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Abstract: The behavior of bubbles is observed with high-speed digital camera in watermodel. Tt is found that each

bubble has three processes: bubble formation, bubble coalescence and bubble division. Bubble shape is spherical

firstly, then elliptical and spherical crown after coalescence, and spherical again after division. These phenomena are

explained theoretically. And the bubble size is defined newly. The so-defined bubble size is measured through digital

camera and LECO graphical analyzer. And the measured results are compared with those in literatures.
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1 INTRODUCTION

The refinement of molten metal is an indispen-
sable part in aluminum/aluminum alloy foundry
and metallurgic industry. In refining process, gas
is often puffed into molten metal to act for de-oxy-
gen, dehydrogen and so on. The refining effects
are determined by the distribution and dimension of
gas bubbles. Accordingly, it is very important to
research the refining process to understand the
bubble formation and growth. But it is very diffi-
cult to know the behavior of gas-bubble in high
temperature metal melt. It has been known that,
the viscosity of liquid is the main factor influencing
the hydrodynamic behavior of gas bubbles'". Wa-
ter at 20 'C has a viscosity close to that of alumi-
num melt at 750 C, so that the hydrodynamic be-
havior of bubbles is similar in both cases. There-
fore, the process of gas-bubble formation and
growth is always studied in water model ™. A
great deal of efforts has been made to investigate
the behavior of bubble in liquid. However, it is
not understood profoundly by refining researchers
yet[s' o,

Through the observation with digital camera,
some have found that every two bubbles formed in
liquid coalesce as a big bubble. However, some
found that every three bubbles formed in liquid co-
alesce as a big bubble!” ¥ . With high-speed digital
camera, the coalescence process is also observed in
this paper.

Reynolds number is always used to estimate
the shape of bubbles. Sigworth et al” and Engh

et al''" pointed out that, bubbles in aluminum
would remain spherical with Reynolds number of
about 2 000. When the Reynolds number is larger
than 2 000, the bubbles would become ellipsoids or
wobbling ellipsoids. At very high Reynolds num-
ber, the bubbles would form spherical crowns. In
this paper, all of the three shapes are observed un-
der the same experiment condition.

In the aspect of bubble size, many researchers
have obtained many kinds of empirical equations
through a great deal of experimental data. The
theoretical deviation about the bubble size exists

51 Tn most of the theoretical

also in many forms
deviations, the bubble size is defined as the size
when the bubble separates from the gas inlet
(named as escape volume). Due to the coalescence
of bubbles, this definition is seen unreasonable by
some researchers recently. In their opinion, the
bubble size should represent the size of big bubble,
which is coalesced with two (or three) bubbles.
However, because of the bubble division after the
bubble coalescence, the bubbles before the division
are all unstable. Only the bubbles after the bubble
division are stable. Accordingly, the bubble size
should be defined as the size of the bubbles after
division. In this paper, the bubble size after the
bubble division is measured and compared with
that in literatures.

2 EXPERIMENTAL

Polyethylene tank is filled with water. The
gas is puffed into water through a standstill
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graphite rotary impeller head. There are four gas
pores in the end of the impeller head. The diameter
of gas-pores is 3 mm. The gas that is puffed into
water in the experiment is 99. 99% pure nitrogen.
When gas is puffed into water, a high-speed digital
camera is used to trace the bubble behavior. The
schematic diagram of the experiment is shown in
Fig. 1.

In the experiment, the gas-flow rate is 0. 157
L/s. The depth of the inlet gas-pore in water is
300 mm. The ambient light comes from a 1300 x 2
AC lamp. The operation parameters of high-speed
camera are listed in Table 1.

3 OBSERVED RESULTS

3.1 Before bubble formation

During the time that the gas has started being
puffed into water but gas-bubbles have not
formed, the observed results can be seen in Fig. 2.
It is known that the gas is in the iterative state, in

which the gas tries to push water outwards to form

bubble but fails.

3.2 Process of first bubble formation
The observed result can be seen in Fig. 3. The
gas pushes the water and forms the first bubble in

the shape of spherical. And the bubble grows up
with the time going on.

Under the pressure betw een the inclined plane
of the graphite tube and water, the bubble is
squeezed as flat shape on the inclined plane of
graphite tube (at 1= 469/2 000 s). And the flat
bubble grows in the lateral direction. When the
flat bubble grows to the edge of the inclined plane,
the bubble shape becomes spherical again because
the barrier of the inclined plane in vertical direction
disappears there (at t= 494/2 000 s and 549/2 000
s). When the time is 591/2 000 s, an entire bubble
forms and it separates the inclined plane and fillis-
ter entirely and rises vertically.

3.3 Second bubble

This process can be seen in Fig. 4. After the
first bubble separates the inclined plane and fillis-
ter, the first bubble shape changes from spheroid
to spherical crown (at t= 657/2000s). In the
meantime, the second bubble grows up. And the
second bubble is “absorbed” by the first one when
it grows to a definite size. The two bubbles coa
lesce as one bubble in the shape of mushroom ( at
t= 710/2000s). Then the coalescent bubble shape
changes gradually from mushroom shape to spheri-
cal crown shape again (at t= 746/2 000 s) .

Fig. 1 Schematic diagram of experimental set-up
(a) —Experimental facility; (b) —Structure of gas inlet tube

1 —Nitrogen cylinder; 2 —Pressure relief valve unit and manometer; 3 —Graphite tube;
4 —Water; 5 —Polyethylene tank; 6 —APX high-speed camera

Table 1 Operation parameters of high-speed camera

C ; Record Color temperature/ Color balance Color Effective Effective
arners Trpe rate/ s~ ' K i G B bit bit depth  bit side
FASTCAM-APX 120KC 2000 5100 28 16 20 24 10 Higher
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Graphite tube fillister

(a)
Gas porc B

Fig.2 State of gas before it forms bubble( width of fillister is 6 mm)
(a) —t= 0s; (b) —t= 1/2000s; (¢) —t= 3/2000 s;
(d) —t= 6/2000's; (e) —t= 181/2000s; (f) —t= 240/2 000 s

Fig. 3 Formation process of first bubble

(a) —t= 275/2000s; (b) —t=
(d) —t= 365/2000s; (e) —t=

310/2000s; (c) —t= 340/2000 s;
469/2 000 s; (f) —t= 494/2 000 s;

(g) —t= 549/2000s; (h) —t= 560/2000s; (i) —t= 591/2 000 s

3.4 Third bubble

This process can be seen in Fig. 5. When this
coalescent bubble rises, the coalescent bubble
breaks up into bubble group (at t= 773/2 000 s) .
At the same time, the third bubble forms. The
third bubble is in spherical shape initially (at ¢=
979/2000s). Then it becomes in cone shape (at ¢
= 1073/2 000 s). This bubble continues to rise.
At the time of 1133/2000s, it catches up with the

bubble group. And it breaks up into bubble group

again.

3.5 Fourth and following bubbles

This process can be seen in Fig. 6. The fourth
bubble is spherical shape initially. Then it becomes
spherical crown shape. During this time, the fifth
bubble forms and rises up. When it rises near the
fourth bubble, it becomes cone shape because of



Vol 15 Ne 5 Observation and theoretic analysis of gasbubble formation and growth in watermodel - 1133 -

Fig. 4 Formation process of second bubble
(8) —t= 613/2000s; (b) —t= 657/2000s; (¢) —t= 669/2 000 s;
(d) —t= 710/2000 s; (e) —t= 732/2 000 s; (f) —t= 746/2 000 s

the ‘ absorption’ of the fourth bubble (at t= 1394/
2000 s). Then the fifth bubble coalesces with the
fourth bubble (at t= 1434/2 000 s). The coales-
cent bubble continues to rise and then breaks up
into bubble group (at t= 1494/2000s) .

At the time of 1660/2000s and 1818/2000s,
the sixth and the seventh bubbles form respective-
ly. The formation, coalescence and division of the
two bubbles is the same as those of the fourth and
fifth bubbles. What s more, the following bubbles

repeat this process circularly.

4 THEORETICAL ANALYSIS OF OBSERVED
RESULTS

4.1 Before formation of bubble

At the start of puffing gas, the gas-pressure
and gas-flow rate both fail to reach stable state and
their values are both small. The gas-pressure and
gas-flow rate increase gradually. At this time, the
geometrical relationship of the gas/liquid interface
is shown in Fig. 7. It is known that there are three
forces applied to the gas/liquid interface. The
three forces are gas pressure, interfacial tension

and the static pressure of the liquid respectively.
The direction of the gas pressure and interfacial
tension opposes to that of the static pressure. Be-
cause the gas pressure is very small initially, the
gas pressure and interfacial tension cannot resist
the static pressure. The gas pressure and the inter
facial tension are not great enough to push the gas/
liquid interface outwards (at t= 0 s in Fig. 2). The
gas pressure increases with the time. When the gas
pressure and the interfacial tension are greater than
the static pressure of liquid, the gas/liquid inter
face will be pushed outwards.

The value of interfacial tension is 20 R (where
R is the curvature radius of interface). From
Fig.7, it is known that the interfacial tension can
also be shown as — 20cost/r (where r is the radius
of gas pore). If the interface is pushed outwards, 0
will decrease. And the interfacial tension decreases
with the interface being pushed outwards. The gas
pressure and interfacial tension are less than the
static pressure of liquid again. And the interface is
pushed back again (at t= 3/2 000 s in Fig. 2).

In this way, the gas pressure increases. The
interfacial tension decreases when the interface is
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Fig. 5 Behavior of third bubble
(a) —t= 773/2000's; (b) —t= 951/2000s; () —t= 979/2 000 s;
(d) —1= 1073/2000s; () —= 1083/2000s; (f) —t= 1133/2000s

pushed outwards and increases when the interface
is pushed back. Therefore under the forces of gas
pressure, interfacial tension and the static pressure
of liquid, the interface goes outwards and back-
wards repeatedly at the first stage (as seen in

Fig.2).

4.2 Formation of second bubble and its coalescence
with previous one

When the first bubble rises upw ards in water,
the liquid in front of the bubble is pushed away and
a negative pressure zone forms behind the bubble.
The liquid pushed away by the bubble moves to-
wards the negative pressure zone. Under the
effects of the liquid movement, the bubble shape
changes from the spheroid to the spherical crown

(at t= 657/2 000 s in Fig. 4). The schematic dia-
gram of the bubble and the liquid movements is
shown in Fig. 8.

After the second bubble forms, it is absorbed
upwards by the negative pressure zone and coa
lesces with the first bubble. The shape of the sec
ond bubble is changed as an upright ellipsoid.
Therefore the coalescent bubble is in mushroom
shape (at t= 710/2 000 s in Fig. 4). And a new
negative pressure zone forms under this bubble.
Under the effects of the two negative pressure
zones, the movement state of liquid is shown in
Fig. 9.

From Fig. 9, under the effects of the move-
ment of liquid, the length of the upright ellipsoid
shorter. Then the

will become shorter and
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Fig. 6 Behavior of fourth and following bubbles
(a) —t= 1394/2000s; (b) —t=1434/2000s; (c) —t= 1494/2000 s;
(d) —t= 1660/2000s; (e) —t= 1818/2000s; (f) —t= 1900/2 000 s

coalescent bubble becomes a “big” spherical crown

(at t= 746/2 000 s in Fig. 4) .

4.3 Formation of third bubble and its coalescence
with previous bubble group

On the coalescent “big” spherical crown shape
bubble, the curvature radius at the bottom surface
of the spherical crown is much greater than that at
the upper surface of the spherical crown. There
fore the interfacial tension on the bottom surface of
the spherical crown is much less than that on the

[14716]

upper part . To reach equilibrium, the bottom

surface moves towards the inner of bubble to gain a

relatively small curvature radius. A coalescent
bubble becomes several small petal-like bubbles.
Accordingly the coalescent bubble is divided as
many small bubbles. The bubble group is gained in
this way (at t= 773/2000s, 951/2000s and 979/
2000s in Fig. 5).

After the third bubble forms, it rises up in the
spherical shape. Because the previous bubbles
move slowly, the third bubble catches up with the

bubble group. Under the negative pressure zone of

the bubble group, the third bubble shape is
changed as cone (at t= 1073/2 000 s in Fig. 5).
Then the third bubble coalesces with the bubble
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Fig. 8 Schematic diagram of bubble and

liquid movements

group and breaks up into bubble group.

4.4 After formation of third bubble

When the fourth bubble forms, it is far away
from the previous bubbles. It cannot catch up with
them. Therefore it rises up freely. When the fifth
bubble forms, it catches up with the fourth bubble
and coalesces with it because of the negative pres-
sure zone formed by the fourth bubble. And the
following bubbles will repeat the behavior of the
fourth and the fifth bubbles continuously. That is
to say, every two bubbles coalesce as one bubble.

4.5 Shape of bubbles

From the observed results, it is known that
each bubble is spherical at first, then elliptical.
After the coalescence happens, the big bubble will
be spherical crown. Finally, when the big bubble
divides as bubble group, the bubble will be spheri-

17 First negative

/,.l// pressure zone
/

VR

\ II pressure zone

Second negative

Fig. 9 Movement of liquid under effects of
two negative pressure zones

cal again. T his phenomenon can be explained clear-
ly by the above mentioned ‘ negative zone’ and the
movement of flow because of the existence of ‘ neg-
ative zone’ .

This can also be explained with the variation
of Reynolds number. At first, the bubble speed is
very small. The Re number is small accordingly.
Therefore the bubble shape is spherical. With ac
celerated the upward movement of bubble, the
speed of bubble increases. And the Re number in-
creases also. When the Re number reaches a defi
nite value, the bubble shape will be elliptical. Af-
ter the coalescence happens, because both the bub-
ble size and bubble speed increase, the Re number
And the bubble shape becomes
spherical crown. After the bubble division, the

is very large.

bubble size becomes very small. The Re number
decreases accordingly. And the bubble shape be
comes spherical also.

4.6 Bubble size after division

From Figs. 37 6, it can be observed that the
bubble diameter when the bubble escapes from gas
inlet is about 25 730 mm (the diameter of gas inlet
is 3mm). To get the bubble size after the bubbles
divide as little bubbles, the bubbles are shot with
digital camera. The digital picture of bubbles is an-
alyzed with LECO graphical analyzer software.
The analyzed results are shown in Fig. 10. The av-
erage diameter of the bubble after division is 12. 5
mm. The bubble diameter reported in literatures
under the same condition is about 25 mm and 35
mm respectively!”. From the comparison, it is
known that the bubble size in literatures is larger
than the size measured in this paper. Because the
bubble size in literatures is the size before the
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bubble division. However the bubble size in this
paper is the size after the bubble division.

Unif: mm

(b)

Fig. 10 Bubbles picture( a) and
analyzed results(b)

S CONCLUSIONS

1) During the period when the gas-flow is not
steady, the gas/liquid interface is in the iterative
state that gas tries to push water to form bubble
but fails. Until the gasflow is steady, the inter-
face is pushed outwards and bubble forms.

2) The behavior of bubble in liquid includes
three processes: formation, coalescence and divi-
sion.

3) The shape of gas bubble varies at different
stages: spherical in formation stage, then ellipti-
cal. After the coalescence happens, the big bubble
will be spherical crown. Finally, when the big
bubble divides as bubble group, the bubble will be
spherical again.

4) The bubble size is defined as the size of the
bubbles after division. The bubble size is smaller
than that in literatures.
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