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a b s t r a c t

There have been recent efforts to establish methods for high-fidelity and multi-physics simulation with
coupled thermalehydraulic (T/H) and neutronics codes for the entire core of a light water reactor under
accident conditions. Considering the computing power necessary for a pin-by-pin analysis of the entire
core, subchannel-scale T/H analysis is considered appropriate to achieve acceptable accuracy in an
optimal computational time. In the present study, the applicability of in-house code CUPID of the Korea
Atomic Energy Research Institute was extended to the subchannel-scale T/H analysis. CUPID is a
component-scale T/H analysis code, which uses three-dimensional two-fluid models with various
closure models and incorporates a highly parallelized numerical solver. In this study, key models
required for a subchannel-scale T/H analysis were implemented in CUPID. Afterward, the code was
validated against four subchannel experiments under unheated and heated single-phase incompressible
flow conditions. Thereafter, a subchannel-scale T/H analysis of the entire core for an Advanced Power
Reactor 1400 reactor core was carried out. For the high-fidelity simulation, detailed geometrical features
and individual rod power distributions were considered in this demonstration. In this study, CUPID
shows its capability of reproducing key phenomena in a subchannel and dealing with the subchannel-
scale whole core T/H analysis.
© 2017 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

To improve margin management and meet new safety re-
quirements, it is required to apply the latest codes and methods for
safety demonstrations. In this context, high-fidelity and multi-
physics simulation capability using coupled thermalehydraulic (T/
H), neutronics and fuel performance codes for the entire core of a
light water reactor under steady and transient conditions has
become a desired feature for advanced safety analysis tools. The
coolant temperature and density affect the neutron behavior and
are, in turn, influenced by the pin power resulting from the reac-
tivity feedback. Hence, it is important to obtain information about
T/H and neutronics locally near the fuel rod and guide tube for

high-fidelity and multi-physics simulation under conditions where
the role of the reactivity feedback is significant.

For the high-fidelity and multi-physics whole core pin-by-pin
simulation, high computational cost is required, which has
become possible because of recent advancements in computing
power and advanced numerical algorithms. Owing to this change in
numerical and computational methods, three-dimensional (3D)
coupled analysis methods have now become themost suitable tools
for transient analysis that causes an asymmetric power distribution
condition. These methods can assure a high safety margin and can
minimize the economic uncertainty by optimizing the fuel design
and fuel cycle costs [1].

Considering the computational power necessary for a whole
core pin-by-pin analysis, a subchannel-scale T/H analysis is
desired to achieve acceptable accuracy in an optimal computa-
tional time. A subchannel denotes the imaginary flow area sur-
rounded by fuel rods as illustrated in Fig. 1. In the scale analysis,
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one computational cell represents a subchannel in a horizontal
cross-section of the reactor core. Recently, subchannel-scale T/H
analyses have been attempted for transient conditions while being
coupled with 3D neutronics codes. The most prominent experi-
ment involving a subchannel-scale T/H analysis was performed
using COBRA-TF [2]. It was originally developed by the Pacific
Northwest Laboratory and modified by the Pennsylvania State
University and has been used in the CASL (Consortium for
advanced simulation of light water reactors) project [3] for a high-
precision whole core T/H analysis with coupled multiple codes.
AREVA [4] also developed the ARCADIA code system, which is
capable of analyzing whole core pin-by-pin T/H and neutronics.
The ARCADIA system covers numerous engineering activities from
nuclear fuel assembly design to safety analyses. A subchannel T/H
analysis code SUBCHANFLOW [5] was developed by the Karlsruhe
Institute of Technology based on the COBRA-IV-I [6] and COBRA-
EN [7] codes. SUBCHANFLOW was used in the multi-physics ho-
mogeneous pin-by-pin reactor simulator, DYNSUB [5].

In Korea, the subchannel-scale T/H analysis code MATRA [8,9],
which is based on the COBRA code, has been developed by KAERI
(Korea Atomic Energy Research Institute) and used widely for the
reactor core design and DNBR (Departure from nucleate boiling
ratio) margin evaluation. It is highly optimized for its intended
purpose and is thoroughly validated against various rod bundle
experimental databases. Recently, its numerical solver was
improved by using a parallelization algorithm for an efficient whole
core pin-by-pin simulation, and it showed excellent performance
[10]. MATRA adopts the HEM (homogeneous equilibrium
model) and space-marching numerical scheme, which have proved
beneficial in significantly reducing the computational burden.

In accident or transient conditions, complicated two-phase
phenomena may occur and it is desirable to use a comprehensive
two-phase flow model such as a two-fluid model to treat the
conditions involving considerable phase change, as theymay not be
reproduced by the HEM or the slip model. In terms of the numerical
scheme, the space-marching numerical scheme is not preferred for
an accident analysis because of the numerical difficulties in

handling reverse flow or lateral flow dominant conditions. Thus,
the CTF [2] uses the two-fluid three-field model as the governing
equations and the SIMPLE (Semi-IMplicit pressure linked equa-
tions) method as the numerical scheme, which solves the pressure
correction equation for the whole computational domain.
Furthermore, MATRA includes the slip model and explicit scheme,
which can handle the phase velocity differences and the lateral
flow dominant or reverse flow conditions [11].

In this context, KAERI'’s in-house code CUPID [12] is expected
to be an eligible tool with the potential of becoming the numerical
solver in the whole reactor core subchannel-scale analysis for
transient and accident conditions. It is a component-scale T/H
analysis code devoted to the high-fidelity analysis of nuclear
reactor components. It uses a 3D two-fluid model with various
constitutive models to solve the equations. It uses the collocated
mesh and semi-implicit ICE (implicit continuous
Eulerian) method as the numerical schemes. The numerical solver
in CUPID has been highly parallelized with the message passing
interface (MPI) domain decomposition method, and
its performance has been tested with various two-phase prob-
lems. These features of CUPID can become beneficial in the
subchannel-scale analysis for accident conditions, and this has
become the motivation for the present work. In this study, the
capability of CUPID has been extended to the subchannel-scale T/
H analysis, and its feasibility for the whole reactor core analysis is
tested.

The present article presents a discussion of the subchannel
models implemented using CUPID, followed by the validation test
results performed against four rod bundle flow-mixing experi-
ments under unheated and heated single-phase flow conditions.
Afterward, the feasibility test results for the whole reactor core
subchannel-scale T/H analysis of the Advanced Power Reactor 1400
(APR1400) reactor core are presented.

2. Implementation of subchannel T/H models to CUPID

2.1. Governing equations

The CUPID code used a transient 3D two-fluid model for
analyzing two-phase flows. The two-fluid model includes vapor
and liquid. The two-fluidmodel is useful in describing realistic two-
phase flows, which could occur at accident conditions because it
can deal with large velocity differences between two phases. To
describe the flow field in a reactor core, the porous media approach
was used. Geometries of the fuel rods are simplified with a given
porosity in a control volume. Convection and diffusion at each cell
face are considered in conjunction with permeability. The porosity
and permeability are considered at the volume and surface integral
using the finite volume method (FVM), respectively.

The mass conservation equation for the k-phase is

Z
v

vt
ðakrkÞg dV þ

Z

akrk Vk
�!

ε$d Sp
�! ¼

Z

Gkg dV þ
Z

M
!T

eg dV ;

(1)

where g is the porosity, ε is the permeability, V is the volume, Sp is
the surface area that multiplies the permeability; Gk is the volu-

metric mass transfer rate, and M
!T

e is the mass exchange due to
turbulent mixing and void drift.

The momentum conservation equation for the k-phase isFig. 1. Schematic view of subchannel in one assembly.
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where Vk
�!

denotes the vector velocity ðuk i
!þ vk j

!þwk k
!Þ, which

considers the x, y, and z directions in the Cartesian coordinate
system. Sk is the momentum source or sink term due to the phase

change, M
!

wk indicates the friction factor and form loss, and M
!T

k is
the momentum transfer due to the turbulent mixing and void drift.

The energy conservation equation for the k-phase is

Z
v

vt
ðakrkekÞg dV þ

Z �

akrkek Vk
�!�

ε$d Sp
�!

¼ �
Z

P
vak
vt

g dV � P
Z

ak Vk
�!

ε$d Sp
�!þ

Z

akkkVTkε$d Sp
�!

þ
Z

Ekg dV þ
Z

M
!T

hg dV þ
Z

q
00
fluid�solid dA

þ q
00
fluid�porousAfluid�porous;

(3)

q
00
fluid�porous ¼ hfluid�porous

�
Tporous � Tfluid

�
; (4)

where Ek is the energy source or sink term due to the phase change,

interfacial heat transfer, and volumetric heat generation. M
!T

h is the
energy exchange due to turbulent mixing and void drift. The
detailed equations and the numerical solution procedure are
described in Ref. [12].

2.2. Subchannel T/H models

The fluid transfer between adjacent subchannels can be
explained using three mechanisms, namely, diversion cross flow,
turbulent mixing, and void drift [13]. These mechanisms are
modeled as source terms to solve themass, momentum, and energy
conservation equations. In a single-phase flow, diversion cross flow
and turbulent mixing have an important role in mass, momentum,
and energy transfer. These models are presented in Todreas and
Kazimi [14] and Hwang et al. [8].

2.2.1. Pressure drop model
The diversion cross flow is determined using pressure drop

models, which are important subchannel models to analyze the
fluid transfer between adjacent subchannels. Because of the lateral
pressure difference between two neighboring subchannels, a cross
flow can occur. The pressure dropmodel consists of thewall friction
and form loss models with consideration of the flow direction. For
the axial direction, the wall friction model, which considers the
friction loss on the fluiderod interface and grid spacer model
formulated by form loss, is implemented in the momentum con-
servation equation of CUPID. These models are added as a type of
pressure drop to the axial momentum conservation equation as
follows:

M
!

wk ¼ �1
2

 
f

dhy
þ K

!�
G2

r

�

; (5)

where f is the friction factor, dhy is the hydraulic diameter, G is the
mass flux, and K indicates the grid spacer form loss coefficient [8,9].
Here, the friction factor f is a function of the Reynolds number and
is given as

f ¼ aReb þ c: (6)

It has different values for laminar and turbulent flow conditions,
as given in Table 1.

For describing the fuel gap change caused by the fuel rod
arrangement in the transverse direction, the form loss model is
added to the transverse momentum equation as follows:

M
!

wk;L ¼ �KG

2

 
WIJ
�
�WIJ

�
�

lIJrIJsIJ

!

: (7)

The mass flow, which flows from subchannel I to J, is expressed
as

WIJ ¼
X

k

akrkVIJ;k � sIJ ; (8)

where lIJ is the length between the centers of subchannels I and J, sIJ
is the gap size between fuel rods, and KG is the transverse form loss
coefficient, which has a default value of 0.5.

2.3. Turbulent mixing model: equal mass exchange model

Turbulent mixing can occur owing to turbulent fluctuation and
flow disturbance caused by structures such as the mixing vane grid
spacer [8,9]. In a single-phase flow with unheated incompressible
flowconditions, no netmass exchange occurs between the adjacent
subchannels, but momentum can be distributed by exchanging
equal mass (EM) flow rates. This fluid exchange mechanism is
modeled using the EM exchange model [6]. The EM exchange
model acts only in the lateral direction to reduce the axial velocity
difference between the adjacent subchannels. The EM exchange
model applied to the momentum conservation equation is given by

M
!T

k ¼ �
X

w0
IJ
�
VI � VJ

	
; (9)

where w
0
IJ is the amount of flow mixing between the subchannels I

and J and is given as

w0
IJ ¼ b� sIJ � G; (10)

where b is the turbulent mixing coefficient determined by experi-
mental results and G is the averaged axial mass flux between the
adjacent subchannels.

2.3.1. Turbulent mixing model: equal volume exchange model
In a single-phase flow with heated incompressible flow condi-

tion, mass, momentum, and energy transfer can occur between the

Table 1
Friction factor coefficients.

Flow condition a B C Effective region

Laminar 64.0 �1.0 0.0 Re < 2,300
Turbulent (Blasius type) 0.316 �0.25 0.0 2,300 < Re < 30,000
Turbulent (McAdams type) 0.184 �0.20 0.0 3� 104< Re <106
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adjacent subchannels due to the difference in densities of the
subchannels. Therefore, equal volumes (EVs) of fluid are exchanged
between the adjacent subchannels [13]. This flow-mixing mecha-
nism is modeled as the EV exchange model. The turbulent mixing
terms are modeled by a simple diffusion approximation using the
mixing length theory. As stated in Todreas and Kazimi [14], the
turbulent mixing of mass, energy, and momentum between two
adjacent subchannels I and J for the liquid phase can be captured as
follows:

1.The turbulent mixing of the mass transfer for the liquid phase

M
!T

e ¼ ε

sIJ
zTIJ

h
rl;jal;j � rl;ial;i

i
; (11)

2.The turbulent mixing of the energy transfer for the liquid
phase

M
!T

h ¼ ε

sIJ
zTIJ

h
rl;jal;jhl;j � rl;ial;ihl;i

i
; (12)

3.The turbulent mixing of the momentum transfer for the liquid
phase

M
!T

k ¼ ε

sIJ
zTIJ

"
_ml;j

Aj
�

_ml;i

Ai

#

; (13)

where ε is the eddy diffusivity, zTIJ is the turbulent mixing length, _m
is themass flow rate, and A is the flow area. This model is added as a
source term to mass, energy, and momentum conservation
equations.

For the closure of the model, it is required to define the mixing
term εðsIJ=zTIJÞ. The mixing term is defined using the mixing
parameter b and the area-averaged axial mass flux and density of
the two adjacent subchannels as follows:

ε

sIJ
zTIJ

¼ bGsIJ
r

; (14)

where G is the area-averaged axial mass flux between adjacent
subchannels and r is the area-averaged density between adjacent
subchannels [2]. The physical meaning of the mixing parameter b is
the ratio of the transverse mass flux to the axial mass flux. The
value of b can be obtained from the flow-dependent correlation
suggested by Rogers and Rosehart [15]; however, in the present
study, b is defined by the user's input.

3. Validation of CUPID subchannel T/H models

The CUPID code with implemented subchannel T/H models was
validated against rod bundle tests under unheated and heated
single-phase incompressible flow conditions. The validation test
cases were selected from the MATRA validation test matrix [8,9] to
add the code-to-code comparison result with the systematically
validated code for a long period. For the unheated single-phase
flow condition, three subchannel tests were used for the valida-
tion, including the CNEN 4 � 4 test [16] for verifying the mixing
effect between adjacent subchannels, the PNL 7 � 7 test [17] for
investigating the velocity redistribution near postulated blockage,
and the Weiss et al. two 14 � 14 assembly test [18,19] for investi-
gating the flow redistribution between two open 14 � 14 assem-
blies when partial or complete blockage occurs at the entrance of
one assembly. For heated single-phase flow, the PNNL 2 � 6 test
[20] for verifying the buoyancy effect with nonuniform power
distribution was used for the validation. In the present calculation,

the modeling of the test facility using CUPID followed the one using
MATRA in Refs. [8,9] to maintain consistency in meshing and
facilitate the comparison between the two codes.

3.1. CNEN 4 � 4 test

The CNEN 4 � 4 test [16] was performed at the Studsvik Labo-
ratory for verifying the flow-mixing effect between the adjacent
subchannels. The test section includes a bundle with 16 unheated
rods of 0.015 m diameter and 0.019 m pitch, and the width of the
assembly is 0.08m and its axial height is 1.4m. Hydraulic diameters
at the corner, side, and center subchannels are 0.007, 0.012 and
0.016 m, respectively. One grid spacer is positioned at the middle
elevation of the bundle. The cross-sectional view of the test section
is depicted in Fig. 2. The test was performed at 0.1 MPa, 300 K, and
with five different inlet velocity conditions: 0.64, 1.32, 2.61, 3.83,
and 5.18 m/s. Using a special probe performing the dual function of
a pitot tube and thermocouple, outlet liquid velocities were
measured at the corner, side, and center subchannels.

In the calculation, 1,250 (5� 5� 50) cuboidal meshes were used
to model the 5 � 5 subchannels made from 4 � 4 rod arrays with a
uniformly divided height of 50 axial meshes. With the grid spacer
model, the pressure drop along the axial direction was calculated

Fig. 2. Cross-sectional view of CNEN 4 � 4 test section (unit, m).

Fig. 3. Pressure drop along the axial location.
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and the results of Cases 3 and 5 are shown in Fig. 3. The calculation
results show good agreement with those of MATRA, thus verifying
that the pressure drop models are implemented correctly.

Fig. 4 shows the liquid velocity contour at eight different axial
elevations. According to the results of the calculation, liquid is
concentrated at the center subchannels as it flows upward. The

Fig. 6. Features of PNL 7 � 7 test section (unit, m). (A) Cross-sectional view; (B) lon-
gitudinal view.

Fig. 4. Velocity contour along the axial direction.

Fig. 5. Outlet velocity. (A) Outlet velocity without the turbulent mixing model. (B)
Outlet velocity with the turbulent mixing model.
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center subchannels have larger hydraulic diameters than others,
resulting in low flow resistance and consequently, cross flow is
created when heading to the center subchannel.

Afterwards, calculations were performed to verify the effect of
the EM turbulent mixing model. The value of mixing parameter b
applied was 0.02 based on the MATRA assessment result [9].
Without applying the EM turbulent mixing model, the momentum
loss at the corner and side subchannels causes overestimated cross
flow. Therefore, the liquid velocities are underestimated at the
corner and side subchannels and overestimated at the center sub-
channels as presented in Fig. 5. With the EM turbulent mixing

model, the overestimated cross flow is reduced and the calculated
results of the liquid velocities could capture the experimental data
as shown in Fig. 5. With the implemented EM turbulent mixing
model, CUPID could predict the liquid velocity within the error

Fig. 7. Streamline along the axial direction.

Fig. 8. Velocity contour along the axial elevation.

Fig. 9. Normalized axial velocity along the axial line at channel 1 (70% blockage).

Fig. 10. Normalized axial velocity along the axial line at channel 1 (up to 99%
blockage).
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range of �2.6% to 0.5% at the corner and �1.8% to 0.8% at the center
subchannel.

3.2. PNL 7 � 7 test

The PNL 7 � 7 test [17] was performed at the Pacific Northwest
Laboratory for verifying the flow redistribution near a postulated
sleeve blockage in a rod bundle. During a loss-of-coolant accident
(LOCA) at pressurized water reactors, channel blockage in rod
bundlesmay occur because of swelling or ballooning on the fuel rod
[17]. At nine central rods in the rod bundle, postulated sleeve

blockage was positioned for simulating 70% area reduction in the
four central subchannels between the two grid spacers as depicted
in Fig. 6. The test section consists of 7 � 7 rod array of 0.01 m
diameter rods with pitches of 0.0137 m and the width of the as-
sembly is 0.1033 m. The change of each subchannel geometry near
the blockage rods was considered with different porosity, perme-
ability, and hydraulic diameter [17].

The test was performed with a working fluid of water at
0.12 MPa and 302.6 K and the inlet Reynolds number was
2.95 � 104. The number of cells used in the calculation was 1,600
(8 � 8 � 25) with locally refined meshes in the axial direction near

Fig. 11. Cross-sectional view of the Weiss two-assembly test section and pitot tube locations (unit, m) [18].

Fig. 12. Longitudinal view of the Weiss two-assembly test section (unit, m).

S.J. YOON et al. / Nuclear Engineering and Technology 50 (2018) 54e6760



the blockage section to obtain a high resolution of the flow direc-
tion change. The applied value of the mixing parameter b was 0.02
based on the MATRA assessment result [9]. According to the results
of calculations of the streamline in Fig. 7 and axial velocity contour
in Fig. 8, the bypass flow upstream of the blockage was well
described with CUPID. As the flow approaches the blockage, the
lateral directional velocity increases resulting in the bypass flow. To
satisfy the mass conservation, the flow is accelerated as the
streamline indicates. Normalized liquid velocity along the center-
line of subchannel-1 is plotted in Fig. 9. When the flow is intro-
duced into the blockage region, a sudden increase in the velocity
appears, which is called the jet effect, and flow recovery phenom-
ena downstream of the blockage by turbulent mixing were
reasonably reproduced. CUPID predicts the experimental data of
the liquid velocity within a 13.3% error range and this is comparable
to 11.9% error in MATRA.

As a conceptual problem to evaluate the capability of CUPID for
simulating a nearly full blockage case, an additional analysis was
carried out with increasing the blockage ratio up to 99%. In this
case, the lateral flows become dominant, so there may exist a
limitation in solving the problem using space-marching numerical
scheme. However, the CUPID code adopts elliptic fluid flow solver
using the pressure-velocityelinked scheme to solve the conserva-
tion equations, and it solves the momentum equations for whole
computational domain at once by building a system of the pressure
correction equations. With an increase in the blockage ratio, the
amount of liquid that flows into the subchannel-1 decreases due to
high resistance, and the significantly reduced flow rate was calcu-
lated qualitatively without numerical instability as presented in
Fig. 10.

3.3. The Weiss et al. two 14 � 14 assembly test

The Weiss two-assembly test [18,19] was carried out by Weiss
et al. [18] for investigating the flow redistribution between two
open fuel assemblies caused by partial or full blockage, which can
occur at the entrance of one assembly. The test section consists of
two open 14� 14 assemblies with a rod diameter of 0.0108 m and a
pitch to diameter ratio of 1.28, with the two assemblies connected
with water gap. The width and height of each assembly are
0.3893 and 0.1938 m, respectively, and the axial height of the rod
bundle is 0.9652 m. The liquid velocity and static pressure were
measured locally by pitot tubes traversing the test section in rows 1,
2, and 3 at seven different axial levels. The cross-sectional and
longitudinal views of the test section are shown in Figs. 11 and 12.

To simulate the partial or complete blockage at the entrance of
one assembly, different inlet mass flows were used as inputs to two
assemblies. For the case of partial blockage test, inlet mass flow
rates at bundle 1 and bundle 2 were set to 1,110 and 550 gpm,
respectively. The averaged inlet liquid velocities, which are con-
verted from the inlet mass flow rates, become 3.52 and 1.76m/s. For
the water gap, a liquid velocity of 2.64 m/s was assigned.

In the calculation, the number of computing cells with uniform
height, which divides the test section into 38 meshes, was 16,530
(15 � 29 � 38). In this validation case, the EM turbulent mixing
model was disabled, so the pressure drop model was the only
driving force to determine the flow distributions. Fig. 13 shows the
flow fraction at each bundle along axial directions. The result in-
dicates that the flowmixing occurs between two assemblies, owing
to the influence of the pressure drop model. The averaged local
liquid velocities obtained from traversing rows 1, 2, and 3 at seven
different axial levels were calculated and are presented in Fig. 14.
The velocity peak was observed at water gap, which has larger flow
area than that of the other subchannels.

In addition, the case of complete blockage test was performed
with CUPID as a conceptual problem. In this case, the inlet mass
flow rates were set to 1,100 and 0 gpm at each rod bundle. Fig. 15
shows the liquid velocity vector and streamline near the entrance
of two assemblies. A reasonable result including the flow recircu-
lation near the completely blocked assembly could be obtained
from the calculation. Fig. 16 shows the averaged local liquid

Fig. 13. Flow fraction at bundle 1 and bundle 2.

Fig. 14. Averaged local velocity at different axial levels.
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velocities at the three different axial levels 1, 2, and 7. At axial levels
1 and 2 positioned at the inlet region, negative liquid velocities
were obtained. From this analysis, CUPID has proven its capability
of handling a reverse flow, which may not be reproduced reason-
ably with a space-marching numerical scheme.

3.4. PNNL 2 � 6 test

The PNNL 2� 6 test [20] was conducted at the Pacific Northwest
National Laboratory for investigating the buoyancy effect on flow
distributions. In this test, 12 rods had different power profiles for
representing a nonuniform power distribution. Ninewindowswere
located at the test section and both velocity and temperature were
measured at windows 3 and 7, traversing the subchannels 8 to 14.
The cross-sectional view and longitudinal view of the test section
are presented in Fig. 17. The validation was performed at 0.1 MPa,
285.2 K, and an average inlet liquid velocity of 0.1 m/s. The array of
2� 6 heated rods had power skews of 2:1 with an average heat flux
of 18.5 kW/m2.

In the calculation, the number of computing cells was 504
(3 � 7 � 24) with uniform height divided into 24 meshes. Due to
the difference in density between the adjacent subchannels, the
EV turbulent mixing model was used for calculation. The applied
value of mixing parameter b was 0.005 based on the MATRA

assessment result [9]. At the nonuniform power distribution
conditions, temperature gradients were induced and the liquid
flow was accelerated at the hot region by the influence of the
buoyancy effect. This phenomenon was reproduced by CUPID as
shown in Figs. 18 and 19, which show the calculation results of the
temperature and normalized liquid velocity at windows 3 and 7,
respectively.

The calculation results of CUPID andMATRA show discrepancies
with the experimental data. These discrepancies may result from
the difference in the data acquisitionmethods. The codes calculated
the cell volume averaged parameters, but the liquid velocity and
temperature were measured locally at the center of the subchannel
in the experiment. Therefore, more validation calculations for the
heated single-phase flow conditions are required against other
experimental databases to confirm the validity of the EV turbulent
mixing model.

4. Whole core T/H analysis for APR1400

The subchannel-scale whole core T/H analysis for the reactor
core of APR1400 (MWe) was carried out using CUPID for demon-
stration purposes. The demonstration was performed for the hot
full power steady state of the simplified APR1400 core. The reactor
core of APR1400 consists of 241 fuel assemblies and each fuel as-
sembly has a 16 � 16 rod array including 236 fuel rods and 5 guide
tubes. The core shroud and inter-assembly water gap were
modeled in this calculation. In accordance to the detailed geometry
features of APR1400, all computing meshes were characterized into
13 different subchannel types, as shown in Fig. 20. The subchannel
types include the fuel assembly, guide tube, shroud, and water gap.
The required geometrical information such as the porosity,
permeability, hydraulic diameter, and fuel gap size were input
following the subchannel types.

For describing detailed individual rod power distributions, pin
power calculation results from the neutronics code, nTRACER [21],
were applied to CUPID. In our strategy for the multi-physics
simulation, CUPID will play a role as the T/H analysis code coupled
with the neutronics and fuel performance codes. In this framework,
CUPID is supposed to give the heat transfer coefficient information
at each subchannel to the neutronics and fuel performance codes
and they are supposed to return the wall heat flux to CUPID. In the
present work, therefore, the wall heat flux was transferred from the

Fig. 15. Velocity vector and streamline near the entrance of two assemblies.

Fig. 16. Averaged local velocity at levels 1, 2, and 7 of full blockage case.
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neutronics code simulation results performed in advance inde-
pendently, considering this coupling strategy. Then, the calculated
power with the heat flux was applied to the energy source term in
CUPID. As this article deals with the subchannel-scale fluid simu-
lation capability of CUPID, the details of the fuel or heater rod
model of CUPID and the heat conduction equation were not
included in this article. It was required to designate the connec-
tivity between the fuel rods and subchannels for applying the in-
dividual rod power to each subchannel. Therefore, the loaded
power for each subchannel was obtained from the subchannel to
rod connectivity and applied to CUPID.

The calculation was performed at the normal operation condi-
tions of APR1400 and the boundary conditions were obtained from
Ref. [22]. The coolant enters from the bottom with an averaged

mass flux of 12.6 million kg/h m2 (mass flow rate of 20387.5 kg/
s) and inlet coolant temperature of 564.2 K. The core outlet pres-
sure was set to 15.5 MPa and the imposed power was 3983 MW.

In this calculation, the EV turbulent mixing model was used and
the value of the mixing parameter b was set to 0.057, as used in
Ref. [21]. In the calculation, the number of computing meshes was
2,675,698 with a nonuniform height of 34 meshes. By utilizing the
METIS [23] program in CUPID, the number of computing cells in
each processor was nearly evenly distributed with the maximum
difference less than 15, and it was possible to perform efficient
calculation with achieving good computational load balancing. The
CUPID runs were made on a LINUX cluster built with Dual
Intel Xeon E5-2600 CPUs. The null transient calculation was per-
formed until a steady state was achieved and the total wall clock

Fig. 17. Features of PNNL 2 � 6 test section (unit, m). (A) Cross-sectional view; (B) longitudinal view.
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time to complete the calculationwas about 1 hour 29 minutes with
50 cores.

The 3D view of the whole core calculation results is presented in
Fig. 21. The right half represents the implemented core power
density distributions and the left half represents the calculated
coolant temperature distributions. Reasonable coolant velocity
distributions including a low velocity at the guide tubes and a high
velocity at the water gaps, which has low fluid resistance, were
obtained and are presented in Fig. 22. In addition, the hottest
subchannel at the core outlet was identified in Fig. 23. It could be
helpful to predict the worst T/H conditions at the core outlet. The
core outlet average temperatures in the APR1400 design and the
present calculation were 598.15 and 598.09 K, respectively. The
slight difference might be because the bypass flow through the
guide tube is not accurately modeled in the present work. The
pressure drops between the design parameter and the calculation
results could not be compared with each other as the present
simulation did not include a model for the mixing vane, which is
necessary to predict the pressure drop in the plant operation
condition.

From this simulation, the capability of the full reactor pin-by-pin
analysis was tested and its potential for use in the T/H solver for the
high-fidelity nuclear reactor core analysis was successfully
demonstrated. However, some features required for a more realistic
plant condition simulation, such as the guide tube andmixing vane,
have not been implemented, and thus their implementation and
assessment against the plant data are essential to complete the
code development.

5. Summary and conclusions

The component analysis code CUPID was developed for the
multi-dimensional T/H analysis and its performance has been
improved to extend its applicability to various practical conditions.
As part of these efforts, the capability of CUPID was extended for
the subchannel-scale whole reactor core analysis by implementing
key subchannel models such as pressure drop models and turbu-
lent mixing models. The validity of the implemented models was
evaluated against various rod bundle experiments under single-
phase conditions. Comparison results between the simulation and
experimental data showed that the implemented subchannel
models work properly and they enable CUPID to predict the T/H
phenomena in the rod bundle geometry at the subchannel scale. It
was also shown that CUPID can provide comparable prediction
results in the present validation cases with the subchannel code
MATRA. In addition to these, some conceptual problems, which
produce a lateral flow dominant condition and reverse flow, were
analyzed with the improved CUPID and qualitatively reasonable
simulation results were obtained. Thereafter, the subchannel-scale
T/H analysis for the reactor core of APR1400 was conducted to
verify the feasibility of the pin-by-pin whole core analysis using
CUPID. The simulation results have shown that the capability of
CUPID for the whole reactor core pin-by-pin analysis has been
verified in the present work.

In the future, more validations will be performed and required
T/H models will be improved and implemented to CUPID. In
particular, the constitutive relations for the two-phase flow need to

Fig. 18. Calculated temperature and normalized velocity at window 3. (A) Calculated
temperature distribution; (B) calculated normalized velocity distribution.

Fig. 19. Calculated temperature and normalized velocity at window 7. (A) Calculated
temperature distribution; (B) calculated normalized velocity distribution.
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be systematically validated because the ultimate goal of the present
study is to apply CUPID to an accident analysis. In terms of the
numerical methods, further improvement and optimization of
the parallel solver in CUPID are necessary for efficient high-

performance parallel computing as transient conditions need to
be simulated. By achieving these improvements, CUPID can be used
as an effective tool for the reactor core transient and accident
analysis in conjunction with its advantageous features, such as

Fig. 20. Subchannel type definition for APR1400. APR1400, Advanced Power Reactor 1400.

Fig. 21. Calculation results of coolant temperature (left), and power density distribution (right).
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multiscale analysis capability coupled with the nuclear reactor
system analysis code, MARS, and open medium analysis capability
for the downcomer and lower plenum simulation.
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