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Experimental studies of turbulent stresses have been re- 
ported near the gas-liquid interface of a two-dimensional 
bubble column using a laser doppler anemometer. The 
breakage of bubble in this region results in extra turbulence 
and energy dissipation causing damage to the cells. The 
thickness of the region of high turbulence has been mea- 
sured. The level of turbulence was reduced by the addition of 
drag reducing polyacrylamide polymer. A simple model has 
been proposed for the prediction of extra turbulence in the 
bubble breakage layer. 

Sparged reactors are commonly used as bioreactors be- 
cause of their simple construction and ease of operation. 
However, direct sparging is detrimental to many animal and 
insect cells even at mild conditions. Recent experiments have 
shown that the major damage to the cells is caused in the 
region where the bubble reaches the gas-liquid interface and 
disengages itself after it collapses into the free space (Cherry 
and Hulle, 1992). These reports suggest that cell death does 
not result from the shear that the cell experiences when the 
bubble is rising in the bulk itself. No measurements of the 
turbulent stresses have yet been reported for the region near 
the gas-liquid interface (bubble disengagement section) of the 
sparged reactors. This article reports such data. An attempt 
to understand the main issues involved has been made so 
that further research can be focused to develop quantitative 
models. The idea of using drag reducing polymers to reduce 
the turbulence levels near the interface has been proposed 
and tested for the first time. 

Newitt et al. (1953) have discussed experimentally the 
physical processes accompanying the rupture of a bubble in 
the bubble disengagement zone (Figure 1). A thin liquid film 
forms between a quasi-hemispherical bubble and the inter- 
face (Figure la). This film thins by gravity and capillary forces 
until it reaches critical thickness and then the process of 
spontaneous rupture takes place (Figure lb). After a bubble 
collapses, a cavity is formed at the interface (Figure lc). The 
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surrounding liquid rushes to fill this cavity. Finally a small 
droplet is formed at the tip of the jet (Figure If). All these 
events generate intense turbulence in the vicinity of the gas- 
liquid interface. 

Experimental Studies 
Measurements were made in a rectangular 2-D bubble col- 

umn made up of Plexiglas (Figure 2a). The two walls of which 
were separated by a distance of 10 mm. The column width 
was 0.15 m. The sparger consisted of equally paced 23 hypo- 
dermic needles (gauge no. 26) in a row placed at the bottom 
of the column as shown in Figure 2a. Air was supplied by an 
oil free air compressor. The gas-flow rate was measured with 
a capillary meter. Experiments were conducted with water 
and an aqueous solution of polyacrylarnide at a fixed concen- 
tration of 100 ppm. Polyacrylamide with a molecular weight 
of about lo6 was procured from Union Carbide (Separan AP 
30). Velocity measurements were made using a laser doppler 
anemometer (LDA). Ranade and Joshi (1990) provided perti- 
nent details of LDA measurements. 

Results and Discussion 
Experimental results 

Figures 3a and 3b show velocity histograms for the hori- 
zontal and vertical components, respectively. From Figure 3a 
it can be seen that a large peak exists with a mean close to 
zero. This is because the homogeneous regime prevailed in 
the range of superficial velocities covered in this work. This 
means that the gas holdup was practically uniform in the 
transverse direction and the internal liquid circulation was 
absent. From Figure 3a it can also be seen that two small 
peaks appear on either side of the zero mean. These occur 
because of the bubble motion. When a bubble rises in the 
neighborhood of the measurement point, an instantaneous 
horizontal component of liquid velocity is generated. This in- 
stantaneous velocity can be positive or negative, since the 
bubbles rise on either side of the measurement point. The 
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Figure 1. Bubble burst. 

histogram for the vertical velocity (Figure 3b) is almost simi- 
lar to that for the horizontal component except for an addi- 
tional peak in the velocity range of 0.25 to 0.4 m/s. When the 
measurement point is inside the bubble or wake, the mea- 
sured velocity corresponds to the bubble rise velocity. Thus, 
the additional peak corresponds to the bubble rise velocity. It 
may be pointed out that such a peak occurs only in the verti- 
cal velocity histogram. The mean of additional peak was found 
to be in the range of 0.25 to 0.35 m/s, which corresponds to 
the slip velocity of the bubbles. 

For estimating the liquid-phase root mean square (rms) ve- 
locity, the central three peaks were included. The mean and 
rms measurements were made at ten equidistant locations in 
the horizontal direction and five locations in the vertical di- 
rection. Typical results of vertical and horizontal rms at two 
superficial gas velocities are shown in Figures 4a and 4b. 
Isotropic turbulence can be seen. For of variables covered in 
this work, the Kolmogorov length scale was 25-100 microns. 

Velocity measurements were then carried out in the bub- 
ble disengagement region of the contactor. It was observed 
that the rms at the interface was 1.5 to 2 times higher than 
that in the bulk of the dispersion. However, the rms was found 
to decrease very sharply, as one moved, inside the bulk of the 
liquid. At a distance greater than 2 mm, rms was found to be 
practically independent of the distance from the interface. 
The variation of the turbulence intensity (shown as the prod- 
uct of the axial and radial rms, which can be considered ap- 
proximately equal to Reynold’s stress) with respect to dis- 
tance is shown in Figure 5. It can be seen that at a V, of 3.3 
mm/s, the stresses are much higher at the interface, about 
seven times the value in the bulk. The extent of difference 
was found to decrease with an increase in the superficial gas 
velocity (V,), as shown in Figure 5. 

The effect of the presence of long chain polymer on 
Reynolds stresses is also shown in Figure 5. It can be seen 
that in the presence of 100 ppm polyacrylamide the level of 
interface stress decreases by a factor of two. This finding can 
have pragmatic implications in reducing the extent of cell 
death in bioreactors by addition of a small quantity of long 
chain polymer. 

The value of rms in the vicinity of interface can be ex- 

plained from the mechanism of the burst of a bubble at the 
top interface, as shown in Figure 1. This additional turbu- 
lence occurs in a small region equivalent to half the minor 
axis of the ellipsoidal bubble (Figure la), which is of the or- 
der of less than 2 mrn for the air-water system. Secondly, the 
fractional gas holdup in the vicinity of the interface was found 
to be higher than that in the bulk. Therefore, the liquid-phase 
velocities get enhanced because of the reduction in the liquid 
holdup. Finally, the surface energy associated with the bub- 
bles (equivalent to 2n/d,) is released after the breakup of 
bubbles at the interface. This energy is dissipated by generat- 
ing additional turbulence. 

A simple model can bc developed by assuming that all the 
surface energy gets dissipated in the top thin layer near the 
gas-liquid interface. Surface energy per bubble can be esti- 
mated as: 

If we assume that the energy of all bubbles gets dissipated 
in layer of thickness proportional to the bubble diameter, we 
can write: 

Es = (t) ($) (3) (2) 

where E, is the rate of dissipation of surface energy and a is 
the proportional constant between the thickness of the top 
layer and the bubble diameter. Further, it has been assumed 
that the energy associated with the droplets (Figure le) is 
negligible. 

The energy input rate in bubble columns is given by the 
following equation: 

The mass of the liquid is 
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Figure 2. Bubble column (front view). 

B 

(1) 2-D bubble column; ( 2 )  flanges for sparger; (3) sparger 
plates with needles; (4) air inlet; (5) drain; ( 6 )  top gas-liquid 
interface; (7) air inlet. 

Therefore, the energy dissipation rate E, per unit mass is: 

Therefore, the total energy dissipation rate in the top re- 
gion E ,  can be written as: 

E,  = E, + E,  (4) 

If the scale of energy containing eddies is assumed to be 
the same in the bulk and the top region, the ratio of turbu- 
lence intensities at the interface to bulk can be written as: 
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Figure 3. Velocity histogram. 
(a) horizontal velocity component; (b) vertical velocity com - 
ponent 
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Figure 4. RMS velocity for horizontal and vertical veloc- 
ity components. 
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Figure 5. Behavior of shear stress near interface for 
water and 100 ppm PAA. 

For air water system, the value of dimensionless parameter 
a / g d i p L  is 0.8, if the bubble diameter is 3 mm. If we take a! 
and l/eLT as unity, the ratio of u> to utg would be 1.5. Ex- 
perimental data lend support to this value. 

Effect of polymer addition 
The fact that the addition of a polymer reduces turbulent 

stresses in the top region can be attributed to the following 
reasons. The bubble size in the presence of polyacrylamide 
(PAA) is higher than that in its absence (Ranade et al., 1978). 
Therefore, the surface energy associated with bubbles is less. 

Further, the gas holdup at the interface was found to be less 
in the presence of PAA. This is because of the enhanced rate 
of coalescence at the interface. The hydrodynamics depicted 
in Figure 1 shows strong extensional components. It is well- 
known that the polymer solution such as PAA are extension 
thickening as their extensional viscosity is covered. There is 
thus a strong possibility of retardation of motions (Mashel- 
kar, 1973, 1984). 

Conclusions 
The velocity histograms obtained by the measurements us- 

ing laser doppler anemometer clearly show the presence of 
bubbles. Further, the liquid-phase turbulence was found to 
be isotropic. 

The liquid-phase rms velocity and Reynolds stress were 
found to be much higher at the top gas-liquid interface. The 
thickness of this region was found to be less than 2 mm. 

The rms velocity and Reynolds stresses at the interface de- 
creased substantially in the presence of long chain polymers. 
This finding has pragmatic indications, since the extent of 
cell damage in bioreactors having animal cells can be re- 
duced by doing some polymer addition. 
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Notation 
d, =bubble diameter 
E,  =surface energy per bubble 
E, =energy dissipation rate in bulk 
E,  =total energy dissipation rate in interface region 

u;/ub =ratio of turbulence intensities of interface to bulk 
V, =superficial gas velocity 

E , , ~  =liquid holdup in top layer 
cLB =liquid holdup in bulk 

cr =surface tension 
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