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Te aroriate caracteriation o te to-ae lo a een recently coniere a a toic o 
interet at inutrial leel. Te Comutational Flui Dynamic CFD i one o te tecniue ue or 
ti analyi. Commonly, te Volume O Flui VOF moel an te Eulerian moel are ue to moel 

te to-ae lo. Te matematical ormulation o tee moel caue ierence in teir conergence, 
comutational time an accuracy. Ti article ecrie te ierence eteen tee to moel or alication 
in te to-ae uar-lo. In orer to accomli ti oectie, te CFD moel ere aliate it 
eerimental reult. Ti tuy moele i eeriment it an ortogonal utterly gri. A a reult, te 
Eulerian moel o mean uare error 1. loer tan te VOF moel 1.0 or lo oi raction 
lo  0.2. Furtermore, it a emontrate tat Eulerian moel erormance i ineenent rom gri, 
ening le comutational time tan te VOF moel. Finally, it a etermine tat only te VOF moel 
reict te attern lo.
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Acaracteriao aeuaa o ecoamento iico tem e tornao um aunto e interee no 
mito inutrial. A mecnica o luio comutacional CFD, or ua igla em ingl  uma 
a tcnica ara ea anlie. Neta erramenta utilia-e normalmente o moelo e olume e 

luio VOF, or igla em ingl e o moelo Euleriano. A ormulao matemtica ete moelo gera 
ierena na ua conergncia, eatio e eemeno comutacional. Ete traalo etaca a ierena 
ete oi moelo ara alicae e ecoamento iico em ireo ertical. Para atingir ee oetio 
 recio aliar ete moelo com reultao eerimentai. Nete roeto realiou-e a moelagem e 
ei eerimento emregano uma mala ortogonal. Como reultao, o moelo Euleriano areenta um 
erro uartico mio 1. inerior ao moelo VOF 1.0 ara luo com aia rao e aio 
0.2. Por ua e, eienciou-e ue o moelo Euleriano  ineenente a mala, oiilitano um 
eríoo e imulao menor ao o moelo VOF. Por im, eterminou-e ue o moelo VOF ere ara 
reer o aro e ecoamento ao contrrio o moelo Euleriano. 

La correcta caracteriacin el luo iico e a uelto un tema e inter a niel inutrial. La 
mecnica e luio comutacional CFD, or u igla en ingl e una e la tcnica utiliaa 
ara eto anlii. Comnmente e utilia en eta erramienta el moelo e olumen e luio VOF, 

or u igla en ingl y moelo Euleriano. La ormulacin matemtica e eto moelo genera ierencia 
en u conergencia, eactitu y eemeo comutacional. Ete traao one en eiencia la ierencia 
e eto o moelo ara alicacione e luo iico en ireccin ertical. Con el in e llear a cao 
ete oetio e ee aliar eto moelo con reultao eerimentale. En ete royecto e reali la 
moelacin e ei eerimento acieno uo e un mallao tio ortogonal marioa. Como reultao el 
moelo Euleriano reenta un error cuartico meio 1. inerior al moelo VOF 1.0 ara luo 
con aa raccin e acío  0.2. Por otro lao, e eienci ue el moelo Euleriano e ineeniente 
e la malla ermitieno un tiemo e imulacin menor al el moelo VOF. Finalmente, e etermin ue 
el moelo VOF ermite reecir el atrn e luo a ierencia el moelo Euleriano. 

Palabras clave: CFD, Fluo iico, Fraccin e acío, Patrone e luo.

Palavras-chave: CFD, Ecoamento iico, Frao e aio, Pare e luo.
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1. INTRODUCTION

The multiphase ow, speci cally the gas-liquid two-
phase ow, is an operating condition found in different 
types of industries. It appears in systems of energy 
generation, mass transportation, heat transfer, equipment 
for separation and reaction processes, and equipment for 
environmental control (Ishii & Hibiki, 2011). 

The nuclear and petroleum industries mainly work 
with the gas-liquid two-phase ow in their processes. 
The former, works with this phenomenon in the boiling 
water or pressurized water nuclear reactors used for 
the generation of electrical power. The latter, confronts 
the multiphase ow during oil and gas production in 
vertical, horizontal and inclined pipes. Furthermore, 
the two-phase ow appears when well production is 
enhanced by steam, water or gas injection (Zhang, Wang, 
Sarica & Brill, 2003). As a consequence, the correctly 
operation of these processes is xed to the variables that 
describe the gas-liquid two-phase ow. The variation in 
the volume fractions of the two-phase ow varies from 
a discontinuous production to a shutdown of the process 
(Abdulkadir, 2011). For that reason, characterization 
of the gas-liquid two-phase ow is essential to avoid 
operating problems.

Different techniques are used to determine the 
gas-liquid two-phase flow. Experimental methods 
measure important parameters like local void fraction, 
bubble size and phase velocities. However, every 
instrument has advantages and disadvantages in their 
cost, intrusiveness and resolution (Da Silva, 2008). 
There is no a cheap non-intrusive multiphase measuring 
instrument giving the best resolution (Sharaf et al., 
2011). Other predictive methods are the empirical 
and semi-empirical correlations. Woldesemayat and 
Ghajar (2008) listed and compared 68 void fraction 
correlations. Nevertheless, all these correlations were 
formulated for speci c ow patterns, inclinations and 
operating conditions. As a consequence, the two-phase 

ow models present incorrect predictions when they 
are extrapolated. Finally, Computational Fluid Dynamic 
(CFD) is a useful technique to predict the two-phase 

ow behavior under any condition. 

The CFD (model) is capable of simulating the 
two-phase ow by using different physical models. 

Wachem & Almstedt (2003) conducted a review of the 
mathematical formulation for CFD models to predict 
the behavior of the fluid-fluid flow and solid-fluid 

ow. For the liquid-gas two-phase ow, researches 
mainly used the Eulerian model (Krishna, Urseanu, van 
Baten & Ellenberger, 1999; Ahmai & Al-Makky, 2014; 
Shang, 2015) or the Volume of Fluid (VOF) model 
which is an Eulerian approach (Anglart & Podowski, 
2001; Fang, David, Rogacs & Goodson, 2010; 
Abdulkadir, 2011). Additionally, vertical ows have 
been analyzed using both CFD models (Abdulkadir, 
2011; Shang, 2015). Nevertheless, these researches 
did not stablish a selection criterion for both models. 
This study demonstrates the differences between the 
Eulerian model and the VOF model for the two-phase 

ow assessment in vertical pipes. Models comparison 
will analyze accuracy, distinguishable phases and 
computational performance. Finally, it proposes an 
innovative criteria for the selection of the multiphase 

ow model on CFD simulations.

2. THEORETICAL FRAME

The analyses of the CFD results take into account 
the hydrodynamic of the two-phase ow. The previous 
behavior is called the flow patterns. This section 
explains the possible ow patterns that are acquired in a 
vertical pipe con guration at different phase velocities. 
Furthermore, the analysis is easier if Eulerian and VOF 
models differences are understood, as shown in the 
mathematical formulation for each model.

Flow patterns
The phase con gurations in vertical pipes are: bubbly 

ow, slug ow, churn ow, annular ow and mist ow. 
Previously these are listed from low velocity to high 
velocity. Moreover, an increase in the gas ow is one 
of the ways that transitions between patterns occur. By 
increasing gas velocity in a bubbly ow, small bubbles 
coalesce to form the Taylor bubbles in slug ow. Churn 

ow is an instable slug ow resulting from raising 
the gas velocity. Annular ow appears when gas ow 
increases, creating an interface stress larger than the 
effects of gravity. As a consequence, liquid phase is 
thrown out of the center of the pipe (Thome, 2004). 
The ow pattern appearances are shown in Figure 1. A 
mist ow has the same con guration as a bubbly ow 
except that their phases are inverted (Abdulkadir, 2011). 
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Transport mechanisms are different in pipes with 
diameters longer than 50 mm. Consequently, different 
flow regimes appear (Sharaf & Luna-Ortiz, 2014). 
Hence, the pipe diameters modeled in this study are 
about 50 mm. Furthermore, a ow pattern map for 
upward ow in a 50 mm diameter tube is used to predict 

ow patterns (Hewitt, Delhaye & Zuber, 1986). Figure 
2 shows the map mentioned before.

Mathematical models
The gas-liquid two-phase ow involves transport of 

momentum, mass and heat. Nevertheless, heat transfer 
is omitted, setting the assumption that temperature is 

constant and uniform in the whole pipe. Hence, Eulerian 
and VOF models only consider mass and momentum 
transfers. The mathematical formulation for both physic 
models are detailed in this section.

Eulerian model
This method analyzes each phase using one equation 

for each transport phenomenon. Equations (1) and (2) 
show the conservation of mass and momentum for phase 
i (Siemens, 2014). 

Additionally, the equation (3) must be achieved.

For the previous equations α is the void fraction, 
u is the super cial velocity, g is the gravity, P is the 
pressure, τ is the molecular stress, τt is the turbulent 
stress, ρ is the density and Mi represents the momentum 
transfer in the interface. Furthermore, Eulerian model 
requires specifying the bubble´s gas size. Therefore, the 
discontinuous phase solution is an agglomerate of these 
bubbles (Siemens, 2014).

VOF model
 As a difference, this method analyzes all phases 

using a unique equation for each transport phenomenon. 
Equations (4) and (5) show the conservation of mass and 
momentum respectively (Abdulkadir, 2011). 

Density and viscosity are calculated as a function of 
the volume fraction, as shown in the Equations (6) and 
(7), respectively.

Figure 1. Flo attern in ertical ie. 
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The VOF model adds an additional equation solving 
the interfaces. It uses a continuity equation as a function 
of the volume fractions as shown in the Equation (8). 
Consequently, this method does not require specifying 
the bubble gas size (Abdulkadir, 2011).

Differences between both models enable simulations 
with different accuracy, distinguishable phases and 
computational performance. Therefore, a methodology 
is established to study this problem.

Turbulence model
 The gas-liquid two-phase flow has a turbulent 

dynamic which has to be taking account in the CFD 
models. In this research, the k-ε turbulence model 
was used to close the consecutive equations for both 
models. Equations (9) and (10) show the PDE equations 
describing this model (Ratkovich, Majumder & Bentzen, 
2013).

The new two variables correspond to the turbulent 
kinetic energy (k) and the dissipation rate (ε). The 
constants values of σε, σk, C1 and C2 are 1.2, 1.0, 1.44 
and 1.9, respectively. Finally, the turbulence effect on the 
viscosity (turbulent viscosity, μt ) has to be involved in 
the conservative equations using the effective viscosity 
(μef f) as shown in the equation (11).

3. METHODOLOGY

This section describes the modeling study procedure. 
First, the test matrix and facilities geometries are 
presented. Second, it explains the mesh generation and 
selection criterion. Finally, the time-step is selected by 
the Courant-Friedrich-Lévy condition (CFL criterion).

Test matrix
The CFD models performance in the two-phase 

flow assessment were validated by experimental 
results. Data was obtained by different authors: Sun 
et al. (2004), Krepper, Lucas & Prasser (2005) and 
Westende (2008). Experiments were replicated using 
the CFD software STAR-CCM+ v9.02 from Siemens. 
Operating conditions and facilities geometries are 
described in Table 1, where ui is the super cial velocity 
of phase i, z is the pipe height and z/D describes the 
measurement tool location in the pipe. Each studied 
case was developed at atmospheric pressure.

Figure 2 shows the experimental conditions plotted 
on Hewitt et al. (1986) ow pattern map. The study cases 
location on Figure 2 predicted that the experimental 
data is the bubbly ow and the annular ow. Therefore, 
this project studied the two-phase ow with low and 
high void fractions. The CFD prediction is used as the 
variable average, as the solution obtains a steady signal.

Mesh generation
The CFD solution method requires a grid to solve 

the partial differential equations of both models. Mesh 
dimensions and arrangement may create a variety of 
grids for the same geometry. However, the solution 
convergence, accuracy and velocity depend upon the 
mesh quality. Hernandez, Abdulkadir & Azzopardi 
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(2010) determined that the best mesh distribution for 
pipes is the orthogonal grid (also known as butter y 
shape gird). Figure 3 illustrates the grid distribution 
mentioned before. 

The grid presented in Figure 3 was associated with 

three boundary conditions. The inlet and outlet face 
were modeled with a velocity inlet and outlet pressure 
conditions, respectively. The surrounding face used 
a wall boundary condition. In addition, the mesh 
distribution was tested using a grid independence test 
to remove any mesh dependency in the system solution.

Two selection criteria were established in the grid 
independence test: resulting in accuracy and simulation 
time. The experiment case D was simulated with four 
grids that contained 43 400, 228 780, 312 800 and 415 
140 mesh cells. As Eulerian and VOF models have 
a different mathematical formulation, previous tests 
were carried for each model to have the correct grid 
distribution for both models.

Stability criterion
Unsteady simulation was used to model the two-

phase ow dynamics. Consequently, the model stability 
depends strongly upon the time-step established. 
Convergence problems are present when the time-step 
is larger than velocity magnitude. The previous situation 
provokes the ow going through a large quantity of cells 
without solving intermediate points. As a consequence 
the CFD software brings up values to the intermediate 
points without solving the next interactions, in most of 
cases creating a diverge system (Abdulkadir, 2011). Due 
to the previous problem, the time-step is selected by 

the CFL criterion which uses the Courant number. The 
mathematical representation of this number is described 
in Equation (12).

Where C is the Courant number (≈0.25), Δt is the 

time-step and Δx is the mesh cell size in direction of the 
maximum uid velocity component. The velocity uG is 
calculated by the Drift-Flux model (Ujang et al., 2008) 
described in Equation (13).

Where g is gravity, Res is the Reynolds number for 

the liquid phase and D is the pipe diameter. Based on 
the previous equations and the experiments description, 
a correct time-step is calculated to achieve a stable 
simulation.

4. RESULTS AND ANALYSIS

This section describes the results in two parts. 
The rst section exposes the mesh independence tests 
results and describes the grid selected. The second part 
describes the two CFD models performance.

Geometry meshing
The simulation of the case D experiment was used 

to carry out the mesh independence test. Krepper et 
al. (2005) measured the void fraction using a sensor 
placed at z/D=60 with a ow inlet of ug=0.34 m/s and 
ul=1.00 m/s. The average void fraction was 0.2618 with a 
standard deviation of 10%. Results obtained by the VOF 
model and the Eulerian model are shown in Figure 4

The VOF model in Figure 4 establishes that increasing 
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the mesh cells number in the grid will decrease the error 
between the simulation and the experimental results. 
When considering the first selection criterion that 
standard deviation is 10 % for the experimental result, 
only the grid with 415 140 mesh cells could model 
the system correctly. On the other hand, the Eulerian 
model results demonstrate that resulted accuracy is not 
modi ed by the number of mesh cells. Furthermore, 
these results show that simulations with Eulerian model 
obtain an error equal to the standard deviation of the 
experimental results.

The second selection criterion for the grid is the 
simulation time. This parameter was analyzed using a 
one-node of the processor of an Intel® core-i5 computer 
with 6 GB of memory ram. The study´s results are shown 
in Figure 5. It is evident that both models require more 
computer time if the number of mesh cells increase. 
Considering the previous results, the grid selected for 
the Eulerian model is the mesh with 43 400 cells, as 
it reduces the simulation time without any effect in 
the accuracy of the results. On the contrary, the grid 
selected for the VOF model is the mesh with 41 5140 
cells guaranteeing the accuracy of good results despite 
higher simulation time. 

The simulation time spent by the Eulerian model and 
the VOF model is compared in Figure 5. The simulation 
studied requires 62 000 inner interactions to complete 
the physical time established by the problem. This test 
proved that the Eulerian model always requires more 
simulation time than the VOF model. The reason for 
the previous result is that Eulerian model has more 
equations to solve than the VOF model. Furthermore, 

the Eulerian model is capable to predict the variable 
values in 40 000 inner interactions. However, this new 
magnitude of interactions also requires more simulation 
time than the VOF model.
Case studies

The two-phase ow experiments described in Table 
1 were simulated using the Eulerian model and the VOF 
model. Table 2 shows the results for cases A, B, C, and 
D in which the variable analyzed is the void fraction. 

The cases E and F analyzed the total gas velocity 
and their results are shown in Table 2. Additionally, 
these tables show the experiment results obtained 
by the authors and the standard deviation of their 
experimentation. The simulation results demonstrate 
that the Eulerian model and the VOF model can describe 
correctly the two-phase ow with low void fractions. 

 Me Cell

Ti
m

e 




10

10

120

100

0

0

0

20

0
00 2270 1200 110

Euler 2000 iter VOF 2000 iter Euler 0000 iter

A

B

C

D

0.0

0.11

0.1

0.22

2.1

.77

.2

2.7

0.0

0.02

0.1

0.2

.2

20.1

1.1

10.7

0.0

0.101

0.11

0.20

12.1

11.2

.

12.0

E

F

17.0

2.01

.72

.

12.20

21.20

2.

1.70

12.22

21.0

2.2

1.10

ae αeerieal aar eiai 
αF rrr 

uleria F

αF rrr 

ae αeerieal aar eiai  uG,CFD rrr  uG,CFD rrr 

Table 2. Reult o cae A, B, C an D uing Eulerian moel an VOF moel

Figure 5. Me ineenence tet  Simulation time



CT&F - Ciencia, Tecnología y Futuro  -  Vol. 7  Num. 1      Dec. 2017

ESTEBAN UERRERO et al.

80

This fact is corroborated by the CFD results of cases 
A, B, C and D which are inside of the experimented 
standard deviations. On the contrary, both models 
showed errors higher than the standard deviation when 
simulating ows with higher void fractions.

Figure 6 shows the void fractions prediction of 
Eulerian and VOF models for cases A, B, C and D. The 
case C result for the VOF model shows an error higher 
than 30%. Considering void fraction magnitude, the 
previous error is strongly signi cant. Therefore, the 
two-phase ow dynamics affects the accuracy of the 
VOF model. The best model selection criterion is the 
relative error which is calculated by the Equation (14). 
By modeling the low void fraction ow, the Eulerian 
model shows an error (13.86 %) smaller than the VOF 
model (19.04 %). Additionally, both models obtain 
the same error (≈ 23 %) in the prediction of high void 
fraction ow. The physical models differ in their mathematical 

formulation as it was explained in the theoretical 
background. This difference causes a distinct solution 
appearance for both models in spite of the similar variable 
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values that they obtained in the system´s solution. The 
VOF model details better the bubbles in the two-phase 

ow than the Eulerian model, as shown in Figure 7. As 
an explanation, the VOF model solves the interface by 
the continuity of the equation as a function of the volume 
fraction, Equation (9), differentiating phase variables as 
none of the other equations distinguish phases. On the 
contrary, the Eulerian model does not solve the interface 
between liquid and gas phases. As a consequence, each 
cell has an average value for each variable. Hence, the 
Eulerian model solutions have a uniform color for the 
void fraction parameter. Moreover, Figure 7 shows that 
the VOF model is the correct physical model predicting 
the ow pattern.

The simulation results have a correct physical 
meaning considering that the case studies are organized in 
an ascendant manner according to the void fraction. The 
previous fact is corroborated in Figure 7. Additionally, 
as it was predicted in Figure 2, Figure 9 shows that cases 
A, B, C, and D have a bubbly ow as the ow pattern, 
and cases E and F an annular pattern. However, the VOF 
model shows problems when modelling the liquid lm 
between the wall and gas ows as caused by the mesh 
distribution. It is required to develop a more neness 
mesh near the pipe wall to obtain this phenomenon. 

5. CONCLUSIONS

● CFD is a method capable to predict the dynamics of 
the gas-liquid two-phase ow. This project conducted 
a comparison between two CFD models in an upward 

ow. The methods studied are the Eulerian and VOF 
models. The first part evaluated the grid-model 
relations. The results demonstrated that the Eulerian 
model performance to predict the void fraction is 
irrelevant to the number of mesh cells in the grid. 
Moreover, the results exposed that Eulerian model 
requires more simulation time than the VOF model 
using the same grid. Nonetheless, the Eulerian model 
would spent less time if a grid with a low number of 
mesh cells is used, due to the mesh independency. 
The second part assessed the model prediction of the 
two-phase ow properties. In the bubbly ow, the 
Eulerian model is more accurate than VOF model by 
a difference of 5% in the void fraction prediction. On 
the other hand, both models showed problems when 
simulating the annular ow. Models accuracy may be 

increased by coupling new the CFD models. Opposite 
to the Eulerian model, the VOF model is capable 
of distinguishing the discontinuous and continuous 
phases in the solution appearance.  
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NOMENCLATURE

C Courant Number [-]

D Pipe diameter [m]

g Gravity [= 9.81 m/s2]

i,j Phases index [-]

P Pressure [Pa]

Re Reynolds number [-]

t Time [s]

uM Mixture velocity [m/s]

u Super cial velocity [m/s]

uG Total gas velocity [m/s]

α Void fraction [-]

ρ Density [kg/m3]

τ Molecular stress [Pa]

τt Turbulent stress [Pa]


