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Abstract 

The aim of this work is to develop a new numerical model for countercurrent 
stratified two-phase flows with wavy interface that is able to predict time averaged 
flow properties, such as velocity, turbulence and void profiles. Assuming an 
equilibrium condition between gravitational and surface energy on one hand and 
turbulent kinetic energy on the other hand, a statistical model for the turbulent 
length scale in the inner region of a two-layer turbulence approach was derived to 
account for the influence of the waves. The model was then compared to the 
originally implemented ݇-߳-model and a modified version of the ݇-߳-model of 
OpenFoam 2.2.0. The simulation results of the new approach were found to be in 
very good agreement with experimental data. 
Keywords: countercurrent, stratified, two-phase flow, turbulence, waves, CFD. 

1 Introduction 

Stratified wavy gas/liquid-two-phase-flow can be found in many engineering 
applications as well as in nature. Examples might be any kind of pipe or channel 
flows where evaporation or condensation play an important role or wind-driven 
ocean currents in oceanography respectively. In both cases, the interaction 
between the two phases at the common interface makes the description of those 
flows much more complicated compared to single-phase flows. Thus, heat and 
mass transfer at the interface has to be considered additionally. Furthermore, shear 
stresses between the two phases cause flow instabilities that give rise to the 
development of surface waves.  
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     Depending on flow velocities, one can distinguish between subcritical and 
supercritical flow. The characteristic number, from which one can determine 
whether the flow is sub- or supercritical, is the Froude number. It describes the 
ratio of inertial to gravitational forces. For Froude numbers larger than unity, 
inertia dominates and the present flow is supercritical. In this regime, waves occur 
with only small amplitude. If the flow is subcritical, gravity forces dominate and 
the Froude number is less than unity. Now waves with much larger amplitude can 
be observed. During the transition from super- to subcritical flow, the water depth 
rises abruptly. This phenomenon is called a hydraulic jump. 
     Another phenomenon that occurs in stratified flow, when the two fluids flow 
counter currently, is the so-called countercurrent flow limitation (CCFL). At 
sufficient gas velocities, shear stresses at the interface are causing parts of the 
liquid flow to be reversed in the vicinity of the interface and to flow backwards in 
the direction of the gas flow. If the gas velocity is further increased, more and 
more liquid gets reversed until liquid does not reach the end of the pipe anymore. 
     As mentioned at the beginning, the transfer mechanisms between the two fluids 
at the interface are very important for the description of such stratified flows. 
     In principle, the wavy interface can be described with the volume-of-fluid 
method, resolving each wave in detail. Such methods, however, require huge CPU 
times, while the details of the waves are usually not of engineering interest. 
Instead, a statistical model describing theses waves, like a turbulence model for 
single-phase flow, would be desirable. According to Rashidi et al. [1], turbulence 
in the liquid phase is of significant importance for interfacial transport. This was 
the reason for many investigations on turbulent structures near the interface. 
However, turbulence of waves is still not fully understood mainly because of 
measuring difficulties near the wavy interface. 
     Nevertheless, Komori et al. [2] found from their experimental results in open 
channel flows that large eddies, generated at the wall, renew the free surface and 
are then reflected back into the bulk flow. Same results were also reported by 
Rashidi and Banerjee [3]. 
     Rashidi et al. [1] performed measurement with shear-free interfaces and non-
wavy interfaces on which shear was imposed. They showed that, in the case of 
surfaces with shear, eddies are also generated at the interface and that their main 
characteristics are similar to those of the eddies generated at the wall. 
     Later, Rashidi et al. [4] investigated the interaction between turbulence and 
waves generated by a mechanical wavemaker. It is noted that these waves do not 
impose any shear at the interface. They reported that the turbulence mechanisms 
in presence of surface waves are comparable to that in case of nonwavy interfaces. 
However, they found a direct impact of the wave amplitude on the eddy ejection 
frequency. Increasing the wave height, also increases the ejection of eddies. On 
the other hand, there is no direct dependency of the ejection frequency on the wave 
frequency and therefore on the wavelength. Furthermore, the fluid velocity and 
turbulence are increased under the wave crest and decreased under the wave trough 
causing an acceleration of the fluid from the trough to the crest. 
     Studies on the turbulence structure at wavy gas–liquid interfaces had also been 
performed by Lorencez et al. [5]. In contrast to the study mentioned above, 
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interfacial waves are formed here by shear stress that is imposed by a gas flow 
over the liquid interface. Their results, however, showed similar effects. Turbulent 
fluctuations are not only ejected from the wall but also from the liquid interface 
which than travel into the bulk flow and increase the turbulent mixing effect. 
Therefore, they suggest that the generation of turbulent eddies at the interface is 
the main mechanism of momentum transport from the gas to the liquid flow. 
     Stäbler [6] used the test facility of Gargallo et al. [7] for his measurements in 
countercurrent stratified air-water flow with wavy interface in a rectangular 
channel. The aim of this work was to provide detailed local experimental data for 
the development of new modelling approaches of stratified two-phase flow. Inlet 
flow rates of both phases had been varied, so that measurement results are now 
available both in supercritical and in subcritical flow either with or without  
flow reversal. From this data, Stäbler found that the horizontal velocity component 
decreases near the interface due to high interfacial shear stresses imposed by the 
gas flow and the wall friction, respectively. The vertical component also shows 
some damping at the interface and at the wall, but it is much smaller than the 
horizontal one. On the other hand, turbulent fluctuations in both directions 
increase rapidly near the interface with the highest values for partly reversed flow. 
According to Stäbler, this is because of the deceleration of the liquid flow in 
horizontal and the interfacial wave motion in vertical direction. The time averaged 
phase distribution or void profiles for all flow regimes show an almost linear 
behaviour within the wavy interfacial. Based on these results, he derived a 
statistical model for the description of the void profiles from the equilibrium 
between turbulent kinetic energy and potential energy of the fluid particles. This 
model shows very good agreement with deviations less than 5% for partly reversed 
flow and less than 9% for subcritical flow. Within the supercritical flow regime, 
agreement with experimental results was not as good, but still less than 17% 
deviation only.  
     Besides these experimental studies, there has also been done some numerical 
works on stratified two-phase flows. Among others (e.g. Daly and Harlow [8], 
Akai et al. [9], Lorencez et al. [5]), the work of Berthelsen and Ytrehus [10] is 
quite interesting. They performed simulations of fully developed, stratified gas–
liquid flows in pipes, using the level set method together with a modified two-
layer-turbulence approach to include the effect of waves at the interface. The  
two-layer-turbulence model was first introduced by Chen and Patel [11] to 
overcome the shortcomings of the standard-݇-߳-model near walls. Therefore, the 
flow is divided into an inner region near physical boundaries, e.g. walls or free 
surfaces, and an outer region that is further away from boundaries. In the latter 
region, the standard-݇-߳ turbulence model is applied, while a simpler one-equation 
݇-݈-model is used for the viscous-affected inner region. Berthelsen and Ytrehus 
consider the enhancement of turbulence at the interface due to waves as an 
additional displacement height in the turbulent length scale of the inner region, 
which is a function of an equivalent roughness parameter. 
     Finally, Wintterle et al. [12] developed a phase exchange model based on the 
findings of Stäbler [6]. He introduced an additional dispersion force to model  
the smearing of the wavy interface due to a statistical time averaging of the surface 
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waves. To account for turbulence damping in the phase interaction zone, another 
production term was added to the dissipation equation of the used ݇-߱-turbulence 
model. 
     The motivation of this work was to develop a new turbulence model approach 
that is able to predict all time-averaged properties of stratified two-phase flow with 
wavy interface with a minimum of empirical fitting factors. For validation of the 
model, it was implemented into the volume-of-fluid two-phase solver interFoam 
of the open source CFD-simulation tool OpenFoam 2.2.0. The results were then 
compared with calculations with the originally implemented model and with a 
slightly modified version of the ݇-߳-turbulence model of OpenFoam. 

2 Description of the model 

2.1 Governing equations 

InterFoam is based on a homogeneous two-phase model in which both fluids share 
the same flow field. Thus, only one single momentum equation is solved which 
implies that the velocities of both phases must be equal at the interface: 

డఘ௎ሬሬԦ

డ௧
൅ ሬሬԦ׏ ∙ ൫ൣߩ ሬܷሬԦ ⊗ ሬܷሬԦ൧൯ ൌ െ׏ሬሬԦ݌ ൅ ሬሬԦ׏ ∙ ߬ ൅ ߩ Ԧ݃ ൅  (1)                  ߙሬሬԦ׏ߢߪ

where ሬܷሬԦ is the velocity vector,	ߩ is the density, ݌ and ߬ are the pressure and the 
stress tensor respectively, Ԧ݃ is the gravitational acceleration and ׏ߢߪሬሬԦߙ the surface 
tension force according to Brackbill et al. [13]. 
     The different phases are represented by the void fraction ߙ (0: liquid, 1: gas) 
for which a separate transport equation is solved: 

డఈ

డ௧
൅ ሬܷሬԦ ∙ ߙሬሬԦ׏ ൌ 0                                               (2) 

     The density ߩ in eqn (1) is defined as a kind of density of the mixture of the 
two phases: 

ߩ ൌ ீߩߙ ൅ ሺ1 െ  ௅                                          (3)ߩሻߙ
     A detailed description of the model can be found in Rusche [14]. 

2.2 Turbulence modelling 

In this study, the applicability of three different turbulence models to stratified 
two-phase flow with wavy interface is investigated. The first one is the ݇-߳-model 
that is originally implemented into OpenFoam: 

డ௞

డ௧
൅ ሬሬԦ׏ ∙ ൫ ሬܷሬԦ݇൯ െ ሬሬԦ׏ ∙ ቆቀߥ ൅

ఔ೟
ఙೖ
ቁ ሬሬԦ݇ቇ׏ ൌ ܲ െ ߳                       (4) 

డఢ

డ௧
൅ ሬሬԦ׏ ∙ ൫ ሬܷሬԦ߳൯ െ ሬሬԦ׏ ∙ ቆቀߥ ൅

ఔ೟
ఙച
ቁ ሬሬԦ߳ቇ׏ ൌ

ఢ

௞
ሺܥଵܲ െ  ଶ߳ሻ                  (5)ܥ

where	݇ is the turbulent kinetic energy, ߳	is the dissipation rate of ݇, ߥ is the 
kinematic viscosity of the form ߥ ൌ ீߥߙ ൅ ሺ1 െ  ௧ is the turbulent eddyߥ ,௅ߥሻߙ
viscosity which is calculated from ݇ and ߳ (ߥ௧ ൌ ఓܥ ݇ଶ ߳ሻ	⁄ and P is the turbulence 
production term. ܥఓ ൌ ଵܥ ,0.09 ൌ ଶܥ ,1.44 ൌ ௞ߪ ,1.92 ൌ 1.0 and ߪఢ ൌ 1.3 are 
constants. 
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     In a homogenous two-phase flow, eqns (4) and (5) must be modified  
by multiplication with the density ߩ. That implies ߩ௅݇௅ ൌ  and therefore ீ݇ீߩ
݇௅ ൌ ሺீߩ ⁄௅ߩ ሻ݇ீ at the interface, instead of ݇௅ ൌ ݇ீ. Note that, like for the 
velocity, both phases also share only one common turbulence field. 
     The third turbulence model studied here, is a new one, which has been 
developed in this work. It is based on the two-layer-approach in which the 
turbulent eddy viscosity is calculated as follows: 

௧ߥ ൌ  ఓ√݈݇ఓ                                                 (6)ܥ
with different turbulent length scales ݈ఓ for the inner and the outer region, as 
defined by Berthelsen and Ytrehus [10]. However, a more physical expression for 
turbulence length scale of the inner region is found in this study. It is a further 
development of the statistical model of Stäbler [6], who derived an expression for 
the void distribution by an equilibrium state between turbulent kinetic and 
potential energy of fluid particles. He reported good agreement with his 
experimental data especially in subcritical flow where interfacial waves are 
relatively high. However, for supercritical flow, where the waves are smaller, he 
observed some deviation between the model and the experiment, which we expect 
to be due to capillary waves. Therefore, surface energy was additionally included 
in this study.  
     The specific surface energy can be written as: 

௦௨௥௙ܧ ൌ ߪ
డమ௬

డ௫మ
                                                (7) 

where ݔ is the direction of travel of the wave and ݕ the direction of its deflection. 
Assuming the waves to be sine-waves (ݕሺݔሻ ൌ ݄ sinሺݔݍ െ  :ሻ) yields toݐ߱

ห݀ܧ௦௨௥௙ห ൌ  (8)                                           ݕଶ݀ݍߪ
with the surface tension ߪ and the wave number ݍ. 
     Stäbler [6] found a Gaussian distribution of the measured local velocities ݒ with 
the probability: 

ܲሺݒሻ ൌ
ଵ

ටଶగ௩ᇲതതത
మ
exp	ቀ

ሺ௩ି௩തሻమ

ଶ௩ᇲതതത
మ ቁ                                    (9) 

     Extension by ߩ௅ 2⁄  and generalization to three dimensions yields a Boltzmann 
distribution for the turbulent kinetic energy: 

ܲሺܧ௞௜௡ሻ ൌ
ଵ

ඥଶగఘಽ௞ಽ
exp	ቀെ

ாೖ೔೙
ଶఘಽ௞ಽ

ቁ                             (10) 

where ܧ௞௜௡ is the turbulent kinetic energy of a fluid particle and ݇௅ is the local 
time-averaged turbulent kinetic energy of the flow. 
     Each fluid particle can use its turbulent kinetic energy either to increase the 
potential energy by lifting a particle up from position ݕ to ݕ ൅  or to increase ݕ݀
surface energy. The probabilities that the kinetic energy is sufficient for each of 
the two mechanisms are: 

ܲ൫∆ܧ௣௢௧൯ ൌ
ଵ

ඥଶగఘಽ௞ಽ
exp	ቀെ

∆ா೛೚೟
ଶఘಽ௞ಽ

ቁ                           (11) 

ܲ൫∆ܧ௦௨௥௙൯ ൌ
ଵ

ඥଶగఘಽ௞ಽ
exp	ቀെ

∆ாೞೠೝ೑
ଶఘಽ௞ಽ

ቁ                          (12) 

where ∆ܧ௣௢௧ ൌ ሺߩ௅ െ  .௦௨௥௙ can be expressed by eqn (8)ܧ∆ and ݕሻ݃݀ீߩ
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     The probability that a fluid particle transfers its kinetic energy to potential 
energy or to surface energy, can be written as the product of the probability that 
liquid is at position ݕ, the probability that an empty space is at ݕ ൅  and the ݕ݀
probability that one or both energy transfer mechanisms are activated: 

ଵܲ ൌ ሾ1 െ αሺyሻሿαሺy ൅ dyሻൣܲ൫∆ܧ௣௢௧൯ ൅ ܲ൫∆ܧ௦௨௥௙൯൧               (13) 
     Together with eqns (11) and (12) and linearization for small ݀ݕ, eqn (13) yields 
to: 

ଵܲ ൌ ሾ1 െ αሺyሻሿαሺy ൅ dyሻ
ଵ

ඥଶగఘಽ௞ಽሺ௬ሻ
ቂ1 െ

∆ఘ௚ௗ௬

ଶఘಽ௞ಽሺ௬ሻ
െ

ఙ௤మௗ௬

ଶఘಽ௞ಽሺ௬ሻ
ቃ      (14) 

     The probability that potential and surface energies are transferred back to 
kinetic energy is: 

ଶܲ ൌ αሺyሻሾ1 െ αሺy ൅ dyሻሿ
ଵ

ඥଶగఘ௞ಽሺ௬ሻ
                          (15) 

     Assuming that both probabilities must be the same under equilibrium condition 
and by neglecting higher order terms, an expression for the gradient of the void 
fraction distribution can be found as follows: 

ௗఈ

ௗ௬
ൌ αሺyሻሾ1 െ αሺyሻሿ

∆ఘ௚ାఙ௤మ

ଶఘಽ௞ಽሺ௬ሻ
                               (16) 

     As reported by Stäbler [6], the region where 0 ൏ ߙ ൏ 1 correlates well with the 
wavy region and thus with the wave height. It can easily be found that the wave 
height ݕఋ can be calculated from the reciprocal of eqn (16) evaluated for ߙ ൌ 0.5. 

ఋݕ ൌ
ଵ

೏ഀ
೏೤
ቚ
ഀసబ.ఱ

                                           (17) 

     In the new turbulence model, the amplitude of the wave (=0.5	ݕఋ) is taken as 
turbulent length scale for the inner wavy region, whose upper and lower limits is 
defined as the distance ܥ௞ݕఋ to both sides of the time averaged position ݕெ of the 
interface. In the outer regions, where there is only liquid or gas flow, the modified 
݇-߳-model is used. Thus, the turbulent length scale in eqn (6) is calculated from: 

݈ఓ ൌ ൜
,									ఋݕ	0.5 ெݕ െ ఋݕ௅ܥ ൑ ݕ ൑ ெݕ ൅ ఋݕீܥ
݇ଷ ଶ⁄ ߳⁄ 						 , 																																		݁ݏ݅ݓݎ݄݁ݐ݋

                 (18) 

     The constants ܥ௅ and ீܥ have been determined from a parameter study as 
described in the next section. 

3 Results and discussion 

For determination of the constants ܥ௅ and ீܥ of the new two-layer turbulence 
model and its comparison with the other turbulence models, three different 
measuring points from the experiments of Stäbler [6] were simulated in a two 
dimensional model of the channel geometry, one in subcritical, one in supercritical 
and one in partly reversed flow regime, respectively. The working fluids are air 
and water. The inlet flow rates for the different flow regimes and the wave 
numbers ݍ, which were taken from the measurements, are shown in table 1. The 
test section investigated by Stäbler was a horizontal duct of 470mm of length and 
90mm of height. From a mesh study, a mesh with 8995 cells was found to be a 
good compromise between accuracy and simulation time. The geometry can be 
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seen in Fig. 1. Note that parts of the inlet and outlet zones were also included in 
the simulated geometry. 

Table 1:  Inlet conditions. 

MP Flow regime QL [l/min] QG [l/s] ࢗ [1/m] 
1 subcritical 16.4 39.7 51.36 
2 partly reversed 16.6 89.1 106.82 
3 supercritical 41.6 39.6 378.39 

 
 
 

 

Figure 1: Geometry of experiment of Stäbler [6]. 

3.1 Parameter study for ࡸ࡯ and ࡳ࡯ 

As mentioned before, a parameter study was done to determine the constants ܥ௅ 
and ீܥ in eqn (18), which define inner and outer region of the wavy interface. For 
 ,the values 0, 1.5, 2.0, 2.5, 3.0, 4.0, 5.0 ீܥ ௅ the values 0, 0.5, 1.0 and 2.0 and forܥ
6.0, 7.0 and 10.0 were chosen. The results were compared with experimental data 
and best agreement was found for ܥ௅ ൌ 0.5 and ீܥ ൌ 4.0. 

3.2 Validation analyses of the turbulence models 

In the following, simulation results of the three different turbulence models are 
presented only for supercritical and partly reversed flow, as the simulation in 
subcritical flow shows similar results as in supercritical flow. The results were 
taken at horizontal position ݔ ൌ 235݉݉ downstream of the liquid inlet. 

3.2.1 Supercritical flow 
Fig. 2 shows the void-distribution profiles for supercritical flow. Both the 
modified ݇-߳-model and the two-layer approach are in good agreement with  
the experiment while the liquid height is overestimated by the original ݇-߳-model. 
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Figure 2: Void profiles in supercritical flow. 

     The velocity distributions are shown in Fig. 3. It can be seen that only the two-
layer turbulence model is able to predict accurately velocity profiles both in the 
liquid and in the gas flow. While the liquid flow velocities calculated by  
the modified ݇-߳-model show good agreement, the model fails in the gas flow 
regime. The standard ݇-߳-model fails completely. 
 

 

Figure 3: Velocity profiles in supercritical flow. 

     The same trends can also be observed for the turbulent kinetic energy (Fig. 4). 
Again, the two-layer approach shows the best agreement with the experiment with 
little overestimation in the gas phase near the interface. Unfortunately, the gas 
phase turbulence in the wavy region could not be measured. But from the results 
of Lorencez et al. [5], where turbulent ejections were also created at the interface 
due to shear, one can assume that the increase of turbulent kinetic energy at the 
interface, as calculated by the two-layer model, might be physical. Comparing  
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the modified ݇ -߳-model with the original model, the influence of the density in the 
model can clearly be seen. While the kinetic energy increases monotonically from 
the bottom wall to the interface in the original model, the modified model shows 
a sudden increase at the interface due to density ratio in the interfacial boundary 
condition (݇௅ ൌ ீߩ ⁄௅ߩ ∙ ݇ீሻ. 

   

Figure 4: Turbulent kinetic energy profiles in supercritical flow. 

3.2.2 Partly reversed flow 
Looking at the void distribution in Fig. 5, it is apparent that only the two-layer 
approach is able to reflect the measured profile with little overestimation of liquid 
height. Even the slope and therefore the height of the waves are calculated 
accurately. It only underestimates the deepness of the wave troughs in the region 
of low void. As the slope of the profile is small, the interface predicted by the 
modified ݇-߳-model, seems to be rather smooth. The profile of the original ݇-߳-
model cannot be seen at all because total flow reversal has been predicted, which 
is obviously wrong. 

 

Figure 5: Void profiles in partly reversed flow. 

gas flow liquid flow 
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     Because of the totally reversed flow, the velocity distribution calculated by the 
original model is similar to the turbulent duct flow profile of one single phase. Just 
as for supercritical flow, the modified model is able to reflect experimental 
velocity data much better. However, it is once more the two-layer model that 
agrees best with the measurements (Fig. 6). 
 

 

Figure 6: Velocity profiles in partly reversed flow. 

     The improvement due to the new turbulence model compared to the modified  
݇-߳-model gets even more obvious when looking at the turbulent kinetic energy in 
Fig. 7. While the modified model overestimates the turbulent energy, it is 
predicted almost exactly by the two-layer turbulence approach especially in the 
region near the interface. The reason for the deviation between ݕ ൌ 0.012	݉ and 
ݕ ൌ 0.021	݉ is the difference in time averaging. While in the simulation the 
properties of the homogenous flow are averaged, only the liquid phase is measured 
in the experiment. Thus, results are not comparable in that region.  
 

     

Figure 7: Turbulent kinetic energy profiles in partly reversed flow. 

gas flow liquid flow 
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4 Conclusion 

A new turbulence model based on a two-layer approach has been developed for 
countercurrent stratified two-phase flows with wavy interface. Assuming an 
equilibrium condition between gravitational and surface energy on one hand and 
turbulent kinetic energy on the other hand, a statistical model for the turbulent 
length scale in the inner region of the two-layer model has been derived to account 
for the influence of the waves. The model was then compared to the originally 
implemented ݇-߳-model and a modified version of the ݇-߳-model of OpenFoam. 
The simulation results of the new approach are in good agreement with 
experimental data especially in partly reversed flow regime, where the other 
models fail to predict a wavy interface. 
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