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The T-junction has been extensively employed in nuclear power plant systems. To
ensure the normal operation of nuclear power plant, the onset point of T-junction liquid
entrainment requires in-depth studies. Existing studies have been conducted on the
onset point of liquid entrainment, whereas most of them are for small branch pipes.
This study primarily discussed the onset law of large branch pipe. Moreover, the effects
of branch angle and size on the onset point of liquid entrainment were analyzed by
comparing it with other branch pipe sizes in this study. This study demonstrated that
the effect of branch angle on the onset point of entrainment complies with that of other
sizes, i.e., because that the decrease in the inertial force in the vertical direction acting
on the liquid phase by the gas phase with the decrease in the angle, hence, the onset
requires larger Frg under the identical hpwith the decrease in the angle between the
branch pipe and the horizontal direction. Moreover, by comparing the onset point law
of liquid entrainment exhibiting different branch pipe sizes, the effect of branch pipe size
on the onset was reported in this study that the smaller branch pipe requires the greater
gas velocity in the presence of onset. We found that there is different flow resistance of
different sizes of branch pipe, small branch has larger flow resistance, in order to remedy
the flow resistance, the gas dynamic head decreases, thereby causing the Bernoulli effect
weaker; the onset of liquid entrainment requires larger Vag.

Keywords: the onset of liquid entrainment, the effect of branch angle, the effect of branch pipe size, the air chamber
height, the froude number

INTRODUCTION

The T-junction has been broadly applied in the industry, and it is also critical to the nuclear
industry. Two examples of this technology are the inlet piping of the Fourth Stage Automatic
Depressurization System (ADS-4) of the AP1000 (Schulz, 2006) and the header-feeder system of
CANDU (Kowalski and Hanna, 1989). On the whole, the T-junction refers to a major horizontal
pipe with an inclined branch pipe. The liquid entrainment is that liquid phase acts as the
discontinuous phase, while gas phase serves as the continuous phase; liquid phase can be entrained
into the branch pipe by the gas phase (Zuber, 1980). In 1980, Zuber (Zuber, 1980) published a
technical report on a small break water loss accident, suggesting that in the occurrence of the
reactor LOCA accident, liquid entrainment is more likely to occur; due to the effect of gravity,
the gas-liquid two-phase flows in the major horizontal pipe exhibits stratified flow. In the presence
of the liquid entrainment, it is more likely to cause the nuclear reactor meltdown. The more liquid
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The Effect Factor of Onset

phase is entrained, the less coolant will be left in the core (Wang
et al,, 2011). Accordingly, the study on liquid entrainment is
critical to engineering.

Liquid phase entrainment reflects the Bernoulli effect. When
there exists a pressure difference between the gas phase in
the branch pipe and in the main pipe, then, the liquid phase
overcomes gravity by the action of the gas phase pressure
difference (Smoglie and Reimann, 1986; Smoglie et al., 1987) and
is carried out of the branch pipe.

The study on liquid phase entrainment complies with the
onset of liquid entrainment. Thus, the study on onset point of
liquid entrainment appears to be essential. Numerous scholars
have long conducted a lot of studies on the liquid entrainment
onset phenomenon, they have made several achievements.
Different scholars have conducted a series of studies on the onset,
there is exhibiting two parts, one is different branch pipe sizes
and another one is different branch pipe angles.

In the study on onset, the size of branch pipe is defined below.
On the whole, a branch pipe with the diameter to main pipe
diameter ratio <0.2 is defined as a small branch pipe, while the
ratio over or =0.2 is defined as a large branch pipe (Meng, 2015).
Moreover, branch pipe angle refers to the angle between the
branch pipe and the horizontal direction (Lee et al., 2007).

The studied conducted by Yonomoto and Tasaka (1991)
and Lee et al. (2007) suggested that the entrainment onset
phenomenon is associated with the vortex of the branch pipe
entrance. Lee et al. (2007) and Lee et al. (2006) analyzed the onset
phenomenon of the liquid entrainment of small branch pipes
(the branch pipe diameter d: 16 mm and 24.8 mm, the horizontal
main pipe diameter D: 184 mm). Besides, Lee et al. obtained the
law of small branch pipes with different angles (the angle 6: 30°,
60°, 90°). The study by Lee et al. suggested that onset of liquid
entrainment is primarily correlated with the gas phase, Froude
number and the dimensionless air chamber height h;/d. Besides,
the air chamber height h;, of onset point rises with the increase in
gas phase Froude number. Many other scholars have built some
mathematical models that have been successfully applied for
various analysis programs (e.g., RELAP5 Ransom et al., 2001 and
CATHARE Maciaszek and Micaelli, 1990). However, Bartley et al.
(2008) studied the entrainment process of the inclined branch
pipe on the flat wall surface; he found that the onset point of
the liquid phase entrainment was independent of the inclination
angle. Wang et al. (2011) and Smoglie et al. (1987) assessed
the entrainment onset of small branch pipes with horizontal,
vertical upward and vertical downward directions by ignoring the
viscosity and surface tension of the fluid. Furthermore, Cho et al.
(2004), Cho and Jeun (2004), Cho and Jeun (2007), and Welter
et al. (2004) also made outstanding contributions to the study on
the onset of liquid entrainment.

Lu et al. (2018) have conducted a study on large branch pipe
(D = 80 mm, d = 56 mm) with different angles. In the research
conducted by Lu et al., the entrainment onset correlation was
developed. They demonstrated that the gas phase Fr at the onset
of liquid entrainment decreases with an increase in the branch
angle 6 (Lu et al., 2018).

There are considerable studies on the onset of liquid
entrainment, whereas most of the studies are about small

branch pipe. Many researchers (Welter et al., 2004; Meng et
al.,, 2014a,b) found that the onset entrainment of small branch
pipes is different from large branch pipes, whereas the study on
large branch pipes remains rare. Also, fewer studies have been
conducted on the effect of size and angle on the onset of liquid
entrainment, but branch pipes of different sizes and different
angles are ubiquitous in engineering. Accordingly, it is necessary
to study large branch pipes and the effect of size and angle on the
onset of liquid entrainment.

METHOD

Experimental Content

As shown in Figure 1, when gas-liquid two-phase flows in the
pipeline, the distance between the interface of the gas-liquid
two-phase and the entrance center of branch pipe refers to
h. Under the regulated liquid level and gas flow in the major
horizontal pipe, when the liquid level and the gas flow rate
reach the certain value, the gas phase begins to carry the liquid
phase into the branch pipe, at which time h is equated with
a critical value hy, and the h; denotes the height of the onset
of entrainment. If the liquid level continues to be elevated, h
will decrease, and the amount of liquid phase carried by the
gas phase will increase. The test section used throughout this
study is a T-junction with a main pipe inner diameter of 80 mm
and a branch pipe inner diameter of 31 mm. The total length of
the test bench is 2,570 mm, of which the upstream is 1,730 mm
and the downstream is 840 mm. In the experimental pipeline,
the working medium of the gas phase is air, and liquid working
medium is water. For stratified flow inside the major horizontal
pipe, the means of visualization were combined with quantitative
and qualitative methods to analyze the liquid entrainment of
different branch pipe (d/D = 0.3875) angles.

The study on this experiment is about that onset entrainment
of large branch pipe and the effect of branch angle and branch
pipe size on the onset of liquid entrainment. The study on
the onset point of liquid entrainment involves: When the
onset entrainment occurs at different angles, analyzing the flow
condition and corresponding parameters of two-phase working
medium, and ascertaining the effects of various factors (air
chamber height, gas velocity, branch pipe angle, etc.) on the
onset point of liquid entrainment according to the experimental
data; compared with previous study on the onset point of liquid
entrainment exhibiting different branch pipe sizes to analyze the
effect of different branch pipe sizes on the onset point of liquid
entrainment with certain parameters.

Experimental Facility

The schematic diagram of the experimental facility used in
this study is illustrated in Figure 1. The experimental facility
primarily consists of three sub-systems: (1) water supply system,
(2) gas supply system, and (3) Experimental section.

The water supply system: the water supply system consists
of a centrifugal pump with a maximum flow rate of 4
m3/h and turbine flowmeter (Model: LWGY-15C, Shanghai
Automation Instrumentation Co., Ltd., China, Accuracy: 1.0%)
with a measurement range of 0-5 m3/h. The water flowed
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FIGURE 1 | Schematic diagram of the experimental facility and the liquid entrainment of T-junction.

into the T-junction experimental section via a 40 mm diameter
stainless steel pipeline. The gas supply system: the gas supply
system consists of a roots blower. A vortex flowmeter (Model:
Prowirl200, Endress+Hauser AG, Switzerland, Accuracy: 0.5%)
exhibits a measurement range of 0-200 kg/h. The gas was
transported into the T-junction test section via a 40 mm
diameter stainless steel pipeline. The experimental section: the
length of horizontal upstream pipe is 1,730 mm, the length
of horizontal downstream pipe is 840 mm, and the length
of branch pipe reaches 700 mm. The T-junction experimental
section took polymethyl methacrylate (PMMA) acrylic plastic
as the material to more effectively observe the onset point of
liquid entrainment and analysis of the onset point of entrainment
mechanism. Other experimental facilities: the pressure difference
transmitter (Accuracy: 0.05%) with a measurement range
of 0-0.17 kPa is used to measure the water level in the
major horizontal pipe. The temperature was measured by K-
Thermocouple (Accuracy: 0.5°C) with a measurement range
of 0-350°C. The entrance of the experimental section was
provided with a partition board to ensure that the gas-
liquid two-phase flow in the pipeline is stratified. During
the experiment, the water level in the major horizontal pipe
was regulated by adjusting the valve at downstream of the
experiment section.

In this study, the thermocouple was adopted to measure the
gas temperature and get the density of the gas based on the gas
temperature. The pressure difference between the bottom of the
main pipe and the two phases interface was measured with a
pressure difference sensor. Based on this pressure difference, the
liquid phase height of the pipeline was obtained, and then the air
chamber height was calculated. A vortex flowmeter was adopted
to measure the gas phase flow. For the analysis of uncertainty, the
following formula was adopted (Liu, 2000; Hu, 2002; Liang et al.,

2005; Luo, 2007; Ni, 2009):
(1)

Where A, is the measurement error, C = /3. A}, includes both
Asnea and ANI, Ajpeq is the instrumentation measurement error,
Anr is the error in NI acquisition systems. After calculation,
three types of uncertainty were obtained (gas temperature 0.3°C,
pressure difference 0.07 Pa, gas flow 0.6 m>/h). The primary
analysis parameter in the experiment is the Froude number, the
formula for Froude number is expressed as:

2

Frg =
Where V3,4(the gas phase velocity at the branch pipe entrance)
denotes the gas flow. Thus, the relative uncertainty of the Froude

number is 0.015.
The experimental process:

(1). Opening the pump and blower to make the gas-liquid two-
phase fluid enter the experimental section.

Regulating the valvel to make the water level in the major
horizontal pipe reaches the level at which the onset of liquid
entrainment can occur.

Recording the experimental data (the water level in major
horizontal pipe, the gas flow) then.

Keeping the liquid flow constant, altering the gas flow
by regulating the valve2 and repeating the experiment
step (2)-(3).

Turning off the pump and blower when sufficient
experimental data were obtained.

Changing the branch angle, repeating the experiment
step (1)-(5).

(2).

(3).
(4).

(5).
(6).
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Data processing:

Key parameters of existing studies about the onset point of
liquid entrainment were almost the same (6: the branch pipe
angle, hy: the air chamber height of liquid entrainment onset,
d: the inner diameter of branch pipe, V: the gas flow rate, etc.).
Accordingly, the experimental data were also processed here
according to these parameters.

During the experiment, the effect of branch angle on onset
entrainment was found correlated with the water level and
the balance of gravity and inertial forces. The Fr denotes a
dimensionless number that represents the ratio of inertial force to
gravity. Besides, the air chamber height h;, can represent the water
level. Thus, the experimental parameters used in the research
regarding the effect of branch angle on the onset point of liquid
entrainment are Fr, and the dimensionless air chamber height
hy/d of the branch pipe. Moreover, the effect of branch size on
onset entrainment was found correlated with the water level
and the gas phase velocity. The experimental parameters in the
research regarding the effect of branch size on the onset point
of liquid entrainment used are the gas phase velocity V3, at the
branch pipe entrance and the air chamber height hy,.

RESULTS

Based on the study of Lee et al. (2007) and Lu et al. (2018), we
obtained the experimental data of other pipe sizes. As shown
in Table 1 of the Appendix, we presented our experimental
data and the data of other pipe sizes. Our analysis is based on
these data.

The Effect of Branch Angle

We analyze the effect of branch angle on the onset of liquid phase
entrainment by drawing upon the comparison of the results of
Lee et al. (2007) and Lu et al. (2018). As shown in Figure 2C,
given the experimental data acquired, Fry (og/ Ap)°® with hy/d
relationship curves were plotted in this study. As showed in
the experimental data: at constant 6 value, the air chamber
height h;, of the onset of liquid entrainment increases with Fr,
increase; under the identical air chamber height, the onset of
liquid entrainment requires larger Fr, when the angle of the
branch decreases in the horizontal direction.

As shown in Figures 2A,B,D, there are experimental data
to curves of the other three branches. By comparing the
experimental data, the onset point law of liquid entrainment
of all branch sizes with the variation of angle is consistent. At
constant 6, the Bernoulli effect increases with Fr, increase, and
therefore the gas phase exerts a greater inertial force on the
liquid phase in the presence of the onset. Besides, the water level
requirement in the main pipe will be reduced, accordingly, the air
chamber height hj, of the onset of liquid entrainment increases
with Frg increase.

As shown in Figure 2E, under the identical water level, the
component of the inertial force in vertical direction will be
smaller with the same Fr, when the angle of the branch decreases.
According to the balance of forces, to achieve the presence of the
onset of liquid entrainment, a greater inertial force is required

to overcome gravity; thus, it requires larger Frg. Lastly, the result
presents that the h;, of the onset increases with Fry increase.

The Effect of Branch Pipe Size

As shown in Figures 3A-D, respectively, under the fixed angle,
the relationship curves of the gas phase velocity V3, with the
air chamber height h;, were plotted. The data indicate the laws
as follows: the air chamber height hjat the onset of liquid
entrainment increases with the increase in gas velocity Vig; at
the identical air chamber height, the smaller the branch pipe
diameter, the greater the gas phase velocity will be generally
required for the onset. The explanation for the law that
rises with the increase in V3, has been stated in the previous
section and will not be repeated here. Under the identical air
chamber height, the gas phase velocity at the onset of liquid
entrainment increases with the decrease in branch pipe diameter,
the explanation for which are as follows:

In accordance with fluid mechanics, the flow resistance of
a pipe is inversely proportional to the diameter of the pipe;
accordingly, the smaller the pipe diameter, the greater the flow
resistance will be (Kong, 1992). Moreover, the force exploited to
balance the flow resistance is exerted by the dynamic head of
the gas. When the flow resistance of a fluid under the identical
entrance conditions in the pipe is greater, the dynamic head loss
of the gas will be comparatively larger, the Bernoulli’s equation is
expressed as

2 2
v 1%
Pi+ pgh + = = Py + pghy + 2=C 3)

where P denotes the fluid static pressure, p is the fluid density, v

2
is the fluid velocity and Z5-is the dynamic pressure, and h is the
fluid location. In this study, h exerts almost no effect; thus, the
Bernoulli’s equation is expressed as:

2 2
o1 oV2
=+ =c 4
=P+ 2 @

Py +

The Bernoulli’s equation reveals that when the smaller the
dynamic pressure, the larger the static pressure will be. In this
study, under the same branch pipe entrance air velocity, the flow
resistance of the gas-phase fluid varies with branch diameter, the
diameter of is 16 mm leads to the maximum flow resistance, and
the diameter of 56 mm leads to the minimum flow resistance.
According to the mentioned principle, under the identical air
chamber height and the identical entrance air velocity, when the
branch pipe is smaller, the fluid resistance will be larger, the loss
of dynamic pressure will rise, the static pressure P will increase; as
a result, the pressure difference between the gas-liquid interface
and the branch pipe will decrease. Accordingly, the liquid
entrainment onset is difficult to occur, and the onset point of
liquid entrainment requires higher gas phase velocity V3.

CONCLUSION

In this study, the mechanism of onset was observed by a
visualized experimental facility.
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FIGURE 2 | Comparison of entrainment onset data at different branch angles (Lee et al., 2007; Lu et al., 2018) (A) d = 16mm, (B) d = 24.8 mm, (C) d = 31 mm, and
(D) d = 56 mm (E) diagram of force balance.

The effect of branch angle on the law of onset is studied
in this paper. This study found that the onset point law of
entrainment with the angle change is consistent. With the
decrease in the angle between the branch pipe and the horizontal
direction, the onset requires larger Fr, under the identical h;,.

The component of the inertial force in the vertical direction
will be smaller with the same Fr, when the angle of the
branch becomes smaller, according to the balance of forces, to
make the onset of liquid entrainment occur there must have a
greater Fr.
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FIGURE 3 | Comparison of entrainment onset data at different branch sizes (Lee et al., 2007; Lu et al., 2018) (A) Branch angle: 30°, (B) Branch angle: 45°, (C)
Branch angle: 60°, and (D) Branch angle: 90°.

Under 6 as a constant value, the study regarding the effect of
the branch pipe size on the onset of liquid entrainment reported
that the onset of smaller branch pipe requires larger V3, with
the identical air chamber height. Since the flow resistance of
different branches is different, the smaller branch has greater
flow resistance, and the gas dynamic head helps remedy the
flow resistance, thereby causing the Bernoulli effect weaker;
subsequently, the onset of liquid entrainment requires larger V3.
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NOMENCLATURE

Greek symbols
Ap

Pg

0

Subscripts

g

b

39
Abbreviations
LOCA

Diameter of main horizontal pipe

Diameter of branch pipe

Froude number

Gravitational acceleration

Distance between two-phase interface and branch centerline
Gas phase velocity

Gas-liquid density difference
Gas phase density
Branch angle

Gas
the onset point of liquid entrainment

gas phase at the branch entrance

Loss of coolant accident
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