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Effect of Wall Proximity on Air Bubbles Rising in Liquid
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Abstract

The purpose of this paper is to clarify the effect of wall proximity on the terminal
velocity of single air hubbles in vertical tubes. As an initial step, experiments were
conducted to determine the terminal velocity, shape, and path of single air bubbles
rising freely in water.

The terminal velocity of air bubbles rising through water was measured in cylind-
rical tubes, rectangular tubes, and parallel plates respectively.

The results of effect wall of cylindrical tubes were shown as a dimensionless plot,
and may also be used to arrive at a decision regarding the minimum size of tube.

1. Introduction

Air bubbles are formed in water naturally
or artificially, As in water turbine or a pu-
mp, atmospheric air naturally mixed with
water expands to form large bubbles in the
space where the pressure is very low, inthe
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yntil June 15, 1977.

draught or suction tube, which destory the
effective action of the machine.

The results of many experimenters!~® on
the terminal velocity of gas bubbles moving
in stationary liquid field have been published,
These results show considerable scatter and
uncertainty. Therefore, some tests were rep-
eated in order to determine the rate of air
bubbles in water. Except for a few investi-
gations, the data were taken in tanks or
tubes the walls of which were sufficiently
close to the moving bubble to cause some

J— 1 7 —



18 Joon Mo Kang

doubt as to the absence of boundary effects.
The problem of effect of the walls of the
tube on the velocity of rise of the bubble
attracts considerable,

The experiments descrited in this regort
consisted of the determination of the terminal
velocity, shape, and tath of single air bub-
bles rising freely in water of the large tank.
The effect of the walls of the vertical tube
on the velocity of rise of the bubble was
also investigated. The results may also be
used to arrive at a decision regarding the
minimum size of tuke or tank in which exp-
erimental data may be taken from the mo-
vement of single bubbles if wall effects are
to be avoided or are to te held below some
predetermined value.
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Fig. 1. Skematic diagram of experimental appa-

ratus

2. Test Apparatus

The test performed in the transparant-
wall tank, which is large tank enough to

preclude wall effect and to insure a minimum
of turbulence effects. A sketch of the appa-
A 35x45x65cm
tank, having 0.4cm-thick glass walls, was
Most of the
tests were run at a water temprature of
22°C. The test precedure using the tip of a

ratus is shown in Fig. 1.

used to contain the tap water.

glass tube to form air bubbles was as follow;
Air was injected from a graduated syringe
in to a capillary tuke with known diameter.
Then the total volume of.air contained in
the capillary was measured. After measure-
ment, the air was transferred from the cap-
illary tube to the gas holder by the hydro-
static head of a reservoir of water located
ECcm above the tank. The gas holder was
then rotated to discharge a single bubble in
the liquid, The shape of the gas holder is
illustrated in Fig.1 [A,B]. This design all-
dws one to reduce asymmetrical release imp-
ulses given to the bubble and stable single
bubbles without stallites were readily obta-
ined in this manner.

The illumination necessary for the photo-
graphs was obtained by a stroboscopic lamp
located over the surface of the water in the
tank which in turn was powered by a stro-
boscope which has a frequency of about 30
cycles,/sec. The room was darkened during
the tests.
within the field of view of the camera is

A vertical scale and a plumb line

used in determining the position of bubble
during its ascent. The time during ascent
was determined from the knowledge of the
frequency of the stroboscope.

The observation of the effect of wall pro-
Ximity were made in six ‘cylindrical tubes
of 4.0, 2.5, 1.55, 1.03, 0.85, 0.64cm and
seven rectangular tubes of 6X6, 4x4, 3X3,

2X2, 1.5X1.5, 1x1, 0.5x0.5cm, and seven
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(A)

Fig. 2.

parallel plates of 6, 4, 2.7, 2, 1.5, 1, 0.5
cm. Each was 8(cm.

In the case of bubbles, it is most conve-
nient to use a length parameter which is
based on its volume rather than a physical
dimension as is customary for rigid bodies.
The length parameter chosen is the equiva-

lent diameter d, where

dy= (G,Iﬂ'Vb) 3

3. Results

3.1. Behavior and shape of rising bubbles

in quiescent water

By the photographic and observational
results, it was found that three general types
of shape of the bubble and
behavior in a tank of infinite extent are

its resultant

generally recognized;
1. Small bubbles (<70.2cm).
a spherical shape and ascend

These have
in a straight
line.
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Photographs showing the shape and paths of typical bubbles

2. Medium size (0.2 0.6cm). In this region
the bubbles are visitly deform; they ascend
with a spiral or zigzag movement.

3. Large bubbles (>>0.6cm). The bubbles
again ascend in a straight line but they are
largely deformed and finally they obtain a
more or less mushroom-like shape,

It was observed in the experiments that,
as the bubbles size was increased, a change
in bubble shape from spherical to ellipsoidal
to mushroom-like shape occured in water.
Very small bubbles are spherical. Large
bubbles are flattened,

shape, whereas very large bubbles assume a

i.e., ellipsoidal in

mushroom-like shape. But the transition
points at which these shape-change occur
are pot clear.

Photographs of typical shapes are shown
in Fig.2. It should be noted here that some
of the shapes shown in these photographs
are instantaneous shapes, since the shape of
large bubbles does not remain constant dur-
ing the ascent.
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A description in geometrical terms of the
bubble in the various flow regions may be of
interest. Since a bubble fluctuates in share
as it rises, all bubble dimensions which were
obtained from the photographs represent
average va'ues. For the hubbles which can
be approximated by oblate ellipsoids, a com-
pletely descriptive share parameter is the
ratio of the major to minor axes b/a. This
is shown as a function of bubble size in
Fig.3 using data obtained for typical bubb-
les. As the equivalent dizmeter increase, the
bubbles becomes flatter until a maXimum
ratio about 0.3 is reached at an equivalent
diameter of about 1.2cm. Beyond this size,
the ratio remains the same but the share
of the bubble becomes increasing irregular.
Finally, at a value d, greater than 1.6cm,
the shape varies so greatly, as the bubble
size, that no specific values of b’a can be
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Fig. 4. Effect of Reynolds number on the shape
of ellipsoidal air bubbles
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assigned. The transition to mushroomlike
shage is completed at an equivalent diameter
of 2cm.

Fig. 4 shows the ratio of b/a curve of the
bubbles in terms of Reynolds numbers. The
typical bubble share of the regions of Rey-
nolds number is indicated in this figure. It
will be observed that, in region of Re-4C0,
the bubbles have a spherical shage, and 4C0
<Re< 3500, deformed bubbles oblate ellirso-
idal shape, and at Re<(3500, deformed bub-
bles assumirg an irregular mustrocm-like
shape.

Qince bubbles of different size will assume
different shages, tte equivalent diameter d,,
defined as tte diameter of a sphere having
the same volume as that the bubble, was
used as the length parameter. Fig.5 shows
the terminal velocity of air bubbles rising
freely in tap water &s a function of the
equivalent diameter. TlLe data in Fig.5 rep-
resents average values which were obtained
from the all photographs. The other data
are also included in Fig.5. This shows cle-
arly that for the ascending of bubbles three
regions can be distinguished.

1. Small bubbles (<0.2cm). The terminal
velocity increases with increasing bubble
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diametet.

2. Medium-size bubbles (0.2-0.6cm). The
irregulat character of movement causes spre-
ading of the data.

3. Large bubbles (>>0.6cm). Bubble velo-
city increases slightl’y with increasing diam-
eter.

In the second region, the spreading of data
will doubtless depend on physical progerties
of the liquid(viscosity and surface tension).
There is need for more experimental data in
this field.

Stokes contributed to the knowledge on the
general problem of fluid flow past bodies in
the stream by solving the equation of visc-
ous motion for the case of a rigid spherical
particle immersed in a fluid of infinite ext-
end. The main result of this analysis, an
expression for the terminal or steady-state
velocity of a particle, is known as Stokes’
law. When applied to the rise of a gas
bubble in a liquid, Stokes’ law gives

_ glp—p)ds®
U.= 18 )

where U. is steady-state, terminal rising
velocity, g is gravitational acceleration, p
is liquid density, p, is gas density, d, is
equivalent diameter, g is liquid viscosity.
Agreement of Equation (1) with experim-
ent depends on the degree to wlLich the ass-
umptions underlying Stokes law can be sat-
isfied, i.e., spherical rigid particle with no
slip at the particle boundary, inertia forces
small magnitude compared to viscous forces,
gravity the only extraneous force, and con-
stant fluid properties. The'inability to solve
hydrodynamic equations of motion for syst-
ems where Stokes’ law does not apply has

lead to the practice of employing an arbitr-

arily defined drag coefficient to summarize
experimental data. The drag coefficient is
‘usually defined by the equation

CD:—Dliag force )
“Z—PIUAZA
where C, is the drag coefficient, and A is

the projected area. For convencience, A can
be redefined to be the projected area of a sph-
ere of equal volume. In addition, the drag
force for a bubble at its terminal velocity
is equal to the bouyant force V,og where V,
is volume of the bubble. Hence, in terms of
the equivalent diameter, the expression for

the drag coefficient reduces to

CD:%gTdb;‘ 3

Figure 6 shows the relationship between
Cp, and Re for all of these exgeriments on air
bubbles in water. The corresponding curve
for rigid spheres is also included in Figure
€.

Examination of Figure 6 shows that up to
a Reynolds number of 70, the bubble beha-
ves like a rigid sphere. For a Reynolds nu-
mber range 70 to 400, the bubble, although
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Fig. 6. The drag coefficient as a function of

Reynolds number for air bubbles rising
at their terminal velocity
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still spherical, has a drag coefficient consi
derably less than rigid spheres. This may be
due to the development of slip at the boun-
daries’. Beyond a Reynolds number of 400,
the hydrodynamic and surface tension forces
are both important in determining the shape
and consequently the drag coelficient of the
bubble. As the bubble size increases, the
shape of the bubble becomes flatter with a
consequent rise in the value of the drag
coefficient. For a Reynolds number greater
than 5,000, surface tension plays relatively
minor role in determining the shape of the
bubble; hydrodynamic forces acting on the
bubble result in the mushroom-like shagpe.

The results of the present tests determined
a constant drag coeffcient of 2.6 for the
mushroom-like bubbles. The velocity of
mushroorn-like bubbles of given size rising
in water can he determined from constant
value of the drag coelficient or directly from
the velocity curve (Figure ). For C,- (4/3)
gd, /U, 2.G, we obtain for the rate of rise
of the mushroom-like bubbles in water.

U,=0.72y gds 4)

Thus, the velocity of rise these bubbles is
function of the bubble size only.

3.2 Effeci of wall proximity

The effect of tube-wall proximity in the
terminal velocity of air bubbles in the cyli-
ndrical tubes, rectangular tubes, and paral-
lel plates is shown in Figure 7,8, and 9.

In Figure 7 and 8, the upper curve is the
velocity of air bubbles rising in the large
tank (Figure 5). The upper curve is conside-
red to represent the relationship in an infinite
medium as the curves for each of the small

tubes lead it at some point.
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Fig. 7. The terminal velocity of air bubbles in

water of cylindrical tubes as a function
of bubble size
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Fig. 8 The terminal velocity of air bubbles in

water of rectangular tubes as a function
of bubble size

The bubbles ascending in the cylindrical
and rectangular tube exhibited three distinct
medes of moticn, as follows:

1. A spiraling ascent without periodic tip-
ping about horizontal axis.

2. A straight ascent with periodic tipping.

3. A straight ascent without spiraling or
tipping.
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The pz-uliar shapz of the velszity curve
(Figure 7) in the 1.03zm tubz is directly
attributable to changes in the modes of no-
tion. Up to 4,=0.3cm, the bubbles were
slightly flattened but moved without spiral-
ing or tipping. Above this point spiraling
developed with increasing period and ampli-
tude up to d,=0.85cm. Apparently the exp-
lanation of this decrease in velocity is that
the resistance increases both because of the
increased length of actual path and the dec-
reased average distance from the wall. Bey-
ond d,=0.85cm, tipping developed, but the
amplitude and period decreases and had dis-
appeared at d,=0.95cm. Beyond this value
the velocity was practically independent of
the size. Tipping did not occur in the Q.64
~cm tube, probably because the stabilizing
effect of the walls became appreciable before
the bubbles had attained a size consistent
with this type of motion. Spiraling motion
was observed in the large tubes but did not
cause rapidly decreasing velocity with incre-
asing size. This circumstance may indicate
that the wall effect was the cause of the
decrease in the case of the 1.03-cm tube rat-
her than increases in the length of path. In
the tubes larger than 1.03-cm spiraling was
always prescnt, and it is possible that the
velocity curve would have dropped from its
maximum value as occured in the smaller
tubes, if it had been possible to generate
large bubbles. Tipping was not observed in
the large tubes, and this may indicate that
it results from the dragging effect of the
wall.

The velocity curves for the rectangular
tubes are similar to those in the cylindrical
tubes. The velocity curve in the parallel

plates show a steady increase with diameter
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Fig. 9. The terminal velocity of air bubbles in
water of parallel plates as a function of

bubble size
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Fig. 10. The variation of rising velocity for ratio
of bubble size and cylindrical tube size

which seems to confirm the explanations of
the peculiarities in curves for the cylindrical
and rectangular tube.

In connection with the velocity diagrams,
the use of the diameter of an equivalent
sphere as a measure of the size of a bubble
makes it possible to have a value of d, gre-
ater than the diameter of the tube,
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For the cylindrical tubes, values of (U,/
U,.) and (d,/D) were calculated from Figure
7 and plotted as shown in Figure 10. O
Brien's” and Uno’s® data are included for
comparison in this Figure,

In Figure 10 the variation of the terminal
velocity of air bubbles can ke seen with inc-
reases d,/D ratio. It is seen that, up to about
d,/D~0.6, the majority of the point lie on
the stright line. By the observation on the
behavior of bubbles in the proximity of the
wall, the bubbles of a stable ellipsoidal form
generally rise in a helical path., Large bub-
bies of unstable shape rise in irregular roc-
king motion. The horizontal component of
the motion cannot exceed the tube diameter
and as the helical diameter approaches this
value, there is a damping effect on the helical
motion. As the diameter of the bubble app-
roaches the tube diameter, the bubble tends
to change to the cylindrical form. For mus-
hroom-like shaped bubbles this would occure
at a (d,/1") ratio of about 0.5.

Figure 11 shows the relationship between
C, and R, for the experimental data of ris-
ing air bubbles in the cylindrical tubes. O
Brien’s data on air bubbles in three different
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The drag cocfficient as a {unction of
Reynolds number for air bubbles rising in
water of cylindrical tubes

tubes are compared with the author's results.

Examination of TFigure 11 shows that, for
a Reynolds number rigion of R, 200, the
bubble has a drag coefficient considerably
less than rigid spheres. Beyond a Reynolds
number of 200, the drag coefficient increases
as Reynolds numter was inciexsed, and then
breaks away from the curve of an infinite
As the tube diameter

tecomes smaller, the Reynolds number value

medium abruptly.

of breaking away from the curve of infinite
medium becomes also small. .

In Figure 11, the both C, and R, is inclu-
ded the terminal velecity, U,. By the general
way, we times both side of Equation (3) by
R.? to get

CoR2=(4/3)gd %02/ ®)

We zssume that the terminal velocity, U, is
sought the dimensional function in the form.

Drb ::fl (dr!v P».rﬂrg) L) (6)

By dimensional analysis we can get a solut-
ion in the form
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Fig. 12. The dimensionless plot of wall effect on
air bubbles rising in cyclindrical tubes
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The correction of wall effect was made by
{1—(d,/D)%¥%] as was suggested by Munroe’,
and which he based on measurments of the
fall of lead shot in water. If we can repres-
ent the effect of d,/D in this equation by
the correction factor. Equation (7) becomes

R. _ dfgpwz
Ry
a-(-%)" {( #

Figure 12 shows the results as a dimensi-
onless plot, where the ordinate was Reynolds
number corrected by d,/D and the abscissa
was 3CpR.%/4(=d,2gp.?/?). In Figure 12 the
straight line is good to determine the velocity
of rising bubbles in the cylindrical tube in
the rigion (d,/D)<0.8.

Summary

As the size of the bubbles was increased
in the tests, there was a change in bubble
shape from spherical to ellipsoidal and then
to mushroom-like shape in water of the large
tank,

Tests on air bubbles at their terminal vel-
ocity in water indicate that for Reynolds
number of less than 70, bubbles behave like
rigid spheres. At greater values of the Rey-
nolds number, the drag coefficients of the
bubbles are coasiderably less than for the
rigid spheres even though the bubbles are
still spherical in shape. This may be due to
the development of slip at the boundaries.
For Reynolds numbers from 400 to 5, 00 the
hydrodynamic and surface-tension forces are
both important in determining the shape and
consqeuently the drag coeffieient of the bub-
bles. Beyond this range, hydrodynamic for-
ces almost exclusively determine the shage
of the bubble, resulting in a mushroomlike.

The drag coefficients of mushroom-like

bubbles are independent of bubble size and
have a constant value of 2.6. The rate of
rise of these bubbles as a function of the
equivalent diameter is given by the experi-
mentally determined relation:

The regarding effect of a near-by cylind-
rical wall on the terminal velocity of air
bubbles rising in the water can be expressed
by the straight line in Figure 12 as a dime-
nsionless plot. The minimum size of the
tube in which data may be taken if the
wall correction is to be negligible is at least
ten times the equivalent diameter of the
largest bubble to be studied.

Acknowledgment

The work described in this paper was
carried out in the Fluid Engineering Labor-
atory of the Meijii University. The writer
wishes to express his indebtedness to Frof.
Masato Hirotsu for valuable zdvice and

numerous suggest ions.

References

1. H.S. Allen, Phil. Mag., 50, 323 (1900).

2. K. Hoefer, Verein Deutsch. Ing., No.138, 1

(1913).

0. Miyagi, Tech. Reports of Tohcku Imperial

University, 5 (1625).

4. T. Bryn, Forsch. Gebiete Ingenieurw., 4, 27
(1933).

5. B. Rosenberg, TMB Report 727, (1520).

6. W.L. Haterman and R.K. Morton, TMB Rep-
ort 802 (1955).

7. M.P. O’Brien and J.E. Gosline,
Chem., 27, 1436 (1935).

8. S. Uno and R.C. Kintner, A.L CH.E. Journal,
2, 420 (1956).

9. H.S. Munroe, Trans. Am. Inst. Min.

17, 637 (1888).

]

Ind. Eng.

Eng.,



