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A B S T R A C T

Injection of Emergency Core Cooling System (ECCS) water into the primary loops of the Pressurized Water
Reactors (PWRs) leads to rapid cooling of Reactor Pressure Vessel (RPV) inside wall after Loss Of Coolant
Accident (LOCA). This condition, known as Pressurized Thermal Shock (PTS) intensifies the propagation of the
RPV structural defects and would be considered as an ageing mechanism. For structural and fracture analysis of
RPV wall, thermal-hydraulic analysis of PTS should be accomplished to obtain the steam/water flow char-
acteristics in the downcomer. For this purpose, simulation of steam/water stratified flow (due to density dif-
ference) after the injection point should be done by Computational Fluid Dynamics (CFD) methods. In this
region, steam condensation over water layer is considered as the only heat source and controlled by turbulence
eddy motion near the steam/water interface. Based on Surface Renewal Theory (SRT), Heat Transfer Coefficient
(HTC) would be calculated by evaluation of turbulence length and velocity. Therefore, prediction of turbulence
characteristics plays a significant role for estimation of interfacial mass transfer and temperature profile. High
gradient of velocity and Turbulence Kinetic Energy (TKE), and interfacial mass and momentum transfer at the
steam/water interface needs some modifications for application of traditional turbulence models.
Implementation of damping function is one of the common solutions to overcome the overestimation of TKE at
the steam/water interface. Although, this function improves flow characteristics of smooth stratified flow, in-
vestigation of conservation equations and experimental data implies that the other source function is needed
when the flow regime changes to wavy flow. In this paper, a new source function of TKE based on variations of
turbulence characteristics is proposed for steam/water interface leading to a special boundary condition of
turbulence. To investigate the effects of this modification, simulation of air/water and steam/water stratified
flow in three different test facilities is performed. The results show that the implementation of the source
function of TKE improves the prediction of turbulence characteristics at the interface of isothermal stratified
flow. Also condensation rate and temperature gradient of steam/water stratified flow have a better agreement
with experimental data.

1. Introduction

Steam/water stratified flow would take place in normal or emer-
gency conditions of industrial processes such as chemical process and
nuclear power plant. In the primary loops of Pressurized Water Reactor
(PWR), The Emergency Core Cooling System (ECCS) water enters the
hot steam flow environment in the cold leg (while its temperature is
between 283 K and 298 K) after some scenarios of Loss Of Coolant
Accident (LOCA) (Lucas et al., 2007). As the new mixture of water and
steam goes away from injection point into the Reactor Pressure Vessel
(RPV), two-phase stratified flow propagates in the cold leg by means of
density difference between water and steam. In this condition, the

temperature reduction of the coolant leads to RPV overcooling and
thermal load on it, known as Pressurized Thermal Shock (PTS). The
prediction of plant response to LOCA by system codes and, temperature
gradient in the RPV wall by CFD codes should be done in thermal-
Hydraulic step of PTS analysis (Bestion, 2010; IAEA, 2003). For the
second purpose, the simulation of stratification zone (after the injection
point) plays a significant role for evaluation of water temperature and
needs a special attention due to complex phenomena at the interface of
steam and water (Griffiths et al., 2014).

In horizontal two-phase stratified flow; gravity, relative velocity,
interfacial shear stress and surface tension of two phases dictate dif-
ferent flow pattern and interface shape (Lin and Hanratty, 1986). The
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high gradient of flow characteristics (e.g. velocity and turbulence ki-
netic energy) at the interface needs a special treatment to capture these
variations. In addition to this fact, condensation of steam plume over
the water layer would occur due to temperature gradient. Steam con-
densation and mass transfer between two phases lead to variation of
temperature and flow rate without any heat source or sink which is
known as Direct Contact Condensation (DCC). DCC includes 3D effects
and local phenomena at the interface and needs a finer space resolution,
especially at the interface (Bestion, 2010; Bian et al., 2017). Therefore,
modeling of two-phase stratified flow containing interfacial mass and
heat transfer is known as an ongoing research interest of Computational
Fluid Dynamics (CFD). The key parameter controls the rate of con-
densation is Heat Transfer Coefficient (HTC) which strongly depends on
length and velocity scale of turbulent eddies transferring thermal en-
ergy from interface into the fluid bulks.

The complexity of interfacial phenomena in two phase stratified
flow led to development of related test facility for evaluation of dif-
ferent variables. Some of these facilities have been selected as valida-
tion test case for benchmarking procedure of new simulation codes.
Fabre et al. (1987) used a rectangular channel for investigation of
smooth and wavy air/water stratified flow. They measured velocity and
turbulence characteristics by Helium-Neon laser and forward scattering
method, respectively. Lim et al. (1984) investigated axial reduction of
steam mass flow rate due to DCC in smooth and wavy stratified flow.
They employed pitot tubes and conductivity probes for evaluation of
steam velocity and water depth. Goldbrunner et al. (2002) considered
water temperature gradient in steam/water smooth stratified flow and
reported vertical temperature gradient and total condensation rate by
implementation of linear Raman spectroscopy. Vallée et al. (2008),
from HZDR institute, developed two rectangular test facilities for ob-
servation of interface shape and propagation of slug flow pattern. High-
speed video and Particle Image Velocimetry (PIV) method were applied
for these purposes. Lips and Meyer (2012) considered interfacial con-
densation in a small inclined pipe and studied the variation of HTC in
different flow pattern. They also examined the maturity of different
flow pattern maps based on experimental data. Ayati et al. (2014) in-
vestigated the velocity profile near the wall and interface of air/water
stratified flow in a pipe of 31m in length. They applied PIV measuring
method with tracing of water droplets and considered both smooth and
wavy stratified flow. Roman et al. (2016) developed an experimental
facility based on neural network detection algorithm for identification
of flow regime. They employed electrical capacitance tomography to
distinguish between gas and liquid phase.

To find a practical approach for estimation of HTC, Higbie (1935)
developed Surface Renewal Theory (SRT) calculating mass transfer rate

as a function of surface renewal period. This period refers to the contact
time of an eddy with gas and liquid. Danckwerts (1951) modified the
Higbie (1935) theory by consideration of surface renewal rate and
calculated mass transfer coefficient as a function of physical char-
acteristics and renewal rate. Hughes and Duffey (1991) determined the
renewal period by using of the Kolmogorov length and velocity scales
and dissipation of energy in the liquid. Based on Kolmogorov theory,
the energy of large eddies is transferred to small eddies and then,
converted to thermal energy by viscosity at low Reynolds number
(Kolmogorov, 1941). Akira et al. (1992) calculated HTC based on SRT
and consideration of non-zero turbulence boundary condition at the
interface. Shen et al. (2000) defined a boundary layer at the interface
according to Gaussian reduction of turbulent eddy viscosity and pro-
posed new turbulence length and velocity scale. Yao et al. (2005)
considered the turbulence production of interfacial friction and com-
pared the condensation of Lim et al. (1984) experiment by Shen et al.
(2000) and Hughes and Duffey (1991) model. They reported under-
estimation of Shen et al. (2000) model and overestimation of Hughes
and Duffey (1991) model for interfacial heat transfer. Also Ceuca and
Macián-Juan (2012) compared the difference between these models for
LAOKOON experiment and reported better results for Shen et al.
(2000). Gada et al. (2016) investigated application of Hughes and
Duffey (1991) model with Large Scale Interface (LSI) model for steam
condensation in a pipe when cold water injected in it. They predicted
total rate of condensation with some distortions for condensation in the
pipe. Coste et al. (2008b) investigated the application of NEPTUNE CFD
using large Interface Method (LIM) for simulation of interfacial mass
and momentum transfer. They introduced a new HTC correlation based
on SRT with some modifications for calculation of velocity and length
scale. Štrubelj et al. (2010) used this correlation to predict the con-
densation in water hammer experiments and showed poor agreement
between experimental and simulation results. In addition to SRT,
Banerjee (1990) introduced Surface Divergence (SD) as a function of
tangential fluctuation velocity gradient and used it instead of surface
renewal period for eddy transport calculation. He calculated transfer
velocity for unsheared interface based on Hunt and Graham (1978)
blocking theory. Banerjee et al. (2004) employed SD model for sheared
interface and showed that the relation of unsheared interface is valid
with change of constant value. Also, Lakehal (2010) developed a new
modeling strategy for simulation of DCC solving super grid turbulence
and interfacial scales directly, whereas the sub-grid parts are modeled
based on Interface Tracking Method (ITM) and Large Eddy Simulation
(LES) turbulence model. Lakehal and Labois (2011) employed this new
modeling strategy in SD model to calculate HTC and condensation rate
in stratified flow. Li et al. (2015) employed LES turbulence model and

Nomenclature

A Interfacial area density
a Thermal diffusivity
Cμ Proportional constant of eddy viscosity
g Gravity acceleration
h Bulk average enthalpy
K Turbulence kinetic energy
P Pressure
S Source function
t time
T Temperature
U Velocity
u,v,w Horizontal, vertical and axial component of velocity
α Volume fraction
Β Closure coefficient of the destruction term of k-ω model
γ Closure coefficient of k-ω model (5/9)
σω Closure coefficient of k-ω model (0.5)

σk Closure coefficient of k-ω model (0.5)
Γ Interfacial mass transfer
ν Kinematic viscosity
Ρ Density
λ Thermal conductivity
τ Shear stress
ω Turbulence eddy frequency
ε Turbulence eddy dissipation

Subscript and superscript

G Gas phase
i Interface
L Liquid phase
T Turbulence
Sat Saturation
w Water
S Steam
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VOF method for simulation DCC of a steam injection into the water pool
and showed the effects of steam velocity on condensation rate. Kadi
et al. (2015) used this new strategy in TransAT code and considered a
turbulence damping function at the interface like solid boundary con-
dition. Ren et al. (2016) used mass fraction method for estimation of
condensation in ECCS out nuzzle after LOCA and showed the con-
servative results for condensation rate.

The review of implemented approaches for HTC calculation reveals
the importance of the turbulence characteristics prediction at steam/
water interface. The high gradient of velocity and Turbulence Kinetic
Energy (TKE) in this region needs a special treatment for exact pre-
diction of turbulence characteristics (Bestion, 2010). The gradient of
velocity generates high turbulence when differential eddy viscosity
models like k-ε or k-ω are used (Egorov et al., 2004; Reboux et al.,
2006). The employment of turbulence damping function decreasing
turbulence and dictating a new boundary condition similar to solid
boundary is a common solution to decrease turbulence (Wilcox, 1998).
Although this modification improves the flow characteristics of smooth
interface (Höhne and Mehlhoop, 2014), a considerable underestimation
of TKE occurs when the flow pattern changes to transient or wavy flow.
From the point of view of PTS thermal-hydraulic analysis, this short-
coming of traditional eddy viscosity models leads to inaccurate eva-
luation of condensation and coolant temperature in the cold leg after
LOCA. Therefore, the other boundary condition should be implemented
at the interface to bridge this gap. The investigation of transport
equation of turbulence characteristics shows some differences between
wall boundary condition and steam/water interface, especially for TKE
which is considered equal to zero near a wall. The evaluation of tur-
bulent characteristics profile resulted in proposing a new source func-
tion for TKE near the free surface. This function should be added to
transport equation of TKE to improve underestimation of TKE at the
interface. In addition of TKE, the proposed function changes the HTC,
temperature profile and steam flow rate.

Section 2 of the current paper gives a review of conservation
equation of mass, momentum, energy and turbulence characteristics,
and different model and improvement employed in literature. Section 3
illustrates the procedure of new source function definition based on
turbulence transport equation and in section 4 the new approach is
employed for three different experiments including isothermal air/
water and steam/water stratified flow.

2. Two phase stratified modeling

2.1. Flow regime identification in horizontal pipeline

The identification of the flow regime in horizontal pipes plays an
important role for simulation of these flows. Models for the transition
from stratified flow to slug flow (or intermediate flow) are based on
Kelvin-Helmholtz instability theory. According to this theory, small
waves will grow when (Lamb, 1932; Milne-Thompson, 1968):
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−
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Where hG is the gas phase height.
In addition to this criterion, there are the other instability condi-

tions of stratified flow in literature considering more forces and phe-
nomena at the interface. Thorpe (1969) studied dynamics aspect of
instability in a rotated rectangular channel including two immiscible
fluids experimentally and theoretically. Their results obtained the dy-
namics parameters such as critical wave-number and velocity dis-
turbance and revealed the occurrence of Kelvin-Helmholtz and Toll-
mien-Schlichting instability. Lin and Hanratty (1986) developed linear
Kelvin-Helmholtz stability theory to predict the onset of slug flow for
air-water flow. They considered the inertia of liquid phase and shear
stress neglected in inviscid theory and showed ignorance of these

effects is valid only for very large liquid viscosities. Brocchini and
Peregrine (2001) introduced L-q diagram for the interface shape iden-
tification based on magnitude of Froude number and Weber number for
each point. They used turbulence kinetic energy and dissipation rate for
calculation of turbulence length scale and velocity to predict the shape
of the interface.

2.2. Conservation equations

For evaluation of condensation rate and temperature profile in
steam/water stratified flow, modeling of non-resolved scales should be
accomplished by utilization of statistic approaches. If appropriate
models are employed for modeling of this motion, conservation equa-
tion of mass, momentum and energy would be effective to capture these
phenomena (Bestion, 2010; Egorov et al., 2004). Two-fluid model,
considering steam and water as two segregated streams (Collier and
Thome, 1994), consists of six conservation equations (mass, momentum
and energy for each phase) as follows (Ishii and Hibiki, 2010):
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In Eq. (2), Mk reveals the effect of interphase momentum transfer
including Drag, lift, added mass, turbulence dispersion force and mo-
mentum associated to the interfacial transfer of mass. ″A qi k i, and ‴qk w, are
the heat exchange terms at the interface and wall per unit volume. Also
qk and qk

T refer to the molecular and turbulence heat flux. The inter-
facial mass transfer per volume, Γ, is calculated by definition of inter-
facial HTC and consideration of temperature difference between steam
and water (Štrubelj et al., 2010) as follows:

= ∇ −
−

Γ α HTC T T
h h

( )sat w

s sat w, (3)

where ∇αi refers to interfacial area density. As explained in the pre-
vious section, evaluation of eddy contact time (Higbie, 1935) and tur-
bulent diffusivity (Danckwerts, 1951) are two main parameters related
to HTC at the interface. For the first approach, calculation of surface
renewal period is performed by introduction of length and velocity
scale. These characteristics would be defined according to different
phenomena and characteristics (e.g. shear velocity, turbulence in-
tensity, film thickness, channel diameter). Since eddy contact time is
proposed to provide an estimation of eddy motion, the use of turbu-
lence characteristics at the steam/water interface would result in im-
provement of HTC evaluation. Among the recommended approaches for
calculating of this quantity, Hughes and Duffey (1991) model based on
Kolmogorov theory and Shen et al. (2000) model according to eva-
luation of eddy viscosity in sublayer has been considered as two major
perspectives in previous studies. In the first theory, it is assumed that
the total energy of the large eddies is transferred to the small eddies
which can be considered statistically isotropic (Kolmogorov, 1941).
Base on this theory and calculation of eddy contact time, the following
equation is proposed for HTC at the interface:

= ⎛
⎝

⎞
⎠

HTC
π

ρC a ε
ν

2
P1

0.25

(4)

In the second approach (estimation of eddy viscosity), a Gaussian
function of eddy viscosity is proposed in a sublayer near the interface
where the reduction of fluctuation velocity component occurs due to
interface boundary condition. With this assumption, the other equation
for calculation of HTC was proposed by Shen et al. (2000):
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HTC ρC a ε
k

0.794 P2

0.5

(5)

Regardless of the constant coefficient of Eq. (4) and (5) that have a
slight effect on two models, the definition of turbulence length and
velocity is considered as the fundamental difference between HTC1 and
HTC2. Based on previous investigations, a considerable underestimation
or overestimation of interfacial mass transfer would take place for
different flow pattern in horizontal channel (Ceuca and Macián-Juan,
2012; Yao et al., 2005). Despite this difference, both relationships are
significantly dependent on the correct estimation of turbulence char-
acteristics at the steam/water interface. Therefore, some shortcomings
of the mentioned equations would be related to turbulence modeling in
this region. Therefore, the other researches in literature focused on
improvement of turbulence modeling. With this division, the present
paper can be categorized in the second group, which tries to predict
DCC by improving the boundary conditions of turbulence character-
istics. In the next section, some common methods used to improve the
prediction of turbulence characteristic will be illustrated.

2.3. Turbulence modeling

The dependency of HTC on turbulence characteristics at the inter-
face needs a special treatment. The high gradient of velocity near the
interface is similar to flow condition near a wall. This condition dictates
a specific behavior of turbulent characteristics that are not predicted by
traditional two equations turbulence models. So, the other modifica-
tions should be considered to bridge the gap. Liovic and Lakehal (2007)
employed large eddy simulation turbulence model at the interface of air
jet injected into a water pool and demonstrated the effect of surface
roughness on turbulence dissipation rate. Nourgaliev et al. (2008) in-
troduced sharp interface method based on level set method to capture
sharp variation of hydrodynamic characteristic by using a special
function at the interface. Ayati et al. (2016) experimentally showed the
effect of flow rate in stratified flow of air and water on generation of
turbulence structure and dissipation of energy at the interface. Egorov
et al. (2004) proposed that a turbulence damping function is employed
near the free surface of the stratified flow according to wall function of
k-ω model (Wilcox, 1998) using Taylor approximation for fluctuation
velocity components as follows:
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The fluctuating velocity satisfies no-slip boundary condition and
conservation of mass (Wilcox, 1998). As a result, the following equation
should be equal to zero when Δy tends to zero:
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Consideration of Eq. (7) implies that ′A x z( , ), due to lack of de-
pendency on y, should be zero. Consequently, the fluctuating velocity
components behave as follows:

′ = +
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Substitution of velocity component in the definition of K and ω
obtains the variation of these variables near a wall as follows:

∼k Δy2 (9)

∼ω ν
βΔy2 (10)

The same result can would be obtained by consideration of standard
transport equations of k and ω which is more favorable for interface of

gas and liquid. The standard transport equations of k-ω model are
(Wilcox, 1998):

∂ + ∇ = − + ∇ + ∇k u k P C ωk ν σ ν k. . [( ) ]t k μ k t (11)
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where Pk is turbulence production term.
By consideration of velocity components near a solid boundary,

these transport equations would be reduced in steady state condition
and non-dimensional form as follow (Kalitzin et al., 2005):
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The singular solution of (13) satisfying the flow conditions at the
solid boundary is the same that previous function of Turbulence Eddy
Frequency (TEF) (Eq. (10)). The following value of TEF is employment
for definition of a source function which is known as turbulence
damping function:

=+
+ω B

βy
6

2 (15)

where B is a coefficient, which should be selected big enough, at least
10 (bigger values do not change the result for a solid wall) (Egorov
et al., 2004; Höhne and Mehlhoop, 2014). Using the value for TEF
implies that the behavior of TKE is according to Eq. (9). Therefore, the
gradient of TKE and its gradient will be zero which does not conform
with TKE profile near the free surface of a two-phase stratified flow.
Höhne and Mehlhoop (2014) used this damping function in AIAD (Al-
gebraic Interfacial Area Density) method for case 250 and case 400 of
Fabre et al. (1987) experiment. The rationale behind AIAD model is the
selection of the drag coefficient based on local morphology detection
(Höhne and Lucas, 2011). Drag coefficient of gas bubbles, liquid dro-
plets and free surface at the interface is calculated separately and
overall drag coefficient is a weighted sum of them. Although they im-
proved the velocity profile of case 250, but deviations reveal in case
400 which the vertical motion of the free surface is considerable. The
investigation of two-phase phenomena occurring in a wavy stratified
flow shows that the utilization of damping function is not sufficient. In
addition to velocity, TKE has a sharp variation which is considered
equal to zero near the wall. Obviously, the behavior of interface differs
from solid boundary condition in some features affecting the flow
characteristics and the other modification is needed for TKE boundary
condition illustrated in the next section.

3. New turbulence model near the free surface

Consideration of vertical component of velocity and nonzero
boundary condition of TKE and its gradient at the interface are two
important factors neglected in the previous turbulence models and this
paper focused on a new model based on them. If the TEF value of
Wilcox (1998) wall function is substituted in reduced transport equa-
tion of TKE (Eq. (14)), this equation can be solved as:
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Where:
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The powers of the first and second term in Eq. (16) are negative and
positive. For wall boundary condition, it is assumed that the value of
TKE and its gradient are equal to zero. So, the first term of Eq. (16)
should be ignored and only positive power considered for wall function.
If this boundary condition is applied for the interface of steam and
water, no special treatment is needed for TKE. But, the investigation of
experimental results shows that these boundary conditions of TKE, have
no consistency with the variation of TKE (Apanasevich et al., 2015;
Höhne and Mehlhoop, 2014; Yao et al., 2005). Therefore, the non-zero
boundary conditions of TKE and its gradient are needed at the interface
of steam and water. Based on this point, the first term of Eq. (16) should
be taken into account to reveal the value of TKE and its gradient. On the
other, the second term of Eq. (16) tends to zero when the distance of
interface decreases. As the modification of TKE will be implemented at
the interface (where y+ is small), it is possible to ignore this term in Eq.
(16). By this assumption, one boundary condition is needed to specify
the constant C1.

There is no explicit boundary condition at the interface due to lack
information of TKE. As the TKE is a continues function in vertical di-
rection, it is possible to assume that the value of TKE (according to Eq.
(16)) approaches to value of turbulence kinetic energy far from the
interface where no turbulence source function will be implemented. As
a result of this assumption, a certain distance from interface and a value
of TKE are considered for calculation of constant C1 in Eq. (16). This
distance should be far enough from the interface that interfacial effects
could be ignored. The selection of this distance may have a major effect
on the TKE profile. So, a sensitivity study is necessary to assess the
impact of this boundary condition. For the first evaluation, the distance
of y+=400 is considered for this purpose. Also, the average value of
TKE at the Log-law layer near the wall (where 30 < y+<300
(Versteeg and Malalasekera, 2007)) is considered as value of source
function at the proposed distance from the interface. This boundary
condition leads to decreasing function for TKE when the distance from
the interface increases and the maximum value of TKE source function
will occur at the interface. This behavior is similar to the first term of
Eq. (16) tending to C1 when y+ increases. Consideration of the positive
term in Eq. (16) will increase TKE source function which should be zero
out of the interface. Also, the TKE and TEF source function will be
implemented in steam/water interface where interfacial area density is
a non-zero function, and the positive term for TKE source function has
no effect on interfacial parameters. Therefore, the positive term is ne-
glected and the value of TKE at the interface would be obtained as
follows:
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In addition to boundary condition modification, consideration of

vertical motion of interface affects the value of turbulence character-
istics. This difference between solid boundary condition and steam/
water interface intensifies when the interface changes from smooth to
wavy shape. The vertical motion of small waves produced by Kelvin-
Helmholtz instability would increase TKE at the interface. This phe-
nomenon implies that the convection transport term of TKE and TEF in
vertical direction would affect the source function value of them. For
investigation of vertical velocity effects, the vertical convection terms
of TKE and TEF are added to reduced transport equations (Eq. (13) and
(14)) as follows:
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Unlike the previous reduced transport equations, no analytical so-
lution can be considered for Eq. (18) and (19). In addition to this fact,
the vertical component of velocity would be a function of y+ at the
interface and should be evaluated for solving these equations. As a
result, only the numerical solution can be employed to find TKE and
TEF function. For numerical solution of Eq. (18) and (19) with the as-
sumptions illustrated in the previous paragraph, two different boundary
conditions are needed for both differential equations. The first type of
boundary condition proposed in this section is similar to Eq. (17) and it
is supposed that both ω+ and k+ are known far from the interface
(y+=400). The second boundary condition is defined due to reduction
of turbulence source far from the interface. Actually, the source func-
tion of TKE and TEF will be employed near the free surface where the
interfacial area density is large enough. In this region, the magnitude of
both sources should be very large and decreases when the y+ increases.
This behavior is similar to Eq. (17) without any consideration of ver-
tical velocity. So, it is supposed that the variation of turbulence sources
far from the interface is equal to zero where those terms have no effect
on transport equations. By consideration of these boundary conditions,
numerical method can be implemented for solving of Eq. (18) and (19).
Fig. 1 and Fig. 2 depict the profile of TKE and TEF by implementation of
proposed boundary conditions and numerical solution for different
value of V+. As shown in these figures, the convection term of both
equations has a considerable effect of turbulence magnitude at the free
surface. For high positive value of vertical velocity, turbulence energy
and dissipation rate decreases due to eddy transport out of interface
while higher turbulence reveals when the vertical velocity is negative.

For implementation of this new turbulence model, the numerical
solution of two transport equations should be accomplished for each
point at the interface in all iteration leading to time-consuming calcu-
lation procedure. So, for the first evaluation, the effect of vertical ve-
locity will be ignored and the value of TKE and TEF be calculated based

Fig. 1. Turbulence kinetic energy profile near the free surface for positive and negative value of V+.

M. Ghafari et al. Progress in Nuclear Energy 108 (2018) 358–371

362



on Eq. (15) and (17). These values are added to transport equations as
two following source functions:

= ∇
= ∇

=

S ρ U α k
S ρ Δyβ α ω
i w s,

k i i i

ω i i
2

(20)

where ∇αi is the value of interfacial area density and guarantees the
application of the source functions near the free surface.

4. Validation of new turbulence function

In this section some experiments about two-phase stratified flow are
selected to evaluate the effect of turbulence modification at interface of
two phases. In the first experiment, an adiabatic co-current air and
water flow passes through a rectangular channel is considered as an
isothermal stratified flow. The measurement of velocity and turbulence
characteristics is performed at vertical line at a distance of 9.1 m from
inlet (Fabre et al., 1987). The second experiment focuses on tempera-
ture profile in a smooth stratified flow of steam and water in a rec-
tangular channel and condensation occurs at the interface
(Goldbrunner et al., 2002). In the last experiment containing wavy flow
of steam and water, the reduction of steam flow rate due to interfacial
condensation along the rectangular channel will be investigated. CFX
Command Language (CCL) of ANSYS package was employed for si-
mulation of these experiments with consideration of two-fluid model.
Constant velocity inlet boundary condition according to superficial
velocity of each phases is defined for gas and liquid phase separately,
and constant pressure value is considered at the whole outlet. Surface
turbulence model was implemented for both phases with source func-
tion of TKE and TEF near the free surface by calculation of interfacial
area density value. All simulations were performed in transient scheme
with time step of 0.0001 s–0.001 s. Also, the interfacial friction em-
pirical correlation of stratified flow proposed by Kim et al. (1985) is
used for drag coefficient at the interface.

4.1. Air/water stratified flow

Fabre et al. (1987) experiment of air and water stratified flow is
selected to investigate variations of turbulence characteristics near the
free surface. In the test section of this experiment, an adiabatic co-
current air and water flow passes through a 12m long, 20 cm wide and

10 cm high rectangular channel (Fig. 3). Air and water are separated at
the channel inlet by a Plexiglas sheet that can be changed in different
condition. To investigate different flow pattern of stratified flow, two
different experiments, namely case 250 and case 400, will be simulated.
The flow characteristics of each case are listed in Table 1. The inlet gas
superficial velocity of case 250 is weak enough for waves to be negli-
gible and the velocity of case 400 is high enough for waves circulation
(Coste et al., 2012). The measurement of velocity and turbulence
characteristic is performed at vertical line at a distance of 9.1m from
inlet. In this distance, the interfacial vertical velocity of water is about
0.0038m/s for Case 250 and 0.0260m/s for Case 400 demonstrating
free surface motion in wavy flow regime. For selection of favorable grid
size, three different meshes based on length (z), height(y) and width (x)
variation are compared to investigate the effects of mesh size on water
and air velocity profile. Fig. 4 depicts the results of this investigation for
Case 250 versus normalized height calculated by consideration of mean
water depth (h ) as follows:

=
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∗ −
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h
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y
h
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y h
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The difference between coarsest mesh and the other, especially for
air velocity, demonstrates unacceptably of the grid size. For evaluation
of discretization error, Richardson extrapolation comparing the results
of different grid sizes is used (Richardson and J Arthur Gaunt, 1927).
Based on this method, Grid Convergence Index (GCI) demonstrating
how much the solution approaches the asymptotic value is calculated as
follows (Roache, 1997):
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Where “i” refers to grid size index, “r” is the grid refinement ratio and
“p” is the order of computational method.

The acceptance value of GCI depends on problem and simulation
methods, and would be assumed as discretization error. Usually, the
value between 1 and 5% is considered for acceptance value of GCI (Ali
et al., 2009; Roache, 1997). In addition to GCI, average relative error
with consideration of experimental data is calculated to find the con-
vergence of grid study procedure. The average values of GCI and re-
lative error for air and water velocity of Case 250 are listed in Table 2.

Fig. 2. Turbulence eddy frequency profile near the free surface for positive and negative value of V+.

Fig. 3. Air/water cocurrent flow of Fabre et al. (1987) experiment in rectangular channel.
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For water velocity, both GCI3,2 and GCI2,1 are less than 5% and average
relative error shows minor difference between medium and finest mesh.
Similar results are obtained for average relative error of air velocity
between mentioned meshes. Also, the value of average GCI3,2 shows the
convergence of grid study procedure. So, the finest mesh in Table 2 is
selected for CFD simulations.

Fig. 5 shows the velocity profile for water and air. For water section,
the predicted profiles based on each model, except k-ω and k-ε without
any modification, are in good agreement with experimental data near
the wall and middle of water region. For mentioned regions, the result
of k-ω with damping function turbulence model has a smaller deviation
than the other. At the interface, a considerable overestimation of water
velocity occurs for AIAD model while the other approaches have a small
difference with experimental data. In air section, the velocity profile
and maximum value location implies a same boundary condition at the
interface and near upper wall. Although the result of k-ω with damping
function model has a small deviation at the middle and upper part of air
section, the interfacial air velocity shows a large difference between k-ω
and experimental data. Due to same mass flow rate of each model, this
discrepancy leads to moving upward of maximum value location and
underestimation of interfacial velocity. The reason of this discrepancy,
occurring for the other models, would be explained by turbulence effect
in momentum equation. The vertical component of velocity would be
neglected in smooth stratified flow regime at the interface. Also, the
gradient of flow characteristics along flow direction are equal to zero in
fully developed region. The consideration of these conditions simplifies
the momentum equation without convection and pressure gradient
terms. As a result, interphase momentum transfer (Mk in Eq. (2), in-
cluding Drag force) and diffusion term play a signification role for
evaluation of velocity profile. As the interfacial drag force is a function
of air and water velocity difference, the following equation would be
considered at the interface:

= − ≈ −∇ +M C U U α τ τ. [ ( )]k drag LG G L k k k
T

, (23)

Based on Boussinesq's hypothesis, the turbulence shear stress is

calculated by velocity gradient and turbulence eddy viscosity. Fig. 6
depicts turbulence shear stress of k-ω with damping function model
compared with experimental data. For water, turbulence stress and its
gradient have a good agreement with experimental data leading to
accurate prediction of water velocity. on the other hand, an over-
estimation of air turbulence stress occurs at the interface. Due to correct
prediction of wall turbulence stress, this overestimation leads to re-
duction of turbulence stress gradient at the interface. Consequently, the
predicted value of air velocity will decrease according to Eq. (23). As
eddy viscosity is a function of TKE and TEF (Argyropoulos and
Markatos, 2015), the evaluation of turbulence characteristics at the
interface would demonstrate the shortcomings of proposed models.

Fig. 7 depicts TKE profile predicted by traditional eddy viscosity
turbulence models. The overestimation of turbulence near the free
surface is very clear in this figure as main shortcoming of k-ω and k-ԑ
model for two-phase stratified flow. If only turbulence damping func-
tion is added to transport equation, the sharp increase of TKE will be
captured as shown in Fig. 8. Also, the results of NEPTUNE CFD (Coste
et al., 2008a) code and AIAD model (Höhne and Mehlhoop, 2014) are
depicted in this figure. The same results for k-ω with damping function
and NEPTUNE CFD code, capturing the overestimation of TKE, de-
monstrates the same effect of implementation of damping function and
LIM for smooth stratified flow. Although implementation of damping
function delivers better results for TKE, but the underestimation of
turbulence near the free surface is noticeable, especially for air, and the
simulation results have a significant difference with experimental data.
By consideration of air TKE increasing at the interface, this difference
implies that the implementation of turbulence damping function would
lead to underestimation of turbulence for high value of TKE in smooth
stratified flow (like Case 250). The underestimation of interfacial air
TKE would be introduced as main reason of considerable air velocity
deviation due to unacceptable boundary condition. In this condition,
the TKE source function based on Eq. (20) dominates the turbulence
profile and improve the prediction of air TKE at the interface. Although

Table 1
Inlet boundary conditions for different scenario of Fabre et al. (1987) experi-
ment.

Case 250 Case 400

Water flow rate (m3/s) 0.003 0.003
Air flow rate (m3/s) 0.0454 0.0754
Bulk velocity of water (m/s) 0.395 0.476
Bulk velocity of air (m/s) 3.66 5.5
Mean water depth (m) 0.0380 0.0315

Fig. 4. Comparison between different meshes for prediction of water (left) and air (right) velocity in Case 250.

Table 2
Results of grid convergence study of Fabre's experiment.

Mesh
index

Mesh size (x,y,z) Average Relative
Error (%)

Average
GCI i,i-1 (%)

Water 1 (5mm, 5mm, 10mm) 16.20 –
2 (4mm, 3mm, 5mm) 6.12 3.74
3 (3mm, 2.5mm, 5mm) 5.78 1.02

Air 1 (5mm, 5mm, 10mm) 34.31 –
2 (4mm, 3mm, 5mm) 17.25 6.97
3 (3mm, 2.5mm, 5mm) 15.24 1.44
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the underestimation of air interfacial TKE has minor effect on TKE
profile far from the interface, the reduction of turbulence would occur
in all regions when the flow regime changes to unstable and wavy
stratified flow (like Case 400).

The next two-phase scenario of Fabre et al. (1987) experiment is
based on increasing of air velocity to propagate fluctuation at the in-
terface. In case 400, the flow rate of gas increases with no change of
water flow rate. As a result, the depth of water film in channel reduces
to 3.15 cm and minor change in water velocity. Fig. 9 shows the velo-
city profile of water and air. In comparison to case 250, the experi-
mental data of water profile is same with minor differences. On the
other hand, the shape of air velocity changes and maximum velocity
moves to upper wall of channel. This condition implies that the
boundary conditions of interface and wall are different and same
treatment of interface and solid boundary would cause the other profile.
To investigate the effect of selected boundary condition of Eq. (19),
three different distances (y+=200, y+=300 and y+=400) are
considered as known boundary condition of this equation. If y+=200
is selected as boundary condition near the interface, using TKE source
do not give a significant advantage. But when this distance increases,
the velocity at the interface have good agreement with experimental

data and exhibit the effect of turbulence source in this region. Also,
Fig. 10 depicts TKE profile for different models. As a result, simulation
without TKE source leads to major underestimation of turbulence near
the free surface. When TKE source is added to the simulation, this
shortcoming of k-ω model will be improved. Therefore, for wavy flow
(Case 400 of (Fabre et al. (1987)) experiment), application of damping
function does not produce a good results especially in turbulence
characteristics and the new source function of TKE would be useful for
wavy flow.

4.2. Condensation in steam/water smooth stratified flow

The next test section reporting condensation rate and temperature
gradient is known as LAOKOON test facility in Technical University of
Munich (Goldbrunner et al., 2002). In this facility, subcooled water and
steam are separately entered into a rectangular channel (about 1m long
and 0.128m height) with adiabatic walls, which in the considered
scenario has a pressure of about 6.97 bar (Fig. 11). The inlet steam is
completely dry with temperature corresponding to the saturation
temperature at the mentioned pressure. Therefore, the steam would be
considered as isotherm fluid. In addition to overall condensation

Fig. 5. Velocity profile of water (left) and air (right) of Case 250 with different turbulence model.

Fig. 6. Comparison of turbulence shear stress for water (left) and air (right) of Case 250.
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reported about 40%, the water temperature is measured by 26 ther-
mocouples at a distance of 79 cm from the inlet in vertical direction.
According to the experimental evidence, this flow would be considered
stationary and two-dimensional (Egorov et al., 2004; Goldbrunner
et al., 2002). The boundary and initial conditions of the test section are
listed in Table 3.

Two-dimension simulation is performed based on three different
meshes condensed near the free surface and wall boundary to capture
the effect of sub-layers. The results of average GCI and relative error are
shown in Table 4. The convergence of relative error and the value less
than 5% of GCI3,2 imply that the finest mesh is appropriate for CFD
simulations.

The interfacial HTC was calculated based on Eq. (4) and (5). Fig. 12
depicts the temperature profile along the measurement line compared
with experimental data and Neptune _CFD simulation results (Galassi
et al., 2008). The accuracy of temperature measurement is shown by
horizontal error bars. In this figure the interfacial HTC was computed
based on Shen et al. (2000) model. The result of overall condensation
shows a considerable underestimation when only damping function is
added at the interface for two meshes. Also, comparison of temperature
profile with experimental data reveals two thermal separated layer with
constant temperature due to underestimation of HTC at the interface.
The results improve when the other source function of TKE is added to
turbulence transport equation based on the proposed model in the
current paper. In this condition, overall condensation increased and
heat transfer occurs by eddy motion at the interface. Also, the results of

simulation imply that the definition of constant C1 in Eq. (16) would
change the condensation rate and temperature gradient near the free
surface. The difference between two proposed distances (y+=200 and
y+=400) is about 7% for evaluation of condensation rate. The results
of the other model according to Hughes and Duffey (1991) model are
depicted in Fig. 13. Similar to previous results, without any special
treatment for TKE, the overall condensation rate is lower than the re-
ported value by experimental date. Unlike the previous model, the in-
creasing of node number in vertical direction leads to reduction of
condensation. Also, when the source function of TKE is added to the
turbulence model, the increase of condensation rate is greater than
Shen et al. (2000). The difference between two TKE boundary condi-
tions is about 7% that is similar to the other models.

4.3. Condensation in wavy steam-water flow

The last test section is stratified flow of water and steam in a rec-
tangular channel with 160.1 cm length, 30.48 cm width, and 6.35 cm
height with adiabatic walls (Lim et al., 1984) (Fig. 14). The outlet
pressure of channel is atmosphere pressure. In order to achieve different
flow pattern, water and steam flow with different flow rates have been
investigated. This test, carried out in 8 cases, leads to the observation of
smooth, transient, and wavy interface shape. In this section, case 3 and
8 were selected to examine the condensation along the length of the
channel. Based on experimental and simulation results, the shape of the
free surface for case 3 and 8 is transition between smooth –wavy and

Fig. 7. Turbulence kinetic energy profile of water (left) and air (right) of Case 250 with k-ε and k-ω model.

Fig. 8. Turbulence kinetic energy profile of water (left) and air (right) of Case 250 with turbulence damping function.
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wavy respectively (Kadi et al., 2015; Lim et al., 1984). The boundary
conditions of two mentioned cases are listed in Table 5. Also, the
boundary condition of TKE source was considered at two different
distance from the interface (y+=200 and y+=400) to show the ef-
fect of the proposed assumption (Eq. (17)). To investigate grid size ef-
fect, two-dimension simulations were performed by employment of
25×100, 40× 200 and 60×320 cells condensed near the interface
and wall boundary to capture the effect of sub-layers. Similar to LAO-
KOON test section, Eq. (4) and (5) were considered as HTC at interface
of steam and water. But, calculation of HTC based on Hughes and
Duffey (1991) assumptions led to condensation of all steam before
reaching the end of the channel and no improvement occurred when
the TKE or TEF were added to the CFD code. Similar results of the
mentioned model was reported by Yao et al. (2005). As a result, the
following results are based on Shen et al. (2000) correlation for HTC.

The average value of relative error and GCI for the mentioned cells
for case 3 and 8 are listed in Table 6. For each mesh, the source function
of TKE (y+=400) and TEF were employed at the interface. Based on
average value of relative error and GCI, the finest grid is used for

simulation of DCC. Fig. 15 and Fig. 16 show the reduction of steam
mass flow along the channel length. In these figures, the accuracy of
mass flow measurement, estimated by energy balance and mass flow
comparison between inlet and measurement points, is depicted by
vertical error bars. For both cases, the implementation of TEF source as
damping function leads to underestimation of condensation rate. The
mentioned shortcoming is the same for both grids and a minor reduc-
tion of condensation occurs when the grid numbers in channel height
increase. According to Figs. 15 and 16, the employment of TKE source
function increases HTC and condensation at the interface and improves
the mass flow rate along the channel length. So, it can be concluded
that the source function of TKE plays a significant effect on interfacial
mass transfer. If zero boundary condition of TKE like wall is considered
for calculation of turbulence characteristics at the interface, the con-
densation rate will be underestimated. Also, the change of the specified
distance to define the boundary condition of the Eq. (14) (y+=200
and y+=400), has a minor reduction of condensation rate due to in-
creasing of TKE at the interface.

Fig. 9. Velocity profile of water (left) and air (right) of Case 400 with employment of different source functions.

Fig. 10. Turbulence kinetic energy profile of water (left) and air (right) of Case 400 with employment of different source functions.
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5. Conclusion

Simulation of steam/water stratified flow plays a significant role for
thermal-hydraulic analysis of two-phase PTS in PWRs. In the cold leg of
PWR, condensation of seam and interfacial mass transfer as complex 3D
phenomena needs a special attention for CFD simulation after LOCA. As
HTC is calculated based on turbulence length and velocity scale, the
exact turbulence model should be implemented to capture all require-
ments of mass and energy balance. The high gradient of some flow
characteristics like velocity and TKE dictates some especial limitations
for application of common two-equation eddy viscosity models. The
overestimation of TKE due to high gradient of velocity is one of these
limitations affecting the value of HTC. This overestimation which also

occurs near solid boundary condition would be solved by employment
of turbulence damping function at the interface. The application of this
function significantly decreases TKE and leads to special boundary
condition at the steam/water interface. The evaluation of experimental
results and reduced equations reveal that this boundary condition is
different from real condition. Therefore, the other boundary condition
of TKE was proposed based on the definition of TKE source function.
Due to lack information about TKE profile at the interface, some rea-
sonable assumptions based on TKE in the bulk of water and steam were
considered for definition of proposed function.

The variations of HTC, temperature gradient and condensation rate
were investigated to assess the effect of new turbulence source function
at the interface. The first step for this goal was performed by simulation
of air/water isothermal flow of Fabre et al. (1987) experiment. In this
experiment, velocity and TKE in both phases have been measured for
smooth and wavy stratified flow. The comparison of the simulation
results with experimental data showed that implementation of damping
function improves the velocity profile and overestimation of TKE at the
interface. But, when the velocity of gas phase increases and flow pattern
shift to transient region, a considerable underestimation of TKE occurs
due to zero boundary condition of TKE. This shortcoming improves by
employment of proposed TKE source function. By consideration of the
modification of TKE in isothermal stratified flow, steam/water flow in
Lim et al. (1984) and LAOKOON (Goldbrunner et al., 2002) test sections
was simulated to assess the improvement of thermal characteristics. In
these experiments, HTC was calculated based on Hughes and Duffey
(1991) and Shen et al. (2000) models. For both models, implementation
of damping function leads to high temperature gradient at the interface
and underestimation of condensation rate. As the turbulence velocity
scale has a direct relation with TKE, it can be concluded that under-
estimation of TKE increases the eddy contact time at the interface. If the

Fig. 11. Steam/water cocurrent flow in LAOKOON test facility.

Table 3
Inlet boundary conditions for LAOKOON test facility.

Water inlet velocity (m/s) 0.28
steam inlet velocity (m/s) 3.2
Water inlet temperature (°C) 27
Steam inlet temperature (°C) 164.7
Mean water depth (m) 0.031
Pressure (bar) 6.97

Table 4
Results of grid convergence procedure in LAOKOON test facility.

Mesh index Number of elements
(ny,nz)

Average Relative
Error (%)

Average GCI i,i-1

(%)

1 (30,60) 31.20 –
2 (40,100) 11.46 8.52
3 (70,200) 9.45 0.97

Fig. 12. Temperature profile in vertical direction at the distance of 79 cm from the inlet with Shen et al. (2000) model; (CR: Condensation Rate).
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TKE source function is added to transport equations, the predicted
temperature profile in water and overall condensation will in a better
agreement with experimental data. For Hughes and Duffey (1991)
model, the difference between implementation of TKE source and
damping function is more that these results of Shen et al. (2000) model.
As a result, the variations of turbulence characteristics have more im-
pact on HTC base on Hughes and Duffey (1991) model. Similar im-
provements of condensation along the horizontal channel of Lim ex-
periment were observed for (Shen et al. (2000)) model. On the other

hand, calculation of HTC based on Hughes and Duffey (1991) model
leads to condensation of the total inlet steam based on two mentioned
source function of TEF and TKE.

Calculation of HTC based on turbulence length and velocity scale
and different approaches for turbulence modeling reveals the modeling
problems as current research area of CFD methods. According to the
simulation results of this paper, the modification of turbulence
boundary conditions at the interface of two-phase stratified flow sig-
nificantly changes HTC and temperature gradient based on SRT. These
changes have more impacts on HTC of (Hughes and Duffey (1991))
model and in some experiments, no improvement of condensation
would occur even with TKE and TEF source functions. As a con-
sequence, the energy transfers from large eddies to small eddies based
on Kolmogorov theory needs the other assumptions at gas entrainment
would affect turbulence boundary conditions and source functions at
the interface. For consideration of these effects, the experimental data
of turbulence characteristics is needed for different flow inlet boundary
condition and interface shape to evaluate turbulence production of each
phenomenon.

In addition to experimental data development, improvement of in-
terfacial turbulence modeling and its effect on condensation rate should
be considered as the other research area. Although the proposed tur-
bulence model can improve the shortcoming of traditional model in a
simple channel, different geometry scales and flow characteristics
would impose some limitations on the turbulence source function im-
plementation. Consequently, the definition of this function would be
done by consideration of related nondimensional number. Also, appli-
cation of two-fluid model dictates some limitations for simulation of gas
and liquid dispersed flow at the interface. This new phases would
change the heat transfer coefficient, turbulence energy and interface
shape. Also, calculation of HTC based on SRT has no dependency on
flow regime affecting the mentioned parameters. So, the other

Fig. 13. Temperature profile at the distance of 79 cm from the inlet with Hughes and Duffey (1991) model; (CR: Condensation Rate).

Fig. 14. Steam/water cocurrent flow of (Lim et al., 1984) experiment in a rectangular channel.

Table 5
Boundary conditions for Lim et al. (1984) experiment.

Case 3 Case 8

Water mass flow rate (kg/s) 0.657 1.44
Steam mass flow rate (kg/s) 0.089 0.126
Water inlet temperature (°C) 25 25
Steam inlet temperature (°C) 121 125
Inlet water depth (m) 0.0159 0.0159

Table 6
Results of grid convergence study in case 3 and 8 of Lim et al. (1984) experi-
ment.

Mesh
index

Number of
elements (ny,nz)

Average Relative
Error (%)

Average GCI i,i-1

(%)

Case 3 1 (25, 100) 28.51 –
2 (40, 200) 14.11 7.58
3 (60, 320) 12.66 0.82

Case 8 1 (25, 100) 25.67 –
2 (40, 200) 9.88 6.91
3 (60, 320) 8.37 0.75
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computational study should be done to survey the effects of flow regime
on turbulence length and velocity scale used for HTC evaluation.
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