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ARTICLE INFO ABSTRACT
Keywords: Bubble column offers various advantages compared to other devices in the chemical process industry, which was
Bubble formation used as a fine particulate and sulfuric acid mist control device. Bubble formation behaviors, including volume,

Dynamics
micro-capillary
Visual experiment

diameter and velocity, were systematically investigated in the single submerged micro-capillary test bed under
constant flow conditions by using the high-speed optical camera in this paper. Besides, force model of the bubble
forming process was established based on the experimental results. It was found that the formed bubble turned to
be elliptical and bubble shape was independent of the gas flow rate under the conditions of this study. In
addition, bubble velocity was found quickly reached the highest level, then decreased, and eventually tended to
be stable (0.02-0.1 m/s). By analyzing the bubble forces, it was found that pressure force Fp, surface tension force
Fs and buoyancy force Fp played different roles in different bubble formation process. These results can provide
detailed parameters for the modeling of bubble formation process under the test conditions.
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1. Introduction

The bubble formation process is important to many gas-liquid op-
erations that is found in chemical processing, biochemical operations,
metallurgy and waste water treatment [1,2]. In most of these applica-
tions, bubble formation is accompanied by heat and mass transport
processes. Actually, the understanding of bubble behavioral mechanism
on transport processes must originate from the research on bubble dy-
namic behaviors. Basically, the dynamic behaviors of bubbles, especially
their formation, interaction and coalescence, depend on capillary
diameter, gas flow rate, gas flow pressure, liquid physical properties and
so on [3,4]. Up to now, a great number of experimental and simulation
studies have been conducted on the behaviors of bubble formation
process. For instance, Zhang et al. [5] studied the nonlinear dynamic
behaviors of bubbles (formation, interference, collision and coales-
cence) formed from a submerged orifice with a diameter of 2 mm, and a
new comprehensive theoretical model is developed. It was found that
the departing period and bubble size were influenced by the wake of
previous bubbles. Liu et al. [6] investigated the chaotic bubbling
mechanism in a gas-liquid bubble column with a single nozzle with a
diameter of 1.2 mm, and the nonlinear bubbling hydrodynamics were
studied. It was found that the periodic bubbling gradually developed to
random bubbling with increasing gas flow rate. Yang et al. [7] investi-
gated the bubble formation behaviors with a single nozzle with 1.585
mm in diameter, and a model takes into consideration various forces was
set up. It was found that the initial bubble size in liquid was determined
through the balance of various forces, including buoyancy force, gas
momentum force, bubble inertial force, surface tension force, liquid
viscous force, and basset force. Kogawa [8] and Saeid [9] observed the
bubble formation behaviors in liquid mercury with a micro-capillary
with 100-110 pm in diameter. They found that the bubble formation
and detachment behaviors on a micro-capillary were quite different
from those on a typical millimeter scale capillary. Besides, many studies
endeavored to understand the mechanism of the bubble formation
process and the influence of processing parameters. Kumar [10] and Lin
[11] studied the bubble formation process on a horizontal plate. They
found that the contact angle had great influence on the bubble formation
process. Davidson [12] showed that the bubble size was approximately
proportional to the square root of the orifice diameter. Keitel [13]
observed that the bubble size decreased with the addition of small
amounts of organic compounds to liquid phase. Most of the above
mentioned literatures mainly focused on the bubble dynamic behaviors
formed on millimeter scale capillary. However, the bubble formation
and detachment behaviors on micrometer scale capillary are quite
different from that on millimeter scale [14], such as bubble departure
volume, departure time and so on. Few studies had investigated the
detailed formation parameters of bubbles formed on micrometer scale
capillary. Furthermore, the effect of various forces, involved in bubble
formation, on the bubble formation process are not understood.

In this paper, the detailed formation parameters (volume, diameter,
velocity, etc) of bubbles formed on a submerged micro-capillary under
different flow rates were investigated in the water-air system experi-
mentally. Meanwhile, a force balance model in the bubble formation
process was established, and the forces analysis were carried out ac-
cording to the experimental results. These results can provide necessary
information for modeling and simulation of the bubble formation
process.

2. Experimental setup

The schematic diagram of bubble formation behaviors on a sub-
merged micro-capillary under constant flow is shown in Fig. 1. The
experimental system includes a two-dimensional bubble column, a gas
supply system and a real-time photogrammetric measurement system.
The bubble column is a transparent polymethyl methacrylate material
vessel with a cross-section of 200 x 20 mm and is open to the
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Fig. 1. Schematic diagram of experimental set-up.

atmosphere at top. It was filled with de-ionized water to a height of 200
mm unless mentioned otherwise. The depth (20 mm) of the vessel is 1/
10 of the width (200 mm) so as to ensure that the bubble pattern has
little change along with the depth [15,16]. Besides, the wall effects are
negligible since the vessel depth is about 8 times of bubble diameter
[17]. A ready-made stainless-steel micro-capillary with precision pol-
ishing and clearing (the inset figures in Fig. 1) was fixed at the bottom of
the vessel. Four kinds of micro-capillary (Table 1) with different di-
ameters were tested in this experiment. Air was supplied into the micro-
capillary by a syringe pump, the line velocity was controlled in a range
of 5-50 mm/min. The flow rate was controlled in the range of 0.1-0.2
ml/s, and the actual flow rate Qg can be calculated experimentally. With
the help of a cool lamp (KWS 250 W), a high-speed digital camera
(Phantom V311) with a magnification lens (Olympus 5x) was used to
record the detailed evolutions of the bubble shape during the bubble
formation process, the frame grabbing speed is 3200 frames/s and the
resolution is 1280 x 800 pixels. Finally, digital photographs were pro-
cessed and analyzed by using image processing technology [18].

3. Force analysis during bubble formation

The bubble formation process is governed by different forces namely
buoyancy force Fg, pressure force Fp, gas momentum force Fy, surface
tension force Fg, drag force Fp and inertial force F; [19]. Among all the
forces mentioned above, they can be divided into the detaching force
and the attaching force according to their effects on the forming bubbles.
Among these, the surface tension force, drag force and inertial force
serve as an attaching force that hold bubble to the capillary, while the
buoyancy force, pressure force and gas momentum force serve as a
detaching force that pulls bubble from the capillary. The schematic di-
agram of the mentioned forces acting on the forming bubble in liquid is
shown in Fig. 2 and a brief theoretical description of all these forces is
given below.

In the calculation of those forces, the volume of the bubble is a
prerequisite. Assume the bubble shape is spherical. Therefore, the
buoyancy force Fg acting on the forming bubble of diameter d is written
as [20]:

1
F =gﬂ(pl—pg)dh3g €8]

where p; and p, are the densities of liquid and gas respectively, g is the
gravitational acceleration constant which is 9.81 m/s2.

For a bubble completely surrounded by liquid, the net pressure force
is zero (Fp = 0). However, when the bubble attaches to a surface, the
pressure force is unbalanced over the attached area. According to the
Young-Laplace equation, the pressure difference between the inside and

Table 1
Parameters for micro-capillary.
A B C D
Inner diameter d; mm 0.16 0.33 0.67 1.4
Outer diameter d, mm 0.31 0.63 1.07 1.8
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Fig. 2. Schematic diagram of forces acting on the forming bubble.

outside of a bubble is:
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The pressure force Fp exerted is [21]:

46 (d\?
F,= d_;,ﬂ(3> 3

where P; and P, are the pressures of liquid and bubble gas respectively, o
is the surface tension, d; is the capillary diameter.
The gas momentum force Fy; is due to the flux through the capillary.
It can be calculated as [22]:
s’

Fy = /’gW (€3]

where Qg is the constant flow rate. Generally, Fy is small and can be
ignored, except at high pressures and at high gas flow rates.
The surface tension force Fs can be written as [9]:

Fs = Gﬂ'disil’l9 (5)

where 0 is the supplementary angle of contact angle, and it can be ob-
tained by analyzing the acquired images.

The inertia force F; is due to the acceleration of bubble and the
pertinent liquid, and is expressed as [23]:

11 Vv, —0.66
2 b
Fr =05 <Pg + EP[) 2@ ©)

4r.

where Vj is the volume of the bubble.
The drag force Fy is due to the move of the bubble with a center
velocity Up can be described as:

T Piyy 2
F, =24 c™
d 4d;, C 2U;7 (7)

As the liquid flows by, a shear-lift force is exerted on the bubble due
to the velocity difference between two phases, which serves as a drag
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force. The drag force Fg, due to the wake of the previous detached
bubble with a impressed velocity v, can be described as [24,25]:

To2~P 2
Fa = 2d,2Ct,
dw 4db c Y (€)]
s, — hp) 2/3
vy =1, 2—2L (C)]
! (hp - Sf

where v, is the velocity of the previous detached bubble, S, is the dis-
tance of the capillary to the previous detached bubble center, h, is the
distance of the capillary to the lower surface, Sy is the distance of the
capillary to the forming bubble center.

Combining these two kinds of drag forces to one term, the overall
drag force Fp exerted on the forming bubble with can be described as:
FD = Fd +Fdw = Zdb2C&Ueff2 = EdeC&(Ub - l/w)‘Ub - l/w| (10)

4 2 4 2
where Ue is the relative velocity of the bubble to liquid, C is the drag
coefficient of a bubble moving through the liquid phase, the drag coef-
ficient used here is given by:

{24/Reb 107 < Re, <2,
C ={ 18.5/Re,”® 2 < Rey, <500, 11)
0.44 500 < Re, <2 x 10°.
where Rej, is Reynolds number based on bubble diameter, Rep = dyUef/71
and y; is the kinematic viscosity coefficient of the liquid phase. In this
paper, the effect of the bubble shape on the drag coefficient was not
considered due to the low Reynolds number and small ratio of length to
diameter [26], which may lead to a bigger calculation value of bubble
drag force than its actual value [27].

Net force Fy acting on the forming bubble is obtained by summing up
all the forces from Egs. (1)-(10) and can be expressed as follows:

Fy=Fg+Fy+Fp—Fs—F —Fp 12)

4. Results and discussion
4.1. Single bubble behavior

In this section, the experiments were conducted at a constant gas
flow rate of 1.02 x 10™* cm®/ms with a micro-capillary diameter of
0.16 mm. The detailed structural parameters of forming bubble versus
time are shown in Fig. 3. In this paper, the moment that bubbles de-
tached from the micro-capillary is taken as the origin time (T = 0 ms). As
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Fig. 3. Structural parameters of forming bubble versus time.
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also shown in Fig. 3(a), the bubble volume increases almost linearly with
time, which exhibits that the gas flow through micro-capillary is con-
stant. At this gas flow rate, the detached bubble is sufficiently far from
the bubble growing at the micro-capillary and the formation of bubble is
not influenced by the wake behind the detached bubble, this regime of
bubbling is known as the single bubbling regime. As also shown in Fig. 3
(b), the minor and major axis of bubble increase with time and the
overall variation trend is the same for both axes. Besides, the growth rate
of the major axis is higher than the minor axis. It is also observed that the
ratio of the minor axis to the major axis decreases from 3.5 to 0.85,
which means that the bubble deforms and turns to be an elliptical shape
throughout the bubble formation process.

To better understand the dynamics of bubble formation process, the
movement characteristics and forces analysis are conducted in Fig. 4.
Fig. 4a shows the evolution of the displacement of bubble mass center. It
can be seen that the mass center displacement increases with time and
the evolution of the displacement can be divided into three stages. Stage
1 (—45 ~ —42.5 ms): the displacement slowly increases with time. Stage
2 (—42.5 ~ —35 ms): the displacement increases significantly with time.
Stage 3 (—35-0 ms): the displacement increases almost linearly with
time. The results showed that stage 3 was the dominant phase during the
bubble formation process, which was quite different to that performed
by Jian [28] with a millimeter diameter capillary. For the millimeter
scale diameter capillary, stage 1 was the dominant phase during the
bubble formation process. Corresponding to the mass center displace-
ment, the mass center velocity is also present in Fig. 4a. It quickly in-
creases to the highest level, then decreases, and eventually tends to be
stable (Up =~ 0.025 m/s). To further understand the change in mass
center displacement and velocity during the bubble formation process,
the forces acted on bubble are reported in Fig. 4b. It was observed that
the forces Fy, Fp, Fs change slightly with time but the forces Fp, Fp, F;
change significantly with time. The net force Fy act on the bubble is also
reported in Fig. 4b. Note that the Fy equal to zero at two moments (T =
-41 ms and T = —17.5 ms) and three regions (labeled I, I, III) can be
divided by these two moments. At region I, Fp is obviously larger than Fj,
Fg, Fp. Besides, the Fy is greater than zero (Fy > 0), which indicates that
the bubble moves upwards with increasing velocity. In this region, the Fp
tends to pull the bubble from the micro-capillary. The bubble volume
increases with time, which gives rise to the rapid decrease of Fp and

0.15 T T T T T T T T 0.25
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Fig. 4. Movement characteristic (a) and forces analysis (b) of bubble
versus time.
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gradual increase of Fp. Then the bubble formation process goes into the
region II, during which the Fy is less than zero (Fy < 0). In this region,
the Fg plays a dominating role to hold the bubble to the micro-capillary
and dissipate the bubble’s kinetic energy. During the final region III, Fy
is greater than zero (Fy > 0) and Fp is higher than any other forces. The
Fp becomes a major force to pull bubbles out of the micro-capillary until
the detachment is achieved.

4.2. Effect of gas flow rate on bubble behavior

The gas flow rate significantly affects the bubble formation and
interaction, leading to various bubbling periods. Therefore, the effects of
gas flow rate on bubbling behaviors were investigated with a capillary
diameter of 0.16 mm in this part of the paper. At a low gas flow rate,
bubbles were formed above the micro-capillary at a regular interval of
time (44.4 ms) and this regime of bubbling is known as the single
bubbling (Fig. 5a). With an increase in gas flow rate, the bubble for-
mation interval was decreased to 39.4 ms. The shape of the forming
bubble above the micro-capillary is affected by the wake behind the
leading bubble, especially in the initial stage of bubble formation. There
are two bubbles with different volumes coexist in this period and they
will not coalesce with each other. This regime is known as the bubbling
with pairing (Fig. 5b). With further increase in gas flow rate, the effects
of the wake behind the leading big bubble on the forming bubble
become so significant that the following small bubble forming at the
micro-capillary coalesces with the leading big bubble and forms a bigger
one. This regime is known as bubbling with coalescence (Fig. 5c).

Fig. 6a shows the variation of bubble volume at different gas flow
rates. The bubble volume almost increases linearly with time and it
grows rapidly at a higher gas flow rate before the bubble detaches from
the micro-capillary. As mentioned above, when the gas flow rate reaches
1.57 x 107* cm®/ms, the regime of bubbling with coalescence is
observed. There are two bubble volumes (A, B) coexist at the same flow
rate. Compared with other gas flow rates, the bubble formation period is
shorter and the volume of the detached bubble is smaller. Fig. 6b shows
the variation of the minor axis at various gas flow rates. The bubble axis
increases rapidly at the beginning of bubble formation and maintains a
steady growth in the subsequent stages. It is interesting to note that the
axis fluctuates slightly with time when the gas flow rate is higher than
1.15 x 10~* cm®/ms. This is because the wake behind the detached
bubble on the forming bubble becomes so significant in the regime of
bubbling with pairing and coalescence (the inset figures in Fig. 6b show
the effect of the wake of the detached bubble on the major axis of the
forming bubble).

Fig. 7 shows the bubble axis versus bubble volume under various gas
flow rates at a given micro-capillary of 0.16 mm, and it can be seen in
this figure that the bubble axis increases with bubble volume in a power
law. The bubble axis increases rapidly at the beginning of bubble for-
mation and maintains a subsequent steady increase until the bubble
detaches from the micro-capillary. It is also observed that the bubble
axis is almost the same for a given bubble volume at different gas flow
rates in this water-air system. This result indicates that the bubble shape
(major and minor axis) is independent of the gas flow rate in the range of
gas flow considered in this study.

To better quantify and analyze the effects of gas flow rate on the
bubble formation process, the bubble motion parameters are reported in
Fig. 8. Fig. 8a shows the variation of bubble mass center displacement S¢
under different gas flow rates. It shows that the tendency of Sy changes
with increasing gas flow rate. Compared with the process of bubble
formation at a low gas flow rate (1.02 x 1074 cmS/ms), the Sy increases
rapidly with time, and its evolution directly enters the second stage
when the gas flow rate is higher than 1.145 x 10~* cm®/ms. The
measured rise velocity of the forming bubble Uy, at different gas flow
rates is shown in Fig. 8b. The trend of Up remains the same over time,
rapidly increases to a maximum and then decreases. Besides, a higher
gas flow rate leads to a higher U, at the beginning of the second stage.
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When the gas flow rate exceeds 1.15 x 10~* cm®/ms, the influence of the
wake from the previous bubble cannot be neglected. Fig. 8c further
shows the variation of the calculated impressed velocity v,, at different
gas flow rates. And it reveals that the v,, increases with the increasing
gas flow rate. It is also noticeable that the impressed velocity decreases
with increasing time. This means that the wake of the previous detached
bubble has a significant effect on the beginning stage of bubble
formation.

In order to identify and quantify the forces involved in bubble motion
under different gas flow rates. It is instructive to first develop a general
expression for the total force on a bubble. The variation of forces during
the bubble formation process is shown in Fig. 9. It can be seen from these
figures, the major differences in forces between these two gas flow rates
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4 em3/ms) (¢) bubbling with

4 3
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Fig. 7. Variation of bubble axis with bubble volume under different gas
flow rates.

are Fjy and Fp. At larger gas flow rate, the Fy is higher throughout the
formation process (Fig. 9a). While the overall drag force Fp is smaller in
the first and second regions and bigger in the final region (Fig. 9¢). The
differences in Fp are mainly caused by the wake of detached bubble. In
the first and second regions, the v,, is higher at a larger gas flow rate (as
shown in Fig. 8), the relative velocity of bubble to liquid is reduced by
the wake of the detached bubble. In the final region, v, is lower, the
effect of detached bubble on the relative velocity of bubble to liquid
becomes weak. Fig. 9d shows the net force Fy at two gas flow rates.
When the Fy is higher than 0, the bubble was pulled away from the
micro-capillary. As shown in this figure, the Fy is higher in lower gas
flows at the same bubble volume.
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4.3. Effect of micro-capillary diameter on bubble behavior

In this section, the experiments at a gas flow rate of 1.02 x 10~* cm®/
ms are performed with different capillary diameters. The flow rate was
controlled by adjusting syringe pump line velocity and calculated
through the experimental data. Under this gas flow rate, the regime of
bubbling belongs to the single bubbling process. The variation of minor
axis d, and major axis d; with bubble volume V under different capillary
diameters d; (0.16, 0.33, 0.67 and 1.4 mm) are shown in Fig. 10a and
Fig. 10b, respectively. As shown in Fig. 10a, a power function relation
was found between the minor axis and the bubble volume. The minor
axis first increases rapidly and then sustains a subsequent steady in-
crease. Besides, it does not vary significantly with the capillary di-
ameters. However, it is also interesting to note that the minor axis
increases slightly with the bubble volume at the beginning of the bubble
formation process when the capillary diameter is 1.4 mm. This can be
attributed to the change of the capillary diameter. These results indicate
that the minor axis is restricted by the capillary diameter at the begin-
ning of bubble formation process and the minor axis is independent of
the capillary diameter at the end of the bubble formation process.
Fig. 10b further shows the major axis versus bubble volume, and it can
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be seen that the major axis is smaller with a larger capillary diameter at
the same bubble volume (the inset figures in Fig. 10b show the shape of
the bubble). The results show that the major axis is sensitive to the
changes in capillary diameter, and the bubbles, formed on a larger
diameter capillary, have better sphericity. Besides, the volume of the
detached bubble increases with the increase of capillary diameter at the
same gas flow rate.

Fig. 11 shows bubble mass center and velocity with bubble volume at
different capillary diameters. It can be seen that the bubble mass center
increases with increasing bubble volume, and the bubble mass center is
higher for the capillary with a smaller diameter at the same volume.
With regards to the bubble center velocity, it is observed that at the
beginning of bubble formation (V<0.002 cm™>), the bubble center ve-
locity quickly reaches a local maximum and then rapidly decreases.
Most of the time (V>0.002 cm™~3) during the bubble formation process,
the bubble rises at a constant velocity. The bubble center velocity is
about 0.03 m/s for the capillary with a diameter of 0.67 mm and 0.1 m/s
for the capillary with a diameter of 0.33 mm, the center velocity is
slightly higher at a smaller diameter capillary. These results indicate the
forming bubble center velocity can reach the constant value faster at a
bigger diameter capillary, and it can be concluded that the net force of
the bubble is higher for the capillary with a bigger diameter.

The bubble forces for capillary with different diameters are given in
Fig. 12. As shown in Fig. 12a, the capillary diameter significantly affects
the gas momentum force Fy and the surface tension force Fs, and a
bigger capillary diameter leads to a higher attaching force that holds the
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Fig. 11. Variation of bubble mass center and velocity with volume at different
capillary diameters.
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Fig. 12. Bubble forces analysis for capillary with different diameters.

bubble to the larger capillary. Therefore, at the beginning of bubble
formation process, a higher pressure force Fp will be applied to balance
the attaching force and pull the bubble off the capillary (Fig. 12b).
Moreover, it was noted from this figure (Fig. 12d) that the net force Fy
trends with bubble volume is the same, and the larger the capillary, the
greater the attaching force. When the capillary diameter is 0.33 mm, the
bubble volume of Fy = 0 is around 0.001 cm ™2, which means the bubble
center velocity reaches a local maximum at this point. The results are
consistent with the drawn conclusions in Fig. 11.

5. Conclusions

The detailed characteristics of bubble formation on a submerged
micro-capillary under different flow rate and diameter conditions were
investigated in this paper. Besides, the bubble force analysis during the
formation process is also conducted based on the experiment data. The
following conclusions are obtained:

1) The bubble deforms and turns to be an elliptical form, the growth
rate of major axis is higher than minor axis. Besides, the bubble shape
is independent of gas flow rate in this water-air system.

2) The velocity of bubble mass center quickly reaches the highest level,
then decreases, and eventually tends to be stable (U, ~ 0.025 m/s) in
the bubble formation process. Based on the force analysis, Pressure
force Fp, surface tension force Fs and buoyancy force Fp are the
dominating forces in different formation regions, respectively.

3) The gas flow rate mainly affects the gas momentum force Fjsand drag
force Fp, leading to various bubble formation stages. The wake of
previous detached bubble has a significant effect on the beginning
stage of bubble formation.

4) The capillary diameter significantly affects the gas momentum force
Fy and the surface tension force Fs, leading to a higher attaching
force that holds the bubble to the capillary. Meanwhile, the bubbles,
which formed on larger diameter capillary, have better sphericity at
same bubble volume.
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