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Abstract

A methodology is presented for designing photobioreactors with tubular loop solar receivers in which the fluid is circulated by an
airlift device. The design method effectively combines the relevant aspects of external irradiance-dependent cell growth, oxygen
accumulation in the solar loop, oxygen removal in the airlift device, and hydrodynamics of the airlift system that determine the flow
velocity through the solar receiver. The design approach developed was used to model and build a 0.2 m*® outdoor photobioreactor.
A compact degasser in the airlift section eliminated dead zones and dark zones, while achieving complete separation of gas and
liquid. The measured gas-liquid hydrodynamics, mass transfer, and culture productivity were consistent with the model
predictions. The reactor was tested with continuous culture of the microalga Phaeodactylum tricornutum at various liquid velocities
through the tubular solar receiver. A biomass productivity of 1.20 g1 *d™! (or 20gm~2d ') was obtained at a dilution rate
0f0.050 h~ . Solar receiver linear liquid velocities of 0.50 and 0.35 m s ! gave similar biomass productivities, but the culture collapsed
at lower velocities. An adverse effect of high dissolved oxygen concentration on productivity was observed. Oxygen accumulation
could be reduced by increasing the liquid velocity and this enhanced the biomass yield. © 2001 Elsevier Science Ltd. All

rights reserved.

1. Introduction

Microalgae have been cultured by mankind for centu-
ries, mainly as food; however, systematic mass culture
methods for potential use in producing high-value algal
chemicals were developed more recently (Burlew, 1953).
Most of the developmental effort has focused on tech-
nologies for open outdoor mass culture. Large-scale pro-
duction facilities based on open culture methods are in
operation in the United States, Australia, and elsewhere.
Such systems are economic, but they do not assure a con-
tamination-free monoalgal operation. Fully closed tubu-
lar photobioreactors are potentially attractive for large-
scale culture that is free of contaminants (Gudin
& Chaumont, 1983; Torzillo, Pushparaj, Bocci, Balloni,
Materassi, & Florenzano, 1986). Closed devices are un-
doubtedly more expensive to build and maintain, but
they may be the only option for producing certain
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potential therapeutics. A variety of closed photobioreac-
tors have been tested or proposed for generating microal-
gal biomass (Molina Grima, 1999; Tredici, 1999).
However, only a few engineering analyses of such reac-
tors have been published (Aiba, 1982; Pirt et al., 1983;
Erickson & Lee, 1986; Weissman, Goebel, & Benemann,
1988; Acién Fernandez, Garcia Camacho, Sanchez Pérez,
Fernandez Sevilla, & Molina Grima 1998; Rorrer
& Mullikin, 1999). Here we provide a method for de-
signing airlift-driven tubular photobioreactors with
continuous run solar loop tubing. Effects of tube
length, flow velocity, the airlift column height, and the
geometric configuration of the solar receiver on various
performance parameters are examined. A photobio-
reactor designed using the developed approach is
proved for culture of the microalga Phaeodactylum
tricornutum.

2. The design strategy

An airlift-driven photobioreactors with a continuous
run tubular solar receiver essentially consists of two
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Fig. 1. The outdoor culture system with details of the solar loop (a) and
the degasser zone (b).

parts, the airlift system and the looped solar receiver
(Fig. 1). The airlift device serves to circulate the culture
through the solar receiver. A gas-liquid separator in the
upper zone of the airlift column prevents gas bubbles
from recirculating into the solar loop. As photosynthesis
occurs in the solar tubing, oxygen accumulates and it is
stripped out in the airlift zone when the fluid returns from
the solar loop. The relevant design aspects are discussed
next, separately for the two zones.

2.1. The tubular solar receiver

The variable that must be optimized in design and
scale-up of a photobioreactor for continuous production
of microalgae is the biomass productivity. The biomass
productivity is a function of the growth rate and the
biomass concentration; under given conditions, the vol-
umetric productivity P, is

va = :ucbs (1)

where u is the specific growth rate and C, is the concen-
tration of the biomass. For a fixed biomass concentra-
tion, the growth rate depends on the average irradiance
I,, inside the reactor. The specific growth rate may be
correlated with the average irradiance (Molina Grima
et al., 1994a) as follows:

n
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In Eq. (2), ttmax 18 the maximum specific growth rate, I is
a constant dependent on algal species and culture condi-
tions, and n is an empirically established exponent. The
average irradiance inside a culture may be estimated
(Alfano, Romero, & Cassano, 1986; Acién Fernandez,
Garcia Camacho, Sanchez Pérez, Fernandez Sevilla,

& Molina Grima, 1997) using the equation

I =% 11— oxp( = hog KuCy)l. 3)
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where K, is the extinction coefficient of the biomass, I, is
the irradiance on the culture surface, and ¢, is the length
of the light path from the surface to any point in the
bioreactor. For outdoor placed tubular systems, ¢, is
related with the tube diameter ¢ and the angle of declina-
tion (0) of the Sun from the vertical (Acién Fernandez
et al., 1997); thus

¢

cos O

d)eq = (4)
Thus, from a knowledge of the characteristics parameters
of the algal strain (i.e., Umax, Kq, I, and n) and using Egs.
(1)-(4), the biomass productivity may be established for
any combination of external irradiance and the diameter
of solar receiver tubes. Once the volumetric productivity
has been determined, the areal productivity P,, is easily
calculated as follows:
nep? 0]

Pba_Pbum_PbuMa
where the separation between the adjacent parallel rungs
of the continuous run looped tubing is expressed as
a function of the tube diameter (i.e., separation = ny. ¢),
with n; being the number of diameters of separation.

For maximizing the biomass productivity, the irra-
diance on the surface of the solar tubes must be maxi-
mized. This external surface irradiance depends mainly
on the solar irradiance, which is a function of the location
and the weather conditions (Incropera & Thomas, 1978).
For a given location and weather, the geometric arrange-
ment of the solar receiver tubes also determines the
irradiance on the surface of the tubes and so does the
albedo effect (irradiance enhancement because of reflec-
tance) of the surrounding. The geometric distribution of
the tube over a given land surface controls the extent of
mutual shading. To maximize land use, a two level loop
design (Fig. 1a) with one layer of tubes placed below
a first layer is preferred, as used by Torzillo, Carlozzi,
Pushparaj, Montaini, and Materassi (1993). In this con-
figuration, the lower loop is displaced horizontally with
respect to the upper one, so that all tubes are visible when
viewed from directly overhead.

Liquid flow velocity in the solar tubular loop must be
sufficiently high to ensure a turbulent flow so that cells
do not stagnate in the darker interior of the tube for long.
However, excessive turbulence can damage cells and this
poses an upper limit on the culture velocity. In general,
the energy input in the tube and the airlift zone should
be such that the dimensions of the microeddies do
not approach cellular dimensions. The length scale
of the microeddies may be estimated by applying

()
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Kolmogoroff’s theory of local isotropic turbulence
(Kawase & Moo-Young, 1990); thus

L <,UL> 3/4571/4, ©)
0

where A is the microeddy length, ¢ is the energy dissipa-
tion per unit mass, ;. is the viscosity of the fluid, and p is
the fluid’s density. The specific energy dissipation rate
within the tube depends on the pressure drop, or

26U}
¢

where C, is the Fanning friction factor and U, is the
superficial velocity of the liquid in the tube. The friction
factor may be estimated using the Blasius equation:

¢ , )

C; =0.0791 Re 2%, (8)

where Re is the Reynolds number calculated as follows:

Re = PUL?. )

Uy,

Thus, for any selected value of the liquid velocity that can
be generated by the airlift device, a value of 1 can be
calculated. The design must ensure that A remains greater
than the dimensions of the algal cells, whereas the
Reynolds number should exceed about 3000 so that the
flow is turbulent.

As noted earlier, the maximum continuous run length
of the solar tube is limited by a combination of the
acceptable upper limit on the dissolved oxygen concen-
tration, the liquid velocity through the tube, and the rate
of photosynthesis (Mazzuca Sobczuk, Garcia Camacho,
Camocho Rubio, Acién Fernandez, & Molina Grima,
2000). The tube length L may be shown to be:

| _ Us([0:1u — [021)
Ro

) (10)

2

where U is the maximum permissible culture velocity
established by the cell damage considerations. In Eq. (10),
the oxygen concentration at the entrance of the solar
tube is generally the same as the saturation value when
the fluid is in equilibrium with the atmosphere, and
[O;]ou 18 the maximum acceptable dissolved oxygen
concentration that does not inhibit photosynthesis.
Ro, is the volumetric rate of oxygen generation by
photosynthesis in the tube.

2.2. The airlift system

In addition to satisfying the principal demands of
effectively circulating the fluid and achieving the requisite
removal of oxygen, the airlift device must have a small
volume compared to that of the solar loop so that the

fluid spends less time in this relatively darker region of
the bioreactor. These demands are met by having the
riser and downcomer tubes of the airlift device as vertical
extensions of the ends of the solar loop. The volume in
the gas-liquid separator is minimized if the spacing be-
tween the parallel walls of the separator (Fig. 1b) is the
same as the diameter of the riser or the downcomer. This
arrangement also improves light penetration in the de-
gassing zone. Permanent settling of solids is prevented by
slanting the floor of the separator at > 60° relative to the
horizontal.

To achieve effective separation of gas and liquid, the
distance between the entrance and the exit of the degasser
should be such that the smallest bubbles have a sufficient
time to disengage before the fluid enters the downcomer
(Chisti & Moo-Young, 1993). Thus, the time taken by the
fluid to traverse the length of the degasser must be
greater than or equal to time required by the bubbles to
rise out of the fluid. Because all fluid entering the degas-
ser through the riser tube moves through the cross sec-
tion of the degasser, we have

ULAr = ULDADa (11)

where A, is the cross-sectional area of the riser tube, A, is
the cross-sectional area of the degassing zone, and Uy p is
the superficial liquid velocity in the degasser. When the
parallel degasser walls are spaced a distance ¢ apart, the
area Ay equals hyp. ¢, where hy, is the height of fluid in the
degasser zone. To satisfy the disengagement criterion
(Chisti & Moo-Young, 1993), the length L, of the degas-
ser is governed by the relationship:

Lo >h—D,
Up U

(12)

where U, is the bubble rise velocity. Because hp, = A/,
substitution of Eq. (11) in Eq. (12) provides the equation

_ULA, _@&

PToeU, 4 U, (13)

A bubble rise velocity of 0.1 m s~ was used in Eq. (13) to
obtain the minimum length L.

The liquid flow in the solar receiver is driven by the
airlift pump. For a water-like fluid such as the microalgal
broth, the induced flow velocity depends mainly on the
geometric configuration of the circulation loop and the
difference in gas holdup in the riser and the downcomer
zones of the airlift column. This relationship has been
established (Chisti, 1989) to be:

U / 29(e, — £a)h,
PN K — &) + Kp(AJA)*1/1 — e0)* (14)

where K, and Ky are the frictional loss coefficients for
the top and the bottom connecting sections, respectively,
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of the airlift loop. Eq. (14) is based on principles of energy
conservation and it has been repeatedly validated for
a broad range of scales and configurations of airlift
devices (Chisti, 1989). In Eq. (14) h, is the height of the
riser section, A, and A, are the cross-sectional areas of
the riser and the downcomer, ¢, is the gas holdup in the
riser, and ¢, is the holdup in the downcomer. Generally,
K is much smaller than K, hence K can be neglected
(Chisti, 1989). This is particularly true of the loop config-
uration used for photobioreactors. Because the bottom
section of the loop is simply a continuous pipe (the solar
receiver), the frictional loss coefficient K can be approxi-
mated as

L.,

¢ b
where C, is the fanning friction factor established with
Blasius equation (Eq. (8)), and L., is the equivalent length
of the loop. The latter is the straight tube length L plus
additional length that provides the same pressure drop as
all the bends and valves in the loop combined. Because
no gas bubbles recirculate, ¢; = 0; hence Eq. (14) with the

Ky term neglected and Kjp replaced with Eq. (15) be-
comes

U - gerh,
"N 2C (Leg /) (16)

Thus, U, can be estimated if the riser gas holdup (g,) is
known.

The gas holdup in the riser ¢,, is function of the air flow
rate supplied to the riser and also of the liquid flow rate.
The relationship between these parameters is the well-
known Zuber and Findlay (1965) equation

_ p
 Co + (Up/J,)

&, (17)
where J, is the sum of the superficial velocities of the gas
and the liquid, f is the ratio of the superficial gas velocity
to the total superficial velocity, C, is a characteristic
parameter, and U, is the bubble rise velocity. The para-
meter C, is a function of the radial velocity profile;
C, typically varies from 1.0 to 1.3 as the flow changes
from turbulent to laminar. The bubble rise velocity U, is
a function bubble size. For the type of bubbles existing in
the riser, the velocity tends to be between 0.2 and 0.4
ms~ ' Egs. (16) and (17) are solved simultaneously to
determine the holdup ¢, and the velocity U, for any
specified height h, of the airlift column. The specific
energy input in the reactor may be calculated for any
specified volume flow rate Q; of the injected gas; thus

_ & — QGhrg

(=2 ==,

(18)

where Pg is the power input due to aeration, M is the
mass of culture, and V is the culture volume.

For estimating the gas-liquid oxygen transfer capabil-
ity of the airlift column, the overall gas-liquid volumetric
mass transfer coefficient k; a; may be estimated directly
using various available correlations (Chisti, 1989, 1999a);
however, the reliability of such estimates is often quite
poor especially for unusual reactor geometries as was the
case here. A more reliable prediction method based on
fundamental principles and small-scale experimentation
has been demonstrated for several cases (Chisti, 1989,
1999a) and that approach was used here. Thus, the vol-
umetric mass transfer coefficient (k; a; ), the gas holdup
(¢,), the mean bubble diameter (dg), and the true mass
transfer coefficient (k;) are known to be related (Chisti,
1989) according to the equation:

ka . kpap(1 —e,)

1
dp 6e, (19)

Calculations of the k; /dg ratio (Eq. 19) from the mea-
sured k; a;, and gas holdup in bubble columns and airlift
devices have shown this ratio to be a constant for a given
fluid, irrespective of the aeration rate (Chisti & Moo-
Young, 1987; Chisti, 1989). For air-water dispersions and
for suspensions in which the suspending fluid is water-
like, the value of k; /dg may be calculated (Chisti, 1989)
with the equation

k D, p%a\ % :
;:5.63x105<9“f“> 0131 (20)

B UL

where Cg is the concentration of solids in suspension
(wt/vol%), D is the diffusivity of gas in liquid, and ¢ is
the interfacial tension. The k; /dgp ratio calculated with
Eq. (20) could be used in Eq. (19) to determine the k;a;.
The gas holdup ¢, had been determined earlier using
Egs. (16) and (17).

3. Materials and methods
3.1. Organism and culture conditions

Phaeodactylum tricornutum UTEX 640 was the micro-
alga used. The cultures were operated as chemostats.
Fresh medium was supplied only during the 10-h day-
light period and dilution stopped during the night. The
photobioreactor was made of Plexiglas. The reactor was
located outdoors in Almeria (36° 50' N, 2° 27" W),
Spain. The cultures were maintained at pH 7.7 by auto-
matically injecting carbon dioxide, as needed. Nutrients
limitations were prevented by using the Mann and Myers
(1968) medium at three times the normal concentration.
The solar receiver loop was submerged in a pond of
water held at 20 4+ 2°C. The bottom and the inside walls
of the pool were painted white to improve reflectance.
The liquid velocity in the solar tube varied independently
of the dilution rate, from 0.17 to 0.50 m s~ 1.
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The photosynthetic photon flux fluence rate or quan-
tum scalar irradiance I,,, was measured inside the pond
using a quantum scalar irradiance meter (QSL-100 Bio-
spherical Instruments Inc., San Diego, CA, USA). This
type of sensor measures the photon flux from all direc-
tions and it is better suited for systems that operate
independently of the geometry of the light field. Because
phytoplankton are scalar collectors, and photosynthesis
does not depend on the direction from which the photons
are received, scalar irradiance is a better measure of the
available photon flux (Lassen & Jorgensen, 1994).

3.2. Outdoor photobioreactor

The tubular photobioreactor consisted of a 4 m tall
airlift section with a degasser zone as shown in Fig. 1. Air
was injected in one of the vertical tubes, or the riser, of
the airlift device. Two ends of a continuous run solar
receiver tubing were connected to the airlift riser and
downcomer sections, respectively. The internal diameter
of the tubing of the solar loop, the riser, and the down-
comer was the same at 0.053 m. The external tube dia-
meter was 0.06 m. The total reactor volume was 0.2 m>.
The continuous run solar loop tubing was arranged in
two layers to occupy a compact land area of 12 m?. The
total run length was 80 m. The adjacent intertube dis-
tance in any horizontal plane was 0.09 m. The wall-to-
wall vertical distance between the two layers of the loop
was 0.03 m. The length of the degasser zone was 0.22 m
and its bottom was sloped at an angle of 60° to the hori-
zontal, so that biomass would not settle permanently.

A suitable placement of tubes was established empiric-
ally by arranging 0.06 m diameter tubes with blackened
surfaces in the configuration of the solar loop and
measuring the irradiance on the tube perimeter at
8 equally spaced locations on tubes in both planes
(Fig. 2). The measurements were averaged to obtain
a mean value, I,,.,,. Irradiance I,, was measured also on
the water pool. The mean irradiance on the surface of
a tube was normalized with respect to that on the water

5
h
9
I @ 1)
12
14 3
Fig. 2. Solar loop geometry. The vertical distance h and the horizontal
spacing d between tubes are shown. Eight measurement points are

indicated on the perimeter of tubes for averaging the irradiance received
values.

pool, to obtain a dimensionless irradiance I,matized-
Measurements were made for a total of 18 combinations
of vertical distance h and the horizontal tube spacing d
(Fig. 2). The d-values tested were 0, 0.03, 0.06, 0.09, 0.12,
and 0.15 m; the h-values were 0, 0.03, and 0.06 m.

3.3. The fluid-dynamic parameters

The liquid velocity in the tube was measured by the
tracer method. Thus, a pulse of acid/alkali was introduc-
ed at the entrance of the tubular loop and detected at the
end using a pH electrode. The liquid velocity, U;, was
calculated using the known distance L, between the
tracer injection and detection points (entrance and exit of
the solar receiver), and the measured time interval be-
tween injection and detection; thus,

Uy =—, 21
where t,, was the time interval between injection and
detection.

The gas holdup in the riser was measured by the
manometric method (Chisti, 1989). Thus, two pressures
taps drilled near the top and the bottom of the riser
section were connected to an inverted U-tube
manometer. From the known vertical distance h, be-
tween the taps, and the manometer reading Ah,,, the
holdup was calculated as follows:

_ Ah,
=

& (22)
Because visible gas bubbles did not recirculate, the gas
holdup in the downcomer and the loop were negligible,
except when the gas was injected in the loop. In the latter
case, the gas holdup in the loop was estimated as the
ratio of the gas flow rate and the total (gas and liquid)
fluid flow in the tube.

The axial dispersion coefficient in individual sections
of the reactor was determined using the method of Ver-
laan, Van Eijs, Tramper, and van’t Riet (1989). For this,
a pulse of tracer was injected and signals from two probes
located downstream at the entrance and exit of each zone
(solar loop and the airlift system) were registered on-line.
By comparing both signals, the Bodenstein number, Bo,
was obtained in each zone and the dispersion coefficient
D, was calculated as follows:

_ UL Lsection

D, = 23
=t (23)

3.4. Volumetric mass transfer coefficients
The volumetric gas-liquid mass transfer coefficient

was determined in seawater without the cells. The reactor
was filled with seawater and liquid circulation was
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initiated by supplying air in the riser, as in normal culture
operations. Once a steady state had been attained, the
water became air saturated and the measured concentra-
tion of dissolved oxygen was constant at the entrance
(i.e., in the degasser zone) and the exit of solar tube. At
this point, nitrogen was injected at the inlet of the solar
tube. The location of the nitrogen injection point and the
flow rate of the gas were identical to those used typically
with carbon dioxide during the cultures. Because of strip-
ping of dissolved oxygen by the nitrogen gas, the oxygen
concentration at the exit of the solar tube declined con-
tinuously until a new steady state had been attained
(Camacho Rubio, Acién Fernandez, Sanchez Pérez,
Garcia Camacho, & Molina Grima, 1999). At this condi-
tion, the amount of dissolved oxygen stripped in the solar
receiver equaled the amount of oxygen absorbed in the
airlift pump (riser and degasser). An oxygen mass balance
on the solar receiver could now be established (Camacho
Rubio et al., 1999) as follows:

QL([OZ:lin - [02]out)
= Vikpar([O3] =[O Dm(1 — &) (24)

In view of the plug flow regime, Eq. (24) employs a logar-
ithmic mean driving force for oxygen transfer, calculated
as follows:

([03] — [O2]eu

_ ([O>2k]m - [OZJin) - ([Oak]oul - [02]out)
In([031in — [021in)/([O%owt — [O20w)”

The dissolved oxygen values at the inlet and the outlet
of the solar tube were determined experimentally, where-
as the equilibrium dissolved oxygen values were estab-
lished using Henry’s law. At the entrance of the solar tube
(i.e., the end of the degasser), because pure nitrogen
bubbles were present, the dissolved oxygen concentration
in equilibrium with the gas phase was zero. At the exit of
the solar tube, the mole fraction of oxygen in the nitrogen
bubbles needed to be known in order to calculate
[O%]ou- The exit mole fraction of oxygen in the gas phase
was calculated using the equation:

QL([OZ:lin - [02]out) = FNZ YOZ,outa (26)

where Fy, is the molar flow rate of the injected nitrogen
and Y, is the oxygen-to-nitrogen molar ratio in the gas
exiting from the solar receiver tube. Similar balances
could be established for the airlift pump and, hence, the
kpay .imire 1n the airlift device (excluding the solar tube)
could be determined (Camacho Rubio et al., 1999). Be-
cause for the conditions studied the absorption rate was
shown to be independent of the chemical reaction taking
place in the liquid phase, the kpa; co, could be directly
related to the k;a;, for oxygen by a single factor ( = 0.93)
that took into account the difference in aqueous diffusivi-
ties of the two gases.

(25)

4. Results and discussion
4.1. Design of the reactor

Mean annual biomass productivity of P. tricornutum at
the known optimal dilution rate of 0.040h~' was
simulated using previously established outdoor growth
parameters for various conditions of irradiance and solar
tube diameters (Acién Fernandez et al., 1998). Egs. (1)-(3)
were used for predicting the biomass productivities
shown in Fig. 3a. Clearly, as the tube diameter increased,
the volumetric productivity of biomass declined for
otherwise fixed conditions; however, the areal productiv-
ity increased as more culture volume could be accom-
modated in a given area. Both the volumetric and the
areal productivities were similarly sensitive to changes in
the tube diameter (Fig. 3a). Too low a volumetric produc-
tivity is not wanted as it implies a dilute culture broth
and this substantially increases the cost of recovering the
biomass, as a greater volume needs to be processed for
obtaining a given quantity of cells. In addition, as the
tube diameter increased, the energy dissipation per unit
mass decreased whereas the range between maximum
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Fig. 3. Influence of tube diameter on: (a) volumetric and areal biomass
productivities of P. tricornutum cultures; (b) the specific energy dissipa-
tion rate and maximum acceptable culture velocity (Uy, max) to avoid
shear stress related damage. The minimum velocity needed for well
developed turbulence are also shown. The mean annual biomass pro-
ductivity values were obtained by using the growth model (Acién
Fernandez et al., 1998), Eq. (1) and Eq. (3), with the following para-
meters: n =149, I, = 11467pEm 2 s~ !, K, =0.0369 m?g" !, and
Umax = 0.063 h™ 1. The energy dissipation rate and culture velocity were
obtained by using Egs. (6)-(9).
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Fig. 4. Influence of the horizontal and vertical tube spacing on the
irradiance received on the tubes surface relative to irradiance on the
water pond. The data are the mean values from an analysis of variance
of the measurements.

and minimum culture velocity available increased (Fig.
3b). Thus, to attain a compromise between the conflicting
demands of volumetric and areal productivities, the en-
ergy dissipation per unit mass and the available culture
velocity, a tube diameter value of 0.06 m was selected for
construction. The estimated annual mean productivity
for the selected tube diameter was 35gm 2d™' or
1.5g17'd ™!, about 70% of the maximum value expected
in a tube with a diameter of 0.03 m.

Regarding the optimal vertical and horizontal distan-
ces between adjacent tubes of the solar loop, the horizon-
tal distance was found to be the main factor that
influenced normalized irradiance (Fig. 4). Tubes spaced
further apart horizontally (Fig. 4) received greater sun-
light; however, once a spacing of about 0.1 m had been
attained further increase did not significantly enhance the
radiation received. Thus, a spacing of 0.09 m was selected
for construction. The vertical distance between the two
layers of tubes did not significantly affect the sunlight
received; however, the irradiance was reduced slightly as
the distance increased to 0.06 m (Fig. 4); thus, a lower
value of 0.03 m was selected as satisfactory for construc-
tion of the solar loop. The noted geometry of the solar
receiver enhanced light capture by 64% compared to if
the tubes were installed parallel, in a single layer, directly
on the floor with a white reflective coating on the floor, as
previously used by Torzillo et al. (1993). The selected
configuration reduced surface irradiance on tubes by
only 17% compared to the single layer, parallel run

configuration with widely spaced tubes, as previously
used by Molina Grima et al. (1994b).

As previously noted, excessive turbulence is potentially
damaging to algal cells (Chisti, 1999b) and the culture
velocity through the solar tubing is limited by shear
stress considerations. Turbulence associated damage ap-
pears to occur when the dimensions of the terminal
microeddies approach those of the algal cells (Torzillo
et al., 1993; Contreras Gomez, Garcia, Camacho, Molina
Grima, & Merchuk, 1998). For P. tricornutum, Contreras
Gomez et al. (1998) observed a decline in specific growth
rate when the estimated dimensions of microeddies be-
came 45 pm and lower. These dimensions are compara-
ble to those of the P. tricornutum cells that are typically
up to 35 um long and 3 um wide (Lewin, 1958). Thus, in
the solar receiver tube, the flow velocity should be such
that the microeddy dimensions remain greater than
45 um (Molina Grima et al., 1999). If a lower safe limit on
eddy length of 50 um is accepted, the maximum culture
velocity cannot exceed 1.0ms~! (Fig. 5), assuming
a water-like behavior of the culture broth. The flow
velocity to attain an eddy size of 50 um is always greater
than the threshold for laminar-turbulent transition.
A velocity of 1.0 m s~ ! corresponds to an specific power
input of 0.17 W kg~ !, or 170 W m 3. Although an upper
velocity limit of 1.0 m s ~* was estimated, the design value
was lower at 0.5ms™ ' because of limited mechanical
strength of the plastic solar loop. Using this value of
velocity, also in the turbulent regime, the maximum tube
length was calculated such that the oxygen concentration
at the end of the loop would not exceed 300% of air
saturation value. The latter had been shown to be accept-
able in earlier work (Acién Fernandez et al., 1998;
Camacho Rubio et al., 1999). Thus, a maximum oxygen
generation rate of 0.003 mol O, m™~3s™ !, corresponding
to a biomass productivity of 2.5 g1~ *d ! (Acién Fernan-
dez et al., 1998), was used in Eq. (10) to obtain a maximum
loop length of 80 m, for an assumed oxygen concentra-
tion of 100% of air saturation at the inlet of the loop.

The induced liquid circulation velocities for various
aeration rates and heights of the airlift column were

40 1 T 250
30 + 200
2 1150 =
3
220 - £
=
S T 100 <
o

” % %

0.0 . . . , : 0

0.0 0.5 1.0 2.0 25 3.0

15
U (ms™)
Fig. 5. Influence of liquid velocity on the length A of the microeddies
and power dissipation (consumption) for a 0.06 m diameter tube and
a fluid with waterlike properties.
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Fig. 6. Effects of superficial gas velocity (Ug,) in the riser on: (a) the
induced liquid velocity in the solar receiver tube; and (b) volumetric
mass transfer coefficient (kpay) in the riser zone. The plots were
simulated using Eqgs. (16)-(20) for various heights of the airlift circula-
tor.

simulated using Eqgs. (16) and (17) to establish a satisfac-
tory design height of the airlift column. Similarly, for the
various selected gas injection rates in the airlift riser, the
values of the mass transfer coefficient k;a; were deter-
mined using Egs. (17), (19), and (20). The results are
shown in Fig. 6. As expected, for a given gas velocity in
the riser and otherwise fixed conditions, the induced
liquid circulation velocity increases as the height of the
airlift column increases; however, as is obvious from Fig.
6a, the requisite liquid velocity of about 0.5 m s~ ! cannot
be attained with an airlift column that is less than 4 m tall
for any reasonable gas flow rate. Thus, a 4 m airlift height
was selected for construction. Also, for a 4 m tall airlift,
the kya;, value of 0.13 s~ ! is easily attained in the airlift
column (Fig. 6b). This value of k;a; was estimated as
being sufficient for reducing the dissolved oxygen con-
centration from 300% of air saturation to less than 150%
of air saturation at the entrance of the solar receiver.

4.2. Hydrodynamic and mass transfer characterization

Once the photobioreactor had been built, its hy-
drodynamic and mass transfer behavior was character-
ized to validate the design approach used. Thus, the
experimental measurements of the induced liquid velo-
city, the k;a; and the dispersion coefficient values are
shown in Fig. 7 for various values of the superficial
aeration velocity in the riser. Separate k;a; values are
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Fig. 7. Effects of the superficial gas velocity Uy, in the riser on: (a) the
measured liquid velocity U}, in the loop; (b) the measured mass transfer
coefficients, k; ar; and (c) the measured axial dispersion coefficient D..
The kya;, and D, values are shown for the solar receiver tubing, the
airlift device, and the airlift-loop combined (global) system.

shown for the airlift section and the tubular loop of the
photobioreactor. Both the general behavior and the mag-
nitude of the liquid velocity and the k; a; data agree with
the design predictions. The k; a; values in the solar loop
were of course much lower than ones in the airlift device
(Fig. 7b) because the gas holdup and, consequently, the
mass transfer interfacial area were minimal in the solar
tube. Also, because the marginal gas holdup in the solar
tube was little affected by the gas injection rate in the
riser of the airlift device, the k; a;, in the loop was relative-
ly insensitive to aeration rate. A relatively constant k; a;,
in the loop also attests to a good gas-liquid separation
performance of the degasser zone of the airlift device. As
previously noted, the k; a; in the airlift zone essentially
controls the oxygen removal capability of the airlift col-
umn. The k; a; in the solar loop influences the absorp-
tion of carbon dioxide injected in the loop.
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The mixing performance of the photobioreactor was
characterized in terms of the axial dispersion coefficients
for the solar loop, the airlift zone, and an overall value for
the airlift-loop combination. These various measured
dispersion coefficients (D) are shown in Fig. 7c, as func-
tions of the superficial gas velocity in the riser. Based on
the dispersion coefficient values, the airlift device is
clearly far better mixed than the solar tube. The mixing in
the airlift zone improved as the gas flow rate increased.
The solar tube, with low values of dispersion coefficients,
was in plug flow and the dispersion coefficient was vir-
tually constant irrespective of the liquid flow rate in the
tube, or the aeration rate in the airlift riser zone.

Because of poor axial mixing in the solar loop, axial
gradients in concentration of nutrients can develop.
However, for most nutrients this was not an issue as the
culture was continuously fed with fresh medium in the
airlift device. The only nutrient that could become limit-
ing in the solar loop was carbon dioxide that was injected
near the entrance of the solar loop. Because the k;a;,
value in the loop was low, pure carbon dioxide was
indicated for injection to improve the gas-liquid mass
transfer driving force and prevent carbon limitations
(Camacho Rubio et al., 1999). However, injecting pure
carbon dioxide can affect local pH values and culture
productivity (Olaizola, Duerr, & Freeman, 1991; Maz-
zuca Sobczuk et al., 2000). This effect may be reduced by
diluting the injected gas with air or nitrogen. With careful
attention to design, it is usually possible to ensure a suffi-
cient mass transfer capability in the airlift device so that
photosynthetically generated oxygen does not accumu-
late to excessively high concentrations. This capability
was achieved as demonstrated during culture, discussed
next.

4.3. Outdoor culture

In order to check the performance of the bioreactor the
microalga P. tricornutum was cultured outdoors during
Spring (Table 1). A biomass productivity of 1.2 g17*d ™!
was obtained at a dilution rate of 0.050 h™' when the
mean solar irradiance on the pool (I,) was about
1200 uEm™~2s~ ', (Note: the mean daily irradiance was
calculated by time-averaging the instantaneous irra-
diance over a 24 h period.) The experimentally obtained
biomass productivity of 1.2gl1 'd~' was about 10%

Table 1

greater than the value estimated using the design meth-
odology. A similar level of agreement was seen between
the predicted and measured areal productivities of
biomass, thus validating the predictive capability of the
design equations.

To assess the influence of the solar loop liquid velocity
on the culture performance, three different liquid vel-
ocities were tested: 0.50, 0.35, and 0.17 m s~ !, at a con-
stant dilution rate of 0.050 h™!. At the highest liquid
velocity, the biomass concentration attained was
238 g1™'. A lower concentration of 2.29 g1~ ! was ob-
tained when the velocity was reduced to 0.35ms™!;
however, the biomass productivity at these two velocities
did not differ significantly. The culture carried out at
a velocity of 0.17 m s~ ! failed to attain steady state; the
culture perished when the velocity was reduced further.
Turbulence is known to enhance biomass productivity
relative to laminar flow conditions. For example, Car-
lozzi and Torzillo (1996) noted a lower biomass produc-
tivity in laminar flow relative to that in turbulent
conditions for Spirulina cultures in tubular photobioreac-
tors. A 29% increase in Spirulina biomass productivity
was observed when the flow pattern changed from
laminar to turbulent in straight tubes. Further improve-
ment in turbulent mixing produced no beneficial effect;
a high liquid velocity of 0.97 m s~! damaged the culture
and reduced the biomass productivity. Similar beneficial
effects of limited turbulence have been also observed for
Chlorella growing in a tubular photobioreactor (Pirt
et al., 1983).

Turbulence repeatedly moves cells from darker in-
terior of a tube to the better illuminated peripheral zone,
hence the cells are not starved of light for extended
periods. Also, movement of cells from light to dark zones
may actually enhance productivity so long as the dura-
tion of a dark period remains small. Dark intervals of the
order of 1s are said to improve of the solar energy
conversion by biomass (Laws, Satoru, Hirater, & Pang,
1987; Terry, 1986), as such intervals allow the dark cata-
lytic reactions of photosynthesis to run to completion,
restoring the photosynthetic apparatus to its full efficien-
cy for the next light period. With P. tricornutum too, the
biomass productivity increased with enhanced turbu-
lence. Thus, as shown in Table 1, the biomass productiv-
ity was a little better at a higher flow velocity of
0.50ms~' compared to when the velocity was

Biomass concentrations and productivities for various dilution rates, liquid velocities, and mean daily solar irradiance levels (Spring season) during

cultures in the designed reactor.

Date D,h7! U, m/s I, (MEm™*s™Y) Co, g/l Py, g/1d Py, g/m*d
30/3 0.050 0.50 1289 238 1.19 19.8
5/4 0.050 0.35 1126 2.29 115 19.1

8/4 0.050 0.17 1250
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Fig. 8. Variation of solar irradiance and the dissolved oxygen concen-
tration in the degasser zone with the solar hour. Data are shown for
three different liquid velocities.

0.35m s '. Potentially, this difference can be attributed
to the small difference in irradiance between March and
April (Table 1); however, the substantial change in pro-
ductivity during April (Table 1) is clearly related with the
velocity. As previously noted, the culture collapsed when
the velocity was reduced to below 0.17 m s !, apparently
because of photooxidation effects.

Liquid velocity also determines the maximum dis-
solved oxygen concentration developed in the tubular
loop. This is because the residence time in the tube is
governed by the velocity and the rate of generation of
oxygen by photosynthesis is fixed under a given level of
irradiance. The dissolved oxygen concentration in Fig. 8
varies because of a combined effect of the liquid velocity
and the change in the irradiance level (Acién Fernandez
et al., 1998). During the early morning the dissolved
oxygen concentration increases rapidly as irradiance in-
creases to around 2500 uE m~%s~!. At midday, when
the irradiance level exceeds 2500 uE m ™2 s~ !, the dis-
solved oxygen declines because of a reduced rate of
generation by photoinhibition. In the afternoon, as the
solar irradiance decreases, the dissolved oxygen concen-
tration also reduces. The maximum dissolved oxygen
concentration attained is clearly influenced by the liquid
velocity. Diurnal variation in concentration is minimal at
the highest liquid velocity (Fig. 8).

5. Concluding remarks

A method is developed for design of airlift-driven
photobioreactors with continuous run tubular solar
loops. The design method effectively combines the rel-
evant aspects of external irradiance-dependent cell
growth, oxygen accumulation in the solar loop, oxygen
removal in the airlift device, and hydrodynamics of the
airlift system that determine the flow velocity through the
solar receiver. A bioreactor configuration determined by
the design methodology is proved during continuous
outdoor culture of the microalga P. tricornutum. The

Table 2
Design and operation variables of the bioreactor for outdoor culture of
microalgae

Description Value
Tube diameter 0.06 m
Loop length 80 m
Culture volume 0.20 m?®
Land area occupied 12.0 m?
Airlift column height 4m
Vertical spacing between tube layers 0.03 m

Horizontal spacing between adjacent parallel tube rungs  0.09 m
Culture velocity through the solar tube 0.5ms™ !
Superficial aeration velocity in the riser of the airlift 03ms!

model predicted hydrodynamic behavior of the bio-
reactor agreed closely with the measured data. Similarly,
the predicted culture productivity matched measure-
ments. The designed bioreactor configuration and
the suitable operations conditions are summarized in
Table 2.

Notation

A, Cross sectional area of riser, m>

Ap Cross sectional area of degasser, m?

Ay Cross sectional area of downcomer, m?>

Bo Bodenstein number in Eq. (23)

C Tracer concentration, mol 17!

o Biomass concentration, g1~ !

C, Fanning friction factor

Cs Concentration of suspended solids, g1~ *

Co Characteristic parameter in Eq. (17)

D Dilution rate, h 1

d Horizontal spacing between tubes, m

dg Mean bubble diameter, m

Dy, Diffusivity of the transferring gas in liquid,
m?s~!

D, Axial dispersion coefficient, m?s ™!

Fy, Molar flow rate of the injected nitrogen,
mols™!

g Gravitational acceleration, m s~ 2

h Vertical spacing between tubes, m

hp Fluid height in the degasser, m

Ah,, Manometer reading, m

h, Height of riser, m

h, Vertical distance between manometer taps, m

1,, Average irradiance inside the reactor,
uWEm~™?s7!

I, Constant in Eq. (2), tEm™2?s™!

Iinean Irradiance averaged over 24 h, uEm ™25 !

I ormatizea INormalized irradiance

I, Irradiance on photobioreactor surface,

uWEm~™?s7!
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I, Irradiance in the water pool, yuEm~?s~?

J. Sum of superficial velocities of gas and liquid
phases, ms ™!

krap Volumetric gas-liquid mass transfer coeffic-
ient, s 1

ki, Gas-liquid mass transfer coefficient, ms !

K, Extinction coefficient for biomass, m*g~*

Ky Frictional loss coefficient for the bottom zone
of the airlift

Ky Frictional loss coefficient for the top of the
airlift

L Straight tube length in loop, m

L, Length of the degasser section, m

L, Equivalent length of solar loop, m

Lqcction Length of flow path in any zone, m

L, Distance between the tracer injection and de-
tection points, m

M Mass of liquid in reactor, kg

n Exponent in Eq. (2)

ny Design specified factor in Eq. (5)

[O%] Saturation concentration of oxygen in liquid
in equilibrium with gas phase, mol 17!

[O3]in Dissolved oxygen concentration at entrance
of solar tube, mol1~1

[O,]osse  Dissolved oxygen concentration at the outlet
of the solar tube, mol 1!

Py, Areal productivity of biomass, gm~2d ™!

pP,, Volumetric productivity of biomass, g1~ *

P Power input due to gassing, J s~ !

Q¢ Volumetric flow rate of gas in the riser zone,
m3s™!

0 Volumetric flow rate of liquid, m*s™!

Re Reynolds number

Ro, Volumetric rate of oxygen generation,
mol O, m 3s~!

t Time, s

b Time interval between tracer injection and
detection, s

U, Terminal rise velocity of single bubble, m s ™!

Ug, Gas velocity in the riser zone, ms ™~ *

U, Superficial liquid velocity in the tube, m s ™!

Urp Superficial liquid velocity in the degasser,
ms~!

14 Volume of culture, m?

Vi Volume of liquid in a given zone, m?

Yo, Oxygen-to-nitrogen molar ratio,
mol O, mol N;!

Greek symbols

p Ratio of superficial gas velocity to the total
(gas and liquid) superficial velocity

& Gas holdup in the loop

& Gas holdup in the riser

&4 Gas holdup in the downcomer

A Length of microeddies, m

U Specific growth rate, h~*

Ui Viscosity of the culture broth, kgm™'s™*

Hmax Maximum specific growth rate, h™!

& Energy dissipation per unit mass, J s~ 'kg™*

) Density of the fluid, kgm ™3

c Interfacial tension, J m ™2

¢ Solar tube diameter, m

QPeq Length of light path in Eq. (3) defined by Eq.
(4), m

0 Solar zenith angle in Eq. (4), deg
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