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Horizontal gravity separators are important components in the production of unconventional 
petroleum resources. While tremendous efforts have made on the sizing of separators, relatively few 
studies have addressed their operational performance under varying outlet conditions. This study aims 
to investigate the effect of water outlet pressure on the performance of the separator to establish 
guidelines for its proper operation. Three-dimensional computational fluid dynamics (CFD) simulations 
are conducted using the Eulerian multiphase model and interfacial concentration area. Four water 
outlet pressures ranging from 7537.2 to 7421.9 Pa are examined under fixed inlet flow rates. The 
numerical method is validated by comparing it with experimental results. The numerical results 
confirm that the separation efficiency improves as the water outlet pressure decreases primarily due 
to the increased thickness of the oil pad. Notably, the analysis reveals that meeting residence time 
criteria alone does not guarantee high separation performance, as outlet pressure significantly affects 
fluid distribution and phase separation. These findings suggest that maintaining the water outlet 
pressure below 7448.5 Pa is essential for achieving efficient separation in practical operations.
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List of symbols
CD	� Drag coefficient
Clift	� Lift coefficient
dh	� Long axis of deformable dispersed phase
dp	� Diameter of dispersed phase
Eo	� Eötvös number
Eo’	� Modified Eötvös number
f	� Drag function−→
F  	� External body force−→
F  lift	� Lift force
−→g  	� Gravitational acceleration
G	� Production of turbulent kinetic energy
hwater,pred	� Water height predicted by Eq. (32)
Hweir	� Weir height
k	� Turbulent kinetic energy
K	� Interphase momentum exchange coefficient
Lt	� Length scale of turbulent eddies
p	� Pressure
Q	� Flow rate
Re	� Reynolds number−→
U  	� Phase-weighted velocity
V	� Volume
Greek symbols
α	� Volume fraction
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γ	� Specific gravity
ε	� Dissipation rate of turbulence kinetic energy
η	� Ratio between characteristic times
θ	� Angle between two vectors
λ	� Bulk viscosity
μ	� Viscosity; shear viscosity
μt	� Turbulent viscosity
ρ	� Density
ρo	� Oil density
ρw	� Water density
τ  	� Stress–strain tensor
τp	� Particulate relaxation time
χ	� Interfacial area concentration

Unconventional petroleum resources include unconventional oil (e.g., tight oil, oil shale, and bitumen) and 
unconventional gas (e.g., shale gas and tight gas). The estimated resources of unconventional oil and gas are 
expected to exceed those of conventional oil and gas sources1. Unconventional petroleum resources face the 
challenge of securing marketability as they require unconventional extraction methods such as thermal processes 
to reduce viscosity and hydraulic fracturing to improve reservoir permeability. However, with advances in the 
relevant technologies, the rising cost of conventional petroleum resources, and increasing concerns about energy 
security, unconventional petroleum is gradually becoming more marketable2. Furthermore, as global energy 
consumption increases, so does the demand for unconventional petroleum resources. Nonetheless, due to the 
relatively short period of time available for the development of extraction technologies, further research into 
highly efficient extraction is essential.

In the upstream part of the oil fields, separators are facilities where the fluid extracted from wells arrives first 
and are essential for high productivity. These separators process the extracted fluid and play a critical role in 
providing the fluid in a suitable form for downstream production processes by separating gas, water, and oil3.

A horizontal gravity separator is a common type of separator. It utilizes the density differences between the 
phases in the mixture to facilitate phase separation. There are four flow regimes within the separators: inlet 
diverter, gravity settling, mist extraction, and liquid collection sections. The inlet diverter changes the direction 
and momentum of the inflow. The primary separation occurs between the gas and liquid phases. The gravity 
settling section follows the inlet diverter section. In this section, the flow velocity is reduced. The separation 
between the phases also progresses. The liquid droplets entrained by the gas flow fall to the gas–liquid interface, 
and the bubbles in the liquid phase rise and merge into the main gas flow. The thickness of the emulsion layers 
of the water and oil phases decreased as the fluid flowed to the outlets. The mist extraction section is located at 
the gas outlet. The mist extractor is installed to remove small liquid droplets that are not separated in the gravity 
settling section. The liquid collection section collects both the liquid and water phases and provides a retention 
time (or residence time) for separation.

Considerable efforts have been made to investigate the phenomena inside and the performance of the 
separators. To determine the size of the separators, Monnery and Svrcek4, Bothamley and Camplbell5–7, and 
Stewart and Arnold8 have published theoretical studies based on droplet separation calculations. Experimental 
studies have also been conducted, for example, by Ahmed et al.9,10 and Pun et al.11,12. However, owing to the 
complex interactions between the different phases and experimental restrictions, numerical simulations have 
been often used. Ahmed et al.9 conducted numerical and experimental studies by using two pilot-scale separators. 
Each separator had a bucket for the water phase, a weir, and a vertical downward inlet with a horizontal plate-
type diverter. The other separator had a horizontal inlet with a vertical plate-type diverter and weir. They tested 
the validity of two representative numerical methods: volume-of-fluid and Eulerian methods. Carvalho et 
al.13,14 investigated the influence of the physical properties of the oil and inlet flow conditions on the separation 
performance. The separators had a horizontal inlet and a vertical plate-type diverter. They varied either the 
density and viscosity of the oil from 813.5 to 870 kg/m3 and 21 to 50 mPa s, respectively, or the input speed from 
13 to 17 m/s. The phenomena over time were discussed focusing on the oil fraction at the oil outlet. Baghi and 
Karimi15 numerically investigated the effect of an inlet diverter on the mean residence time by using the volume-
of-fluid method. The four inlet diverters investigated included three plate-type diverters with bending angles of 
105°, 120°, and 135°, and a spherical diverter. They discussed that the mean residence time was greatest for the 
plate-type diverter with an angle of 105°, which was due to the collision with the diverter.

While several previous studies have examined to size the separator properly and figure out the influences 
of inlet flow conditions and internal geometries on separation performance using experimental or numerical 
approaches, little attention has been paid to the role of outlet boundary conditions. Particularly, the impact of 
water outlet pressure on the internal flow field, oil pad development, and separation efficiency remains largely 
unexplored. Maintaining the performance of horizontal gravity separators requires proper management of both 
the gas–liquid interface and the oil–water interface within the separators, which are determined by the balance 
between the flow rates entering and exiting the separator. If a fluctuation in either the flow rate or pressure of the 
produced fluid occurs due to the instability of petroleum reservoir, the production system adjusts the outlet flow 
rates of the separators using pumps or compressors connected downstream of the separator. To compensate for 
unexpected fluctuations in the flow rate or pressure of the produced fluid and maintain stable separation, it is 
therefore crucial to investigate the effects of the outlet conditions on the performance of the separator.

The main objective of this study is to investigate the influence of the outlet pressure at the water outlet on the 
performance of the separator. Three-dimensional computational fluid dynamics simulations are performed to 
model the flow within a horizontal separator equipped with an inlet diverter and a weir. The numerical method 
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is validated by comparing the numerical results with experimental data. The local pressure at the water outlet is 
varied from 7537.2 to 7421.9 Pa. The performance of the separator is analyzed for different outlet pressures in 
terms of phase distributions and oil pad properties.

Numerical methods
Governing equations
ANSYS Fluent 2023, a commercial software package, is used to perform three-dimensional numerical 
simulations. In this study, Eulerian multiphase model is used as a multi-phase model because an emulsion 
layer exists during separation. This model allows for interpenetration between different phases by specifying 
continuous and dispersed fluids. In contrast, the volume-of-fluid model, which is another multiphase model, 
assumes a relatively sharp interface and therefore does not allow interpenetration between different phases. 
Assuming no mass transfer between the different phases and a steady state, the governing equations for the 
conservation of mass and momentum are as follows16:

	
1

ρr,q
[∇ • (αqρq

−→v q)] = 0� (1)

And

	
∇ • (αqρq

−→v q
−→v q) = −αq∇p + ∇ • τq + αqρq

−→g +
n∑

p=1

[Kpq (−→v p − −→v q)] + −→
F q + −→

F lift,q � (2)

where αq, ρq, −→v  q, and ρr,q denote the volume fraction, density, velocity, and the volume averaged density of the 
q-th phase, respectively. −→g  and p are the gravitational acceleration and pressure, respectively. The sum of the 
volume fractions of all phases was equal to unity. τ  q is the stress–strain tensor for the q-th phase and is given by,

	
τ q = αqµq

(
∇−→v q + ∇−→v T

q

)
+ αq(λq − 2

3µq)∇ • −→v qI � (3)

where μq and λq denote the shear and bulk viscosity of the q-th phase. Kpq is the interphase momentum exchange 
coefficient between the q-th continuous phase and the p-th dispersed phase and is defined as

	
Kpq = αqαpρpf

τp
.� (4)

Here, τp and f are the particulate relaxation time and the drag function, respectively. τp is obtained by

	
τp =

ρpd2
p

18µp

� (5)

where dp is the diameter of the bubbles or droplets in the p-th dispersed phase. The drag coefficient varies 
depending on the selected model. In this study, the Tomiyama model17 is used, which defines the drag coefficient 
as follows:

	
f = CDRe

24
� (6)

where CD is the drag coefficient. It is calculated as follows:

	
CD = max

(
min

( 24
Re

(
1 + 0.15Re0.687)

,
72
Re

)
,

8
3

Eo

Eo + 4

)
� (7)

Here, Re and Eo are the relative Reynolds and Eötvös numbers, which are defined as follows:

	
Re = ρq|−→v p − −→v q|dp

µq
� (8)

And

	
Eo =

g(ρq − ρp)d2
p

σ
.� (9)

−→
F  q and 

−→
F  lift,q are the external body and lift forces, respectively. 

−→
F  lift,q is the force exerted on the dispersed p-th 

phase due to the velocity gradient of the continuous q-th phase. It is calculated from

	
−→
F lift,q = −Cliftρqαp(−→v q − −→v p) × (∇ × −→v q)� (10)
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where Clift denotes the lift coefficient. In this study, the Tomiyama lift force model18,19 is used, which defines Clift 
as follows:

for Eo’ ≤ 4,

	 Clift = min
[
0.288 tanh (0.121Rep) , f

(
Eo′)]

� (11)

for 4 < Eo’ ≤ 10,

	 Clift = f
(
Eo′)� (12)

and for Eo’ > 4,

	 Clift = −0.27� (13)

where,

	 f
(
Eo′) = 0.00105Eo′3 − 0.0159Eo′2 − 0.0204Eo′ + 0.474� (14)

Here, Eo’ is a modified Eötvös number and is given by,

	
Eo′ = g (ρq − ρp) d2

h

σ
� (15)

where dh denotes the long axis of the deformable bubble or droplet in the dispersed p-th phase.
For turbulence calculations, the k-ε model with the standard wall functions is selected. k and ε denote the 

turbulent kinetic energy and the dissipation rate of k, respectively. The governing equations for k and ε for the 
continuous q-th phase and the dispersed l-th phase are as follows:
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� (17)

where

	 Clq = 2� (18)

and

	
Cql = 2

(
ηlq

1 + ηlp

)
.� (19)

Here, ηlp is the ratio between the characteristic times of the energic turbulent eddies for the continuous q-th 
phase and the dispersed l-th phase, which is given by,

	
ηlq = τt,lq

τF,lq
,� (20)

	
τt,lq = τt,q√

1 + Cβξ2
,� (21)
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And

	
τF,lq = αlρq

Klq

(
ρl

ρq
+ Cv

)
,� (22)

where

	
ξ = |−→v lq|τt,q

Lt,q
� (23)

and

	 Cβ = 1.8 − 1.35cos2θ.� (24)

θ is the angle between the mean velocity and the mean relative velocity of the bubble or droplet for the dispersed 
l-th phase. Lt,q represents the length scale of the turbulent eddies, which is defined as follows:

	
Lt,q =

√
3
2Cµ

k
3/2
q

∈q
.� (25)

In Eqs. (16) and (17), 
−→
U  q is the phase-weighted velocity of the q-th phase. μt,q and Gk,q are the turbulent viscosity 

and the production of the turbulent kinetic energy of the q-th phase, which results from

	
µt,q = ρqCµ

k2
q

ϵq

� (26)

and

	 Gk,q = µt,q

(
∇−→v q + (∇−→v q)T

)
: ∇−→v q.� (27)

CV, C1,ε, C2,ε, C3,ε, Cμ, σk and σε are the model constants that equal to 0.5, 1.44, 1.92, 1.3, 0.09, 1.0, and 1.3, 
respectively.

To account for the mass, momentum and energy transfer between oil and water phases more accurately, an 
interfacial area concentration, χ, is used in this study with the Hibiki-Ishii model20. For the continuous q-th 
phase and the dispersed p-th phase, the equation for χ is as follows:

	
∇ • (ρp

−→v pχp) = 1
3

Dρp

Dt
χp + ρp(SRC + ST I)� (28)

where SRC and STI are the terms for coalescence sink by random collisions and breakup due to turbulence, 
respectively, calculated from

	
SRC = − ΓC

ψ11/3
ϵ1/3α

1/3
p χ5/3

(αp,max − αp)exp

[
−

Kcψ5/6ρ
1/2
f ϵ1/3

σ1/2

(
αp

χp

)5/6
]

� (29)

and

	
ST I = − ΓB

ψ11/3
ϵ1/3 (1 − αp) χ5/3

α
2/3
p (αp,max − αp)

exp

[
− KBσ

ψ5/3ρqϵ2/3

(
χp

αp

)5/3
]

.� (30)

Here, ΓC, KC, ΓB, and KB are 0.188, 0.129, 0.264, and 1.37, respectively. ψ denotes a factor for the spherical shape 
of the dispersed phase and corresponds to 1/36π. Note that the energy equation is not solved in this study 
because the flow is assumed to be isothermal, and a pressure drop across the separator are insufficient to lead a 
significant flashing effect.

Numerical implementation
The size of the oil droplets is determined so that it corresponds to the Sauter-mean diameter of 0.1 mm to 1 mm. 
A constant diameter of 2 mm is assumed for the air bubbles. A coupled scheme is used to solve the conservation 
equations simultaneously. The spatial discretization is performed using the following schemes: Least Squares 
Cell Based for gradient, pressure staggering option (PRESTO!) for the pressure, second-order upwind for the 
momentum, quadratic upstream interpolation for convective kinematics (QUICK) for the volume fraction, and 
first-order upwind for the turbulent kinetic energy, turbulent dissipation rate, and interfacial area concentration. 
Convergence is determined not only by ensuring that the residuals of all variables fall below 10–3, but also by 
monitoring the water volume fraction at the water and oil outlets. The solution is considered fully converged when 
the water volume fraction at outlets stabilized. For all cases, this occurs after approximately 14,000 iterations.
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Geometry and operating conditions
Figure  1a illustrates the construction of the separator examined in the present study. It has a vessel with a 
diameter of 1.3 m and a seam-to-seam length of 3.55 m. The inlet diverter is a reversed pipe that has the mixture 
inlet at a distance of 260 mm from the left seam. The water and oil outlets are located on the bottom side and 
955 mm apart each other. The gas outlet is on the top side and 240 mm apart from the right seam. The weir is 
located between the water and oil outlets. It is 700 mm high and at 700 mm from the right seam.

Since the geometry of the separator is symmetric with respect to the vertical plane passing through the 
central axis of the vessel (symmetric plane), half of the separator is modeled (Fig. 1b). Velocity and pressure 
outlet conditions are applied to the mixture inlet and three outlets, respectively. Gravity exerts from the top side 
to bottom side. Figure 1b shows the grid system as well which will be described below.

Table 1 summarizes the thermophysical properties of the three working fluids. Note that the properties of gas 
and water phases differ from those of air and water at 1 atm and 20℃. The gas phase has a density of 7.43 kg/m3 
and viscosity of 0.2 mPa-s. In addition, the density and viscosity of water are 903.9 kg/m3 and 1.8 mPa-s. The oil 
phase has a density of 874.6 kg/m3 and a viscosity of 31.04 mPa-s. The oil density corresponds to an API gravity 
of 29, which is specified as follows:

	
◦AP I = 141.5

γ
− 131.5� (31)

where γ denotes the specific gravity of the oil at 40℃. Here, API stands for American Petroleum Institute. The 
API gravity presents how the crude oil is heavier compared to water (API gravity of water is 10). According to 
the API gravity, the crude oil is distinguished as light, medium, heavy, or extra heavy oils. The oil of the present 
study is in the range of API gravity for medium oil ranging from 22.3 to 31.121.

Table 2 summarizes the four cases considered in this study. The inflow rates for the gas, oil, and water phases 
are constant for every case. The water outlet pressure varies from 7537.2 to 7421.9 Pa. The water outlet pressure 
is determined by calculating the hydrostatic pressure of the water phase at heights of 700 mm, 695 mm, 690 mm, 

Case Gas inflow rate [m3/d] Oil inflow rate [m3/d] Water inflow rate [m3/d] Pressure at water outlet [Pa]

Case 1 447.9 50.24 123.2 7,537.2

Case 2 447.9 50.24 123.2 7,492.8

Case 3 447.9 50.24 123.2 7,448.5

Case 4 447.9 50.24 123.2 7,421.9

Table 2.  Operating conditions of the four scenarios.

 

Fluid Density [kg/m3] Viscosity [mPa-s] Surface tension [mN/m]

Gas 7.43 0.2 –

Oil 874.6 31.04 –

Water 903.9 1.8 –

Gas-oil – – 20.58

Gas–water – – 48.74

Oil–water – – 3.25

Table 1.  Thermophysical properties of the working fluids.

 

3550 mm

1300 mm

700 mm

240 mm

305 mm650 mm

260 mm

700 mm

Inlet diverter

Gas outlet

Oil outletWater outlet

Weir

Mixture inlet
(a) Velocity inlet

Pressure outlet

Pressure outlet

Symmetric plane

Gravity

(b)

Fig. 1.  Geometry of the horizontal gravity separator: (a) side view showing dimensions and (b) isometric view 
showing boundary conditions and grid system.
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and 687 mm from the bottom of the vessel. Note that the four outlet pressure conditions in Table 2 are empirically 
selected to explore the sensitivity of separation performance to changes in water outlet pressure. These values are 
chosen to span a range in which significant variations in separation efficiency are expected. In addition, the flow 
rates for gas, oil, and water represent base conditions for the separator shown in Fig. 1, determined following 
conventional sizing methodologies4–8.

Mesh independence test and validation
This study adopts the experimental study of Ahmed et al.10 to test the independence of the numerical results 
on the grid system and to validate the numerical method. Figure 2a and b show a photograph and the design of 
the separator, respectively. Their separator has a vessel diameter of 300 mm and a length of 900 mm. A plate-
type inlet diverter with a height of 120 mm and weir with a height of 150 mm are installed. Figure 2c shows 
the three-dimensional modeling for the numerical simulation with one mixture inlet and three outlets for each 
phase. Table 3 summarizes the thermophysical properties of the working fluids used by Ahmed et al. Notably, 
the viscosity of oil is 161.5 mPa-s, which is more than 160 times the viscosity of water.

For the separator proposed by Ahmed et al.10, a mesh independence test is performed for four grid systems: 
coarse, medium, fine, and fine (see Fig. 3). The grids are generated using the cut-cell method that organizes a 
majority of grid systems with cuboid cells. Smaller cells are created both near the wall boundary and internal 
geometries, such as near the inlet and outlets, inlet diverter, and weir. In addition, more cells are placed where an 
interface between the phases is expected. As summarized in Table 4, the resulting number of cells for the coarse, 
medium, fine, and finer grid systems are 61,246, 209,381, 472,536, and 1,023,790, respectively. While a limited 
number of cells exhibit orthogonal quality below 0.15 or equivolume skewness above 0.9 in regions near the 
inlet diverter, the weir, and the outlet zones, the overall mesh quality is acceptable. Most cells have equivolume 
skewness less than 0.5 and shell squish index below 0.9, indicating good element shape and minimal distortion16. 
Table 4 also shows the water fraction at the oil outlet for four grid systems. The water fraction at the oil outlet 
decreases comparatively large between the medium and fine grid systems. Therefore, the fine grid system is the 
best choice among the four grid systems in terms of convergence of the numerical results and computational 
cost.

Fluid Density [kg/m3] Viscosity [mPa-s] Surface tension [mN/m]

Gas 1.23 1.84 × 10–2 –

Oil 850 161.5 –

Water 1,000 1.0 –

Gas-oil – – 30.4

Gas–water – – 72.0

Oil–water – – 4.8

Table 3.  Thermophysical properties of the working fluids of Ahmed et al.10.

 

Mixture inlet
Gas outlet

Water
outlet Oil

outlet

Symmetry

(c)

(b)

(a)

Fig. 2.  (a) Photograph and (b) schematic representation of the separator by Ahmed et al.10. (c) Modeling of 
their separator in the present study.
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To confirm the validity of the proposed numerical method, the water fraction at the oil outlet is compared 
with the numerical results of this study and the experimental results of Ahmed et al.10. Table 5 summarizes the 
two inflow conditions and their corresponding results. The gas inflow rates are identical under both conditions, 
whereas the water and oil inflow rates are different.

It is found that both the numerical and experimental results show the same tendency that the water fraction 
at the oil outlet increases as the inflow rates of the oil and water increase. For both cases, the water fraction at the 
oil outlet obtained from the numerical analysis in this study is smaller than the measured value. The difference 
between the numerical and the experimental results can be attributed to the setting of the outlet conditions. In 
the numerical analysis of this study, the same outlet conditions were set regardless of the inlet flow conditions. 
However, Ahmed et al.10 controlled the water and oil levels and flow rates through the outlet valves of the 
separator for each experimental condition. As can be confirmed from the numerical analysis results described 
below, the performance of the separator can vary depending on the outlet conditions. In other words, the 
water fraction at the oil outlet can be similarly changed by changing the outlet boundary conditions. Therefore, 
the authors have judged that the present numerical method is enough to simulate the flow behavior and the 
performance tendency of the separator for different inflow conditions.

Case Gas [LPM] Oil [LPM] Water [LPM]

Water fraction in oil 
outlet

Present Ahmed et al.10

Inflow condition 1 30 9.1 9.1 11.0% 23.5%

Inflow condition 2 30 22.7 22.7 30.0% 52.0%

Table 5.  Comparison of numerical results with experimental results of Ahmed et al.10.

 

Grid system Number of cells Water fraction in oil outlet [%]

Coarse 61,246 56.43

Medium 209,381 56.39

Fine 472,536 53.85

Finer 1,023,790 52.94

Table 4.  Summary of mesh independence test for four grid systems.

 

(a) Coarse (b) Medium

(c) Fine (d) Finer

Fig. 3.  Four grid systems for the mesh independence test: (a) coarse, (b) medium, (c) fine, and (d) finer.
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Numerical results
The separation efficiency is an important indicator of the separator performance and is defined as the ratio 
between the water flow rate at the water outlet and the water flow rate at the inlet. Figure 4 shows the separation 
efficiency for four cases with different pressures at the water outlet. The separation efficiency increases when the 
pressure at the water outlet decreases. In particular, the separation efficiency increases sharply from 46.18% to 
96.31% between Cases 2 and 3, where the pressure at the outlet decreases from 7492.8 to 7448.5 Pa. These results 
indicate that the pressure at the water outlet must be lower than 7492.8 Pa under the current inlet conditions for 
the mixture to achieve a high separation efficiency.

In this study, the flow field is investigated to determine the cause of the variations in separation efficiency. 
Figure 5 displays the distribution of the volume fraction of the water and oil phases in the four cases from an 
isometric perspective. In all cases, the majority of the water volume remains in the settling section, which is 
located upstream of the weir. A relatively small portion of water flows over the weir and reaches the oil outlet. 
However, the volume of water in Cases 1 and 2 is more in the downstream of the weir than in Cases 3 and 4. Oil 
phase plunging from the inlet diverter penetrates the water phase in the inlet diverter section, but rises rapidly. 
The oil phase begins to form an oil pad very close to the inlet diverter section. In the settling section, an oil pad 
is placed over the water phase. In contrast to the water phase, all oil volumes reach the oil outlet.

Figure 6 shows the oil phase distribution near the weir. The distribution is similar in Cases 1 and 2. The oil 
pad becomes thinner as it is closer to the weir. The oil fraction at the liquid interface near the weir is less than 0.5. 
However, as the pressure at the water outlet decreases in Cases 3 and 4, the thickness of the oil pad increase. In 
Case 3, the oil pad near the weir becomes thinner, but the oil fraction at the liquid interface near the weir is 1.0. 
In Case 4, the thickness of the oil pad increases further, and the thinning of the oil pad near the weir disappears.

Figure 7 shows the water phase distribution at the height of the weir, 700 mm, for the four cases from the top 
view. In Cases 1 and 2, the oil pad is only formed well near the symmetric plane; the water fraction increases 
near both the wall and the weir. In Case 3, the water fraction increases only very near the wall and is equal to 
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Fig. 5.  Distribution of volume fraction for water and oil phases for four cases.
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zero near the weir. In Case 4, the water fraction is 0 even near the wall. The thinning of the oil pad near the wall 
is attributed to the uneven shear stress at the liquid interface.

The velocity difference between the gas and liquid phases induces shear stress at the interface. However, 
owing to the non-slip condition of the wall, the velocity gradient increases with increasing distance from the 
center. This results in higher shear stress at the interface near the wall and hinders the formation of the oil pad. 
However, the oil pad in Case 4 is sufficiently thick to nullify the effect of the shear stress. The size of the inlet 
diverter sections for the four cases are also identified in Fig. 7. As the pressure at the water outlet decreases and 
the oil pad thickens, the region affected by the plunge in the inflow mixture decreases.

The horizontal distribution of the oil pad is related to the velocity field in the liquid phase. Figure 8 shows the 
velocity vectors in the vertical planes at distances of 0, 1.4, and 2.8 m from the upstream seam for the four cases. 
At a distance of 0 m, a large counterclockwise circulation is formed in all cases owing to the momentum of the 
plunging inflow and the curved end of the separator. As the flow moves downstream, the circulation weakens 
and almost disappears at 1.4 m. Up to a distance of 1.4 m the difference between the cases is small. However, at a 
distance of 2.8 m, which is just before the weir, the velocity vector field shows a difference between the cases. In 
Cases 1 and 2, an upward flow is observed near the liquid interface, and a downward flow occurs simultaneously. 
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In Case 3, the velocity magnitude decreases and upward flow is rarely observed. In Case 4, the velocity of the 
liquid phase is almost zero.

As shown in Fig. 8, the downward velocity at the liquid interface increases with a decrease in the pressure at 
the water outlet, that is, an increase in the thickness of the oil pad. This is attributed to the viscosity of oil, which 
is 17 times greater than that of water.

Figure 9 shows the distribution of the oil fraction along the vertical line on the symmetrical plane near the 
upstream side of the weir. As aforementioned, the thickness of the oil pad increases with decreasing pressure 
at the water outlet. The hydrostatic pressure can be compared with the numerical results, as the pressure at the 
water outlet influences the thickness of the oil pad. Assuming that the water and oil phases are well separated 
just above the water outlet and the gas–liquid interface is at the height of weir, the water height can be derived 
as follows:

	
hwater,pred =

(
Pout@water

g
− ρoHweir

)
(ρw − ρo)−1� (32)

where ρw and ρo denote the densities of the water and oil phases, respectively. Hweir is the height of the weir, 
700 mm. The prediction of the water height using Eq.  (32) is indicated as a dotted horizontal line in Fig. 9. 
In Case 1, the prediction shows good agreement with the numerical result. However, the predicted values of 
Eq. (32) deteriorate when the pressure at the water outlet decreases. This discrepancy suggests the nonlinearity 
of multiphase phenomena in the separator and the importance of experimental and numerical studies.

The oil pad thickness influences the residence time of water and oil phases. The residence time is a time 
that a fluid takes while flows from the inlet to the outlet of the separator. Typically, the separation performance 
increases with increasing the residence time. Mean residence time (MRT) is a measure of the residence time for 
each phase. MRT can be obtained from22
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MRT = Vq

Qq
� (33)

where Vq and Qq denote the volume occupied by the q-th phase and inlet flow rate of q-th phase, respectively. 
Note that this study obtains Vq by summing up the local volumes of corresponding fluid that exceeds 0.7.

Figure 10 shows the MRTs of water, oil, and gas phases for four cases. In Figs. 10a and b, the MRT of water 
and oil phases merely changes between Cases 1 and 2. However, it changes noticeably for Cases 3 and 4; as the 
pressure at the water outlet decreases, the MRT decreases for the water phase and increases for the oil phase. The 
foregoing is due to the thickening of oil pad which results in the increase of oil phase volume and the decrease in 
the water phase volume, as already shown above. Meanwhile, in Fig. 10c, the MRT and volume for the gas phase 
is rarely affected by the pressure at the water outlet for all cases.

Figure 10 also compares the MRT obtained from the current simulations and the design criteria for MRT 
suggested by Stewart and Arnold8. They recommended the residence time at least 7.5 to 10  min for the oil 
with a 20–30 API gravity. In addition, they suggested a residence time of 10  min for the water phase when 
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the laboratory or field data is unavailable. As shown in Fig. 10, the present separator is expected to satisfy the 
residence time criteria of Stewart and Arnold. The water and oil phases stay more than 20  min and 9  min, 
respectively. However, the high separation efficiency is obtained only for Cases 3 and 4. The foregoing suggests 
that the enough thickness of oil pad is essential for a good separation performance along with the high residence 
time.

Conclusions
In this study, the influence of outlet pressure at the water outlet on the performance of a horizontal gravity 
separator was investigated. The numerical method was validated by comparing the numerical results with 
experimental data. The performance of the separator was varied for four selected pressures at the water outlet. 
A lower outlet pressure resulted in a higher separation efficiency. In particular, when the water outlet pressure 
decreases from 7492.8 Pa to 7448.5 Pa, the separation efficiency increases rapidly. The formation of an oil pad 
was also discussed for different water outlet pressures. Owing to the unevenly distributed interfacial shear stress, 
the thickness of the oil pad decreases near the sidewall. The velocity field associated with the formation of the oil 
pad was also discussed. The water height resulting from the hydrostatic pressure equation was compared with 
the numerical results. In most cases, a large discrepancy was found. Lastly, the mean residence time of water, oil, 
and gas phases was discussed for four conditions of water outlet pressures and was compared with the existing 
design criteria on the residence time. This comparison suggested the oil pad thickness needs to be considered for 
a high separation performance along with the residence time. In conclusion, the water outlet pressure should be 
kept below 7448.5 Pa for the oil phase to have sufficient thickness of the oil pad to ensure efficient separation. It 
should be noted that the observed trend is based on fixed inlet flow rates, thermophysical properties, geometries, 
and constant dispersed phase properties such as bubble diameter. In practice, such parameters may vary with 
operating conditions and design. Therefore, the authors plan future studies to fully understand the effects of 
pressure at all three outlets of the separator on separation efficiency under different conditions by varying 
those parameters that can affect the results. Based on the extensive results, the authors will construct the non-
dimensional and generalized correlations for predicting the separation efficiency and suggesting the threshold 
of the optimum operating condition.
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able request.
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