Research Article
Control Rod Modeling and Worth Calculation for a Typical 1100
MWe Nuclear Power Plant Using WIMS/D4 and CITATION

Izza Shahid,1 Nadeem Shaukat ,2 Amjad Ali,1 Meer Bacha,1 Ammar Ahmad,1

Muhammad Tariq Siddique,3 Rustam Khan,1 Sajjad Tahir,1 and Zeeshan Jamil4

1Department of Nuclear Engineering, Pakistan Institute of Engineering and Applied Sciences, P.O. Nilore 45650,
Islamabad, Pakistan
2Center for Mathematical Sciences (CMS), Pakistan Institute of Engineering and Applied Sciences, P.O. Nilore 45650,
Islamabad, Pakistan
3Department of Physics and Applied Mathematics (DPAM), Pakistan Institute of Engineering and Applied Sciences,
P.O. Nilore 45650, Islamabad, Pakistan
4Key Laboratory of Neutronics and Radiation Safety, Institute of Nuclear Energy Safety Technology, Chinese Academy of Sciences,
Beijing, China

Correspondence should be addressed to Nadeem Shaukat; nadeem_shaukat07@hotmail.com

Received 3 May 2021; Revised 7 December 2021; Accepted 15 December 2021; Published 5 January 2022

Academic Editor: Arkady Serikov

Copyright © 2022 Izza Shahid et al. +is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

A typical 1100 MWe pressurized water reactor (PWR) is a second unit installed at the coastal site of Pakistan. In this paper,
verification analysis of reactivity control worth by means of rod cluster control assemblies (RCCAs) for startup and operational
conditions of this typical nuclear power plant (CNPP) has been performed. Neutronics analysis of fresh core is carried out at
beginning of life (BOL) to determine the effect of grey and black control rod clusters on the core reactivity for startup and
operating conditions. +e combination of WIMS/D4 and CITATION computer codes equipped with JENDL-3.3 data library is
used for the first time for core physics calculations of neutronic safety parameters. +e differential and integral worth of control
banks is derived from the computed results. +e effect of control bank clusters on core radial power distribution is studied
precisely. Radial power distribution in the core is evaluated for numerous configurations of control banks fully inserted and
withdrawn. +e accuracy of computed results is validated against the reference values of Nuclear Design Report (NDR) of 1100
MWe typical CNPP. It has been observed that WIMS-D4/CITATION shows its capability to effectively calculate the reactor
physics parameters.

1. Introduction

One of the most crucial tasks in controlling a nuclear reactor
is to ensure its criticality. Neutron population must be in-
creased slowly and in a very controlled manner when a
nuclear reactor is starting up. +ere are three types of re-
activity controls used in a nuclear reactor: burnable poison,
chemical shim (boric acid), and moveable control rods. +e
moderator temperature coefficient decreases and becomes
less negative with the increase of boric acid concentration.
Since concentration of soluble boron significantly affects the
moderator temperature coefficient at beginning of life, at

very high concentration of boron, the positive moderator
temperature coefficient at beginning of life is allowed to a
certain limit.+erefore, the negative moderator temperature
coefficient is ensured during power operational condition by
reducing the soluble boron concentration and burnable
poison rods used in the 1st cycle. In conventional pressurized
water reactor (PWR) designs, soluble boron is used for
reactivity control over core fuel cycle. Insertion of positive
reactivity as a result of boron dilution accident due to
sudden reduction of the boron concentration has a negative
impact on PWR safety. Soluble boron corrosion presents a
significant maintenance problem for pressurized water
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reactors, which use borated water to control reactivity
during normal plant operations. Soluble boron can severely
degrade low-alloy and carbon steel under the right condi-
tions. Borated water leaks can lead to significant corrosion
problems due to boric acid concentration as the water boils
off or evaporates [1, 2]. Compact burnable BAmaterials have
been used as an alternative to the traditional materials (i.e.,
B4C and Ag-In-Cd). Different properties including higher
density, good thermophysical properties, radiation resis-
tance, and swelling resistance are possessed by these ma-
terials. Gadolinium, erbium, dysprosium, hafnium, and
dysprosium as the most interesting rare earth nuclides for
neutron absorption have already been studied in PWRs for
cycle length extension. It has been observed that these
suggested control rodmaterials achieve a satisfactory control
rod worth (CRW) which is comparable with the CRW of the
standard AIC control rods [3]. +e effect of Europium and
Pyrex on the neutronic characteristics of PWR has also been
studied and compared with the traditional burnable ab-
sorbers (i.e., B4C and Ag-In-Cd). +e thermal neutron flux
and the power distributions have been analyzed in PWR
assembly to investigate the effect of Gadolinium and Eu-
ropium on it. +rough burnup calculations, 239Pu and 241Pu
concentrations have been calculated for the suggested BAs
materials [4].

Control rod reactivity worth calculation is pivotal for a
nuclear reactor. Control rods are used for scramming of the
reactor in case of an emergency [5–8]. After shutdown, the
control rods provide the excess reactivity to the core during
reactor startup in Xenon peaking. Control rod worth also
depends upon location as neutron flux is a function of
position in the core. Control rod worth is also a function of
fuel and moderator temperature [8]. Control rod worth can
be estimated using experimental procedures such as rod-
drop method, positive period method, method of inverse
kinetics, and periodic power modulation [9]. During the
nuclear reactor design phase, we need software that can
model a nuclear reactor core to its realistic conditions for
analysis and benchmarking purposes. Control rod reactivity
worth determines the reactivity swing when control rods
move from full withdrawn to full insertion position. Re-
activity worth of control rods can be assessed in two ways
which are differential worth and integral worth. Integral
worth is the total reactivity worth of the rod at that particular
degree of withdrawal and is usually defined to be the greatest
when the rod is fully withdrawn. Differential worth is the
reactivity change per unit movement of the control rod and
is expressed in units of reactivity per unit length. +e re-
activity worth is largest in the vicinity of maximum neutron
flux which is usually at the center [10]. +e rod cluster
control assemblies (RCCAs) provide a mean of independent
reactivity control system for the typical 1100 MWe CNPP.
+e RCCAs provide offset to compensate the reactivity ef-
fects arising from changes in fuel and moderator density and
the accompanying power level change over the entire range
from full load to no load. An important feature of this
reactivity control system is the incorporation of black and
grey control rods which provide better load follow capability
[10–12].

Deterministic and stochastic methods can be used to
estimate control rod worth. In deterministic methods,
neutron transport equation is solved to generate macro-
scopic cross-sections for assemblies and diffusion equation is
solved for the whole core calculations [7]. Batan-2diff which
is a 2-dimensional diffusion theory code has been used for
the modeling of the whole core. Axial buckling is provided
while analyzing a 2D core [10]. +e control rod reactivity
worth of VVER-1000 reactor has been estimated in a PWR
type reactor having 163 hexagonal fuel assemblies. Each fuel
assembly includes 311 fuel rods, 18 guide channels, one
central tube, and one tube for instrumentation. DRAGON4
has been used to simulate the fuel assemblies and reflector to
compute group constants. In next step, these generated
cross-sections are fed to DONJON4 to simulate the reactor
core. DONJON4 solves the diffusion equation to simulate
the core [12]. +e results obtained by DRAGON4/DON-
JON4 were compared with those results obtained by Fadaei
and Setayeshi [13] in their analysis of the same reactor using
WIMS and CITATION. +ey explain that WIMS/D4 ex-
tracts the microscopic cross-sections from its library tape.
Using this data, it calculates the macroscopic cross-sections
for eachmaterial, incorporating the resonance shielding.+e
preliminary spectrum has been computed (many groups,
few regions) using probabilitymethods while for the neutron
transport (many regions, condensed groups) either WDSN
or collision probability can be employed [14–23].. +e re-
activity worth of two control rods of the GRR-1 reactor has
been assessed using the deterministic code system NITAWL
[24] and XSDRNPM [25], both modules of the SCALE
system, and CITATION [26]. +ey used a Monte Carlo
based code TRIPOLI [27–29] for stochastic approach.

WIMSD and CITATION have not been used previously
for the domestic typical 1100 MWe CNPP for the analysis of
reactivity control. In the present study, analysis of reactivity
control by means of black and grey control rod clusters is
presented for both the startup and operational conditions of
this typical nuclear power plant. +e objective of this work is
to verify the reactivity effects of black and grey rods on core
power distribution. In this perspective, control rods worth
and associated reactivity effects upon power distribution
have been analyzed for several core configurations at startup
and operational conditions. A comparison of computed
results with the reference values contained in Nuclear De-
sign Report (NDR) is also presented.

2. Reactor Description

+e reactor core of typical 1100 MWe CNPP consists of 177
fuel assemblies (FAs). Each assembly is composed of 17×17
rod array comprising 264 fuel rods, 24 guide tubes, and one
instrumentation thimble. Fuel rods contain slightly enriched
uranium dioxide pellets which are stacked in cold pressed
Zr-4 tubes. Fuel assemblies are loaded with three different
enrichments in the initial core; these are 1.8%, 2.4%, and
3.1%, respectively. +e instrumentation thimble located at
the center of assembly provides a channel for insertion of an
in-core neutron detector. +e guide tubes for control rods
and the instrumentation tube are made of zircaloy. Basic

2 Science and Technology of Nuclear Installations



information of core technical data is mentioned in Table 1.
Two regions consisting of 2.4% and 1.8% enrichments are
distributed to form a partial checkerboard pattern in the
central portion of the core. +e third region contains the
highest enrichment and is arranged around the periphery of
the core [30].

2.1. Fuel Enrichment andLoading. Asmentioned earlier, fuel
assemblies of the initial core are grouped according to three
regions of enrichment, which are 1.8%, 2.4%, and 3.1%
which consist of 61, 68, and 48 fuel assemblies, respectively.
Fuel assemblies in the two low enrichment regions are mixed
in the central region of the core in a checkerboard array. Fuel
assemblies with highest enrichment are placed on the pe-
riphery of the core. Reactor core is designed with 12-month
fuel management strategy with one-third of fuel assemblies
to be discharged every year [30].

2.2. Rod Cluster Control Assemblies. +ere are 61 rod cluster
control assemblies (RCCAs), out of which 49 are black and
12 grey clusters. +e length of each control rod absorber is
4088.1mm. +e absorber material of black rods is Ag-In-Cd
with weight composition: Ag 80%, In 15%, and Cd 5%. +e
grey rods are AISI 304 SS bars. +e RCCAs are categorized
into control rod banks and shutdown rod banks [30].

2.3. Control Rod Banks. Control rod banks are further
categorized into two types: power compensation banks and
temperature regulation banks. Power compensation banks
(G1, G2, N1, and N2) are used to control core reactivity
changes associated with step load changes and control power
distribution. In Mode-G, grey rods (less absorbing control
rods) are used to minimize perturbations of the core power
distribution during rod insertion. With optimized over-
lapping, black and grey rods together provide full com-
pensation for reactivity changes due to power level changes
and reduce deformation in axial power distribution. Tem-
perature regulation bank (R) controls core average tem-
perature in order to maintain an accurate adjustment of
reactivity by optimizing power axial distribution and re-
sidual reactivity changes [30].

2.4. ShutdownRodBanks. Shutdown rod banks (SA, SB, and
SC) are employed in case of reactor trip to shut down the
reactor. Together with the control rod banks, shutdown rod
banks drop into the core simultaneously to ensure negative
reactivity required for shutdown [30].

2.5.ControlBankRandIts InsertionLimits. +e control bank
R provides fine adjustments of core reactivity independently.
It has very high negative reactivity which allows it to provide
temporary assistance to grey control banks during rapid
power transients where reactivity insertion of the grey banks
is limited by the maximum rate of control rod displacement
[30].

2.6. Burnable Poison Assembly. A burnable poison assembly
consists of burnable poison rods attached to a hold-down
assembly. Burnable poison rods are made of borosilicate
glass tubes (12.5% B2O3) which are contained in casing of
stainless steel. +e burnable poison rods provide partial
control of excess reactivity available during the 1st cycle.
Burnable poison is used to accommodate excessive reac-
tivity, reduce the boron concentration in the coolant in the
first core, maintain the negative moderator temperature
coefficient of reactivity, and obtain the uniform radial power
distribution of the core.+ere are 1248 burnable poison rods
in the initial core with specific arrangement shown in NDR
[30].

2.7. Neutron Source Assembly. +e purpose of the neutron
source assembly is to provide a base neutron level to ensure
that the neutron detectors are operational and responding to
core multiplication neutrons. Both the primary and sec-
ondary neutron source rods are used in the initial core. +e
primary source rod contains Cf-252, which releases neutrons
spontaneously during first fueling and start-ups. +e sec-
ondary source rod contains a stable material (Sb-Be), which
is activated by neutron bombardment during reactor op-
eration [30].

Number densities in barn/cm for fuel assemblies and
burnable poison assemblies are calculated. Fuel used in fresh
core is UO2 with a density of 10.257 g/cm3 at HZP. Pres-
surized helium gas is used between the fuel rods and inner
cladding. Zircaoly-4 with a density of 6.55 g/cm3 is used for
fuel rods cladding. For material information in WIMS/D4,
we either can opt for direct number density input or can give
weight percent composition. +erefore, weight percent
composition was given as the input for cladding. +e
concentration of 1073 ppm of borated water is used as
coolant and moderator.

+e number density calculations of borosilicate glass as
burnable poison using the information provided in Table 1
are performed.+emass fraction of B2O3 is 12.5% in the first
cycle of fresh core. Stainless steel (AISI 304) is used for the
cladding of burnable poison; density used for SS (AISI 304)
is 8 g/cm3. Material consisting of silver, cadmium, and in-
dium is used in control rods with a density of 10.17 g/cm3.
Stainless steel (AISI 316L) is used for the cladding of control
material; density used for SS (AISI 316) is 7.9 g/cm3.

3. Modeling and Simulation

Two available numerical solution techniques offered by
WIMS/D4 are Discrete-Ordinate SN (DSN) and Collison
Probability (PERSEUS). WIMS version using DSN method
based on cylindrical/slab SN is applicable for pin cell and
clustered with smeared region, while PERSEUS method uses
first flight collision probability applicable to all 4 spatial
models. DSN method solves transport equation in one di-
mension (r) while discretizing the direction variable (Ω).
PERSEUS uses collision probability methods to solve
transport equation in one dimension r. Fuel assemblies of
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K-2 reactor core are modeled by WIMS/D4 code in DSN
method and PERSEUS method [11, 13].

WIMS (Winfrith Improved Multigroup Scheme) is a
general-purpose multigroup transport theory based de-
terministic code. +e version used here was developed in
1980 [11]. Reactor lattices can be modeled in WIMS for
calculation of neutronic fluxes and multiplication factors.
Cylindrical and slab geometries are the two main lattice
types that can be modeled using WIMS. For the setting of
WIMS input, it requires the material and geometric in-
formation from the user and uses a microscopic cross-
section data library for neutronics calculations to generate
macroscopic cross-sections. WIMS solves neutron
transport equation to generate macroscopic cross-sec-
tions which are used by CITATION to simulate the
complete core.

CITATION is designed to solve problems using the fi-
nite-difference representation of neutron diffusion theory,
treating up to three space dimensions with arbitrary group-
to-group scattering. It has also been designed to attack
problems which can be run in a reasonable amount of time.
Storage of data is allocated dynamically to give the user
flexibility in dimensioning. Typically, a finite-difference
diffusion problem could have 200 depleting zones, 10,000
nuclide densities, and 30,000 space-energy point flux values
[11, 13].

Reactor core is modeled in hot zero power (HZP) with
fuel, clad, and moderator at 564K. Control rod worth cal-
culations are performed at critical boron concentration for
comparison of results with those mentioned in typical 1100
MWe CNPP Nuclear Design Report (NDR). +e boron

concentration for all the control rod clusters out at the
beginning of cycle 1 is considered to be 1073 ppm. In NDR
calculation results, ELEMENT code uses microscopic data
macroscopic constants for homogenized core regions, in-
cluding group constants for control rods with self-shielding.
COROCA code based on 2D 2-group diffusion evaluation
theory is used for core calculations. In the present study,
WIMS/D4 and CITATION codes are used for cross-section
generation and core calculations.

Water reflector is considered around the core. Square PWR
assemblies cannot bemodeled in the used version ofWIMS/D4;
therefore, cylindrical rod cluster has been used conserving the
rod pitch, assembly pitch, and assembly volume. Square lattice is
modeled in the form of ring. Annular material region of each
rod is specified together with its dimensions and position in (R,
Θ) plane. Figure 1 represents the conversion of square geometry
to cylindrical rod cluster [23].

For the determination of reactivity worth of control rods,
macroscopic cross-sections are generated by WIMS/D4 and
these cross-sections are given as input to CITATION which
shall be used to model the full core. +e procedure can be
represented in the following way:

(1) Macroscopic cross-section data is generated using
WIMS/D4 for each region like fuel, burnable poison,
and cluster rod assemblies

(2) Using the cross-sections generated above, the whole
core is modeled in CITATION providing geomet-
rical information for generation of effective multi-
plication factor, neutronic fluxes, and average power
densities

Table 1: Reactor core description (cycle-1) [30].

Active core Fuel assemblies
Equivalent diameter, cm 322.8 Number 177
Core average active fuel height, first core, cm (cold dimensions) 365.76 Rod array 17 × 17
Height-to-diameter ratio 1.13 Rods per assembly 264
Total cross-section area, cm2 81848 Rod pitch, cm 1.26

Fuel rods Overall transverse dimensions, cm 21.4 × 21.4
Number 46728 Number of guide thimbles per assembly 24
Outside diameter, mm 9.5 Composition of guide thimbles Zircaloy-4
Diametric gap, mm 0.17 Fuel pellets
Clad thickness, mm 0.57 Material UO2

Clad material Zircaloy-
4 Density (percent of theoretical) 95

Absorber rod cluster control assemblies Fuel enrichments w%
Neutron absorber Ag-In-Cd Region 1 1.8
Composition, % 80, 15, 5 Region 2 2.4
Diameter, mm 8.661 Region 3 3.1
Length, mm 3607 Diameter, mm 8.192
Density, g/cm3 10.17 Height, mm 13.46
Cladding material AISI 316L Burnable poison rods (first core)
Clad thickness, mm 0.47 Number of assemblies with BP rods 80

Grey rod cluster control assemblies Material Borosilicate glass
Number of grey RCCAs 12 Outside tube, O. D, mm 9.675
Number of absorber rods per cluster 12 Outside tube, I. D, mm 8.738

Black rod cluster control assemblies Poison O. D, mm 8.54
Number of black RCCAs 49 Poison I. D, mm 4.83

Number of absorber rods per cluster 24 Inner tube, O. D, mm 4.615
Inner tube, I. D, mm 4.275
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Figure 2 shows the working scheme of WIMS/D4 and
CITATION. JENDL-3.3 is used as WIMS/D4 microscopic
cross-section library. +e full core including 177 fuel as-
semblies is modeled in CITATION giving macroscopic
cross-sections for each assembly. Suitable mesh spacing is
selected. Most of the calculations are performed with 2D
model of the core giving axial buckling in the input. Dif-
ferential worth is calculated using 3D model of the core in
CITATION. Water reflector is considered around the core.

4. Numerical Results and Discussion

Reactivity is calculated in pcm while the relative error (RE)
in reactivity is calculated using the following formula:

relative error [%] �
calculated value − reference value

reference value

􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌
× 100. (1)

A number of analyses have been carried out to calculate
integral worth of all control banks for the critical core at
startup conditions. +e core power distribution has also
been determined for some configurations of control rod
banks at hot zero power (HZP). +e control banks worth is
calculated at beginning of cycle, hot zero power (HZP), and
no xenon (NOXE) conditions for the critical core (with
average critical boron concentration). +ese results have
been compared with the reference data quoted in NDR for
typical 1100 MWe CNPP.

+e individual reactivity worth of control rod banks has
been calculated using both DSN and PERSEUS sequence.
+e results are compared with the NDR values and shown in
Table 2.+e calculated bank worth for N1 andN2 using DSN
sequence is 799 pcm and 1144 pcm, respectively, having the
difference of less than 10% from the reference values, while
using PERSEUS sequence, these are 4.75% and 1.66%, re-
spectively, having a difference of less than 5% from the
reference values as shown in Table 2. +e control rod worth
calculated from DSN sequence for SA, SB, SC, and R is
1040 pcm, 1266 pcm, 719 pcm, and 1201 pcm, respectively,
which differ from reference data by 0.76%, 0.31%, 0.7%, and
2.12%, respectively. +e control rod worth calculated from
PERSEUS sequence for SA, SB, SC, and R is 995 pcm,

1233 pcm, 664 pcm, and 1158 pcm, respectively, which differ
from reference data by 5.1%, 2.93%, 6.95%, and 5.7%, re-
spectively. +e calculated value of control rod worth of bank
G1 using DSN sequence at BOL, HZP, and NOXE is 516 pcm
and for control bank G2, the value is 991 pcm which differ
from the reference value by 21.7% and 22.3%, respectively.
+e calculated value of control rod worth of bank G1 using
PERSEUS sequence at BOL, HZP, and NOXE is 507 pcm and
for control bank G2, and the calculated worth is 986 pcm
which differ from the reference value by 16.1% and 17.7%,
respectively. +ese differences are due to the homogeniza-
tion effect of diffusion theory code. In actuality, there is more
heterogeneity in these banks while the macroscopic cross-
sections generated by WIMSD are homogenized.

Radial power distribution has been evaluated for the
various configurations of rodded (control bank fully
inserted) and unrodded (control bank fully withdrawn)
core at BOL and NOXE conditions.+e analysis for relative
power distribution is performed for fresh core with re-
flector at HZP, ARO, and no xenon using PERSEUS se-
quence. +e plot for the corresponding radial power
distribution is shown in Figure 3(a). Relative power dis-
tributions for fresh core with reflector at HZP, no xenon
with bank G1 inserted, with bank G1 and G2 inserted, with
bank R1 inserted, with bank R1 and G1 inserted, with bank
R1, G1 and G2 inserted and with Bank R1, G1, G2, and N1
inserted using PERSEUS sequence are shown in
Figures 4(a) to 4(f ), respectively. Grey control rod as-
semblies (G1 and G2) being heterogeneous assemblies
produces a notable error. +e reason for somewhat higher
percentage error in radial power on the assemblies at the
core periphery is homogenization theory. Simple flux-
volume averaged cross-sections are used in transport/dif-
fusion theory codes rather than discontinue factors of
advanced equivalent homogenization theory. +e flux near
the reflectors show understandable slope and the diffusion
theory becomes no more applicable in the vicinity of ab-
sorbing materials or reflectors. Moreover, the other pos-
sible reasons of these discrepancies may come from
difference of library and computational model (energy
groups homogenization and geometry approximations).

Figure 1: Conversion of square lattice assemblies into rod cluster assemblies.
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+e power distribution for fresh core with reflector at
HZP, ARO, and no xenon using DSN sequence is shown in
Figure 3(b). Relative power distributions for fresh core with
reflector at HZP, no xenon with bank G1 inserted, with bank
G1 and G2 inserted, with bank R1 inserted, with bank R1
and G1 inserted, with bank R1, G1 and G2 inserted and with
Bank R1, G1, G2, and N1 inserted using DSN sequence are
represented in Figures 5(a) to 5(f ), respectively.

In the first case given below, differential and integral
worth of bank G1 at BOL, HZP with no xenon is calculated.
+e results for differential and integral are shown in
Figures 6(a) and 7(a), respectively. Differential and integral
worth of bank G2 (G1 inserted), of bank N1 (G1 and G2
inserted), at BOL, HZP, and no xenon is calculated. +e
results for differential and integral are shown in Figures 6(b)
and 7(b), respectively. Differential and integral worth of

Table 2: Results for individual reactivity worth of control rod banks.

Rod banks inserted NDR
Reactivity worth using DSN sequence

(pcm)
Reactivity worth using PERSEUS

sequence (pcm)
CITATION Relative error (%) CITATION Relative error (%)

SA 1048 1040 0.76 995 5.1
R 1227 1201 2.12 1158 5.7
SB 1270 1266 0.31 1233 2.93
SC 714 719 0.7 664 6.95
N1 839 799 4.76 801 4.75
N2 1042 1144 9.78 983 1.66
G1 424 516 21.7 507 16.1
G2 810 991 22.3 986 17.7
Total worth 7374 7671 4.03 7281 0.09
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Figure 2: Calculation scheme for WIMSD and CITATION.
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H G F E D C B A
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0.00 0.00 3.29 2.02 0.91 6.45 0.00 2.83
0.79 0.84 0.89 0.96 1.05 1.14 1.16 1.19
0.79 0.86 0.92 0.99 1.07 1.15 1.16 1.12
0.00 2.33 3.26 3.03 1.87 0.87 0.00 6.25
0.88 0.89 0.92 0.96 0.99 1.05 1.23 0.96
0.91 0.92 0.96 1.00 1.04 1.09 1.23 0.84
3.29 3.26 4.17 4.00 4.81 3.67 0.00 14.3
0.97 0.96 0.96 0.96 0.98 0.95 0.87
0.99 0.99 1.00 1.01 1.02 1.00 0.84
2.02 3.03 4.00 4.95 3.92 5.00 3.57
1.10 1.06 1.00 0.98 0.95 0.98 0.71
1.09 1.07 1.04 1.02 1.01 1.00 0.64
0.91 0.93 3.85 3.92 5.94 2.00 10.9
1.33 1.15 1.06 0.96 0.98 0.83
1.24 1.15 1.09 1.00 1.00 0.73
7.26 0.00 2.75 4.00 2.00 13.7
1.19 1.16 1.24 0.87 0.72
1.19 1.16 1.23 0.84 0.64
0.00 0.00 0.81 3.57 12.5 Calculated
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0.75 0.81 0.85 0.93 1.00 1.12 1.16 1.28
0.79 0.86 0.92 0.99 1.07 1.15 1.16 1.12
5.06 5.82 7.61 6.06 6.54 2.61 0.00 14.3
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0.91 0.92 0.96 1.00 1.04 1.09 1.23 0.84
6.59 7.61 7.30 8.00 4.81 3.67 7.32 25
0.91 0.93 0.92 0.95 0.97 0.98 0.90
0.99 0.99 1.00 1.01 1.02 1.00 0.84
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1.03 1.00 0.99 0.97 0.98 1.00 0.75
1.09 1.07 1.04 1.02 1.01 1.00 0.64
5.50 6.54 4.81 4.90 2.97 0.00 17.2
1.17 1.12 1.06 0.99 1.00 0.87
1.24 1.15 1.09 1.00 1.00 0.73
5.64 2.61 2.75 1.00 0.00 19.2
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Figure 3: Radial power distribution of cycle 1 at HZP, ARO, and no xenon (a) using PERSEUS sequence and (b) using DSN sequence.
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5.81 4.54 5.32 4.08 4.80 2.68 1.54 16.6
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0.82 0.90 0.98 1.05 1.08 1.08 0.91
7.31 6.66 4.08 5.71 2.78 2.78 6.59
0.53 0.87 0.99 1.05 1.07 1.12 0.82
0.62 0.92 1.04 1.08 1.11 1.11 0.71
14.5 5.43 4.81 2.78 3.60 0.90 15.5
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Figure 4: Continued.
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bank N1 (G1 and G2 inserted), of bank N2 (G1, G2 and N1
inserted), of bank R1 (G1, G2, N1 and N2 inserted) at BOL,
HZP, and no xenon is calculated. +e results for differential
and integral worth are shown in Figures 6(c), 6(d), 7(c), and
7(d), respectively. With the insertion of control rod banks,

more heterogeneity is being added in the system while cross-
sections used are homogenized. +is additional heteroge-
neity will add further error in the system. +is error can be
reduced by using some advanced codes having better ca-
pability of handling heterogeneity.
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0.55 1.00 1.4 1.17 1.09
0.48 0.96 1.36 1.11 0.95
14.5 4.00 2.94 5.41 14.7
0.83 1.10 1.05

8

9

10

11

12

13

14

15 0.73 0.95 0.88
19.0 15.8 19.32

Calculated
Reference
% Error

(d)
H G F E D C B A
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0.78 0.73 0.77 0.73 0.55 0.88 0.54 0.86
10.3 8.22 12.9 15.1 20.0 2.27 9.26 15.1
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0.68 0.61 0.37 0.63 0.53 1.12 1.56 1.25
0.77 0.68 0.38 0.72 0.67 1.18 1.50 1.01
11.6 10.3 2.63 12.5 20.9 5.08 4.00 23.7
0.63 0.63 0.63 0.86 1.11 1.33 1.30
0.73 0.74 0.72 0.99 1.22 1.41 1.22
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0.64 1.14 1.58 1.34 1.25
0.54 1.07 1.50 1.22 1.06
18.5 6.54 5.33 9.83 17.9
1.03 1.35 1.27

8

9

10

11

12

13

14

15 0.86 1.11 1.01
19.7 21.6 25.7

Calculated
Reference
% Error

(e)

H G F E D C B A

0.36 0.33 0.23 0.47 0.49 1.16 0.86 1.44
0.39 0.35 0.24 0.57 0.62 1.18 0.78 1.30
7.69 5.71 4.17 17.5 20.9 1.69 10.3 10.8
0.33 0.35 0.36 0.51 0.74 1.21 1.51 1.86
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0.23 0.37 0.28 0.53 0.52 1.27 1.95 1.68
0.24 0.41 0.29 0.63 0.67 1.38 1.96 1.42
4.17 9.76 3.45 15.8 22.4 7.97 0.51 18.3
0.48 0.53 0.54 0.67 0.82 1.23 1.41
0.57 0.63 0.63 0.78 0.9 1.31 1.32
15.8 15.8 14.3 14.1 8.88 6.11 6.81
0.50 0.75 0.53 0.82 0.61 1.23 1.13
0.62 0.88 0.67 0.90 0.57 1.17 0.95
19.4 14.7 20.9 8.89 7.01 5.13 18.9
1.19 1.24 1.29 1.24 1.24 1.15
1.18 1.32 1.38 1.31 1.17 0.91
0.85 6.06 6.52 5.34 5.98 26.4
0.88 1.56 1.99 1.43 1.14
0.78 1.50 1.96 1.32 0.95
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Figure 4: Radial power distribution of cycle 1 using PERSEUS sequence at HZP, no xenon with (a) bank G1 inserted, (b) bank G1 and G2
inserted, (c) bank R1 inserted, (d) bank R1 and G1 inserted, (e) bank R1, G1, and G2 inserted, and (f) bank R1, G1, G2, and N1 inserted.
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Calculated
Reference
% Error
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0.72 0.71 0.76 0.71 0.49 1.00 1.21 1.20
0.79 0.77 0.86 0.82 0.62 1.10 1.20 1.11
8.86 7.79 11.6 13.4 20.4 9.09 0.83 8.11
0.71 0.76 0.78 0.80 0.82 1.05 1.21 1.38
0.77 0.84 0.88 0.90 0.92 1.09 1.19 1.18
7.79 9.53 11.4 11.1 10.87 3.67 1.68 16.95
0.77 0.78 0.85 0.89 0.98 1.09 1.41 1.15
0.86 0.88 0.94 0.98 1.04 1.12 1.30 0.90
10.5 11.4 9.57 9.18 5.77 2.67 8.46 27.7
0.71 0.80 0.89 0.98 1.03 1.08 0.99
0.82 0.90 0.98 1.05 1.08 1.08 0.91
13.4 11.1 9.18 6.67 4.63 0.00 8.79
0.49 0.82 0.98 1.03 1.09 1.13 0.86
0.62 0.92 1.04 1.08 1.11 1.11 0.71
20.9 10.9 5.77 4.63 1.80 1.80 21.1
1.00 1.05 1.09 1.08 1.13 1.00
1.10 1.09 1.12 1.08 1.11 0.82
9.09 3.67 2.68 0.00 1.80 21.9
1.21 1.21 1.42 0.99 0.86
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0.83 1.68 9.23 8.79 21.1
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Calculated
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0.72 0.69 0.71 0.63 0.47 1.10 1.46 1.52
0.86 0.83 0.88 0.80 0.60 1.18 1.40 1.33
16.3 16.9 19.3 21.2 21.6 6.78 4.28 14.3
0.69 0.73 0.71 0.67 0.68 1.09 1.43 1.73
0.83 0.88 0.88 0.83 0.82 1.12 1.36 1.40
16.9 17.1 19.3 19.3 17.1 2.68 5.15 23.6
0.72 0.71 0.72 0.66 0.48 1.03 1.62 1.41
0.88 0.88 0.88 0.82 0.61 1.06 1.43 1.04
18.2 19.3 18.2 19.5 21.3 2.83 13.3 35.6
0.63 0.67 0.66 0.76 0.85 1.06 1.09
0.80 0.83 0.82 0.88 0.94 1.06 0.97
21.3 19.3 19.5 13.6 9.57 0.00 12.4
0.47 0.68 0.48 0.85 1.05 1.17 0.93
0.60 0.82 0.61 0.94 1.07 1.13 0.75
21.7 17.1 21.3 -9.57 1.87 3.54 24.0
1.10 1.09 1.03 1.06 1.18 1.07
1.18 1.12 1.06 1.06 1.13 0.85
6.78 2.68 2.83 0.00 4.42 25.9
1.46 1.44 1.63 1.10 0.93
1.40 1.36 1.43 0.97 0.75
4.29 5.88 13.9 13.4 24.0
1.52 1.74 1.41
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0.69 0.67 0.76 0.87 0.99 0.97 0.53 0.80
0.74 0.72 0.83 0.96 1.07 1.03 0.50 0.71
6.76 6.94 8.43 9.38 7.48 5.83 6.00 12.7
0.67 0.68 0.68 0.86 1.00 1.05 0.97 1.10
0.72 0.74 0.75 0.94 1.08 1.09 0.95 0.91
6.94 8.11 9.33 8.51 7.41 3.67 2.11 20.9
0.76 0.68 0.43 0.84 1.07 1.16 1.39 1.06
0.83 0.75 0.44 0.91 1.15 1.21 1.29 0.82
8.43 9.33 2.27 7.69 6.96 4.13 7.75 29.3
0.87 0.86 0.84 1.01 1.16 1.22 1.08
0.96 0.94 0.91 1.09 1.24 1.26 1.02
9.38 8.51 7.69 7.34 6.45 3.17 5.88
1.00 1.00 1.07 1.16 1.27 1.34 1.00
1.07 1.08 1.15 1.24 1.33 1.35 0.85
6.54 7.41 6.96 6.45 4.51 0.74 17.6
0.97 1.05 1.16 1.22 1.34 1.20
1.03 1.09 1.21 1.26 1.35 1.02
5.83 3.67 4.13 3.17 0.74 17.7
0.53 0.97 1.39 1.08 1.00
0.50 0.95 1.29 1.02 0.85
6.00 2.11 7.75 5.88 17.7
0.80 1.10 1.07
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0.62 0.59 0.64 0.64 0.46 0.78 0.53 0.85
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11.4 11.9 14.7 15.8 20.7 10.3 10.4 16.4
0.59 0.61 0.59 0.71 0.80 0.97 1.00 1.18
0.67 0.69 0.68 0.82 0.92 1.02 0.96 0.95

11.94 11.59 13.24 13.41 13.04 4.90 4.17 24.2
0.65 0.59 0.40 0.80 1.06 1.20 1.49 1.16
0.75 0.68 0.42 0.90 1.16 1.24 1.36 0.88
13.3 13.2 4.76 11.1 8.62 3.23 9.56 31.8
0.64 0.71 0.80 1.05 1.24 1.34 1.20
0.76 0.82 0.90 1.15 1.34 1.38 1.11
15.8 13.4 11.1 8.70 7.46 2.90 8.11
0.46 0.80 1.06 1.24 1.42 1.52 1.14
0.58 0.92 1.16 1.34 1.48 1.51 0.95
20.7 13.0 8.62 7.46 4.05 0.66 20.0
0.78 0.97 1.20 1.34 1.52 1.38
0.87 1.02 1.24 1.38 1.51 1.15
10.3 4.90 3.23 2.90 0.66 20.0
0.53 1.00 1.49 1.20 1.14
0.48 0.96 1.36 1.11 0.95
10.4 4.17 9.56 8.11 20.0
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0.58 0.58 0.53 0.57 0.63 0.95 1.15 1.45
0.73 0.74 0.68 0.74 0.78 1.01 1.07 1.11
20.6 21.6 22.1 22.9 19.2 5.94 7.48 30.6
0.60 0.53 0.33 0.58 0.52 1.12 1.69 1.40
0.77 0.68 0.38 0.72 0.67 1.18 1.50 1.01
22.1 22.1 13.2 19.4 22.4 5.08 12.7 38.6
0.55 0.58 0.58 0.85 1.09 1.37 1.35
0.73 0.74 0.72 0.99 1.22 1.41 1.22
24.6 21.6 19.4 14.1 10.6 2.84 10.7
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0.62 0.88 0.67 0.90 0.57 1.17 0.95
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1.18 1.32 1.38 1.31 1.17 0.91
12.7 9.09 7.25 3.82 5.13 28.6
0.85 1.56 2.14 1.47 1.18
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Figure 5: Radial power distribution of cycle 1 using DSN sequence at HZP, no xenon with (a) bank G1 inserted, (b) bank G1 and G2
inserted, (c) bank R1 inserted, (d) bank R1 and G1 inserted, (e) bank R1, G1, and G2 inserted, and (f) bank R1, G1, G2, and N1 inserted.
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Figure 6: Differential rod worth at HZP, BOL, no xenon of (a) bank G1, (b) bank G2 (G1 inserted), (c) bank N1 (G1 and G2 inserted), (d)
bank N2 (G1, G2, and N1 inserted), and (e) bank R1 (G1, G2, N1, and N2 inserted).
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Figure 7: Integral rod worth at HZP, BOL, no xenon of (a) bank G1, (b) bank G2 (G1 inserted), (c) bank N1 (G1 and G2 inserted), (d) bank
N2 (G1, G2, and N1 inserted), and (e) bank R1 (G1, G2, N1, and N2 inserted).
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5. Conclusions

In the present work, a software package based on computer
codes WIMS/D4 and CITATION equipped with JENDL-3.3
cross-section data library has been applied for the modeling
of control rod and for calculation of the reactivity worth of
the grey and black control rod clusters of a typical 1100
MWe CNPP. +e individual control banks worth has been
determined by analyzing its effect on reactivity for different
configurations of rodded and unrodded cores. +e conse-
quent variations in radial power distribution have also been
evaluated precisely. +e differential and integral worth of
control banks is derived from the computed results. +e
results are compared with the reference values cited in NDR
of the nuclear power plant. +e computed values of control
rod banks worth are found to be in good agreement with the
NDR values. Maximum deviation of 4.03% in combined
integral control rod worth of the reactor with DSN sequence
and 0.09% error with PERSEUS sequence is observed when
compared with reference results. Due to addition of more
heterogeneity in the system with the insertion of control rod
banks, a notable error is added in the system. +is error can
be reduced by using some advanced codes having better
capability of handling heterogeneity. +e radial power
distributions for different configurations of rodded and
unrodded cores are also found in reasonable agreement with
the design values, while the differences are large as compared
to reference values reported in NDR. Grey control rod as-
semblies (G1 and G2) being heterogeneous assemblies
produces a notable error due to the use of simple flux-
volume averaged cross-sections rather than discontinue
factors of advanced equivalent homogenization theory. It
can be concluded that the latest tools can be used for the
computation of neutronic safety parameters of nuclear re-
actor in various scenarios with acceptable accuracy, while
WIMS/D4 and CITATION can also be used to achieve
reasonable accuracy.
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