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a b s t r a c t

The methods and performance of a pin-level nuclear reactor core thermal-hydraulics (T/H) code ESCOT
employing the drift-flux model are presented. This code aims at providing an accurate yet fast core
thermal-hydraulics solution capability to high-fidelity multiphysics core analysis systems targeting
massively parallel computing platforms. The four equation drift-flux model is adopted for two-phase cal-
culations, and numerical solutions are obtained by applying the Finite Volume Method (FVM) and the
Semi-Implicit Method for Pressure-Linked Equation (SIMPLE)-like algorithm in a staggered grid system.
Constitutive models involving turbulent mixing, pressure drop, and vapor generation are employed to
simulate key phenomena in subchannel-scale analyses. ESCOT is parallelized by a domain decomposition
scheme that involves both radial and axial decomposition to enable highly parallelized execution. The
ESCOT solutions are validated through the applications to various experiments which include CNEN 4 � 4,
Weiss et al. two assemblies, PNNL 2 � 6, RPI 2 � 2 air-water, and PSBT covering single/two-phase and
unheated/heated conditions. The parameters of interest for validation include various flow characteristics
such as turbulent mixing, spacer grid pressure drop, cross-flow, reverse flow, buoyancy effect, void drift,
and bubble generation. For all the validation tests, ESCOT shows good agreements with measured data in
the extent comparable to those of other subchannel-scale codes: COBRA-TF, MATRA and/or CUPID. The
execution performance is examined with a mini-sized whole core consisting of 89 fuel assemblies and for
an OPR1000 core. It turns out that it is about 1.5 times faster than a subchannel code based on the two-fluid
three field model and the axial domain decomposition scheme works as well as the radial one yielding a
steady-state solution for the OPR1000 core within 30 s with 104 processors.
© 2019 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

As the computing technology is continuously enhanced, nu-
merical solutions with higher resolutions and fewer approxima-
tions become more affordable. In nuclear reactor analyses, pin-
resolved whole core multiphysics calculations take the advan-
tages of such highly enhanced computing technology. In particular,
pin-level neutronics and thermal-hydraulics (T/H) coupled calcu-
lations have been carried out by numerous institutions to incor-
porate their strong interdependencies [1e3]. The effectiveness of
such pin-level coupled analysis was proved with accurate pre-
dictions of core depletion [1] and CRUD-induced power shift (CIPS)
[4] phenomena. In these coupled calculations, the T/H solver plays a
key role in providing the accurate temperature and density distri-
butions of the coolant and fuel.

Even though researches for coupling a Computational Fluid
Dynamics (CFD) code with a neutronics code [5,6] had been per-
formed, there is a strong demand for subchannel-scale T/H codes in
the multiphysics coupling because of their adequacy in terms of
speed and accuracy. COBRA-TF (CTF) [7] is one of the well-known
subchannel analysis codes. The two-fluid three field model is
used to form the governing equations. CTF solves the pressure
correction equations for the whole problem domain as the Semi-
Implicit Pressure Linked Equation (SIMPLE) method [8] does. The
excellent performance of the code and its well-established coupling
interface resulted in coupling with many neutronics codes such as
MPACT [9], TORT-TD [10], and nTRACER [11]. On the other hand,
Korea Atomic Energy Research Institution (KAERI) has been trying
to apply its component scale T/H analysis code CUPID [12] to sub-
channel analyses [13]. The CUPID code adopts a three-dimensional
(3-D) two-fluid model, collocated meshing, and the Implicit
Continuous Eulerian (ICE) method. Subchannel models related to
pressure drop and turbulent mixing are implemented in CUPID to
extend its applicability to subchannel-scale analyses. The DeCART/
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CUPID coupled system [14] was established through a socket
communication with TCP/IP.

MATRA [15] is another subchannel code of KAERI having a lot
different features. It is specialized to simulating the cores that have a
dominating flow direction. By adopting the Homogeneous Equilib-
rium Model (HEM) and the space-marching scheme, MATRA ach-
ieves significant computing-time-saving so that it could have been
used widely for various core thermal designs and for the evaluation
of Departure from Nucleate Boiling Ratio (DNBR) margins. The slip
model and the explicit scheme are implemented in order to handle
more complicated conditions involving considerable phase change
or reverse flow. The coupling of MATRA with neutronics codes has
been done by various institutions as well [16,17].

Even though many existing subchannel codes are well-designed
and show excellent performance, most of them do not use the drift-
flux model (DFM) [18] for the governing equations to handle two-
phase flow. In general, the DFM has been widely used in system
analysis codes [19,20] because it could show the best applicability
in 1-D problems. Nonetheless, some subchannel codes [21,22],
which were developedmore than 30 years ago, adopted the DFM in
3-D domains. The effectiveness of the DFM was demonstrated in
these codes in terms of sufficient accuracy and considerable time-
saving in the comparison with the two-fluid model and the HEM.
However, parallel execution was not the concern in these codes.

It is known that the DFM produces sufficiently accurate solu-
tions for most of the core T/H conditions excluding highly voided
conditions in which the neutronic feedback effect is not important
in pressurizedwater reactors (PWRs). It is thusworthwhile to adopt
the DFM rather than the two-fluid model for core T/H calculations
to achieve high speed execution. In this regard, the development of
a new subchannel scale core T/H code called ESCOT (Efficient
Simulator of COre Thermal-hydraulics) was initiated at Seoul Na-
tional University as an effort to provide efficient core T/H solutions
to multiphysics analysis systems targeting high-performance par-
allel computing platforms. The code is based on the four-equation
DFM and the SIMPLEC (SIMPLE-Consistent) method. It is paral-
lelized by employing both radial and axial domain decomposition
with the Message Passing Interface (MPI) library.

In the following, the overall numerical schemes and models
implemented in ESCOT will be presented first. The validation of the
solution capability will then be demonstrated with five problems
covering unheated/heated single-/two-phase flow conditions. It
includes the comparisons with measured data and also with the
results of other codes such as CTF, MATRA and CUPID. Finally, the
execution performance of ESCOT will be assessed for a whole core
problem having 89 fuel assemblies and for a quarter core problem

of a Korean PWR.

2. Numerical solution schemes and features of ESCOT

The four-equation DFM is employed for setting up the governing
equations of ESCOT. It assumes the saturation condition for the
vapor phase. It is augmented by several constitutive relations such
as pressure drop and turbulent mixing relations. The governing
equations, the constitutive relations, and the numerical solution
scheme characterized by the SIMPLE method are presented in this
section. The standard symbols and notations which are clarified in
the nomenclature section will be used throughout the paper.

2.1. Governing equations

The mixture mass conservation equation is given as:

vrm
vt

þ V,ðrm u!mÞ ¼ �V,W
�!00

tm (1)

where the mixture density and velocity are defined as follows:

rm ¼ arv þ ð1� aÞrl (2)

and

u!m ¼ arv u
!

v þ ð1� aÞrl u!l

rm
: (3)

The subscripts, m, l and v denote mixture, liquid, and vapor
phase, respectively. The term on the right-hand-side (RHS) in-
dicates the mass exchange due to turbulent mixing.

The vapor mass conservation equation is given as:

vðarvÞ
vt

þ V,ðarv u!mÞ ¼ G
000
v � V,W

�!00

tm;v � V,

�
arlrv
rm

V
!0

gj

�
(4)

where the two divergence terms on the RHS represent vapor ex-
change by turbulent mixing and by the characteristics of the DFM,
respectively.

The mixture momentum conservation equation is then given as:

vðrm u!mÞ
vt

þ V,ðrm u!m u!mÞ ¼ rm g!� VP þ V,tijm � V,F
00
tm

� V,

�
a

1� a

rvrl
rm

V
!0

gj V
!0

gj

�
(5)

Nomenclature

Ac Flow area of channel
Dh Hydraulic diameter
f Darcy friction factor
G Mass flux
g Gravity acceleration
H Heat transfer coefficient
h Enthalpy
P Pressure
T Temperature
u Velocity
x Flow quality

Greek letter
a Void fraction
b Turbulent mixing coefficient
G Vapor generation rate
Q Turbulent mixing two-phase multiplier
r Density
t Shear stress
F Two-phase multiplier

Subscript
l Liquid phase
m Mixture
tm Turbulent mixing and void drift
v Vapor phase
w Wall
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where the terms of the RHS are the body force, force by pressure
gradient, friction force, momentum exchange by turbulent mixing,
and the divergence term by the DFM.

The energy conservation equation is formulated in terms of
mixture enthalpy as:

vðrmhmÞ
vt

þ V,ðrmhm u!mÞ ¼ q
000
w þ q

000
v � V,Q

!00

tm þ vP
vt

� V,

�
arvrl
rm

ðhv � hlÞV
!0

gj

�
(6)

where the mixture enthalpy is defined as:

hm ¼ arvhm þ ð1� aÞrlhm
rm

: (7)

The terms on the RHS represent the energy transfer rate from
heated walls, volumetric heat generation rate in the fluid, energy
exchange by turbulent mixing, work done by pressure, and the
divergence term by the DFM.

2.2. Constitutive relations

In order to close the four equations which have a lot more in-
dependent variables than the number of equations, several
constitutive relations are required starting from the equation of
state. Particularly, the relations for drift-flux parameters and a
turbulent mixing model should be provided based on experimental
data. The constitutive relations used in ESCOT are given below.

2.2.1. Equation of state
The primary variables in the above equations are pressure, void

fraction, liquid enthalpy, and mixture velocity. The secondary var-
iables would be calculated by using the Equation of State. The
IAPWS-IF97 steam table of CTF [7] is used in ESCOT. The liquid
density can then be obtained as:

rl ¼ rlðP;hlÞ: (8)

Under the assumption that vapor is in the saturated condition,
all the variables for the vapor phase are determined by pressure
only as:

Tv ¼ TsatðPÞ (9)

and

rv ¼ rv;satðPÞ: (10)

2.2.2. Drift-flux parameters
The distribution parameter C0 and the gas drift velocity Vgj,

which are so called the drift-flux parameters, play a key role in
predicting the gas and liquid velocities from the mixture velocity as
follows:

V
0
gj ¼

rmVgj þ rmðC0 � 1Þum
rm � ðC0 � 1Þa

�
rl � rg

� ; (11)

ul ¼ um � a

1� a

rv
rm

V
0
gj (12)

and

uv ¼ um þ rl
rm

V
0
gj: (13)

In general, the drift-flux parameters are given as a function of
several factors as:

C0 ¼ C0ða; rl; rv;/Þ (14)

and

Vgj ¼ Vgjða; rl; rv; g; s;/Þ: (15)

Various correlations are suggested for these functions and the
applicable range of a model has to be carefully limited considering
the flow regime map, pressure, flow velocity, and flow orientation
to guarantee the validity of the solutions. Two models are imple-
mented in ESCOT, the Zuber and Findlay correlation [18] and the
Chexal-Lellouche correlation [23], so that the user can select a
model with an input option.

2.2.3. Pressure drop model
The pressure drop models are implemented to incorporate

friction and form loss as follows:

V,tijm ¼ �
�dP
dX

����
friction

þ dP
dX

����
form

�

¼ �F

 P
k

fk
2Dh

GkjGkj
rk

þ Kx

2Dx
rmumjumj þ

Kz

2Dz
rmumjumj

!

(16)

where the subscript k indicates the phase, liquid or vapor. f is the
friction factor while K is the form loss factor and F is the two-phase
multiplier. In the case of friction, the term is applied to the axial
direction which is the major direction in subchannel analyses. The
friction factor is a function of Reynolds number, and can be
expressed as follows:

fk ¼ aRebk þ c: (17)

The parameters in Eq. (17) are given differently according to the
flow condition which can be characterized by Reynolds number as
shown in Table 1.

The Reynolds number for each phase is defined as [24]:

Rek ¼
akrkuk
mm

(18)

where the mixture viscosity is obtained as:

mm ¼
�
1� x
ml

þ x
mv

	�1

: (19)

The form loss term would influence the flow which moves to-
ward the axial and lateral directions. Generally, the axial form loss
occurs due to the existence of spacer grids while the lateral form
loss is caused by the flow passing through two rods.

In order to take into account the effect of two-phase flow on
pressure drop, the two-phase multiplier proposed by Armand [25]

Table 1
Friction factor parameters at different flow conditions.

Flow condition a b c Applicable range

Laminar 64.0 �1.0 0 Re < 2300
Transition 0.316 �0.25 0 2300 � Re < 30,000
Turbulent 0.184 �0.20 0 30,000 � Re
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is applied.

2.2.4. Turbulent mixing model
Themass,momentum, andenergyof theflowinonecell aremixed

with those of the neighboring cells by not only cross-flow created by
pressure gradient but also by turbulent mixing and void drift. The
latter two phenomena competitively affect the flow. In the case of
turbulent mixing, the flow gains its quantity from the neighboring
cells thathave largervalues.Or theflowloses itsquantitybyspreading
it to the neighboring cells that have smaller values. Thus, turbulent
mixing contributes to generating an even distribution of the three
physical quantities. The void drift, however, works in the opposite
way. For example, small bubbles gather and form larger bubbles so
that the nonuniformity of the bubble distribution increases.

In subchannel codes, these physical phenomena are usually
incorporated by either the Equal Volume exchange and Void Drift
(EVVD) model [26] or the Equal Mass exchange and Void Drift
(EMVD) model. In ESCOT, the EVVD model is implemented into the
governing equations in the following form:

Mixture mass exchange:

V,W
�!00

tm
¼
X
j

sij
Ai

�
W

00TM
tm þW

00VD
tm

�

¼
X
j

sij
Ai
Qij

ε

zTij

"n
ðrmÞi � ðrmÞj

o
�
(
Km

Gi � Gj

Gi þ Gj

�
½aðrv � rlÞ �i

þ ½aðrv � rlÞ �j
�)#

:

(20)

Vapor mass exchange:

V,W
�!00

tm;v
¼
X
j

sij
Ai

�
W

00TM
tm;vþW

00VD
tm;v

�

¼
X
j

sij
Ai
Qij

ε

zTij

"n
ðarvÞi�ðarvÞj

o
�
(
Km

Gi�Gj

GiþGj

�
ðarvÞiþðarvÞj

�)#
:

(21)

Momentum exchange:

V, F
!00

tm
¼
X
j

sij
Ai

�
F

00TM
tm þ F

00VD
tm

�

¼
X
j

sij
Ai
Qij

ε

zTij

"n
ðrmumÞi � ðrmumÞj

o

�
(
Km

Gi � Gj

Gi þ Gj

�
½aðrvuv � rlulÞ �i þ ½aðrvuv � rlulÞ �j

�)#

(22)

Energy exchange:

V,Q
!00

tm
¼
X
j

sij
Ai

�
Q

00TM
tm þ Q

00VD
tm

�

¼
X
j

sij
Ai
Qij

ε

zTij

"n
ðrmhmÞi � ðrmhmÞj

o

�
(
Km

Gi � Gj

Gi þ Gj

�
½aðrvhv � rlhlÞ �i þ ½aðrvhv � rlhlÞ �j

�)#

(23)

ε here is eddy diffusivity, and zT is tubulent mixing length. Km

denotes the scaling factor whose typical value is taken to be 1.4. It
can be flexibly assigned by the user. The mixing coefficient can be
reformulated as a function of mass flux [7] as:

ε

zTij
¼ bG

r
: (24)

The value of the turbulent mixing coefficient b is provided by
the user. In the case of the two-phase multiplier Q, the model
proposed by Beus [27] is used.

2.2.5. Flow regime map and vapor generation rate
The vertical flow regime map of RELAP5-3D [28] is used to

determine the flow regimes of ESCOT. Because ESCOT assumes
saturated conditions for the vapor phase, the flow regimes for the
pre-Critical Heat Flux (CHF) range are considered: bubbly flow, slug
flow, the transition between slug and annular mist flows, and
annular mist flow. The flow regimes help ESCOT to use proper
correlations of the DFM and the interfacial heat transfer coefficient.

The model for the vapor generation term G
000
v in RELAP5-3D is also

adopted to complete the constitutive correlations. It consists of a
summation of the two terms as in Eq. (25) which are the volumetric
vapor generation rate by heated walls G

000
w and the volumetric vapor

exchange term through the interface of two-phase G
000
iv:

G
000
v ¼ G

000
w þ G

000
iv: (25)

The near wall region volumetric vapor generation rate is
calculated by the following correlation of Lahey [29] which spec-
ifies subcooled boiling that occurs when the liquid enthalpy be-
comes higher than the critical enthalpy.

The interfacial vapor exchange term under the saturated vapor
assumption is given as:

G
000
iv ¼

HivðTv � TsatÞ þ HilðTl � TsatÞ
hvi � hil

¼ HilðTl � TsatÞ
hv;sat � hil

(26)

with

hil ¼


hl if Tl > TsatðvaporizationÞ
hl;sat if Tl � TsatðcondensationÞ

Here the interfacial heat transfer coefficient Hil depends on the
flow regime map and the correlations of RELAP-3D are applied as
well [28].

2.3. Numerical solution methods

The governing equations are spatially discretized by the Finite
Volume Method (FVM) employing a staggered grid structure. The
semi-implicit method is applied for temporal discretization. The
pressure correction equation is derived by the SIMPLEC (SIMPLE-
Consistent) [30] scheme.

2.3.1. Discretization
Because the basic geometry for the application of ESCOT would

be square lattices which are typical in Light Water Reactors (LWRs),
the staggered grid structure would be adequate. Fig. 1 shows the
staggered grid of ESCOT. The scalar variables such as pressure,
enthalpy, and density are defined at subchannel-centered scalar
cells while the mixture velocity is defined at the gap-centered
momentum cells. The drift-flux parameter V 0

gj which is a func-
tion of the drift parameter and gas drift velocity is also defined at
themomentum cell because its characteristic is analogous to that of
velocity. In the following descriptions, the subscripts I and J denote
the radial and axial indices of the scalar cells, respectively, and the
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subscripts i and j are those of the momentum cells.
The surface values of a control volume are determined by the

donor cell scheme as follows:

fn
i;J ¼

(
fn
I;J if uni;J � 0

fn
Iþ1;J if uni;J <0

(27)

where n is the time step index. Aweighted average is applied when
the cell-centered values of surface quantities are necessary. This
harmonic average is given as:

fn
I;j ¼

DzJþ1f
n
I;J þ DzJfn

I;Jþ1

DzJ þ DzJþ1
: (28)

The temporal discretization is based on the semi-implicit
scheme. In this scheme, the sonic propagation and interphase ex-
change such as pressure and interfacial temperature are treated
implicitly because their physical phenomena occur in a relatively
short time. On the other hand, the terms related with fluid con-
vection which would allow relatively larger timescales are treated
explicitly. For example, the interfacial mass exchange term, which
is a source term of the vapor continuity equation, can bewritten as:

ð
CV

G
000
ivdV ¼

Hn
il;I;J

h
ðTlÞnþ1

I;J � ðTsatÞnþ1
I;J

i
�
hv;sat

�n
I;J � ðhilÞnI;J

DVI;J : (29)

The turbulent mixing terms are implemented in a hybrid way
such that the turbulent mixings of mass and energy are treated
explicitly and the momentum turbulent mixing term is moved to
LHS for the implicit treatment.

The following is a discretized mixture continuity equation given
as an example in a simplified form for the sake of demonstration:

rnþ1
m;I;J � rnm;I;J

Dt
DV þ

X
rnm

�
u!nþ1

m , n!
�
A ¼

X
Wn

tm: (30)

2.3.2. Derivation of the pressure correction equation and the
calculation procedure

The SIMPLEC algorithm is adopted to establish the pressure
correction equation over the entire problem domain [30]. The
relation between the next time step velocity and pressure correc-
tion can be formulated in SIMPLEC as follows:

wnþ1
m;I;j ¼ w*

m;I;j þ dI;j
h�

Pnþ1
I;J � P*I;J

�
�
�
Pnþ1
I;Jþ1 � P*I;Jþ1

�i
(31)

where

dI;j ¼
AI;j

az;P �
P
nb
az;nb

(32)

and az,p and az,nb are the diagonal and off-diagonal terms of dis-
cretized axial momentum equation, respectively. The superscript *
denotes the intermediate solution. The above relation must be
coupled with scalar equations, Eqs. (1), (4), and (6), to yield the
pressure correction equation which would close the governing
equations. There are numerous ways to derive it, and we choose the
way to couple all scalar equations. First, the secondary variables in
scalar equations are linearized as a function of primary variables as
follows:

Tnþ1
l ¼ Tnl þ

�
Pnþ1 � Pn

��vTl
vP

�n

þ
�
hnþ1
l � hnl

��vTl
vhl

�n

: (33)

It leads to the following element of the coupled linear system for
certain scalar cell (I,J) with the discretized scalar equations:

2
4a11 a12 a13
a21 a22 a23
a31 a32 a33

3
5
2
664
hnþ1
l;I;J

anþ1
I;J

Pnþ1
I;J

3
775¼

2
4s1s2
s3

3
5�

2
4b11 b12 b13 b14 b15 b16
b21 b22 b23 b24 b25 b26
b31 b32 b33 b23 b35 b36

3
5

�

2
6666666664

unþ1
ie;J

�unþ1
iw;J

vnþ1
is;J

�vnþ1
in;J

wnþ1
I;j

�wnþ1
I;j�1

3
7777777775
:

(34)

By replacing the velocities of the new time step (n þ 1) in Eq.
(34) with Eq. (31) and by inverting the 3 � 3 coefficient matrix on
the LHS, the following linear system can be derived:

2
664
hnþ1
l;I;J

anþ1
I;J

Pnþ1
I;J

3
775 ¼

2
64 s

0
1
s
0
2
s
0
3

3
75�

2
64 b

0
11 b

0
12 b

0
13 b

0
14 b

0
15 b

0
16

b
0
21 b

0
22 b

0
23 b

0
24 b

0
25 b

0
26

b
0
31 b

0
32 b

0
33 b

0
34 b

0
35 b

0
36

3
75

�

2
66666666664

die;J
h
Pnþ1
I;J � Pnþ1

IE;J

i
diw;J

h
Pnþ1
I;J � Pnþ1

IW;J

i
dis;J

h
Pnþ1
I;J � Pnþ1

IS;J

i
din;J

h
Pnþ1
I;J � Pnþ1

IN;J

i
dI;j
h
Pnþ1
I;J � Pnþ1

I;Jþ1

i
dI;j�1

h
Pnþ1
I;J � Pnþ1

I;J�1

i

3
77777777775
: (35)

Note that the linear system is changed to have neighbor
coupling only in terms of pressure. Finally, extracting the 3rd row
yields the linear system for the pressure equation as:

"
1þ

X
nb

b
00
nb

#
Pnþ1
I;J �

X
nb

b
00
nbP

nþ1
nb ¼ s

0
3: (36)

The coefficient matrix of the linear system is septa-diagonal and
its diagonal dominance is very weak because the diagonal entry is
greater than the summation of the off-diagonal elements by only
unity and the off-diagonal entries are much greater than unity.
Because of the weak diagonal dominance and the sparseness of the
pressure matrix, it is not recommended to use a traditional iterative

Fig. 1. Schematic drawing of a scalar cell and momentum cell in the staggered grid.
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method. Instead, the Krylov Subspace Methods (KSM) are used as
effective solvers [31]. In ESCOT, the PETSc solver [32] as well as a
built-in BiCGSTAB solver are implemented so that various KSMs are
available for user’s choice.

The overall calculation procedure of ESCOT is illustrated in Fig. 2.
At the beginning of a calculation, the flow regime maps in all
computing cells are determined to select proper correlations. The
intermediate velocities are then obtained by solving the linear
systems of lateral and axial momentum equations, which are a
penta-diagonal and a septa-diagonal matrix, respectively. Next, the
linear system of the pressure equation is solved, and the mixture
velocity at the new time step is updated by the solution of the
pressure equation. In fact, outer iterations would be recommended
to achieve the converged solutions of velocities and pressure, but
performing only one outer iteration turned out to be enough in
most cases as long as the time step size is sufficiently small. The rest
primary variables are determined by solving the linear system of
Eq. (34). The secondary variables are then updated through the
steam table. The calculation is terminated when the convergence
criteria are met or the simulation time reaches the end time.

2.4. Parallel calculation scheme

The ESCOT code aims at highly parallelized execution. A multi-
node and multiprocessor system is a target computing environ-
ment of the code. In a previous research [33], it was figured out that
when the radial domain decomposition is applied at the assembly

or sub-assembly level in a subchannel code, satisfactory parallel
performance could be obtainable with MPI parallelization. Thus
ESCOT is also parallelized with MPI. Unlike CTF, however, the
problem domains is decomposed not only radially, but also axially.
Assembly-wise domain decomposition is used radially as shown in
Fig. 3 which indicates subdomains with different colors.

It should be noted that ghost cells are assigned near the
boundary of a subdomain. The role of the ghost cells is to provide
the boundary information of the neighboring subdomains, which is
required to solve the problem for the local subdomain. The example
of assigning the ghost cells are illustrated in Fig. 4 and Fig. 5.

The parallel execution of ESCOT proceeds as follows. First, the
code produces converged local solutions of the primary variables at
the current time step by solving three linear systems. The primary
variables include pressure, liquid enthalpy, void fraction, and
mixture velocity. Secondly, the local primary solutions that are
adjacent to neighboring domains are transmitted to their ghost
cells through the MPI communication. Finally, the rest of the
properties in the local cells and ghost cells are locally updated
through the steam table or the drift-flux correlations. In this way,
the code could have synchronous solutions at the time step.

Fig. 2. Flowchart of ESCOT based on the SIMPLEC Algorithm.

Fig. 3. Example of assembly-wise radial decomposition in ESCOT

Fig. 4. Assignment of ghost scalar cells.
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3. Validation of ESCOT

In order to verify the solution accuracy of ESCOT, a set of flow
experiments were analyzed by ESCOT and the solutions were
compared to the experiment data and the results of three other
subchannel-scale codes: CTF [34], MATRA [15], and/or CUPID [13].

Firstly, three single-phase validation results consisting of two
unheated test cases and one heated test case are presented.
Through the CNEN 4 � 4 test [35], the models for momentum
turbulent mixing and pressure drop by spacer grid are be verified
under unheated single-phase conditions. The Weiss et al. two
14 � 14 assembly test [36] is for the assessment of the capability to
predict the flow redistribution when the cross flow is a major
driving force. For the single-phase heated problem, the PNNL 2 � 6
test [37] is used and the buoyancy effect under a non-uniform
power distribution is examined.

Secondly, two additional validation results consisting of one
unheated test case and one heated test case are presented to verify
the two-phase models employed in ESCOT. The void drift model is
verified through the RPI 2 � 2 air-water mixing test [38] which is
the unheated two-phase problem. The overall boiling models are
verified through the PWR Sub-channel and Bundle Tests (PSBT)
[39] Phase 1 e Exercise 2 (Steady-state bundle benchmark).

3.1. Single-phase flow cases

3.1.1. CNEN 4 � 4 test
The CNEN 4� 4 experiment was performed by V. Marinelli et al.

at Studsvik to produce the velocity profiles under cold single-phase
flow conditions and flow redistribution between subchannels. The
experimental data are used to verify the momentum turbulent
mixing model and the pressure drop model for spacer grids.

The test section has a square-geometry with 16 (4� 4) rodswith
the radial configuration shown in Fig. 6. The height is 1.4 m and a
spacer grid is located at the middle of the test facility (0.7 m). The
experiment was carried out without heating at five different inlet
velocity conditions: 0.64, 1.32, 2.61, 3.83, and 5.18 m/sec. The outlet
velocities at each subchannel were measured.

The test facility is discretized with 1250 meshes consisting of 25
(5 � 5) radial meshes and uniformly discretized 50 axial meshes.
The outlet pressure and the inlet temperature are set to
0.10136 MPa and 300 K, respectively. The form loss factor of the

spacer grid is set to 0.3.
Firstly, the pressure results are demonstrated in Fig. 7 along

with the results of CUPID and MATRA. Because the experimental
data of pressure are not provided, the calculated values of MATRA,
CUPID, and ESCOT are compared. All three codes yielded noticeable
pressure drop due to the spacer grid. The largest drop occurs for the
case of the fastest inlet velocity. The maximum difference in pres-
sure between ESCOT and other codes is 1.6% so that it can be
concluded that the pressure drop models work properly.

Secondly, the calculated outlet velocities are compared with the
measured data. The result given in Fig. 8 presents the calculated
velocities without applying the turbulent mixing model. Both
ESCOT and CUPID codes underestimate the velocities at the corner
subchannels and overestimate at center subchannels. That can be
explained because the center subchannels have larger hydraulics
diameters than others yielding less flow resistance. However, in
reality, this is mitigated by turbulent mixing with neighboring cells,

Fig. 5. Assignment of ghost momentum cells.

Fig. 6. Cross-sectional view of the CNEN 4 � 4 test facility.
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and it can be taken into account with the turbulent mixing model.
When the turbulent mixing coefficient b is set to 0.02, the results of
three codes get closer to the measured data as shown in Fig. 9. The
maximum error of ESCOT with the measured data is reduced from
18% to 3% after the turbulent mixing model is activated.

3.1.2. Weiss et al. Two 14 � 14 assembly test
TheWeiss et al. two-assembly test was performed to investigate

flow redistribution between two assemblies under an unheated
condition when partial or full blockage occurs in one of two as-
semblies. The assembly of the test section consists of 14 � 14 un-
heated pins. The width and height of the test section are 15.33 and
7.63 inches, respectively, and the axial elevation is 38 inches. The
configuration is given in Fig. 10. In order to measure velocities and
static pressure, a number of pitot tubes were installed in Rows 1, 2,
and 3 at seven different axial levels.

The axial problem domain is uniformly divided with 1-inch
thickness so that 16,530 meshes (29 � 15 x 38) are used for the
computational model. It is noted that the turbulent mixingmodel is
deactivated, and it then means that the cross-flow is the only

driving source of the flow redistribution. The outlet pressure and
the inlet temperature are set to 0.101 MPa and 299.8 K to represent
the atmospheric condition.

For the partial blockage case, the inlet mass flow rates of 1100
gpm and 550 gpmwere given to each assembly in the experiment.
In the ESCOT calculation, the inlet velocities are set to 3.52 and
1.76 m/sec to produce the experimental mass flow rates. The inlet
velocity of subchannels between two bundles is assigned as 2.64 m/
sec. Fig. 11 shows the results of the flow rate fraction at each bundle
obtained from ESCOT, MATRA, and CTF. ESCOT could simulate the
flow redistribution by cross-flow as well as other codes did. The
RMS difference from the experimental data is 2.92% that is similar
to 2.05% of MATRA and 1.74% of CUPID. The flow recovery in a local
view can be more clearly seen in Fig. 12. The local velocities at each
level are calculated by averaging the calculated values of Rows 1, 2
and 3. Even though the local velocities of ESCOT show roughly 10%
differences from themeasured data, the differences are comparable
to those of CUPID and MATRA. The result of ESCOT has rather small
differences of 2% in the code-to-code comparison.

For the full blockage case, the inlet mass flow rates were set to
1100 gpm and 0 gpm. As shown in Fig. 13, flow recirculation could
be observed by the ESCOT calculation, which is hard to simulate
with a code employing a marching scheme. The local velocities at
different axial levels are illustrated in Fig. 14. The velocities at low
levels (1 and 2) and at the blocked side (bundle 2) are negative
implying reverse flows. The flow in the blocked channel is recov-
ered by the cross-flow as in the partial blockage case. The velocity
profiles of ESCOT are similar those of CUPID. Through this analysis,
the capability of ESCOT to simulate cross-flow and reverse flow is
validated.

3.1.3. PNNL 2 � 6 test
The PNNL 2 � 6 test was performed by the Pacific Northwest

National Laboratory to investigate the buoyancy effect due to a non-
uniform power distribution. Fig. 15 is the ESCOT computational
model for the PNNL test for which different power values were
provided to the half of the rods. Nine windows were installed to
measure velocity and temperature. Three cases with different
conditions were analyzed, but the result of only one case is pre-
sented here. The boundary condition is 0.1 MPa for the outlet
pressure and 285.15 K for the inlet temperature. The average heat

Fig. 7. Calculated pressure profile for CNEN 4 � 4.

Fig. 8. Outlet velocities obtained without turbulent mixing model for CNEN 4 � 4.

Fig. 9. Outlet velocities obtained with turbulent mixing models for CNEN 4 � 4.
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fluxof a rod is 18.5 kW/m2 and the power ratio between the hot and
cold rods is 2:1. The turbulent mixing parameter b is set to 0.005 as
in other codes.

The profiles of calculated temperatures and velocities at Win-
dows 3 and 7 are shown in Fig. 16 and Fig. 17, respectively. The
velocities are normalized by the inlet velocity. The flows in the hot
regions is accelerated by the buoyancy effect. This acceleration is
simulated properly by ESCOT. Although the differences between
ESCOT and measurement are somewhat large, those are not
particularly larger than the cases of CUPID and MATRA. The code-
to-code comparison shown in Table 2 for the relative differences
in temperature indicates that ESCOT matches better with CUPID
than MATRA within 2% for all parameters.

3.2. Two-phase flow cases

3.2.1. RPI air-water test
The RPI air-water test was issued by NRC (Nuclear Regulatory

Commission) and performed at Rensselaer Polytechnic Institute.

The purpose of this experiment was the investigation of the fully
developed two-phase flow distribution in a 2 � 2 rod array test
section. The flow is unheated. Fig. 18 shows a planar view sketch of
the test section. The height of the test section is 914.4 mmwithout
any spacer grid. Two techniques were used to mix water and air
into the bundle: a mixing tee technique and a sinter section tech-
nique. The outlet void fraction at the corner, side, and center sub-
channels were measured. Six tests were carried out with different
boundary conditions: outlet pressure between 1.3 MPa and
2.8 MPa; inlet void fraction between 20% and 53%; the average inlet
velocity of 0.451 or 0.903 m/s.

The computational model employs 90 meshes - 9 (3 � 3) radial
meshes and 10 uniformly divided axial nodes. The complete Zuber
& Findlay model is applied for the drift-flux parameters, and the
EVVD model is activated with b ¼ 0.05, KM ¼ 1.4, and QM ¼ 5.0.
Fig. 19 shows the predicted outlet void fraction versus the
measured data for the mixing tee case (top) and the sinter section
case (bottom). The effect of the void drift model is clearly demon-
strated through the changes in the corner and center cells. The
empty symbols represent the values obtained without the EVVD
model. The void fractions at the corner are overestimated whereas
those are underestimated at the center. When the EVVD model is
activated, the effect of gathering small bubbles is reflected in the
code so that the void fractions at the corner are lowered and ones at
the center are increased. This results in a significant decrease of the
difference from the measured data as shown in Table 3. Even
though the differences from the measured data are still not small
enough with the EVVD model, a similar level of differences are
observed in the results of CUPID.

3.2.2. PSBT: phase 1-exercise 2
The PWR Subchannel and Bundle Test (PSBT) experiments

include both single channel and rod bundle geometries under
steady state and transient operating conditions. Here the test of
Phase I-Exercise 2, which is the steady-state bundle benchmark, is
selected for the validation of ESCOT to verify the void fraction
prediction capability for bundle geometries.

The exercise involves numerous tests, and ESCOT solutions were

Fig. 10. Schematic diagrams of the Weiss two assembly test (left: Cross-sectional view, right: Longitudinal view).

Fig. 11. Portion of assembly averaged flow rates in partial blockage case.
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obtained for Test Series 5, 6, and 7. The schematic diagram of the
test facility is shown in Fig. 20. The test facility has 3658mmheated
length and three different types of spacer grids are installed:
Mixing Vane (MV), No Mixing Vane (NMV) and Simple Spacer (SS).
The form loss factors are set to 1.0, 0.7 and 0.4, respectively. Test
Series 5 and 6 have the radial configuration shown in Fig. 20(A)
while Test Series 7 has one unheated rod having a different diam-
eter as illustrated in Fig. 20(B). The boundary conditions are given
in wide ranges to the tests: pressure from 4.9 MPa to 16.5 MPa,
average power from 1.0 to 3.5 MW, inlet temperature from 150 to
310 �C, and inlet mass flux from 2 to 11 kg/(m2s). The averaged void
fraction in the four central channels surrounding the central rod or
the averaged bundle void fraction is the quantity of interest in this
steady state case. Three X-ray measurements were performed at
three different heights: 2.216 m, 2.269 m and 3.177 m from the
beginning of heated portion. The standard deviation of the void
fraction measurement was 0:04.

In the ESCOT calculation, 36 subchannels are defined, and the
axial meshes are non-uniformly set with 42meshes for Test Series 5
and 6 while 79 meshes for Test Series 7. The Chexal-Lellouche
model is applied for the drift-flux parameters, and the EVVD
model is applied as b¼ 0.05, KM ¼ 1.4, andQM ¼ 5.0. Fig. 21, Fig. 22,
and Fig. 23 show the calculated void fractions compared to the
measured data. It can be figured out that the ESCOT results agree

Fig. 12. Row averaged axial velocities at measured levels in partial blockage case.

Fig. 13. Velocity vector map of the slice along the 2nd-Row line in full blockage case.

Fig. 14. Row averaged axial velocities in full blockage case.
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with the measured data within a 2s band. The absolute differences
in void fraction are summarized Table 4 which includes the CTF
results given for comparison. It is noted that the magnitude of the
difference of ESCOT is comparable with that of CTF.

4. Performance examination for PWR core problems

In order to examine the execution performance of ESCOT for real
core problems, a reduced sized whole core (RSWC) problem and a
quarter core OPR1000 problem are solved. The parallel perfor-
mance is assessed for these two problems. Comparison with CTF is
given for the first problem.Fig. 15. Computational modeling of PNNL 2 � 6 test.

Fig. 16. Temperature and velocity profiles at window 3 of PNNL 2 � 6 case 1.

Fig. 17. Temperature and velocity profiles at window 7 of PNNL 2 � 6 case 1.

Table 2
Relative differences of ESCOT values from CUPID and MATRA values for PNNL 2 � 6 case 1.

Temperature Velocity

Window 3 Window 7 Window 3 Window 7

ESCOT e CUPID Max.[%] 1.82 1.64 2.71 2.29
RMS [%] 1.39 1.28 1.58 1.47

ESCOT e MATRA Max. [%] 15.46 7.18 15.43 11.81
RMS [%] 10.80 4.95 10.80 8.13
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4.1. Reduced size whole core problem

The RSWC consists of 89 fuel assemblies as shown in Fig. 24.
There are 20 unheated rods in the 16 � 16 fuel assembly to
represent the guide tubes of the Combustion Engineering (CE)-
type-assembly. The choice of 89 assemblies is dictated by the
number of the available processors on the test platform which is

120. Note that adding one more ring would require more than 120
fuel assemblies. The operating conditions for this problem are given
in Table 5. The axial power profile takes a cosine shape, and the
radial power distribution of assemblies is assigned as Fig. 24 while
the pin power within each assembly is assumed uniform.

For the execution performance comparison, the model problem
was solved by both ESCOT and CTF. The calculation conditions of
both codes are given in Table 6. The number of subchannels is
23,137 and the active height of 3.8 m is uniformly divided into 40
nodes so that 925,480 computational meshes are used. The tur-
bulent mixing parameter b is set to 0.05. The convergence of the
pseudo steady-state can be determined by monitoring parameters
related to balance and storage during a null-transient simulation.
Domain decomposition is done only in the radial direction by
assigning one processor to each assembly in order to be consistent
with CTF.

The number of outer iterations turned out to be 114 and 215 in
ESCOT and CTF, respectively, while the simulation times are 0.94 s
and 1.11 s. The distributions of density and temperature are given in
Fig. 25. The relative difference is calculated by subtracting the CTF
value from the ESCOT value and dividing it by the CTF value. The
maximum differences in density and temperature are 0.22% and
0.56% respectively, which shows quite good agreement in the code-
to-code comparison.

The computing times are listed in Table 7. The single processor
calculation takes 45 min and solving pressure equation is the most
time-consuming part as it takes 41% of the total computing time.
For the parallel execution of ESCOT, 89 processors are used. Except
for the initialization process, the overall calculation process is well-
parallelized so that the calculation could be finished in 50 s with a
speedup of 53 yielding the parallel efficiency of 60%. The calculation
times for updating thematrix elements and the source terms of CTF
include the time to calculate the Heat Transfer Coefficient (HTC); to
solve the conduction equation; to set up the continuity and energy
equations; and to calculate the interfacial area. The total computing
time of ESCOT is shorter than CTF by 1.5 times and it mainly results
from a significant time reduction of solving the momentum equa-
tion. It proves the effectiveness of the DFM which is based on the
mixture velocity rather than phasic velocities.

4.2. OPR1000 quarter core problem

The feature of bidirectional domain decomposition in ESCOT is a
capability currently unavailable in other subchannel codes. An
OPR1000 quarter core problem is used to demonstrate the bidi-
rectional domain feature involving both axial and radial decom-
position. The number of radial subdomains is 52 of which 37 are full
fuel assemblies, 14 are half-sized assemblies, and 1 is a quarter-

Fig. 18. Test Section of RPI Air Water Test (Numbers in mm).

Fig. 19. Results for RPI air water test for mixing tee (top) and sinter section (bottom)
cases.

Table 3
Differences in void fraction obtained without and with EVVD model for RPI test.

Mixing Tee No Mixing Mixing

Corner Side Center Corner Side Center

ESCOT Max. [%] 49.5 4.03 31.8 21.8 4.49 24.0
RMS [%] 32.7 2.50 18.3 15.7 3.03 13.1

CUPID Max. [%] 62.0 20.3 25.8 44.3 21.4 22.3
RMS [%] 42.4 12.3 14.7 21.4 13.9 13.6

Sinter Section No Mixing Mixing

Corner Side Center Corner Side Center

ESCOT Max. [%] 57.1 5.8 27.5 47.3 6.21 19.3
RMS [%] 42.8 2.9 20.1 31.8 4.02 14.4

CUPID Max. [%] 69.0 19.8 23.0 36.1 20.9 20.1
RMS [%] 49.0 12.0 16.5 26.4 13.6 14.5
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sized. The total number of subchannels is 11,569 and the active core
is non-uniformly subdivided into 32 planes to yield 370,208
computational meshes. The quarter core pin power distribution
shown in Fig. 26 was provided by the nTRACER direct whole core
calculation. The domainwas first decomposed only axially and then
radial decomposition was added at the second step. The detail
calculation conditions are given in Table 8.

Fig. 27 illustrates the results of parallel executions. The axial-
only decomposition reveals low parallel efficiency because the
communication loads are increased in proportion to the number of
channels in the core. Moreover the axial-only domain decomposi-
tion is bounded by the number of planes. The uneven size of radial
subdomains deteriorates the parallel efficiency of the radial
decomposition, but the scalability of the combined radial and axial
decomposition is significantly better than the axial-only
decomposition.

Consequently, the computing time is reduced from 1422 se29 s
with 104 processors.

Fig. 20. Test sections of PSBT phase 1 exercise 2.

Fig. 21. Void fraction results for test series 5 of PSBT

Fig. 22. Void fraction results for test series 6 of PSBT

Fig. 23. Void fraction results for test series 7 of PSBT
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5. Summary and conclusions

A new pin-level core T/H analysis code ESCOT was developed to
achieve highly parallelized fast execution and efficient coupling
with a high-fidelity neutronics code. The governing equations of
ESCOT were based on the four-equation DFM and were discretized
by the FVM. The SIMPLEC algorithm was applied to derive the
pressure correction equation for the whole 3-D domain. Several
constitutive relations were implemented to consider key physical
phenomena such as turbulent mixing, void drift, pressure loss, and
subcooled boiling. Parallelization was achieved by both radial and
axial domain decomposition involving ghost cells.

The solution accuracy of ESCOT was verified with five sub-
channel experiments which involved various key flow phenomena
such as pressure drop by spacer grids, cross flow, flow reversal, void

formation and mixing. ESCOT properly produced solutions which
agreed with the experiments within the error bands that were
comparable to other subchannel-scale codes such as CTF, MATRA,
and CUPID. In particular, the results of two-phase flow validations
demonstrated that DFM could predict solutions as well as the two-
fluid model for the pre-CHF conditions.

The performance examinationwas carried out for two PWR core
problems. The first one was the reduced size whole core problem
for which a parallel efficiency of 60% was achieved with 89 pro-
cessors. It turned out that ESCOT is 1.5 times faster than CTF, and
this demonstrates that the use of the DFM is advantageous because
the computing time to solve the momentum equations can be
seriously reduced. For the second problem, the quarter core of an
OPR1000, combined axial and radial domain decomposition was
also tested and it turned that a steady-state can be reached within
30 s with 104 processors for the entire core pin level subchannel
calculation.

The performance of ESCOT can be improved further using an
optimized steam stable. The second heaviest load in ESCOT is
represented by the time for updating variables of the next time
step, and it is strongly relying on reading the steam table. The ASME
steam table could be a good replacement of the IAPWS steam table
since the CTF performance is enhanced by a factor two with the
ASME steam table. Secondly, the characteristic of the linear system
of the pressure equation has to be optimized. The computing time
for solving the pressure equation takes significantly longer in
ESCOT than in CTF. Numerous ways to derive an efficient pressure
equation have been suggested [40] so that ESCOT can be improved

Table 4
Absolute difference in void fraction at measured points for PSBT.

abs (Da) Series 5

Lower Middle Upper Total

ESCOT Max. 0.130 0.083 0.105 e

RMS 0.052 0.045 0.057 0.052
CTF Max. 0.109 0.106 0.113 e

RMS 0.036 0.045 0.069 0.051

Series 6

Lower Middle Upper Total

ESCOT Max. 0.118 0.124 0.157 e

RMS 0.042 0.049 0.066 0.053
CTF Max. 0.185 0.073 0.092 e

RMS 0.065 0.046 0.057 0.057

Series 7

Lower Middle Upper Total

ESCOT Max. 0.157 0.172 0.070 e

RMS 0.079 0.085 0.032 0.069
CTF Max. 0.081 0.137 0.077 e

RMS 0.032 0.072 0.042 0.052

Fig. 24. Core power distribution and assembly geometry for reduced-size whole core problem.

Table 5
Operating conditions of reduced size whole core problem.

Parameter Value

Inlet temp. 295.89 �C
Outlet pressure 15.513 MPa
Total inlet mass flow rate 7654.0 kg/sec
Assembly nominal power 15.904 MW
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by utilizing those ideas trying to decrease the condition number of
the pressure matrix.

An in-depth examination of the parallel performance of ESCOT
against various problem sizes is planned. Establishing a platform

for pin-level neutronics - T/H coupled calculations is also one of the
main future work. Moreover, the validation of ESCOT on transient
conditions is in order as well.

Fig. 25. Distributions of ESCOT Results and Relative Differences from CTF.
(A) Temperature; (B) Temperature relative difference; (C) Density; (D) Density relative difference.

Table 6
Calculation conditions for reduced-size whole core problem.

ESCOT CTF

# of computational meshes 925,480 (23,137 � 40)
Courant number 0.60 0.80
Linear solver PETSc: unpreconditioned BiCGStab
Convergence criteria Mass/Energy balance [%] 0.01/0.01 0.01/0.01

Mass/Energy storage [%] 0.5/0.5 1.0/5.0
# of processors 1 or 89 89
Computing device Intel Xeon E5-2630 v4 2.20 GHz/InfiniBand

J. Lee et al. / Nuclear Engineering and Technology 51 (2019) 1487e1503 1501



Fig. 26. nTRACER Axially Averaged Radial Pin Power Distribution (left) and ESCOT Calculated Coolant Temperature (right) for OPR1000 Quarter Core Problem.

Table 8
Calculation conditions for OPR10000 quarter core problem.

Calculation conditions

# of computational meshes 370,208 (11,569 � 32)
Courant number 0.60
Linear solver PETSc: Block Jacobi preconditioned BiCGStab
Convergence criteria Mass/Energy balance [%] 0.01/0.01

Mass/Energy storage [%] 0.5/0.5
# of processors Axial-only decomposition 1, 2, 4, 8, 16, 32

Radial & Axial decomposition 52, 104
Computing device Intel Xeon E5-2630 v4 2.20 GHz/InfiniBand

Table 7
Computing time and speedup for reduced size whole core problem.

ESCOT CTF

Single processor
Computing time (sec)

Parallel execution Parallel computing time (sec)

Computing time (sec) Speedup efficiency

Initialization 7.2 5.1 1.41 0.02 4.6
Matrix elements update 531.0 8.0 66.79 0.75 27.0
Source terms update 276.3 3.5 78.06 0.88
Solving momentum equation 86.9 2.0 44.32 0.50 30.3
Solving pressure equation 1110.7 17.5 63.62 0.71 6.4
Solving scalar variables 18.0 0.9 19.32 0.22 e

Updt. next time step vars. 647.6 13.4 48.18 0.54 5.3
whole simulation time 2677.7 50.4 53.15 0.60 73.6

Fig. 27. Computing time (left) and scalability (right) of different domain decomposition schemes for OPR1000 quarter core problem.
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