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Abstract
This study presents an approach to determine the dimensions of three-phase separators. First, we designed different vessel 
configurations based on the fluid properties of an Iranian gas condensate field. We then used a comprehensive computational 
fluid dynamic (CFD) method for analyzing the three-phase separation phenomena. For simulation purposes, the combined 
volume of fluid–discrete particle method (DPM) approach was used. The discrete random walk (DRW) model was used 
to include the effect of arbitrary particle movement due to variations caused by turbulence. In addition, the comparison of 
experimental and simulated results was generated using different turbulence models, i.e., standard k–ε, standard k–ω, and 
Reynolds stress model. The results of numerical calculations in terms of fluid profiles, separation performance and DPM 
particle behavior were used to choose the optimum vessel configuration. No difference between the dimensions of the opti-
mum vessel and the existing separator was found. Also, simulation data were compared with experimental data pertaining 
to a similar existing separator. A reasonable agreement between the results of numerical calculation and experimental data 
was observed. These results showed that the used CFD model is well capable of investigating the performance of a three-
phase separator.

Keywords Three-phase separator · CFD · Semiempirical design method · Multiphase flow model · Discrete random walk 
method

List of symbols
CD  Drag coefficient
CF  Inertial resistance coefficient, L−1 ( m−1)
C1,C2,CM  Constants in turbulent transport equations

dp  Liquid droplet diameter, L (μm)
d  Rosin–Rammler diameter, L (μm)
D  Separator diameter, L (m)
FD  Drag function
Fs  Momentum transfer term exerted by discrete 

particles, m
/
t2L2 (N/m3)

G  Unit variance normally a distributed random 
number

g  Gravity acceleration, L
/
t2 (m/s2)

Le  Eddy length scale, L (m)
Leff  Effective length of the vessel, L (m)
Lss  Seam to seam length of the vessel, L (m)(
Lss

D

)
  Slenderness ratio

P  Vessel operation pressure, m/Lt2 ( kPa)
Qo  Oil flow rate,  L3/t  (m3/s)
Qg  Gas flow rate,  L3/t (scm/h)
Qw  Water flow rate,  L3/t  (m3/s)
Sm  Mass source term, m

/
t ⋅ L3 (kg/s m3)

r  Particle relaxation time,t (s)
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tcross  Eddy crossing time of the particles, t (s)
tro  Theoretical residence time of oil, t (min)
trw  Theoretical residence time of water, t (min)
T   Operating temperature, � (K)
te  Eddy lifetime, t (s)
tL  Particle Lagrangian integral time, t (s)
U⃗  Average fluid-phase velocity, L/t (m/s)
u  Fluid-phase velocity, L/t (m/s)
up  Particle velocity, L/t (m/s)
u′  Velocity fluctuation of the continuous phase, 

L/t (m/s)
U⃗m  Velocity of phase m, L/t (m/s)
|
|
|
U⃗
|
|
|
  Velocity magnitude, L/t (m/s)

Z  Gas compressibility factor

Greek symbols
�l  Ratio of liquid area to total area of the 

separator
�m  Volume fraction of phase m
1∕�  Viscous resistance coefficient, L−2 ( m−2)
�  Production term of turbulence kinetic energy 

due to velocity gradients, m/L⋅(kg/m s3)
�l  Ratio of liquid height to total height of the 

separator
�  Turbulent dissipation rate,  L2/t3  (m2/s3)
k  Turbulent kinetic energy,  L2/t2  (m2/s2)
�  Molecular viscosity, m/Lt (Pa s)
�t  Turbulent viscosity, m/Lt (Pa s)
�  Density, m/L3 (kg/m3)
�g  Gas density, m/L3 (kg/m3)
�l  Liquid density, m/L3 (kg/m3)
�m  Density of phase m, m/L3 (kg/m3)
�k, ��  Constants in turbulent transport equations
�  Rosin–Rammler exponent

Abbreviations
CFD  Computational fluid dynamic
DPM  Discrete particle method
DRW  Discrete random walk
FBRM  Focus beam reflectance measurement
NIOC  National Iranian Oil Company
PBM  Population balance model
RSM  Reynolds stress model
VOF  Volume of fluid

Introduction

On production units, a multiphase separator is the first sur-
face equipment which is used to separate the produced well-
head fluid into the liquid and gas fractions. Inappropriate 
design of three-phase separators is a major obstacle to stable 
hydrocarbon processing and leads to reduce the efficiency 

of the entire surface equipment such as: heaters, exchangers 
and pressure maintenance equipment. When sizing a hori-
zontal separator, it is necessary to choose a seam to seam 
vessel length and a diameter (Stewart and Arnold 2008). In 
the semiempirical method, the separator length and diameter 
are chosen, in order to allow different phases to separate 
from each other and reach an equilibrium. Much work has 
been conducted to investigate the aspects of designing three-
phase separators (GPSA 1998; Smith 1987; Gerunda 1981 
and Watkins 1967). Bothamley (2013a, b, c) conducted a 
complete study for quantifying the separation performance. 
The effects of different types of momentum breaker and mist 
extractor device, feed pipe velocity, particle-size distribu-
tion and the main vessel dimensions were discussed in their 
work.

Although useful guidelines are provided by the semiem-
pirical approach, the essential data that affect the separa-
tor performance are not always considered (Kharoua et al. 
2013). The semiempirical method does not, for example, 
consider the effects of liquid re-entrainment and recircula-
tion within the liquid layers (Viles 1993; Shaban 1995). In 
addition, this method uses a single representative particle 
size for oil and water phases. This is not always the case 
since previous studies stressed the importance of the sec-
ondary-phase distribution in predicting the performance of 
three-phase separators (Monnery and Svrcek 1994; Kharoua 
et al. 2013). It should also be emphasized that the semiem-
pirical method could not forecast the separation efficiency 
since it is based on 100% separation (Stewart and Arnold 
2008). These fundamental limitations of a semiempirical 
method illustrate the need for a more detailed method to 
investigate the three-phase separation phenomena. CFD 
simulations will be able to investigate the three-phase sepa-
ration phenomena and provide some useful guidelines for 
optimization of dimensions.

There are two methods for dealing with multiphase flow, 
the Eulerian–Lagrangian approach and the Eulerian–Eule-
rian approach. The Eulerian–Lagrangian method deals with 
the continuous fluid phase as a continuum by solving the 
Navier–Stokes equation, while the secondary-phase parti-
cles are tracked in their movements through space and time. 
The Eulerian–Lagrangian approach is preferred over the 
Eulerian–Eulerian approach when information about par-
ticle locations is needed. The other advantage of the Eule-
rian–Lagrangian approach is physically concrete modeling 
of fluid–particle interaction. Nevertheless, the computing 
time of Eulerian–Lagrangian method significantly increases 
by increasing the number of tracked particles. Therefore, the 
main detraction of using the Eulerian–Lagrangian approach 
is the computational expense (Chrigui 2005; Mpagazehe 
2013). Conversely, the Eulerian–Eulerian method mathemat-
ically focuses on the fluid motion in a specific location in 
space. The VOF model, the mixture model and the Eulerian 
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model belong to the Eulerian–Eulerian approach. The VOF 
model is used when the position of the interface between flu-
ids is important. The mixture model is used to model homo-
geneous multiphase flows where the phases move at almost 
same velocities. The Eulerian multiphase model is used to 
model separate but yet interacting phases. It should be noted 
that in the Eulerian multiphase model a single pressure is 
shared by all phases (Mahmud et al. 2018; Zakerian et al. 
2018; Fluent Theory Guide 2016; Sun et al. 2014).

Previously, numerical studies of three-phase separators 
mostly used the Eulerian–Eulerian method. Vilagines and 
Akhras (2010) used the CFD model to evaluate the effect 
of new internals on the efficiency of a three-phase separa-
tor. They used the shear stress transport turbulence model 
and three-phase Eulerian model to simulate the multiphase 
flow. In that study, the results of the CFD simulation and 
the experimental data were not compared. Kharoua et al. 
(2012) used a CFD model to modify a production separa-
tor. The well-known k–ε turbulence model and the Eule-
rian–Eulerian multiphase approach were used to study the 
three-phase separation phenomena. Again, in that study, the 
numerical calculation results were not compared with the 
experimental data.

Kharoua et al. (2013) used the CFD model to analyze 
the performance and internal multiphase flow behavior in 
a three-phase separator. To deal with complex phenomena 
such as size distribution, coalescence and breakup of sec-
ondary phases, the population balance model (PBM) was 
used. Three different liquid particle distributions were used 
to determine the effect of size distribution of the second-
ary phase on the performance of the separator. The simula-
tion results stressed the importance of the secondary-phase 
distribution in predicting the performance of the internal 
flow behavior. However, the PBM model was applied to one 
liquid phase and the other liquid phase was represented by 
a mono-dispersed distribution. In that study, the results of 
numerical calculation were compared with industrial data. 
A very poor agreement between the outcomes of the CFD 
simulation and the experimental data was observed. In addi-
tion, the details of the sampling procedures and experimental 
methods were not presented in their study.

There are also a few publications that made use of the 
Eulerian–Lagrangian method. Laleh et al. (2011) applied 
numerical calculations to study the fluid flow behavior 
in two-phase separators. In their paper, two simulation 
approaches, the DPM model and a combination of VOF 
and DPM model, were used to simulate the multiphase 
flow. In addition, the k–ε turbulence model was used 
because of its simplicity and achieved accuracy. Their 
simulation results demonstrated that the combination of 
VOF and DPM models was more reliable than the DPM 
model with respect to predicted separation efficiency. 
Laleh et al. (2012a, b, 2013) used DPM, VOF and k–ε 

turbulence models to develop a realistic CFD simulation 
in order to debottleneck a three-phase separator. In that 
study, the flow-distributing baffles and the mist extractor 
were modeled as porous media. However, the results of 
the CFD simulation and the experimental data were not 
compared in their work.

This study presents an approach to determine the dimen-
sions of three-phase separators. First, based on the Arnold 
and Stewart semiempirical procedure, we developed a 
computer code to design several configurations with vary-
ing slenderness ratios for one of the Iranian south gas con-
densate reservoirs. We then devised a comprehensive CFD 
model to investigate the three-phase separation phenomena.

In this study, the commercial CFD code ANSYS Fluent 
version 16.2 was utilized. For simulation purposes, two mul-
tiphase models, VOF and DPM, were combined with the k–ε 
turbulence model, while the DRW model was implemented 
to include the effect of arbitrary particle movement due to 
velocity variations caused by turbulence. The results of 
numerical calculations in terms of fluid profiles, separation 
performance and DPM particle behavior were used to choose 
the optimum vessel configuration. To evaluate the proposed 
method, the optimized length and diameter of the separator 
were compared with those of one currently used by National 
Iranian Oil Company (NIOC). No difference between the 
dimensions of the optimum vessel and the existing separa-
tor was found. Also, simulation data were compared with 
experimental data pertaining to a similar existing separator. 
A reasonable agreement between the experimental data and 
the simulation results was observed.

Before presenting the simulation methodology, it is 
important to highlight the most important modifications of 
this study. These modifications are listed as follows:

• The quality of computational grid systems was not 
validated in previous studies. In addition, many previ-
ous studies used the general mesh qualities such as the 
maximum aspect ratio to validate the computational grid 
systems. However, the results of this study will show that 
the general mesh qualities are not sufficient to investigate 
the computational mesh. Therefore, the mesh independ-
ence test is an important aspect of simulating the three-
phase separators.

• Comparison of numerical simulation results and experi-
mental data is an important aspect of the CFD study. 
However, most of the CFD studies on three-phase separa-
tors did not validate the CFD simulations with the exper-
imental or field test data. This is presumably because 
of the high cost required for conducting such tests. In 
the present study, simulation results are compared with 
industrial data pertaining to a similar existing separator. 
In addition, this study presents the details of the sampling 
procedures used to collect fluids and the experimental 
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methods used to evaluate the efficiency of three-phase 
separators.

• The effect of arbitrary particle movement due to varia-
tions caused by the turbulence was ignored in previous 
studies. However, the results of this study underline the 
importance of this factor in predicting the performance 
of three-phase separators.

• The present study is meant for establishing a suitable 
methodology, including turbulence model selection for 
simulating the three-phase separation phenomena. As a 
result, the comparison of experimental and simulated 
results was generated using different turbulence models, 
i.e., standard k–ε, standard k–ω and RSM.

• One important parameter that has received inadequate 
attention thus far in designing separators is the change 
in input water and gas flow rates. This negligence can 
eventuate in problems such as rising of the water level in 
separator, difficulties in operational three-phase separa-
tion, increasing volumetric water fraction in natural con-
densate and gas outlets and finally reducing efficiency of 
separators. In this work, the effect of input gas and water 
flow rates on the three-phase separation performance is 
investigated.

• Previous studies have defined different ranges of slen-
derness. These guidelines for the slenderness ratio are 
mainly determined by economic analysis without thor-
ough investigation of the three-phase separation phe-
nomena (Laleh et al. 2012a, b). In this study, the effect 
of the slenderness ratio on the three-phase separation 
phenomena and behavior of secondary-phase particles 
are investigated. In addition, the slenderness ratio of the 
optimum vessel is compared with the slenderness ranges 
proposed in the literature.

• Finally, most of the CFD studies on three-phase separa-
tors only provided the overall steps of CFD modeling. 
However, this study presents the details of the used CFD 
model.

Implemented semiempirical approach

In the semiempirical method, the separator length and diam-
eter are chosen, in order to allow the water and condensate 
droplets to separate from the continuous gas phase and reach 
an equilibrium. Several semiempirical methods for sizing 
two- and three-phase separators have been presented before 
(Arnold and Stewart 1998; Stewart and Arnold 2008; Mon-
nery and Svrcek 1994; Dokianos 2015; Hernandez-Martinez 
and Martinez Ortiz 2014). Of all the previous methods, 
the Arnold and Stewart procedure is the most suitable for 
designing a three-phase separator, due to its robustness and 
simplicity (Olotu and Osisanya 2013; Ghaffarkhah et al. 
2017).

The software developed in our study was based on the 
Arnold and Stewart procedure for calculating the dimensions 
of three-phase separators. This software eliminates the risk 
of mistakes and increases the reliability of the semiempirical 
procedure. The most important equations of this software are 
summarized below.

Gas capacity formula

The gas capacity constraints are provided by the following 
equation (Stewart and Arnold 2008):

where �l is the ratio of liquid area to the total area of the 
separator, �l is the ratio of liquid height to total height of 
the separator, Leff is the effective length of the vessel in m, 
T  is the operating temperature in K, Qg is the gas flow rate 
in scm/h, P is the operation pressure in kPa, Z is the gas 
compressibility, dp is the liquid droplet diameter in μm, and 
CD is the drag coefficient.

Liquid capacity formula

The liquid capacity constraint, based on retention time, is 
defined by the following formula (Stewart and Arnold 2008):

Here, Qw is the water flow rate in  m3/s, trw is the water reten-
tion time in min, Qo is the oil flow rate in  m3/s, and tro is the 
oil retention time in min.

Seam to seam length formula

The seam to seam length of the separator is given by the 
following equations (Stewart and Arnold 2008).

For gas capacity constraint:

For liquid capacity constraint:

Here, Lss is the seam to seam length of the separator in m 
and D is the separator diameter in m.

Eventually, several separator configurations with dif-
ferent slenderness ratios 

(
Lss

D

)
 were computed by our soft-

ware. Note that in this study, the design of the vessel is 
based on the gas capacity constraint. It should also be 

(1)DLeff = 0.345

[
1 − �l

1 − �l

][
TZQg

P

][(
�g

�l − �g

)
CD

dp

]1∕2
,

(2)D2Leff =
0.021

(
Qw × trw + Qo × tro

)

�l
.

(3)Lss = Leff + D.

(4)Lss =
4

3
Leff.
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emphasized that the separator seam to seam dimensions 
were reported in multiples of 100 mm, while the vessel 
diameters were in multiples of 50 mm.

The optimum dimensions of three-phase separators are 
the smallest dimensions that allow different phases effec-
tively separate from each other. Routinely, the optimum 
dimensions of vessels are estimated based on the guidelines 
for slenderness ratio. Previous studies have defined differ-
ent ranges of slenderness (Table 1). These guidelines for 
the slenderness ratio are mainly determined by economic 
analysis without thorough investigation of the three-phase 
separation phenomena (Laleh et al. 2012a, b). As a result, 
there is a need for a thorough and detailed method to deter-
mine the effect of the slenderness ratio on the separation 
performance and eventually choose the optimum dimensions 
of horizontal three-phase separators. CFD simulations will 
be able to examine the efficiency of vessels for different 
slenderness ratios and provide some useful guidelines for 
optimization of dimensions. In the present study, the results 
of numerical calculations in terms of fluid profiles, separa-
tion performance and DPM particle behavior are used to 
choose the optimum vessel configuration. In addition, the 
slenderness ratio of the optimum vessel is compared with 
the slenderness ranges proposed in the literature.

Computational methodology

A 3D, transient mathematical model is developed to sim-
ulate the three-phase separation phenomena. The VOF 
model was used to create the background of the computa-
tional domain, while the DPM model was used to describe 
the properties of fluid droplets that were injected at the 
separator inlet. In addition, the DRW model was used to 
include the effect of arbitrary particle movement due to 
variations caused by turbulence. Note that in the DRW 
model, the interaction of a particle with a series of fluid-
phase turbulent eddies is simulated (Fluent Theory Guide 
2016; Gosman and Loannides 1983).

Mathematical formulation

The VOF multiphase model belongs to the Eulerian–Eule-
rian approach. In this model, a single set of momentum 
equations is solved and the resulting velocity field is shared 
among the phases. In this study, the gas and liquid phases 
are treated as incompressible. In addition, the gas phase 
is defined as the primary phase, while the condensate and 
water phases are defined as the secondary phases.

The continuity equation (the volume fraction equation) 
for one of the phases (phase m) is given as follows (Le and 
Zhou 2008; Irani et al. 2010)

where U⃗m is the velocity of phase m in m/s, �m is the volume 
fraction of phase m, which has a value in the closed interval 
from zero to one, and Sm is the mass source term in kg/s m3. 
In this study, the mass source term on the right-hand side 
of Eq. 5 is zero.

The above-mentioned equation is solved for n − 1 phases, 
whereas the primary-phase volume fraction is determined 
based on the following equation:

The momentum equation for the VOF model is defined as 
(De Schepper et al. 2008):

where ��⃗U is the average fluid-phase velocity in m/s. It should 
be noted that when the discrete and continuous phases are 
coupled, the momentum gained or lost by the particle stream 
can be incorporated in the subsequent continuous-phase 
calculations (Fluent Theory Guide 2016; Kishan and Dash 
2009). In Eq. 7, Fs is the momentum transfer term exerted 
by discrete particles in N/m3.

On the other hand, the DPM model was used to track 
the secondary-phase particles. In this model, the continuous 

(5)
𝜕

𝜕t

(
𝛼m𝜌m

)
+ ∇ ⋅

(
𝛼m𝜌mU⃗m

)
= Sm,

(6)
n∑

k=1

�k = 1.

(7)

𝜕

𝜕t

(
𝜌U⃗

)
+ ∇ ⋅

(
𝜌U⃗.U⃗

)
= −∇𝜌 + ∇

[
𝜇
(
∇U⃗ + ∇U⃗T

)]
+ 𝜌g⃗ + Fs,

Table 1  Slenderness ranges proposed in the literature

Smith (1987) Abdi (2002) Stewart and Arnold (2008) Lyons and Plisga (2011) Abdel-Aal et al. (2015)

2.0–6.0 3.0–4.0 3.0–5.0 3.0–4.0 3.0–5.0

Stanley and Walas (1990) and Monnery and Svrcek (1994)

0 < operating pressure (kPa) < 1700 1.5–3.0
1700 < operating pressure (kPa) < 3400 3.0–4.0
operating pressure (kPa) > 3400 4.0–6.0



358 Journal of Petroleum Exploration and Production Technology (2019) 9:353–382

1 3

phase is simulated by solving the Navier–Stokes equations, 
and the secondary-phase particles are tracked based on inte-
grating the following equation (Shukla et al. 2011):

Here u is the fluid-phase velocity in m/s, up is the particle 
velocity in m/s, �p is the density of particles in kg/m3, and � 
is the fluid-phase density in kg/m3. F⃗ is the additional accel-
eration due to other forces (force/unit particle mass) in m/s2, 
which mainly includes the thermophoretic force, Brownian 
force, Saffman’s lift force and virtual mass force. In order for 
the Brownian and thermophoretic forces to take effect, the 
energy equation must be enabled. The Saffman’s lift force 
is only recommended for submicron particles. Therefore, 
these three forces were not taken into the consideration in 
this study. However, the virtual mass force is modeled based 
on the following equation (Xu et al. 2013):

FD is the drag function, which is defined as (Ounis et al. 
1991):

where dp is the particle diameter in μm, � is the molecular 
viscosity of the background phase in Pa s, and Re is the 
Reynolds number, which is modeled as:

Here, CD is the drag coefficient, which is obtained by:

while a1 , a2 and a3 are constants that are defined by Morsi 
and Alexander (1972) for several ranges of Re.

In the present study, the DPM model with four-way cou-
pling calculation was used to investigate the statistics of parti-
cle trajectories. In this model, the momentum transfer from the 
continuous phase to the discrete phase is calculated through 
interchange terms such as drag force. In addition, the momen-
tum gained or lost by the particle stream (condensate and water 
droplets) is incorporated into the subsequent continuous-phase 
calculations. Coalescence of particles and their breakup are 
also modeled by using the DPM model with four-way cou-
pling. When the particle trajectory is calculated, a proper 

(8)
d���⃗up

dt
= FD

(
u⃗ − ���⃗up

)
+

g⃗
(
𝜌p − 𝜌

)

𝜌p
+ F⃗.

(9)Fvm =
1

2

𝜌

𝜌p

(

���⃗up∇u⃗ −
d���⃗up

dt

)

.

(10)FD =
18�

�pd
2
p

.
CDRe

24
,

(11)Re =
�dp

|||
up − u

|||
�

.

(12)CD = a1 +
a2

Re
+

a3

Re2

model within the spray model theory (Taylor analogy breakup 
(TAB) model or wave model) is used to compute the droplet 
breakup based on the particle Weber number. In addition, the 
outcomes of the collision model are used for modeling droplet 
coalescence (Laleh et al. 2012a, b).

Three different turbulence models, i.e., standard k–ε, stand-
ard k–ω and RSM, were used in this study. The RSM turbu-
lence model has greater potential to give accurate predictions 
for complex numerical simulations. However, the modeling of 
the pressure–strain and dissipation rate terms can significantly 
compromise the accuracy of the RSM turbulence model (Flu-
ent Theory Guide 2016; Bhaskar et al. 2007). The standard 
k–ω model solves two transport equations to calculate the tur-
bulent kinetic energy, k in  m2/s2, and specific dissipation rate 
� in 1/s (Fluent Theory Guide 2016; Wilcox 1993). On the 
other hand, k–ε turbulence model solves two transport equa-
tions to calculate the turbulent kinetic energy, k in  m2/s2, and 
turbulent dissipation rate, ε in  m2/s2, for the multiphase flow 
(Shukla et al. 2011; Moraveji et al. 2017). These transport 
equations are:

where � is the production term of turbulence kinetic energy 
due to velocity gradients in kg/m s3 and �t is the turbulent 
viscosity in Pa s which is defined as:

Here, the model constants are equal to:

The dispersion of the secondary-phase particles, due to 
the velocity fluctuation of the turbulent background phase, is 
computed by using the DRW model. When the particle track-
ing model is combined with the DRW model, the fluid-phase 
velocity, u, in the DPM tracking model is divided into two 
parts (Zhao et al. 2008):

where u is the mean velocity in m∕s and u′ is the velocity 
fluctuation of continuous phase in m/s. When the k–ε turbu-
lence model is used along with DRW model, the value of u′ 
is defined by (Zhang and Chen, 2009):

(13)
�(�k)

�t
+

�
(
ui�k

)

�xi
=

�

�xj

[(

� +
�t

�k

)
�k

�xj

]

− �� + �,

(14)

�

�t
(��) +

�

�xi

(
ui��

)
=

�

�xj

[(
� +

�t

��

)
��

�xj

]

+ �C1

�

k
− �C2

�2

k
,

(15)�T = �CM

k2

�
.

C1 = 1.44, C2 = 1.92, CM = 0.09, �k = 1, �� = 1.3.

(16)u = u + u�,

(17)u� = G

√
2k

3
.
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Here, G is the unit variance normally distributed random 
number. The value of G remains constant until eddies reach 
the end of their life or the particles cross over to eddies. 
The eddy lifetime ( te ) is calculated as follows (Raoufi et al. 
2008):

Here, tL is the particle Lagrangian integral time in s, which 
is given as:

where S is the time spent in turbulent motion along the par-
ticle path in s.

Furthermore, the following equation is used for calculating 
eddy crossing time of the particles:

where r is the particle relaxation time in s and Le is the eddy 
length scale in m.

Material definition

The flow rates and physical properties of fluids are taken from 
one of the Iranian gas condensate fields as shown in Table 2. 
The surface tensions of condensate/gas, water/gas and con-
densate/water were set at 0.02054, 0.06475 and 0.04123 N/m, 
respectively. Heat transfer has been neglected. This is mainly 
because the working temperature of the vessel is almost con-
stant. Therefore, all material properties were calculated in this 
temperature and used in CFD simulations. It should be men-
tioned that the condensate and water phases were considered 
as Newtonian fluids.

In order to investigate the size distribution of the sec-
ondary-phase particles in the fluid domain, the logarithmic 
Rosin–Rammler (1933) equation was used.

(18)te = 2tL.

(19)tL =

∞

∫
0

u�
p
(t)u�

p
(t + S)

u�
p
(t)2

dS,

(20)tcross = −r ln
|||
||
1 −

Le

r
(
u − up

)
|||
||
,

(21)Y(d) = 1 − exp

(
−d

d

)�

,

where Y(d) is the mass fraction function, � is the 
Rosin–Rammler exponent which describes the material uni-
formity, d is the Rosin–Rammler diameter in μm, and d the 
particle diameter in μm.

Hallanger et al. (1996) utilized a secondary water parti-
cle distribution with an average diameter of 250 μm and a 
Rosin–Rammler exponent of 3 for seven different particle 
classes. Based on the maximum stable droplet size, Laleh 
et al. (2012a, b, 2013) generated the particle distribution 
with a Rosin–Rammler exponent of 2.6 and a maximum 
diameter of about 2270 and 4000 μm for oil and water 
phases, respectively. Note that the above-mentioned studies 
were combined with the actual fluid data provided by NIOC, 
based on the focus beam reflectance measurement (FBRM), 
to choose the proper particle distribution model. The maxi-
mum, minimum and average diameters for the water phase 
were set at 2000, 150 and 500 μm. For condensate phase, 
the maximum, minimum and average diameters of 560, 140 
and 50 μm were selected. The Rosin–Rammler exponent, � , 
at 2.6 was used for both the condensate and water phases.

In the present study, the diameter ranges of the conden-
sate and water droplets are divided into 35 subintervals. Each 
of these discrete intervals is represented by a mean diam-
eter for which trajectory calculations are performed (Zhang 
2009). It should be mentioned that Eq. 21 is used to calculate 
the mass fraction of each of these subintervals based on its 
mean diameter. Eventually, the number of injected particles 
for each of these subintervals is calculated.

Computational domain

As mentioned in the introduction, a computer program was 
developed to design different vessel configurations by using 
the Arnold and Stewart procedure. In order to investigate the 
three-phase separation phenomena, five different configura-
tions with varying slenderness ratios were chosen among 
the designed separators. The vessel dimensions and location 
of internals for each case are presented in Table 3. In the 
upper part of each vessel next to the protruding inlet noz-
zle, a spherical inlet diverter was used to rapidly break the 
momentum and change the direction of fluids. Moreover, the 
height and location of the weir were accurately calculated 
to improve the condensate–water separation (Stewart and 

Table 2  Flow rates and physical 
properties of fluids

Density (kg/m3) Viscosity (kg/m s) Mass flow 
rate (kg/h)

Gas 96.5 1.6E−5 117,343
Condensate 624.7 1.24E−4 16,300
Water 1186.70 8E−4 9450
Gas compressibility (Z) 0.88



360 Journal of Petroleum Exploration and Production Technology (2019) 9:353–382

1 3

Ta
bl

e 
3 

 V
es

se
l d

im
en

si
on

s a
nd

 lo
ca

tio
n 

of
 th

e 
in

te
rn

al
s

C
on

fig
ur

at
io

n 
nu

m
be

r
Se

am
 to

 
se

am
 le

ng
th

 
(m

m
)

D
ia

m
et

er
 (m

m
)

Sl
en

de
r-

ne
ss

 ra
tio

 
(m

m
)

Th
e 

lo
ng

itu
di

na
l l

oc
at

io
n 

fro
m

 th
e 

in
le

t s
id

e 
se

am
O

th
er

 v
es

se
l p

ro
pe

rti
es

G
as

 o
ut

le
t (

m
m

)
C

on
de

ns
at

e 
ou

tle
t (

m
m

)
C

on
de

n-
sa

te
 w

ei
r 

(m
m

)

W
at

er
 

ou
tle

t 
(m

m
)

C
as

e 
1

48
00

25
00

1.
92

38
32

33
51

36
78

44
49

Th
e 

se
m

i-s
ph

er
ic

al
 in

le
t d

iv
er

te
r h

as
 a

 d
ia

m
et

er
 o

f 6
96

 m
m

, 
w

hi
le

 th
e 

in
le

t, 
ga

s o
ut

le
t, 

co
nd

en
sa

te
 o

ut
le

t a
nd

 w
at

er
 o

ut
le

t 
ha

ve
 th

e 
di

am
et

er
s o

f 5
08

, 6
09

.6
, 2

03
.2

 a
nd

 2
03

.2
 m

m
, r

es
pe

c-
tiv

el
y

C
as

e 
2

49
00

21
50

2.
28

39
32

34
52

37
79

45
50

C
as

e 
3

50
00

18
50

2.
7

40
21

35
41

38
68

46
39

C
as

e 
4

53
00

15
50

3.
42

43
30

38
49

41
76

49
47

C
as

e 
5

60
00

12
50

4.
8

50
69

45
90

49
18

56
88

C
as

e 
6

50
00

18
50

2.
7

40
21

35
41

38
68

46
39

Th
e 

va
ne

-ty
pe

 in
le

t d
iv

er
te

r h
as

 1
2 

cu
rv

ed
 v

an
es

. T
hi

s i
nt

er
na

l 
ha

s a
 le

ng
th

 o
f 6

48
 m

m
. T

he
 in

le
t i

s a
 9

0°
 S

R
 e

lb
ow

 w
ith

 a
 

25
4 

m
m

 ra
di

us
. T

he
 d

ia
m

et
er

s o
f t

he
 g

as
, c

on
de

ns
at

e 
an

d 
w

at
er

 o
ut

le
ts

 a
re

 e
qu

al
 to

 6
09

.6
, 2

03
.2

 a
nd

 2
03

.2
 m

m
, r

es
pe

c-
tiv

el
y

C
as

e 
7—

da
ta

 v
al

id
at

io
n

50
00

18
50

2.
7

37
50

31
75

35
00

43
70

Th
e 

va
ne

-ty
pe

 in
le

t d
iv

er
te

r h
as

 1
2 

cu
rv

ed
 v

an
es

. T
hi

s i
nt

er
-

na
l h

as
 a

 le
ng

th
 o

f 6
48

 m
m

. T
he

 m
ist

 e
xt

ra
ct

or
 b

ox
 h

as
 a

 
le

ng
th

 o
f 5

40
 m

m
—

th
er

e 
ar

e 
tw

o 
pe

rfo
ra

te
d 

pl
at

es
 a

t 5
00

 a
nd

 
35

50
 m

m
, r

es
pe

ct
iv

el
y,

 fr
om

 th
e 

in
le

t s
id

e 
se

am
. T

he
 in

le
t i

s 
a 

90
° S

R
 e

lb
ow

 w
ith

 a
 2

54
 m

m
 ra

di
us

. T
he

 d
ia

m
et

er
s o

f t
he

 
ga

s, 
co

nd
en

sa
te

 a
nd

 w
at

er
 o

ut
le

ts
 a

re
 e

qu
al

 to
 6

09
.6

, 2
03

.2
 a

nd
 

20
3.

2 
m

m
, r

es
pe

ct
iv

el
y



361Journal of Petroleum Exploration and Production Technology (2019) 9:353–382 

1 3

Fig. 1  Arrangement of the internals for Cases 1–5 (a) and Case 7 (validation case) (b)
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Arnold 2008; API spec 12J). The overall arrangement of 
these vessels is shown in Fig. 1a.

As can be seen in Table 3, Cases 3, 6 and 7 have the 
same seam to seam length and diameter. However, these ves-
sels are equipped with different internals. A spherical inlet 
diverter is used for Case 3, while Case 6 is equipped with 
a vane-type inlet diverter. In addition, Case 7 is equipped 
with a vane-type inlet diverter, perforated plates and a high-
efficiency mist extractor device. The comparison between 
these cases could highlight the effect of different internals 
on the three-phase separation performance. It should also 
be emphasized that Case 7 has the dimensions and internals 
quite similar to those of an industrial separator currently 
in use for one of the Iranian oil fields. The results obtained 
from this vessel were reviewed in a CFD evaluation. The 
overall arrangement of this separator (Case 7) is shown in 
Fig. 1b. Note that the mist extractor device and perforated 
plates were modeled as the porous zone, while the curved 
plates were used for modeling of the vane-type inlet diverter.

Porous zones are modeled by adding a momentum source 
term to the right-hand side of the VOF momentum equation 
(Eq. 7). When a cell zone is defined as the porous zone, this 
momentum source term is determined based on the follow-
ing equation:

where ||
|
U⃗
||
|
 is the velocity magnitude in m/s, 1∕� is the viscous 

resistance coefficient in  m−2, and CF is the inertial resistance 
coefficient in  m−1 (Wang et al. 2014).

The original mist extractor is a type E wire mesh demister. 
In this study, based on Helsør and Svendsen (2007) work, 
the porosity, viscosity resistance coefficient and the inertial 
resistance coefficient of the mist extractor were set at 97.7%, 
3.84e6  m−2 and 126  m−1, respectively. Moreover, the flow 
distribution baffle was modeled as a perforated plate with a 
free area of 40% and an inertial resistance factor of 1822.1 
 m−1. Note that the properties of internals were taken from 
the configuration of the existing NIOC separator for valida-
tion purposes.

Boundary conditions

General descriptions of boundary conditions are shown in 
Table 4. A velocity inlet boundary type and volume frac-
tion of the secondary phases were defined for the fluid inlet, 
while a pressure outlet boundary type and pure gas condition 
were used for the gas outlet (Laleh et al. 2012a, b, 2013). In 
addition, a velocity outlet boundary condition and volume 
fraction as a pure secondary phase were used for the conden-
sate and water outlets. It should be noted that the velocity 
at the condensate and water outlets were chosen to maintain 

(22)Sp = −
(𝜇
𝛼
U⃗ +

1

2
CF𝜌U⃗

|||
U⃗
|||

)
,

the gas–condensate and condensate–water interfaces and to 
ensure an overall phase mass balance. For the DPM model, 
the inlet and outlet boundaries were set as an escape zone, 
while the walls of condensate and water zones were assumed 
a trap area. Using the particle tracking process, the droplets 
reaching the separator’s walls (other than the walls of con-
densate and water zones) reflected and lost their momentum.

Mesh generation and grid independency

The mesh was generated by a tetrahedral/hybrid scheme. 
Each vessel was divided into different zones, to obtain a 
more uniform mesh and reduce the total number of compu-
tational cells. The generated meshes for Cases 3 and 7 are 
presented in Fig. 2. This study included for a mesh inde-
pendence test by increasing the grid count until the same 
results were obtained for each vessel (Moraveji and Hejazian 
2014). Different variables such as the mass distribution of 

Table 4  Implemented simulation boundary conditions

Location Description

Inlet Boundary type: velocity inlet
Fluid velocity (m/s): 7.209
Turbulence intensity (%): 2.16
Hydraulic diameter (m): 0.254
Discrete-phase BC type: escape
Condensate volume fraction: 0.028
Water volume fraction: 0.0061

Gas outlet Boundary type: pressure outlet
Gauge pressure (Pascal): 1.235e+7
Turbulence intensity (%): 2.2
Backflow hydraulic diameter (m): 

0.3048
Backflow discrete-phase BC type: 

escape
Oil outlet Boundary type: velocity outlet

Oil velocity (m/s): 0.9465
Turbulence intensity (%): 3.1
Backflow hydraulic diameter (m): 

0.1016
Backflow discrete-phase BC type: 

escape
Water outlet Boundary type: velocity outlet

Water velocity (m/s): 0.29
Turbulence intensity (%): 5.658
Backflow hydraulic diameter (m): 

0.1016
Backflow discrete-phase BC type: 

escape
Walls of oil and water zones Boundary type: wall

No-slip condition
Discrete-phase BC type: reflect
Discrete-phase reflection coefficients:
  Normal: 0.1
  Tangential: 0.05

Other walls Boundary type: wall
No-slip condition
Discrete-phase BC type: reflect
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the secondary-phase particles in the fluid domain, velocity, 
pressure, density and turbulent kinetic energy were com-
pared to find the optimum number of grids. As an example, 
the results of the grid independency test in terms of the mass 
distribution of condensate and water droplets in the gas-rich 
zone of Case 3 are shown in Fig. 3. A grid system with a 
total number of 1,392,721 cells was used for this case. For 
a better understanding of mesh modality, the total number 
of cells, the skew factor and the maximum aspect ratio and 
squish factor were investigated for each case to determine 
the overall mesh quality. As an example, the above-men-
tioned parameters for the different meshing systems of Case 
3 are shown in Table 5. Nearly the same overall quality was 
computed for different meshing systems. However, there is 
a difference between the grid systems as mentioned before. 
This showed that calculating the overall mesh quality is not 
sufficient to investigate the computational mesh. Therefore, 
the mesh independence test is an important aspect of the 
CFD study.

Discretization and numerical solution

In this study, the multiphase partial differential equations 
were discretized using the finite volume method, while the 
SIMPLE algorithm was used as the pressure–velocity cou-
pling scheme (Patankar and Spalding 1972). Moreover, the 
first-order upwind approximation was chosen for the discre-
tization of the turbulent kinetic energy, turbulent dissipation 
rate and momentum equations, while the PRESTO discre-
tization scheme was employed to interpolate the pressure 
values at the faces of computational cells (Patankar 1980; 
Peyret 1996). The Geo-Reconstruct interpolation scheme 
was used for the discretization of the volume fraction. It 
should be noted that the Geo-Reconstruct interpolation 
scheme is used whenever the time-accurate transient behav-
ior of the interface between phases is important (Fluent 
Theory Guide 2016).

Three different time step sizes, i.e., 0.005, 0.001 and 
0.0005 s, were tested. The time step 0.005 s is proven to 
be too large for all cases since it caused several simulation 
instabilities. Comparison between the other two time steps 

Fig. 2  Generated meshes for Case 3 (a) Case 7 (b) and internals of Case 7 (c)
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showed little difference. As a result, the time step size at 
0.001 s was used for both the DPM and VOF models. It 
should be noted that the time step 0.001 s fulfills the Cou-
rant–Friedrichs–Lewy (CFL) criterion (CFL < 1). As a 
result, this time step size does not affect convergence nega-
tively (Fluent Theory Guide 2016). Since the dimensions 
and the total number of cells were different for Cases 1 to 7, 
the PC run time was also different for them. For Case 7, a 
PC run time of 47 h was required to simulate the continuous 
and discrete phases on two 4.2 GHz CPUs running the 64-bit 

version of ANSYS Fluent. It should be emphasized that solv-
ing multiphase problems is a time-consuming process, which 
can be hindered by many factors such as the large number 
of grids and complex computational domains. For this rea-
son, the proper under-relaxation factors for pressure, density, 
body forces, momentum, turbulent group and discrete-phase 
sources were accurately chosen at 0.3, 0.9, 1, 0.005, 0.8 and 
0.5, respectively, to improve the stability of the solutions. 
Finally, in this study, the convergence criteria for different 
equations were set to 10e−4.

Fig. 3  Simulation results of 
the mesh independence test in 
terms of the mass distribution 
of condensate (a) and water (b) 
droplets in the gas-rich zone of 
Case 3
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Experimental

Fluid sampling

Sampling of the production separator fluids was done with 
700-ml liquid sample bottles and 20,000-ml high-pressure 
gas sample cylinders (Fig. 4). The samplers were connected 
to the sample source valves on the separator from which the 
desired sample could be collected. When the cylinders were 
filled, the sealing valves were set and the samplers were 
prepared for transfer. In this study, the above-mentioned 

sampling steps were performed in accordance with ASTM 
D4177, to avoid sampling errors.

Apparatus setup and measurement method

Determining the amount of water in condensate and gas 
outlets

The Coulometric Karl Fischer titration method is widely 
used for moisture analysis in the petroleum industry (Mar-
golis and Hagwood 2003; Ivanova and Aneva 2006 and Kes-
tens et al. 2008). In this method, water reacts with iodine 
molecules in the presence of sulfur dioxide. The current 
required to electrolytically generate iodine at the anode is 
measured and stoichiometrically related to the amount of 
moisture introduced (Mabrouk and Castriotta 2001). To 
determine the amount of water in the gas and condensate 
outlets, the Coulometric Karl Fischer instrument (model AT-
710B of KEM, Japan) was used (Fig. 5).

In the present study, the gas sample was directed through 
the Coulometric Karl Fischer vessel to determine the amount 
of water in the gas outlet. As can be seen from Fig. 5a, a flow 
meter and a control valve were placed between the titra-
tion cell and the high-pressure gas cylinder to control the 
flow rate of the injected gas. The gas flow rate was kept at 
a constant value of 50 ml/min for 3 min. The control valve 
was then closed and titration continued until all amounts of 
water consumed.

On the other hand, to determine the amount of water in 
the condensate outlet, the water evaporator accessory was 
installed upstream of the titration vessel. In accordance with 
ASTM D6304, 5 g of the condensate sample was accurately 
weighed and added to a volumetric flask. The volume was 
then made up to 10 ml with dry hexane. After this, 1 ml of 
the dissolved sample was injected into an oven (APD-513 
of KEM, Japan). The vaporized sample was then transferred 

Table 5  Global mesh quality for different meshing system of Case 3

Skew factor range

Generated mesh 0–0.2 0.2–0.4 0.4–0.6 0.6–0.8 0.8–1

Mesh number one 21.83% 45.51% 24.16% 8.11% 0.39%
Mesh number two 23.48% 44.58% 23.86% 7.69% 0.39%
Mesh number three 23.12% 44.82% 24.18% 7.51% 0.37%
Mesh number four 25.51% 43.68% 23.27% 7.23% 0.31%

Maximum aspect ratio Maximum squish factor Total number of cells

Mesh number one 21.1 0.94 593,796
Mesh number two 16.7 0.95 923,687
Mesh number three 14.8 0.94 1,392,721
Mesh number four 14.1 0.92 1,812,732

Fig. 4  Experimental samplers: 700-ml liquid sample bottle (a) and 
20,000-ml high-pressure gas sample cylinder (b)
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into the titration cell by using dry nitrogen gas with a flow 
rate of 300 ml/min. Eventually, the titration process contin-
ued until all amounts of water consumed. It should be noted 
that only a small amount of water in the injected nitrogen 
gas will cause an enormous error in the results. As a result, 
a high-efficiency gas drying system (Fig. 5b) was used to 
eliminate the moisture of the injected nitrogen gas.

Determining the amount of condensate in water outlet

The amount of hydrocarbons in the produced water in the 
surface facilities is routinely determined by gas chroma-
tography with flame ionization detection (GC-FID). The 
main goal of that method is to identify the total amount of 
hydrocarbons (ISO 9377-2). Experiments were performed 
on a Varian CP3800 GC system equipped with FID and 
DB-1 column (25 m long * 0.32 mm ID *0.25 μm film). 

Fig. 5  Coulometric Karl Fischer 
setups for determining the 
amount of water in the gas (a) 
and condensate (b) outlets

Fig. 6  Schematic of the GC-
FID instrument
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The schematic of the GC-FID instrument is shown in Fig. 6. 
In this study, a particular program was used to control the 
vaporizing oven (40  °C (0.5 min)–340 °C (0.5 min) @ 
15 °C/min).

In this method, an oily water sample is acidified and 
extracted with hexane. The extracted sample is then puri-
fied by passing over a drying agent and injected into the FID 
injection port of chromatograph. Eventually, different groups 
of hydrocarbons will leave the column and be detected by 
the FID section (Yang 2011). For further investigation, the 
results are continuously transferred to a desktop computer.

Result and discussion

Data validation and experimental outputs

As mentioned before, Case 7 has the dimensions and inter-
nals quite similar to those of an industrial separator cur-
rently in use for one of the Iranian oil fields. Note that the 
properties of internals were taken from the configuration of 
existing NIOC separator. In this section, the results of the 
used CFD model are compared with the experimental data.

Fig. 7  Titration curve of the 
condensate sample
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Fig. 8  Titration curve of the gas 
sample
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Experimental results

As discussed before, the Coulometric Karl Fischer titra-
tion method was used to determine the amount of water in 

the condensate outlet. The titration curve of condensate is 
shown in Fig. 7. The titration process continued until all 
amounts of water consumed. The microgram of consumed 
water was then determined. Based on this, the volume per-
centage of water at the condensate outlet was determined 

Fig. 9  Chromatograph response 
for the oily water sample
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Table 6  Comparison of field and simulation data for Case 7

Experimental data 
(Volumetric ppm)

Simulation data with 
standard k–ε turbulence 
model and DRW model 
(volumetric ppm)

Simulation data with 
standard k–ε turbulence 
model and without 
DRW model (volumet-
ric ppm)

Simulation data with 
standard k–ω turbu-
lence model and DRW 
model (volumetric 
ppm)

Simulation data with 
RSM turbulence model 
and DRW model (volu-
metric ppm)

Condensate in water 1980 2419 1191 2983 2502
Water in condensate 1994 1502 983 2142 3406
Water in gas 51 39 21 103 50
Condensate in gas – 634 474 1021 851
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Fig. 10  Simulated mass distribution of condensate and water droplets 
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(equal to 1994 ppm). It should be mentioned that the total 
moisture detected curve determines the cumulative titration 
volume, while the moisture detected within the last plotting 
interval shows the titration curve when 100 percent of water 
is titrated.

The amount of water in the gas outlet was determined 
also with the Coulometric Karl Fischer method. The titra-
tion diagram of gas is shown in Fig. 8. In this experiment, 
the gas sample was directed through the titration cell for 
3 min and the titration process continued until all amounts of 
water consumed. Note that the flow rate of the injected gas 
was measured by using a gas flow meter. Based on the total 
volume of the injected gas and the microgram of consumed 
water, the volume percentage of water at the gas outlet was 
determined (equal to 51 ppm).

The GC-FID system was used to determine the amount of 
condensate in the water outlet. In this method, the determi-
nation of different types of hydrocarbons gives a preliminary 

qualitative identification, while the recorded peak heights or 
areas are used for quantitative analysis. In this experiment, 
an oily water sample was taken from the water outlet of 
the existing NIOC separator. The chromatograph response 
for this sample is shown in Fig. 9. On the x-axis, the time 
is recorded, whereas the y-axis shows the chromatograph 
response (Micro DPID response). The amount of hydrocar-
bons in the produced water was then determined by integrat-
ing peak areas of the chromatograph response. The results 
of this investigation showed that the volume percentage of 
hydrocarbon at the water outlet was equal to 1980 ppm.

Comparison between CFD results and experimental data

The results of the CFD simulation and the experimental data 
are compared in Table 6. As can be seen, the standard k–ω 
could not effectively predict the three-phase separation per-
formance. In addition, although the RSM turbulence model 

Fig. 12  Simulated diameter 
distribution of the secondary-
phase droplets in the gas outlet 
of Cases 1–5
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could effectively predict the amount of water in the gas out-
let, it is not at all appropriate in predicting the amount of 
water in the condensate outlet and the amount of condensate 
in the water outlet. In addition, the computing time of the 
RSM turbulence model is much higher than the k–ε turbu-
lence model (Zhang et al. 2007). As a result, among the 
above-mentioned turbulence model, the simulation results, 
adopting k–ε model is found to have better predictions with 
experimental results. Note that the results of the CFD simu-
lation with k–ε turbulence and DRW models are more accu-
rate than the results obtained by the CFD simulation with 

k–ε turbulence model and without DRW model. Based on 
this, it can be concluded that the combination of VOF, DPM, 
DRW and k–ε turbulence models can be efficiently used to 
determine the separation performance of three-phase gas 
condensate separators. Table 6 also shows that without the 
use of the DRW model the efficiency of separators is overes-
timated as the calculated amounts of water and condensate in 
the separator outlets were too low. It should be emphasized 
that in the following sections all of the simulations are per-
formed using the combination of VOF, DPM, DRW and k–ε 
turbulence models.

Fig. 14  Simulated mass distri-
bution of condensate (a) and 
water (b) droplets in the gas 
zone of Cases 1–5
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Choosing the optimum vessel configuration

To choose the optimum vessel configuration, the results of 
numerical calculations in terms of separation performance, 
secondary-phase particle behavior and fluid profiles are pre-
sented in this section.

Separation performance

The particle tracking procedures along with the DRW model 
were used to determine the mass distribution of liquid drop-
lets among gas, condensate and water outlets. Figure 10 

shows the simulated mass distribution of water and con-
densate droplets at the gas outlet. Note that in this study 
the secondary-phase mass percentage is defined as the ratio 
between the mass of the secondary-phase particles in each 
location and the total mass of injected particles. As can be 
seen, the amount of condensate and water droplets at the 
gas outlet increases by increasing the slenderness ratio of 
the vessel. Therefore, the gas–liquid separation efficiency 
reduces by increasing the slenderness ratio.

The simulated mass distribution of condensate and water 
droplets at the condensate and water outlets is shown in 
Fig. 11. Again, by increasing the slenderness ratio more 

Fig. 15  Simulated mass dis-
tribution of condensate in the 
water zone (a) and water in the 
condensate zone (b) of Cases 
1–5
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water droplets are being carried into the condensate out-
let. In addition, the mass percentage of condensate at the 
water outlet increases by increasing the slenderness ratio. 
As a result, it can be concluded that the condensate–water 
separation performance reduces by increasing the slender-
ness ratio.

For a closer look at the separation performance of each 
vessel, the diameter distribution of the secondary-phase 
droplets at the gas outlet was calculated. Note that while 
these particles move through the computational domain, 
all of their variables such as their diameter and mass were 
recorded. As presented in Fig. 12, the mean diameter of the 
liquid (condensate and water) droplets increases by increas-
ing the slenderness ratio of each vessel. The results also 
showed that the liquid droplets which exited from the gas 
outlet of all cases had a minimum diameter greater than 
10 microns. It should be noted that mist extractor pads can 
efficiently remove the droplets greater than 10 microns in 
diameter (Smith 1987; Laleh et al. 2011). As a result, the 
gas–liquid separation performance of these vessels might 
increase tremendously by using a suitable mist extractor.

Secondary‑phase particle behavior

Multiple planes were modeled inside the gas zone of each 
vessel to investigate the microscopic features of the second-
ary-phase particle behavior (Fig. 13). Then, the condensate 
and water droplets mass distributions within each plane were 
calculated. The results of this investigation for the conden-
sate and water phases are shown in Fig. 14. For Cases 4 and 
5, the condensate droplets mass percentage increased from a 

specific point in the vessel. So, we can reach the conclusion 
that these vessels suffer from carryover phenomena which 
tremendously reduces the separation performance. This phe-
nomenon indicated condensate carryover inside these ves-
sels is caused by poor condensate–gas separation.

Figure 15a shows the simulated mass distribution of the 
condensate droplets in the water zone. In addition, the simu-
lated mass distribution of the water droplets in the conden-
sate zone is shown in Fig. 15b. As can be seen, by increasing 
the slenderness ratio the amount of condensate in the water 
zone increases. Similarly, the mass percentage of water drop-
lets in the condensate zone increases by increasing the slen-
derness ratio. As a result, the condensate–water separation 
performance reduces by increasing the slenderness ratio.

Fluid flow profiles

The velocity vectors for Cases 3 and 5 are shown in Fig. 16. 
To evaluate the difference between the velocity profiles of 
these two cases, several vertical planes were put in the mid-
dle of these vessels and the average velocity magnitude was 
then calculated within each of these planes. Figure 17 shows 
the results of this evaluation for Cases 3 and 5. The simula-
tion results showed that the fluid velocity inside the Case 5 
is higher than Case 3. This is mainly because Case 3 has a 
higher total surface area compared to Case 5. Reducing the 
velocity of gas phase permits the liquid droplets to coalesce 
faster and settle out by the action of gravity (Newton 1976). 
As a result, the separation efficiency of Case 3 is higher 
than Case 5. Moreover, a small vortex was detected above 
the condensate outlet in all cases. A vortex could suck some 

Fig. 16  Simulated velocity vectors (m/s) of Cases 3 (a) and 5 (b)
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Fig. 17  Simulated average 
velocity at different vertical 
planes inside vessels 3 (a) and 
5 (b)
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gas out of the vapor space and re-entrain it in the liquid out-
lets (Stewart and Arnold 2008; Ludwig 1997; Kister 1990). 
These phenomena will reduce the separation performance 
and produce tons of problems for downstream equipment. 
This can be overcome by using a vortex breaker at the con-
densate outlet.

The numerical calculation results in terms of fluid den-
sity are displayed in Table 7. As can be seen, the gas den-
sity increases by increasing the slenderness ratio due to 
more droplets being carried out into the gas outlet. Com-
paring the gas density of Cases 4 and 5 with the other 
cases shows that more liquid droplets exited through the 
gas outlet of these two cases.

In this study, an inefficient condensate–water separation 
was predicted for Cases 4 and 5 with a higher condensate 
density in the condensate outlet and a lower water density 
in the water outlet. As can be seen from Table 7, the fluid 
density at the condensate outlet of Cases 4 and 5 is higher 
than other cases. This is mainly because more water drop-
lets are being carried out into the gas outlet of these two 
cases.

Effect of gas and water flow rates on separator’s efficiency

One important parameter that has received inadequate atten-
tion thus far in designing separators is the change in input 
water and gas flow rates. This change can range from small 
to large values. This negligence can eventuate in problems 
such as rising of the water level in separator, difficulties in 
operational three-phase separation, increasing volumet-
ric water fraction in natural condensate and gas outlets 
and finally reducing efficiency of separators. Hence, these 
changes must be brought into account when performing an 
optimal design for separators. Regarding field observations, 
the production history of adjacent wells as well as informa-
tion gathered from the NIOC, the mass flow rate range of 
105,608–129,078 kg/h was used for the gas phase, while the 
mass flow rate range of 9450–18,900 kg/h was used for the 
water phase.

Figure 18a shows the effect of changing the input gas 
flow rate on separation of natural condensate from the con-
tinuous gas phase. As depicted, reducing the mass flow rate 

of gas has no significant effects on the amount of natural 
condensate in the gas outlet of all cases. On the other hand, 
increasing the gas flow rate dramatically raises the amount 
of natural condensate in the gas outlet of Cases 4 and 5. In 
other words, the growth in gas flow rate restricts the ability 
of Cases 4 and 5 in separating natural condensate from the 
gas phase. Figure 18b demonstrates the influence of chang-
ing the gas flow rate on separation of water from the con-
tinuous gas phase. These data clearly show that reducing gas 
rate has no significant effects on the amount of water in the 
gas outlet of all cases. Conversely, increasing the gas flow 
rate eventuates in a larger amount of water droplets in gas 
outlet of Cases 4 and 5. This again shows that the separation 
performance of Cases 4 and 5 reduces by increasing the gas 
flow rate.

Figure 19a shows the effect of raising the water flow 
rate on its mass percentage in the natural condensate out-
let. As it is clear, increasing the mass flow rate of water 
has no significant effects on the amount of water in the nat-
ural condensate outlet of all cases. As a result, increasing 
the water flow rate in the above-mentioned range could not 
affect the liquid–liquid separation performance of Cases 
1–5. Figure 19b shows the effect of increasing the water 
flow rate on its mass percentage in the gas outlet. Increas-
ing the water flow rate dramatically raises the amount of 
water in the gas outlet of Cases 4 and 5. This again shows 
that Cases 4 and 5 could not effectively handle increasing 
the input flow rates.

Considering the above-mentioned results in conjunction 
with the total cost of the separator, it was decided to opt for 
Case 3 as the best configuration. It should be mentioned 
that the smaller the diameter, the less the vessel will weigh 
and therefore the lower it cost (Stewart and Arnold 2008; 
Mulyandasari 2011). A high condensate–water separation 
performance along with a low water content at the conden-
sate outlet was predicted for this case. In addition, the high 
condensate percentage at the gas outlet in this case could 
have been decreased by using a suitable mist extractor. It 
should also emphasize that vessel number three can effec-
tively handle increasing the gas and water flow rates. The 
dimensions of this vessel were compared with the length 
and diameter of the existing three-phase separator of NIOC, 

Table 7  Simulation results in 
terms of density profiles

Case number Fluid density at the gas 
outlet (kg/m3)

Fluid density at the condensate 
outlet (kg/m3)

Fluid density at the 
water outlet (kg/m3)

Case 1 109.19 628.02 1176.58
Case 2 109.57 628.04 1176.54
Case 3 110.13 628.11 1176.56
Case 4 111.69 629.36 1176.12
Case 5 113.76 631.01 1175.67
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Fig. 18  Effect of input gas rate on the amount of natural condensate (a) and water (b) in the gas outlet
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which was a three-phase horizontal separator with a seam 
to seam length of 5000 mm and a diameter of 1850 mm. No 
difference in dimensions of the Case 3 and existing vessel 
was observed.

As mentioned before, previous studies have defined dif-
ferent ranges of slenderness. Figure 20 compares the slen-
derness ratio of Cases 1–5 and the slenderness ranges pro-
posed in the literature. As can be seen, the slenderness ratio 

of the optimum vessel was just in the range proposed by 
Smith (1987).

In addition, even the range proposed by Smith (1987) 
could not guarantee designing the optimum vessel configu-
ration. This is mainly because choosing different slender-
ness ratios in this range resulted in different vessel dimen-
sions. As can be seen from Fig. 20, the slenderness ratios of 
Cases 2–5 are in the range proposed by Smith (1987). The 

Fig. 19  Effect of input water 
rate on the amount of water in 
the condensate (a) and gas (b) 
outlets
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semiempirical model could not investigate the efficiency of 
these vessels and choose the optimum configuration. How-
ever, as mentioned before, the used CFD model is well capa-
ble of investigating the three-phase separation phenomena 
and choosing the optimum vessel configuration. This again 
shows the benefits of the used CFD model in designing 
three-phase separators.

Effect of different internals on the separation 
performance

In order to understand the effect of different internals on 
the separation performance, multiple planes were modeled 
inside the gas zone of Cases 3, 6 and 7. Then, the conden-
sate and water droplets mass distributions within each plane 
were calculated. Figure 21 shows the results of this investi-
gation. Comparing the results of Cases 6 and 7 (with vane-
type inlet diverter) and Case 3 (with semi-spherical inlet 
diverter) showed that the mass distribution of the conden-
sate and water droplets near the gas outlet of Cases 6 and 
7 was less than Case 3. As a result, less liquid droplets are 
being carried into the gas outlet of these two cases. Using 
the vane-type inlet diverter, the liquid droplets reaching the 
curved vanes lost a considerable amount of their momentum. 
Therefore, the amount of water and condensate droplets was 
significantly higher near the vane-type inlet diverter zone, 
while the mass distribution of the condensate and water 
droplets was lower in the other parts of Cases 6 and 7. These 
results readily showed that the efficiency of the vane-type 

inlet diverter is higher than the semi-spherical momentum 
breaker.

As we mentioned before, a perforated plate and a mist 
extractor were modeled inside the gas zone of Case 7 (ref. 
Figure 1a). In the mist extractor, liquid droplets coalesce 
and fall to the liquid zone (Stewart and Arnold 2008). In 
addition, perforated plates are used to improve the flow dis-
tribution, increase the liquid residence time and enhance the 
separation (Lu et al. 2007; Laleh et al. 2012a, b). As a result, 
the mass distribution of the condensate and water droplets 
slightly reduced after passing through the above-mentioned 
internals of Case 7.

In order to investigate the effect of different internals on 
the liquid–liquid separation performance, the mass distribu-
tion of condensate and water droplets in the condensate and 
water zones was calculated. The results of this investigation 
are shown in Fig. 22. As can be seen, the mass distribution 
of the condensate droplets near the water outlet of Cases 6 
and 7 was less than Case 3. Similarly, the mass percentage 
of water droplets in the condensate zone of these two cases 
was less than Case 3. As a result, it can be concluded that the 
condensate–water separation performance of Cases 6 and 7 
was higher than Case 3.

Comparing the results of Cases 6 and 7 showed that the 
mass distribution of the condensate droplets near the water 
outlet of Case 7 was less than Case 6. Similarly, the amount 
of water near the condensate outlet of Case 7 was less than 
Case 6. This is mainly because the liquid residence time 
was increased due to installation of the perforated plates. 

Fig. 20  Comparison of the slenderness ratio of Cases 1–5 and the slenderness ranges proposed in the literature
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It should be noted that increasing the condensate residence 
time indicates that the water phase provides more time for 
condensate droplets to rise up and join the condensate phase. 
In addition, increasing the water residence time indicates 
that the condensate phase provides more time for the water 
droplets to settle down and join the water phase.

As mentioned before, the coalescence and breakup of par-
ticles were considered in the present study. The simulation 
results showed that the droplet coalescence happened at a 
very low rate of less than 0.5% in Cases 3, 6 and 7. How-
ever, the droplet breakup was more common. For Cases 3, 
6 and 7, the droplet breakup occurred at a significant rate 

of 15.10, 17.94 and 18.37%, respectively. As a result, it can 
be concluded that the installation of the vane-type momen-
tum breaker and perforated plates increased the number of 
breakups.

Conclusion

This study presented a comprehensive CFD model to deter-
mine the optimum dimensions of three-phase separators. 
Using the fluid properties of an Iranian gas condensate 
field, several vessel configurations were designed. Then, 

Fig. 21  Simulated mass distri-
bution of condensate (a) and 
water (b) droplets in the gas 
zone of Cases 3, 6 and 7
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the results of numerical calculations in terms of fluid pro-
files, separation performance and DPM particle behavior 
were used to choose the optimum vessel configuration. The 
summary of the results acquired by this model is mentioned 
below:

1. The general mesh qualities are not sufficient to investi-
gate the computational mesh. Therefore, the mesh inde-
pendence test is an important aspect of simulating the 
three-phase separators.

2. The results underlined the importance of the DRW 
model and showed that without applying this model the 

computational setup tends to overestimate the separation 
efficiency.

3. The results showed that the three-phase separation per-
formance reduces by increasing the slenderness ratio.

4. The optimum vessel configuration can effectively handle 
increasing the gas and water flow rates.

5. No difference between the dimensions of the optimum 
vessel and the existing separator was found.

6. The slenderness ratio of the optimum vessel was com-
pared with the slenderness ranges proposed in the litera-
ture. The results showed that the slenderness ratio of the 
optimum vessel was just in the range proposed by Smith 
(1987).

Fig. 22  Simulated mass dis-
tribution of condensate in the 
water zone (a) and water in the 
condensate zone (b) of Cases 3, 
6 and 7
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7. Among the used turbulence models, the simulation 
results, adopting k–ε model is found to have better pre-
dictions with experimental results.

8. The results of numerical calculation were compared with 
industrial data. A reasonable agreement between the out-
comes of the CFD simulation with DRW model and the 
experimental data was observed.

9. The efficiency of the optimum vessel configuration 
(Case 3) was improved due to installation of a vane-type 
inlet diverter, perforated plates and a high-performance 
mist extractor.
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