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Abstract: Mixing in photobioreactors is known to enhance
biomass productivity considerably, and flow dynamics play
a significant role in the reactor’s performance, as they
determine the mixing and the cells’ movement. In this work
we focus on analyzing the effects of mixing and flow
dynamics on the photobioreactor performance. Based on
hydrodynamic findings from the CARPT(Computer Auto-
mated Radioactive Particle Tracking) technique, a possible
mechanism for the interaction between the mixing and the
physiology of photosynthesis is presented, and the effects
of flow dynamics on light availability and light intensity
fluctuation are discussed and quantitatively characterized.
Furthermore, a dynamic modeling approach is developed for
photobioreactor performance evaluation, which integrates
first principles of photosynthesis, hydrodynamics, and
irradiance distribution within the reactor. The results
demonstrate the reliability and the possible applicability
of this approach to commercially interesting microalgae/
cyanobacteria culture systems. © 2004 Wiley Periodicals, Inc.
Keywords: photobioreactor; CARPT; hydrodynamics; airlift
column; dynamic simulation

INTRODUCTION

The commercial potential of microalgae and cyanobacteria
culturing has been well recognized for some time (Becker,
1994; Vonshak, 1992). However, there are few industrial
efforts at the mass production of microalgae/cyanobacteria,
especially for closed culturing of high value products, such
as polyunsaturated fatty acids and red antiviral polysaccha-
rides (RMP), etc. One of the major reasons for such slow
industrial progress is the prohibitively high cost of pro-
duction (Becker, 1994). This cost is a result of low area; or
volume biomass productivity and the difficulties of design
and scale-up of the photobioreactors (PBR).
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The growth of microorganisms in photobioreactors is a
very complex system, coupling the effects of photosynthesis,
reactor flow dynamics, and irradiance distribution within the
photobioreactors (Luo et al., 2003). In fact, due to the severe
self-shading effects of the cells in photobioreactors, es-
pecially with industrially interesting dense culturing and
strong external irradiance, the light intensity decreases
exponentially from the illuminated surface to the reactor
center (i.e., following the Lambert-Beer law). Thus, a large
dark zone in the center and a small highly illuminated zone
near the surface coexist in a PBR. Both of the zones are not
appropriate for cell’s growth, since high light intensity may
cause photoinhibition (Barber and Andersson, 1992), while
low light intensity may not support the needed growth
(photolimitation). Hence, the major factor controling the
reactor performance is the availability and the intensity of
light transferred to the cells (Merchuk et al., 1998).

Mixing, which governs the movements of the cells
between the illuminated and the dark zones, can consid-
erably enhance productivity for a wide range of operational
conditions, as it can create beneficial light fluctuations onto
the cells (Laws et al., 1983; Markl, 1980; Merchuk et al.,
1998; Phillips and Myers, 1954; Terry, 1986; Winokur,
1948). However, the flow dynamics in photobioreactors and
how flow dynamics interact with the photosynthesis pro-
cesses remain unclear. As a consequence, most current
studies analyze photobioreactor performance based on
empirical correlations of the photosynthesis rate with limited
reactor flow dynamic information, which can be applied
only to specific conditions (Aiba, 1982; Jassby and Platt,
1976; Rorrer and Mullikin, 1999). The design and scale-up
of PBRs based on these models require costly and labor-
intensive empirical developmental efforts. Accordingly, a
thorough analysis of the effects of flow dynamics on the
photobioreactor performance, e.g., the interaction between
mixing and photosynthesis, the effects of flow dynamics on
the availability and the fluctuation of light experienced by



the cells, the effects of shear stress on the cells’ growth, etc.,
is required for reactor design and scale-up. Moreover, a
fundamentally based modeling approach that integrates first
principles will facilitate reactor design and scale-up to
maximize biomass productivity.

By employing an advanced flow dynamic measurement
technique named CARPT (Computer Automated Radio-
active Particle Tracking), Luo et al. (2003) investigated the
flow dynamics in three types of airlift photobioreactors
(bubble column, draft tube and split airlift columns), paying
special attention to the local characteristics of the turbulent
flow. They found that three types of liquid-phase mixing
mechanisms coexist in the studied airlift columns. They are:
bulk circulation with a time scale of 10 seconds, spiral move-
ment with a time scale of seconds, and radial fluctuation due
to turbulence with a time scale of milliseconds. Hence, the
time scales associated with the induced light fluctuation
experienced by the cells are not only in seconds, as reported
by some researchers (Lee and Pirt, 1981), but also in
milliseconds, which overlap with the range of time scales
associated with the photosynthesis processes (Falkowski and
Raven, 1997). Thus, a prompt relaxation of the reaction
centers in the microorganisms from over-reduction is pos-
sible, which could improve the photosynthesis efficiency
considerably. In fact, for a cell shifting between the highly
illuminated and the dark zones, the overall photosynthetic
quantum yield and the photosynthesis rate depend on the
residence times in each zone. If the cell can be moved to the
dark center from the highly illuminated zone before all
reaction centers are reduced, it is possible to keep the
quantum yield and, therefore, the light energy efficiency
remains at a high level. Moreover, this shifting can also
greatly reduce the photoinhibition effect, as the prompt
“‘relaxation’” prevents the proteins responsible for the
photoinhibition effects from becoming overoxidized. This
is very important for commercial culturing, where strong
external irradiance is used. Based on such information, we
can analyze the interaction between the mixing and the
photosynthesis and characterize the light fluctuations
experienced by the cells in the reactor.

Since mixing enhances reactor performance largely by
introducing light fluctuations that change the pattern of
light transferred to the cells, how photosynthetic rate res-
ponds to variant irradiance received by the cells is critical
for the reactor performance evaluation (Crill, 1977; Eilers
and Peeters, 1988, 1993; Pahl-Wost]l and Imboden, 1990;
Phillips and Myers, 1954). Two types of models exist in the
literature to relate the photosynthesis rate with irradiance.
The static models, based on fitting the photosynthesis-
irradiance (P-I) curve, were developed empirically or semi-
empirically for specific cases (e.g., optically dilute culture,
low external light intensity) (Iwakuma and Yasuno, 1983;
Jassby and Platt, 1976; Molina Grima et al., 1994). Due to
their simplicity, most current studies for photobioreactor
performance evaluation and reactor design are based on
these static models. However, although these models fit
reasonably with observations, they lack generality. They

take into account only the amount of irradiance on a
volume-averaged basis, ignoring the dynamic nature—the
fact that light is fluctuating. And only a few of them
consider the photoinhibition effects.

On the contrary, dynamic models (Camacho Rubio, et al.,
2003; Eilers and Peeters, 1988, 1993; Han, 2001, 2002;
Han et al., 2000; Magard et al., 1984; Pahl-Wostl and
Imboden, 1990; Zonneveld, 1997, 1998) try to establish a
physiological relationship between photosynthesis rates and
irradiance. The advantage of these models is their ability to
represent photoinhibition and other important physiology
phenomena. However, the information of cells’ movement,
or the time series of light transferred to the cells, is required
to implement such dynamic models to evaluate the reactor
performance. Unfortunately, such Lagrangian information
of cells’ movement has not been available until recently
(Luo et al., 2003) due to the need for advanced hydrodyna-
mic measurement techniques. As a result, Wu and Merchuk
(2002) used a trajectories predicted by a multi-circulation
cells model (Joshi and Sharma, 1979) where such cir-
culation cells are physically unrealistic (Degaleesan, 1997;
Luo et al., 2003).

In this work, the effects of flow dynamics on the overall
reactor performance are discussed and a fundamentally
based modeling approach for reactor performance evalua-
tion, based on the findings of hydrodynamics information
obtained from the CARPT technique (Luo et al., 2003), is
developed. The mixing-induced light intensity fluctuations
delivered to the cells in the reactors are also quantitatively
characterized. The developed modeling approach integrates
a physiologically based dynamic photosynthetic model with
CARPT measured hydrodynamics information. It is note-
worthy that, although the photosynthetic model proposed
by Eilers and Peeters (1988) and the Lambert-Beer law for
the irradiance distribution inside the bioreactor were used
in this work, the new approach can be extended to other
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Figure 1. Configuration of the three types of photobioreactors studied in
this work (Luo et al., 2003).
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photosynthesis rate and irradiance distribution models
based on first principles.

EXPERIVIENTAL PROCEDURES

CARPT Experiments and Temporal Irradiance Pattern

In CARPT experiments, a small (2.3 mm), neutrally buo-
yant, and fully wet radioactive particle was used to follow
the liquid phase flow and to mimic the cells’ movement. The
instantaneous particle position is identified by monitoring

simultaneously the radiation intensities at a set of sodium
iodide detectors (28) located strategically around the
column. The details of these experiments and the measure-
ment technique can be found elsewhere (Luo et al., 2003).
Such CARPT experiments were implemented in three airlift
bubble columns, shown in Figure 1, using an air—water
system at two superficial gas velocities, 1 cm/s and 5 cm/s
(Luo et al., 2003). All the reactors were Plexiglas columns of
8-inch diameter, either without internal structures (bubble
column) or with different internal structures (split plate for
split airlift column, and draft tube for draft tube airlift
column). Different types of sparger were used to generate
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Figure 2. Time series of irradiance a cell experienced in the bioreactors. Calculated by Eq. (1). External irradiance: 2000 pE m~2s~", Cell concentration:

80 x 10° cells/mL.
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rather evenly distributed gas holdup. Each CARPT experi-
ment was performed for 24 hours at a sampling frequency of
50 Hz, which generated Lagrangian trajectories of the tracer
particle consisting of more than 4 million points (the time-
averaged velocity at each point reach a plateau value which
indicates statistically sufficient experimental time).

For each single cell in the photobioreactor, the time
series of the irradiance it experiences, named the temporal
irradiance pattern, can be calculated by combining CARPT
measured cell’s trajectories (Luo et al., 2003) with a proper
irradiance distribution model. In this work, for simplicity
and for demonstration purposes, the simple Lambert-Beer
Law for a single light ray, which is suitable for a collimated
irradiance model but is not for a diffuse or semi-diffuse
model as explained by Evers (1991), is used for the light
intensity distribution within the reactors:

I =1y exp[—(k; - x + ky) - d] (1)

where I is the external irradiance on the photobioreactor
surface; d is the radial distance from the cell to the
illuminated surface; k, and k, are extinction coefficients
accounting for water and the self-shade effects between
cells, respectively; and x is the cells’ concentration. The
calculated temporal irradiance patterns for the studied
airlift bubble columns have been shown in Figure 2. All of
the characterizations and discussions presented later in this
work are based on these calculated irradiance patterns.

MODELING APPROACH

Dynamic Modeling Approach For Reactor
Performance Evaluation

A fundamentally based modeling approach would greatly
benefit reactor design and scale-up to maximize biomass
productivity. Such an approach should consider the physio-
logy of photosynthesis and microorganism growth, the flow
dynamics, and the irradiance distribution within the reactors.
To begin, we need a dynamic photosynthesis rate model.
Many dynamic photosynthesis models use the concept of
photosynthetic factory (PSF). Typically, it is assumed that
the PSF has three states, or two states when the inhibition
effect is ignored: reactive, activated, and inhibited (or
inactivated). The interchange between these states repre-
sents different enzyme reactions, e.g., the light, the dark,
and the inhibition reactions. The advantage of these models
with three states is their ability to represent photoinhibition
at supra-irradiance, and the differential equations thus
generated are easily handled. However, due to the simpli-
fication of these models, normally not all physiology of the
photosynthesis has been accounted for, e.g., the photo-
adaptation effect. Recently, Han (2001, 2002) reviewed
such models and incorporated more physiology to generate
a four-parameter model. While Camacho Rubio et al.
(2003) proposed a mechanistic model by breaking down

the photosynthesis process into two steps: a photochemical
energy capturing step and a metabolic consumption step.
This model takes into account the photoadaptive responses,
photoinhibition, and the flashing light effect, which, inevita-
bly, generated afewrathermathematically complexequations.

Unfortunately, although many models have been devel-
oped, further verification and model parameter estimation
are very scarce in the literature. Merchuk et al. (1998,
2000) and Wu and Merchuk (2001, 2002) experimentally
investigated the effects of well-defined light/dark cycles
with different periods and light/dark ratios on the photo-
synthetic rate of a red marine microalgae, Porphyridium
sp. Using the obtained experimental data, they estimated
the model parameters of the dynamic model proposed
by Eilers and Peeters (1988). And an additional mainte-
nance term has been introduced to account for the cellu-
lar damage under detrimental culturing conditions, e.g.,
in cases of high shear stress and very low light intensity
the photosynthesis rate can be negative. Hence, this model
is used in this study and is further discussed in the fol-
lowing sections.

Three-State Photosynthesis Rate Model

The structure of the model developed by Eilers and Peeters
(1988) and advanced by Wu and Merchuk (2001) is shown
in Figure 3. This model assumes that PSF has three states:
the resting state, xi, the activated state, x,, and the inhibited
state, x3. The probabilities of the state transitions following
a photon capture are supposed to be proportional to the
light intensity, or these reactions are assumed to be first-
order reactions with reaction constants of al for x;—x, and
RI for x,—x5. Since the other-state transitions can happen
in the dark, the reaction constants for these reactions are
assumed to be constant, i.e., 6 for x,—x;, and vy for x3—x,.
Thus, the following differential equations are proposed in
the model:

dx
e ol x4y x40 (2)
dt
d.
%:aﬁxl—ng—ﬁl'xz (3)
d
%ZBI-)CQ—B-)Q (4)
and
X1 +x+x3=1 (5)

where x|, x,, x3 are the fractions of the PSFs in the resting,
activated, and inhibited state, respectively. [ is the instant
light intensity experienced by the cells, I(t), and o, B, 0, ¥
are the reaction constants.
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The specific photosynthetic rate (u) is proportional to
the number of the state transitions from x, to x;, the
dark reaction:

1 dx

;Ezuzk-'y-xz—Me (6)
where x is the total number of PSFs, and £ is the yield of the
photosynthesis reaction. Me is a maintenance constant
accounting for cellular damage due to adverse environ-
ments, e.g., high shear stress. Wu and Merchuk (2002)
defined Me as:

Me = Me - (77 (7)

where Me is the maintenance without shear stress effects,
k,, is the extinction coefficient for shear stress, T is shear
stress, and T . is a constant that represents the critical level
of shear stress below which no effect of shear stress on the
growth is observed.

For the growth of Porphyridium sp., the parameters used
in the equations are estimated by Wu and Merchuk (2002)
and are shown in Table I.

Numerical Solution

Generally, the differential equations [Eqgs. (2)—(5)] for the
photosynthetic rate are a linear initial value problem for
given values of the model parameters. For a given light
intensity, i.e., I is constant, these equations can be solved
explicitly by classical methods. Assuming the system
reaches steady state, the analytical solution (Eilers and
Peeters, 1988) of the system gives the photosynthetic rate for
a given light intensity, which actually provides the photo-
synthesis-irradiance (P-I) curve shown in Figure 4 (for
Porphyridium sp.), where x, x,, x3 profiles are shown as
well. As can be seen, the specific growth rate reaches a
maximum, or the saturation level, at 250 uEmfzs*I.

For cells growth in a real photobioreactor, numerical
methods are required to solve the differential equations due
to the chaotic nature of the temporal irradiance patterns
(i.e., I varies with time). The cells’ trajectories measured by
CARPT experiments consist of successive sampling points

Photons

Photons

Figure 3. Structure of the photosynthetic rate model proposed by Eilers
and Peeters (1988) (duplicated from Wu and Merchuk, 2001).

Table I. Parameters of the dynamic photosynthesis rate model for Por-
phyridium, sp. (Wu and Merchuk, 2002).
Parameter Unit Value
k Dimensionless 3.65 x 1074
ko Pa”! 1.6 x 1072
k., m™! 0.2
ke ml m~1/10° cell 3.0
Me 57! 1.64 x 107°
a (ME m™3)~! 1.935 x 1073
B (MEm™ ™! 5.7848 x 1077
o s 4.796 x 107*
¥ 5! 0.1460
Te Pa 2400

at frequency of 50 Hz. Between the short intervals of any
two successive samples, the cells’ concentration and the
irradiance distribution inside the reactor can be assumed to
be constant. Hence, the instant light intensity at any point
between the two sampling points, I(#), can be estimated by
linear interpolation based on Eq. (1) (Evers, 1991) for
simplicity and demonstration purpose:

) . t—t ) .
10)=1Iz- exp{—ucx k) [df (@it - df)] }

d<t<t/j=1,N—-1 (8)

where N is the total number of the trajectory points, and d is
the distance to the illuminated surface. Therefore, the
overall growth rate can be obtained by integrating the go-
verning differential equations [Eqs. (2)—(5)] along the
whole cell’s trajectory from point to point.

The initial conditions we used in the simulation are:

x1 =1, x =x3 =0, t=0 (9)

These conditions assume all cells are in the resting state
as if they had been kept in dark for a long time. To account

1.0 T T T T T v T 2

0.8 1 O,
“og X3 11
Pog A&AA“‘A
og e

06 O, jakd
0.6+ A2

- . N Bogg,

N ..'. A“ Oopg ”
X 2 P800, | 0
~

0.4

X

Spcific growth rate, p, *10°s™

0 500 1000 1500 2000
Irradiance,l , pEm'zs'1

Figure 4. Computed photosynthesis-irradiance (P-I) curve together with
profiles of PSF states by the dynamic photosynthesis rate model proposed
by Eilers and Peeters (1988) for Porphyridium, sp. See text for details.
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for the effects of shear stress, the time-averaged shear stress
obtained from CARPT experiments was used to calculate
the maintenance constant, Me, by Eq. (7).

Reactor Performance Simulation

The dynamic model has been implemented for the studied
draft tube column at a superficial gas velocity of 1 cm/s. The
simulation results were compared with the experimental data
obtained by Merchuk et al. (2000), whose experiments were
carried out in a different draft tube column, with a diameter
of 0.13 m and a superficial gas velocity of 0.82 cm/s. Both
the experimental data and the simulation results in this work
are depicted in Figure 5, together with the simulation results
of Wu and Merchuk (2002), which were obtained by inte-
grating the governing equations along imaginary trajectories
predicted by the circulation cell model (Joshi and Sharma,
1979). For comparison of the experimental data over 10 days,
the numerical simulation was performed 10 times based on
the same 24-h CARPT trajectory. This repetition is justified
by the assumption of ergodicity of the tracking particle in
CARPT experiments. As can be seen, without any fit-
ting parameters, the simulation results of this work predict
the experimental data reasonably well, with small discrepan-
cies largely due to the different reactor and operation con-
ditions used.

Additional Characterization of Photobioreactors in
Terms of Light Fluctuation

To investigate the effects of light fluctuations on micro-
organism growth, many researchers have simply utilized a
light on/off pattern, the so-called light/dark cycle as shown
in Figure 6a. This pattern mimics the light fluctuation
experienced by cells in photobioeactors as if the cells grow
in a thin and sparse culturing system (Janssen et al., 2000,

2001; Nedbal et al., 1996; Terry, 1986; Wu and Merchuk,
2001). Terry (1986) proposed three parameters to charac-
terize this well-defined light/dark cycle: incident light
intensity (Ig), fluctuation frequency (f), and fraction of the
light time in a cycle (also called dimensionless relaxation
time, ¢). The fluctuation frequency and the dimensionless
relaxation time are defined as:

f=1ta+n);  o=u/(ti+ta) (10)

where t; is the time when the light is on, and t, is the time
when the light is off in one cycle. Using these parameters,
the square wave signals or the light intensity fluctuations on
the cells are clearly and completely defined. Terry (1986)
proposed that the effects of the light fluctuations on the
cell’s growth are a function of these parameters. He as-
sumed that, at high flash frequencies, the photosynthetic
rate was determined by the average intensity received by
the cells (full light intensity integration), while at low
frequencies the cells responded to the instantaneous in-
tensity (no light intensity integration).

However, as shown in Figure 2, it’s hard to find the well-
defined light/dark cycles in the chaotic temporal irradiance
patterns. Therefore, to characterize the irradiance pattern in
real reactors, the principles of how mixing affects the
photosynthesis rate should be applied. As mentioned above,
the quantum yield can be kept at a high level because of the
relaxation of the cells shifting between the illuminated zone
and the dark zone. In fact, since the time scales of the micro-
eddy mixing and the photosynthesis electron transfer are
both in milliseconds, a cell is likely to be ‘‘over-charged’’
whenever it enters the highly illuminated zone, where the
light intensity is higher than the saturated light intensity. On
the other hand, when a cell enters the dark zone, where its
light intensity is lower than the saturated light intensity,
the cell is likely to be ‘‘relaxed.”” This could be further
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Figure 5. Simulation results by the dynamic model for the draft tube column (on the right) at Ug of 1 cm/s (based on the whole cross-section of the
reactor). The experimental data (Merchuk et al., 2000) and simulation results of Wu (2001) are also presented, which are based on the draft tube column on

the left at the superficial gas velocity of 0.82 cm/s.
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Figure 6. Illustration of the parameters to characterize the dynamic feature of irradiance fluctuation. (a) well-defined light/dark cycle; (b) over-/

undercharged cycle in real reactors.

explained by the classical photosynthesis-irradiance (P-I)
curve as shown in Figure 7. When the incident light intensity
is very low as in the case of ‘‘dark zone,”” the overall
quantum yield is high and the photosynthesis rate increases
linearly as the light intensity increases. This is called the
undercharged region in the P-I curve. While when the
incident light intensity exceeds the saturation light intensity
as in the case of the ‘‘highly illuminated zone’’ in the
reactor, the overall quantum yield could be very low and the
photosynthesis rate reaches a plateau. This is called the over-
charged region in the P-I curve. As the incident light
increases further, some of the proteins in the electron
transfer chain may be damaged and need a long time for
recovery, resulting in a sudden drop of the photosynthesis
rate. This is called the super-charged region in the P-I curve.
Hence, separated by the saturation irradiance, the time series
of irradiance could be roughly divided into two regions:
overcharged and undercharged. The time series of the light
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Figure 7. Typical photosynthesis-irradiance (P-I) curve (modified from
Vonshak, 1992).

intensity delivered to the cells can be decomposed into many
such over-/undercharged cycles with different frequencies.
These over-/undercharged cycles, following Terry’s analy-
sis for the well-defined light/dark cycle, can be characterized
by three parameters: time-averaged light intensity (/Z,) for
the quantity of photons delivered to the cells, frequency (f)
for the light fluctuation, and the fraction of over-charged
time in a cycle (¢) for the dimensionless relaxation time.
Figure 6b is a schematic diagram that illustrates these
proposed parameters to characterize the dynamic feature of
the light fluctuations.

Once the over-/undercharged cycles are identified from
the temporal irradiance patterns (typically around 4000
such over-/undercharged cycles per hour could be identi-
fied from the temporal irradiance patterns shown in Fig. 2),
the dynamic nature of the light fluctuation can be
characterized by statistical methods, e.g., by the probability
density function (PDF) of these three parameters mentioned
above. Accordingly, the effects of the reactor geometry and
the operational parameters on the irradiance pattern, and
hence, on the overall reactor performance, can possibly be
further analyzed and used for reactor design and scale-up.

Average Irradiance
The amount of the irradiance a cell experiences can be
represented by the time-averaged irradiance:
T
1
I =— /I(t)dt (11)
T
0

where T is a very long time that covers all frequencies of
irradiance fluctuation, and I(t) is the instant irradiance the

cell experiences. It is noteworthy here that this definition
is different from the one used by most authors in the
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literature, which is actually a volume-averaged irradiance
(Molina Grima et al., 1997):

\%4
1
I = v /Ip,-dV (12)
0

where V is the reactor volume and Ip; is the local irradiance
value at the finite control volume dV. The time-averaged
irradiance is a complex function of external irradiance,
reactor geometry, flow dynamics, cell concentration and
morphology, and even the absorption characteristics of the
cellular pigment. The volume-averaged irradiance is
equivalent to the time-averaged value only when the cells
are distributed homogenously throughout the reactor
(Molina Grima et al., 1999).

To show the differences between these two definitions,
both of them have been used to estimate irradiance for the
studied reactors. Two cases have been considered. Case I
represents low external irradiance (250 pE m s~ ') plus
low cell concentration (8 X 10° cells/mL) (the same as the
experimental conditions used by Wu and Merchuk, 2001).
Case II represents high external irradiance (2000 pE
m s~ typical sunlight intensity at noon in the summer)
plus high cell concentration (80 x 10° cells/mL). The
computed mean and variance of the averaged irradiances
are shown in Table II. As can be seen, all calculated
average light intensities are lower than the saturation light
intensity, indicating the overall light limitation for these
cultures. It is clear from the results that the reactor
geometry and the superficial gas velocities do not affect the
volume-averaged irradiance but do affect the time-averaged
irradiance. Moreover, the differences between the com-
puted quantities are much larger in Case II than in Case 1.
These differences indicate that volume-averaged irradiance
does not account for the effects of flow dynamics, which
have significant influence in the case of dense culturing
and strong external irradiance. Therefore, volume-averaged
irradiance cannot represent the actual amount of ir-
radiance the cells experience in the photobioreactor under
these conditions.

The effects of reactor geometry and superficial gas
velocity on the time-averaged irradiance can be discerned
from the results given in Table II. As can be seen, the
calculated quantities for the split column are larger than the
quantities for the other reactors. This difference is because

of the spiral movement observed in the split column (Luo
et al., 2003), in which the cells may have more chances to
visit the highly illuminated surface than to visit the dark
center. By the contrast in the draft tube and the bubble
columns, the cells are more likely to visit the dark center,
because liquid flows faster in the center region than in the
near wall region. The draft tube column has a larger I}, than
the bubble column, since the liquid phase is forced to travel
near the wall region (the downcomer), while it is not in the
bubble column. On the other hand, increasing the super-
ficial gas velocity will increase the time-averaged irradi-
ance, as can be seen from the results listed in Table II. In
fact, as the superficial gas velocity increases, the turbulence
intensity increases and the thickness of the boundary layer
near the wall tends to decrease. The cells thus can enter the
wall’s vicinity. Moreover, in the split column, when the
superficial gas velocity increases, the spiral movement of
the flow is more apparent (Luo et al., 2003), resulting in a
larger diameter of circulation that increases the probability
of the cells to visit the wall region as well.

Irradiance Fluctuations

It is clear from Figure 2 that the temporal irradiance pattern
consists of a cascade of light fluctuations with different
frequencies. Thus, to better present the light fluctuations
and the dynamic nature of the system, statistical methods
need to be used. In this work, the probability density
functions (PDF) of the over-/undercharged cycle frequency
and of the dimensionless relaxation time have been esti-
mated for the studied reactors under Case II. In Figure 8,
the PDFs of the over-/undercharged cycle frequencies are
shown by plotting the frequencies (f) vs. the number of
occurrences per hour. In Figure 9, to better show the
randomness of the system, the PDFs of the dimensionless
relaxation time are presented by plotting —In(1/¢ — 1) vs.
the number of occurrences per hour. This plot actually
shows the PDFs of the over-/undercharged time ratio (¢,,.,/
tunder) N a logarithmic axis coordinate.

Due to the limited sampling frequency used in CARPT
experiments (50 Hz) of Luo et al. (2003), the highest
frequency observed is 25 Hz, and only discrete series are ob-
tained in the frequency field. As can be seen from Figure 8,
the probability of the fluctuations increases almost linearly
as its frequency increases. On the other hand, Figure 9 shows

-2 -1

Table II. Average irradiance and variance for the photobioreactors. Unit: Em™~ s

Draft tube column

Split column Bubble column

Mean and variance 1 cm/s 5 cml/s 1 cm/s 5 cm/s 5 cm/s
Case I* I, 135.0 £ 65.7 140.0 + 63.7 141.5 £ 63.3 152.7 £ 62.2 123.3 + 60.1
L) 131.3
Case 1I° 1), 90.2 £+ 297.2 93.8 + 306.2 126.9 + 389.9 1749 + 4445 46.3 + 231.3
Ly 164.3
ICase I: External irradiance: 250 pE m~?2 s’l; Cell concentration: 8 % 10° cells/mL.
®Case II: External irradiance: 2000 RE m~2 s~ !; Cell concentration: 80 x 10° cells/mL.
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cells/mL (a) Superficial gas velocity of 1 cm/s; (b) superficial gas velocity of 5 cm/s.

that the PDF of —In(1/¢ — 1) is close to a Gaussian random
distribution with a large peak in the center (i.e., overcharged
time equals to undercharged time in a cycle). This Gaussian
distribution indicates that the distribution of either the
overcharged time or the undercharged time in a cycle is a
random variable. In other words, around the saturation light
intensity, Ig,, the cells have the same probability of entering
the near wall region as of entering the center region. This is
reasonable since the irradiance pattern is dominated by
turbulence-induced fast fluctuations, and the turbulence is
often considered as isotropic.

@ Draft Tube Column
800 - 4 Split Column F ]

600 -

Number of Occurrences per hour, 1/hr

~In(l/p-1)
(a)

Again, the effects of reactor geometry and superficial gas
velocity on the fluctuation can be found from these results
(Figs. 8 and 9). The draft tube column possesses more fast
light intensity fluctuations than the other reactors because
the axial liquid flow in the near wall region, the downcomer
in the draft tube column, is faster than the axial velocity in
the other reactors at the same superficial gas velocity,
suggesting larger turbulence intensity. In the split column,
although the turbulence intensity in the wall region is large in
the riser, it is not in the downcomer, which offsets its overall
effects on the light intensity fluctuations. Very interestingly,
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Figure 9. PDF of the dimensionless relaxation time presented by plotting —In(1/@ — 1) vs. the number of occurrence per hour, which in fact shows

—2 1

the PDF of the over-/undercharged time ratio (#,,¢, /tnqe,) in a logarithmic axis coordinate. External irradiance: 2000 pE m™“s™ ', Cell concentration: 8 X
10° cells/mL (a) Superficial gas velocity of 1 cm/s; (b) superficial gas velocity of 5 cm/s.
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the superficial gas velocity shows a negative effect on the
light intensity fluctuations: when it increases, the proba-
bilities of the fast fluctuations decrease for both split and
draft tube columns. This negative effect is inconsistent with
the common-sense notion that more turbulence intensity
means more light intensity fluctuations. The inconsistency
suggests that the sampling frequency (50 Hz) used in these
CARPT experiments may miss some higher frequency
fluctuations. Actually, the liquid flow enters the so-called
transitional regime at superficial gas velocity of 5 cm/s, and
the time scales associated with the micro-eddies in such a
regime can be in hundreds of microseconds. This difficulty
would be greatly alleviated by increasing the sampling
frequency, which currently can be as high as 500 Hz.

Effects of Reactor Geometry and Superficial
Gas Velocity

Based on the dynamic model developed above, the overall
growth rate of the cells in the three types of bioreactors are
calculated and compared as shown in Figure 10. Obviously,
the overall performance of the split column excels that of the
draft tube and the bubble columns, and the superficial gas
velocities positively affect the performance. These results
are consistent with the above analysis concerning the effects
of the reactor geometry and the operational conditions on the
parameters characterizing the temporal irradiance pattern.
For example, since the overall control factor for the photo-
bioreactor performance is the light limitation (e.g., the time-
averaged irradiances for all cases in Table II are smaller than
the saturation light intensity), the overall performance for the
reactors is strongly affected by the average irradiance.
Hence, as the cells in the split column are able to receive
more light than the cells in the other types of reactors (due to
the spiral liquid phase flow), the overall growth rate is higher
in this type of reactor. The results also reveal the effects of
the light intensity fluctuations. For example, although 1/, for
the split column at an Ug of 1 cm/s is much larger than I}, for

the draft tube column at the same superficial gas velocity, the
overall performance for the split column is just slightly
larger than that of the draft tube column. The irradiance
patterns for the draft tube column consist of more fast
fluctuations than the split column, indicating a better
quantum yield. On the other hand, because of the chaotic
nature of the fluctuations, the effect of the relaxation time is
not clear in these cases. Actually, as can be seen from
Figure 9, the profiles of the PDF for the relaxation time in all
the cases almost collapse into one.

Accordingly, these proposed parameters, i.e., time-
averaged irradiance (I),), over-/undercharged cycle fre-
quencies (f), and the dimensionless relaxation time (¢),
can be used to characterize the availability and the fluc-
tuation of light transferred to the cells—the controling
factor of the photobioreactor performance. They integrate
information of flow dynamics and irradiance transportation
and are functions of reactor geometry, operational con-
ditions, and the optical properties of the culturing media.
With the future availability of experimental data bank
and validated Computational Fluid Dynamics (CFD) codes,
it is possible to estimate these proposed parameters for
different reactor geometry and operating variables, which
will provide a means to screen different reactor design and
operating parameters for a desired photobioreactor’s per-
formance. In fact, these proposed parameters would also be
correlated to the reactor performance based on Terry’s
(1986) assumption as mentioned above, which is beyond
the scope of this work.

REMARKS

In this work, efforts have been focused on an analysis of the
effects of mixing, or flow dynamics, on photobioreactor
performance. Based on the hydrodynamic findings obtained
by the CARPT technique (Luo et al., 2003), the effects of
flow dynamics on light availability and light intensity
fluctuations have been analyzed and quantitatively charac-
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Figure 10. Numerical simulated cell’s concentration profiles for different type of reactors and superficial gas velocities. Simulation condition: External
irradiance: 2000 uE m~2s~ ! Initial cells concentration: 8 x 10° cells/mL (BC: Bubble column; SC: Split column; DC: draft tube column.).
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terized. Furthermore, a dynamic modeling approach has also
been developed for photobioreactor performance evaluation.
This general modeling approach integrates first principles of
photosynthesis, hydrodynamics, and irradiance distribution
within the reactor. It can be extended to include other
physiologically based photosynthesis rate and irradiance
distribution models, which may greatly improve the
accuracy of and the reliability on the prediction of the cells
growth and photobioreactor performance. However, the
developed modeling approach requires Lagrangian trajec-
tory information of the cells’ movement in the reactors by
CARPT. It is noteworthy that in case the CARPT technique
is unavailable, particularly for large scale units, the needed
information mentioned above can be obtained by imple-
menting CFD codes provided that these codes are validated
first, which is in progress in our laboratory. Hence, the
developed modeling approach provides a direct and
comprehensive tool for photobioreactor analysis, which
should be essential for proper and efficient reactor design
and scale-up for large-scale biomass production.

NOMENCLATURE

d radial distance from the cells to the illuminated surface [m]

f frequency of the light intensity fluctuations [s—!]

I instantaneous incident light intensity on the cells [WEm—2 s—1]

I external irradiance exposed to the photobioreactor surface [pEm—2

s~ 1]
1), time-averaged light intensity [pEm—2 s—1]
I volume-averaged light intensity [uEm—2 s—1]
Ip; local irradiance value at the finite control volume dV [WEm—2 s—1]

L saturation light intensity [uEm—2 s—1]

Jj index of the sampling points

k yield of photosynthesis production to the transition of x, to
x;[dimensionless]

k,, extinction coefficient of shear stress in Eq. (7), [Pa—!]

k,, extinction constant for water in Eq. (1), [m~!]

k. extinction constant for biomass in Eq. (1), [mL/(m - 10° cells)]

Me  maintenance in Eq. (7), [s7!]

Me  maintenance without shear stress effects in Eq. (7), [s—!]

N total number of sampling points

tq time when light is on in a light/dark cycle [s]

<

time when light is off in a light/dark cycle [s]

Iover  Overcharged time in an over-/undercharged cycle [s]
tunder undercharged time in an over-/undercharged cycle [s]
T total sampling time [s]

Ug superficial gas velocity [cm/s]

\% total volume of the bioreactor [m®]

X biomass concentration [10° cells/mL]

X fraction of PSF in open state

Xo fraction of PSF in closed state

X3 fraction of PSF in inhibited state

Greek letters

specific growth rate [s—!]

shear stress [Pa]

critical shear stress in Eq. (7), [Pa]

rate constant of photon utilization to transfer x; to x, [(LEm—2)~1]
rate constant of transfer x, to x; [(WEm—2)~1]

rate constant of transfer x3 to x; [(WEm—2)~1]

rate constant of photon utilization to transfer x, to x3 [(LEm—2)—!]
dimensionless relaxation time

o
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