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Abstract—Energy balance over an airlift loop is used to obtain a theoretical equation [eq. (16)] for the
prediction of liquid circulation velocity in those devices. The resulting equation is shown to satisfactorily
describe most of the available liquid circulation data (13 different airlift reactors) for a large range of reactor
operating scales (0.06-1.06 m* liquid volumes) including measurements on two pilot scale vessels. The
equation applies to both external- and internal-loop types of airlifts over almost two decades of liquid
circulation velocities (0.027-1.05 ms '), reactor height range of 1.36-8.5 m, and riser-to-downcomer cross-
sectional area ratios in the range 0.5-9.1. The liquid circulation rate is predicted to increase with the square
root of the reactor height. The influence of wall-drag on liquid circulation is shown to be negligible relative to
the impact of the frictional losses in the top and bottom connecting sections between the riser and the
downcomer where abrupt changes of flow direction take place. Energy dissipation due to wakes behind rising

bubbles is most significant.

INTRODUCTION

Airlift reactors are gas-liquid (or slurry) contacting
devices which are of particular importance in bio-
technology industries. In general, these reactors are
made up of a pool of liquid divided into two vertical
zones connected at the top and bottom. One of these
zones (the riser) is sparged by a gas and the resulting
gas holdup difference between the gas-sparged riser
and the unsparged downcomer leads to a difference in
the bulk densities of the fluids in the two zones and
hence an induced fluid circulation—upflow in the riser,
downflow in the downcomer—is set up. The magni-
tude of liquid circulation is one of the most important
design and scale-up parameters for airlift reactors:
liquid circulation influences the gas holdup in the
vessel, the prevailing flow regime, heat and mass
transfer coefficients, and the extent of mixing in the
reactor,

This paper reports on a model for prediction of
liquid circulation velocity in airlift devices and on the
influence of reactor geometry on liquid circulation.
Experimental data obtained by various authors over a
very broad range of airlift reactor sizes and reactor
types, including our data on two pilot scale devices, are
shown to agree with the model.

LITERATURE

A combination of momentum balance over the
circulation loop with empirical gas holdup and two-
phase pressure drop correlations is one approach to
predicting liquid circulation velocity in airlift reactors.
At steady state the hydrostatic pressure difference
driving force for the circulation resulting from the gas
holdup difference between the riser and the down-
comer is balanced by the total pressure drop in the
circulation path due to friction, valves, bends, flow area
changes and the presence of internals. This procedure
for liquid velocity prediction and its modifications
were employed by Hsu and Dudukovic (1980),
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Chakravarty et al. (1974), Kubota et al. (1978), Blenke
(1979), Merchuk and Stein (1981), Bello (1981) and
Jones (1985). In all cases either the predicted liquid
velocity did not satisfactorily compare with the ob-
served value or the equation involved a large amount
of empiricism such as the two-phase flow friction
factors. The relatively simple theoretical equation
reported by Jones (1985) (eq. 18 of his paper) also
predicted significantly higher or lower values of liquid
circulation velocity than the experimentally found
ones. Also, the energy losses due to drag of gas bubbles
in the downcomer were neglected. In another study
Bello et al. (1984) theoretically related (via an energy
balance on the airlift loop) the riser linear liquid
velocity ¥, to the riser superficial gas velocity by

V= Q2ghpUg /) 4 (1)

where n is the total circulation path flow resistance in
the flow circuit. For correlating their experimental
data, however, Bello et al. (1984) used equations of the
form

V= a(A,/A UL (2)

The values of f were about 0.75 and were largely
independent of the reactor or contactor type (whether
external loop airlift or internal concentric draught tube
device). However, o depended on the type of contactor
and o values of 1.55 (external loops) and 0.66 (con-
centric draught tube internal loops) were reported.
This meant that more than two-fold higher liquid
circulation rates were obtained in the external-loop
devices (where there was a relatively low downcomer
gas holdup) compared with the internal loop draught
tube vessels in which the gas entrainment in the
downcomer was higher. This confirms that down-
comer gas holdup must also be taken into account in
liquid velocity predictions. Equations (1)and (2) taken
together imply that the downcomer-to-riser cross-
sectional area ratio was the principal factor which
controlled 1, the total circulation path flow resistance,
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and that wall friction was less important since fluid
viscosity did not appear in eq. (1). In almost the same
geometries and sizes of external-loop vessels as used by
Bello er al. (1984) other investigations (Popovic and
Robinson, 1984) conducted in non-Newtonian car-
boxymethyl cellulose solutions (u, . of 0.015-0.5 Pas)
showed that

ULr o :!UI()E.FBZJ {Ade’]{!.TSM “ap:,.}‘iﬁ (3}

where o was 0.052 and 0.0204 for bubble- and slug-flow
regimes, respectively. The exponents on gas velocity
and geometric terms in eqs (2) and (3) are quite close,
thereby indicating that these exponents are largely
independent of fluid properties. The decline in liquid
circulation with increasing viscosity observed by
Popovic and Robinson (1984), Weiland (1984), Onken
and Weiland (1980) and Chakravarty et al. (1974) both
in Newtonian and non-Newtonian media probably
meant that wall friction losses became important as
viscosity increased relative to that in water-like fluids.
The report of Fields et al. (1984) that addition of small
amounts of drag-reducing polymers such as xanthan
gums enhanced liquid circulation compared to the
value in water may be similarly explicable. The effects
of viscosity- and drag-reducing agents on liquid circu-
lation have another explanation in terms of energy
dissipation in the circulating fluid in the bubble wakes.

Recently Lee et al. (1986) presented an analysis of
the liquid circulation phenomenon in airlift contac-
tors. The energy losses in the wakes behind bubbles in
the riser as well as the losses in the downcomer due to
upflow of large bubbles were taken into account. The
predicted circulation velocities were found to agree
satisfactorily with the experimentally observed values,
but the calculation required a knowledge of terminal
bubble rise velocity. Lee et al. (1986) used an arbitrary,
but realistic, value of 0.23ms ! for the terminal
bubble rise velocity in most of their calculation. In
some cases, however, to achieve satisfactory agreement
between the model and experimental results they had
to adjust the bubble rise velocity and consequently the
bubble velocities used varied almost two-fold over the
range 0.22-0.43 ms ™', with little justification. Thus
the bubble rise velocity was used as merely an ad-
justible parameter without any real physical meaning.
In addition, these investigators assumed quite ar-
bitrary values of frictional loss factors, between 2 and
4, for the various airlift devices despite the wide
variations in reactor geometries.

In view of the shortcomings of existing liquid
circulation studies for airlift vessels, and considering
their lack of generality, we have developed a new
liquid circulation model which is presented here. The
model is shown to be universally applicable to all types
of airlift reactors: external loop, split cylinder internal
loop, and annulus or draught tube sparged concentric
draught tube internal loop geometries.

app

THEORY

The energy balance over an airlift loop may be
written as

rate of energy input into reactor = rate of energy
dissipation or

E;= Ex+Ep+E,+E+E; 4)

where

|

E; = energy input due to isothermal gas expansion

h

— 0P, ln(l+m) (5)
P,

E g = energy dissipation due to wakes behind bub-

bles in the riser

Ep=energy loss due to stagnant gas in the
downcomer

E g7, = energy loss due to fluid turn around at the
bottom (top) of reactor

E ; = energy loss due to friction in the riser and the
downcomer.

For simplicity only Newtonian low-viscosity (water-
like) flows will be considered. Under these conditions it
may be shown (Appendix 1) that skin or wall friction
losses in airlift vessels are negligible compared to
dissipation due to other terms in eq. (4). This is true in
general for low-viscosity fluids as confirmed further by
the data presented by Lee et al. (1986). Thus we shall
ignore skin friction losses.

Energy dissipation due to the wakes behind the
bubbles in the riser can be obtained by an energy
balance using the riser liquid as the control volume.
Thus

E =Eg—pghp(1 —&)Up A +p,ghpU A, (6)
pressure energy loss  potential energy gain

Hence
Ep=E;—p,ghpU, A.e,. (7)

Energy loss arising from the drag of gas on liquid in the
downcomer (E ) is obtained by performing an energy
balance on the downcomer, using the downcomer
liquid as the control volume:

0=Ep+pghp(l —e)U Ay —pghpU A, (8)
pressure energy gain  potential energy loss

or
Ep= pghpUAsq. (9)

The energy losses in the top and bottom sections of the
airlift reactor can be calculated in exactly the same way
as for pipe flow. Thus

Ep+Er= ;pLEVa_rKTAr[] —&)

+ VEK A1 —e4)] (10)

where K, and K g are the friction loss coefficients for
the top and bottom connecting sections; respectively.
V, and V,, in eq. (10) are the true linear liquid
velocities in the riser and the downcomer, respectively,
and are related to the corresponding superficial vel-
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ocities in the following manner:

U
W, = L 11
Lr l—!,', ( J
Ua
Vipises =, 12
i (12)

Furthermore, the continuity equation for the liquid
flow between the riser and the downcomer can be

written as
Al =)V, = Al —e)V 1y (13)

Using eqgs (11) and (13) in (10) we obtain

K A\ 1 '
Eg+E;=4p, U3 A Lo+k=2 ) —= |
A 'Ll—m” \4,) (1 —e

(14)

Finally, substitution of egs (7), (9) and (14) in eq. (4)
yields the following expression

E,=E;—pghpU A, +pghpU; Ay

Ky
e
(1 - "-;r)z

Al
"(,4,, (1= |

Equation (15) can be written in terms of U ;, explicitly:

+ %-"J LUJLrAP I:

(15)

0.5

29‘!’10(!},—85}
K, AN 1
SBR[ (NI
(1—¢,) B(Ad) (1 —g,)?

Equation (16) is our general equation for liquid
velocity prediction in airlift reactors. Two further
simplified particular forms of eq. (16) may be dis-
tinguished. For split cylinder or concentric tube type
internal loop airlift devices the energy loss in the top
connecting section will usually be minimal relative to
that in the bottom section, This is because the internal
loop reactor headspace may be likened to an open
channel as opposed to a constricted flow path at the
bottom. In this case we have

U= (16)

.5
2gh (e, —
G| —Lae=% | e

Lr Fl
A, 1
K B(_) T
Ag) (1—gy)

On the other hand, for an external-loop type of airlift
where, as is often the case, the top and bottom
connections are very similar in geometry, K and K g
are approximately equal. In this case eq. (16) reduces to

0.5
-  2ghple, )

g L (A I
A\(l-g) "\4,) (1-¢)?

Equations (16), (16a) and (16b) incorporate the di-
ameter of the riser in terms of the superficial liquid
velocity in the riser. The riser (or downcomer) diameter
is a necessary geometric detail for the prediction of

(16b)

liquid velocity in airlift reactors because the A4,/A,
ratio by itself does not uniquely define the reactor
geometry. The additional requirement of dimensional
consistency is satisfied by eqs (16)-(16b).

EXPERIMENTAL

Liquid circulation time was measured in an
air-water system in a 1.46-m? pilot scale airlift device
which consisted of a cylindrical, 0.762 m diameter,
321 m tall, all-steel vessel containing a concentric
draught tube, 0.355m in internal diameter. The
draught tube (downcomer) was 2.06 m tall and it was
located 0.202 m from the base of the reactor. The
unaerated liquid height was kept at 2.32 m and the
annular space (riser) between the outer and inner tubes
was sparged by a perforated pipe (128 holes of 0.002 m
diameter on three concentric rings) type sparger.

Concentrated sulphuric acid was used as a tracer
which was poured instantaneously into the top of the
downcomer and the pH was followed at two
downstream locations by identical pH probes placed
about 2m apart in the downcomer. From the
measured time interval between the tracer peaks from
the two pH electrodes and the known vertical distance
between them the linear liquid velocity in the down-
comer could be calculated. A similar method was used
also by Verlaan et al. (1986).

A second reactor—a split cylinder—was also in-
vestigated using air-water. This consisted of a circular
clear plastic column, 0.243 m in diameter, 7.825 m tall,
split vertically into a riser and downcomer by a 4.8 m
tall, 0.229 m wide, aluminium baftle. The baffle clear-
ance from the bottom of the reactor was 0.102 m and a
clear liquid height of 5.076 m was used giving a liquid
volume of 0.2354 m?* and a top baffle clearance of
0.174 m. The A,/A4, ratio was 2.44. The riser was
sparged by a perforated pipe sparger (38 holes,
0.0015 m diameter). In this case the downcomer liquid
velocity was calculated from the simpler visual obser-
vations of the bubble size for bubbles held stationary
in the lower part of the downcomer due to downflow of
liquid. The well-known Levich (1962) equation

gd, s
U,=2(32
ke (1.8)

was then used to calculate the flow past the bubble.
Glasgow et al. (1984) have successfully utilized this
technique.

(17

RESULTS AND DISCUSSION

The liquid circulation data for our airlift reactors is
shown in Fig, 1 together with almost all other data
available on liquid circulation in airlift devices, both
external- and internal-loop types. Experimental values
of superficial liquid velocity in the riser are plotted
against those calculated using either eq. (16a) (for
internal loops) or eq. (16b) (for external loops). Figure
1 shows that over almost two decades of liquid velocity
range in airlift contactors and over a large reactor size
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Fig. 1. Measured superficial liquid velocity in riser vs pre-
dicted value [eq. (16a) or (16b)]. For details of reactors see
Table 1.

range (0.06-1.06 m* liquid volume) eq. (16) predicts
liquid velocity very well { + 307%)).

The values of the form frictional loss coefficient K g
used in eqs (16a) and (16b) are tabulated in Table 1
along with other geometric details for various reactors
referred to in Fig. 1. As expected, for any given reactor
K  is constant within narrow limits. Variation of K
between different reactors is expected because of the
different reactor geometries. Notice also that for some
seemingly very different external-loop reactors—all
those used by Bello (1981), the one used by Merchuk
and Stein (1981), and the very tall vessel employed by
Onken and Weiland (1980)—K j is almost the same at
~ 5.5. This is because the bottom sections of all these
vessels were similar in geometry. For example, the
risers and downcomers of Bello’s vessels were con-
nected by a ~ 10.2 cm diameter pipe while Merchuk
and Stein (1981) apparently used a connecting pipe of
14 cm diameter. Also the lengths of the connecting
pipes in the two cases were quite close at ~ 0.5 m for
Bello (1981)and 0.35 m for the vessel used by Merchuk
and Stein (1981). Because Bello’s device was only about
1.8 m tall whereas that used by Merchuk and Stein
(1981) was about 4 m tall, the close K ; values for them
further meant that even for a relatively tall reactor the
form frictional losses in the connecting sections at the
bottom and top were significant compared to losses
over the heights of riser and downcomer. The external-
loop vessel employed by Verlaan et al. (1986) had a
quite low K, of 1.81 £0.08 even though the 4,/4,
ratio of 4.0 was the same as in one of the devices used
by Bello (1981). The explanation lay once again in the
geometries of the top and bottom connecting sections
used by Verlaan et al. (1986): the funnel shaped
entrance to downcomer and the smooth radius 90°
elbow [as opposed to 90° square elbows used by Bello
(1981)] which connected the downcomer to the riser
(Verlaan et al., 1986) led to lower pressure losses.

For the internal-loop reactors, Table 1 shows that
the order of magnitude of the loss coefficient K was

quite close for the reactors examined by us, for the
draught tube vessels utilized by Bello (1981) and for a
similar device studied by Jones (1985). In all these cases
the clearance of draught tube (or baffle) from the
bottom of the reactor was fairly large at 10-20 cm. The
draught tube sparged airlift employed by Hatch (1973)
displayed a much higher K, value at 16.98 + 3.74,
because of the unusually low clearance (only 3.3 c¢m) of
the draught tube from the reactor base. The strong
influence of the free area between the riser and the
downcomer [i.e. the bottom clearance area (Fig. 2)] on
liquid circulation was further evident in Hatch’s results
where a 677, reduction in this area led to a 32.5%
decline in the riser superficial liquid velocity. The
coefficient K ; for almost all the several different types
of internal-loop airlifts correlated well with the free
area for liquid flow between riser and downcomer as
shown in Fig. 3. Thus

A 0n,7THS
Kjp=11.402 (—")
A

b
(correlation coefficient = 0.994)

(18)

over a A,/ A, range of 0.2—1.8. Of all the cases examined
only one of Bello’s (1981) reactors showed K values
which did not correlate closely with eq. (18). Even for
that case, however, the spread of K  data as shown in
Fig. 3 was such that the experimental error in liquid
circulation results could easily have been the source of
the discrepancy.

The theoretical eq. (16) predicts an increase in liquid
circulation with the gas-liquid dispersion height raised
to a power of 0.5. Previously Bello er al. (1984)

DOrought - tube
Internal Loop

Split cylinder
Internal Loop

External Loop

Fig. 2. Free area (hatched) (4,) available for liquid flow
between riser and downcomer in various configurations of
bottoms of airlift reactors.

30 .
INTERNAL LOOP AIRLIFTS

201
— 10}
L
20 l
x H

2 i NP RPR | L

ol 10 4.0

(Ag/Ay) (-)

Fig. 3. Correlation of Ky with A;/A4, for internal-loop
airlifts. See Fig. 1 for explanation of symbols.
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predicted this exponent to be 1/3 even though all their
experiments were conducted in reactors which were
operated at a low fixed dispersion height of 1.8 m. No
experimental evidence was provided by Bello et al.
(1984) for their hypothesis. The good agreement of
the measured values of liquid circulation, covering a
dispersion height range of 1.36 to more than 8 m, with
eq. (16) further supports our equation. As a further
independent test of egs (16) and (18), the data obtained
in our relatively large split cylinder vessel (reactor 2 in
Table 1). which was not used in the development of
these equations, was correlated with them. Thus, based
on the reactor geometry, eq. (18) was used to calculate
K which was then used in eq. (16a) to obtain a
calculated liquid velocity. The latter was compared
with the experimental value. The excellent agreement
between these two liquid circulation velocities for this
case (Fig. 1) provided additional evidence in support of
the theory.

In some cases the riser and downcomer gas holdups
may not be known a priori. Equation (16) can still be
used for liquid velocity prediction although the pro-
cedure is now more complex. Because the gas-liquid
upflow in the riser of an airlift is identical to concurrent
gas-liquid flow in bubble columns, equations de-
veloped for the latter can be applied to airlift reactors.
Thus, the well-known gas holdup correlation due to
Hills (1976) may be rearranged to

UGr
&= ; 0.93
024 +1.35(Ug+U,)

(19)

for U,, > 0.3 ms !inair-water. Equation (19)is used
to calculate ¢ for any given gas velocity using an
assumed value for liquid velocity. The downcomer gas
holdup is then obtained using

g, = 0.89¢, (20)

or one of the following equations:
gy = 0.79¢, — 0.057 (21)
£y = 0.460¢, — 0,024, (22)

Equations (20) and (21) were reported by Bello et al.
(1985) for draught tube internal loop and external-
loop airlifts, respectively. Equation (22) was obtained
in a slightly different form by Chisti et al. (1986) also
for external loops. Equations (21) and (22) are some-
what dependent on the reactor headspace geometry
because of the different gas-liquid separating abilities
of different headspace designs. These equations are
satisfactory, however, for liquid velocity estimation
purposes. The riser and downcomer gas holdups
determined using eqs (19)}-(22) are now used ineq. (16)
for U, calculation. If the calculated U, and the value
that was originally assumed disagree, then the whole
procedure is repeated until agreement is obtained.

CONCLUSION
A unified theoretical approach based on energy
input into airlift reactors is shown to satisfactorily
predict liquid circulation in these devices over a broad

range of reactor geometries and scales of operation.
For low-viscosity liquids such as water the wall friction
has little influence on liquid circulation relative to the
frictional losses arising in the top and bottom connect-
ing sections where the flow directions change abruptly.
Energy dissipation due to liquid circulation within the
wakes behind rising bubbles represents a significant
loss. Other major geometric parameters which in-
fluence the velocity of liquid circulation are the riser-
to-downcomer cross-sectional area ratio, the height of
the reactor and A,/A,.

Acknowledgement—This work was supported by a research
grant from the Natural Sciences and Engineering Research
Council of Canada.

NOTATION

A, free area for liquid flow between riser and
downcomer, m?

Ay cross-sectional area (downcomer), m?

A, cross-sectional area (riser), m?

C, Fanning friction factor, dimensionless

DT draught tube

dyg bubble diameter, m

d, diameter or equivalent diameter (down-
comer), m

d, diameter or equivalent diameter (riser), m

E, energy loss (bottom connection), W

Ep energy loss due to stagnant gas (downcomer).
W

Ep energy loss due to friction, W

E; Energy input, W

Ep energy loss in wakes (riser), W

E; energy loss (top connection), W

g gravitational acceleration, ms™?

hy, gas—liquid dispersion height, m

h, unaerated liquid height, m

Ky frictional loss  coefficient {bottom),
dimensionless

K, frictional loss coefficient (top), dimensionless

Ly downcomer clearance from reactor base, m

L, downcomer height, m

/o riser height, m

P, reactor headspace pressure, Nm ™ ?

0 volumetric gas flow rate, m*s !

s superficial gas velocity (riser),ms ' [cms ™!
in eq. (3)]

Ug superficial liquid velocity (downcomer),
o E I

Ui, superficial liquid velocity (riser), ms '

v, liquid volume, m?

Via linear (or interstitial) liquid velocity (down-
comer), ms !

Vi linear (interstitial) liquid velocity (riser),
o

Greek letters

o coefficient in egs (2) and (3)
p coefficient in eq. (2)
&4 gas holdup (downcomer), dimensionless

g, gas holdup (riser), dimensionless
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Table Al. Energy dissipation in the circulation loop.

Usg, Uy Uy i E, El Ep  (Eg+Ep)' E}
(ms ') (ms ') (ms ') (—) (W) (W) (W) (W) (W)
0010 0.748 0.187 0.017 12.94 9.78 (75.6) 00 3.16 (24.5) 0.04 (0.3)
0.022 1.00 0.25 00314 2846 20.65 (72.6) 0.0 7.58 (26.6) 0.09 (0.3)
0.033 1.181 0.295 0.045 42.69 29.49 (69.1) 0.0 12,51 (29.3) 0.15 (0.3)
0.054 1.465 0.366 0.643 69.85 4645 (66.5) 00 239 (34.3) 0.27 (0.4)
0.103 1.811 0.453 0095 13324 9044 (679) 00 454 (34.1) 0.52 (0.4)

"Values in parentheses represent percent of E;.

n circulation path flow resistance, dimension-
less

o apparent viscosity, Nm *s

Hy liquid viscosity, Nm ™ *s

Pp dispersion density, kgm " *

01 liquid density, kgm ~*
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APPENDIX 1: ENERGY DISSIPATION IN CIRCULATION
LOOP

Shown in Table Al are some experimental data obtained by
Verlaan et al. (1986) in air—water in a relatively tall (3.23 m
tall) external-loop airlift reactor in which, due to its height,
frictional losses are expected to be high. The total energy
input E; was calculated using eq. (5). Verlaan er al. (1986)
reported the liquid circulation data in terms of the down-
comer cross-section and these were converted to the riser
superficial liquid velocities using the equation

; Ay
L'IL!=UI.I1 A_ .

r

(A1)

The energy loss due to friction over the length of the riser was
calculated using

h
Ep=2C,p,Up\U+ UG,)d—D‘ (U A4)  (A2)
which was reported by Merchuk and Stein (1981). The Blasius
equation

o Upd, 7702
CJ.=0,0?92[5‘-— £r ]
(l—g)py

was employed in the calculation of the Fanning friction factor
for use in eq. (A2).

Energy losses due to fluid turn around at the top and
bottom of the reactor (E;+ Eg) and the losses due to the
wakes behind bubbles in the riser (E g) are also given in Table
Al and these were calculated using eqs (10) and (7), respect-
ively. This particular reactor was operated such that the
downcomer gas holdup remained zero and consequently
there was no energy dissipation due to bubble drag (E ) in the
downcomer as could be calculated from eq. (9).

As can be seen from Table Al the energy losses due to wall
friction in the riser (Ep) are clearly negligible (< 1%)
compared to the energy dissipation due to wakes behind
bubbles and that due to the abrupt changes of flow direction
in the top and bottom sections of the reactor.

(A3)






