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a b s t r a c t

A criticality safety analysis was performed for the APR-1400 spent fuel pool region-II to ensure the safe
storage of spent fuel, with credit taken for depletion and in-rack neutron absorbers (Metamic panels).
PLUS7 fuel assembly was modeled using TRITON-NEWT of SCALE-6.1. The burnup-dependent cross-
section library was generated under limiting core-operating conditions with 5%-w U-235 initial
enrichment. MCNP5 was used to evaluate the neutron multiplication factor in an infinite array of rack
cells with the axially nonuniformly burnt PLUS7 assemblies under normal, abnormal, and accident
conditions; including all biases and uncertainties. The main purpose of this study is to investigate
reactivity variations due to the critical depletion and reactor operation parameters. The approach, as-
sumptions, and modeling methods were verified by analyzing the contents of the most important fissile
and the associated reactivity effects. The Nuclear Regulatory Commission (NRC) guidance on k-eff being
less than 1.0 for spent fuel pools filled with unborated water was the main criterion used in this study. It
was found that assemblies with 49.0 GWd/MTU and 5.0 w/o U-235 initial enrichment loaded in Region-II
satisfy this criterion. Moreover, it was found that the end effect resulted in a positive bias, thus ensuring
its consideration.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

After the highly radioactive spent fuel assemblies are dis-
charged from the reactor, they are handled through underwater
channels and stored in spent fuel pools (SFPs). The SFPs are filled
with water to provide cooling for the fuel and shielding from
radiation and to ensure safe storage of the assemblies [1]. Thus,
subcriticality should be maintained, and a study must be per-
formed under normal, abnormal, and accident conditions to
demonstrate the subcriticality margin. The main purpose of the
analyses is to ensure the integrity of the fuel while being stored in
the SFP [2]. Four APR-1400 units are currently being built at the
Barakah site in the United Arab Emirates. It is intended that the
spent nuclear fuel will be stored in the SFP at the reactor site
before being moved to a dry storage facility. The SFP will be a
water-filled pool and constructed of concrete with interior stain-
less steel walls. The SFPs are designed to safely hold up to 20 years'
spent fuel generation [3].

1.1. Spent fuel wet storage

Wet storage is an essential phase in the nuclear fuel cycle.
Current designs of SFP include high-density closely packed racks
that use neutron-absorbing materials such as Boral, Boraflex, or
Metamic [4]. SFP designs incorporate relatively simple, inherently
safe, and passive systems with multibarrier approach to ensure
confinement. This provides adequate safety through the storage
facility lifetime, which is on the order of decades [5]. The recent
designs can accommodate lifetime discharged fuel over periods of
up to 40 years [2].

1.2. Regulatory requirement

The spent fuel acceptance criteria (10 CFR-50.68), as amended in
[6], are that the effective neutron multiplication factor (k-eff) in the
SFP, including all biases and uncertainties, must not exceed 0.95, at
95% probability and 95% confidence level if flooded with borated
water, and credit is taken for soluble boron. If the SFP is flooded
with unborated water, the k-eff must remain below 1.0 at a 95%
probability and 95% confidence level [7].

Traditionally, criticality safety analyses of spent fuel assume the
fuel to be fresh. However, mainly economic considerations
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motivated a less conservative approach using burnup credit
methodology while maintaining a reasonable safety margin. This
implementation introduced new parameters, effects, and issues
that should be accounted for in criticality safety analyses (e.g., axial
and radial burnup profiles, end effect, depletion power history, and
others). Moreover, this introduced new uncertainty sources, and
their consideration became essential [8].

The purpose of the work described herein is to perform a criti-
cality safety analysis study for the APR-1400 PLUS7 in SFP with
Metamic absorbers while considering variations due to critical
parameters. Usually, the industry uses engineering judgment and
conventions to verify their assumptions. Our study will verify the
approach and assumptions, mostly by analyzing the most impor-
tant fissile isotopes due to different conditions and parameter
values (sensitivity studies). Specifically, depletion parameters
resulting in the most conservative fuel content are to be investi-
gated, such as the depletion power and boron concentration in
reactor coolant. The effects of the different modeling methods are
quantified and verified, such as the end effect, number of axial
nodes, and neutron absorber quality. Accident scenarios are
modeled in a more realistic approach, and the usual practice to
assume that PLUS7 and CE 16 � 16 assemblies are similar in
neutronic performance is analyzed for criticality safety purposes.

2. Case study

The k-eff is evaluated for APR-1400 PLUS7 fuel placed in a high-
density SFP. All the biases and uncertainties under normal,
abnormal, and accident conditions are taken into account. As-
sumptions, criteria, and approach follow standard regulations and
guidance [9,7].

2.1. Fuel assembly design

The design parameters of the 16 � 16 pressurized water reactor
(PWR) PLUS7 fuel are shown in Table 1. The fuel is licensed to reach
60 GWd/MTU burnup level. The maximum anticipated fuel initial
enrichment (5.0 w/o U-235) and 49.0 GWd/MTU average burnup
are used. ZIRLO is used as the claddingmaterial and for guide tubes.
The fresh fuel (5.0 w/o U-235) and ZIRLO compositions are shown
in Table 2.

2.2. Spent fuel rack design

High-density racks are used to accommodate the spent fuel
assemblies [10]. The size of the racks can be 7� 8 or 8� 8. Region-II
of the SFP is considered in this study as it has no flux traps, i.e., no
water between adjacent cells, and it is designed for long-term
storage [11]. The design and material data for these racks are
shown in Tables 3 and 4, respectively.

3. Computational models and methodology

3.1. Depletion calculations

One-quarter PLUS7 assembly was modeled using TRITON-
NEWT [12] to generate the burnup-dependent cross-section li-
brary using the SCALE 238-group ENDF/B-VI cross-section library
(V6-238), as shown in Fig. 1. Fresh fuel with the maximum
enrichment of 5.0 w/o U-235 was used in the depletionmodel, with
no axial blankets or burnable absorbers. SCALE-6.1 standard ma-
terials were used for the radial gap gas (Helium), uranium dioxide,

Table 1
PLUS7 fuel assembly design data.

Number of fuel rods 236
Array 16 � 16
Number of guide tubes 5
Fuel pellet diameter 0.8192 cm
Fuel rod inner diameter 0. 8357 cm
Fuel rod outer diameter 0.95 cm
Rod-to-rod pitch 1.2852 cm
Assembly width (outer rod to outer rod) 20.229 cm
Gap between adjacent fuel rods 0.3353 cm
Guide thimble inner radius 1.1430 cm
Guide thimble outer radius 1.2445 cm
Fuel active height 381.0 cm

Adopted from [3].

Table 2
Fresh fuel assembly material composition.

Fresh fuel UO2 (5 w/o U-235)a

U-234 0.04423 w/o
U-235 5.0 w/o
U-236 0.023 w/o
U-238 94.9328 w/o
Density 10.519 g/cm3

Cladding Material- ZIRLOb

Chromium 0.10 w/o
Iron 0.21 w/o
Zirconium 98.24 w/o
Tin 1.45 w/o
Density 6.578 g/cm3

a Adopted from SCALE-6.1 materials library [12].
b Adopted from [13].

Table 3
Spent fuel rack design data (Region-II).

Cell height from baseplate top to rack top 459.0 cm
Rack-cell pitch (Region-II) 22.5 cm
Cell inner dimension 22.0 cm
Cell wall thickness 0.25 cm
Neutron absorber thickness 0.2 cm
Neutron absorber width 18.40 cm
B4C loading in neutron absorber 31.0 w/o
Sheathing thickness 0.06 cm
Sheathing width 18.40 cm

Note: adopted from [11].

Table 4
Spent fuel rack material composition.

Neutron absorber (METAMIC)a

Magnesium 0.69 w/o
Aluminum 67.068 w/o
Silicon 0.4414 w/o
Titanium 0.0607 w/o
Chromium 0.1345 w/o
Manganese 0.0607 w/o
Iron 0.2822 w/o
Copper 0.1897 w/o
Zinc 0.1007 w/o
Boron-10 4.85218 w/o
Boron-11 19.40872 w/o
Carbon 6.7391 w/o
Density 2.6415 g/cm3

Rack steel & sheathing (stainless steel 304 L)b

Carbon 0.0687#/barn/cm
Silicon 0.009793#/barn/cm
Phosphorus 0.000408#/barn/cm
Sulfur 0.000257#/barn/cm
Chromium 0.201015#/barn/cm
Manganese 0.010013#/barn/cm
Iron 0.684101#/barn/cm
Nickel 0.093725#/barn/cm
Density 1.068012#/barn/cm

a Adopted from [10].
b Adopted from [14].
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water, and ZIRLO guide tubes and cladding. Limiting reactor-oper-
ating conditions (Table 5) were used in the depletion calculations.
The limiting conditions were chosen to conservatively increase the
fissile content of the depleted fuel. For example, the maximum
depletion powerwas used as a limiting parameter. An average value
for the chemical shimming was adopted [7]. The effect of these
parameters and validity of assumptions are investigated in the re-
sults section. The depletion process was performed in steps, with
each step kept below 1.06 GWd/MTU to sufficiently capture the
change in cross sections with burnup.

3.2. Axial nodes distribution and composition

The end-of-cycle power profile for Hanbit unit-3 [16] was used
to construct 18 and 26 axial nodes with different burnup levels
(nodal powers) as shown in Fig. 2. Consequently, the MCNP as-
sembly model used for the criticality calculations incorporated
different axial burnup regions.

The spent fuel composition consisted of 328 isotopes. The
selected isotopes for the criticality analysis included both actinides
(U-234, U-235, U-236, U-238, Pu-238, Pu-239, Pu-240, Pu-241, Pu-
242, Am-241, Am-243, and Np-237) and fission products (Mo-95,
Tc-99, Ru-101, Rh-103, Ag-109, Cs-133, Sm-147, Sm-149, Sm-150,
Sm-151, Sm-152, Nd-143, Nd-145, Eu-151, Eu-152, and Gd-155). The
isotope selection was based on their chemical and nuclear stability,
as recommended by NRC [17].

3.3. Criticality calculations

The rack modeling and criticality calculations were performed
with MCNP5.1.4 with ENDF-VI cross-sectional data [18]. The
maximum k-eff associated with the in-rack model was calculated
using the following equation:

kmax
eff ¼ k

nom
þ Dk

bias
þ Dk

uncer
þ Dk

accident
(1)

where knom corresponds to the nominal case, Dkbias is the code
bias, Dkuncer is the statistical summation of all uncertainties, and
Dkaccident is the bias due to accident conditions. Biases account for
systemic differences in the calculational model, and the uncer-
tainty term accounts for the accuracy in the results in terms of
calculational accuracy, modeling, conditions, validation process
accuracy, etc. [19]. The maximum water density was implemented
in all cases. Fig. 3 shows the MCNP assembly model (XY-plane)
used in the criticality calculations. The nominal MCNP case for the
criticality calculations was a 3-D 4 � 4 array of rack cells with
periodic boundary conditions in the XY-plane directions. Fig. 4
shows the XY-plane design of two rack-cell types used in the
4 � 4 array model. Following the active fuel height, 30-cm layers of
water were added at the top and bottom with vacuum boundary
conditions.

Isotopic concentrations resulting from the depletion model
were implemented in the MCNP in-rack model. ORIGEN-ARP was
used to read the new burnup-dependent cross-section library for
PLUS7 assembly [12]. Fig. 5 shows the axial variations of Pu-239
and U-235 corresponding to different burnup levels in axial
nodes. It is important to note that the U-235 content in the spent
fuel was increased at the ends by increasing the number of axial
nodes (18 and 26 uniformly distributed nodes). The effect of vary-
ing the number of axial nodes is presented in Section 4.

Fig. 1. One-quarter PLUS7 assembly TRITON model.

Table 5
Limiting reactor-operating parameters.

Parameter Limiting value

Fuel maximum specific power 53 MW/MTU
Fuel maximum density 10.519 g/cm3

Fuel maximum temperature 1450 K
Clad maximum temperature 700 Ka

Moderator maximum temperature 617.98 K
Boron Concentration 855 ppm

a Adapted from [15], except this value was assumed.

Fig. 2. Segmented axial power profiles.

Fig. 3. A depleted 16 � 16 PLUS7 assembly MCNP design for in-rack model.
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3.3.1. Biases and uncertainties
The biases and uncertainties considered in this study were as

follows:

� Code bias uncertainty
� Manufacturing tolerances uncertainty
� Depletion calculations uncertainty
� Burnup measurement uncertainty
� Eccentric loading uncertainties
� Accident conditions bias

The code bias and uncertainty were used from relevant litera-
ture with a similar MCNP version and spent fuel rack design [20].
All biases and uncertainties were based on the 95/95 confidence
interval as reflected in equation (2):

Dk
i
¼ k

i
� k

ref
þ 1:645*

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2i þ s2ref

q
(2)

where ki is the in-rack k-eff for the ith case obtained using MCNP,
kref is the k-eff associated with the nominal case, 1.645 is the one-
sided 95/95 confidence level factor, and si and sref are the statis-
tical uncertainties. The ith in-rack case varies from cases with per-
turbed design parameters to cases with accident scenarios.
Moreover, for design purposes, the nominal case (kref) was changed

for the accident condition, where an SFP flooded with borated
water and 7 � 8 rack were modeled. Only positive biases were
included, only one per category. For example, the maximum posi-
tive accident scenario bias was accounted for.

Manufacturing tolerances were obtained from the literature
[13], and only the cases resulting in reactivity increase were
considered. The depletion uncertainty and burnup measurement
uncertainty were based on conventional methods [9]. Several
standard eccentric loading cases were investigated, and the case
resulting in the maximum uncertainty was used [7]. Three of the
modeled eccentric loading patterns are shown in Fig. 6. However,
recent studies have diminished the importance of eccentric loading
uncertainty because of the low probability of fuel handlers to
commit systematic off-centered loading [22].

The in-rack k-eff under accident conditions was estimated for
six different standard scenarios: misplaced fresh fuel assembly in
three locations, misloaded fresh fuel assembly, and horizontally
dropped fuel assembly on the rack top parallel to X and Y. The
scenario resulting in the maximum positive bias was used in
equation (1) to calculate the maximum k-eff. Misplaced fresh fuel
assembly on the perimeter of the rack is depicted in Fig. 7, near the
equipment-handling area. A centered-misplaced fuel assembly on
the periphery resulted in the maximum accident bias, for poison
panels with 75% B-10 areal density. For the 90% areal density, the
misplaced assembly on the rack perimeter, as demonstrated in
Fig. 7, resulted in the maximum accident bias.

4. Results

4.1. TRITON model verification

The TRITON model was based on PLUS7 design and material
data, and it followed usual practice of PWR assembly modeling
using SCALE where a one-quarter assembly is modeled with
reflective boundary conditions. The output isotopic compositions
were compared with the CE 16 � 16 SCALE standard library and to
PLUS7 isotopic compositions in the literature [16]. The calculated
isotopic compositions were expected to be different as they were
generated under bounding reactor-operating parameters, which is
demonstrated in Section 4.2. Tables 6 and 7 show the weight
percent of some important isotopes, especially the selected iso-
topes for the in-rack MCNP model obtained using ORIGEN-ARP.
Relative error with respect to the reference library is shown for
two cases; 40 and 53 MW/MTU depletion powers. The tables
confirm that the adopted limiting core-operating conditions in-
crease all the fissile content with respect to the normal operating

Fig. 4. Region-II spent fuel rack cells with PLUS7 assemblies placed inside (XY-plane).

Fig. 5. Variations of U-235 and Pu-239 concentrations axially in the spent fuel
assembly.
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conditions, demonstrating the conservatism in this study. In addi-
tion, Tables 6 and 7 show that CE 16 � 16 and PLUS7 have similar
neutronic performance under normal operating conditions only.
Thus, the assumption of using CE 16 � 16 data library to approxi-
mate PLUS7 performance in criticality related studies is due to
implementing limiting core-operating conditions in these studies.

4.2. Sensitivity studies

Several studies were performed to investigate the effect of the
reactor-operating parameters. The main two isotopes of concern
were Pu-239 and U-235. Their concentrations at different burnup
and fuel assembly types are shown in Fig. 8. As mentioned in sec-
tion 4.1, the limiting core-operating conditions tend to increase the
fissile material content, which is shown in Fig. 8A. Specifically,
those conditions increase Pu-239 and U-235 at 50 GWd/MTU
(relative to the normal operating conditions case) and verify the
model assumptions. Moreover, Fig. 8B compares the CE 16� 16 and
PLUS7 neutronic performances. This was concluded to be invalid for
criticality purposes because fissile material content is higher for
PLUS7 (with limiting conditions) than that of CE 16 � 16 at any
burnup level.

It is worth noting that in the TRITON model, temperatures were
adjusted manually to match the corresponding depletion power.
This is because TRITON-NEWT takes temperatures as inputs. The
material temperatures under limiting core-operating conditions
are those mentioned in Table 5. For normal conditions, standard CE
16 � 16 material temperatures with 40 MW/MTU were used.

Boron concentration in PWR coolant varies with time (begin-
ning of cycle, middle of cycle, and end-of-cycle). Usually, it starts
with ~2000 ppm and decreases with increasing burnup. For criti-
cality calculations, the average value of 855 ppm was used. A pre-
liminarily study of the effect of boron concentration (chemical
shimming) on the Pu-239 and U-235 was performed. Fig. 9 shows
the results of this study. Also shown in Fig. 9 is the effect of the
depletion powers, 53 and 40 MW/MTU along with the chemical
shimming.

As can be inferred from Fig. 9, high boron concentrations in the
coolant tend to increase the fissile contents (mainly Pu-239 and U-
235) relative to the casewhere operating conditions are normal and
at the same burnup. This can be understood because the negative
reactivity is higher, and a higher flux level is needed to compensate
for it. Owing to boron being a highly thermal neutron absorber
(high absorption cross section at thermal energies), the thermal

Fig. 6. All-shifted eccentric loading of spent fuel assemblies in their rack cells, MCNP model. (A) Upper-left shifting. (B) Upper-right shifting. (C) Clustered at one corner.
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flux will experience spectrum hardening. The fast flux will not be
highly affected and thus will enhance the Pu-239 production. This
effect is independent of the depletion power level (Figs. 9A and B).
The power level determines the content of any isotope at any
burnup level. For example, U-235 is being depleted faster in Fig. 9A
than in Fig. 9B. However, both cases experience spectrum hard-
ening due to high boron concentration in reactor coolant.

This effect is not only caused by high chemical shimming. Fuel
temperature has a similar effect as it leads to resonance broadening
(Doppler effect) resulting in a high conversion rate as well (Pu-239
production). Because the depletion power and fuel temperature are
highly correlated, the fuel temperature effect is implicitly pre-
sented in Fig. 8A.

4.3. Criticality calculations results

As per regulatory requirements, the boron-10 areal density must
be decreased to account for the uncertainty in homogenously
distributed boron carbide in Al-6061 in Metamic absorbers [7].
Thus, two cases are presented, one with 75% and another one with
90% B-10 areal density. In both cases, a spent fuel assembly with 5
w/o U-235 initial enrichment and 49.0 MWd/MTU average was
loaded in the APR-1400 SFP, Region-II. Table 8 summarizes the
criticality results. The final k-eff value was calculated using eq. (1).
The uncertainty term is the statistical summation of all
uncertainties.

The uncertainty term was found to be the largest contributor
among the biases and accident terms. Specifically, the depletion
uncertainty (due to cross-section library and other depletion fac-
tors) resulted in about 1200 pcm uncertainty in the final k-eff. This
is expected because the over-conservative conventional way of
taking 5% of the reactivity decrement was used to calculate this
uncertainty.

The 75% B-10 areal density resulted in a higher in-rack k-eff (less
B-10 in Metamic) than the 90% B-10 case, and accordingly, it was
used in the final k-eff calculations.

4.3.1. Effect of axial nodes
The effect of number of axial nodes on the in-rack k-eff is

presented in Table 9. The nominal case with 75% B-10 areal
density and 18 axial nodes is compared with 26 axial nodes with
75% B-10 as well. Although the nominal case from each study
resides within the confidence interval of the other, 18 axial nodes
case resulted in a higher in-rack k-eff. This agrees well with
previously reported Oak Ridge National Laboratory findings [21]
that 18 axial nodes are the best number of nodes for spent fuel
criticality purposes.

4.3.2. End effect
It is important to investigate the reactivity bias due to variation

in the burnup at the fuel assembly endings (end effect), relative to
the center [21]. This was performed by comparing the in-rack k-eff

Fig. 7. Spent fuel rack (8 � 7) with misplaced fresh fuel assembly. Green and Blue depict concrete and water (reflective water boundaries), respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

Table 6
Actinide concentrations from four different burnup libraries.a

Isotope Reference (wt%) CE � 16 � 16 (wt%) PLUS7 (cold) (wt%) PLUS7 (hot) (w t%) v% ¼ Rhot�RRef

RRef
ð%Þ

v% ¼ Rcold�RRef

RRef
ð%Þ

Pu-239 0.665 0.65719 0.67366 0.87683 31.85 1.30
Pu-240 0.281 0.26984 0.2708 0.30276 7.74 �3.63
Pu-241 0.181 0.18399 0.19057 0.2418 33.59 5.29
Pu-242 0.076 0.077049 0.071188 0.071505 �5.91 �6.33
U-234 0.0236 0.023491 0.023125 0.0225 �4.66 �2.01
U-235 1.18 1.1884 1.208 1.4201 20.35 2.37
U-236 0.696 0.69335 0.69057 0.6879 �1.16 �0.78
U-238 93.9 93.871 93.852 93.36 �0.58 �0.05
Np-237 0.0799 0.080194 0.074272 0.082263 2.96 �7.04
Am-243 0.0204 0.021524 0.019221 0.020973 2.81 �5.78

a Hot and cold refer to 53 and 40 MW/MTU depletion powers, respectively.
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for the nonuniform burnup with the uniform burnup case. It was
observed that a uniform burnup profile underestimates the in-rack
k-eff and that the nonuniform burnup resulted in a positive bias
with respect to the uniform burnup profile, see Table 10. This
conclusion is also in accordance with Oak Ridge National Labora-
tory findings [21]. For the 75% B-10 areal density, the nonuniform
burnup results in a 1.671 %Dk/k.

5. Conclusion

A criticality analysis was performed for the APR-1400 fuel stored
in SFP. The PLUS7 fuel assembly was modeled using SCALE/TRITON-
NEWT, and the resulting isotopic concentrations were compared

with reference values and also to CE 16 � 16 fuel assembly values.
Pu-239 and U-235 contents in the spent fuel were investigated for
different reactor operation conditions to capture the limiting core-
operating conditions in the depletion calculations.

In the criticality model, two cases were investigated; 18 and
26 axial nodes. The assembly average burnup was 49.0 GWd/
MTU with maximum anticipated initial enrichment 5 w/o U-235.
The final k-eff was evaluated with the inclusion of all biases (code
bias and accident conditions) and uncertainties (depletion,
eccentric loading, burnup, and manufacturing tolerances). The
temperature bias (on cross sections) was left as a margin in the
final k-eff.

Table 7
Fission products concentrations from four different burnup libraries.

Isotope Reference (w/o) CE 16 � 16 (w/o) PLUS7 (Cold) (w/o) PLUS7 (Hot) (w/o) Hot-case relative error (%) Cold-case relative error (%)

Xe-136 0.348 0.34739 0.34867 0.34959 0.46 0.19
Xe-134 0.238 0.23757 0.23637 0.23535 �1.11 �0.68
Ba-138 0.203 0.20284 0.20266 0.20092 �1.02 �0.17
La-139 0.19 0.18993 0.18975 0.18821 �0.94 �0.13
Cs-133 0.171 0.17047 0.16844 0.16557 �3.18 �1.50
Cs-137 0.188 0.18819 0.18678 0.18811 0.06 �0.65
Ce-142 0.174 0.17477 0.17459 0.17264 �0.78 0.34
Ce-140 0.196 0.19311 0.19252 0.19098 �2.56 �1.78
Nd-143 0.121 0.12068 0.12059 0.1251 3.39 �0.34
Pr-141 0.168 0.1677 0.16803 0.16475 �1.93 0.02
Mo-100 0.145 0.14537 0.14498 0.14477 �0.16 �0.01
Xe-132 0.174 0.17518 0.17244 0.17418 0.10 �0.90
Tc-99 0.119 0.11873 0.12131 0.12029 1.08 1.94
Nd-145 0.102 0.10255 0.10176 0.10004 �1.92 �0.24
Ru-101 0.119 0.11966 0.11936 0.11875 �0.21 0.30
Mo-95 0.105 0.10429 0.1043 0.098318 �6.36 �0.67
Rh-103 0.0629 0.061959 0.062131 0.063585 1.09 �1.22
Sm-150 0.0465 0.047135 0.048801 0.051413 10.57 4.95
Sm-152 0.0179 0.017907 0.014354 0.013524 �24.45 �19.81
Eu-153 0.018 0.01803 0.01793 0.018033 0.18 �0.39
Sm-151 0.00244 0.002465 0.001787 0.00238 �2.45 �26.77
Sm-147 0.011 0.01088 0.011711 0.008756 �20.40 6.46
Ag-109 0.0108 0.010818 0.010963 0.011772 9.00 1.51
Sm-149 0.000485 0.000351 0.000334 0.000465 �4.18 �31.17
Eu-151 0.000033 0.000003 0.000002 0.000003 �16.95 �31.81
Gd-155 0.000011 0.000009 0.000012 1.4026E-05 25.23 3.74

Fig. 8. U-235 and Pu-239 contents. (A) For different depletion power. (B) For CE 16 � 16 and PLUS7.
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The final k-eff, based on 95/95 tolerance limit, with 75% and 90%
B-10 areal density (18 axial nodes) was 0.99088 and 0.9845 (k-
eff < 1.0), respectively. The 18 axial nodes used in modeling the
burnup profile were shown to be limiting. Moreover, the end effect
was quantified, and the maximum bias due to end effect (using 18
axial nodes) was found to be 0.01671. This assures that the used
approach is conservative.
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Fig. 9. Pu-239 and U-235 content variations with burnup due to different boron
concentrations. (A) With 53 MW/MTU depletion power. (B) With 40 MW/MTU
depletion power.

Table 8
MCNP in-rack criticality results.

Term 90% B-10 75% B-10

Nominal k-eff 0.95935 0.96631
Dkbias 0.0029 0.0029
Dk uncertainty 0.01991 0.02020
Dkaccident 0.00236 0.00147
Final k-eff 0.98452 0.99088

Table 9
Effect of axial nodes number on the in-rack k-eff. Both cases are for 75% B-10 areal
density.

Case k-eff sk-eff

Nominal case (18 nodes) 0.96631 0.00027
Nominal case (26 nodes) 0.96614 0.00027
Dkbias DKnodes ¼ K18 � K26 þ

1:645�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
18 þ s2

26

q
DKnodes ¼ 0:0008

Table 10
In-rack k-eff with 49.0 GWD/MTU spent fuel assemblies. Nominal case corresponds
to the 18 axial nodes burnup.

Case 75% B-10 90% B-10

k-eff sk-eff k-eff sk-eff

Nominal case 0.96631 0.00027 0.95935 0.00010
Uniform burnup 0.95024 0.00028 0.94379 0.00010
End effect bias DKend effect ¼ Kaxial � Kuniform þ

1:645*
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2axial þ s2uniform

q
DKend effect 0.01671 0.0158
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