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A Monte Carlo method is a powerful and flexible approach for calculating heterogeneous fuel designs with the
aim of developing innovative fuel and core concepts, as the calculation precisely handles both the geometrical con-
figurations of a fuel assembly and the contained materials therein. However, a whole-core Monte Carlo burn up
calculation has not been feasible, because it requires large scale computing resources and time. Instead, a combina-
tion of a Monte Carlo method and a conventional deterministic method is more applicable. The continuous energy
Monte Carlo technique is used to generate the multi-group constants of a fuel assembly for a three-dimensional core
simulation, which uses a conventional deterministic method.

We have developed a multi-group constants generation system for a three-dimensional core simulator using the
results of a continuous energy Monte Carlo simulation with reasonable computation time. We also performed a tran-
sient calculation based on the three-dimensional core simulation made by the system.

We have performed verification analyses of the system using current BWR fuels and a BWR core configuration.
Compared with the current method, namely a multi-group constants generation system using the results of a deter-
ministic lattice physics code, the result of the newly developed system has shown good compatibility with the current
system on both core performance simulations and plant transient simulations.

KEYWORDS: continuous energy Monte Carlo, deterministic method, multi-group constants generation, 3-D

core simulation, transient calculation

I. Introduction

We need to develop a fuel and core analysis system in
order to efficiently and precisely develop next generation
nuclear fuels and cores with, for example, an over-5% en-
riched fuel, a super high burnup fuel, a mixed-oxide fuel
core, a long life cycle core, or a high power density core. We
have been developing a next generation fuel and core analy-
sis system based on the continuous energy Monte Carlo
technique which can precisely handle both the complex ge-
ometrical configurations and the material heterogeneities of
the aforementioned fuels and cores.

The continuous energy Monte Carlo technique can simu-
late various, complex geometrical configurations, can
precisely treat a self-shielding effect, and is one of the best
methods for fuel design and analyses with complicated ge-
ometries and enrichment distributions. With the latest
development in computer performance, the continuous en-
ergy Monte Carlo burnup technique has become commonly
applied,*? while the whole-core Monte Carlo technique has
been applied in the case of an initial core calculation. How-
ever, a whole-core Monte Carlo burnup technique with
thermal-hydraulic feedbacks still requires a large amount of
computing resources and time. Therefore, a combination of a
Monte Carlo technique and a conventional deterministic
method is both attractive and feasible. A continuous energy
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Monte Carlo technique is used to generate the multi-group
constants of a fuel assembly. Then, a nuclear-thermo cou-
pled 3-D core simulation is performed using a conventional
deterministic method. One proposition was to use a
cross-section generation method for a BWR core calculation
with the continuous-energy Monte Carlo technique.® How-
ever, a method that precisely evaluates a scattering matrix,
including self-scattering and up-scattering cross-sections has
not yet been established in Ref. 3). In order to cope with this
situation, one of the authors has proposed a method featuring
a multi-group scattering matrix generation via a
weight-to-flux ratio, and developed a multi-group constants
generation system by this method.”

We have developed a multi-group constants generation
system for a BWR 3-D core simulator based on a three neu-
tron group nodal expansion method by extending the above
multi-group constants generation system. The system is able
to evaluate discontinuity factors in addition to cross-sections
and diffusion coefficients.

This paper presents the developed multi-group constants
generation system for a BWR 3-D core simulator, the appli-
cation to a BWR 3-D core calculation and the plant transient
analysis based on the calculated core.

Section Il compares the multi-group constants generated
by the developed system to a current design system for a
BWR high burnup fuel; Section Ill describes major core
performances of ABWR equilibrium core by the developed
system; Section IV shows the application results for ABWR
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plant transient analysis; and Section V gives a brief conclu-
sion.

Il. Multi-Group Constants Generation for 3-D
Core Simulator

1. Multi-Group Constants Generation by Continuous

Energy Monte Carlo Technique

In this section, a multi-group constants generation system
for a BWR 3-D core simulator is shown.

The objective core simulator, NEREUS,” is based on the
three neutron group diffusion theory modeled with a nodal
expansion method. In a current design procedure, NEREUS
uses three group constants generated by a deterministic fuel
assembly design code TGBLA.® We have developed a mul-
ti-group constants generation system by a continuous energy
Monte Carlo burn up calculation code, MCNP-BURN2,Y
instead of TGBLA.

Historical and instantaneous parameter dependent mul-
ti-group constants are required for NEREUS calculation
such as diffusion coefficient, production cross-section, ab-
sorption cross-section by poison nucleus, neutron detector
fission cross-section, discontinuity factor and so on. These
multi-group constants are generated using various reaction
rates and neutron flux which are calculated utilizing
MCNP-BURN2 in accordance with the definition of each
parameter. The diffusion coefficient is calculated with the
generated scattering cross-section and the mean scattering
cosine of the Monte Carlo calculation. The discontinuity
factor is calculated with the fuel assembly average neutron
flux, assembly four side surface neutron flux and assembly
four side corner neutron flux.

In order to include the gamma heating into the power dis-
tribution, neutron and photon coupled Monte Carlo
simulation is adopted.

The method for generating multi-group constants is de-
scribed using the MCNP code.”

If we assume that volume V consists of a homogeneous
material, then neutron flux is expressed using the track
length estimator of the MCNP code as follows.

¢:zi WIVTII , (l)

where

w;: the i-th weight,

Tl;: the i-th track length,

V: volume,

2i: the sum of the track length passing through V.
After obtaining neutron flux ¢, the reaction rates are ex-
pressed as follows.

Absorption reaction rate: Z,x ¢

Production reaction rate: vEex ¢

Fission reaction rate: T ¢
Therefore, the gth energy group absorption cross-section
can be written as,
>, (E)¢(E)dE
;- J,Z. (E)(E) 2
[ #(E)dE
g
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where the above cross-section means the cross-section aver-
aged over volume V. Both the numerator and denominator of
Eq. (2) are obtained from the results of the MCNP code. In
this way, the absorption cross-section and the production
cross-section are easily processed in the continuous energy
Monte Carlo calculation. On the other hand, it is not possible
to process the scattering cross-section from energy group g
to energy group g’ in the same way. The energy’s starting
point and arrival point are needed to evaluate the scattering
cross-section. These values are usually not satisfied by a
continuous energy Monte Carlo code such as MCNP.
Moreover, the transport cross-section, which is utilized to
obtain the diffusion coefficient D, is not easily processed as
it requires the mean scattering cosine u, the scattering
cross-section Xsand the absorption cross-section X, as,

(FZi— py). ©)

The diffusion coefficient D is defined with the transport
cross-section as

P =t (1 — 1)Zs

_ 1 (4)
32 tr

where anisotropic diffusion is not considered.

The scattering cross-section is evaluated by using
weight-to-flux ratio method. We describe briefly the method
by using 3 energy groups as an example. We classify weight
w according to in-scattering group and out-scattering group.

Taking energy group humber 3, which consists of thermal
neutrons, as an example, we can write as follows.

W3= W3(l—)3)+W3(2—)3) +W3(3—>3)+W3(0), (5)

where

wsz(1—3): the weight generated through scattering in the
energy group 1,

wsz(2—3): the weight generated through scattering in the
energy group 2,

ws(3—3): the weight generated through self-scattering in
the energy group 3,

wz(0): the weight generated directly by a fission source or
the weight coming from a neighboring region.

The classified weights are then tallied. In Eg. (5), we omit
wz(0) in the fission term, which is normally negligible, be-
cause almost all neutrons emitted from fission reactions are
fast neutrons.

A scattering matrix is then written as the weight-to-flux
ratio.

_w(1-3) w13

z“s1—>3 -

wTl &
i 3:W3(2—)3):W3(2—)3), ©)
7 WZTIZ ¢2
~w,B->3) w(@B->3
e W3T|3 ¢3

In the MCNP calculation, the scattering matrix can be
obtained by these equations.

A weight is tallied according to the in-scattering group
and the out-scattering group when the weight experiences a
scattering reaction in volume V. Multi-group constants such
as diffusion coefficients and reaction cross-sections includ-
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Fig. 1 Surface for discontinuity factor calculation

ing the scattering matrix are prepared according to the pro-

cedure. The mean scattering cosine ;, is needed to deduce

the diffusion coefficients. Then, u is tallied when the neu-
trons experience scattering. By averaging these tallied u

values, ; is calculated. The diffusion coefficient D is con-

sequently deduced through Eqg. (4).

Discontinuity factors of the boundaries of an assembly
were defined as follows. The surfaces for the discontinuity
factors were shown by AreaA, Areal, AreaR and AreaF in
Fig. 1. The range of integration in numerator is over a sur-
face, while the range of integration in denominator is over a
whole volume.

reAreaAJ. dQJ. dE¢(|’ E Q) raWhuIeVqumeJ. d.QJ-:ldEgé(r,E,Q)

ADFAg =

rgArreaA J-re\/\yholeVolune

ADFLg = reAreaLJ dQI dE¢(r E.Q) reWImIeVDIm.[dQ I:ldE¢(r,E,Q)
J.rgArreaL .['gv\yholeVOIune

ADFRg = reAreaRJ‘dQJ. dE#(r,E,Q) rEWhOIeVUIunJ dQJ.:{dEﬂr'E,Q)
reArreaR reWholeVolune
for [ar

ADFFg = reAmaFI dQJ‘ dE¢(r E Q) l'éWhoIeVQmm;J.dQI:idEﬂrrEaQ)

J.rgArreaF J.rewrholeVqune
Discontinuity factors of the corners of the assembly were
defined as follows. An annular cell was assumed at each
corner. The scalar flux of the surface of the annular cell was
used for the calculation of the discontinuity factor. The
corners for the discontinuity factors were shown by CornerL,
CornerR, CornerA, CornerF in Fig. 1. The range of integra-
tion in numerator is over a surface, while the range of
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Fig. 2 Calculation geometry of fuel assembly

integration in denominator is over a whole volume.
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2. Comparison with Deterministic Method

We have compared the developed system based on the
MCNP-BURN?2 calculations with the current system based
on the TGBLA calculations on the multi-group
cross-sections, k-infinity and the discontinuity factor for the
STEP-IIIA type fuel installed in an ABWR core. We used
JENDL3.3” as the nuclear data library for the
MCNP-BURN2 calculation. The TGBLA calculations were
based on ENDF-B/V. We used the half symmetry analytical
configuration as shown in Fig. 2, considering the fuel as-
sembly symmetry.

UO, rods were treated as one region. Gadolinia bearing
UO; rods were divided into 10 regions in the radial direction.
Water rods and channel box were assumed as same as the
real dimension. Reflective boundary condition was used for
the axial boundary. Table 1 shows the summary of the

PROGRESS IN NUCLEAR SCIENCE AND TECHNOLOGY
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Table 1 Analytical condition for MCNP-BURN2

11.012.0 13.0 14.0 15.0 17.5 20.0 25.0 30.0 35.0

[GWd/t]  40.0 45.0 50.0 55.0 60.0 65.0 70.0 75.0

Power Density 50.5 W/cc

Fuel Type ABWR STEP-111A
Temperature  Fuel 900 K Clad 600 K Moderator 600 K
Library JENDL-3.3
) Burnup 10,000 x 50 cycle
History )
Group Constants Generation 10,000 x 100 cycle
1.3
12 —e— MCNP | |
y # ™= CRfull out = TGBLA| |
10 ‘f e —a+—MCONP | |
£ 0o i e —— TGBLA
£
07 CR full inserted
06 \
05 1 1 1
0 20 40 60 80

Burn—up (GWd/t)

Fig. 3 Comparison of k-infinity between MCNP and TGBLA

analytical condition. In the first step, isotope compositions
in each region are calculated through the burnup calculation
with MCNP-BURN2. Then, multi-group constants are cal-
culated using the isotope composition. In the second step,
void reactivity, Doppler reactivity, control rod reactivity and
so on are calculated. To keep high precision of those reac-
tivities, more histories for the second step are needed than
that for the first step.

Figure 3 shows the comparisons of k-infinity between
the developed system and the current system. The control
rod full drawn case and control rod full inserted case were
calculated at the 40% void condition, respectively. The
maximum difference was about 1.7%dk at the end of cycle
and the average difference was less than 0.8%dk, which is
relatively small, taking into account the library difference.®®

Figure 4 shows the comparisons of slowing down
cross-sections. The title of abscissa, neutron group number 1
means the down scattering from group 1 to 2, and 2 means 2
to 3.

In this figure, the cross-sections at the cycle exposure of
0GWAd/t, and void fraction of 0%, 40% and 70% were com-
pared. The difference was less than 2.0%, so it was found
that the scattering cross-sections are evaluated properly with
the developed system.

Figure 5 shows the comparison of discontinuity factors of
4 surface sides of the assembly and 4 corner sides of the as-
sembly, respectively. The factors were calculated at 0 GWd/t
and 40% void condition, in this example. The number fol-

VOL. 2, OCTOBER 2011

E o0 320 o

s 009 /Difference - " 3 1.5 E

g 008 - a 310 =

& 007 - 305 <

§ 0.06 «<Cross Section =

5 005 3 |B MCNP(OV)

c 004 3| ® TGBLA(OV)
§ 0.03 ﬁ O MCNP(40V)
= 0.02 — 3|0 TGBLA(40V)
S o0 -3 |mmMeNP(70V)
02; 0.00 L 3| @ TGBLA(70V)

1 2

Neutron Group Number

Fig. 4 Comparison of down scattering cross-sections
B
CL CB
Definition of R
Position Symbol
25 Cl CR
N O MCNP
g 20 B TGBLA
s
> 1.5
E
c
210
o
8
A 05
0.0
L1 L2 L3 Rl R2 R3 Bl B2 B3 F1 F2 F3
25 OMCNP [
B TGBLA
5 20
8
8
215
>
£
€10
o
2
805
0.0

CL1 CL2 CL3 CR1 CR2 CR3 CB1 CB2 CB3 CF1 CF2 CF3

Fig. 5 Comparison of discontinuity factors

lowing the position symbol means the neutron group number.
The differences of group 2 and 3 were less than 3%. Those
of the side surface were less than 1%. The difference of
group 1 by more than 10% is relatively large. TGBLA uses
the diffusion theory to calculate neutron flux in the assembly
while MCNP uses the transport theory. These theories might
cause the difference of group 1.

By comparison, the multi-group constants generation us-
ing a continuous Monte Carlo technique is a proper method,
and consistent with the deterministic method.

I11. Application to Core Performance Analysis

Using the three group constants generated with
MCNP-BURN2 and TGBLA as mentioned in Section Il, we
made the equilibrium ABWR core after 13 months of
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Table 2 Analytical condition for core design

Core thermal power (MW) 3926
Rated core flow (t/h) 52219
Core flow window 90 — 110 %/rated
Number of fuel assemblys 872
MLHGR (kW/m) = 44
MCPR = 1.35
Operation cycle 13 months
Average discharge burnup 45GWd/t
1] 1
1] 1] 2] 4] 4] 5
1] 4] 5] 4] 3] 4] 3
1] 1] 2] 4] 3] 4] 2] 5] 2] 5
1] 4] 4] 4] 3] 6] 3] 6] 3] 5] 2
2| 4] 3] 5[ 2] 6] 2] 4] 2[ 4] 3] 2 :New Fuel
1] 4] 4] 6] 2| 5] 3| 6] 3] 6/ 3] 6 3 :New Fuel
1] 4] 3] 6] 3] 4] 3] 4] 2] 4] 2] 4] 2] 5 :2nd Cycle
1] 4] 5] 2| 4] 2| 2| 3] 6] 3] 6] 3] 5] 2 :3rd Cycle
2[ 4] 2] 5{ 3] 2[ 2[ 4] 2[ 4] 2] 4] 3] 2 :4th Cycle
1] 4] 3] 6] 3] 4] 3] 4] 3] 6] 3] 6] 3] 5] 3 :5th Cycle
1] 4] 3] 6] 2] 6] 2] 6] 2] 6] 2] 4] 3] 5] 2] 5
1] 5] 4] 3] 4] 3] 4] 3] 4] 3] 4] 2] 2] 3] 5] 3
2] 4] 2[ 6] 2] 6] 2[ 6] 2] 6] 3] 2f 2[ 4] 3[ 2
1] 4] 3] 5] 3] 4] 3] 4] 3] 4] 3] 5] 3] 4] 3] 6] 4
1] 4] 4] 2] 5] 3] 6] 2] 5] 3] 5] 2] 5] 3] 6] 2] 5
1]3[ 4] 5] 2] 2] 4] 5] 2] 2] 3] 4] 2] 6] 3] 4] 2

Fig. 6 Fuel loading pattern for ABWR core simulation

operation using a 3-D core simulator, NEREUS, and com-
pared the major parameters of core performance, such as
k-effective, reactivity margin, shutdown margin, maximum
linear heat generation rate (MLHGR) and minimum critical
power ratio (MCPR). The core design condition used is
summarized in Table 2 and the fuel loading pattern is shown
in Fig. 6. The fuel loading pattern was a rotational symmetry
and the control cell was formed with the 4th cycle high
burnup fuels.

Figure 7 shows the comparison of k-effective versus cy-
cle exposure. The k-effective value, calculated using the
group constants generated by MCNP-BURN2, is about
0.7%Ak, which is larger than TGBLA.

The difference is most likely caused by the nuclear data
library difference between JENDL-3.3 and ENDF-B/V,
since the difference was consistent with the differences in
which have been reported by some critical experiment anal-
yses.59

Figure 8 shows the comparison of excess reactivity
(%AK). The difference was almost constant during the fuel
burnup and the value (~ 0.7%Ak ) was consistent with the
difference of the above k-effectives.

The comparison of MLHGR is shown in Fig. 9. The
comparison of MCPR, which is very important for the tran-
sient analysis, is shown in Fig. 10. The difference of
MLHGRs was less than 3%. The MLHGR calculated using
the group constants generated by MCNP-BURN2 was
smaller than that calculated using the group constants gener-
ated by TGBLA. The MCPR calculated using the group
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constants generated by MCNP-BURN2 was about 0.006 to
0.03 higher than that calculated using the group constants
generated by TGBLA. These results show that both calcula-
tions are consistent with each other.

We studied the effects of statistical deviations on mul-
ti-group constants. We calculated the sensitivity of
multi-group constants by changing the number of neutron
histories. As an example, Fig. 11(a) shows the change of
absorption cross-section as a result of changing the number
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of histories. Figure 11(b) shows the change in the disconti-
nuity factor as a result of changing the number of histories.
The result of 500,000 histories case calculation was used as
the standard case. The statistical error of neutron flux in a
fuel region was less than 0.5%. The statistical error of reac-
tion rate in a fuel region depends on nuclides and the type of
reaction. The statistical error of fission rate or absorption
rate for major nuclides such as ?°U, U or *°Pu was ap-
proximately 1%. As shown in Fig.11, even if the number of
neutron histories is reduced by half, the deviations in the
absorption cross-section are at most 0.3%. In the same way,
the deviations of discontinuity factor are at most 0.5%.

IV. Application to Plant Transient Analysis

Using the equilibrium ABWR core described in Sec-
tion 111 as the initial core condition, we carried out some
typical plant transient analyses using a best-estimate BWR
safety and transient analysis code, TRACT.!? TRACT sim-
ulates the BWR reactor vessel and core region in 3-D
geometry. Other major BWR plant systems, including con-
trol systems, are also simulated. The neutron kinetics model
used in TRACT is consistent with that in NEREUS at its
initial point and it is solved with a modified quasi-static
method.™

Figure 12 shows the comparison of the reactor power re-
sponses after all recirculation pumps has been tripped. In this
case, we used the core condition with the cycle burnup of
9.9 GWd/t when the MCPR difference is largest between the
MCNP core, created with the three group constants by
MCNP-BURN2, and the TGBLA core, created with the
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Fig. 13 Comparison of MCPR responses

three group constants by TGBLA. The relative difference of
the reactor power responses is less than 2%.

Figure 13 shows the comparison of the MCPR responses.
The MCPR responses in this figure are calculated by
TRACT, and therefore the initial MCPR values are slightly
larger than those by NEREUS, about 0.02. The difference
between MCPRs increases over time. However, the differ-
ence at the minimum value of MCPR is almost the same as
the initial difference, about 0.025. The MCPR value using
the MCNP core is larger than that using the TGBLA core.

Finally, we will give one example of application of a
pin-power reconstruction model for a transient analysis. The
fuel rod integrity as a result of the heat removal by the core
coolant during the transient event is very important for the
plant transient performance evaluation. MCPR is commonly
used as the safety index for the fuel integrity evaluation dur-
ing plant transient events. The fuel pin-power distribution,
especially the location of highest pin-power is very im-
portant for the MCPR evaluation. Thus, we applied a
pin-power reconstruction model to plant transient analyses to
evaluate the sensitivity of the pin-power change to the tran-
sient responses of the MCPRs.

We chose a core power oscillation induced by neu-
tron-thermal hydraulic coupled instability to be the transient
phenomenon. Figure 14 shows the STEP-IIIA assembly
configuration used for the ABWR equilibrium core calcula-
tion and the fuel pin position, the power of which is analyzed
below. It is a 9 x 9 lattice fuel assembly and it contains 8
part length rods in order to reduce the core pressure drop to
improve the channel stability, the mechanism of which is
based on the density-wave oscillation.



60000000& Q Water Rod
CL@LLO0 @0
8888‘0888 @  Part Length Rod
02 @ Q_o@o @ GdRod
00000 |64
O’OO‘IO'OO 16-71 in Position
020020060 68 "
\OO 000D 0Q/ 169

Fig. 14 Fuel rod configuration and pin position in STEP-IIIA
type fuel assembly

Figure 15 shows the hot channel’s (with the largest radial
power peak in a core) power response compared to the fuel
pin power located at the axial exit region of the hot channel.
All power was normalized at each initial value. The ampli-
tude of the channel power reached about 50%, however the
largest pin power amplitude was less than 4%. The channel
power responses were in-phase with the center positioned
pin power and out-phase with the peripherally positioned pin
power at the axially core exit region. The pin power ampli-
tude of the gadolinia bearing rod at the position of 6-8 was
quite small. The MCPR responses reflected with the pin
power change had almost the same value as the response
calculated without the pin power change. The difference was
only 0.003 when the channel power amplitude reached 50%.
So the effect of the pin power change was negligible during
such a neutron flux oscillation phenomenon. However, the
situation might be changed in the case of a plant transient
event with a control rod movement during which the pin
power could change drastically.

V. Conclusion

We developed a multi-group constants generation system
for a 3-D core simulator using the continuous energy Monte
Carlo technique. Comparing the developed system to the
current system based on a deterministic lattice code, the
generated multi-group constants were in agreement with
each other.

We applied the system to an ABWR equilibrium core
analysis. Major parameters for core performance such as
k-effective and MCPR were in agreement with the current
system, within the difference allowed by the nuclear library.

We also applied the equilibrium core to typical plant tran-
sient analyses. The major transient related parameters were
consistent with those in the current system.

Finally, we confirmed the validity of the continuous en-
ergy Monte Carlo based multi-group constants generation
system, the core simulation, and the plant transient calcula-
tion. We will apply the developed system to research and
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Fig. 15 Comparison of pin power and channel power responses

design next generation nuclear fuels, cores, and plants.
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