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Abstract. In order to put forward some feasible suggestions for the air emission in water
transmission pipeline, this article mainly studies the bubble velocity under bubble flow scenario in
the horizontal water transmission pipe. It was assumed that the bubble in the horizontal pipe could be
regarded as a rigid body with a spherical shape, and the concept of sliding friction was introduced
into the stress analysis to represent for the interaction between the bubble and the pipe wall. Taking
all the forces on the bubble into consideration, a completely theoretical model was established to
calculate the bubble velocity. During the experiments, the method of continuous photographing was
employed to record the bubble size and velocity, and the experimental data was used to verify the
accuracy of the model. It was found that the experimental data fitted well with the theoretical model
after multiplying a correction factor. Ultimately, the corrected model was used to study the effects of
pipe diameter, pipe variety, pipe pressure and temperature on the bubble size and bubble velocity,
and it was proposed that more air release valves should be installed at the terminal part of the water
transmission pipeline for air emission.

Introduction

Gas-liquid two-phase flow is a normal state in the water transmission pipeline, and the presence of
air will not only increase energy consumption for water supply, but also lead to pipe burst at some
locations during the hydraulic transition process when the air volume reaches a certain extent. In
order to provide some feasible suggestions for the air discharging, it is necessary to know the
characteristics of bubble motion in the water transmission pipeline. Consequently, study on bubble
velocity in the horizontal pipe is conducive to understand the characteristics of bubble motion.

Many other industries, e.g. the petroleum industry, have conducted a lot of research on bubble
velocity in the pipes with different diameters and different angles. The slip velocity between bubble
and water could be calculated using a theoretical method, which needs to know the average void
fraction at the pipe cross section by using optical fiber probe technique [1] or the electrical resistance
tomography technique [2] and so on. In theory, it is a reliable method to obtain the bubble velocity at
a certain position, but it is difficult to apply these techniques into real world application, because the
measurement of the average void fraction may be inaccurate due to the asymmetrical distribution of
bubbles at the pipe cross section. Moreover, the high-speed photography technology [3] as well as
the particle image velocimetry technology [4] has been widely utilized to detect the bubble velocity,
which needs the pipes to be transparent and has stringent requirements on the photographing light
source. Thus, all the technologies mentioned above have some limitations.

Scholars have combined dimensional analysis with the experimental data and proposed some
semi-empirical and semi-theoretical formulas to calculate the bubble velocity. In the inclined upward
section of the water transmission pipeline, the air could be easily taken away due to buoyancy. In the
horizontal pipe, Benjamin and Bakopoulos proposed a dimensionless number of 0.54 as the
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minimum flow rate for the bubbles starting to move; while Corcos suggested a dimensionless
number of 0.484 for small diameter tubes [5]; and according to Escarameia’s experiment [6], the
critical velocity for bubble motion in the horizontal pipe was about 0.8 m/s, which was multiplied by
a safety factor of 1.1. Therefore, the air could not be easily taken away when the water velocity is too
small.

Actually, the air is most likely to accumulate in the inclined downward pipe because the buoyancy
and the movement are in the opposite direction. As a result, study on bubble motion in the inclined
downward pipe is much more than that in the inclined upward pipe or horizontal pipe, which has
some reference significance for the bubble motion in the horizontal pipe. In the inclined downward
pipe, it was considered that the air could be taken away when the water velocity was greater than the
critical velocity v, which could be expressed as a dimensionless Froude number of v./(gD)"? [7,8].
Further on, the critical velocity was thought to be a function of Froude number, Reynolds number,
pipe angle and surface tension [9]. Pozos [5] proposed a formula for the critical velocity through
experiments taking the bubble size into account. Liu [10] thought the critical velocity for a single
bubble was regardless of the bubble size in large-diameter pipes and proposed a minimum Froude
number instead of the critical Froude number in rough pipes. Pothof and Clemens [11] proposed two
formulas as the criteria for the flow regime transition in the inclined downward pipe. The air removal
in the inclined downward pipe mainly rely on the water flow rate or the hydraulic jump at the bottom
of an air pocket, and researchers have proposed different formulas for the calculation for the air
entrainment by hydraulic jump under different conditions [12,13,14,15].

Since too much study has been done on the bubble motion in the inclined downward pipe, and
most parts of the water transmission pipeline appear to be horizontal or near horizontal, then study on
bubble motion in the horizontal pipe could be equally important for the air removal. This article takes
all the forces on the bubble into consideration and emphatically discusses the bubble velocity under
bubble flow scenario in the horizontal pipe.

Test rig and Methods

Test Rig. The diagram of the test rig can be seen in Fig. 1. The test rig is a circulating water supply
system. The total length of the pipeline in the system is approximately 50 m, and the inner and outer
diameters of the pipe are 0.09 m and 0.11 m respectively. Most part of the pipeline is 0.6 m high
above the ground except three special parts: the upward inclined part (length: 1.4 m, angle: 45°), the
horizontal part (length: 8 m, height: 1.6 m), and the downward inclined part (length: 1.4 m, angle:
-45°). The pipeline is made of transparent plexiglass for easy observation. The flow is controlled by
an electric control valve and measured by an ultrasonic flowmeter. The air is injected into the
forepart of the pipeline by an air compressor and measured by a gas rotameter.
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Fig. 1 diagram of test rig

Methods. In the experiment, an industrial camera (SONY XCD-SX910) was used to record images
continuously from the high angle and the side angle of the pipe to capture the flow regimes of
air-water two-phase flow and the motion of the bubbles, and the frame rate was set at 15 fps. In order
to avoid the spray light, the camera was placed in an enclosed area with a light-proof cloth covering
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over a shelf. The illuminant for photographing was a rectangular light box (length: 1.2 m, width: 0.2
m) which can emit homogeneous white light, and it was always placed opposite to the camera lens.
The distance between the pipe and the camera lens was always maintained at 0.7 m for the best photo
effects. Firstly, the camera was placed at the side of the upward inclined pipe to capture the bubble
motion in the static water. Secondly, the camera was used to capture the images of flow regimes and
bubble motion in the horizontal pipe from the high angle, and the position for shooting is located at 5
m away from the upstream pipe elbow in order to make the air-water flow develop completely. 18
different water flow rates and 8 different air flow rates were picked out as the experimental operating
conditions. The water flow rate ranged from 0 to 3 (m/s) and the air flow rate were discrete values
which are 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5 and 4.0 (m®/h). Finally, the images taken in the experiment
were used to analyze the bubble size and bubble velocity by using the image processing software
(LabVIEW Vision Assistant, a scale ruler was placed beside the pipe which was helpful to identify
the bubble size and the displacements of the bubbles), at the same time, the flow regimes in the
horizontal pipe could be clearly observed.

Results and Discussion

Model Establishment. It is assumed that the bubble is a rigid body and would not change its shape
during the motion process, so the friction between bubble and pipe wall can be calculated by the
sliding friction formula. Viscous forces and surface tension do not play an important part in the water
transmission pipe so that can be neglected. The diagram of force analysis of a bubble in the inclined
upward pipe is shown in the Fig. 2.
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Fig. 2 diagram of force analysis of a bubble in inclined upward pipe

When the bubble is in a steady motion state, it is in the equilibrium condition of forces which
includes gravity (mg), buoyancy (%), drag force (F;), supportive of wall (), and friction of wall (f).
According to Newton’s second law of motion, it can be obtained:

F,sin0—F,—mgsind—f=0. (1)

(i) F, = p,gV,, pw is the water density, 10° kg/m® g is the acceleration of gravity, 9.8 m/s* Vyis
the volume of the bubble.

_ 2
(i) F, = CdeWAb, C, is the drag force coefficient that is related to Reynolds number.

The Reynolds number calculated from the slip velocity between the bubble and the water generally
ranges from 10°to 10°in the water transmission pipe. Assuming the bubble is a sphere, C, can be
regarded as a constant of 0.45; v,, is the water velocity; v, is the bubble velocity; 4, is the projected
area of the bubble that is perpendicular to the flow direction.
(iii) mgsin@ ~0, which is due to the small density of air, so that the gravity of the bubble can be
ignored.

(iv) f=uN=uF,cos@, N=F,cosd—-mgcosd~F,cosd, u is the sliding friction coefficient
between the bubble and the pipe wall; 6 refers to the inclined angle between the pipe and the
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horizontal direction, and when the water flows in the inclined upward pipe, @ >0, while the water
flows in the inclined downward pipe, €<0.
Thus, Eq. 1 can be reduced to:

2aV, |sin@— ucosé
Vbszi\/ g b| )u | . (2)

C,4,

Eqg. 2 is a general expression of the bubble velocity for all angles from 0°to 90°, and it is
concluded that the bubble velocity in the inclined upward pipe is related to the inclined angle and the
sliding friction coefficient between the bubble and the pipe wall.

Hesketh et al. suggested an expression to describe the mean diameter of the bubbles under bubble
flow as follow [16]:

/'IW’I v

0.6 0.5
;706 o, D
d, =0.8556(We.,,) pr°-3pg°-2 01}[ T j €)

dyis the mean diameter of the bubbles; We'.,;;is the critical Weber number of 1.1 which is obtained
through experiments; o, is the surface tension of water which takes a constant value of 72.8x10°
N/m when the temperature is 20 ‘C; p, is the density of air and can be expressed as Eq. 4; ., is the
coefficient of dynamic viscosity of water that is related to the temperature, which is expressed in Eq.
5.

b —1.203x H+1034)( 27315 ) @
: 10.34 )\ T+273.15
#, =(1.79155-0.061197 +0.001487"* ~1.88889x10 °T° ) x10° (0 < T <30). (5)

H is the pipe pressure (m); 7 is the temperature of water (‘C). Supposing the bubble is a sphere
with a diameter of d, and € = 0°, Eq. 2 can be simplified as:

v, =V, —+/29.037 ud, . (6)

From the above, the bubble velocity in the horizontal water transmission pipe under bubble flow

condition can be calculated through Eg. 2, Eg. 3, Eg. 4 and Eq. 5.
Model Verification. The sliding friction coefficient between the bubble and the pipe wall can be
obtained through the experiment of bubble motion in the inclined upward pipe. The diagram of
bubble sizes can be seen in Fig. 3. The statistical data of bubble sizes and the bubble velocities in the
experiment are shown Table 1 and Fig. 4.
A

Vinterface

Fig. 3 Diagram of bubble size in inclined upward pipe
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Table 1 Statistical data of bubble sizes

NG, size | L [mm] do[mm]  di[mm]  A,[cm? Vs [emY]

1 53.10 29.14 42.11 17.84 31.57
2 52.67 26.75 41.13 15.85 27.82
3 43.57 20.25 37.58 10.71 15.56
4 58.52 27.4 41.42 16.38 31.96
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Fig. 4 Experimental data of bubble velocity in inclined upward pipe

The mean value of x can be calculated by taking the experimental data in the inclined upward pipe
into Eq. 2, and the mean value of x equals to 0.53. The experimental data in the horizontal pipe is
listed in Table 2, and if taking the experimental data and calculated x into Eq. 2, Eq. 3, Eq. 4 and Eq.
5, it can theoretically obtain the bubble velocities and bubble diameters which are also listed in Table
2. The comparison of theoretical data and experimental data is shown in Fig. 5.

Table 2 Experimental and theoretical value of bubble size in bubble flow scenario

NO. 1 2 3 4 5 6 7 8 9
water velocity [m/s] 181 193 206 218 232 242 258 284 296
pipe pressure [M] 277 318 360 399 442 479 538 645 6.87

experimental data [mm] 6.0 5.6 5.2 5.0 4.6 4.4 4.1 3.7 35
Theoretical data [mm] 6.59 6.11 564 527 490 466 431 383 3.63

As Fig. 5a shows, the experimental values for mean bubble diameter are slightly smaller than the
theoretical values. However, the error between them has little effect on the calculation of bubble
velocities as shown in Fig. 5b. During the experiment, when the water velocity was greater than 2.5
m/s, it was difficult to identify the bubble velocity by image analysis due to the unstable bubble
clusters, so that available experimental data is less than theoretical data as Fig. 5b shows. It is also
shown in Fig. 5b that the experimental values are proportional to the theoretical values. Therefore, in
order to obtain a more accurate result, Eq. 6 is corrected by multiplying a correcting factor of 0.93,
and then Eq. 6 becomes:

v, =0.93x (v, —/29.087 1ud,) . ()
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Fig.5 Comparison of experimental and theoretical data on mean bubble diameter and bubble
velocity under bubble flow scenario

Model Application. The effects of pipe diameter, pipe pressure, pipe material and temperature on
the bubble diameter and the bubble velocity were discussed and analyzed, and the results are shown
in Fig. 6. The sliding friction coefficient x was obtained through experiments as mentioned above,
but it is unrealistic to obtain the coefficients for all the other pipe materials. It is known that x is
positively correlated to the roughness of the pipe wall, thus, assuming x is proportional to the
roughness coefficient of the pipes, then the sliding friction coefficients of different pipes can be
calculated in Table 3 on the basis of the plexiglass pipe’s .
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Fig. 6 Effects of pipe diameter, pipe pressure, pipe material and temperature on the bubble

diameter and the bubble velocity
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Table 3 sliding friction coefficients of different pipe materials

pipe materials roughness coefficient Sliding friction coefficient
plexiglass pipe 0.01 0.53
polyethylene pipe 0.009 0.477
prestressed reinforced concrete pipe 0.014 0.742
galvanized steel pipe 0.016 0.848
new cast iron pipe 0.012 0.636
new welded steel pipe 0.011 0.583

In Fig. 6a, under the flow conditions of v,, is 2.5 m/s, His 0 m, and 7' is 10°C, the mean bubble
diameter increases and the bubble velocity decreases as the pipe diameter increases. The air is more
difficult to be taken away in the pipe with large diameter. In Fig. 6b, under the flow conditions of v,,
is25m/s, Dis1m,and Tis 10°C, the mean bubble diameter decreases and the bubble velocity
increases as the pipe pressure increases. The bubbles in the area with low pressure cannot be easily
taken away. In Fig. 6¢, under the flow conditions of D is 1 m, His 0 m, and 7 is 10°C, the bubble
moves more slowly in the rougher pipe. In Fig. 6d, under the flow conditions of Dis 1 m, HisOm,
and u is 0.74, the mean bubble diameter increases as the water temperature rises, and temperature has
little effect on the bubble velocity.

Conclusion

In this paper, a model for calculating bubble velocity in the horizontal pipe under bubble flow
scenario is established on the basis of theoretical stress analysis. Although the calculated results of
the model have a little difference with the experimental data, and after correction it is completely
feasible to calculate the bubble velocity in the actual engineering. The model tells that the air in the
pipes with large diameter or coarse inner surface is relatively difficult to be taken away by water. The
model also shows that the greater the bubble diameter is and the slower the bubble moves. In addition,
it is suggested that more air release valves should be installed at the terminal part of the pipeline
where is in a low pressure area because the air moves more slowly in the low pressure areas.
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