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Relevance of the work 

Not many studies have been conducted in a stratified condensing steam-water 

flow in a closed channel. The direct contact condensation on a free surface of the 

water is a two-phase, interchangeable and highly interconnected system. The phase 

interaction changes the interfacial momentum, heat and mass transfer. The 

experiments of two-phase flow with phase change are complicated and require 

expensive measuring equipment also they are time-consuming. An analytical 

evaluation of experimental study usually is not possible using publicly available 

information because it is incomplete or insufficiently precise. The latest 

computational fluid dynamics (CFD) models of phase change are developed for 

specific types of multiphase flow. The latest condensation models that are relevant 

to this work are not sophisticated enough because they still require the correlation of 

interfacial heat and mass transfer. Thus all of these aspects make it clear that the 

study of interfacial shear in two-phase flow is especially relevant to the fundamental 

science. 

The results of this work are relevant for the development of CFD software or 

numerical multiphase models as well as for industrial heat exchanger designers. 

Aim of the work 

To determine the effect of condensation on the interfacial shear in a horizontal 

steam-water stratified flow and to verify new turbulence criterion in two-phase flow, 

which evaluates the shear force that causes the turbulence at interface. 

Tasks of the work 

1. Experimentally investigate the influence of condensation, which occurs on 

water surface, to the steam velocity at the interface in the steam-water flow. 

2. Evaluate the effect of condensation to the interfacial shear in steam-water 

flow, using experimental measurements and numerical simulation. 

3. Experimentally evaluate the water turbulence in stratified steam-water flow 

and investigate the heat propagation to the depth of the water. 

4. Validate the new turbulence criterion, which would more precisely describe 

fluid turbulence in a two-phase stratified flow. 

Novelty of the work 

Two-phase flow investigation methodology was developed during 

experimental and numerical research of stratified steam-water co-current flow with 

direct contact condensation on water surface, which has influence to the steam 

velocity profile and interfacial shear. Interfacial shear correlation was extracted from 

experimental and numerical research results. 

The new turbulence criterion Sn was verified for stratified two-phase 

condensable and non-condensable flows, which can more precisely evaluate the 

turbulence in the liquid region than the classical Re number. 
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Fig. 8.7. Shear stress along the channel simulated by Fluent at 4 m/s steam inlet 

velocity 

 
Fig. 8.8. Shear stress along the channel simulated by Fluent at 6 m/s steam inlet 

velocity 

 

Fig. 8.9. Shear stress along the channel simulated by Fluent at 8 m/s steam inlet 

velocity 
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Fig. 8.14. Heat transfer coefficient: LEI (Ug = 4 m/s, Uf = 0.028 m/s); Lim et al. (1984) 

(Ug = 5 m/s, Uf = 0.136 m/s) 

 

Fig. 8.15. Heat transfer coefficient: LEI (Ug = 8 m/s, Uf = 0.028 m/s); Lim et al. (1984) 

(Ug = 7.9 m/s, Uf = 0.136 m/s) 

8.6.3. Turbulence prediction in two-phase flow 

In case of liquid-gas flow in a channel with significant difference of velocity 

between phases, shear force at the interface gets higher, as compared to shear force 

at solid walls. It is demonstrated using Shear number Sn, which is evaluated for 

Birvalski et al. (2014) and Lee et al. (2015). Both experiments investigate air 

velocity influence to water turbulence in air-water co-current flow. Fig. 8.16 shows 

Sn and Re numbers (blue and red scales, respectively), evaluated using Eq. (18) for 

this two researches. The increase of air velocity increases Sn number, but Re number 

stays the same, because it cannot evaluate the increase of interfacial shear. 
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Fig. 8.16. Sn and Re in stratified air-water flow 

In condensing steam-water flow (direct contact condensation), there is not only 

steam momentum transfer to the interface, but also additional condensate 

momentum transfer (due to interfacial heat and mass transfer), which is evaluated by 

additional sheer force component in the Sn number. It is shown by measured results 

obtained at the LEI facility for stratified two-phase flow, and results reported by Lee 

et al. (2015). Note that the Re number evaluated for the LEI channel tests has values 

from 350 to 1370, thus based on this criterion the flow should be laminar. Fig. 8.17 

shows the Sn number evaluated using Eq. (21) for the named tests, shows that 

condensing steam-water flow has higher Sn values for higher steam velocity (greater 

condensation intensity as well), which indicates higher turbulence in the water. It 

illustrates that when condensation is present, the turbulence intensity of flows which 

have the same inertial energy can differ by appreciable magnitudes. 

 

Fig. 8.17. Sn and Re in stratified steam-water flow 

Assessing the comparison of turbulence indicators summed up in Figs. 8.16 

and 8.17, it can be concluded that for separated flows and for two-phase flows 

during which condensation occurs the Sn number offers both qualitative and 

quantitative advantages. The qualitative advantage is based on the characteristic that 

it employs a direct cause of turbulence the shear force at boundaries, not the indirect 















http://www.iapws.org/relguide/Advise1.pdf










Heat Transfer Research, 2011, Vol. 42, No. 7

Interfacial Shear of Co-Current Steam–Water Flow
Estimation – I. Single-Phase FLUENT Model

in Conjunction with Measured Total
Increment of Water Temperature
and Steam Velocity Profile Data

STASYS GASIUNAS,* MARIJUS SEPORAITIS, 
BENEDIKTAS CESNA, MINDAUGAS VALINCIUS, 

RAIMONDAS PABARCIUS, and DARIUS LAURINAVICIUS 

Lithuanian Energy Institute, Kaunas, Lithuania

The results of condensation implosion tests (Almenas et al., 2006)
and slug flow occurrence (Chun and Yu, 2000) lead to the conclusion
that condensation may have some serious impact on steam–liquid in-
terface stability. To explore this in detail a special test facility was
constructed and the FLUENT 3D model (single phase with condensa-
tion simulation) is developed at the Lithuanian Energy Institute. The
following investigation seeks to determine the condensation influence
on the stability of a horizontal two-phase flow interface, and the over-
all purpose of the program is to employ transitional behaviors with
positive feedback between momentum and energy transfer in real sys-
tems. This paper presents the LEI experimental test facility and meth-
odology of the experiments whose results were employed to adopt
and verify the FLUENT 3D model. Preliminary simulation results
show that the boundary layer thickness and also interfacial shear
strongly depend on condensation.

* * *

Key words: shear at steam–water interface, co-current steam–water
flow, horizontal channel, steam velocity profile

ISSN1064-2285
©2011 Begell House, Inc.

*Address all correspondence to S. Gasiunas E-mail: stasys@mail.lei.lt

121



1. INTRODUCTION

Analyzing the two-phase flow it is necessary to take into account the interface mor-
phology, the absence of equilibrium, and other effects regarding the phase change. The
intensity of the heat and mass transfer depends on the temperature gradient via inter-
face and its area. The complications arise due to the impact of surface tension and
the fact that inertia, viscosity, and buoyancy effects can be attributed both to the liq-
uid and vapor phases. Experimental and numerical studies of processes that take
place near the interface are widely overviewed by Wongwises and Kalinitchenko
(2002) and Fulgosi et al. (2003). The present state of knowledge about the heat and
mass transfer across the gas–liquid interface makes it clear that the controlling funda-
mental mechanisms play a key role. When the condensation-induced suction is in-
volved, the exchange process is generally dominated by interfacial shear and/or
turbulence. From a practical point of view, the subject is very important for nuclear
and chemical engineering.

Irrespective of significant progress, a number of different correlations suitable only
for a separate process or well-known equipment are still used in two-phase flow mod-
eling. The lack of universal, involving the entire condensation-related processes, model
and transparency can be ascribed to the fact that, unlike the single-phase stability
problem where the Reynolds number is the only parameter, the formulation of the
two-phase stability problem requires at least six dimensionless parameters (Boomkamp
and Miesen, 1996).

The analysis of the results of condensation implosion tests (Almenas et al., 2006)
and slug flow occurrence (Chun and Yu, 2000) lead to the conclusion that condensa-
tion may have some serious impact on steam–liquid interface stability. A special test
facility to verify this presumption was constructed and the FLUENT 3D model (sin-
gle phase with condensation simulation) was developed at the Lithuanian Energy In-
stitute. The following investigation seeks to determine the condensation influence on
the stability of a horizontal two-phase flow interface, and the overall purpose of the
program is to employ transitional behaviors with positive feedback between momen-
tum and energy transfer in real systems. The general questions of this work are as
follows:

1) How condensation affects the boundary layer of the steam velocity profile?
2) What is the interfacial shear stress dependency on condensation?

2. EXPERIMENTAL FACILITY

The experiments were performed in a horizontal rectangular stainless steel channel.
On both sides of the channel BoSi windows are mounted. The inside dimensions of
the channel are: 1200 mm long, 100 mm high, and 20 mm wide. To reduce heat
losses the channel is insulated. Figure 1 shows the principal scheme of the experi-
mental facility.
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The steam flows through the pipe (1) (� 27 mm) to the test section (2) and finally
freely discharges to the atmosphere. For elimination of large eddies the comb (3) was
mounted in the intake of the test section. The comb is a piece of ceramics, which
consists of about 850 rectangular mini channels 1-mm wide/high and 95-mm long. The
steam flow rate was adjusted using the electric linear actuator (4) in accordance with
the indication of a vortex-type flow measuring system "Endress + Hauser" (5). The
water is also supplied at the beginning of the test section and the water level of 25
mm was maintained in the experiments. The water flow rate was controlled by a
valve (V-1) in accordance with the indication of an electromagnetic water flow meter
"ISOIL" (7). The temperatures were measured using K-type (Ni–Cr/Ni–Al) thermo-
couples (8, 10). The steam velocity was measured at the end of the channel, i.e., at
a distance of 1000 mm (x  ⁄ deq = 31) from the beginning of the test section. The
measurements were taken using a Pitot-static tube that was connected to a differential
pressure transmitter "Fuji Electric FCX-AII" (9). The accuracy of the differential pres-
sure transmitter is �0.07% and limits 0–150 Pa. The velocity measurement points
were located on the vertical line in the centre of this cross section. The velocity
measurements were taken from the top of the test section to the water surface. The
distance between the measuring points varies from 0.5 mm near the surface to 4 mm
in the central part. Temperatures were measured using the K-type thermocouples,
mounted stationary in the channel. Steam and water temperatures were measured at
the beginning and at the end of the channel. The temperature of steam was main-

Fig. 1. Experimental facility: 1) intake pipe; 2) rectangular test section; 3)
comb; 4) electric linear actuator for steam flow adjustment; 5) vortex type steam
flow meter; 6) direct working smother of steam flow fluctuations; 7) electro-
magnetic water flow meter; 8) thermocouples in steam; 9) Pitot-static tube, con-
nected to differential pressure transmitter; 10) thermocouples in water; V-1 –
water supply valve; V-2 – water drainage valve.
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tained at 1oC accuracy during the experiments. The steam temperatures were 100–
108oC. In order to obtain an average water temperature at the end of the channel, 5
thermocouples were placed vertically in the water layer.

The steam velocity varies from 4 to 8 m/s during the experiments. The water flow
rate in the channel is 10–100 L/h. The calculated average water flow velocities fall
in the interval from 0.005 to 0.055 m/s.

3. FLUENT MODEL

In this work, the FLUENT-6.3 CFD code was used. It is known that when the ve-
locity of a steam flow in the channel exceeds 4 m/s, the water surface becomes
wavy. That is why the bottom interface is no longer smooth and its area and shape
change. By this reason the creation of the surface shape using the FLUENT model is
complicated. Therefore, in order to determine the interfacial friction, we created a
simple three-dimensional single-phase gas flow model.

3.1  Model Mesh and Boundary Conditions

The mesh of the horizontal rectangular channel using FLUENT is shown in Fig. 2.
Here the contours of the inside space of the channel and the computational domain

of the single-phase 3D model marked with black cells are shown. The computational
domain is divided into 2 × 10–6 elements. In order to optimize the technical resources
of the calculation time, the elements where created smaller near the wall and larger
in the center (Fig. 2). Along the y axis 84 elements whose size varies from 0.2 mm
(near the wall) to 2.5 mm (in the center) were created. Over the z axis 20 elements

Fig. 2. Mesh of the experimental channel.
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whose size also varies from 0.2 mm to 1 mm were created. Only on the x axis the
size of elements is constant, i.e., 1 mm. Because the channel is symmetrical by the
central x−y plane, only half of the channel is modeled. Therefore the mesh is 10 mm
in width (the channel width is 20 mm), 1200 mm in length, and 75 mm in height.
The comparison with a mesh which has more fine cells shows that the difference in
the results is small, so the fineness of our model was taken to be sufficient.

Model walls were assumed to be hydrodynamically smooth. Heat transfer with the
environment was not taken into account and the energy equation does not deal with it.

To model a turbulent steam flow (Re = 6000, 9000, and 12,000), the standard
k−ω model was chosen. This model of turbulence is based on the Wilcox (1998)
model. It is better than the k−ε model in the cases where a border area of the flow
is important. But the k−ω model requires a very fine mesh in the near-wall region,
so it is suggested to create cells of size about y+ ≤ 4−5.

The model is based on the single precision, time-stationary, pressure-gradient com-
puting method.

3.2  Modification of the Turbulence Model

The standard k−ω model is an empirical model based on turbulence kinetic energy
k and dissipation of eddies ω transfer (FLUENT Users Guide 2006). These two equa-
tions in the extended form look like 
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The coefficients of the standard k−ω turbulence model, used by FLUENT 6, are

α∞
∗   =  1 ,   α∞  =  0.52 ,   β∞

∗   =  0.09 ,   βi  =  0.072 ,   Rβ  =  8 ,

ζ∗  =  1.5 ,   Mto  =  0.25 ,   PrTKE  =  2 ,   PrSDR  =  2 .

The resulting steam velocity profiles after preliminary calculations using a standard
k−ω turbulence model significantly differ from those measured. In order to get better
modeling results, these coefficients of the k−ω model have been altered separately.
However, the best results were obtained by modification of the β∞

∗  coefficient. This
coefficient was reduced twice (β∞

∗  = 0.045).

3.3  Initial Conditions

The experiments were performed at a velocity of a steam flow in the channel inlet
of 4, 6, and 8 m/s with a rectangular velocity profile (Re is 6000, 9000, and 12,000,
respectively). The pressure was atmospheric. Those steam density and viscosity were
taken which correspond to experimental temperature (Table 1) and pressure. The den-
sity and viscosity of steam in different cases were ρ = 0.58–0.59 kg/m3 and µ =
1.256–1.232 × 10–5 kg/(m⋅s).

The turbulent kinetic energy at the inflow was set k = 0 m2/s2 as the effect of the
comb. The comb removes large eddies (laminar flow regime inside each mini chan-
nel) and forms a velocity profile that is close to a rectangle. The specific dissipation
rate ω was calculated using the empirical expressions (FLUENT manual):
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k0.5
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 0.25l
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where turbulent kinetic energy is
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3.4  Simulation of Condensation in the FLUENT Model

In the case of steam flows over cold water inside the channel, steam condensation
takes place at the interface. Correct modeling of this process using three-dimensional
CFD software packages is a very difficult task. In addition to the transport and con-
tinuity equations for each fluid, the heat, mass, and momentum transfer equations
must also be solved. So, using FLUENT 6.3, we created only a single-phase 3D
channel model and the energy equation was not used at all. The model allows steam
output through a semi-permeable bottom wall. The semi-permeability simulates con-
densation or, in other words, the loss of "condensed" steam. This bottom wall was
created as the lateral sequence of 1-mm wide and 1200-mm long solid walls and out-
flows (Fig. 3.).

Table 1.
Steam condensation rate-defined during calculations

Uaver,
m/s

Vw
 ′ ,

L/h
Vsteam

 ′ ,
m3/h

tsteam,

C o
tw1,

C o
tw2,

C o
∆t,

C o
Gcond

 ′ ,
g/s

Gcond
 ′′ ,
%

4 10 21.6 101.5 25 90.5 65.5 0.34 9.5

4 50 21.6 105 11.65 27 15.35 0.40 11.2

4 100 21.6 101.6 9 23.5 14.5 0.76 21.2

6 10 32.4 105.4 23.2 97 73.8 0.38 7.2

6 50 32.4 105.6 12.5 51.06 38.56 1.00 18.7

6 100 32.4 100 9.7 27.6 17.9 0.93 17.4

8 10 43.2 107 31 99.8 68.8 0.36 5.0

8 50 43.2 107 20.5 82.7 62.2 1.62 22.6

8 100 43.2 107 17 49.4 32.4 1.67 23.3

Fig. 3. Semi-permeable bottom wall of the model.
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This "condensed" part of steam, flowing through a semi-permeable bottom wall,
must be known and set in the model as the initial condition. We defined this con-
densed part of steam using experimental data (see below). The remaining part of
steam discharges at the end of the channel through the outflow plane (parallel to the
inlet plane).

4. COMPARISON OF MEASUREMENT AND MODELING RESULTS

Figure 4 shows steam velocity profiles measured at 4, 6, and 8 m/s steam inlet ve-
locities and different fluxes of cold water, i.e., 0, 10, 50, and 100 L/h. When cold
water was not supplied (water input 0 L/h), the level of water in the channel re-
mained unchanged (25 mm). But the water temperature was almost equal to that of
steam and condensation can be equal to zero. 

An increase of the cold water input (10–100 L/h) decreases an average temperature
of water in the channel (see tw2 in Table 1) and steam condensation takes place on
the water surface. The larger the cold water supply, the colder becomes the water in
the channel and the heavier is the steam condensation on the water surface.

The figure 0 on the y axis indicates the top of the test section, the figure 0.75 in-
dicates the water surface. The increase of colder water supply gives a significant de-
crease in the boundary layer thickness at the steam–water interface.

The experiments were performed in a steam–water flow with and without conden-
sation. In the case of steam condensation on the water surface the condensation rate
depends on the temperature difference and turbulence in water. This is directly inter-
related with our variables — cold water input flux and steam inlet velocity. Below,
the calculation of steam condensation rate corresponding to the measured water and
steam temperatures is presented. The steam condensation rate was calculated from the
measured gain of water temperature and water flow rate through the channel. The
heat transfer to the channel structure (metal and glass) was neglected and the heat
flux from steam to water was calculated by the following equation:

q  =  (hw2  −  hw1) 
Vw

 ′

1000⋅3600
 ρw ⎛⎜

⎝

kJ
s

⎞
⎟
⎠
 . (4)

Then the condensation rate of steam is

Gcond
 ′   =  

q

h′′
 1000 ⎛⎜

⎝

g
s

⎞
⎟
⎠
 , (5)

and the relative steam condensation rate has the form

Gcond
 ′′   =  

Vcond
 ′

Vsteam
 ′

  (%) . (6)
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Fig. 4. Measured steam velocity profiles at steam inlet velocity: a) 4 m/s, b) 6 m/s,
c) 8 m/s.
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Fig. 5.
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Fig. 5. Measured and modeled velocity profiles at Uaver = 6 m/s steam inlet veloc-
ity: a) 0 L/h cold water supply and Gcond

 ′′  = 0% relative steam condensation rate;
b) 10 L/h cold water supply and Gcond

 ′′  = 7% relative steam condensation rate; c)
50 L/h cold water supply and Gcond

 ′′  = 18% relative steam condensation rate; d) 100
L/h cold water supply and Gcond

 ′′  = 17% relative steam condensation rate.
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Table 1 shows the calculated steam condensation rates and water temperatures cor-
responding to the steam inlet velocity Uaver and cold water input flux Vw

 ′ .
The calculated relative condensation rate was used in the FLUENT model as an

input parameter. This parameter defines the steam outflow rate through the bottom
semi-permeable wall. 

The comparison of measurement data and modeling results is shown in Fig. 5. In
the figure y = 0 indicates the top of the test section, y = 0.75 indicates the water
surface.

The steam inlet velocity was 6 m/s and cold water input was 0, 10, 50, and 100
L/h. The comparison of the results (Figs. 5a–5d) shows that the results of modeling
are quite good in the boundary layer.

5. RESULTS AND DISCUSSION

The created model of condensation simulation determines wall shear stresses on
the bottom semi-permeable wall. In investigations the assumption was made that the
wall shear stress is equal to the interphase shear. Figure 6 shows the bottom wall

Fig. 6. Wall shear stress dependency on the relative condensation rate (FLUENT
model).
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shear stress calculated by the FLUENT model. These results are taken at a 1 m dis-
tance from the inlet of the model.

The results of modeling show a significant increase of the shear stress due to the
condensation-induced thinning of the boundary layer (simulated by the model). An in-
crease of the interphase shear stress up to 80%, 65%, and 55% was found at steam
inlet velocities of 4, 6, and 8 m/s, respectively.

The employed FLUENT model still has several inadequacies. Some of them could
be important and should be taken into account in interpreting these modeling results.
In the FLUENT model, the bottom outflow of steam depends only on the local pres-
sure, but in reality condensation is limited by water turbulence and subcooling. The
water temperature distribution along the channel will be measured at the next stage
of this work, which is to demonstrate that the condensing mass flow rate follows the
sloping hyperbola from the channel beginning (Fig. 7). 

Another problem is related to the comb-like design of the semi-permeable bottom
wall. Too wide bottom walls and outflows may have influence on the calculated
shear results by generation of secondary flows. The distribution of perpendicular ve-
locity vectors calculated by the FLUENT model is shown in Fig. 8.

Fig. 7. Condensing mass flow rate along the channel: 1) modeled by FLUENT;
2) integral value from the experiment; 3) hypothetical.
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NOMENCLATURE

Cµ empirical viscosity coefficient, used in the turbulence model
DH hydraulic diameter, m
Gcond

 ′ condensation rate of steam, g/s
Gcond

 ′′ relative steam condensation rate, %
h′′ enthalpy of steam in the channel, kJ/kg
hw1 enthalpy of water at the beginning of the channel, kJ/kg
hw2 enthalpy of water at the end of the channel, kJ/kg
I turbulence intensity, %
k turbulent kinetic energy, m2/s2

l turbulence length scale, mm
q heat flux, kJ/s
Re Reynolds number
tsteam average temperature of steam, Co

tw1 water temperature at the beginning of the channel, Co

tw2 water temperature at the end of the channel, Co

U local flow velocity, m/s
Uaver average steam velocity at the inlet, m/s
Umax maximum velocity at the current cross section, m/s

Fig. 8. Perpendicular velocity vectors.
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Vcond
 ′ volumetric flux of condensate, m3/h

Vsteam
 ′ measured steam inlet flux, m3/h

Vsteam
 ′′ steam input flux, m3/h

Vw
 ′ cold water input flux, L/h

Vw
 ′′ measured water input flux, L/h

x axial coordinate, m
y vertical coordinate, m
ymax height of the steam flow in the channel, m

Greek symbols

ω dynamic viscosity, kg/(m⋅s)
ρw water density, kg/m3

ωo specific dissipation rate, s–1.
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STEAM–WATER FLOW ESTIMATION
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The results of condensation implosion tests (Almenas et al., 2006) and slug flow occurrence
(Chun and Yu, 2000) lead to the conclusion that condensation may have some serious impact
on steam–liquid interface stability. To explore this in detail a special test facility was con-
structed and the FLUENT 3D model (single phase with condensation simulation) is developed
at the Lithuanian Energy Institute. The following investigation seeks to determine the condensa-
tion influence on the stability of a horizontal two-phase flow interface and the overall purpose of
the program is to employ transitional behaviors with positive feedback between momentum and
energy transfer in real systems.

This paper presents the experimental test facility developed at LEI and the methodology of
the experiments whose results were employed to adapt and verify the FLUENT 3D model. Pre-
liminary results of modeling show that both the boundary-layer thickness and interfacial shear
strongly depend on condensation.

KEY WORDS: interfacial shear, shear at steam–water interface, co-current steam–
water flow, horizontal channel, steam velocity profile

1. INTRODUCTION

At the Lithuanian Energy Institute (LEI) an experimental program is in progress,
which seeks the wide control over direct contact condensation behavior. The most
important regime is condensation implosion that can occur in stratified vapor and
subcooled liquid two-phase flow condition. The analysis of condensation implosion
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tests results (Almenas et al., 2006) and slug flow occurrence (Chun and Yu, 2000)
leads to the conclusion that condensation may have some serious impact on
steam–liquid interface stability. A special test facility to verify this presumption
was constructed and the specific FLUENT 3D model (single phase with condensa-
tion simulation) was developed. The present investigation aims to determine the
condensation influence on the stability of the horizontal two-phase flow interface.
Experimental and numerical studies of processes, that take place near the interface,
are widely overviewed by Wongwises and Kalinitchenko (2002) and Fulgosi et al.
(2003).

This is the second article in the series of interfacial shear stress studies and it
presents two main topics: condensation effect on steam velocity profile and inter-
facial shear stress dependence on condensation. The first article (Gasiunas, 2011)
left a question on the variation of condensation intensity along the channel that
was meant to have a hyperbolic slope. In order to clarify this question, a longitu-
dinal profile of the water temperature was measured. According to these tempera-
tures, coupled with the data on steam and water inlet rates, the local flux of
condensing steam was calculated along the channel. The values of this local con-
densation rate were used in the improved FLUENT model as the boundary condi-
tion. Also the additional velocity profiles were measured in another cross section
of the channel to improve the reliability of the simulated results.

Gasiunas et al.
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NOMENCLATURE

Cμ empirical viscosity coefficient U local flow velocity, m/s

used in turbulence model Umax maximum velocity at the current

Deq equivalent diameter, m cross section, m/s

hw1 enthalpy of water at the Vwater measured water input flux, L/h

beginning of the channel, kJ/kg x axial coordinate, m

hw2 enthalpy of water at the end y vertical coordinate, m

of the channel, kJ/kg ymax height of the steam flow in the

hev specific enthalpy of evaporation, channel, m

kJ/kg Greek symbols
I turbulence intensity, % δu normal velocity gradient

k turbulent kinetic energy, m2/s2 at the wall, m/s

l turbulence length scale, mm δy distance to the wall, m/s

Mw mass flow rate of water, kg/s μ dynamic viscosity, kg/(m⋅s)

Re Reynolds number ρwater density of water, kg/m3

tsteam average temperature of steam, oC ω specific dissipation rate, s–1
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2. EXPERIMENTAL FACILITY

The experiments were performed in a horizontal rectangular stainless steel channel
with the 1200-mm long, 100-mm high, and 20-mm wide inner test section. BoSi
windows mounted on both sides of the channel allowed visual observation of the
flow. In order to reduce heat losses the entire channel (stabilization, measurement,
inflow, and test sections) was properly insulated. Figure 1 shows a principal
scheme of the experimental facility.

A bit superheated (102–107oC) steam flows through the pipe (1) (� 27 mm) to
the test section (2) and finally freely discharges to the atmosphere. The steam
temperatures were measured using K-type (Ni–Cr/Ni–Al) thermocouples (3). The
ceramic comb (4), mounted in the intake of the test section, consists of about 850
rectangular 1-mm wide/high and 95-mm long minichannels. The comb eliminates
not only large steam eddies arising due to the change in the channel shape (from
� 27 mm to rectangular 20 × 75 mm), but additionally forms a nearly rectangular
initial velocity profile. The steam velocity at the test section intake was main-
tained constant (4, 6, and 8 m/s) by the electric linear actuator (5) in accordance
with readings of the vortex-type flow measuring system "Endress+Hauser" (6). The
steam velocity profiles within the test section were measured using the Pitot static
tube, connected to the differential pressure transmitter "Fuji Electric FCX-AII" (7),
whose accuracy and range were 0.07% and 0–150 Pa, respectively. The velocity
measurement points were located on the vertical lines in the center of two cross
sections 550 mm (x/deq = 17) and 1000 mm (x/deq = 31) downstream from the in-
take. Each steam velocity profile was obtained by sequentially taking readings

Interfacial Shear of Co-Current Steam–Water Flow Estimation. Pt. II
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FIG. 1: Experimental facility: 1) intake pipe; 2) rectangular test section; 3) thermocouples
in steam; 4) comb; 5) electric linear actuator for steam flow adjustment; 6) vortex type
steam flow meter; 7) Pitot static tube, connected to differential pressure transmitter; 8)
electromagnetic water flow meter; 9) direct working smother of steam flow fluctuations;
10) thermocouple in water entrance; 11) assembly of thermocouples sliding in water; V-1
— water supply adjustment valve
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downward from the top. The distance between the two adjacent measuring points
varies from 0.5 mm near the interface and upper wall to 4 mm in the central part.

The cold water is also supplied at the beginning of the test section with 10 L/h
and 50 L/h inflow rate. The constant water level of 25 mm was maintained during
all experiments and calculated average velocities were 0.005 m/s and 0.055 m/s,
respectively. The water flow rate was controlled by a valve (V-1) in accordance
with readings of an electromagnetic water flow meter "ISOIL" (8). The water tem-
perature was measured by one thermocouple stationary mounted at the beginning
of the channel and sliding assembly. This assembly of three K-type thermocouples
placed at different heights (Fig. 2) allows one to measure an average water tem-
perature at any distance within the x = 160–1120-mm region. The 20-mm interval
was selected for water temperature longitudinal profile measurement.

Figure 3 shows water longitudinal temperature profiles measured along the chan-
nel at steam inlet velocities 4, 6, and 8 m/s and water supply of 10 and 50 L/h.

Gasiunas et al.
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FIG. 2: Principal scheme of sliding thermocouples assembly

FIG. 3: Average water temperature along channel
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These temperature profiles can be interpreted as water warm up process indicator.
The steam flowing inside the channel condenses on the cold water surface. The
condensation (by phase change heat and resulting hot condensate) warms up the
water surface and underneath (by diffusion and advection). In the case of a verti-
cally stratified horizontal interface, the Archimedes force builds up density and
therefore temperature gradients. So, in the absence of additional disturbing forces
there is no advection (bulk fluid motion). That is why near the interface the water
layer quickly reaches an almost saturated temperature and condensation flux be-
comes very poor. In fact, the condensation becomes limited by water selfdiffusion
(molecular diffusivity of heat in water), regardless of bulk temperature difference.

In the experiments conducted this additional disturbance was provided by differ-
ent velocities of phases. The momentum of a faster steam flow accelerates the
water surface and underneath motion (by friction and viscosity). The measured
water temperature profiles along the channel (Fig. 3) show interesting regions of
hyperbolic and exponential water downstream warming. In these regions (where
temperature grows rapidly in the whole water layer) the corresponding extensive
refraction effects were observed visually. May be here occurs intensive bulk mix-
ing of different density (temperature) waters and this deserves a further separate
study. However, such a quick temperature growth, as within the x = 350–550-mm
region at 8 m/s steam flow and 10-L/h water supply, indicates that the steam con-
densation process becomes very intensive. It should increase steam velocity at the
condensation surface with thinning of the hydrodynamic boundary layer and dis-
torting the steam velocity profile.

3. FLUENT MODEL

In this work, the FLUENT 6.3 CFD code was used. A numerical single-phase
model of the rectangular channel was created to get interfacial shear by using the
experimental data as an input.

3.1  Model Mesh

Gambit 2.4 was used to create a mesh of horizontal rectangular channel (see Fig. 4).
Here the contours of the channel inner space and a mesh of a single-phase 3D

model are shown. A computational domain is divided into 3.2 × 10–6 hexahedral
elements. In order to optimize technical resources and calculation time, the ele-
ments where created smaller near the walls and larger in the center. Also the sym-
metry boundary condition was helpful as the channel is symmetrically dividable by
the central x–y plane and only one half was modeled. Along the y axis 100 ele-
ments whose size varies from 0.1 mm (near the wall) to 2.5 mm (in the center)
were created. Along the z axis 20 elements with the size ranging from 0.1 mm to
1 mm were created. Only on the x axis the size of the elements was constant, i.e.,
1 mm. The whole mesh was 10 mm in width (the channel width is 20 mm), 1200
mm in length, and 75 mm in height (the channel overall height is 100 mm). The
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comparison with a mesh which had more fine cells showed tiny differences in the
results, so the fineness of our model was taken to be sufficient.    Model walls
were assumed to be hydrodynamically smooth. Heat exchange with the environ-
ment was not taken into account and the energy equation does not deal with it.

3.2  Boundary Conditions

The standard k−ω model was chosen for turbulent steam flow (Re = 6000–12,000)
modeling. This model of turbulence is based on the Wilcox two-equation model
(Wilcox, 1998). It is more suitable than the k−ε model in the cases where a bor-
der area of the flow is important. But the k−ω model requires a very fine mesh in
the near-wall region, so it is suggested to create cells of size of about y+ ≤4–5.

The model is based on the single precision, time-stationary, pressure-gradient
computing method.

3.3   Initial Conditions

The modeling was performed with the same average velocity of a steam flow in
the channel inlet as in the experiments. So the steam inflow had 4, 6, and 8 m/s
(Re is 6000, 9000, and 12,000, respectively) velocity with a flat profile and high
gradients near the walls after the inlet. The pressure was atmospheric. The density
and viscosity of steam were taken in accordance with experimental temperature
(Table 1) and pressure, so in individual tests ρ = 0.586–0.594 kg/m3 and μ =
1.253–1.234 × 10–5 kg/(m⋅s).

Gasiunas et al.
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FIG. 4: Mesh of the experimental channel
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The turbulent kinetic energy k and specific dissipation rate ω were calculated
using empirical expressions (FLUENT user’s guide, 2006):

k  =  3
2

 (u
_
 I
_
)2 ,    w  =  k0.5

Cμ
0.25    l

 , (1)

I = 0.16 (Re)–1/8 ,   Cμ = 0.09 ,     l = 0.07L ,    L = Deq . (2)

The challenge was to simulate the steam condensation on the water surface by
using a simple single-phase model. The model bottom had to be designed with al-
lowed steam outflow and herewith having capability to extract "interfacial" sheer.
The semi-permeable approach was chosen. It simulates the condensation-like loss
from bulk flow and has friction (on rake-type wall faces). The geometry of the
simulated steam/water interface created as lateral sequence of arrays, consisting of
1-mm wide and 80-mm long solid walls and outflows (Fig. 5). Thus, the bottom
of the channel model was divided into 15 equal parts by the x axis and each part
has five outflows. In total there were 75 outflows at the bottom through which a
part of steam could be drained locally (calculated on the basis of experimental
measurements). Nevertheless, calculation with such design of the bottom generated
reversed flows and it was not able to achieve solver convergence. This is because
outflow boundary condition is obeyed only in fully developed flows (the diffusion
flux for all flow variables in the exit direction is zero). Unfortunately the situation
at the bottom of the channel is not like that. In order to simply avoid this limita-
tion, 75 additional volumes with a length of 80 mm, a width of 1 mm, and a
height of 1 mm were connected to the bottom of the channel model. So the out-
flows at the bottom moved 1 mm down. The added volumes are assigned as a
fixed-velocity and laminar flow zones. The values of fixed velocity are calculated
individually for each volume in accordance with the flow rate. Such geometry al-
lowed the simulation of the steam flow in the channel with some (0 to 24%)
drainage through 75 bottom outflows.

In the experiments, the condensed steam flow rate depends on the inlet steam
flow rate and the cooling water flow rate. It is assumed that in the channel water
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TABLE 1: Total condensing steam flux along the channel

Usteam in, m ⁄ s tsteam, oC Vwater, L ⁄ h Σ Mcond, g ⁄ s Σ Gcond, %

4 102.0 10 0.32 9.2

4 103.6 50 0.74 20.6

6 104.8 10 0.32 6.2

6 103.5 50 1.21 22.5

8 107.1 10 0.32 4.5

8 106.1 50 1.71 24.3
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is heated only due to direct contact with condensing steam. The average water
temperature was measured every 20 mm along the channel in the range of x =
160–1120 mm. So the condensed steam flow rate for each 20-mm long section
was calculated according to the measured temperature differences. Then the heat
and mass fluxes from steam to water were calculated by the equations:

Qcond = (hw2 − hw1) Mw ⎛⎜
⎝

kJ
s

⎞
⎟
⎠
 , (3)

Mcond = 
Qcond

hev
 ⎛⎜
⎝

kg
s

⎞
⎟
⎠
 . (4)

The total flux of the condensed steam is given in Table 1. It depends on the
steam inlet velocity and the cooling water flow rate.

Although the temperature measurements were carried out at 20 mm intervals
along the channel, the bottom wall segmentation in the FLUENT model was opti-
mized to intervals of 80 mm. The experimentally obtained longitudinal condensa-
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FIG. 5: Principal scheme of semi-permeable bottom
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tion profile was discretized as distribution of the steam outflows through semi-per-
meable wall segments. Figure 6 shows a percentage distribution along the channel
used for an input data into the FLUENT model.

Interfacial Shear of Co-Current Steam–Water Flow Estimation. Pt. II
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FIG. 6: Longitudinal steam drainage distribution in the FLUENT model: a) steam inlet ve-
locity 4 m/s, total condensing steam flux 9% and 20%, b) steam inlet velocity 6 m/s, total
condensing steam flux 6% and 22%, c) steam inlet velocity 8 m/s, total condensing steam
flux 4% and 24%
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4. RESULTS

4.1  Measured and Simulated Velocity Profiles

Using FLUENT, a single-phase model with specific geometry was developed to
obtain shear stress on the semi-permeable bottom wall, which simulates the steam–
water interface. The direct steam condensation on the free water surface in the nu-
merical model is simulated by use of local condensation fluxes, obtained from the
experiments. The thus-simulated result should be similar to a real steam flow be-
havior under the conditions of downstream condensation. The simulated steam ve-
locity profiles have to match the measured ones to get trusted modeling results.
However, as the aim is shear stress on the semi-permeable wall evaluation —
some variance is acceptable at far distances from the interface region. The com-
parison of measurement data and modeling results is shown in Figs. 7–15. In these
figures, y = 0 indicates the top of the test section and y = 1 indicates the water
surface.

The comparison shows the mismatch of experimental and simulated profiles in
the channel upper part. It can be explained by the channel design. The channel
glass is only 92 mm in height, so at the top of the side wall a 4-mm metal stripe
is left. Metal is more conductive to heat so the droplets condense on it and this

Gasiunas et al.
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FIG. 7: Measured and simulated steam velocity profiles (steam inlet velocity 4 m/s, water
supply 0 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLUENT
at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m
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FIG. 8: Measured and simulated steam velocity profiles (steam inlet velocity 4 m/s, water
supply 10 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLU-
ENT at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m

FIG. 9: Measured and simulated steam velocity profiles (steam inlet velocity 4 m/s, water
supply 50 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLU-
ENT at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m
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FIG. 10: Measured and simulated steam velocity profiles (steam inlet velocity 6 m/s, water
supply 0 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLUENT
at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m

FIG. 11: Measured and simulated steam velocity profiles (steam inlet velocity 6 m/s, water
supply 10 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 20 FLU-
ENT at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m
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FIG. 12: Measured and simulated steam velocity profiles (steam inlet velocity 6 m/s, water
supply 50 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLU-
ENT at 0.55 m; 30 measurement at 1 m; 4) FLUENT at 1 m

FIG. 13: Measured and simulated steam velocity profiles (steam inlet velocity 8 m/s, water
supply 0 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLUENT
at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m
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FIG. 14: Measured and simulated steam velocity profiles (steam inlet velocity 8 m/s, water
supply 10 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLU-
ENT at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m

FIG. 15: Measured and simulated steam velocity profiles (steam inlet velocity 8 m/s, water
supply 50 L/h) at different distances from the inlet: 1) measurement at 0.55 m; 2) FLU-
ENT at 0.55 m; 3) measurement at 1 m; 4) FLUENT at 1 m
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surface turns to rough. This peculiarity of the upper channel corners was not mod-
eled. However, the deviation at far distances from the bottom wall should not
have a significant influence on interfacial shear results. The figures show that
steam condensation affects both: the boundary layer thickness at the bottom
(which becomes much thinner), and the position of velocity profile maximum re-
gion (pulls down).

The more intense condensation, the stronger is its effect on the velocity profile.
This means that steam condensation on the water surface can strongly affect the
interfacial shear. Comparison of the velocity profiles at distances of 0.55 m and
1 m shows that slowly flowing water warms up in the first half of the channel.
That is why the intensity of condensation decreases in another half.

4.2  Interfacial Shear Stress Simulation Using FLUENT

Wall shear stress in FLUENT is defined by (CFD-online, 2012):

τw  =  μ 
⎛
⎜
⎝

∂u
∂y

⎞
⎟
⎠y=0

 . (5)

We assume that shear stress on the semi-permeable wall corresponds to the in-
terfacial shear. Figure 16 shows the FLUENT-simulated longitudinal profiles of
the wall shear stress on the centerline of the semi-permeable bottom wall. At the
beginning a huge shear stress on the bottom wall is not realistic due to an ideally
flat initial velocity profile in the FLUENT model. In reality, the gradient near the
wall was high, but not so that the velocity at the wall would be the same as at
the center. At some distance a turbulent boundary layer is developed and velocity
near the wall drops down together with shear stress. In the experimental facility
the steam and water contact also occurs not from the beginning, but at a distance
of 160-mm from the inlet. In order to separate the phases at the inlet and allow
them to stabilize before the contact, the metal blade (160-mm long, 20-mm wide,
and 5 to 0-mm thick) is placed. Due to this the estimation of an average and
maximum shear stress does not take into account the x = 0–160 mm region. Fig-
ure 16 also shows maximum shear values and the location of maximum shear,
which nearly corresponds to the location of the highest local condensation (Fig. 6).
Figure 17 shows average (in the x = 160–1120 mm region) shear stress depend-
ence on the condensation intensity.

The conjunction of an experiment and simulation results shows that condensation
leads to a significant increase of the interfacial shear stress. For example, an in-
crease of the average shear stress up to 50%, 45%, and 88% was found at steam
inlet velocities of 4 m/s, 6 m/s, and 8 m/s, respectively, while an increase of shear
stress maximum values is much greater, 119%, 97%, and 184% at steam inlet ve-
locities of 4 m/s, 6 m/s, and 8 m/s, respectively.
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FIG. 16: Shear stress along the channel simulated by FLUENT: a) average steam velocity
4 m/s and condensation 0%, 9%, and 20%; b) average steam velocity 6 m/s and conden-
sation 0%, 6%, and 22%; c) average steam velocity 8 m/s and condensation 0%, 4%, and
24%
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5. CONCLUSIONS

The experimental study and numerical simulation were performed to evaluate con-
densation influence on the stability of the steam–water interface. The complex
FLUENT model was developed by using the experimentally measured steam ve-
locity and water temperature. Numerical simulation gave the shear stress at the in-
terface, which in some cases appeared three times greater compared with the
noncondensable flow case. Condensation on a cold water surface affects the steam
velocity profile. The measured and simulated steam velocity profiles show a thin-
ning of the hydrodynamic boundary layer and velocity of steam gets higher near
the water surface. This is why shear stress increases on the steam–water interface.
The obtained simulated shear stress was similar in shape to condensation flux
along the channel.

In general, the study showed that steam condensation may strongly decrease the
stability of the steam–water interface. In future it is necessary to investigate the
behaviour of water turbulence at near-interface region in more detail.
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