
FLUIDS/SOLIDS HANDLING 

Explore the Potential 

of Air-Lift Pumps 

and Multiphase 

Use this 

new capacity 

correlation for 

pump design. 

F.A.Zenz. 

AIMS 

pplications of so-called "air-lift 

pumps" in fields other than 

petroleum (I) have included 

_ __i the handling of hazardous flu 

ids (2), the design of bioreactors (3,4). 
the recovery of archeological artifacts 

(5), recycle aeration in sludge digestors 

(6), deep sea mining (7), and the recovery 

of manganese nodules (8.9,10) from 

ocean floors. Interest among a host of 
domestic (11-17,18) and foreign (19) 
organizations dates back several decades; 

having passed EPA hurdles (20), recovery 

of ocean resources has been further sanc 

tioned by U.S. legislation (17). With the 
exception of "bioreactors" the practical 

design and operation of an air-lift pump 

lies in the dense-phase slug-flow regime 

of cocurrent gas-liquid upflow (21). 

The transition to slug flow 

The entrainment of spray or droplets 

as occurs from a fractionator tray consti 

tutes a form of dilute phase cocurrent 

gas-liquid upflow. Since bubble caps 

have been used as foot pieces in gas lift 

pumps, a pipe set over a cap on a tray, as 

illustrated in Figure la, constitutes con 

ceptually a low efficiency bubbling 

upflow gas lift operating at very shallow 

submergence. In practice, a gas lift oper 

ates with deeper submergence, and more 

efficiently in slug flow, as depicted in 

Figure lb where the foot piece is simply 

a gas injection nozzle. 

In practice, multiport injectors have 

been found to be more efficient (22) in 

terms of increased capacity, particularly 

in the bubbling and slug-flow regimes. 

This is in accord with analogous experi 
ence in the injection of flashing feeds into 

risers in fluid catalytic cracking units, 
analogously carrying upwardly bulk 

solids (particles) as opposed to bulk liq 
uids (molecules), and also accounts for 

some amount of scatter in published 

experimental data on air-lift capacity. 
Since injected gas bubbles are dis 

placed upwardly by the downward "slip" 

flow of liquid (that is, dense phase (23)) 
at the walls, the cross section through an 

upward moving gas bubble represents a 

countercurrent flow as depicted in Figure 

lc despite a net upward transport of slugs 

of liquid. This local countercurrent flow 

is analogous to the empty pipe flooding 
phenomena illustrated in Figure Id for 

which correlations already exist (24). In 

view of the identical flow phenomena in 

Figures lc and Id, accounting for the sys 

tem variables should also be identical 

whether the net flows are cocurrent or 

countercurrent. 

Dense phase liquid 
transport by gas-lift pumps 

In Figure lb, gas compressed to a 

pressure level equivalent to the depth of 
submergence is introduced to the lift pipe 

to displace liquid upwardly. As the liquid 

flows back down into the bubble-form-

voids, more gas is continually introduced 

to establish a steady state of refluxing of 

upwardly displaced liquid. The net rate of 

conveyance or refluxing decreases with 

height of lift. If the pipe is cut off at some 

height, below the maximum commensu 

rate with the given gas rate, or of the dif-
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I Figure 1. (above) Dilute-dense phase manifestations. 

I Figure 2. (right) "Correlation" of air-water lift data. 
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ference in hydraulic head, then the 

net rate of liquid at that height will 

be continuously expelled from the 

pipe and hence the action referred to 
as a lift "pump." 

Experimental air-lift data 

Figure 2 displays a variety of pub 

lished air-lift data covering lift 

heights ranging from 5 in. to 65 ft 

and pipe diameters from Vi in. to 15 

in. The curves drawn through each 

investigator's results fall into a 
numerical sequence with height of 

lift. The basis for the choice of coor 

dinates in Figure 2 lays principally in 

their ability to correlate maximum 

countercurrent dilute phase-dense 

phase flow through empty vertical 
tubes and packed towers (23,24). 

That these coordinates yield a plot as 

organized in Figure 2 lends credibili 

ty to this approach to correlation, 

despite the fact that air lift represent 

overall a net cocurrent, rather than 

countercurrent, flow. 

In Figure 2 gas volume and gas 

density are based on discharge con 

ditions; within a long lift pipe these 

could vary significantly from inlet to 

discharge. However, the significance 
of "corrections" to the data in Figure 

2 would be difficult to evaluate justi 
fiably when even the best data are 

subject to experimental error and to 
the effects of the air injection arrang-
ments (22). 

The submergence term, 5, in the 

denominator of the ordinate of 
Figure 2 is based on analogy to cor 
relating data on entrainment from 

distillation trays (25). It also reflects 

the work expanded in compressing 
the air in an air lift. If S is replaced 

by log [(5 + 34)/34], which is pro 
portional to the work of compression 
and still reflects the submergence, 

A = Pipe cross-section, so. ft 
Do pipei,d, inches 
L = lift ft. 
S = Submergence, ft 
pB =■ Gas density 
Pi = Fluid density 
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then the data in Figure 2 yield a fam 

ily of parallel curves spaced accord 
ing to the square root of the lift 
height. Multiplying the ordinate and 
dividing the abscissa by the square 

root of L results in the correlation of 
Figure 2. 

Effect of fluid density 

Since all the data in Figure 2 are 

based on lifting water, the question 
arises as to how well this correlation 

would satisfy other fluids. The ordi 

nate should be modified by consid 

ering that increased liquid density 
would logically result in reducing 

the effective volumetric yield, or 
conversely giving the same wieght 

yield at equal air rates. Chamberlain 
(2) obtained air-lift data for both 

water and a 93.5 lb/ft3 caustic solu 

tion in the same pipe; his data are 
plotted in Figure 3 and show excel-

K; 
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lent correlation. Figure 3, which rep 

resents a smoothed band drawn 

through the data in Figure 2 may 

therefore be considered a more gen 

eralized correlation. 

The Ingersoll-Rand equation 

The theoretical efficiency of an 

air lift is simply the work required 

to lift the liquid to the point of dis 

charge divided by the work of 

isothermal compression of the air. 

When analyzed in these terms, the 

air-to-liquid ratio can be expressed 

as a function of lift height, submer 

gence, and efficiency. This relation 

ship is generally recognized as the 

Ingersoll-Rand equation (26,27) 

and is usually accompanied with 

tabulated values of a constant 

derived from experimental data at 

or near the point of maximum effi 

ciency of operation as a function of 

the lift height. 

The work required to lift the 

dense phase (liquid) to the point of 

discharge is: 

W=WL (1) 

The work (isothermal compression) 

expended by the dilute phase (air) in 

lifting the liquid is: 

, = PaVcln(P/Pa) (2) 

and the fractional efficiency, E, is 

therefore: 

E=W/W, (3) 

Since Pa = 34 ft of water or 14.7 psia, 

P may be expressed as 34 + S, where 

S is the submergence in ft, so that 

E=WtUPoVcln(P/Pa) (4) 

(See Equations A, 5 and 6.) The pub 

lished version of the Ingersoll-Rand 

equations is simply Eq. 6 with the 

term (469 E) replaced by a constant 

which in effect amounts to assigning 

a value to £. Operationally deter 

mined values of E are generally of 

the order of 40 to 50% at the point of 

maximum operating efficiency, as 

given in Table 1 (26). 

From the Ingersoll-Rand equation 

I Equation A 

144 x 14.7 Ex In [(34 + 5)/34] 

I Equation 7 

0.8 

(VL/A) (48/D)"2 Z,l/2//of [(5 + 34)G4] C 

■ Equation 8 

alone, it is impossible to predict the 

variation in a given lift pipe's per 

formance as air rates are changed. 

The equation gives the air-to-water 

ratio only at the point of peak effi 

ciency and would imply that this 

ratio is constant at all air rates. It is 

evident from Figures 2 and 3 that the 

water rate falls off sharply when the 

air rate is either less (in the bubbling 

flow regime) or greater (in the annu 

lar or mist flow regime), than near 

the point of optimum slug-flow 

operation (28). 

Multiplying numerators and 

denominators by equal terms, the 

Ingersoll-Rand equation can be 

rearranged for graphical comparison 

with Figures 2 and 3. From Eq. 6 see 

Eq.7 or Eq. 8. For standard air and 

> Band of data 
in figure 3.— 

= 10ttatPL=62.4 

SB«= 15ft at Pi = 93.5 

■ Figure 

3. Effect of 

fluid 

density. 

1,000 
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■ Figure 4. Significance of the Ingersoll-

Rand equation. 
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pG = 0.0765 

■ Figure 5. Air-lift examples. 

water (that is, pL = 62.4; pc = 

0.0765), Eq. 8 is then 

106 

(9) 

+ 

3 

«§ 

0.028 

C 

Equation 9 is shown in 

Figure 4 as superim 

posed on Figure 3. The 

Ingersoll-Rand equation 

plots as a straight line 

with slope correspond 

ing to the air-to-water 

ratio at peak theoretical 

efficiency. The curve 

based on experimental 

data exhibits this same 

slope at only one point, 

but then curves away to 

yield lower water-to-air 

ratios at values of the abscissa 

(air rate) higher or lower than 

that corresponding to the ratio at 

this point of maximum delivery 

efficiency. The Ingersoll-Rand 

equation is therefore useful in 

estimating the yield from an air 

lift only under conditions of peak 

theoretical efficiency, but not 

over the entire range of possible 

operating conditions. Figures 3 

and 4 incorporate as well the 

effect of fluids of densities other 

than water. 

103 

102 
1.000 

■ Figure 6. Multiphase cocurrent 

vertical up/low regimes. 

Examples 

Consider the operable gas-liquid-

solids ratios for two situations illus 

trated in Figure S: 

1. Air lifting of water 30 ft 

through a 6 in. pipe submerged 50 ft. 
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2. Air lifting of a sedimented 

sand, as a slurry containing 10 wt.% 

fine sand, a distance of 30 ft through 

a 6 in. pipe submerged 50 ft. 

Case I. 

See Eqs. A, B and Table 2. 

Case 2. 

Slurry density = l/[(0.1/165) 

+ (0.9/62.4)] 

= 66.5 lb/ft3 

Effective submergence = 

50 (62.4/66.5) = 46.9 ft. 

Effective Lift = 30 + 50 - 46.9= 33.1 ft. 

See Eqs. C, D and Table 3. 

Bubbling and annular 
liquid flow 

At values of the abscissa less than 

about SO and to the left of the curve 

in Figure 4, two-phase flow would 

occur in the form of gas bubbles ris 

ing in a matrix of liquid forced to 

flow upwardly by means, for exam 

ple, of a motor driven pump or sim 

ply by a hydraulic difference in head. 

Under such conditions, typical in 

bioreactors (3), L would be the tube 

diameter and S would equal 

Lp/l-eJ/62.4 

At values of the abscissa greater 

than about 50, and to the right of the 

curve in Figure 4, voidage must be 

so great that liquid can only be dri 

ven up the pipe in annular flow by 

the surface drag of the gas core. This 

region has been explored in some 

detail by Dukler and others (29,30) 

Table 1. Operationally determined values of E, 

that is, fractional efficiency. 

Table 2. Air rates and water lifted for Case 1. 

mmmsm 
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who presented experimental data relating 

measured amounts of liquid, carried upward 
in annular films of measured thickness 

inside a vertical 2 in. internal diameter (ID) 
pipe, to the measured rate of the cocurrent, 

liquid flow inducing, upward gas stream. 

The results are shown in Figure 6 with 

the ratio of film cross-sectional area to pipe 
cross-sectional area as a parameter. 

Equating bubble rise velocity to displacing 

liquid downflow in a slugging tube, corre 

sponds to an annulus-to-tube area ratio of 
0.385, suggesting that these investigators 

were approaching slugging and that this 
limit should at some time be established on 

Figure 6 experimentally. The addition of 
liquid viscosity and particularly surface ten 

sion terms to the ordinate of Figure 6 has 
been, somewhat arbitrarily, based on identi 
cal terms applicable to horizontal multi 

phase flow (31) and on data obtained for 

very low surface tension liquids in cocur 

rent upflow with air (32) in tubes several in. 

to several ft in diameter. 

Figure 6 represents not only a 

capacity correlation for gas lift pump 

design, but also suggests the correla 

tion of all regimes of cocurrent multi-
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phase upflow to the extent supported 

by data published to date. BO 
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