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results in which the velocity profile coefficient
increased for Reynolds numbers below 8000 (Bendiksen,
1984; Nicklin et al., 1962). The experiment was
repeated using a 19.1 mm diameter tube to determine
whether surface tension effects influenced this
phenomenon. For this tube size surface tension effects
were negligible as in previous studies. The results
again showed no increasing trend in the velocity profile
coefficient for low Reynolds numbers.

There are two major differences noted between the
previous experiments (Bendiksen, 1984; Nicklin et al.,
1962)and the present one:

1. In the previous experiments the motion of a
single gas slug moving through a moving stream
of liquid was studied. 1In the present
experiment the gas was introduced continuously
resulting in a series of gas slugs moving
through a series of liguid slugs.

2. The previous experiments used a pump to
regulate the liquid flow whereas in the
present experiment, liquid motion was the
result solely of buoyancy.

When a single gas slug is placed in a stream of
ligquid whose motion is pump driven, the velocity profile
in the liquid ahead of the gas slug is a result of
single phase pipe flow. When a series of gas and liquid

slugs rise concurrently, the velocity profile in the
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liquid slugs is a result of two phase slug flow
dynamics.

The results of the present experiment show that the
liquid slugs have a turbulent velocity profile for
Reynolds numbers as low as 500. Observation of the
motion of very small gas bubbles suspended in the liquid
slug showed erratic behavior further confirming the
presence of turbulence in the liquid slug at low
Reynolds numbers. A laminar velocity profile in the
liquid ahead of the gas slug was observed at low
Reynolds numbers in previous experiments (Bendiksen,
1985; Nicklin et al., 1962). It is believed that this
difference is the result of vorticity generated in the
ligquid film surrounding the gas slugs and in their wake
when a series of gas slugs rise concurrently with a
series of liquid slugs. A value of 1.2 was used for the
velocity profile coefficient in all subsequent
theoretical airlift calculations since a turbulent
velocity profile was observed in the liquid slug for the
range of flow conditions tested.

The experimentally determined efficiencies versus
submergence ratio and gas flow are shown in figures 1.4
through 1.6. Theoretical efficiencies for lines of
constant submergence are also shown. The agreement
between theory and experiment is good except when the
gas flow rate is low and the submergence ratio is below

0.7. This region signifies the approach of flow
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oscillations which are not considered in the theoretical
model.

Other workers have observed flow oscillations in
large diameter airlift operation (Apazidis, 1985;
Higson, 1960; Hjalmars, 1973; Sekoguchi et al., 1981;
Wallis and Heasley, 1961;). Oscillations have been
reported to both decrease air-l1ift efficiency, (Higson,
1960; Richardson and Higson, 1962) and increase
efficiency (Sekoguchi et al., 1981). Measurements taken
in the present study, in the region approaching
oscillatory behavior show efficiencies higher than those
predicted by theory for the tube sizes tested in this
regime.

It is instructive to examine the situation in which
no frictional losses are included in theoretical
predictions. This is an excellent approximation to
actual performance at low flow rates when frictional
losses are small. Efficiencies will drop increasingly
below the frictionless case as flow rates increase, (see
figure 1.7). For small tubes (less than 6 mm diameter)
the bubble froude number in still fluid (Vi¢g) is zero
and the efficiency is constant with respect to gas flow
and increases with increasing submergence ratio in the
frictionless case.

For large tubes (greater than 20 mm diameter), The
bubble Froude number is equal to 0.35, its upper limit,

and frictionless efficiency depends on both submergence
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and flow rate. Negative values of efficiency occur at
low flow rates, indicating a situation in which work is
done by the expanding gas and no useful work is being
performed pumping the fluid.

For tubes in the intermediate size range (6 mm to
20 mm), the bubble Froude number falls between its upper
and lower limits. Efficiencies fall between the positive
values encountered with small tubes and the negative
values for large tubes as flow rate decreases.

Frictional losses are negligible at low gas flow
rates. Frictional losses increase faster for higher
submergence ratios as gas flow increases. This causes
the characteristic crossing of the constant submergence
ratio efficiency curves (see figure 1.7).

A summary of the optimal flow characteristics of
the airlift pump versus tube diameter is presented in
figure 1.8. ©Nicklin (1963) concluded that optimal pump
efficiency and submergence ratio were insensitive to
tube diameter. This is indeed the case for air/water
systems when tube diameters are above 20 mm and surface
tension effects are negligible. As tube diameters are
decreased below this value, the effects of surface
tension act to increase optimal airlift efficiency and
submergence ratio confirming Nicklin's (1963)
speculations. The maximum attainable theoretical

airlift efficiency is 83% and occurs for tube with
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diameter less than 6 mm in the limit of zero gas flow
and 100% submergence.

Conclusion

A difference has been observed between single
bubble and bubble train slug flow in air-water systems
at low Reynolds numbers. When a single gas slug rises
in a moving liquid stream the velocity profile
coefficient approaches a value of 2.0 for low Reynolds
number flow in air/water systems. This indicates a
laminar velocity profile in the liquid ahead of the gas
slug. When a series of gas slugs rise concurrently with
a series of liquid slugs, the velocity profile
coefficient remains at a value of 1.2 for Reynolds
numbers as low as 500. This indicates turbulent flow in
the liquid slugs. It is believed that this difference
is the result of vorticity generated in the liquid film
surrounding the gas slugs and in their wake.

It has been shown that including this effect and
the effects of surface tension on bubble rise velocity
allows the airlift pump theory previously described by
Nicklin (1963) to be extended to lower tube diameters of
from 3 mm to 20 mm. It has also been shown that airlift
efficiency and optimal submergence ratio increase in
this range of tube diameters. The theory described here
can be used with confidence to design small diameter

airlift pumps.



Table 1.1
Summary of Airlift Equations
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Figure 1.1. Typical Airlift Pump.
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Figure 1.2. Experimental Apparatus.



