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ABSTRACT

A method is developed and demonstrated for the prediction of liquid
circulation velocity in airlift bioreactors operating with pseudoplastic fluids,
including mould suspensions. The method is based on a combination of a
recently developed energy balance over airlift loops with analytical
expressions for shear stress in turbulent or laminar flow of non-Newtonian
fluids. The procedure enables, an a priori calculation of pseudoplastic fluid
circulation in airlift devices for design purposes.

Key words: Airlift bioreactors, liquid circulation, non-Newtonian flow,
pressure drop.

NOTATION

A Cross-sectional area (m?)
& Parameter defined by eqn (16)
d Equivalent hydraulic diameter (m)
Eg Energy loss in bottom of reactor (W)
Ey Energy dissipation in downcomer (W)
Eg Energy loss due to friction (W)
E; Energy input to reactor (W)
Ex Energy dissipation in riser (W)
E¢ Energy loss in headspace of reactor (W)
g Gravitational acceleration (ms %)
h Height (m)
K Consistency index (Pas”)
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Fig. 1. Interrelationship between the liquid circulation velocity and the other bioreactor performance
parameters.

THEORY

As for Newtonian fluids, so also for non-Newtonian media, the energy balance over
an airlift loop may be written” as:

.m._”mwn_\mUlewle.ﬂnTm_u _Hv
where

E;=energy input to reactor due to isothermal gas expansion;
Eg =energy dissipation due to wakes behind rising bubbles in the riser;
Ep=energy loss due to bubbles entrained in the downcomer against the
buoyancy-determined direction of flow;
Egq=energy loss due to fluid turn around at the bottom (top) of the reactor;
Er=energy loss due to friction in the riser and downcomer.

In contrast to water-like systems, the frictional losses (Eg) cannot be ignored when
the fluid is viscous.

An earlier development? has shown that Ez, Ep, and (Ey+ Eq) are given,
respectively, by the following equations:

»m.,x”m._|_.arh_&5c§.¢-mn ANH
Ep=prghpU 4444 (3)

1 K AN\? 1
E;=-p URA| —=+Kg| -~ ) ——— 4
mwn_. T Mhu_'q_ln T :lmLM+ B \_n_ :|.m.nw~ AU

The frictional energy dissipation (Eg) is made up of two terms: the dissipation in the
riser (Eg,) and that in the downcomer (Eg,), given, respectively, as:

m_..q"\_;Qrm Dﬁ._u- Hmw
Epg= \ma U AP, Fd av
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and
ﬂU H 2xn/[n{x—1)+2]
TL HI B
; QAHlmumh:+::—ikl:+N_
1 +Aar (L+n)n c( |3~x: Faintx — 1)+ 2] pnfin(x — 1)+ 21 | an® e+ Dinex— 1)+ 211
— Hn_u i =
1 +n)/
pL (x /o) "

(14)

Throughout, the Reynolds number and the parameters C and x are given,’
respectively, by:

mculh_&_:
et &
k(2
n
K\ U
c=qarmn( KN o — o (Y- Yr (16)
P e l—e¢
x=070n"°3%" (17)

Equation (17) was obtained using the data reported by Metkin and Sokolov.”

Equations (11) to (14) were developed theoretically and were successfully used by
Metkin and Sokolov?® for the calculation of 1, /7, in the flow of Aspergillus niger
suspensions (w=2525 to 19-8kgm™*; n=0787 to 092; K/p, =514 x 107% to
8-85 x 10~ 5 m? 5"~ 2) in vertical pipes (d =0-05 and 0-5 m) over a broad range of air
(0-05 to 0-4 m s~ ') and slurry (0-13 to 1:2m s~ ') velocities. The experimental and
the predicted® values of the ratio 7/t were within +12%.

The foregoing equations will be used in eqn (8) for liquid velocity predictions
employing the procedure given below.

Prediction of circulation velocity, U;,

1. TInitially, a value of Uy, is assumed. Either ¢ must be known or it must be
estimated using an equation® such as

U (18)

U+ U +09(1 +20w/p)

£E=

or other similar correlations reported, for example by Chisti et al." Equation
(18) is for A. niger broths in airlift reactors.

2. Re, and Re, are calculated (eqns (15) and (7)), followed by x (eqn (17)).
Depending on whether the flow is laminar or turbulent, either eqn (11) or (13)
is used to calculate 1,4 and t,,. C, is then calculated (eqn (16)).

3. The shear stress 7, (eqns (12) or (14)) is calculated. Note that for many cases,
particularly for the external loop type of airlift reactors, the downcomer gas
holdup (&) is close to zero and the calculation of 7y is not necessary. When ¢4
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TABLE 1
Gas Velocity, Fluid Properties, and the Reynolds Numbers used in Calculations
Uy, K n & Ad/Ar d, d, Re,  Re; Uy, experi-
(ms~') (Pas") (m) (m) mental
(ms™)

002 038 06 00286 0444 0-152  0-102 89 219 0-1035
006 038 06 00611 0-444 0152  0-102 185 454 0-1754
012 038 06 0-0987 0-444  0-152 0102 276 677 0-2446
002 16 0-59 00247 0444 0152 0102 2 6 0-0597
006 16 059 00529 0444 0152 0102 13 32 0-1017
012 16 059 00856 0444 0152 0102 28 70 0-1422
002 029 07 00280 0444 0152 0102 97 212 0-0960
012 029 07 0-095 0444 0152 0102 272 590 0-2114
018 029 07 01252 0444 0152 0102 333 723 0-2527
002 13 064 00247 0444 0152 0102 5 11 0-0592
012 13 064  0-0846 0444 0152 0102 33 71 0-1360
002 025 07 0-0375 0-111 0152 0051 18 144 0-0339
006 025 07 00792 0111 0152 0051 40 323 0-0549
012 025 07 01271 0111 0152 0051 62 502 0-0746
002 025 073 00326 0-25 0152 0076 57 199 0-0611
012 025 073 01100 025 0152 0076 163 571 0-1317
018 025 073 01449 025 0152 0076 201 703 0-1567

For several values of gas velocity (Table 1), covering a range which is typical for
such reactors, we calculated ¢, and U, using eqns (21) and (22). This U, was
compared with that calculated using eqns (8), (9), (11), (12), (15) and (16) as outlined
earlier. As shown in Table 1, the flow regime in the riser and the downcomer was
always laminar. The Ky and K used in eqn (8) were both taken to be 6:09 in keeping
with earlier observations? for reactors identical to those employed by Popovic and
Robinson.? The downcomer gas holdup (g4) was assumed to be negligible in keeping
with well known observations (Chisti and Moo-Young;' Verlaan et al.'®) for
external loop airlifts. The K and n in Table 1 were determined” in coaxial cylinder
viscometers.

The theoretically calculated velocity is shown plotted (Fig. 2) against the
corresponding value obtained by the experimental® equations. As can be seen in
Fig. 2, the agreement between theoretical and experimental results is excellent;
particularly if it is noted that the prediction using the foregoing procedure is quite a
priori. This confirms that the recommended procedure may be successfully
employed for liquid velocity prediction either for airlift reactor design or for reactor
operational purposes.

CONCLUSION

A technique based on the hydrodynamic fundamentals has been developed for a
priori calculation of liquid circulation velocity in airlift devices operating with non-
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