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a b s t r a c t

Due to ever-growing advancements in computers and relatively easy access to them, many efforts have
been made to develop high-fidelity, high-performance, multi-physics tools, which play a crucial role in
the design and operation of nuclear reactors. For this purpose in this study, the neutronic Monte Carlo
and thermal-hydraulic sub-channel codes entitled MCNP and COBRA-EN, respectively, were applied for
external coupling with each other. The coupled code was validated by code-to-code comparison with the
internal couplings between MCNP5 and SUBCHANFLOW as well as MCNP6 and CTF. The simulation re-
sults of all code systems were in good agreement with each other. Then, as the second problem, the core
of the VVER-1000 v446 reactor was simulated by the MCNP4C/COBRA-EN coupled code to measure the
capability of the developed code to calculate the neutronic and thermohydraulic parameters of real and
industrial cases. The simulation results of VVER-1000 core were compared with FSAR and another nu-
merical solution of this benchmark. The obtained results showed that the ability of the MCNP4C/COBRA-
EN code for estimating the neutronic and thermohydraulic parameters was very satisfactory.
© 2020 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

A lot of efforts have been made to develop precise reactor
simulation tools for the design, safety analysis, and optimization of
nuclear reactors. Developers intend to replace these tools with the
industrial standard best-estimate (BE) methods in the future [1].
The neutronic and thermohydraulic calculations are the most
important problems in simulating the performance of a reactor;
and since the neutron spectrum and thus the power distribution
are strongly dependent on the thermohydraulic properties of the
coolant, the coupling between the neutronic and thermohydraulic
computations is of high importance for better analysis of the
reactor core.

In the nuclear coupled codes, both the Monte Carlo and Deter-
ministic methods are utilized for solving the neutron transport
problem. The advantage of using theMonte Carlo method is the use
of continuous cross-section libraries as well as the capability of
these methods to accurately model the complex geometries, while
.

by Elsevier Korea LLC. This is an
the superiority of the deterministic methods is their higher
problem-solving speed. The thermo-hydraulic tools used in the
nuclear coupled codes are also divided into three categories: sub-
channel codes, system codes and computational fluid dynamics
(CFD).

A coupled code that uses the Monte Carlo method to solve the
neutron transport problem and takes the sub-channel code as the
thermohydraulic tool is presented in this study. Numerous studies
have been carried out regarding the coupling of these two cate-
gories of codes, for example: coupling between MCNP5 and SUB-
CHANFLOW [2], MCNP6 and CTF [3] for predicting pin-power
distribution in a PWR fuel assembly, SERPENT and SUBCHANFLOW
to completely simulate a PWR reactor under hot full power state
[1]. In addition, the coupling between MCNP and STAFAS codes was
used for the analysis of designing a proposed fuel assembly of an
HPLWR [4]. Coupling betweenMCNPX and COBRA-4 codes was also
used at the pin and channel level of fast reactor applications [5]. In
coupled MCNP5/CTF/NEM/NJOY code [6] besides the MC and sub-
channel codes, a nodal diffusion code NEM for providing an initial
power profile and a cross section generation code NJOY for creating
the temperature dependent cross sections was used to obtain an
accurate result in a reasonable amount of CPU time.
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This study presents an external coupling between the MCNP
neutronic code and the COBRA-EN sub-channel code that can be
applied in the calculation of the neutronic and thermohydraulic
parameters of light water reactors. In this coupling, the axial power
distribution in each fuel rod and fuel assembly is first calculated by
the MCNP code, then a new input is generated for the COBRA-EN
sub-channel code to calculate the thermohydraulic parameters
based on the axial power distribution. In the next step, a new input
is built for the MCNP code on the basis of the new thermohydraulic
parameters in such away that the temperatures of the fuel, clad and
coolant, as well as the coolant density change. This process is
repeated until convergence is achieved. This program can perform
calculations both on a global (assembly) scale and on a local (sub-
channel) scale. To verify the coupling code for local scale calcula-
tions, a PWR 3*3 mini-assembly benchmark is selected. A code-to-
code comparison is made between the benchmark simulation re-
sults of the developed MCNP/COBRA-EN coupled code with the
results of the MCNP5 and SUBCHANFLOW internal coupling codes
as well as MCNP6 and CTF codes. To measure the developed code
capabilities for global scale calculations, the VVER-1000 reactor is
studied using the coupled code. The calculation results is compared
to the plant FSAR [7] and another uncoupled COBRA-EN calculation
conducted by Ref. [8].
Fig. 1. Flow chart of the coupling procedure between the codes.
2. Materials and methods

2.1. Procedure of coupling between MCNP4C and COBRA-EN codes

In this study, an external coupling was employed; in other
words, the coupling between the two codes was done just by data
exchange. The MCNP4C code is used to calculate the power distri-
bution in the fuel rods/assemblies based on the initial data. This
predicted power distribution is put into the COBRA-EN input in
order to obtain temperature of fuel, clad and coolant, as well as the
density of the coolant in each axial node. Then, these thermal-
hydraulic parameters are employed in a new MCNP input, while
the nuclear cross section for fuel, clad and coolant is changed
correspond to the calculated temperature. Fig. 1 illustrates the flow
chart of the process between the nuclear codes of MCNP4C and
COBRA-EN.
2.2. Geometry defining

In the coupling process, the geometry is defined in both codes
despite the fact that they have different geometry meshes. When
the same geometry is modeled in the both codes, the geometry can
be mapped between them. In the coupled program, two methods
are considered for geometry definition and mapping: 1) rod based
in which a rod and it's around channels are defined as a unit cell in
MCNP4C; and 2) channel based in which MCNP4C uses the exact
geometry that COBRA-EN is modeling. Fig. 2 illustrates geometry
mapping methods for a 2 � 2 bundle. In the first method, coolant
density and coolant temperature are averaged values over the sub
channels around the rod. In the axial direction, a node in COBRA-EN
code represents the boundary of a volume cell, while a node in the
MCNP code represents the center point of the volume cell of a fuel
rod or sub-channel. Therefore, for data transfer between the two
codes, the averaged value in a COBRA-EN mesh is mapped to the
corresponding node in MCNP at the cell center.

For the purpose of coupling between two codes, an input file
should be prepared for mapping to specify 1) the type of material:
fuel, cladding, or moderator, 2) location of the cell: the fuel pin
number or sub-channel number, and 3) axial location, foe each
corresponding mesh in MCNP and COBRA-EN input files.
2.3. Power distribution in the MCNP code

The F6 tally card is related to heating energy calculation in the
MCNP code. It obtains the energy that is released into the cell by
fission, neutrons and prompt gammas. This data is provided as a
normalized value per fission neutron per unit mass. (MeV/g/
fission). So, a subroutine was provided to transform these values to
the volumetric heat rate that the COBRA-EN is required to.
2.4. Nuclear cross section data

Nuclear cross-sections strongly depend on temperature. The
most important effects results from temperature change in a PWR
reactor are Doppler Effecting the fuel, neutron spectrum hardening
and thermal expansion of themoderator. To analyze these effects in
the MCNP4C code precisely, the cross sections and the thermal
scattering kernels should both be broadened for the given
temperature.

In the present research, a new cross-section library was made
from ENDF/B7 at 50 K temperature intervals. For the clad and
coolant, the nuclear data were applied for the closest temperature
since the MCNP code automatically performs the normalization of
the scattering cross sections by the TMP card. For the fuel, the
Doppler broadening is not carried out by theMCNP code, hence, the
pseudo-material approach is employed in order to obtain more
accurate cross-section data. In this approach, atomic mixture of the
material composition was determined by the combination fraction
X, calculated by making a linear interpolation for cross sections in



Fig. 3. Specifications of the PWR reactor mini-assembly.

Fig. 2. Different geometry mapping methods in the coupled code.
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the temperatures at hand and the averaged fuel temperature, Tf,
that is extracted from COBRA-EN. The combination technique
means that the calculated averaged fuel temperature lies within a
high temperature, Thigh, and low temperature, Tlow, values available
in the library [2]:

S
�
Tf
�
¼ wlowSðTlowÞ þwhighS

�
Thigh

�

whigh ¼
ffiffiffiffiffi
Tf

q
� ffiffiffiffiffiffiffiffiffi

Tlow
p

ffiffiffiffiffiffiffiffiffiffi
Thigh

q
� ffiffiffiffiffiffiffiffiffi

Tlow
p

wlow ¼ 1�whigh

(1)

Where the temperatures are in MeV.
The MCNP code uses a thermal treating based on the free gas

approximation. In the current work, new thermal scattering cross
sections files were made from NJOY code for the moderator at 1 K
temperature intervals, and the extracted data were then selected
for the nearest temperature in each coupling iteration.
Table 1
General characteristics of the PWR reactor mini-assembly.

Parameters Data

Total Length (m) 3.9
Number of axial nodes 10
2.5. Convergence criteria

Convergence was figured out for the fuel temperature, and the
temperature and density of the moderator for all fuel rods, sub-
channels and axial levels. Convergence criteria were not used for
the power profiles due to statistical uncertainties calculations in
the MCNP4C code. The criteria of the convergence were checked by
using the following relations:
���rnm;z � rn�1

m;z

���< ε1���Tnm;z � Tn�1
m;z

���< ε2���Tnfm;z � Tn�1
fm;z

���< ε3

(2)

When Eq. (2) meets all the rods and axial levels, the conver-
gence is met. Otherwise, a new MCNP4C calculation is made
through the new feedback parameters in an attempt to start a new
iteration for coupling.
Inlet coolant temperature (K) 563.15
Coolant mass flow rate (kg/s) 2.58
Total Power (MW) 0.532
Exit Pressure (MPa) 15.8
Pin radius (cm) 0.475
Pellet radius (cm) 0.411
Guide tube radius (cm) 0.6175
Number of control rod groups 3.9
2.6. Relaxation acceleration

The above-mentioned iteration does not guarantee convergence
for the Monte Carlo-thermal hydraulic coupling process. In this
regard, a modification is needed in order to eliminate the fluctua-
tions in the flux and fuel temperature. Large peaks in the predicted
power pave theway for the iterative processes to obtain large peaks
in temperatures. In the successive iteration, this increase in tem-
perature leads to a rise in neutron capture through the Doppler
Effect, causing a flux local inclination and a peak in a different place
when the power is constant. The easiest way to prevent this type of
error in iterations is to put some types of relaxation schemes into
operation. In the coupled code, two different relaxation accelera-
tion methods were employed: 1) Traditional under-relaxation, 2)
Iteration-averaged relaxation.

In order to apply the under-relaxation method, at least two it-
erations is needed. The under-relaxation method is used for the
outputs of the COBRA-EN code consisting of moderator density and
temperature distributions of moderator and fuel before being used
to generate the new inputs for the MCNP code in order to begin the
next iteration. The mentioned outputs, used as the inputs of the
MCNP code, are denoted by rnm;z, T

n
m;z and Tn

fm;z. These parameters
are obtained from the MCNP code from the previous iteration, and



Fig. 4. Axial temperatures of the coolant for the PWR mini-assembly.

Fig. 5. Coolant densities of the PWR mini-assembly.

Fig. 6. Axial temperatures for rod numbered 2 in the PWR mini-assembly.

A. Safavi et al. / Nuclear Engineering and Technology 52 (2020) 1603e16101606
they are denoted by rn�1
m;z , T

n�1
m;z and Tn�1

fm;z; and the successive outputs
of the COBRA-EN without using the under-relaxation method are

denoted by rn�1
c;z , Tn�1

c;z and Tn�1
fc;z . The under-relaxation factor rep-

resented by W in the preceding iteration is used as follows:

rnm;z ¼ W:rn�1
c;z þ ð1�WÞrn�1

m;z

Tnm;z ¼ W:Tn�1
c;z þ ð1�WÞTn�1

m;z

Tnfm;z ¼ W:Tn�1
fc;z þ ð1�WÞTn�1

fm;z

(3)

The convergence rate is still correlated with the statistical error
although this idea accelerates the solution. Hence, the iteration-
averaged relaxation method was executed in the coupled code.
This method is based on researchworks conducted byDufek [9] and
Ivanov [10]. In a coupled Monte Carlo/thermal-hydraulic calcula-
tion, the steady state flux (or power) is a function of temperature
and density as:

fn ¼ F
�
T
�
4n�1

�
; r
�
4n�1

��
þ x (4)

Where T and r are the temperature and density distribution which
depend on the flux from the previous iteration, n is the iteration
number and x is the statistical noise of the answer. In this case, the
condition of convergence for each of the parameters is as follows:

�����
Pnm;z � Pn�1

m;z þ xnm;z � xn�1
m;z

Pn�1
m;z þ xn�1

m;z

�����< ε (5)

Where P is the indicator of the mentioned parameters consisting of
the coolant density and the temperatures of the coolant and fuel. In
order to make a convergence for the coupled code in proportion to
the statistical error, the flux is defined on the basis of the sum of all
the previously predicted fluxes in accordance with Eq. (6).

fnþ1 ¼1
n

Xn
i¼1

R
�
fi
�

(6)

Where R indicates the calculated flux through running the codes,
and fi shows the estimated flux determined from the equation in
iteration i. By applying this definition, the error decreases by
increasing the number of iterations, and any convergence criteria
can be met if a sufficient number of iterations are done. Then, the
final form of the averaged relaxation is derived in accordance with
Eq. (7) by re-arranging Eq. (6).

fnþ1 ¼
�
1� 1

n

�
1

n� 1

Xn
i¼1

R
�
fi
�
þ1
n
RðfnÞ¼

�
1� 1

n

�
fn

þ 1
n
RðfnÞ (7)

With regard to the above formula, this form of the relaxation
method is merely a weighted function of the current value of the
flux and the previous value of the flux.

3. Coupled code applications

The coupled code was validated through two problems. The test
problems were a 3 � 3 PWR mini assembly and VVER-1000 reactor
core. A short description of each problem and the results are pre-
sented hereafter. These problems were runwith iteration-averaged
relaxation acceleration method.

3.1. A PWR 3 � 3 mini-assembly test problem

The first case that was selected to verify the MCNP/COBRA-EN



Table 2
VVER-1000 reactor characteristics.

Parameters Data

Nominal reactor thermal power (MWth) 3000
Coolant pressure at the core outlet (MPa) 15.7
Coolant flow rate circulating through the core (m3/g) 84,000
Coolant temperature at the reactor outlet (oC) 321.3
Mean value of coolant temperature heating up in the core (oC) 30.3
Number of fuel assemblies 163
Number of fuel assemblies with control and protection system control rod (CPS CR) up to 121
Number of control rod groups 10

A. Safavi et al. / Nuclear Engineering and Technology 52 (2020) 1603e1610 1607
coupled code responses was a 3 � 3 PWR mini-assembly. The re-
sults of this analysis were compared with results of two coupled
codes, MCNP6/CTF [3], and MCNP5/SUBCHANFLOW [2]. The test
problem geometry and the specifications of its operation are shown
in Fig. 3 and Table 1. In this problem, 10 radial fuel zones and 10
axial fuel nodes were considered to be consistent with the other
coupled codes.

In the modeling by the MCNP code, reflective radial and vacuum
axial boundary conditions were modeled. It is worth noting that it
is necessary to take the vacuum boundary conditions into consid-
eration for the axial planes in order to obtain a realistic axial power
profile. In each coupling iteration, MCNP4C was run with 200,000
particles per cycle for 400 active cycles and 100 inactive cycles in
order to relative errors of tallies become less than 0.1%. The relative
error of the coupled calculation, with regard to convergence
Fig. 7. Arrangement of the fuel assembl
criteria, reached 0.5% after 13 iterations.
The averaged values of temperatures and densities of the

coolant around the fuel rod 2 in the mentioned mini-assembly are
illustrated in Fig. 4 and Fig. 5, respectively.

The axial temperatures in the fuel rod 2 are illustrated in Fig. 6. It
is noticed that the profiles of the fuel temperatures are like the
cosine distribution, but these curves have peaks towards their
bottoms. This power shape was expected because of small changes
in the coolant density throughout the core. The fuel temperatures
predicted by MCNP4C/COBRA-EN are higher than the results of the
other codes. The main reason for this difference is that the constant
material properties were used in MCNP4C/COBRA-EN coupled code
while the other codes used temperature dependent correlations for
specific heat and thermal conductivity of fuel/cladding.
ies in the VVER-1000 reactor core.



Table 3
Different types of the fuel assembly in the core of the VVER-1000 reactor.

Fuel Assembly Type Average Enrichment [wt %U-235] Fuel Rods Types
Number/Enrichment

Burnable Poison
Number/Boron Concentration [g/cm3]

Type 1 Type 2

16 1.60 311/1.6 e e

24 2.40 311/2.4 e e

36 3.62 245/3.7 66/3.3 e

24B20 2.40 311/2.4 e 18/0.020
24B36 2.40 311/2.4 e 18/0.036
36B36 3.62 245/3.7 66/3.3 18/0.036

Table 4
The supposed state of the reactor operation.

Parameter Data

Poisons condition No poison
Reactor power (MW) 3000
Inlet coolant temperature (�C) 291
Boric acid concentration (g/kg H2O) 6.07
Control rod (group 10) position (%) 90
Control rod (group 8) position (%) 100
Control rod (group 9) position (%) 100
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3.2. VVER-1000 reactor core problem

For the second problem and to investigate the ability of the
coupled code to estimate the neutronic and thermohydraulic pa-
rameters of the industrial cases, the core of a VVER-1000 v446
reactor was studied. The important specifications of the VVER-1000
reactor are given in Table 2. The reactor consists of 163 fuel as-
semblies with three different enrichment rates of 1.6%, 2.4%, and
3.6%. Fig. 7 demonstrates the arrangement of the fuel assemblies in
the reactor core. Each fuel assembly consists of 311 fuel rods, 18
guide channels, a central tube, and a tube for instrumentations. The
control rods and the burnable absorber rods are inside the guiding
channel. Six different types of the fuel assembly in the core of the
VVER-1000 reactor are given in Table 3. The supposed operating
conditions of the reactor are given in Table 4.

To simulate the reactor core on a global scale, the core analysis
modewas considered for the COBRA-EN code input. In this case, the
independent sub-channels were considered together to obtain an
equivalent flow area, and the fuel rods of each channel were dis-
played with an average rod to calculate the average behavior of the
fuel rods in each fuel assembly. Because of the symmetry in the core
of the VVER-1000 reactor, a 60� section of the core containing 28
fuel assemblies was simulated in both codes. The thermohydraulic
Fig. 8. Required number of iterations versus under relaxation factor.
model of the coupled code under study comprises one channel per
fuel assembly, and thus the total input channels of the COBRA-EN
code are 28 parallel channels, with each channel divided into 10
nodes in the axial direction.

In MCNP code input, 300 inactive cycles, 700 active cycles, and
5 � 105 neutrons per cycle were considered so that the relative
error of the tallies and the convergence criterion, ε, reached below
0.1% and 0.5% after 18 iterations with iteration-averaged relaxation
method. The number of the inactive cycles was selected conser-
vatively to ensure a converged fission source. The problem also is
analyzed for different under-relaxation factors, to compare the
required number of iterations with iteration-averaged relaxation
method. Fig. 8 shows the required iterations to reach the conver-
gence with the same convergence criterion. Although the analysis
Fig. 9. Comparison of radial power distribution calculated by coupled code with those
of the FSAR.



Fig. 10. Radial relative power profile obtained by coupled code and given in FSAR.

Fig. 11. Heat flux distribution in hot channel.

Fig. 12. Variation of MDNBR during coupling iteration.

Fig. 13. DNBR distribution in hot channel.
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reaches a convergence state within 16 iterations for W ¼ 0.7,
finding the optimized W needs a cumbersome calculations. It is
noted that the required iterations strictly depend on the neutron
histories/cycles in MCNP4C and coupling convergence criterion.

The radial power distribution calculated by the coupled code
was compared with those of the FSAR in Fig. 9. The calculation
results predicted the radial power peak point occurs in the fuel
assembly No. 21, with a power peaking factor value of 1.30, which is
compatible with the FSAR (with a relative error of 0.77%). The
relative error value of the coupled code in calculating the radial
power distribution is illustrated in Fig. 10.

The heat flux distribution along the hottest channel, channel 21,
were calculated using the coupled code, and were compared with
the distribution calculated by a modified COBRA-EN code [8] in
Fig. 11. Both codes predicted the location of maximum heat flux at
the same point, although the value obtained by the coupled code is
slightly higher than that calculated by the modified COBRA-EN
code. This issue can be attributed to two reasons: The first reason
is obtaining the fission power distribution with two different ways.
In the coupled code the heat flux was obtained by coupling the
MCNP4C and COBRA-EN codes, but in the latter calculation, the
linear power distribution was calculated without any coupling by
using the WIMS-D4 and CITATION neutronic codes. The second
reason is the modification performed in the reference COBRA-EN
code for analysis of the hollow fuel pellets while such a change
was not made in the thermo-hydraulic tool of the coupled code.

The converging trend of minimum departure from nucleate
boiling ratio, DNBR, during 18 iterations is shown in Fig. 12. Fig. 13
shows that the DNBR values calculated along the hot channel by the
coupled code are in good agreement with the reference values.
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Moreover, based on the coupled code prediction, minimum DNBR,
occurs in the eighth node of the hot channel, with the value
calculated as 2.144, satisfying the FSAR condition, as the MDNBR in
the VVER-1000 reactor should be greater than 1.75.

4. Conclusion

A new externally coupled code system, with the Monte-Carlo
code MCNP4C and the sub-channel code COBRA-EN, was devel-
oped for neutronics/thermal-hydraulics analysis of light water re-
actors. An interface was developed to implement both codes
sequentially reading the useful information in the outputs and
writing the updated data in the inputs. To perform a coherent ex-
change of data, the geometry mapping between codes has to be
adapted. The pseudo material approach was adopted in order to
take the Doppler Effect into account, and to accelerate the calcu-
lation, two relaxation methods were implemented in the coupled
code. The coupled code can be applied to pin-by-pin analysis of a
fuel assembly or to assembly-wise analysis of a full core.

For verification of theMCNP4C/COBRA-EN coupled code, a code-
to-code benchmark was implemented with MCNP5/SUBCHAN-
FLOW and MCNP6/CTF in a PWR 3*3 mini-assembly, and a good
agreement was found between the results. The discrepancies were
due to the fact that fixed properties were used in MCNP4C/COBRA-
EN for the materials, but in the other two codes, some of the ma-
terial properties are temperature-dependent correlations. More-
over, to prove the capability of the coupled code for steady state
analysis of an actual industrial case, the core of the VVER-1000
reactor was studied. Comparison of the results obtained from the
MCNP4C/COBRA-EN coupled tool with plant FSAR and other ref-
erences indicated that the developed coupled code can appropri-
ately calculate the thermohydraulic and neutronic parameters of
the reactor core in full power state.
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