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Abstract: Multitube T-junctions can be used as an oil-water-gas pre-separator in the oil and gas
industry. In this paper, the mixture model, coupled with the k-¢ turbulent model, was applied for a
simulation of the oil-water-gas three-phase flow characteristics in the multitube T-junction separator.
The oil droplet size ranged from 1 to 4 mm. The water content ranged from 5% to 20% and the
gas content from 3% to 25%. According to the phase separation results for different droplet sizes,
it was found that, as the oil droplet size increased, the water content at the water outlet initially
increased and then tended to be stable. Therefore, it was necessary to increase the oil droplet size
through corresponding measures before flowing into the T-junction for separation. For the separator
with an inner diameter of 50 mm, the oil content at the inlet had a great influence on the water-oil
separation performance, and the water-oil separation performance was obviously improved as the
oil content decreased. Owing to increased residence time, the oil content had little influence on
the water-oil separation performance when the separator with an inner diameter of 100 mm was
applied. Moreover, for the separator with an inner diameter of 100 mm, the oil content had little
influence on the degassing effect, and more than 90% of the gas could be discharged from the gas
outlet. The separation performance of the multitube Tjunction separator became worse as the inlet
gas content increased.

Keywords: oil-water-gas separation; multitube T-junction; oil droplet; oil content; gas content

1. Introduction

The separation of oil-water-gas mixtures, including oily wastewater, oil spills, and oil/gas content,
has attracted global interest. Various techniques such as gravity separation, membranes separation,
and coagulation and oil absorbing processes have been employed for further treatment of these
mixtures [1-3]. However, these approaches no longer meet the application requirements in terms of
treatment capacity and separation efficiency [4]. The Tjunction separator, which mainly uses gravity
and expansion, can serve as a solution. The T-junction separator exhibits high performance and has a
relatively small size, owing to its short fluid residence durations.

In fact, whether onshore or offshore oil fields, oil and gas resources are generally transported
through complex pipe network systems. A large number of T-junction tubes exist in these complex
transportation networks [5]. When single phases occur, such as crude oil or natural gas flow in the
pipeline, uneven flow distribution will occur after passing through these T-junction tubes under
different incoming flow and operating conditions [6]. When multiphase media such as crude oil and
water, natural gas, and condensate, or 0il, gas, and water coexist in the pipeline, the flow condition
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will become more complicated, and the phase maldistribution will occur. If the degree of this phase
maldistribution can be enhanced, T-junction tubes can be used as an oil-water-gas pre-separator in the
oil and gas industry [7].

Seeger et al. [8] tested the phase separation of air-water and steam-water in T-junction tubes.
By fitting a large number of experimental data, they obtained the prediction formula of phase separation
for different branch angles. Similarly, Chisholm [9] and Saba and Lahey [10] obtained the empirical
formula of the pressure drop by fitting experimental data. Reimann and Seeger [11] simplified these
empirical models, and compared them with those previously published and their new models with
experimental results. The agreement was good for the horizontal and vertical downward branches;
however, no model satisfactorily predicts the pressure drop in the upward branch flow. Baker et al. [12]
investigated the transient effects in gas-liquid phase separation in a pair of T-junctions. The separation
system underwent a rapid global change in the liquid hold-up when the gas inlet superficial velocity
changed. For changes in the inlet liquid superficial velocity, no unexpected flow regimes were observed.
He et al. [13] showed that the gas phase was easier to flow out of the branch pipe under slug slow.
The slug flow in T-junction tubes is rather unstable, it is difficult to describe it via a theoretical model.
Therefore, the separation results of Tjunction tubes under slug flow are mainly predicted by fitting the
empirical correlation [8,14].

Besides the empirical model, many appearance models have been proposed, based on theoretical
analysis. In order to predict the phase separation in Tjunction tubes, Hwang et al. [15] established a
prediction model of phase separation based on the idea of dividing streamlines. However, this model is
only applicable to the horizontal T-junction tubes. Based on this idea, Penmatcha et al. [16] deduced the
momentum equation, and considered the gravity action of the liquid, which contributed to expanding
the application scope of this model and enabled it to predict the phase separation results in vertical
T-junction tubes. Hart et al. [17] proposed the so-called double-streamline model based on the extended
Bernoulli equation. However, the hypothesis of the thin liquid film was used in the derivation process
of the double-streamline model, and thus the model was only applicable in the conditions where the
liquid hold-up at the inlet was less than 0.06. On the basis of the double-streamline model, Ottens [18]
developed a new model to predict the instantaneous characteristics of gas-liquid two-phase flow, and
the steady-state and time-dependent dynamic values predicted by the model were in good agreement
with the on-line measured experimental data.

Through a literature review, it is found that many efforts have concentrated on gas-liquid
separation in Tqunctions, compared with very limited work concentrated on the liquid-liquid separation.
Yang et al. [19] first investigated the phase split of water-kerosene in T-junctions by experimental tests
and developed a simplified model for predicting the separation results. Through further experimental
investigation, Yang and Azzopardi [20] found the degree of phase maldistribution at a T-junction was
not very great and preferential emergence of either phase from the side-arm depended on the flow
rates of the two-phases.

Most previous research studied the phase separation in T-junction tubes via experimental tests,
and mainly studied gas-liquid or oil-water separation, respectively. In addition, nearly all the models
are either wholly empirical or based on flow analysis that still relies on empirical correlations, which
renders the predictability of phase separation largely dependent on the specific experiments. Today,
the prediction of phase maldistribution at a pipe junction remains a serious concern [21]. Some
scholars have indicated that increasing the number of T-junctions can improve the efficiency of phase
separation [22,23]. In this study, combined with the mixture model and the standard k-¢ model,
a numerical model, suitable for simulating the three-phase separation of oil-water-gas in the multitube
T-junction separator, was established. The effects of oil droplet size and oil content on the oil-water-gas
separation performance of multitube Tjunction separators have been studied.
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2. Numerical Model

2.1. Geometry Model and Mesh Generation

The multitube T-junction separator consists of three layers of horizontal pipes. The horizontal
pipes of each layer are connected by inclined vertical pipes. Under the effect of gravity, the gas phase
rises to the upper horizontal pipe, the oil phase rises to the middle horizontal pipe, and the water
phase sinks to the lower horizontal pipe, finally realizing the oil-water-gas three-phase separation.
Therefore, the outlet of the upper horizontal pipe is the air outlet, the middle one is the oil outlet, and
the lower one is the water outlet. Two types of multitube Tjunction separators were applied, with an
inner diameter of 50 or 100 mm. The geometry model of the multitube T-junction separator is shown
in Figure 1. There are five lower inclined pipes and five upper inclined pipes. The spacing between
inclined pipes is 1000 mm, and the inclination angle is 60°.

Gas outlet

[ 7 7 7 fe
w [ T T T 7 e

Figure 1. Geometry model of multitube Tjunction separator.

To improve the calculation accuracy, the grid is regionally generated, as shown in Figure 2. Due to
the flow complexity in the Tjunctions, compact tetrahedral cells are generated in Tjunctions blocks,
while hexahedpral cells are produced in the other blocks by Cooper. The distortion rate of the grid is
controlled within 0.8, and the calculation accuracy is within 1073.

Figure 2. Mesh generation of multitube Tjunction separator.

2.2. Transport Equations and Turbulent Model

The mixture model, a simplified multiphase flow model, is used to simulate the multiphase flow
with different velocities and assumes local equilibrium on a short spatial scale [24]. It is also used
to simulate the isotropic multiphase flow with strong coupling and the multiphase flow with the
same velocity. Typical applications of the mixture model include sedimentation, cyclone separators,
and bubble flows with low gas volume fractions. By analyzing the law of the gas-liquid flow in the
T-unction tubes, the mixture model can also be used to simulate the hydrodynamic characteristics of
the multiphase fluid in the T-junction tubes.
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In Fluent, the mixture model uses the concept of slip velocity, allowing the phases to move at
different speeds [25]. The continuity equation of the mixture model is:

d - .
E(pm)—i—v-(pmvm) =m @

. . - . . .
where m is the mass transfer of the mass source, v, is the average mass velocity, and p;, is the
mixed density.
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The momentum equation of the mixture model can be obtained by summing the momentum
equations of each phase, which can be expressed as:

— - - — —T - - n — -
%(vam) +V- (pm Z)mvm) =-Vp+V- [‘Um(vvm + va)]+ng +F+V: (kzl akpkvdr,kvdr,k) (4)

where F is the body force, i, is the mixing viscosity, and gdr,k is the drift velocity of the second phase.

n
Hm = Zk:l bk ©)
Virk = Uk — Um (6)
The relative velocity is defined as:
Vgp = Up— Uy @)

The drift velocity and relative velocity is related as:

n

— - APk —
Vdrp = vqp_zp_vqk ®)
k=1 ™

The mixture model uses the algebraic slip formula. The basic assumption of the algebraic slip
formula is to specify the algebraic relationship of the relative velocity. The local equilibrium between
phases should be achieved on a short spatial length scale. The relative velocity is defined as:

— —

where 7, is the relaxation time of the particle, and « is the acceleration of the second phase.
According to the Manninen theory [26], 74, can be given as:

m = dz
T = (P Pp) 4 (10)
18‘uqfdmg

where d,, is the radius of the second phase particle, and the drag coefficient refers to the study of
Schiller and Naumann [27].
1+ 0.15Re0687

Jirag = { 0.0183Re an
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The form of acceleration is expressed as:

5 5 5 o dog
a:g—(vm-va)—w (12)

The volume fraction equation of the second phase is given as:

d - -
ﬁ(“ppp) + V- (apppom) ==V (apppvarp) (13)

While the flow in the multitube T-junction separator is turbulent, the flow is relatively stable.
Therefore, the standard k-¢ model is selected to simulate the turbulent motion, and the equation is
expressed as:

a d m

E (pmk) + V- (pm Umk) =V. (‘uat_’ka) + Gk,m — Pmé€ (14)
0 - Ut,m &
E(pme) +V- (pmvms) =V. (G—SVE) + E(ClgGk,m - ngpme) (15)

2.3. Boundary Conditions

In this study, water, air, and oil were used as the test fluids, and their physical properties are
listed in Table 1. A uniform velocity profile was adopted at the inlet boundary. Taking the practical
working conditions of Bohai Oilfield in China as a reference, the inlet water-oil mixture flow rate
was set as 20 m3/h for the multitube T-junction separator with an inner diameter of 50 mm, and the
inlet water-oil mixture flow rate was set as 50 m%/h for the multitube T-junction separators with an
inner diameter of 100 mm. A free outlet boundary was employed at both outlets. Near-wall flow was
resolved by the standard wall function. The flow rate at each outlet was consistent with the flow rate
of the corresponding phase at the inlet.

Table 1. Physical parameters of water, air, and oil (20 °C).

Fluid Density (kg/m3)  Viscosity (mpa-s)

Water 998.2 1.003
Air 1.225 0.01789
Oil 840 31

The turbulent flow at the inlet was characterized by hydraulic diameter and turbulent intensity.
In this study, the hydraulic diameter Dy; was equal to the inlet pipe diameter. The turbulent intensity
was calculated as:

I=u'/%=016(Rep,) "/® (16)
D
Rep,, = —amPm (17)
Hm

2.4. Verification of Simulation

The validation was made by comparing the results obtained from the simulation with the
experimental data obtained by Yang et al. [5]. They developed an experimental study on gas and liquid
separation at T-junction tubes. The experimental separator consisted of four connecting tubes, and the
angle between the straight arm and the lateral arm was 60°, and the pipe diameter was 50 mm. Air
and water were chosen as the test fluids. In Figure 3, the mixture flow rate was 4.53 m3/h and the gas
content was 0.26 in case #1, and the mixture flow rate was 8.13 m®/h and the gas fraction was 0.30 in
case #2. The split ratio was defined as the ratio of the mixture flow rate at the gas outlet to that at the
inlet. As can be seen, the variation of the gas content at the gas outlet with the split ratio obtained by



Water 2019, 11, 2655 6 of 14

numerical simulation was in agreement with the experimental results. With the increase in the split
ratio, the gas content at the gas outlet gradually decreased. Therefore, the numerical model developed
in this study was adequate to predict the separation behavior and hydrodynamic characteristics in the
multitube T-junction separator.
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< ~O- #1 Experimental data
% 80 ~/\—#2 Simulation
S -/ #2 Experimental data
S
2 604
©
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Split ratio
Figure 3. Comparison between simulations and experimental data by Yang et al. [5].

3. Results and Discussions

3.1. Effect of the Oil Droplet Size on the Separation Performance

Table 2 shows the effect of the oil droplet size on the separation performance of multitube
T-junction separators with inner diameters of 50 mm under inlet 20 m3/h flow rates. The content of
each phase is based on volume. Figures 47 show the corresponding phase distribution in the separator
with oil droplet sizes of 1 and 2 mm. In the figures, blue represents low content of the corresponding
phase and red represents high content of the corresponding phase. When the oil droplet size increased
from 1 to 2 mm, the water content at the water outlet increased from 94.91% to 97.80%, and the water
content at the oil outlet changed from 29.76% to 22.74%. However, the separation performance changed
slightly for the oil droplet size of 2, 3, and 4 mm. When the oil droplet size increased, the gas content at
the gas outlet increased rapidly, which meant that the degassing effect became better. As there were
usually many elbows in the conveying pipeline, it is easy to cause emulsification when the oil, gas, and
water flowed in it, which made the oil droplet size smaller [28]. Therefore, it is necessary to increase the
oil droplet size through some measures before flowing into the T-junction for separation. For example,
chemical agents can be added for demulsification before separation.

Table 2. Influence of the oil droplet size on the separation performance under inlet 20 m3/h flow rate.

Oil Water Oil Gas Water Gas Water Gas Gas Water
Droplet Flow Flow Flow Contentat Contentat  Content Content  Contentat Content at
Size Rate Rate Rate the Water the Water  atthe Oil at the Oil the Gas the Gas
(mm) (m3/h) (m3/h) (m3/h) Outlet Outlet Outlet Outlet Outlet Outlet
4 16.9 3.1 0.62 0.9967 0.0087 0.2274 0.0313 0.9080 0.0920
3 16.9 3.1 0.62 0.9816 0.0105 0.2385 0.0210 0.8965 0.1035
2 16.9 3.1 0.62 0.9780 0.0034 0.2431 0.0068 0.5933 0.0697
1 16.9 3.1 0.62 0.9491 0.0014 0.2976 0.0014 0.4098 0.2318
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Figure 4. Water content distribution for the oil droplet size of 1 mm under inlet 20 m3/h flow rate.
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Figure 5. Gas content distribution for the oil droplet size of 1 mm under inlet 20 m3/h flow rate.
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Figure 6. Water content distribution for the oil droplet size of 2 mm under inlet 20 m3/h flow rate.
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Figure 7. Gas content distribution for the oil droplet size of 2 mm under inlet 20 m3/h flow rate.

Table 3 shows the effect of oil droplet size on the separation performance of multitube Tjunction
separators with inner diameters of 100 mm under inlet 50 m3/h flow rates. Figures 8-11 show the
corresponding phase distribution in the separator with oil droplet sizes of 1 and 3 mm. The separation
performances varied significantly for oil droplet sizes of 1 and 3 mm. The water content at the water
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outlet increased from 94.13% to 99.64%, and the water content at the oil outlet changed from 37.38%
to 18.43%. However, the separation performance changed slightly for the oil droplet size of 3 and
4 mm. This showed that, as the oil droplet size increased, the water content at the water outlet initially
increased and then tended to be stable. Unlike the 50 mm inner diameter (I.D.) separator, the oil
droplet size had little influence on the gas content at the gas outlet when the 100 mm L.D. separator
was used. This was because the large pipe provided sufficient space for gas-liquid separation.

Table 3. Influence of the oil droplet size on the separation performance under inlet 50 m>/h flow rate.

0Oil Water 0Oil Gas Water Gas Water Gas Gas Water
Droplet Flow Flow Flow Contentat Contentat  Content Content  Contentat Content at
Size Rate Rate Rate the Water the Water  atthe Oil  at the Oil the Gas the Gas
(mm) m3h)  (m3h)  (m3h) Outlet Outlet Outlet Outlet Outlet Outlet
4 42.27 7.73 1.55 0.9975 0.0071 0.1111 0.0097 0.8819 0.1181
3 4227 7.73 1.55 0.9964 0.0066 0.1843 0.0087 0.8781 0.1033
1 42.27 7.73 155 0.9413 0.0021 0.3738 0.0002 0.8554 0.1207
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Figure 8. Water content distribution for the oil droplet size of 1 mm under inlet 50 m3/h flow rate.
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Figure 9. Gas content distribution for the oil droplet size of 1 mm under inlet 50 m3/h flow rate.
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Figure 10. Water content distribution for the oil droplet size of 3 mm under inlet 50 m3/h flow rate.
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Figure 11. Gas content distribution for the oil droplet size of 3 mm under inlet 50 m3/h flow rate.

3.2. Effect of the Oil Content on the Separation Performance

Table 4 shows the effect of oil content on the separation performance of multitube T-junction
separators with inner diameters of 50 mm under inlet 20 m3/h flow rates. Figures 12-15 show the
corresponding phase distribution in the separator for the inlet o0il content of 15% and 20% when the oil
droplet size was 1 mm. The oil content has a great influence on the separation performance. When the
oil droplet size was 3 mm and the oil content changed from 20% to 15%, the water content at the water
outlet increased from 92.34% to 98.16%, and the separation performance was obviously improved.
As can be seen from Figures 12 and 14, the inlet flows were the stratified flow. Lower oil content led to
a thicker water layer, which made it easier for the oil to move into the lateral arm. This conclusion
was also verified by the study about the kerosene and water two-phase flow at a single T-junction
conducted by Yang et al. [19]. When the oil droplet size was 1 mm and the oil content changed from
20% to 15%, the water content at the water outlet changed from 92.10% to 94.91%. The water content at
the water outlet increased less obviously for the oil droplet size of 1 mm than the oil droplet size of
3 mm.

Table 4. Phase split results for different oil contents under inlet 20 m3/h flow rate.

Oil Water Oil Gas Water Gas Water Gas Gas Water
0Oil Droplet Flow Flow Flow Contentat Contentat Content Content  Contentat Content at
Content Size Rate Rate Rate the Water  the Water  at the Oil  at the Oil the Gas the Gas
(mm) m3/h) (m3h) (m3/h) Outlet Outlet Outlet Outlet Outlet Outlet
15% 3 16.9 3.1 0.62 0.9816 0.0105 0.2385 0.0210 0.8965 0.1035
20% 3 15.876 4.124 0.62 0.9234 0.0184 0.2596 0.0054 0.4815 0.3083
15% 1 16.9 3.1 0.62 0.9491 0.0014 0.2976 0.0014 0.4098 0.2318
20% 1 15.876 4.124 0.62 0.9210 0.0018 0.3279 0.0053 0.5165 0.2352

N [ [ B [ [ T
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Figure 12. Water content distribution for the inlet oil content of 15% and the oil droplet size of 1 mm
under inlet 20 m3/h flow rate.
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Figure 13. Gas content distribution for the inlet oil content of 15% and the oil droplet size of 1 mm
under inlet 20 m3/h flow rate.
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Figure 14. Water content distribution for the inlet oil content of 20% and the oil droplet size of 1 mm
under inlet 20 m3/h flow rate.
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Figure 15. Gas content distribution for the inlet oil content of 20% and the oil droplet size of 1 mm

under inlet 20 m3/h flow rate.

Table 5 shows the effect of oil content on the separation performance of multitube Tjunction
separators with inner diameters of 100 mm under inlet 50 m%/h flow rates. Figures 16-19 show the
corresponding phase distribution in the separator with oil content of 15% and 10%. As can be seen,
almost pure water can be obtained at the water outlet for different oil content, which was different
from the phase split at the multitube Tjunction separator with an inner diameter of 50 mm. The inlet
velocity was high, owing to the small pipe diameter. The residence time of the incoming liquid in
the multitube T-junction separator was short. It became difficult to separate the oil phase from the
water phase when the oil content was high, which was similar to the gas-liquid separation results at
horizontal T-junctions, as observed by Baker et al. [29]. As can be seen from the gas content distribution,
the oil content had little influence on the degassing effect. Under all the conditions, more than 90% of
the gas was discharged from the gas outlet, which met the requirements of degassing.
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Table 5. Phase split results for different oil contents under inlet 50 m3/h flow rate.

Water 0Oil Gas Water Gas Water Gas Gas Water
Oil Flow Flow Flow Contentat Contentat Content Content Contentat Content at
Content Rate Rate Rate the Water  the Water  atthe Oil at the Oil the Gas the Gas
(m3/h) (m3/h) (m3/h) Outlet Outlet Outlet Outlet Outlet Outlet
15% 42.27 7.73 1.55 0.9964 0.0066 0.1843 0.0087 0.8781 0.1033
10% 44.849 5.155 1.55 0.9979 0.0073 0.1579 0.0073 0.9157 0.0843
5% 47.426 2.578 1.55 0.9982 0.0048 0.2453 0.0049 0.8871 0.1129

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 055 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95

Figure 18. Water content distribution for the inlet oil content of 10% under inlet 50 m3/h flow rate.
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Figure 19. Gas content distribution for the inlet oil content of 10% under inlet 50 m3/h flow rate.

3.3. Effect of the Gas Content on the Separation Performance

The remaining inlet mixture flow rates and oil-water ratio were unchanged; the inlet gas content
was adjusted to investigate its effect on the separation performance of multitube Tjunction separators.
Figure 20 shows the variations of the water content at the water outlet and the gas content at the gas
outlet with the inlet gas content. As the inlet gas content increased from 10% to 25%, the water content
at the water outlet decreased from 97.63% to 86.49%, and the gas content at the gas outlet decreased
from 91.17% to 80.17%. Moreover, the oil content at the oil outlet also decreased from 48.81% to 36.27%.
This indicated that the separation performance became worse as the inlet gas content increased. This is
because a slip velocity between the gas phase and liquid phase existed, and this slip velocity induced a
shear action. As the gas content increased, the shear action enhanced and the carrying capacity of the
gas stream improved gradually, as suggested by Yang et al. [30]. Gradually, the gas stream was able to
overcome the gravity effect of the liquid phase and carried them upward via the inclined vertical pipe,
as can be seen from Figure 21.
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5 10 15 20 25 30 5 10 15 20 25 30
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Water content at the water outlet, %

Figure 20. Effect of inlet gas content on the separation performance of multitube Tjunction separator.
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Figure 21. Water content distribution for the inlet gas content of 30%.
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4. Conclusions

The mixture model, coupled with the k-¢ turbulent model, was applied for a simulation of the
oil-water-gas three-phase flow characteristics in multitube T-junction separators. The separation
performance of the separator for different inlet oil droplet size distributions and oil contents was
studied. The numerical results showed that, as the oil droplet size increased, the water content at the
water outlet initially increased and then tended to be stable. Therefore, it is necessary to increase the oil
droplet size through some measures before flowing into the T-junction for separation. For the separator
with an inner diameter of 50 mm, the oil content at the inlet had a great influence on the separation
performance, and the water-oil separation performance was obviously improved as the oil content
decreased. When the separator with an inner diameter of 100 mm was applied, the oil content had
little influence on the water-oil separation performance, owing to the increased residence time. For the
separator with an inner diameter of 100 mm, the oil content had little influence on the degassing effect,
and more than 90% of the gas could be discharged from the gas outlet. The separation performance of
multitube T-junction separators became worse as the inlet gas content increased. This work indicates
that multitube T-junction separators can realize good oil-water-gas separation performance, which
proves that Tunction tubes have very good prospects.
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