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Abstract

In many biological processes, increasing the rate of transport of a limiting nutrient can enhance the rate of product formation. In aerobic
fermentation systems, the rate of oxygen transfer to the cells is usually the limiting factor. A key factor that influences oxygen transfer
is bubble size distribution. The bubble sizes dictate the available interfacial area for gas—liquid mass transfer. Scale-up and design of
bioreactors must meet oxygen transfer requirements while maintaining low shear rates and a controlled flow pattern. This is the motivation
for the current work that captures multiphase hydrodynamics and simultaneously predicts the bubble size distribution.

Bubbles break up and coalesce due to interactions with turbulent eddies, giving rise to a distribution of bubble sizes. These effects
are included in the modeling approach by solving a population balance model with bubble breakage and coalescence. The population
balance model was coupled to multiphase flow equations and solved using a commercial computational fluid mechanics code FLUENT 6.
Gas holdup and volumetric mass transfer coefficients were predicted for different superficial velocities and compared to the experimental
results of Kawase and Hashimoto (1996). The modeling results showed good agreement with experiment.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction The rate of oxygen transfer to the cells is one of the
limiting factors in product formation. It is known that in-
Bioreactors have the potential to become integral to the creasing the rate of oxygen transfer can enhance the rate of
development of high-value products and the replacementproduct formation. Gas holdup and the liquid volumetric
of existing chemical-based commodity processes. The mostmass transfer coefficient are commonly used to characterize
common type of aerobic bioreactor in use today is the stirred oxygen transfer. Oxygen transfer is strongly influenced by
tank reactor with baffles and agitators and other internals de-the hydrodynamics of bubbles. Several researchers have
signed for specific applications. For certain industrial scale studied the hydrodynamics and mass transfer in bioreac-
applications however, airlift reactors provide a simple de- tors (Pandit and Joshi, 1988eenackers and Swaaji, 1993
sign with no moving parts and generate lower shear ratesVeerlan and Tramper, 198 Mao et al., 1992 Kochbeck
for shear-sensitive microorganisms. Additionally, increased et al., 1992 Douek et al., 1994 In recent years, computa-
mass transfer due to enhanced oxygen solubility at highertional fluid mechanics (CFD) tools have been used for study-
pressures can be achieved in tall airlift reactor vessels. Theing the hydrodynamics of airlift reactors using bubbly two-
current work focuses on airlift bioreactors. phase flow modelsCockx et al. (1997proposed a model
based on one-dimensional (1D) two-fluid mass and momen-
" Corresponding author. Tel.: +961-603-643-2600x323; fax: +961-603- tum balances where closure relations for the slip velocity
643-3967. of the gas bubbles, friction factors and singular pressure
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simulations.Sokolichin and Eigenberger (1994gviewed 2. Modeling approach
the modeling of gas—liquid flow in bubble columns and
loop reactors. Results obtained with dynamic multidimen-  The air—water system is considered as a two-phase flow
sional two-fluid models were compared with respective using a full multi-fluid Eulerian model. In this approach mass
steady-state simulations. Most literature do not account and momentum balance equations are solved for each phase.
for the dynamic breakage and coalescence of bubbles. TheThe coupling between phases is achieved through interphase
bubble size distribution is important since the interfacial exchange terms. The mass and momentum balance equations
area is the key parameter that controls the oxygen transfercan be written as
rate.Mudde and Van Den Akker (200Xpnducted 2D and
3D numerical simulations of an internal airlift loop reactor —q; p, +V - (a1 p,ii) =0, (1)
based on the two-fluid model. The results were compared ¢!
with LDA data and the 2D results showed deviation from
experiments at higher superficial velocities, while the 3D o
results seemed to compare favoralyrris et al. (2002) ’
developed a simple model that predicts oxygen transfer ¢ - .
based on discrete-bubble principles. They did not model g(“L/’L”L) + V- (arprupur)
the detailed hydrodynamics of the airlift react@ezzo =—o; VP +V . -I + KgL(ig —iiL)
et al. (2003)demonstrated a multizonal/computational fluid Yo, 3)
dynamics (CFD) modeling approach to study the inter- L=
action between fluid-flow and biological reactions. More ¢ . L.
recently, Wang et al. (2004)studied the influence of the a(“GPG”G) + V- (GpgUcuc)
superficial gas yelomty and solid holdup on the glopal 985 _ _, VP4 V.ig+ Kol —iic)
holdup and radial profiles of the suspension circulation ve- ~
locity in the downer and of gas holdup, bubble size, and t6PGY. )
bubble rise velocity in the riser using fiber optic probe The drag coefficienKg; = K1 ¢ is taken fromSchiller and
and ultrasound Doppler velocimetriiristov et al. (2004)  Naumann (1933)The turbulence was modeled using stan-
developed a simplified CFD model for three-dimensional dard ¥ — ¢ model (aunder and Spalding, 19Y3uitably
analysis of fluid-flow and bioreactions in stirred tank re- extended to multiphase flows (Simonin). The equations de-
actors with novel impellers. The network-of-zones model scribing this model are
previously developed by the authors for Rushton turbine
was modified and the results indicated that the oxygen lev- ﬁ _

. . . . pmk +V. pmumk
els predicted is completely different from that obtained by ¢r
an oversimplified plug (gas)-backmixed-(liquid) bioreactor v <

% Pg +V- (OCGpGﬁG) =0, (2)

model.

The current work builds on existing knowledge by de-
veloping a full CFD model that is coupled with bubble Q
dynamics. The work demonstrates a generalized approacha;p
to couple bubble dynamics of breakage and coalescence v <

t
”’”Vk) + Gim — Pmés (5)
O

m€+ V- Pyt

with fluid-flow equations for multiphase flows. With this

approach there is no need for correlations that apply only
for certain geometric configurations and flow conditions. The mixture properties in Egs. (5) and (6) are given by
Novel bioreactor designs can be greatly improved by un-
derstanding the spatial and temporal variations of bubble

1
&
MVS) + %(ClsGk,m — Coeppi&). (6)

Og

pm = OCGpG + :XLIOL;
AGPGUG T oULpUL

volume and number distribution throughout the bioreac- i,, = @)
tor using this method. The numerical solutions are vali- Pm
dated with experimental data frokawase and Hashimoto  The turbulent viscosity, ,, is computed from
(1996) ’

Kawase and Hashimoto (199&onducted extensive C _p k2 8
experimental studies with a laboratory external-loop air- #m = Pm&u=r 8)

lift reactor for both Newtonian and non-Newtonian me-
dia in the presence and absence of solids. They also
proposed correlations for predicting gas holdup and
mass transfer coefficients. In the current work, we con- ¢, = 1, (Vi + (Viig)") : Vil 9)
ducted numerical simulations for Newtonian media with-

out solids and compared against equivalent experimentalThe constantsC,, etc. were obtained fronhaunder and
results. Spalding (1972)

and the production of turbulence kinetic ener@ ., is
computed from
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The gas phase is assumed to be composed of 9 discretéubbles of sizes; andv; is expressed ad (o, 1993
bubble sizes and a discretized population balance equation
is solved for the bubble number density along with birth and 2, 2\1/2
death terms due to breakup and coalescence. The equatlonC(v vj) exp( c1pLdi(f +vj)
for the ith bubble class fractiorf; is written as

1075+ )L+ &2 )
4G pG fi ) a(pg/pL +NPA+EN?)
%GPcfi + V- (acpcic) fi = Si, (10) - N
ot where
Si= BBreakup— DBreakup+ Bcoalescence l2cfa (19)

V=R
— Dcoalescence (11) prd; pe?!
) . . The collision frequency is given akyo, 1993
where f; is defined as the ratio of total volume of bubbles
of classi to the total volume of bubbles of all classes. These . (v;, v;) = (1/4)(d; + d;)*nin ;(v? + v/2_)1/2' (20)

functions are expressed as .
P The coupling between bubble breakup and coalescence

Umax and CFD is achieved through the dynamic drag term based
Boreakudv; X, t) =f Qe vn@;x, Hd',  (12) on the sauter mean diameteyp.
Umax—v Egs. (1)—(4) and (10) were solved numerically with a com-
02 , mercial CFD code FLUENT 6 that is based on the finite
D ) (e 2@, v) volume method
breakudV; X, 1) = n(v; X, t) — v, (13) ’
0 v

v/2 3. Results and discussion
BcoalescenctV; X, 1) = / Pe(v— v, v).o(w—v',v)
Xon(v — X, On@s X, do, (14) The compu_tation_al gr_id is shown Fig. L The flow ge-
ometry was discretized into 23,000 hexahedral cells. Due to
Umax—V symmetry only one-half of the reactor geometry was mod-
Dcoalesencév; X, 1) = / Pe(v,v').0(v, v) eled. The dimensions of the riser diameter and the down-
0 comer diameter are 0.07 and 0.155 m, respectively. The vol-
ume of the reactor is 0.023%For this geometry, five CFD
runs were conducted for superficial gas velocities of 0.01,
rb.OZ, 0.03, 0.04 and 0.05m/s. Riser Gas holdpgr) was
calculated as the ratio of the volume increase of gas in the
riser section divided by the initial liquid volume in the riser.
The volumetric mass transfer coefficient was calculated as
the product of liquid-phase mass transfer coefficight)
and the specific surface area
K is obtained from the basis of Higbie's penetration

x n(v; X, Hn(@'; x, t) dv’. (15)

The bubble breakup and coalescence kernels appearing i
the integrals above are described below.

Bubble breakup is analyzed in terms of bubble interac-
tions with turbulent eddies. The turbulent eddies increase the
surface energy of the bubbles through deformation. Breakup
occurs if the increase in surface energy reaches a critical
value. A binary breakage is assumed. The kernel contains
no adjustable parameters. The breakup rate of particles of

sizev into particle sizes of fgy andv (1 — fpy) is given theory as
as (uo, 1993 2 0.25
KL=7¢B{8LPL} : (1)
T
QB(U:Uva) g\1/3 ! (1+é)2 .
1—epn C4<ﬁ> 2 A3 whereg;, is the water turbulent dissipation rate that is pre-
mnoe dicted from the CFD simulation. The interfacial area is also
x exp( — 12so dé,  (16) directly obtained from the predicted bubble size distribution
ﬁpLSZ/st/Séll/B as
6ar;
where a= d_,l (22)
i
cr= §</3 +@- fp)?P -1 a7 Fig. 2 shows contours of air volume fraction of 0.1 for a

superficial velocity of 0.03 m/skig. 3 shows contours of
Bubble coalescence is modeled by considering bubble col-air volume fraction along the symmetry plane for the same
lisions due to turbulence, buoyancy and laminar shear. Theconditions. FronFigs. 2and 3 it can be seen that most of
coalescence rate is given as a product of collision frequencythe air rises through the riser section and leaves the domain.
and coalescence probability. The coalescence probability ofHowever, a small pocket of air is seen to be trapped in the
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Fig. 2. Isovalues of volume fraction of aie= 0.1 in the airlift reactor
showing the rising air plume for superficial velocity of 0.03m/s.

Fig. 1. Airlift reactor geometry and experimental conditions taken from
Kawase and Hashimoto (1996jinite volume mesh with 23,000 hexahe-

dral cells for 180 of flow geometry. 1.00e+00
9.60e-01
9.20e-01
8.80e-01
8.40e-01
) . 8.00e-01
bend section of the downcomer. The air bubbles generally ;ggg—g}
tend to follow the liquid velocity vectors and consequently 6.806-01
get trapped at the entry to downcomer where the liquid flow 2385_81
separates. A closer look at the liquid velocities clearly re- 5.60e-01
veals this recirculatory flow behavior Fig. 4. A large area - e
of recirculatory liquid flow can also be observed in the riser 4.40e-01
section. This explains why the buoyant air is pushed towards b
the side away from the downcomer as seeffign 3. In a ggge—gl
well-designed external loop bioreactor, we expect to see the 5 A0 01
flow rising in the riser section and flow moving downwards fggg—g}
in the downcomer section. However, there is an optimum 1.20e-01
ratio of downcomer diameter to riser diameter that will ex- o i
hibit this desired behavior. In the current case, this ratio is 0.00e+00 A

not optimized for the current superficial velocities and hence

an undesirable recirculation is noticed in the riser section. Fig. 3. Contours of volume fraction of air along symmetry plane for
Fig. 5shows the mean diameter distribution of the bubbles. superficial velocity of 0.03m/s.

The larger bubbles are seen to rise with the liquid in the riser

section. The smaller bubbles tend to be carried downwards

by the liquid circulation in both the riser and downcomer are in the same order of magnitude and the maximum er-
sectionsFig. 6 shows the comparison of our predictions of ror is only about 13%Fig. 7 shows the comparison of our
riser gas holdup with the experimental datakafwase and predictions of volumetric mass transfer coefficient with ex-
Hashimoto (1996)The gas holdup values are well predicted perimental data dkawase and Hashimoto (199@he CFD

for smaller superficial velocities compared to the values at simulations over predict the mass transfer data by about 25%
larger superficial velocities. However, the overall predictions in the worst case. Typical CFD simulations can capture the



K.M. Dhanasekharan et al. /| Chemical Engineering Science 60 (2005) 213-218 217

6.52e-01 : o1
6.26e-01 fi=
6.00e-01 AN N
5.74e-01 )
5.47e-01 i N
5.21e-01 | |
4.95e-01 ! A
4.69e-01 4
4.43e-01
4.17e-01
3.91e-01
3.65e-01
3.39e-01 :
.- 313?2_3: no OKawase & Hashimoto (1996)
2.61e-01 d i i @ FLUENT (Breakup & Coalescence)
gggg—g: "o 0.01 T T T  ———
1.82e-01 1 0.01 01
1.56e-01 ook Superficial gas velocity, Usgr (m/s)
1.30e-01 | "
;:gggzg; nomm Fig. 6. Comparison of CFD predictions of gas hold-up with experimental
521e-02 < . it results ofKawase and Hashimoto (1996)
261e-02 v x : i
0.00e+00

@O

a

Riser gas hold-up (--)

e i

0.1

Fig. 4. Velocity vectors of water in the airlift reactor along symmetry
plane showing circulation patterns for superficial velocity of 0.03 m/s.

O

1.40e-02

1.27e-02

O Kawase and Hashimoto (1996)
@ FLUENT (Breakup & Coalescence)

Mass transfer coefficient, kLa (1/s)

1.14e-02 ®

0.01 (!)
0.01 0.1

Superficial gas velocity, Usgr (m/s)

1.01e-02

8.77e-03

Fig. 7. Comparison of CFD predictions of volumetric mass transfer co-

7.48e-03 - . . .
efficient with experimental results ¢awase and Hashimoto (1996)

6.18e-03

4.89e-03 .
4. Conclusions

3.59e-03
A generalized approach to predict oxygen transfer for

bioreactors has been developed. The model predictions

show good agreement with experimental data. The devel-

oped methodology can be applied to stirred tank and airlift

bioreactors at different scales of operation. Thus the ap-

proach can be used for scale-up of bioprocesses. The model

can be improved further by solving for more number of

discrete bubble size equations to resolve the bubble size

distribution more accurately. Additionally, different bubble

gas holdup correctly, but the prediction of mass transfer co- breakup and coalescence mechanisms may have to be inves-

efficient is more difficult due to limitations in capturing the tigated to account for non-Newtonian media and presence

bubble number density distribution accurately. The accuracy Of surfactants and impurities.

can be improved by refining the discretization of the pop-

ulation balance equation for bubble number density at the

cost of increased computational time. The assumptions of Notation

the breakup coalescence models may also have to be revis-

ited and modified. Nevertheless, the current results indicate Cy; constant, 1.44

good comparison toexperimental data for both gas holdup Cy constant, 1.92

and volumetric mass transfer coefficient. Cu constant, 0.09

2.30e-03 7

1.00e-03

Fig. 5. Contours ofdz> in mm along symmetry plane for superficial
velocity of 0.03m/s.
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Cy constant, 0.923

d; bubble diameter, m

fi fraction of bubbles of class

g gravity = 9.81 m/s?

k turbulent kinetic energy, Ays?

n; bubble number density of class
P pressure, Pa

u; velocity of phase, m/s

Greek letters

volume fraction of phase
constant, 2.41
& turbulent dissipation rate, #is®

Cij size ratio of bubbles

0; density of phase, kg/m?

o surface tension, N/m

T; stress tensor of phasé;a\N/m2
Subscripts

G gas phase

L liquid phase
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