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Whenever T-junctions are used in chemical processes and petroleum industries for 
two-phase separation, a maldistribution of phases is observed between outlets of the 
junction. Currently, the regular T-junctions are utilized in the industry due to which 
equipment downstream faces high liquid carryovers. Unfortunately, downstream 
equipment is not capable of handling high liquid carryovers and they trip frequently, 
consequently. This review manuscript summarizes the effect of different factors that 
influence phase separation in the T-junction. This article refers to the geometrical 
parameters, phase superficial velocity flow regimes encounter during the separation 
process, and different side arm modifications. This article is a contribution to this field 
as it summarizes and concludes all these factors comprehensively, to give a verdict on 
ways to improve phase separation.  It is also recommended that the effect of side arm 
modifications or combinations must be explored for further understanding. 
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1. Introduction 
 

In petroleum, chemical industries and heat exchanger applications, gas extracted from the wells 
is utilized for power generation [1,2]. In terms of heat transfer applications, the heat transfer 
phenomenon was also studied by researchers in the past [3–5]. Gas separation is carried out with the 
support of a T-junction [6]. Industries currently are using regular T-junction and do not contemplate 
the incoming flow regime and side arm diameter, leading to unnecessary liquid takeoffs. The 
excessive liquid also lessens the efficiency of the gas scrubber to separate gas and liquids. Therefore, 
downstream equipment faces frequent tripping because it is not designed for such high liquid 
carryovers [6–8]. It is evident that tripping or shutdowns can cost the loss of time and money. A study 
on turbines has been reviewed in the past [9].  

Multiphase separation is the need of the petroleum and chemical industries. Some use Biomass 
as fuel and some use gas extracted from the wells for power generation [10]. While separating crude 
oil from the wells, a multiphase mixture of water, gas, oil, solids and minerals is produced [11,12]. T-
junctions are employed along with gas scrubbers to facilitate phase separation. However, it is very 
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difficult to seamlessly predict the multiphase separation. As reported by many researchers [11,13–
16], Orange [17] was the very first researcher who observed and working on the maldistribution of 
phases at different piping junctions in 1973. Yang et al., [18] in their review paper showed all possible 
influential parameters in a pie chart for comparison. He addressed the geometry of the T-junction as 
the most influential parameter above all. This is the reason that it has been the point of concern for 
a bunch of researchers in the past. As discussed by Wren [19] and Liang [20], there are eight 
parameters that can affect phase separation, such as liquid and gas velocities, diameter of the side 
arm, run arm and main arm, the inclination of side arm, the inclination of run arm and radius of 
curvature of the edge at which side arm is attached to the main arm. These parameters have been 
analyzed by many researchers [6,21–26].  

The data is scattered around, and several theories were presented in the past to study the effect 
of different parameters on phase separation. However, a comprehensive review is required to cover 
up the studies reported in the past few decades. This manuscript intended to fill in the gap by 
addressing different factors’ influence on phase separation by reviewing different prominent studies. 
The influence of different parameters was studied separately for better understanding. This 
manuscript further summarized the influence of each variable on phase separation.  
 
2. Literature Review 
 

As we know, petroleum industries’ matter of concern is the multiphase flow separation and most 
importantly two-phase separation. T-junction is commonly used as a partial phase separator 
[14,20,27–29]. This drives many researchers to work on this and to enhance separation efficiency. 
However, this type of study is nothing new, but it dates to the 20th Century. Before going for an in-
depth analysis of previous research, it is obligatory to discuss T-junction geometry and types. In 
general, four different types of two-phase flow are as follows 

• Liquid-Gas Flow 
This flow is usually found in refrigeration and air conditioning and power sectors. 

• Solid-Gas Flow  
This type of flow comprises of solid transmission within a gaseous agent.  

• Solid-Liquid Flow  
This flow deals with the flow of solids along with any type of liquid.  

• Multiple-Liquid Flow  
This flow type normally deals with two types of liquids that cannot be mixed. 

 
For the time being, the liquid-gas flow is deemed since it is widely used in industrial application 

and is one of the main concerns where there is a question about the lifetime or maintenance cost of 
the downstream equipment.  An important factor we need to contemplate is how two-phase liquid-
gas flow propagates within a pipe geometry when there is a constant mixing of both phases. The two-
phase flow nature relies upon the velocity of individual liquid and gas phases and the orientation of 
the pipe in which the flow is propagating [30]. The most prominent flow patterns are shown in Figure 
1. 
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Fig. 1. Flow patterns in the 
horizontal flow [49] 

 
2.1 T-Junction 
 

T-junction, because of its simple design is utilized as a partial phase separator. It consists of two 
intersecting pipes. Although the general type of T-junction has perpendicular intersecting pipes other 
angles of inclinations have also been used in history. Figure 2 illustrates a branching T-junction 
schematic diagram.  

 

 
Fig. 2. Regular T-Junction 

 
2.2 Types of T-Junction 
 

There are usually two types of T-junctions depending upon the flow of the fluid streams [18].  
 

2.2.1 Branching T-junction 
 

In branching T-junction, the flow comes from the main arm and further divides into two different 
outlets (run arm and side arm). The flow separation occurs in the center of the junctions.  
 
2.2.2 Impacting T-Junction 
 

As the name suggests, the fluid stream uses side arm as an inlet and puts up an impact on the 
wall of the main wall and divides to both sides of the pipe. The region of the impact is usually right 
after the fluid passes through the junction. In Figure 3, the schematic diagram is shown for a better 
understanding.  
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Fig. 3. Schematic Diagram of (a) Branching T-junction (b) Impacting T-Junction [18] 

 
Whereas D1, D2, D3 = Diameter of the main arm, run arm and side arm respectively, α = Angle 

between side arm to the horizontal plane, β = Angle between the main arm to the horizontal plane, 
γ = Angle between side arm and main arm. Yang et al., [18] in their paper has summarized the context 
for the study of T-Junction. It can be seen from Figure 4 that even though T-junction is the simplest 
in its geometry, it requires much more attention. The separation efficiency of the T-junction will be 
dependent on multiple factors.  

 

 
Fig. 4. Framework proposed by Yang et al., Redrwan [18] 
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2.3 Criteria to Represent Phase Split Data 
 

Baker [30] mentioned the most suitable criteria which can help us predict the locus point of the 
separation data on the x-y plot. Although there are numerous methods to depict the phase split data 
this one got its significance.  

To further add, Azzopardi [6] mentioned an expression suitable to measure phase separation. As 
we know, perfect separation is achieved when only one phase comes out of the side arm and one 
from the run arm. So, if we would plot these points on Baker’s graph it would be at y=o, x=1 or y=1, 
x=0. So, one way to demonstrate the extent of the separation is by getting the difference of the 
achieved points to these points. 

 
2 2(1 )S G L = − +                                                                                                                                            (1) 

 
whereas, 
G = Fraction of Gas in the side outlet 
L  = Fraction of Liquid in the side outlet 
 

In Figure 5, if the phase split up data lie on the diagonal line, it means there is equal phase 
separation. Further away the points are to the diagonal line, better would be the separation. As 
shown in Figure 6, gas-rich stream data will be below the diagonal line (Equal split line) and liquid-
rich stream data will be above the line. Hence, for the T-junction to function better, the phase split 
data points should be closer to the x-axis i.e., the liquid taken off from the side arm should be lower 
than gas taken off from the same arm. Whereas “FG” represents the gas fraction taken off in the side 
outlet and “FL” portrays the liquid fraction taken off in the same arm.  
 

  
Fig. 5. Representation of phase split in a T-
junction [30] 

Fig. 6. Two-Phase separation plot for T-
junction [18] 
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2.4 Parameters Influencing Phase Separation in The Branching T-Junction 
 

The research will be dedicated on branching T-junction with a vertical side arm. Literature is full 
of different experimental and numerical analysis for different parameters tweaking. The literature is 
divided into the following categories.  
 • Influence of the geometry on the Phase separation efficiency 
 • Influence of angle of inclination of the side arm 
 • Influence of diameter ratio 
 • Influence of superficial velocities of gas and liquid at the inlet  
 • Influence of flow regime 
 • Modified T-junction and Series and parallel combinations 
 
2.4.1 Influence of T-junction geometry 
 

The geometry of a T-junction is so far the most influential parameter on the phase separation 
efficiency. Even though the majority of literature is based on the geometry of T-junction, there is still 
room to work around the parameters because of the seriousness of the issue [11,19,31,32].  

 
2.4.2 Influence of angle of inclination of the side arm 
 

As mentioned by Chen et al., [33], (Figure 7) the phase distribution depends on the angle of 
inclination of the side arm from the main arm. Investigated flow regimes were slug flow, annular 
flow, and annular-slug flows. The main arm used was horizontal and side arm having angles of 
inclination from 30o to 150o with the main arm. For the accurate estimation of flow patterns, a high-
speed camera was employed for better results.  

 

 
Fig. 7. Side arm inclinations used by Chen et al., [33] 

 
In Figure 8, it is seen that for slug flow, the higher the inclination angle higher would be the phase 

separation. He clarified the reason, as we increase the angle, the fluid tends to keep flowing in the 
main arm because of inertia and it will be less likely for it to turn to go to the side arm. In contrast, 
Figure 9 indicates lower phase separation for annular flow. The reason being, a secondary flow 
streamline is generated at the opposite wall of the junction, forcing the liquid to fall to the side arm. 
But for higher branch angles, it is difficult for the liquid stream to take a turn due to the inertia effect. 
Hence the separation efficiency will be higher for higher angles of inclination.  
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Fig. 8. Effect of side arm inclination on phase 
separation (Annular Flow) [33] 

Fig. 9. Effect of side arm inclination on phase 
separation (Annular Flow) [33] 

 
Another study by Hong [16] revealed the influence of side arm inclination. He used side arm 

inclination from +90o to -90o. In his research, he revealed that for side arm vertically upward i.e. +90o, 
liquid taken off to the side arm significantly reduces due to gravitational force acting on the liquid 
and inertia which forces the liquid to stay in the main arm (Figure 10). By decreasing the angle of 
inclination, the percentage of liquid taken off to the side arm of the junction starts to increase and it 
is most prominent when it is -90o i.e. vertically downward side arm.  
 

 
Fig. 10. Influence of side arm orientation on Phase 
separation [16] 

 
Martit and Shoham et al., [21] examined the influence of side arm inclination for stratified wavy 

flow. In T-junction, he used vertical run arm and a horizontal side arm. Whereas the side arm was 
inclined at -5 °, -10 °, -25°, -40 ° and vertically upward at 1 °, 5 °, 10 °, 20 ° (Figure 11 and 12). From 
the graphs, for negative inclination the gravitational force effect comes into place, increasing the 
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liquid take off through the branch as compared to upward inclination. However, for positive 
inclinations i.e. upward side arm, liquid flow to the run arm as a priority due to gravitational pull.  

 

 

 
Fig. 11. Splitting Ratio for +20° upward side arm 
[21] 

Fig. 12. Splitting Ratio for -40° and -60° 
downward side arm [21] 

 
2.4.3 Influence of diameter ratio 
 

Figure 13 shows the regular and reduced T-junction. In regular T-junctions, the diameter of the 
side arm and main are equal whereas, in reduced T-junction, the diameter of the side arm is less than 
the main arm. The ratio between side arm diameters to the main arm diameter is known as the 
“Diameter Ratio”. Some of the researchers worked on regular T-junction [16,24,34–37] and reduced 
junction [22,38–41].   
 

 
Fig. 13. Regular and Reduced T-junction 

 
Azzopardi [23] studied the effect of diameter ratio on phase separation for stratified and annular 

flow. He used two T-junctions for comparison.   
• 1st T- Junction: D1, D2, D3= 0.125m   
• 2nd T-junctions: D1, D2=0.125, D3= 0.076m  
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It can be noticed from the graphical representation that, decreasing the side arm diameter results 
in higher separation efficiency. As shown in Figure 14, the black squares represent a regular T-
junction which has higher liquid take off in the side arm. 
 

 
Fig. 14. Influence of Diameter ration 
on phase separation (Annular Flow) 
[23] 

 
Hart et al., [42] in their study used D1, D2=0.051m and D3= 0.025 on stratified wavy and annular 

flow. It was found that in the case of reduced T-junction according to continuity equation speed of 
gas increases in the side arm, due to which pressure drop occurs between a side arm and main 
according to Bernoulli’s equation. This pressure drop encourages liquid take-off. It was also found 
that if the liquid is moving axially within the main arm, even a small amount of pressure difference is 
more than enough to lift the liquid to the side arm. But when the inertia comes into play, at high 
momentum very high pressure would be required to move the liquid to the side arm [42] (Figure 15). 
 

 
Fig. 15. A comparison conducted by Azzopardi [23] 
for different diameter ratios 
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Saieed et al., [43] studied the effect of the diameter ratio for phase split recently comparing 
results with other researchers. The flow regime is taken into consideration as a stratified wavy flow 
(Figure 16). In his study he revealed that the most obvious fact that most of the researchers believe 
till now that decreasing the diameter ratio always increases the separation efficiency is true.  
 

 
Fig. 16. Phase split data for different diameter 
ratios [43] 

 
It is clearly seen that decreasing the diameter ratio increases the phase separation. However, for 

lower superficial velocities the difference is not noticeable but for higher superficial velocities lower 
diameter ratio T-junction produced promising results. The effect of diameter ratio is the most 
investigated parameter yet among others. A detailed review was given by Ejaz et al., [44] addressing 
critical findings in 1998 and state of the art theories that, diameter ratio improves phase separation 
but up to a certain limit.  For instance, Saieed et al., [43] identified that 0.67 diameter ratio performed 
better than other diameter ratio T-junctions.  

 
2.4.4 Influence of liquid and gas superficial velocities 
 

Superficial velocities of gas and liquid play an important role in the phase separation because 
whenever there is a fluid stream moving, it has some inertia and momentum which can resist or 
support separation. Al Azizi [14] in his experimental investigation found that increasing the liquid 
superficial velocity results in prominent phase separation. Because as the liquid velocity increases its 
momentum and inertia increase. Due to higher inertia, it is less evident to have liquid take-offs into 
the side arm.  

Das et al., [45] utilized a simple T-junction to study the effect of the superficial velocity of both 
phases on the phase redistribution. As seen from the Figure 17 and 18, it can be concluded that as 
we increase gas superficial velocity, the liquid fraction at the side arm increases significantly due to 
more pressure drop. In contrast, for the low liquid superficial velocities, the points are closer or a 
little above the equal split line which means that at lower velocity liquid has lower inertia, so it gets 
pulled out from the side arm by pressure drop. However, for higher liquid velocities a better phase 
separation was witnessed.  
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Fig. 17. Effect of liquid and gas superficial velocities on phase separation [14] 

 

 
Fig. 18. Influence of gas superficial velocity and liquid superficial velocity of (a) 0.0055m/s (b) 0.0097 
m/s [45] 

 
Saieed et al., [43] identified a term called “liquid carryover threshold” and defined as the 

“minimum gas fraction at the side arm at which the liquid starts to take off”. He then correlated the 
relation between liquid carryover threshold and superficial velocities of both phases.  

They examined phase superficial velocities for different diameter ratios to further analyze the 
data. To study liquid superficial velocity, they kept gas superficial velocity constant at 0.228 m/s. 
whereas, to analyze air superficial velocity influence, water superficial velocity was kept constant at 
0.094 m/s. As seen from the Figure 19, increasing the liquid superficial velocity tends to decrease the 
liquid carryover threshold. It is noticeable that decreasing the diameter ratio decreases the overall 
threshold of the liquid carryover. Whereas for higher liquid superficial velocity, liquid carryover 



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences 

Volume 84, Issue 1 (2021) 60-77 

 

71 
 

threshold decreases again because for higher air velocities pressure drop occurs and liquid takes off 
from the side arm easily at lower liquid superficial velocities.  
 

 
Fig. 19. Influence of liquid and gas (air) superficial velocity [43] 

 
2.4.5 Influence of flow regime 
 

Matsubara et al., [46] in their research debated the classification of flow regimes. Figure 20 is the 
visual illustration of the flow pattern along with the side view of the pipe. 
 

 
Fig. 20. Two-phase flow regimes in a horizontal pipe [46] 

 
They concluded that changing gas or liquid superficial velocities, leads to different flow patterns. 

In dispersed bubble flow, separate gas bubbles are formed due to higher liquid superficial velocity. 
When these bubbles start to form with one another they form bigger bubbles that shape like a bullet. 
This genre of flow is known as plug or slug flow. However, at intermediate liquid superficial velocities, 
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the liquid stays at the lower half of the pipe and gas being lighter flows towards the top (Figure 20). 
This type of flow is known as stratified smooth flow. As soon as we increase gas superficial velocity, 
the pressure from the gas makes waves within the liquid surface causing a wave-like flow known as 
stratified wavy flow. By further increasing the gas superficial velocity, liquid slips over to the side and 
forms a rolled wave shape due to the rounded inside surface of the pipe. In Annular flow, liquid flows 
at the top and the bottom of the pipe and gas flow freely at the center. This usually occurs for very 
high gas superficial velocities. 

Taitel and Dukler [47] presented the flow regime map for horizontal T-junction for two-phase 
flow. It is noticeable that at lower gas and liquid superficial velocities the simplest form of flow is 
found i.e. stratified smooth flow (Figure 21). As we increase gas superficial velocity, waves start to 
form causing a resultant stratified wavy flow. However, for higher gas and liquid superficial velocity 
annular and slug flow are formed. Since liquid superficial velocity is very high in slug flow due to which 
slugs are formed which can cause vibrations in the pipeline. This consequence should be addressed 
in the flow loop because it can lead to damage to the instruments and T-junction itself.  
 

 
Fig. 21. Flow regime map for horizontal T-
junction [47] 

 
2.4.6 Series and parallel combinations of T-Junctions 
 

Baker et al., [34] worked on two T-junctions. The first T-junction having a vertically upward side 
arm whereas the second one having a vertically downward side arm. He used kerosene and air as the 
working fluids. The flow regime under consideration was stratified and slug flow. 

Using 1 upward and 1 downward side arm T-junction in series can drastically increase the phase 
split (Figure 22). Downward side arm T-junction can eliminate the liquid slug effect. But for that to 
work properly, they used a pneumatically controlled solenoid valve which keeps the excess liquid 
inside the downward side arm and when the level goes up to a certain point, the valve opens and 
closes again to prevent gas to pass through it. This completely removed the slugging effect caused in 
slug flow.  
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Fig. 22. Flow diagram by G. Baker using two T-junction in 
series [34] 

 
Chen et al., [48] used three pipes as s branch to the main arm (Figure 23). The branch pipes 

connect main arm to the upper horizontal arm. They used oil and water as the working fluid. The 
density of oil was lower than that of water, so it flows to the branched pipes and to the upper 
horizontal pipes. But water on the other hand has higher density so it stays in the horizontal pipe and 
get out from the water outlet. After simulation he concluded that the combination of T-junctions 
promotes the phase separation. They also suggested that it is mandatory that the pipe lengths should 
be long enough for both the liquids to settle at their corresponding positions during the flow.  
 

 
Fig. 23. Combination of T-junctions used by Chen et al., 
[48] 

 
Azzopardi and Whalley [38] stated that phase separation in a T-junction doesn’t only depend on 

the flow regime but it is highly dependent on the geometry of the junction also. Wren and Azzopardi 
[22] studied the geometrical effects of T-junction on flow separation phenomena (Figure 24). They 
used two T-junctions separately, one with side and main arm diameter of 0.125m and the other one 
with the main arm of 0.125m and side arm of 0.076m. The fluid stream taken into consideration 
entailed of water and air for Annular, wavy and stratified flows.  

 

 
Fig. 24. Forward and backward insert positions in a T-junction [22] 
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It is clearly seen from the Figure 25, that backward inserts almost completely block the liquid 
going to the side arm due to a blockage by side arm protrusion wall. However, forward insert slightly 
promoted the liquid fraction at the side arm due to the side arm inlet, in the way of the incoming 
liquid stream. However, having no protrusion at all showed intermediate results.  

 
Fig. 25. Phase split data for annular flow [22] 

 
3. Conclusion 
 

It is described in several chemical, oil industries and reactor applications that T-junction plays a 
vital part in the phase separation redistribution. T-junction design methodology used in the industries 
is still not mature enough to fully predict the phase separation behavior.  

This review manuscript intended to focus on some of the parameters that are of most importance 
when it comes to phase distribution. Parameters reviewed were geometrical parameters, phase 
superficial velocities, side arm modifications, a parallel configuration of the side arm and flow regime 
encountered. At the beginning of the manuscript, the problem is addressed with equations to fully 
understand the phase separation behavior. Then each influencing parameter is addressed to critically 
analyze the results from the literature 

i. The criteria to calculate the phase separation is also reported in terms of “fraction of gas” 
and “fraction of liquid” in the side arm. 

ii. Phase separation is highly dependent on the addressed parameters. It is found out that by 
decreasing the diameter ratio, phase separation increases. However, the latest 
developments in this concept address that by decreasing too much diameter ratio, this 
theory does not work. Thus, an optimum value of 0.67 diameter ratio was found to be true 
for good phase separation in terms of peak liquid carryover and liquid carryover threshold.  

iii. Phase separation is highly dependent on phase superficial velocities. Separation efficiency 
can be increased by increasing liquid superficial velocity or decreasing gas superficial 
velocity. 

iv. Slug flow is the most observed flow regime in the industries and also it is most turbulent. 
Phase separation is very unpredictable in this flow regime and not better as compared to 
stratified flow. Because in slug flow, gas superficial velocity is comparatively higher.  

v. Side arm modifications are addressed from the literature. Although modifying the side arm 
improved phase separation but it is not high enough to recommend in the industries. More 
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modifications and combinations of T-junctions are recommended to use to further analyze 
its effect.  
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