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ABSTRACT 
Gas-liquid two-phase flows on the wall like liquid film 

flows, which are the so-called wetted wall flows, are observed 

in many industrial processes such as absorption, desorption, 

distillation and others. For the optimum design of packed 

columns widely used in those kind of processes, the accurate 

predictions of the details on the wetted wall flow behavior in 

packing elements are important, especially in order to enhance 

the mass transfer between the gas and liquid and to prevent 

flooding and channeling of the liquid flow. 

The present study focused on the effects of the change of 

liquid flow rate and the wall surface texture treatments on the 

characteristics of wetted wall flows which have the drastic flow 

transition between the film flow and rivulet flow. In this paper, 

the three-dimensional gas-liquid two-phase flow simulation by 

using the volume of fluid (VOF) model is applied into wetted 

wall flows. Firstly, as one of new interesting findings in this 

paper, present results showed that the hysteresis of the flow 

transition between the film flow and rivulet flow arose against 

the increasing or decreasing stages of the liquid flow rate. It 

was supposed that this transition phenomenon depends on the 

history of flow pattern as the change of curvature of interphase 

surface which leads to the surface tension. Additionally, the 

applicability and accuracy of the present numerical simulation 

were validated by using the existing experimental and 

theoretical studies with smooth wall surface. Secondary, 

referring to the texture geometry used in an industrial packing 

element, the present simulations showed that surface texture 

treatments added on the wall can improve the prevention of 

liquid channeling and can increase the wetted area. 

 

1. INTRODUCTION 
Gas-liquid two-phase flows on walls like liquid film flows, 

which are called as wetted wall flows, are observed in many 

industrial processes such as absorption, desorption, distillation 

and others. Controlling these wetted wall flows efficiently is 

one of the key design factors for such devices, since they 

determine the process performances and limit of the operations. 

For the optimum design of packed columns widely used in 

those kind of processes, the accurate predictions of the details 

on the wetted wall flow behavior in packing elements are 

important, especially to enhance the mass transfer between the 

gas and liquid phases and to prevent flooding and channeling 

of the liquid flow. 

As the fundamental researches, typical liquid falling film 

flows have been often studied theoretically and experimentally 

(Nusselt, 1916; Phan and Narain, 2007; Wang, 2009). 

However, it is still not easy to apply these results directly into 

the predictions in the specific industrial packed columns, 

because it is difficult to use them universally under the various 

conditions and it is risky to use them beyond the range of their 

assumption. 

On the other hand, several experimental studies have been 

conducted for the specific packed columns in order to improve 

the mass transfer performance and to develop empirical 

modelings (Bravo et al., 1985 & 1995; Spiegel and Meier, 

2003; Murrieta et al., 2004; Sidi-Boumedine and Raynal, 2005; 

Ataki et al., 2006; Chen et al., 2007; Raynal et al., 2009). In 

most cases, however, these experimental studies have been 
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carried out by using air-water flows instead of the actual fluids 

and by using smaller or simpler experimental models than 

industrial ones. Thus, the fluid properties effects and scale 

effects on the hydrodynamics and mass transfer are not well 

known. 

Recently, computational fluid dynamic (CFD) simulations 

are useful as an alternative to experiments, because multiphase 

flow measurements in the complex geometries such as packing 

elements are very difficult and highly expensive, especially at 

the industrial large scale with actual flow conditions. In the 

recent years, several studies can be found in the literature, 

which deal with the CFD simulations of gas-liquid two-phase 

flows in packed columns (Spiegel and Meier, 2003; Valluri et 

al., 2005; Ataki et al., 2006; Chen et al., 2007; Raynal et al., 

2007 & 2009; Kenig, 2008; Ludwig and Dziak, 2009). In these 

studies, two-dimensional or three-dimensional CFD 

simulations have been used with the volume of fluid (VOF) 

model, which is a surface tracking technique in the Eulerian 

mesh. Several usable results have been achieved such as the 

liquid thickness, hold up, gas pressure drop, validation of CFD 

and so on. 

Additionally, fewer studies exist on not only two-phase but 

also three-phase film flows on an inclined wall (Hoffmann et 

al., 2005 & 2006; Repke et al., 2007). Both the CFD and 

experiment have been carried out to predict the liquid film 

break-up, rivulet and droplet formation. Their studies have 

shown that this film break-up behavior has the three-

dimensionality and is strongly influenced by the geometry. 

Nevertheless, there is a lack of the literature data for the 

detailed descriptions of the various difficulties of the transition 

phenomena between the film flow and rivulet flow and effects 

of wall surface texture treatments on this kind of transition. 

The present study focuses on the effects of the change of 

liquid flow rate and the wall surface texture treatments on the 

characteristics of wetted wall flows which have the drastic flow 

transition between the film flow and rivulet flow. Especially, 

this study investigates and discusses the details of this flow 

transition by adding new findings such as the hysteresis 

phenomena and those mechanisms, which have not been 

reported in existing literature. This study is important in order 

to prevent the channeling and flooding of liquid flow and to 

enhance the mass transfer performance. 

In this paper, the three-dimensional gas-liquid two-phase 

flow simulation by using VOF model is applied into wetted 

wall flows. Firstly, the details of flow transition are investigated 

by increasing and decreasing the liquid flow rate. Additionally, 

the applicability and accuracy of the present numerical 

simulation are validated by using the existing experimental and 

theoretical studies with smooth wall surface. Secondary, the 

effects of wall surface texture treatments on the prevention of 

liquid channeling and increase of wetted area are investigated. 

 

NOMENCLATURE 
v velocity [ms-1] 

t time [s] 

p static pressure [Pa] 

g gravitational acceleration [ms-2] 

S source term, Sm [Nm
-3] or Sf [kgm

-3s-1] 

f volume fraction [-] 

F force [N] 

V representative velocity [ms-1] 

L representative length [m] 

Re Reynolds number [-] 

Fr Froude number [-] 

We Weber number [-] 

Q volumetric flow rate [m3s-1] 

w width [m] 

A area [m2] 

a amplitude of the surface texture [m] 

  

Greek letters 
α  inclined angle of the wall plate [degree] 
ρ  density [kgm-3] 
µ  viscosity [Pas] 
σ  surface tension coefficient [Nm-1] 
δ  liquid film thickness [m] 

λ  length of the surface texture [m] 

  

Subsripts 

l liquid phase 

g gas phase 

m momentum 

k phase k 

f volume fraction 

i inertia 

v viscosity 

gr gravity 

st surface tension 

N Nusselt theory 

w wetted surface 

t total surface of the plate 

  

2. NUMERICAL METHOD 

2.1 Computational Region and Flow Conditions 
As the outline of the present flow objects, the 

computational region and a sample of grid for wetted wall 

flows are shown in Figure 1. Additionally, Figure 2 shows two 

example images of typical wetted wall flows which are the full 

film flow and rivulet flow.  

The geometry and flow conditions are set up in order to 

validate present simulations by using the existing studies for 

the wetted wall flows on the inclined wall plate (Hoffmann et 

al., 2005 & 2006; Repke et al., 2007). The inclined wall plate is 

the 0.06× 0.05 m2 stainless steel plate, a flow field length of 
0.06m and width of 0.05m, which is held by supports on the 

left and on the right hand side of same stainless steel. The 

inclined angle of the wall plate α  is 60 degree referring to the 
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horizontal ground, which is the inclination used commonly for 

the commercial structured packing. 

As the gas-liquid two-phase fluids, the well known air-

water is used. The physical properties of gas and liquid 

implemented in this simulation are referred to the existing 

experiment (Hoffmann et al., 2006). As the physical properties 

of gas, density gρ  is 1.185 kg/m3, viscosity gµ  is 

1.831× 10-5 sPa ⋅ . As the physical properties of liquid, density 

lρ  is 997 kg/m3, viscosity lµ  is 8.899× 10-4 sPa ⋅ , surface 

tension coefficient lσ  is 0.0728 N/m. The static contact angle 

for air and water on the stainless steel is applied 70 degree 

obtained by the experimental measurement (Hoffmann et al., 

2005 & 2006). 

The liquid inlet condition is assumed as a uniform film 

flow to consider the experimental liquid feeding conditions 

using an overflowing weir in order to make the formation of a 

stable film flow. The plate and both side supports are 

implemented as no-slip walls with given contact angles. The 

other boundaries, which are upward, downward outlet and top 

boundaries, are set to the pressure outlet conditions by using 

defined static pressures. 

Additionally, the computational grid is made very fine for 

sufficiently accurate resolution of the liquid flow, since several 

test cases were performed to validate the grid convergence. 

Gravity  

7mm  

Inlet of liquid  

Outlet  Stainless walls 

50mm  

o60=α  

Ground  

60mm  

o60=α  

Gravity  

Figure 1: The computational region and a sample of grid for wetted wall flows 

(a) Computational region (b) Computational grid 

(a) Full film flow (b) Rivulet flow (Channeling flow) 

Figure 2: Two images of typical wetted wall flows in the present case (Birds-eye view) 

Inlet of liquid  

Outlet  

Rivulets  

Inlet of liquid  

Outlet  

Film flow 

Film flow 

Liquid film 

thickness 

[mm] 

Side view 
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2.2 CFD Modeling for Gas-Liquid Two-Phase Flows 
In this study, CFD simulations are carried out with the 

commercial code FLUENT, ANSYS Inc. The three-

dimensional and transient model for gas-liquid two-phase flow 

simulations by a volume of fluid (VOF) model are used to 

predict the wetted wall flows, because the existing studies have 

shown that rivulet flows are influenced strongly by three 

dimensional effects and therefore cannot be predicted by 

analytical approaches and two-dimensional CFD simulations 

(Hoffmann et al., 2005 & 2006; Ataki et al., 2006; Repke et al., 

2007). 

The CFD models are based on the universal transport 

equations of extensive magnitudes in differential volume of the 

fluid. In case of hydrodynamics modeling, two conservation 

equations of the mass and momentum are solved numerically. 

The mass conservation leads to the continuity equation, and the 

momentum conservation gives the Navier-Stokes equation, as 

follows: 

( ) 0=⋅⋅∇+
∂
∂

vρ
ρ
t

    (1) 

( ) ( ) ( )[ ]
m

p
t

Sg

vvvv
v

++

∇+∇⋅∇+−∇=⋅⋅∇+
∂

⋅∂

ρ

µρ
ρ T

 (2) 

where v  and p  are the velocity vector and static pressure of 

the fluid, respectively. mS  is the source term vector 

expressing the momentum sources such as the surface tensions, 

the external forces and so on. 

In this study, the set of these two equations is applied into 

the single field shared among all phases, which is called the 

shared-field approach, by using the Eulerian method. In this 

case, turbulence is not taken into account since the range of the 

Reynolds number of liquid flow indicates laminar. 

Additionally, using the VOF model, the interphase surface 

tracking technique is applied into the fixed Eulerian mesh. The 

set of the above mass and momentum equations can be 

accomplished with the relation describing the interphase 

surface position. This relation is described by: 

( ) ( )
kfkkk

kk Sf
t

f
=⋅⋅∇+

∂

∂
vρ

ρ
  (3) 

where kf  and kv  are the volume fraction and velocity 

vector of the phase k , respectively. fS  is the source term 

expressing the mass sources such as the mass transfer between 

phases, supplied mass and so on. In this case, fS  is zero on 

the assumption that the mass transfer between gas and liquid 

can be negligible.  

In this VOF model, these volume fractions are assumed to 

be continuous functions of space and time, and the sum of 

volume fractions is equal to one. If 0=kf , the calculation cell 

is empty of the phase k . When 1=kf , the calculation cell is 

filled with the phase k . For 10 << kf , the calculation cell 

contains the interphase surface between the phase k  and one 

or more other phases.  

As above mentioned, the set of the mass and momentum 

equations, which is shared in the single field among the all 

phases, is dependent on the volume fractions of all phases 

through the local fluid properties such as the density, viscosity 

and so on. The local fluid properties in the calculation cell are 

calculated by using a linear interpolation as the volume fraction 

average. 

The effects of surface tensions along the interface between 

each pair of phases are implemented with the continuous 

surface force (CSF) model proposed by Brackbill et al. (1992). 

The surface tension can be considered in terms of the pressure 

jump across the interphase surface. In this CSF model, the 

addition of surface tension to the VOF model results in a source 

term mS  in the momentum equation. 

Additionally, in order to consider the effects of wall 

adhesion, contact angles between the phases and walls are 

imposed as wall boundary condition. The wall adhesion model 

proposed by Brackbill et al. (1992) is used. The contact angles 

derived from static data are implemented by setting the angle of 

the gradient of the volume fraction at the wall boundary 

condition. The local curvature of the interphase surface in the 

calculation cell next to the wall is used to adjust the body force 

term in the surface tension calculation. 

 

3 CHARACTERIZATIONS OF WETTED WALL FLOWS 

3.1 Dominant Forces on Liquid Flows 
In this section, the dimensionless groups which 

characterize the present liquid flow are derived by considering 

the forces. In the case of the present wetted wall flows, it is 

generally accepted that the dominant forces on the liquid flow 

characteristics are four forces: inertia force liF , viscous force 

lvF , gravitational force lgrF  and surface tension lstF . Using 

the representative velocity lV  and length lL  related to the 

outline system of this liquid flow, the above forces are defined 

as follows: 
22

lllli LVF ρ≈           (4) 

llllv LVF µ≈           (5) 

( ) 3
lgllgr gLF ρρ −≈     (6) 

llst LF σ≈           (7) 

Normalizing the dominant forces by the inertia force, the 

dimensionless groups can be obtained by the following: 

llll

l

lll

lll
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1
22
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The dimensionless groups which characterize the present 

liquid flow can be written by the above equations, namely: 

l

lll
l

LV

µ
ρ ⋅⋅

=Re     (11) 

l

l
l

Lg

V

⋅
=

2

Fr      (12) 

σ
ρ lll

l

LV ⋅⋅
=

2

We     (13) 

 

3.2 Definition of Dimensionless Groups 
In this section, the dimensionless groups are redefined by 

using the suitable representative quantities in order to apply it 

into the present wetted wall flows. It starts to consider the 

traditional expression of the falling film thickness introduced 

by Nusselt (1916). This expression is the well known Nusselt 

theory, in which the balance of only two forces between 

gravitational force and friction force on a fluid element in the 

film is considered by assuming the steady continuous liquid 

film flow to be formed uniformly on the plate. Using these 

classical works of Nusselt theory, both falling film thickness 

and velocity distribution can be calculated. 

In the case of the falling liquid film flow on the inclined 

plate, the liquid film thickness Nδ  is expressed as follows: 

( )
3/1

N
sin

3













⋅⋅−

⋅
=

wg

Q

gl

ll

αρρ
µ

δ   (14) 

where lQ  is the volumetric flow rate of liquid. w  is width 

of the liquid film on the plate, which is assumed to be equal to 

the plate width as full film flow developing completely on the 

whole plate area in this case. 

Using the liquid film thickness Nδ  obtained by the 

Nusselt theory, the above derived dimensionless groups are 

redefined, which can be applied into the present wetted wall 

flows, namely: 

l

ll
l

V

µ

δρ NN
N

Re
⋅⋅

=     (15) 

N

2

N
N

Fr
δ⋅

=
g

Vl
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    (16) 

σ

δρ N
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N
N

We
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= ll
l
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where NlV  is the averaged liquid film velocity defined by the 

following: 

w

Q
V l

l ⋅
=

N
N δ

     (18) 

In this study, after-mentioned several present results are 

explained relating to these dimensionless groups. Especially, 

the Weber number N
We l  is used for considering the balance 

between inertia force and surface tension, which is an 

important parameter for the flow transition phenomenon. 

 

4. RESULTS AND DISCUSSION 
The present paper investigated and discussed the effects of 

the change of liquid flow rate and the wall surface texture 

treatments on the characteristics of wetted wall flows which 

have the drastic flow transition between the film flow and 

rivulet flow.  

4.1 Wetted Wall Flows on the Smooth Surface 
In this section, the effects of the change of liquid flow rate 

on the flow transition of wetted wall flows on the smooth 

surface are investigated. Additionally, the applicability and 

accuracy of the present numerical simulation are validated by 

using the existing experimental and theoretical studies (Nusselt, 

1916; Hoffmann et al., 2005 & 2006; Repke et al., 2007). 

Figure 3 shows that the wetted areas tw AA  obtained by 

present simulations are plotted over the Weber number N
Wel  

with the existing experimental data. Additionally, the interphase 

surfaces between gas and liquid obtained by the present 

simulations are shown in Figure 4. The interphase surfaces 

between gas and liquid are visualized using the iso-surfaces 

which are defined by the specific volume fraction of liquid. As 

can be seen in Figure 4, two types of flow patterns are 

observed in this case. First type is the full film flow, which 

means film flow is only formed on the whole plate. Second 

type is the channeling flow, which means both of the film flow 

and rivulet flows are formed on the plate. 

Firstly, as one of new interesting findings in this paper, the 

present results show that the transition patterns between the full 

film flow and rivulet flow, where the wetted area changes 

between tw AA =1 and less, are different significantly against 

the increasing or decreasing stages of the Weber number. 

Additionally, this difference of transition shows clearly that 

there is the hysteresis phenomenon in the transition region. 

While the liquid flow rate is increasing which means the Weber 

number is increasing, the wetted area is increasing continuously 

from the rivulet flow to the full film flow. While the liquid flow 

rate is decreasing which means the Weber number is 

decreasing, however, the wetted area decreases suddenly from 

the full film flow to the rivulet flow at the lower critical Weber 

number than one while the liquid flow rate is increasing.  

It is supposed that the main reason, why the above 

hysteresis occurs, is the surface tension depends strongly on the 
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curvature of the interphase surface between gas and liquid. 

When the film flow is formed continuously, the curvature of 

the interphase surface is almost zero, and then the surface 

tension on the liquid film surface is very low. On the other 

hand, when the rivulet flows are formed once, the surface 

tension forces strongly on the rivulet surface because the 

rivulet has the curvature of the interphase surface. Thus, it 

should be denoted that this flow transition between the film 

flow and rivulet flow depends on the history of flow pattern as 

the change of curvature of interphase surface which leads to the 

surface tension. 

Here, the liquid flow rate is changed as step-like pattern 

not continuously in this simulation. Under each liquid flow 

rate, each simulation result is obtained as the quasi-steady 

convergent solution by using the previous solution at the 

nearest liquid flow rate as the initial condition. However, the 

hysteresis pattern observed in this paper might depend on the 

variation of the change of liquid flow rate. That is another 

interesting point of this study in the future. 

Secondary, as the validation of the present simulation, the 

critical range of the flow transition between the film flow and 

rivulet flow can be accurately predicted by comparing between 

the present simulation results and the experimental results in 

Figure 3. Additionally, in terms of the liquid flow shape, the 
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Figure 3: The wetted areas tw AA  as a function of the Weber number 
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Wel =1.44 

Full film flow 

Figure 4: The comparison of liquid flow patterns visualized by interphase surfaces between gas and liquid 

(While the liquid flow rate is increasing) 
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present simulation results show very good agreement 

qualitatively with the experimental photos obtained by 

Hoffmann et al. (2006). 

Another validation is conducted about the liquid film 

thickness δ . The simulation results of liquid film thickness in 
the range in which full film flows are formed, when 

tw AA =1, are compared to the above mentioned Nusselt 

theory (Nusselt, 1916). The comparison data between the 

present simulations and Nusselt theory’s results are plotted over 

Reynolds number N
Re l  in Figure 5. The present simulation 

results are calculated at the center location in the flow width 

after the full film flow is developed completely. Figure 5 

shows a good agreement between the present simulations and 

Nusselt theory’s results. When the full film flow is formed, 

Reynolds number is the better parameter to characterize the 

film flow behavior than Weber number, since the surface 

tension on the film flow is very low. In other words, it can be 

mentioned that the hysteresis phenomenon cannot be seen in 

this range, because the surface tension is not important for the 

full film flow. 

These validations show that the present two-phase flow 

simulation by using VOF model is capable of predicting the 

flow transition of wetted wall flows between the film flow and 

rivulet flow on the inclined smooth wall. 

4.2 Effects of Wall Surface Texture Treatments 
It can be found that the several industrial packing elements 

have the wall surface treatments such as small texture or 

perforations in order to prevent the liquid channeling as the 

film break-up and to increase the wetted area (Valluri et al., 

2005; Ataki et al., 2006; Raynal et al., 2007 & 2009). In this 

section, the effects of wall surface texture treatments on the 

flow transition of wetted wall flows are investigated. 

Figure 6 shows the outline of the small surface texture on 

the inclined wall used in the present simulation. The amplitude 
a  and length λ  of the surface texture are selected referring 
to an industrial packing element (Raynal et al., 2007 & 2009). 

In this case, the amplitude of the surface texture is the same 

order as the liquid film thickness. 

An example of results obtained the present simulations is 

shown in Figure 7. These two results are simulated under the 

same flow conditions ( N
We l =1.14). The channeling flow 

occurs in the case of the smooth surface wall. The full film 

flow, however, is kept on the whole plate in the case of the 

small texture treatments added on the wall surface. In this flow 

condition, the wall surface texture treatments give the 

approximately 1.17 times larger wetted area than one on the 

smooth wall. 

Thus, the present results show that surface texture 

treatments added on the wall can improve the prevention of 

liquid channeling and can increase the wetted area. 

 

5. CONCLUSIONS 
The present study was carried out to investigate the effects 

of the change of liquid flow rate and the wall surface texture 

treatments on the characteristics of wetted wall flows. 

Firstly, present results showed that the hysteresis of flow 

transition between the film flow and rivulet flow arose against 

the increasing or decreasing stages of the liquid flow rate which 

means the Weber number is changing. It should be denoted that 

this transition phenomenon depends on the history of flow 
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pattern as the change of curvature of interphase surface which 

leads to the surface tension. Additionally, the applicability and 

accuracy of the present numerical simulation were validated by 

using the existing experimental and theoretical studies for the 

wetted wall flows on the smooth surface. 

Secondary, referring to the texture geometry used in an 

industrial packing element, the present results show that surface 

texture treatments added on the wall can improve the 

prevention of liquid channeling and can increase the wetted 

area. 

As the results, present study showed that this numerical 

simulation by using VOF model can be applied into not only 

the investigation of wetted wall flow behavior such as film 

break-up and rivulet flow but also the optimization of the 

design of packing elements. 

In the future, a next step will be to investigate the effect of 

wall surface texture more systematically. Furthermore, another 

next step will be to investigate more complex geometries and 

flow conditions such as industrial large scale packing with 

actual flow conditions, and to develop a better designing 

method for those two-phase flow processes. 
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