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Bubble columns and airlift photobioreactors can be useful for culturing phototrophic
organisms requiring light as a nutrient. Light a®ailability in bubble columns and airlift

(de®ices is influenced by aeration rate, gas holdup, and the liquid ®elocity mixing and
)turbulence . The photosynthetically generated oxygen also needs to be remo®ed, as ex-

cessi®e dissol®ed oxygen suppresses photosynthesis. Oxygen remo®al capacity is go®erned
by the magnitude of the o®erall gas ] liquid mass-transfer coefficient, k a . This workL L
characterizes the rele®ant hydrodynamic and mass-transfer parameters in three air-
agitated reactors: bubble column, split-cylinder airlift de®ice and concentric draft-tube
sparged airlift ®essel. The reactors are then e®aluated for culture of the microalga
Phaeodactylum tricornutum. All reactors were about 0.06 m3 in working ®olume, and
the working aspect ratio was about 10. Data were obtained in tap water for a base-line
comparison and in Mediterranean seawater, as a potential medium for algal culture. A
theoretical relationship was de®eloped and pro®ed between k a and the aeration rate.L L
In addition, a method based on mechanistic relationships was pro®ed for predicting the
liquid circulation ®elocity and k a in airlift reactors. Existing correlations applied sat-L L
isfactorily to gas holdup and k a data obtained in the bubble column. Aqueous solu-L L

( )tion of sodium chloride 0.15 M closely resembled seawater in terms of its hydrody-
namics and oxygen transfer beha®ior. Under the conditions tested, all three reactors
attained a biomass concentration of about 4 kg ? my 3 after ; 260 h. The mean maxi-
mum specific growth rate was 0.022 hy 1 in all cases at a power input of 109 W ? my 3.

Introduction

Airlift and bubble-column bioreactors are simple devices
that have gained wide acceptance in gas]liquid contacting
applications in bioprocessing, the chemical process industry,
and treatment of wastewater. Substantial knowledge exists on
gas]liquid hydrodynamics and mass transfer in bubble
columns and airlift bioreactors, as comprehensively discussed

Žin major treatise Chisti and Moo-Young, 1987; Chisti, 1989,
1998, 1999a, b; Deckwer, 1992; Joshi et al., 1990; Merchuk

. Žand Gluz, 1999 . With few exceptions Contreras et al., 1998a;
Garcıa Camacho et al., 1999; Matthijs et al., 1996; Sachez´ ´

.Miron et al., 1999; Silva et al., 1987; Suzuki et al., 1995 , ear-´
lier work with these reactors focused on nonphototrophic ap-
plications. Unlike in conventional bioreactors, light is an es-
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sential nutrient for phototrophic culture and the need for
sufficient illumination significantly affects the design of an

Žoutdoor culture facility Tredici, 1999; Sanchez Miron et al.,´ ´
.1999 . For most commercial processing, outdoor illumination

Ž .sunlight appears to be the only viable option.
At present bubble columns and airlift reactors are not used

as photobioreactors, except for investigational purposes;
however, because of the significant potential advantages of

Ž .these systems Sanchez Miron et al., 1999 relative to conven-´ ´
Ž .tional tubular loop solar harvesters Tredici, 1999 , there is a

need to further develop the airlift and bubble-column devices
as photobioreactors. Such systems have already shown
promising performance in outdoor culture of microalgae.
Data suggest that a single vertical tubular photobioreactor
Ž .bubble-column or airlift design cannot exceed about 0.2 m
in diameter or light availability will be reduced severely
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Ž .Sanchez Miron et al., 1999 . In addition, the height of a sin-´ ´
gle device is limited to about 4 m for structural reasons and
to reduce mutual shading of reactors in a multicolumn facil-
ity that would be necessary for any commercial-scale opera-

Ž .tion Sanchez Miron et al., 1999 .´ ´
Further restrictions on acceptable aeration rate are posed

Žby considerations of shear sensitivity Chisti, 1999b; Contr-
.eras et al., 1998a; Silva et al., 1987 and light penetration

Ž .Sanchez Miron et al., 1999 . A certain minimal aeration rate´ ´
is essential so that the cells do not stagnate for long in the

Ž .dimly lit interior of the reactor Sanchez Miron et al., 1999 .´ ´
At the same time, there is an upper limit on the acceptable
level of turbulence, because hydrodynamic forces affect cer-

Ž .tain algal cells, as reviewed recently Chisti, 1999b . Also, in
seawater, excessively high aeration rates generate persistent
microbubbles that accumulate over time, thus reducing light

Žpenetration over time even at a fixed aeration rate Sanchez´
.Miron et al., 1999 . In addition to mixing the culture, aera-´

tion aids in removing the photosynthetically produced oxygen
from the broth. Accumulation of oxygen inhibits photosyn-
thesis. Similarly, good gas]liquid mass transfer is necessary
for efficient transfer of carbon dioxide that is the carbon
source in photosynthetic cultures.

This article evaluates and compares airlift and bubble-col-
umn devices, mainly in terms of hydrodynamics and transport
phenomena, in anticipation of a more extensive use of these
systems in producing microalgae. The focus is on fractional
gas holdup, liquid circulation velocity, and the overall
gas]liquid oxygen mass-transfer coefficient and the interrela-
tionships among these variables in regimes relevant to algal
culture. Data are also reported on a culture of the microalga
Phaeodactylum tricornutum, which is a potential source of cer-
tain omega-3 polyunsaturated fatty acids of therapeutic sig-
nificance.

Theoretical Developments
This section details the development of a novel theoretical

equation that links the overall volumetric gas]liquid mass-
transfer coefficient k a with gas holdup and the superficialL L
aeration velocity, or the principal operational variable in air-
lift and bubble-column reactors. The experimental data are
discussed later in terms of the theoretically derived equation.

In a batch bubble column, the specific gas]liquid interfa-
cial area a , the overall gas holdup e , and the mean bubbleL

Ž .diameter d are related Calderbank, 1958; Chisti, 1989 byB
the equation:

6e
a s . 1Ž .L d 1yeŽ .B

Equation 1 is based on fundamental principles, as discussed
Ž .in depth elsewhere Chisti, 1989 . Multiplying both sides of

Eq. 1 by the mass-transfer coefficient k produces the equa-L
tion

6k eL
k a s . 2Ž .L L d 1yeŽ .B

Substantial experimental evidence affirms that

kL
sconstant s z , 3Ž .

dB

Žirrespective of the flow regime and the type of fluid Chisti
.and Moo-Young, 1987; Chisti, 1989, 1998 . In addition, based

Ž .on theory, the gas holdup is necessarily related Chisti, 1989
with the superficial gas velocity U and the mean bubble riseG
velocity U , as follows:b

UG
e s . 4Ž .

Ub

Consequently, Eq. 2 can be expressed as

6 zU 6 zUG G
k a s s . 5Ž .L L U U yUG b GU 1yb ž /Ub

Equation 5 is obtained by substitution of Eq. 3 and Eq. 4 in
Eq. 2. For a given fluid and flow regime, the mean velocity of

Ž .bubble rise depends Clift et al., 1978 only on the diameter
of the bubble,

U s f d . 6Ž .Ž .b B

For otherwise fixed conditions, the bubble size is controlled
Ž .by the specific energy input E in a reactor Chisti, 1989 and,

for a bubble column, we have

kkd A E A gU . 7Ž .Ž .B G

ŽThe exponent k is usually around y0.4 Bhavaraju et al.,
.1978; Calderbank, 1958 . Thus, Eq. 5 can be written as fol-

lows:

6 zUG
k a s , 8Ž .L L kcU yUG G

or

6 z
k a s . 9Ž .L L ycU y1G

The parameter c is close to unity in the bubble flow regime;
thus,

F
k a s , 10Ž .L L yU y1G

where Fs6 z. Equation 10 is dimensionally consistent when
the product cU y is taken to be dimensionless; that is, c hasG
the units my ys y. The parameters c and y may take other
values, depending on the fluid and the flow regime.
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( ) ( ) ( )Figure 1. Reactors: a vessel dimensions and air sparger details; b location of dissolved oxygen DO and pH
electrodes.
All dimensions in mm.
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Equation 10 is derived for bubble columns, but a similar
relationship can be shown to hold for airlift bioreactors. Thus,
the overall volumetric gas]liquid mass-transfer coefficient
k a in an airlift device consists of contributions of the riserL L

Ž .and the downcomer zones Chisti, 1989, 1998 , as follows:

A k a q A k aŽ . Ž .r L L d L Lr d
k a s 11Ž .L L A q Ar d

where A and A are the cross-sectional areas of the riserr d
and the downcomer zones, respectively. The subscripts r and
d denote the riser and the downcomer zones. Even when ed

Ž . Ž . Ž ./0, k a < k a Chisti, 1989, 1998 and, generally,L L d L L r
A F A . Consequently, in an airlift device,d r

A k aŽ .r L L r
k a f . 12Ž .L L A q Ar d

Now, following the logic of Eqs. 2]9, we obtain

Fa
k a s , 13Ž .L L yU y1G

Ž .where F s6 zA r A q A . Note that in an airlift reactor,a r r d
U is the bubble rise velocity relative to the liquid and notb
relative to wall of reactor. Equations 10 and 13 are used to
interpret the k a data obtained in this work.L L

Materials and Methods
Reactors and fluids

Measurements were made in a bubble column, a split-cyl-
inder airlift device, and a concentric draft-tube airlift vessel
sparged in the draft tube. All vessels were made of 3.3-mm-

Ž .thick transparent poly methyl methyacrylate , except for the
lower 0.25-m sections, which were made of stainless steel
Ž .Figure 1 . The vessels were 0.193 m in internal diameter.
The riser-to-downcomer cross-sectional area ratio was unity
for the split cylinder and 1.24 for the draft-tube airlift vessel.
The internal diameter of the draft tube was 0.144 m. The
draft tube and the baffle were located 0.091 and 0.096 m from
the bottoms of the reactors, respectively. The gas-free liquid
height was about 2 m in all cases. Other geometric details,
including those of the air spargers for the various reactors,
are noted in Figure 1. Tap water and Mediterranean seawa-
ter were the liquids used. The seawater contained about 36.6
kg ?my3 total dissolved solids, almost all as inorganic salts.
The ionic strength of seawater, estimated using the Langelier

Ž .equation Snoeyink and Jenkins, 1980 , was 0.92.
In all cases, the specific power input in the reactors was

Ž .calculated Chisti, 1989; Chisti and Moo-Young, 1987, 1989
using the equation:

PG
s r gU , 14Ž .L GVL

where P is the power input due to aeration, V is the cul-G L
ture volume, g is the gravitational acceleration, and U is theG

superficial gas velocity based on the entire cross-sectional area
of the reactor tube. The specific energy input per unit mass
was obtained with the equation:

PG
Es s gU . 15Ž .Gr VL L

All measurements were at 22"28C.

Gas holdup
The overall gas holdup in airlift reactors was measured by

the volume expansion method. Inverted manometers were
used to measure the separate holdup values for the riser and
the downcomer zones. The overall holdup in the bubble col-
umn was measured manometrically. Both the volume expan-
sion and the manometric methods have been described in de-

Ž .tail and used widely Chisti, 1989 . The holdup was calcu-
lated using the equation:

Dhm
e s 16Ž .

ht

where h is the vertical distance between the manometer taps,t
and Dh is the manometer reading. The location of them
manometer taps is shown in Figure 1 for the various reactors.

Liquid circulation ©elocity
A small amount of concentrated sulfuric acid was added to

the reactor to reduce the pH to around 4, and the reactor
Ž y1.was bubbled with air U ;0.02 m ? s for at least 30 minG

prior to measurements. This removed most of the buffering
due to dissolved carbonates and bicarbonates. The pH was

Ž .raised to around pH 5 by adding sodium hydroxide 12 M . A
measured amount of concentrated acid tracer was now added
to the reactor instantaneously. Additions were made on the
surface of the dispersion at the center of the vessel cross sec-
tion. The tracer signal was followed by two identical pH elec-
trodes positioned in the downcomer, as shown in Figure 1.
The placement of electrodes attempted to minimize entrance
effects, but maintained a sufficient vertical distance between
the probes so that measurement inaccuracies were mini-
mized. The signal from the pH electrodes was expressed as a
normalized concentration of the Hq ion and plotted against

Ž .time Figure 2 . The dimensionless normalized concentration
was defined as

w q x w q xH y H oqw xH s , 17Ž .Normalized q qw x w xH y H` o

w qxwhere H is the instantaneous molar concentration and
subscripts o and ` denote initial and final equilibrium val-
ues, respectively.

The tracer response signal displayed the dampened oscilla-
Žtory pattern that is characteristic of airlift reactors Chisti and

.Moo-Young, 1987; Chisti, 1989 . The mean linear flow veloc-
ity in the riser]downcomer loop was calculated from the time

Ž .interval between adjacent tracer peaks Figure 2 of a given
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Figure 2. Normalized tracer concentration profiles from
the upper and lower pH electrodes.
Time intervals used in estimating the mean loop velocity and
the linear velocity in the downcomer are shown.

pH electrode and the geometry-determined length of the cir-
culation path. The linear liquid velocity V in the down-Ld
comer was calculated from the time interval between the cor-

Ž .responding peaks such as the second peak of the two elec-
Ž .trodes Figure 2 and the known vertical distance between

them.
The measured linear velocity V in the downcomer wasLd

Ž .related Chisti, 1989 to the superficial velocity in the riser by
the continuity relationship:

U A sV A 1ye sV A 1ye , 18Ž .Ž . Ž .Lr r Lr r r Ld d d

where V is the linear liquid velocity in the riser. In theLr
split-cylinder reactor, because the cross-sectional areas of the
riser and downcomer zones were identical, that is, A s A ,r d
Eq. 18 simplified to

U sV 1ye sV 1ye . 19Ž .Ž . Ž .Lr Lr r Ld d

Because the superficial liquid velocity U in the downcomerLd
Ž .is V 1ye , U and U values were identical, irrespectiveLd d Lr Ld

of the gas holdup; thus, the mean superficial velocity of the
riser]downcomer loop was the same as U . For the draft-Lr
tube reactor, the equivalent of Eq. 19 was

Ad
U sV 1ye sV 1ye . 20Ž .Ž . Ž .Lr Lr r Ld dAr

For both airlift reactors, the mean linear velocity VLoop
through the riser]downcomer loop was related to the super-
ficial liquid velocity in the riser, as follows:

V qV 1 U ULr Ld Lr Ld
V s s q . 21Ž .Loop ž /2 2 1ye 1yeŽ . Ž .r d

For the split-cylinder vessel, because U and U were iden-Lr Ld
tical, Eq. 21 simplified to

V qV U 1 1Lr Ld Lr
V s s q . 22Ž .Loop ž /2 2 1ye 1yeŽ . Ž .r d

Gas – liquid mass-transfer coefficient
The well-known dynamic gassing-in and gassing-out meth-
Ž .ods Chisti, 1989, 1999a were used to measure the k a .L L

Two independent measurements were made simultaneously
Ž .using two dissolved oxygen DO electrodes, located as noted

in Figure 1. Both probes provided identical k a values,L L
hence confirming the assumed well-mixed liquid phase. Mea-
surements were made during absorption and desorption of
oxygen. For absorption, the fluid was deaerated by bubbling
with nitrogen until the DO concentration had declined to be-
low 5% of air saturation. The nitrogen flow was then stopped
and the bubbles were allowed to leave the liquid. A preset
flow of air was now established, and the increase in DO con-
centration was followed with time until the concentration
reached almost 100% of the air saturation value. The k aL L
was calculated as the slope of the linear equation:

CU yCo
ln s k a ty t , 23Ž .Ž .L L oUž /C yC

where CU is the saturation concentration of DO, C is theo
initial concentration of DO at time t when a hydrodynamico
steady state has been reestablished upon commencement of

Žaeration, and C is the DO concentration at any time t Chisti,
.1989, 1999a . Both the absorption and desorption methods

gave identical values of k a under identical hydrodynamicL L
conditions. Only the k a values measured during oxygenL L
absorption are reported here.

Algal culture
Phaeodactylum tricornutum UTEX 640 was the microalga

used. The culture was obtained from the collection of the
University of Texas, Austin. The inoculum for the photo-

Žbioreactors was grown indoors under artificial light 230
y2 y1 .mE ?m s light flux at the vessels’ surface in a 20-L bub-

ble column. The medium was prepared in seawater as previ-
Ž .ously detailed Sanchez Miron et al., 1999 .´ ´

Outdoor cultures were carried out ‘‘batchwise,’’ simultane-
ously in all reactors, during August 5]16, 1999. The mean
outdoor irradiance during this period was 200"69 mE
?my2 ? sy1 at 8:00 h, rising to a mean daily value of 1,056"278
mE ?my2 ? sy1 at noon. The reactors were located in Almerıá
Ž X X .368 50 N, 28 27 W , Spain. The biomass concentration at
inoculation was about 0.07 g ?Ly1. The aeration rate during
culture was constant at a U value of 0.011 m ? sy1, corre-G
sponding to a specific power input of 109 W ?my3. The tem-
perature was controlled at 208C by circulating chilled water
through a jacket that surrounded the lower steel portion of
the reactors. Seawater was added from time to time to make
up the losses. Other aspects of the culture methodology have

Ž .been detailed previously Sanchez Miron et al., 1999 .´ ´
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Figure 3. Comparison of the measured gas holdup in
the bubble column with the correlations of

( ) ( ) ( )Chisti 1989 : a tap water; b sea- or saltwa-
ter.

Results and Discussion
Gas holdup

Numerous gas holdup correlations are available for bubble
Žcolumns Akita and Yoshida, 1973; Chisti, 1989; Deckwer,

. Ž1992 and airlift bioreactors Akita et al., 1994; Chisti, 1989,
.1998, 1999a; Kawase et al., 1995; Miyahara et al., 1986 . While

there tends to be a general agreement among the different
correlations for bubble columns, this consistency is lacking

Ž .for airlift reactors Chisti, 1989, 1998 . In the latter, the
holdup is influenced by the induced liquid circulation rate
that depends on the geometry of the flow path, the gas]liquid

Žseparating ability of the head zone of the reactor Chisti and
.Moo-Young, 1993 , and also the height of the airlift column

Ž .Chisti, 1989, 1998 . As shown in Figure 3, the gas holdup
data in the bubble column agreed closely with equations pub-

Ž .lished for tap water and salt solutions Chisti, 1989 , thus
confirming the accuracy of the measurements. In Figure 3,
the slight deviation of the data from the correlations for spe-
cific power input values greater than about 400 W ?my3 is
because of the change in flow regime from bubble flow to

Figure 4. Comparison of the measured riser gas holdup
in the draft-tube airlift vessel with published

( ) ( )data: a tap water; b sea- or saltwater.

churn turbulent regime. As expected for media containing a
large amount of dissolved salts, the flow transition occurs at

Ž .slightly greater power input Chisti, 1989 in seawater com-
Ž .pared to tap water Figure 3 . Dissolved ions inhibit bubble

Žcoalescence Akita and Yoshida, 1973; Chisti, 1989: Deck-
.wer, 1992; Hikita et al., 1981 , hence postponing flow transi-

tion to higher values of gas holdup. As shown in Figure 3, the
correlation developed for 0.15 M sodium chloride solution
Ž .Chisti, 1989 is quite satisfactory for seawater, because the
effect of dissolved ions on gas holdup is marginal once the
ionic strength is 0.2 or greater.

In the two airlift reactors, the gas holdup values agreed
less well with published data. Thus, as shown in Figures 4
and 5, the riser holdup in tap water was consistently low in
comparison with the equation:

1r121r82 3 2e l gd r gd r U er r L r L Lr r
s U y ,Gr4 2ž / ž /ž /s 1yemgd'1yeŽ . rLrr

24Ž .
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Figure 5. Comparison of the measured riser gas holdup
in the split-cylinder airlift vessel with pub-

( ) ( )lished data: a tap water; b sea- or saltwa-
ter.

Ž .established by Akita et al. 1994 . In Eq. 24, the parameter l
Žis 0.20 for nonelectrolytes and 0.25 for electrolytes Akita and

.Yoshida, 1973 . The riser diameter d in Eq. 24 has no im-r
pact on the value of gas holdup. For both airlift devices,

Žagreement with Eq. 24 improved greatly in seawater Figures
.4 and 5 . In addition, the riser holdup in tap water did not

correlate well with the equation:

Ž . Ž Ž ..nq2 r 2 nq1
e U rnŽ .r Gr

s ,Ž Ž .. Ž . Ž Ž ..1r 2 nq1 3 nq2 r 4 nq1n1ye g K Ar dŽ3 nq5.rŽnq1.2 1qž /ž /r AL r

25Ž .

where, for Newtonian fluids, the flow index n is unity and
the consistency index K is replaced by viscosity. Equation 25

Ž .was developed by Kawase et al. 1995 using theoretical prin-
ciples and assuming isotropic turbulence. Limited usefulness
of Eq. 25 is apparently due to its disregard for effects of liq-

uid circulation on gas holdup. Also, Eq. 25 does not consider
effects of surface tension and dissolved ions. Moreover, the
‘‘theoretical’’ foundation of the equation is questionable be-
cause the assumption of isotropic turbulence in bubble
columns and airlift reactors is not valid, even at high-energy

Žinputs in waterlike media Chisti, 1998; Lubbert and Larson,¨
.1990; Lubbert et al., 1990; Okada et al., 1993 . Although Eq.¨

25 is intended also for viscous non-Newtonian media, the as-
sumption of isotropic turbulence in such systems is even less
realistic.

Another equation for riser gas holdup in internal-loop air-
Ž .lift reactors is that of Miyahara et al. 1986 :

'0.4 Fr
e s , 26Ž .r ULr'1q0.4 Fr 1qž /UGr

where the Froude number Fr is based on the diameter of the
sparger hole, that is,

U 2
G r

Fr s . 27Ž .
gdo

Equation 26 was developed for a variety of Newtonian fluids,
but not for media containing large quantities of dissolved
salts. However, as shown in Figure 6 for tap water only, Eq.
26 consistently and substantially overpredicts holdup values.
The comparisons in Figures 3]6 clearly demonstrate that the
gas holdup data in different airlift devices are not well corre-
lated with equations developed without considering the un-
derlying mechanics. Numerous correlations for gas holdup in

q Žairlift devices have taken the general form e s pU ChistiG
and Moo-Young, 1987; Chisti, 1989, 1998; Merchuk and Gluz,

.1999 , but these equations are suited only to specific combi-
nations of fluid properties and reactor geometry, because the
parameters p and q are sensitive to these factors.

A superior approach to correlating gas holdup in airlift re-
actors is the use of the drift-flux model-type equations in
combination with a mechanistic relationship for liquid circu-

Ž .lation velocity in two-phase flow Chisti, 1989, 1998 . The
drift-flux relationship for gas]liquid flow in vertical conduits
takes the form:

UGr
e s , 28Ž .r a U qU q bŽ .Lr Gr

where the parameters a and b have physical meanings
Ž .Chisti, 1989, 1998 . As shown in Figure 7 for two representa-
tive cases including both airlift reactors and the two fluids,
the riser gas holdup correlates well with Eq. 28. For the two

Ž . y1fluids Figure 7 , a mean b value of 0.30 m ? s was in the
expected range for bubble rise velocities. The parameter a

Ž .differed for the two reactors Figure 7 because the shapes of
the flow channels were quite different for the two cases. The
riser of the draft-tube airlift had a circular cross section,
whereas in the split-cylinder device the riser cross section was
a semicircle. In view of the fit in Figure 7, the induced liquid
circulation rate clearly needs to be taken into account for

September 2000 Vol. 46, No. 9 AIChE Journal1878



Figure 6. Comparison of the measured riser gas holdup
in the two airlift vessels with Eq. 26 of Miya-
hara et al.

predicting gas holdup. In circular channels an a-value of unity
implies a flat radial velocity profile. In view of the high a-

Ž .value Figure 7 in the split-cylinder device, the radial veloc-
ity profile was apparently parabolic in the semicircular chan-
nel.

Unfortunately, in an airlift device, the induced liquid circu-
lation velocity is not usually known a priori, and therefore for
predictive purposes, the theoretical Eq. 28 needs to be used

Ž .in combination with other equations Chisti, 1989, 1998 . The
need to predict gas holdup arises mainly because of the need
to know the gas]liquid mass-transfer coefficient that depends
on holdup. As shown in the following subsection on the ef-
fect of liquid circulation velocity on mass transfer, Eq. 28 in
combination with a well-known mechanistic model for the in-

Ž .duced liquid circulation velocity Chisti, 1989 , provided a re-
liable method for predicting the overall volumetric mass-

Ž .transfer coefficient k a values in airlift reactors.L L
ŽWith few exceptions Ganzeveld et al., 1995; Wenge et al.,

.1996 , the relationship between the riser and the downcomer
Žgas holdups has been generally expressed Contreras et al.,

.1998b in the form:

e s ae , 29Ž .d r

Figure 7. Plots of Eq. 28 for two representative cases in
the airlift vessels.

Ž .where the parameter a is a constant Chisti, 1989 . However,
Ž .as was recently pointed out Contreras et al., 1998b , Eq. 29

disregards the fact that gas holdup in the downcomer re-
mains zero until a finite holdup value has been established in

Ž .the riser Wenge et al., 1996 . Consequently, a better correla-
tion between riser and downcomer gas holdups has been pro-

Ž .posed Contreras et al., 1998b in the form:

e s ae y b. 30Ž .d r

The meanings of parameters a and b in Eq. 30 have been
Ž .discussed elsewhere Contreras et al., 1998b . Representative

data in tap water and seawater are shown in Figure 8 plotted
according to Eqs. 29 and 30. Clearly, Eq. 30 provides a supe-
rior fit of the data, all of which displays a distinct nonzero
x-intercept. Similar behavior was seen for the draft-tube air-
lift device.

In the two airlift reactors, the overall holdup e was mea-
sured by height displacement, where the holdup values in the

Ž . Ž .riser e and downcomer e were determined manometri-r d
cally. In addition to the direct measurements, a value of the
overall holdup also could be calculated using the measured
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Figure 8. Relationship between riser and downcomer
gas holdups.
Split-cylinder data are shown for tap water and seawater
plotted according to Eq. 29 and Eq. 30.

Ž .riser and downcomer gas holdups Chisti, 1989 , as follows:

A e q A er r d d
e s . 31Ž .

A q Ar d

Equation 31 is based on geometric reasoning and it is an ex-
act relationship for the kinds of airlift reactors used here

Figure 9. Comparison of the measured overall holdup
with values calculated according to Eq. 31 for
two cases in airlift reactors; diagonals repre-
sent an exact agreement.

Ž .Chisti, 1989 . As shown in Figure 9 for two representative
cases, excellent agreement is observed between the measured
overall holdup and the values calculated with Eq. 31. This
confirms internal consistency of manometrically measured gas
holdup values in the riser and downcomer while also validat-
ing Eq. 31.

The various gas holdup values in the three reactors used
are compared in Figure 10 for the two fluids. Generally, for a
given specific power input, the riser gas holdup in the two
airlift vessels is comparable to the overall holdup in the bub-
ble column; however, the downcomer gas holdup is signifi-

Ž .cantly less than the holdup in the riser Figure 10 . Conse-
quently, the overall holdup of the airlift vessels is somewhat
lower than in the bubble column. In comparison with the riser
holdup, the holdup in the downcomer is much lower at the

Ž .lower power input values than at higher ones Figure 10 .
This is because under conditions of low-power input the mean
bubble size in the riser is bigger, and bigger bubbles are less
readily dragged into the downcomer with the flow.

Gas – liquid mass transfer
Much more information exists on gas]liquid mass transfer

Žin bubble columns than exists in airlift devices Akita and
.Yoshida, 1973; Chisti, 1989, 1998, 1999a; Deckwer, 1992 . In

addition, compared to airlift reactors, fewer factors influence
k a values in bubble columns and, for a given fluid, theL L
k a data obtained in different columns generally compareL L

Ž .well irrespective of the column aspect ratio Chisti, 1989 , so
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Figure 10. Comparison of various gas holdup values in
the three reactors for various values of spe-

( ) ( )cific power input: a tap water; b seawater.

long as the column diameter exceeds about 0.1 m, as was the
case here. Because of this consistency, accuracy of the mass-
transfer measurements may be demonstrated by comparing
data obtained in a bubble column with other well-established
reference data before applying the same measurement
method to airlift reactors, or before new data are interpreted
in a novel way. As shown in Figure 11 for the bubble column,
the measured k a data agreed remarkably well with someL L
of the well-known correlations in both fluids. The correla-
tions used in the comparison were as follows.

Ž .1. That of Hikita et al. 1981 :

y0.2481.76 0.243414.9 gf U m m g mG L L G
k a sL L 3ž / ž /ž /U s mr sG LL

=

y0.604mL
, 32Ž .ž /r DL L

whereas f was 1.0 for tap water. For seawater the f-value
Ž .was 1.2, as recommended by Hikita et al. Chisti, 1999a . The

other variables in Eq. 32 are gravitational acceleration g, the

Figure 11. Comparison of the measured k a in bubbleL L
( )column with the published correlations: a

( )tap water; b sea- or saltwater.

Ž .surface tension s , the viscosities of the gas m and theG
Ž .liquid m phases, the density r of the liquid phase, andL L

the diffusivity D of oxygen in the liquid.L
Ž .2. The one recommended by Heijnen and Van’t Riet 1984 :

k a s0.32U 0.7. 33Ž .L L G

Ž .3. That established by Chisti 1989 :

0.86PGy4k a s2.39=10 . 34Ž .L L ž /VL

For the comparison in Figure 11, Eq. 34 was expressed in
terms of the superficial gas velocity.

Having validated the k a data, let us see how the theo-L L
retically developed Eq. 10 and Eq. 13 fare in correlating the
measurements. As shown in Figure 12, for all six combina-
tions of reactors and fluids, the k a data correlated excep-L L
tionally well with equations of the same general form as Eq.
10. Use of Eq. 10 is preferred to purely empirical relation-
ships of the type k a s aU b that have been used commonlyL L G
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Figure 12. Correlation of the measured k a with theL L
superficial aeration velocity U according toG
Eq. 10 or Eq. 13; data are shown for all reac-
tor-fluid combinations.

ŽChisti, 1989, 1998, 1999a; Heijnen and Van’t Riet, 1984;
.Merchuk and Gluz, 1999 . This is particularly so for the air-

lift reactors, because there is no general agreement on the

values of a and b for these reactors, even for a given fluid
Ž .and reactor geometry Chisti, 1989, 1998, 1999a .
Ž .The parameters F or F and y in Eq. 13 depend on thea

reactor and the fluid, as can be seen in Figure 12. For a given
Ž .type of reactor, the F or F value is always greater fora

Ž .seawater than for tap water Figure 12 , whereas y is close to
unity for all cases. Note that these values apply to bubble-flow
regime, which prevailed over most of the operational range
tested. A comparison of the data in Figure 12 revealed that
in the bubble column, the k a in seawater was alwaysL L

wŽ y0.979 .greater than in tap water by a factor of 2.5 U y1 rG
Ž y1.171 .x y1U y1 , or 1.3 at U s0.03 m ? s , so long as the su-G G
perficial gas velocity exceeded 0.01 m ? sy1. Similarly, in the
draft-tube airlift device, the sewater k a was always 15]20%L L
greater than in tap water. However, in the split-cylinder de-

Ž . Ž .vice, k a r k a was about 0.85 at a gasL L sea water L L tap water
velocity of -0.01 m ? sy1, and increased to 0.94 when the ve-
locity approached 0.03 m ? sy1. For tap water, the k a in theL L
split cylinder was a marginal 2% less than in the bubble col-
umn. In contrast, the k a values in the draft-tube deviceL L
were typically 12]15% lower than in the bubble column. In
sea water, the k a values in the split-cylinder device wereL L
15]30% reduced relative to the bubble column, whereas in
the draft-tube airlift the reduction was 0]20%, depending on
the gas flow rate. These changes in k a values relative toL L
those in the bubble column were largely explained by a re-
duced gas holdup in the airlift units.

In obtaining the theoretical Eq. 10, the k rd ratio wasL B
assumed to be constant. Although a constancy of the k rdL B

Žratio has been validated previously Chisti and Moo-Young,
.1987; Chisti, 1989 , direct evidence from the present study

further supported the assumption, as discussed next.
Relationship Between Gas Holdup and Mass-Transfer Coeffi-

cient. As expected from Eq. 2, plots of k a against 6e rL L r
Ž . Ž .1ye were linear Figure 13 , confirming that the k rdr L B

Ž .ratio that is, the slope was constant for a given fluid. Thus,
for seawater, a mean k rd value of 0.042 sy1 was withinL B
"8% for the two airlift reactors, whereas the value for tap

Ž y1.water 0.056 s was within "11% of the mean for both
reactors. In the bubble column the k rd values were 0.055L B
sy1 and 0.062 sy1 for seawater and tap water, respectively.
Clearly, in a given fluid, the k rd ratio was little affected byL B
the type of gas-agitated reactor used, and this was consistent

Ž .with earlier observations Chisti, 1989 . The magnitude of the
k rd values obtained compared well with earlier reportedL B

y1 Ž .ones: for example, a value of 0.05 s Chisti, 1989 was re-
ported in 0.15 M sodium chloride, and it was within 20% of
that for seawater in the present study. The observed k rdL B
values agreed with the equation within "10%:

0.52k gD r s 2L Ly5 y0.131Css5.63=10 e . 35Ž .3ž /d mB L

In Eq. 35 C is the concentration of solids in suspensions
Ž .wtrvol % , D is the diffusivity of gas in liquid, and s is theL
interfacial tension. Equation 35 was developed for air]water
dispersions and for suspensions with a waterlike continuous

Ž .phase Chisti and Moo-Young, 1987; Chisti, 1989 .
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Figure 13. Correlation of the measured k a and theL L
measured riser holdup e in airlift reactorsr
according to Eq. 2; vertical bars denote stan-
dard deviation of selected mean k a val-L L
ues.

The k rd ratio in seawater was significantly less than inL B
Ž .tap water Figure 13 ; thus, for a given bubble diameter the

k value was lower in seawater. This made sense, as k isL L
proportional to D or D , depending on the situation'L L
Ž .Chisti, 1989 and, relative to pure water, dissolved ions re-

Žduce diffusivity of oxygen. As previously noted the section
.on gas]liquid mass transfer; Figure 12 , the k a values inL L

seawater were always greater than in tap water. Because the
presence of salts reduced k , an enhancement of k a wasL L L
explained by an increase in the specific interfacial area a inL
the presence of salts. The increase in a more than compen-L
sated for a decline in the k value.L

Effect of Liquid Circulation Velocity on Mass Transfer.
Measurements of liquid circulation velocity are important in
themselves, but here the discussion is restricted only to the
impact of liquid circulation on gas holdup and the mass-
transfer coefficient values. A well-known and theoretically
based model for predicting the induced liquid circulation ve-

Ž .locity in an airlift device has been published Chisti, 1989 as:

2 g e ye hŽ .r d D
U s . 36Ž .Lr 2K A 1T r

q K) B2 2ž /A1ye 1yeŽ . Ž .dr d

In Eq. 36, h is the height of dispersion, and K and K areD T B
the frictional loss coefficients for the top and the bottom
zones of the airlift loop. Equation 36 is based on principles of
energy conservation, and it has been repeatedly validated for
a broad range of scales and configurations of airlift devices
Ž .Abashar et al., 1998; Chisti, 1989, 1998 . When K and KT B
are approximately equal, as expected for the reactors in Fig-
ure 1, Eq. 36 simplifies to:

2 g e ye hŽ .r d D
U s . 37Ž .Lr 21 A 1r

q K B) 2 2ž /A1ye 1yeŽ . Ž .dr d

The measured values of the riser and downcomer gas holdup
were used in Eq. 37 for predicting the U value. The best fitLr
K value, that is, one that produced the closest agreementB
between predicted and measured U values, was 4.5. AsLr
shown in Figure 14, the predicted and the measured values
of U agreed within "15% for both tap and seawater. A KLr B

Ž .value of 4.6 was calculated Chisti, 1989 using the geometric
parameters A and A for the reactor and the publishedd b
equation:

0.79Ad
K s11.4 . 38Ž .B ž /Ab

The K determined with Eq. 38 and that determined by fit-B
ting the U data agreed within 3% of the best fit value ofLr
4.5.

As shown in Figure 15 for the bubble-flow regime, the driv-
ing force for liquid circulation, that is, the difference between
the riser and the downcomer gas holdup values, remained
fairly constant once the specific power input had exceeded
about 25 W ?my3 in the split-cylinder airlift device. Corre-
spondingly, the liquid circulation velocity rose sharply with
the gas flow rate, attaining an almost constant value that was
not particularly sensitive to further increases in the aeration
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Figure 14. Predicted vs. measured superficial liquid ve-
locities in the riser of the split-cylinder airlift
reactor.

rate. Compared to the split-cylinder airlift device, in the
Ž .draft-tube reactor, the e ye value showed a slight in-r d

Ž .crease as the gas flow rate increased Figure 15 , hence the
plateau region of the liquid circulation velocity vs. power in-
put curve had a slight positive slope over the entire range of

Ž .aeration rates tested Figure 15 . Compared to the split-cylin-
der device, and despite a greater circulation driving force,
the U value was lower in the draft-tube reactor, and thisLr
reduced the ability of the liquid to drag bubbles into the an-
nular downcomer. The relatively lower U value in theLr
draft-tube reactor was explained by a bigger A rA ratio forr d
that reactor and the greater resistance of its circulatory chan-

Ž .nel that is, a higher K relative to the split cylinder , asB
expected from Eq. 37.

Having validated Eq. 37, let us see how it can be used to
predict the mass-transfer coefficient, k a . For predicting theL L
k a values, Eqs. 37 and 28 are solved simultaneously to cal-L L
culate the riser holdup and the U value. Equation 30 isLr
then used to calculate the downcomer gas holdup. The ear-

Ž .lier determined k rd values Figure 13 are then used toL B
calculate the k a . Figure 16 compares the predicted andL L
the directly measured values of k a , revealing a remarkablyL L
good agreement. The agreement in Figure 16 lends addi-
tional support to the various mechanistic equations used in
the predicting and confirms the k a prediction methodol-L L
ogy used.

The k a values in all reactors were such that accumula-L L
tion of photosynthetically generated oxygen did not occur
during culture, even at a relatively low aeration velocity of

y1 Ž y3 .0.011 m ? s ;110-W ?m -specific power input , as shown
in Figure 17. The DO concentration in Figure 17 followed a
cyclic pattern in all reactors because the oxygen generation
rate increased from dawn to solar noon as the irradiance level
peaked. Oxygen generation rate then declined through the
afternoon and night. As shown in Figure 17, the DO concen-
tration remained at F100% of air saturation, except on two
occasions when the concentration rose to ;110% of air satu-
ration value in the bubble column. In contrast, in conven-

Figure 15. Variation of the riser and downcomer gas
holdup values with the specific power input
in the airlift reactors.

tional tubular loop photobioreactors for algal culture, the
concentration of DO commonly reaches G400% of air satu-

Ž .ration value Sanchez Miron et al., 1999; Tredici, 1999 . DO´ ´
concentrations exceeding about 120% of air saturation are
known to inhibit photosynthesis and otherwise damage the
culture.

The data in Figure 17 confirm the existence of oxygen
mass-transfer limitation, at the aeration rate used, for all

Ž .those occasions that is, 4 of 12 days in the bubble column
when the DO concentration exceeded 100% of the air satura-
tion value. In airlift and bubble-column photobioreactors, low

September 2000 Vol. 46, No. 9 AIChE Journal1884



Figure 16. Predicted vs. measured k a values in theL L
split-cylinder airlift reactor.

aeration rates corresponding to a power input of -120 W ?
my3 are necessary to reduce the formation of stable mi-

Žcrobubbles that reduce light penetration Sanchez Miron et´ ´
.al., 1999 . However, low aeration rates reduce radial mixing.

This effect can be countered by using larger sparger holes to
Ž .increase the size of bubbles Sanchez Miron et al., 1999 .´ ´

Larger bubbles tend to improve mixing. Also, cyclic variation
of aeration rate may be necessary for attaining the right bal-

Žance between the conflicting demands of low gas holdup light
.penetration , good mass transfer, and mixing.

Culture performance
The oxygen evolution and removal behavior during culture

Žhas already been discussed in the previous section Figure
.17 . The biomass growth profiles are shown in Figure 18 for

the three reactors. In batch culture, at least at the low aera-

Figure 17. Changes in DO concentration during culture
of P. tricornutum in the three bioreactors.

Figure 18. Outdoor batch culture profiles of P. tricornu-
tum in the three bioreactors during August
5–16, 1999.

Ž .tion rate used Figure 18 , there was no significant difference
in culture performance in the three bioreactors. This obser-
vation was consistent with the fairly similar values of gas
holdup and the k a measured earlier in the reactors. In allL L
cases, the mean value of the maximum specific growth rate
was 0.022 hy1, which is high for P. tricornutum. Note that this
value is a mean for the entire culture duration. Within any
one daylight period, the biomass concentration increased
rapidly, as shown in Figure 18; however, there was some loss
of biomass during the night because a portion of the intracel-
lular stored carbohydrate was consumed by respiration. The
biomass concentration rose again during the next light pe-
riod, attaining a higher value than in the previous light pe-
riod. The nighttime decline could be avoided if sufficiently
intense artificial illumination was provided, but this option is
not practicable.

Concluding Remarks
In view of the findings discussed, the principal conclusions

are as follows:
1. The gas holdup and k a in bubble column are satisfac-L L

torily predicted with the available correlations. In contrast,
existing nonmechanistic correlations perform poorly in pre-
dicting the behavior of airlift bioreactors. Hydrodynamic and
oxygen-transfer characteristics of seawater are essentially

Ž .equivalent to those of aqueous sodium chloride 0.15 M .
2. Equations 10 and 13, developed through an analysis of

the underlying fundamentals, describe exceptionally well the
relationship between k a and the superficial gas velocity inL L
all reactors. The two parameters in these equations depend
on the properties of the fluid and the reactor.

3. In airlift reactors, the gas holdup, and phase velocity
data are consistent with the drift-flux model equation. The
relationship among the induced liquid circulation velocity, the
reactor geometry, and the gas holdup difference driving force
for liquid circulation is well described by the theoretically de-
veloped Eq. 37.
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4. In airlift vessels, the interdependence of riser and down-
comer gas holdup values is best expressed as Eq. 30, rather
than the often used Eq. 29.

5. The ratio of true mass-transfer coefficient to bubble di-
ameter, that is, k rd , is constant for a given fluid]reactorL B
combination. Constancy of the k rd ratio, in combinationL B
with Eqs. 28, 30, and 37, allow a good prediction of the k aL L
value.

6. Culture studies confirm that sufficient oxygen is re-
moved and a significant accumulation is prevented even when
the aeration power input is around 110 W ?my3.

7. Performance of the three types of reactors was equiva-
lent under the conditions tested. In all cases, a maximum
specific growth rate of 0.022 hy1 was achieved in batch cul-
ture and the final P. tricornutum biomass concentration at-
tained was high at ;4kg ?my3.

Pneumatically agitated bubble columns and airlift devices
clearly attain the requisite value of k a and the inducedL L
liquid circulation velocity at a relatively low power input
Ž y3.F120 W ?m for practicable culture of microalgae. So far,
the data do not suggest a clear preference for one type of
reactor over another of the three kinds evaluated. A more
exhaustive assessment is necessary over a range of culture
conditions. Further studies are underway with P. tricornutum
in batch and continuous culture at various dilution rates, aer-

Ž .ation conditions, and levels of outdoor illumination seasons .
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Notation
A scross-sectional area for flow under the baffle or draft tube,b

m2

d ssparger hole diameter, mo
qsexponent
t sinitial or start time, so

U ssuperficial gas velocity in the riser zone, m ? sy1
G r
e sfractional gas holdup in the riserr

m sviscosity of gas, Pa ? sG
m sviscosity of liquid, Pa ? sL
r sdensity of the liquid, kg ?my3

L
s sinterfacial tension, N ?my1
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