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ABSTRACT

The effects of superficial gas velocity (Uy), gas entrance velocity (v), and bubble size
on the growth of Isochrysis galbana (T-ISO) was investigated in 0.6 L
photobioreactors operated with airlift pumps. Superficial gas velocities ranging from 7
to 93 mm s~ were created using a 1.6 mm diameter syringe. Four sparger diameters
were used to test the effects of sparger velocities that ranged from 2.48 to 73.4 m s
The effect of bubble size was evaluated by using two styles of air stones and an open
glass pipet, which created a bubble size range of 0.5 to 5 mm. The kpa values for all
experimental conditions were obtained. Cell growth increased linearly with increased
superficial gas velocity and decreased with increased sparger velocity. Results indicate
that smaller bubble size leads to some initial cell damage, but after time the increased
gas transfer produces higher growth than larger bubbles. Two mechanisms were found
to cause cell damage in /. galbana: increasing velocity at the sparger tip and reduced
bubble size. The results show that airlift systems should be designed to mitigate
hydrodynamic stress due to aeration. The implications for large-scale growth of

microalgae in airlift-driven tubular reactors are discussed.
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1. Introduction

The production of a constant supply of microalgae is often identified as one of the
most important technical limitations of the aquaculture industry (Richmond, 1993;
Borowitzka, 1996; Pulz, 2001). Live microalgae are the primary food source for the
larval stages of many fish, shellfish and crustaceans (Mueller-Fuega, 2000; Wikfors
and Ohno, 2001). A significant body of research has been dedicated to the
development of cost effective and reliable methods of culture in enclosed
photobioreactors, yet large-scale microalgal culture continues to rely heavily on
outdoor raceway ponds (Chisti, 2007). Outdoor open cultures can be maintained in
large volumes, but limited light penetration, susceptibility to temperature fluctuations
and contaminants limit growth rate and cell density. While researchers have offered
results showing high cell densities in closed small-scale reactors (Weissman, 1987;
Qiang, 1994), scale-up to sufficient volumetric capacity for the aquaculture industry

has not been shown successfully to date.

1.1. Isochrysis galbana (T-1SO)

The use of the flagellated haptophyte Isochrysis galbana (Ewart, 1981) has been
widely used in marine finfish, shellfish and shrimp hatcheries. The Tahitian species /.
galbana (T-ISO) has been identified as an important first feed for zooplankton and
larval fish and a good source of polyunsaturated fatty acids like eicosapentaenoic acid
(EPA) and docosahexaeonic acid (DHA) (Kaplan, 1986; Benemann, 1992; Gladue and
Maxey, 1994; Borowitzka, 1996). It has replaced the species I. galbana Parke for use
in tropical aquaculture because of its moderate growth, even at temperatures as high as
30°C (Nelson, 1992; Tzovenis et al., 2003).

The 1. galbana (T-ISO) cells have been found to have no distinct cell wall and

only possess a plasma membrane (Zhu, 1997; Liu and Lin, 2001). Species lacking cell



walls generally are more susceptible to hydrodynamic stress (Merchuk, 1991), yet
studies for 1. galbana have not been conducted to establish the species’ tolerance to
aeration related stress. Cells are generally solitary, motile, and ellipsoidal in shape: 5-6
um long, 2-4 um wide, and 2.5-3 um thick. There are two smooth flagella that are
about equal in lenth, approximately 7 um long. The cells are inserted with abbreviated

haptonema (Liu and Lin, 2001).

1.2. Large-scale photobioreactor systems

For applications requiring a constant axenic supply of algae, it is essential to use
enclosed photobioreactors in which monocultures can be maintained for an extended
time period. Photobioreactors are defined as per Tredici (1999), as reactors that do not
allow direct exchange of gases or contaminants between the culture and the
atmosphere. Stability is sought by regulating all biologically important parameters,
including carbon dioxide, pH, oxygen, nutrients and light.

John Pirt et al. (1980) were the first to document a tubular bioreactor for the
production of Chlorella. The topic of photobioreactors has been reviewed by a number
of authors, most notably Borowitzka (1996), Tredici (1999), Pulz (2001) Richmond
(2004), Janssen et al. (2002), and in addition to the classic document by Burlew
(1953).

Several types of geometries for closed reactors have been introduced that are
classified by Tredici (1999) as (1) flat or tubular; (2) horizontal, inclined, vertical or
spiral; and (3) manifold or serpentine. Reactors may also be considered based on their
lighting source, whether solar or artificial, internally versus externally illuminated,
constant or flashing light source and by the pumping mechanism, either airlift or

electric pump.



Within this range of configurations, modern reactors are primarily designed as
serpentine tubular photobioreactor (Pirt, 1983; Chaumont, 1993; Molina, 2001) using
plastic tubes or plastic bags ranging from 2.5 to 30 cm in diameter. Also used, but less
common are manifold photobioreactors (Lee et. al, 1995; Babcock et. al, 2002), helical
photobioreactors (Watanabe and Hall, 1996), vertical photobioreactors (both airlift and
bubble) (Sanchez-Miron et al., 2000; Xu et al., 2002; Krichnavaruk et al., 2003), and
flat bioreactors, including alveolar panels (Tredici et al., 1991; Richmond and Cheng-
Wu, 2001; Degen et al., 2001; Goksan et al., 2003).

For the type of studies pursued in this paper, an airlift-driven tubular serpentine
bioreactor is the most commonly used closed photobioreactor. This type of bioreactor
offers a comparatively simple design that requires less pumping capacity than a
tubular manifold reactor, may use off-the-shelf parts for construction, and simplifies
monitoring and evaluation. Chisti (2007) recommended tubular serpentine reactors as

the most likely type of reactor to be successful at mass culture of microalgae.

1.3. Airlift systems

Design considerations for airlift bioreactors have been described extensively
(Chisti, 1988; Merchuk, 1999; Acien-Fernandez et al., 2001). An airlift pump operates
by injecting air into the bottom of a reactor, displacing the culture and creating a
pressure differential that moves the culture in the direction of the rising bubbles. An
airlift system has two main variables that can be used to characterize the flow: the
superficial gas velocity, U, (the rate at which the bubbles rise) and the liquid flow rate
(variables are defined in the Materials and Methods Section).

There are five types of air-driven reactors, as categorized by shape, as shown in

Figure 1.1.
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Figure 1.1: Five different types of air-driven reactors: a) bubble reactor b) concentric
airlift ¢) internal split-cell airlift d) external airlift e) double cell airlift (Petersen and
Margaritis, 2001)

The geometry of an airlift includes a riser, or section of the airlift where the
bubbles are rising, and a downcomer, where the culture media again returns towards
the bottom. The distance between the inner baffle and the bottom affects the velocity
of the liquid, as does the area of the riser and downcomer. The amount of pressure
head in the system also affects liquid velocity and should be kept small in comparison
with the height of the airlift. Another parameter of importance in designing the liquid
velocity is the gas holdup, or percentage, by volume, of air within the air-liquid
system. Airlift reactors can be in three different phases which affect the gas velocity
and liquid flow rate, based on the sizes of the bubbles: slug flow, bubbly-slug flow and
bubbly flow. The effect of the different regimes on the health of algae cells has not

been reported.

1.4. Turbulence as the key issue in photobioreactor systems
The most pressing issues in large-scale photobioreactor design involve how to
maintain sufficient levels of mixing to maximize light-dark cycling and light

availability, prevent cells from settling, prevent dissolved oxygen build-up above toxic



levels, and disperse heat without damaging temperature-sensitive algae cells (Gudin,
1991; Tredici, 1999, p. 21; Molina-Grima et al., 2000; Acien-Fernandez, 2001; Chisti,
2007). Mixing also minimizes gradients in temperature and nutrients and increases gas
and light transfer.

Light-dark mixing frequencies on the order of seconds have been found,
experimentally, to be necessary for optimal biomass production and growth rates (Lee
and Pirt, 1981; Grobelaar, 1989; Janssen, 2003; Park, 2001). The process has also
been modeled by researchers to understand further the influence of mixing on cell
growth rate (Acien-Fernandez et al., 1997; Wu and Merchuk, 2001). Results indicate
that increased mixing by aeration contributes positively to cell growth.

Shearing action in sparged photobioreactors is a necessary byproduct of mixing.
Cell damage resulting from shear stress has been referred to as the key problem to be
reduced if photobioreactors are to be successfully used for culturing microalgae
(Gudin, 1991; Pulz, 2001). Although the growth rates of many microalgae have been
shown to increase initially with increased aeration due to the improved supply of CO,
and more frequent access to light, shear damage due to aeration has been shown for
many species to result in reduced cell production (Silva et al., 1987; Contreras et al.,
1998; Chisti, 1999; Barbosa, 2003b).

Shear damage has been studied extensively in other types of cells that are mass
cultured for pharmaceutical and bioengineering purposes, such as plant (Silva et al.,
1987; Moo-Young and Chisti, 1988; Gong, 2003), animal (Arathoon and Birch, 1986;
Zhang, 1995), insect (Tramper and Vlak, 1989) and microbial (Edwards, 1989; Lange,
2001; Sahoo, 2003) cells. Similar to algal culture, culture of plant, animal and insect
cells at larger scales also places cells in liquid media in a bioreactor. Mammalian and
plant cells in culture are comparatively more susceptible than microorganisms, due to

their typically larger size (Merchuk, 1999). Excessive shear, specifically in the form of



aeration, has also been shown to lead to impaired cell growth, cell damage and
eventually cell death in many different microalgae species including Dunaliella (Silva,
1987; Barbosa, 2004), Haematococcus (Vega-Estrada, 2005), Gymnodinium splendens
(Thomas et al., 1990), Skeletona constatum (Vandanjon et al., 1998), Phaedactylum
tricornutum (Contreras et al., 1998; Garcia-Camacho et al., 1999; Sanchez-Miron et
al., 1999; Sanchez-Miron et al., 2003; Brindley-Alias et al., 2004), Spirulina platensis
(Bronnenmeier, 1981) and Tetraselmis (Jaouen, 1998).

Shear damage, hydrodynamic stress and turbulence can affect the performance of
closed tubular bioreactors. High rates of flows through tubular photobioreactor tubes
are needed to maintain a high level of mixing. Some researchers have reported that
cultures risk collapse when liquid velocity in photobioreactor tubes falls below 35 cm
s' (Hu and Richmond, 1994; Acien-Fernandez, 1999). The type of pump used to
circulate the culture may be a primary source of shear damage. The use of centrifugal
pumps, specifically, has been shown to negatively impact growth of some species of
algae (Gudin and Chaumont, 1991; Vandanjon, 1998; Chisti, 1995; Jaouen, 1999;
Mercuk et al., 2000, Sanchez-Perez, 2006). Some researchers have used static baffles
to increase mixing within the tubes (Ugwu, 2002), but this approach is difficult to
scale up to many tubes of small diameters due to manufacturing costs and cleaning
and maintenance issues.

Tubular bioreactors may alternatively utilize airlift pumps to mitigate shear
damage from mechanical pumps. Gudin and Chaumont (1991) determined that
replacing mechanical pumps with airlift systems increased productivity up to 75%.
The main advantage of airlift-driven reactors is that shear distribution is more
homogenous throughout the reactor than mechanical pumps and stirred tank reactors,
which minimizes cell damage (Petersen, 2001). Microalgae cells, however, are not

entirely immune to the damaging effects of air-induced hydrodynamic stress. High



sparger velocities, air flow rates and decreased bubble size, amongst others, have been
shown to reduce cell growth (Barbosa, 2004; Vega-Estrada, 2005).

In airlift systems, the main energy input, and therefore the largest source of shear,
is the velocities created by the pneumatic input of the gas into the lifting column
(Sanchez-Perez et al., 2006). Contreras et al. (1999) determined that the largest
fraction of the total energy expended dissipates in the riser. The percentage of energy
dissipated by the separator, downcomer, and cylinder bottom is small by comparison,
but remains a consideration based on the geometrical configuration of the airlift
reactor. For example, if the distance between the separator and the bottom is too small,
then the algae cells will be more likely to collide with the bottom as they make the
180° turn into the riser. If the separator is rough on the edges and the airlift is small, it
is possible that the friction can cause damage to the algae cells.

The average shear rate has been shown to depend on the superficial gas velocity
(Sanchez-Perez et al., 2006), sparger velocity (Barbosa, 2003), bubble size and
column height (Garcia-Camacho et al., 2000). Three regions in a bubble column have
been identified as places where cell damage might occur: (1) within the column as the
bubbles rise, (2) at the sparger orifice and (3) at the surface where the bubble breaks
(Molina-Grima et al., 1997; Barbosa, 2003). These three areas can also be associated
directly with the superficial gas velocity, the sparger orifice velocity, and the bursting
rate at the surface as represented by the bubble size, respectively (Wang et al., 1994).

Some researchers have suggested that within airlift reactors which have central
baffles, contact with the baffle may also induce damage. Yet others have considered
the role of the reactor height (Garcia-Camacho et al., 2000; Barbosa, 2003b). A very
tall reactor would have a higher pressure at the bottom than at the top, creating a
differential pressure which might cause cell damage. Bubble sizes also change as the

bubble rises through a tall column, getting larger towards the top (Barbosa, 2003a).



The larger size bubble could then increase cell damage when bubble rupture occurs at
the column surface. This study chose to focus on the effects of air flow without
modifying the height of the column, thereby eliminating column height as a variable.
The height, however, may still have a role in hydrodynamic stress.

Microeddies in tubular photobioreactors have also been identified as an important
source of hydrodynamic stress for microalgae cells (Sanchez-Miron et al., 1999). Cell
dimensions have to be approximately equal to or less than the calculated microeddy
length for the microeddies to become significant sources of stress (Sanchez-Miron et
al., 1999). Using Kolmogoroff’s theory of local isotropic turbulence (Kawase and
Moo-Young, 1990) as described by Acien-Fernandez et al. (2001), it can be shown
that the microeddy length is inversely proportional to the liquid velocity (see
Appendix A for the calculations of microeddy length). The author calculated that for a
5 cm diameter tube with liquid velocity 50 cm s™, a higher velocity than is typically
used for tubular bioreactors, the microeddy length is approximately 75 um,
substantially larger than the diameter of an 1. galbana (T-ISO) cell. As a result, in this
work microeddies were not considered to be a significant source of shear stress for /.
galbana.

There has been limited or no research on macroeddies, which are on a scale similar
to the diameter of the column. It is possible that these eddies within the column may
cause shear stress in the microalgae, but their potential impact was not considered in

the present study.

1.5. Methodologies for determining shear stress in bioreactors
Researchers have found that hydrodynamic conditions that were used in bench-
scale conditions could not be used to predict the behavior of pilot-scale systems,

although similar spargers and gas velocities were used (Camacho et al., 2001).



Because it is unknown which parameters can be applied directly to design scale-up,
stresses due to hydrodynamic conditions should be categorized in as many ways as
possible. Future research focused specifically on scale-up issues may then benefit
from previous studies of microalgal tolerance to hydrodynamic stress. There are
numerous indicators used to characterize shear sensitivity. Amongst the different units
used to compare turbulence and shear, researchers have used rotational speed (Jaoen,
1999), Reynold’s number (Gudin, 1991; Suzuki, 1995), volumetric gas flow (Vega-
Estrada et al, 2003), gas velocity (Barbosa, 2003a), agitation speed (Sobczuk et al.,
2006), pressure drop coefficient (Vandanjon et al., 1998) and energy dissipation rate
(Kresta, 1998).

A number of different methods and types of experimental equipment have been
used to measure the effects of shear stress and shear rate on microalgae cells, plants
cells and animal cells. Several studies have attempted to characterize shear tolerance
of algal cultures in stirred tank photobioreactors (Wang et al., 1994), while others have
used shake tables. Microalgal production in batch, bench-scale, and split-cell airlifts is
an effective way to examine the tolerance of a species to air-induced stress (Vega-
Estrada et al., 2005). Split-cell airlifts are columns with an internal baftle that creates
two “cells”. Split-cell reactors allow for easy calculation of gas velocity, liquid
velocity, and gas holdup in the culture (Chisti, 1995). Through minimal changes in
internal geometry and airflow in airlift bioreactors, it is possible to change the
superficial gas velocity, sparger velocity, oxygen transfer rates, liquid velocity and
frequency of light exposure, and to calculate these variables for comparison with

other systems.



1.6. Objective
The objective of the present work is to establish aeration conditions that inhibit
growth rates of 1. galbana (T-ISO) and to extrapolate this information to guide the

engineering design of production scale tubular photobioreactors.
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2. Materials and Methods

An inexpensive 0.6 L split-cylinder internal-loop airlift photobioreactor was
designed and assembled, as described below, based on design of Vega-Estrada et al.
(2005) to evaluate the effects of shear as induced by aeration processes. Using these
cylinders, batch experiments were conducted to evaluate final density and growth rate
of 1. galbana (T-ISO) as affected by superficial gas velocity in the riser (Ug), gas

entrance velocity (v) and bubble size.

2.1 Theory and analysis
2.1.1. Statistical analyses
Data were treated statistically by one-way analysis of variance (ANOVA) using
SPSS (Version 16). When the ANOVA results were significant, a Fisher’s Least
Significant Differences (LSD) post-hoc test was done to verify results between groups.
Regression was performed with linear least squares regression.
2.1.2. Superficial gas velocity
For the lab-scale airlift reactors, superficial gas velocity was calculated according
to Eq. 2.1,

g

U, = Eq. 2.1
=—= q. 2.
A

-1 . .
3 s1) and 4 is the cross-sectional area.

where Fg 1s the volumetric gas flow rate (m
Given the experimental setup described above, the superficial velocity was calculated
using only the area of the riser.

For comparisons to the manifold bioreactor, the superficial gas velocity was

calculated according to Eq. 2.2, which corresponds to the height-averaged superficial

gas velocity.
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v, =Ll R Eq.2.2
© h,Apg P,

where Q,, is the molar flow rate of the gas, 4, is the static height of the free liquid, R is
the gas constant, 7T is temperature (K), 4 is the cross-sectional area of the column and
Py, 1s the pressure in the head zone (Pa) (Barbosa, 2003).
2.1.3. Sparger velocity
The sparger velocity, or gas entrance velocity, v, was calculated according to Eq.
2.3 for experiments that used spargers:

F,
Vv = —é Eq. 2.3

n* 1 md}
4
where d; is the diameter of the nozzle, n is the number of nozzles used (in this paper
there was only a single nozzle) and F, is the volumetric gas flow rate (m’ s™). No
estimate of sparger velocity was made for the bubble size experiment. For purposes of
comparison with other authors, the Reynold’s number (Re) at the orifice was also used
to assess the magnitude of the air flow at the sparger tip. Re was calculated according

to Silva (1987), modified for an increased number of nozzles, as follows:

£ Eq.2.4

Re , =
oL n*dn

where p is the liquid density (kg m™), F, is the gas flow rate, and n is the liquid

dynamic viscosity (kg s’ m™).

2.1.4. Growth kinetics

The cell growth rate can be described by Monod kinetics:

12



dX
dt

L= X, Eq. 2.5

=

where r is the cell growth rate; Cx is cellular density and y is the specific net growth
rate.

The specific net growth rate (u) was determined from the slope of the growth
curve of cells. In the batch experiments, the lag phase was less than 24 hours and
therefore neglected in calculations of i, unless otherwise noted. By integration from ¢

to #pand simplification of Eq. 2.5, 4 was calculated as:

59
u(t) = m Eq. 2.6
In the calculations used in this paper, X, was taken as the inoculation density, 4x10°
cells mL". The maximum growth rate (uma) was calculated at 48 hours, when the

growth rate was highest throughout all experimental conditions and trials. Doubling

time, tq, is defined as the amount of time needed for the biomass to double:

t,=—- Eq. 2.7

2.1.5. Determining the kia
The overall oxygen mass transfer coefficient, kra, was determined by the dynamic
gassing-in method as outlined by Chisti (1989) and Petersen and Margaritis (2001). A
multi-probe YSI instrument, with a steady-state polarographic electrode, was used to
record inline dissolved oxygen every one second. The probe was calibrated to air
saturation prior to all experiments. Using a single mini-airlift reactor, salt water (20°C,
31 £ 1 ppt) was first sparged with nitrogen to remove dissolved oxygen, and then

connected to the air source. The YSI was inserted from the top of the open mini-airlift
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reactor. The kya was then calculated according to the ASCE Standard 2-91 (ASCE,

1992) as follows:

dc,
dt

=k,a(C, - C*) Eq.2.8

where C* is the saturation concentration of dissolved oxygen in the reactor vessel
water and Cy, is the concentration in the liquid. The model assumes a perfectly mixed
system. Only values of Cp between 0.5 C* and C* were used for the regression in
order to minimize the impact of inaccurate readings of Cr, which would be the largest
during the beginning of a gas transfer test and slow probe response.

The mass transfer coefficient for carbon dioxide, k;a[CO,] has been shown to be
approximately 0.8 to 0.9 of the kra for oxygen, depending on the alkalinity and
temperature of the water, thereby providing a means to establish relative carbon
dioxide mass transfer, as well (Talbot et al., 1991; Aitchinson et al., 2007).

2.1.6. Design of the model airlift system

Data was obtained for the model large-scale tubular bioreactor airlift system using

the airlift software module provided by Timmons and Ebeling (2007) in Recirculating

Aquaculture.

2.2. Microalgae and culture media

The marine microalgae Isochrysis galbana (T-ISO) CCMP 1324 (to be referred to
as 1. galbana) was obtained from the collection of the Provosoli-Guillard National
Center for Culture of Marine Phytoplankton, West Boothbay Harbor, Maine, USA.
The inoculum for the experiments was grown indoors in 2 L Erlenmeyer flasks aerated

at approximately one vvm'. Cultures were transferred into experiments in late log-

" The unit 'vvm' is used for bioreactor culture. The first 'v' stands for volume of air (e.g. liter) ; the
second 'v' stands for per unit of medium (e.g. liter); 'm' stands for per unit of time (e.g. minute). For
example, 2 vvm (I/I/m) means in 1 minute time there is 2 liters of air passing through 1 liter of medium.
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phase of growth, usually on day 7 or 8. Culture vessels were maintained in artificial
24-hour light provided by 14 white florescent bulbs (32W, Sylvania), measured at 240
pEm™? s' light flux at the vessel’s surface using a 2m PAR sensor (QSL-100,
Biospherical Instruments, San Jose, CA). The microalgae was cultivated using an /2
medium as described by Guillard and Ryter (1962) (see Appendix B for details of
composition) at a constant room temperature of 20°C + 1°C and salinity 31 £+ 1 ppt.
The pre-culture medium was identical to that used in the experimental cultivation,
with the exception that flasks were autoclaved (120°, 45 min) while the airlift vessels

were bleached (0.1% v/v, 35% bleach) prior to addition of media.

2.3. Cultivation system: experimental mini-airlift
Sixteen identical mini-airlifts of working volume 600 mL were constructed based

on the design of Vega-Estrada (2005) (Figure 2.1).
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Figure 2.1: Schematic drawing of the airlift bench-scale photobioreactor. (A) Size 13
stopper with holes for 3.2 mm glass pipets for air inlet and outlet. Configuration
shown includes the syringe tip with attachment space for a needle. The cylinder was
made of clear Harvel™ PVC. The 0.32 cm clear internal baffle is labeled. (B) Top
view of cylinder, showing dimensions of the baffle, allowing for A;/Aq = 0.5. (1) riser,
(2) downcomer (3) baffle. (C) Configuration of the air sparger assembly to be placed
at the end of the glass pipet.
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A rubber stopper (size 13) with two holes and a glass tube (3.2 mm diameter) was
used as an air outlet. The cylinder was constructed of clear 5.08 cm diameter Harvel™
PVC, with a plastic end-cap as a base. A vertical clear acrylic baffle (22.9 cm x 5 cm x
0.32 cm) split the riser from the downcomer while allowing light to pass through. The
liquid was mixed by sparging air in the reactor bottom through a plastic syringe that
had been modified to fit onto the glass pipet. The luer lock connector allowed easy
interchange between different stainless steel needle sizes. The luer lock connector
without a needle was 1.6 mm diameter. The sparger tip was placed equal to the bottom
of the baffle, facing downward, in the middle of the riser. The riser/downcomer cross-
sectional area ratio (A,/ Ag) was 0.5, the bottom clearance was 2.54 cm, and the depth
of liquid was 25.4 cm. The cylinder provided a total illuminated surface area of
approximately 163.3 cm?, located perpendicular on a single side of the cylinder (more
details of the photobioreactor are given in Figure 2.1). Cylinders were placed 5 cm
apart from one another as seen in Figure 2.2. A 0.2 um air filter was used to filter the
incoming air supplied by a pressurized air source (~3 psi). Each airlift was able to be
disassembled to be disinfected separately, with the exception of the baffle, which was
permanently attached to the PVC cylinder using Marine 5200 glue. The approximate

materials cost of each cylinder was less than $10.00.
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Figure 2.2: Photograph of the experimental setup of bench-scale internal airlift
bioreactors. The vertical line on each cylinder is the profile view of the baffle.

2.4. Analytical methods
2.4.1. Cell density and viability

Cell counting was done in duplicate every 24 hours in an improved Neubauer
hemacytometer (Aquatic Ecosystems, USA) under an optical microscope using 1 mL
of sample. When the cell density was greater than 25%10° cells mL™, the sample was
diluted for more accurate assessment. For cultures with the slowest growth rates, cell
viability was assessed by the Trypan blue dye exclusion method (Crippen and Perrier,
1974). Thus, 0.2 mL of microalgal suspension was diluted with 0.3 mL of sterile
saline (NaCl, 9% (w/w)) and mixed with 0.5 mL of Trypan blue solution (0.4% (w/v))
(Sanchez-Miron et al., 2003). The mixture was held for 15 minutes. Non-viable cells
took up the blue dye. The live and dead cells were counted in the hemacytometer to

calculate the percentage of the viable cells.
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2.4.2. Measurements
Salinity and pH were measured with a Yellow Springs Instruments 556 Multiprobe
System (YSI) (Yellow Springs, CO, USA) at the beginning and end of each
experiment. The calibration of the YSI was checked weekly. Experiments were
considered complete if pH reached greater than 9.0, which had been previously
established as the pH where the culture enters a stationary phase. Air flow was
calibrated daily using an in-line air flow meter (MFR5 and MFR40, Key Incorporated

Instruments, Trevose, PA).

2.5. Experiments

All cultures were inoculated at 16% (v/v), or 4%10° cells mL'l, unless otherwise
noted. To compensate for losses due to evaporation, deionized water was added daily
to reestablish cultures to 600 mL.

The effect of the superficial gas velocity of the riser, Ug, on the growth rate of 1.
galbana was studied in batch mode. Airlift vessels were sparged with different air
flows: 0.5 vvm, 1.0 vvm, 2.0 vvm, 4.0 vvm and 6.25 vvm, and used a uniform sparger
diameter of 1.6 mm. At the highest air flow, 6.25 vvm, a 7.5 cm diameter extender
was needed to prevent media loss due to the increase in gas holdup, and therefore
overall volume, within the cylinder. The extender was made of opaque PVC in order
to keep the illuminated surface area the same, and had the same dimensions as the
original airlift.

The effect of the sparger velocity, v, on growth rate was investigated by
maintaining a uniform air flow (2.0 vvm) and using different diameter spargers (0.58
mm, 0.84 mm, 1.6 mm, 3.2 mm) with an open pipet, the luer lock attachment, and

gauge 18 and 20 stainless steel needles, respectively.
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To test the effects of bubble size on growth rate, cultures were grown using (1) a
fine pore diffuser with smaller diameter pores, 3.8 cm x 1.2 cm, bubble size 0.5 to 2
mm, (2) a medium pore diffuser, 3.8 cm x 1.2 cm, bubble size 1 to 3 mm (A1, Aquatic
Ecosystems), and (3) and a 3.2 mm diameter glass pipet (“open”), bubble size was not
measured but observed to be much greater than the bubble size of the spargers. Bubble
size was assumed to remain constant throughout the experiment. The maximum
particle size specification, which represents the largest size particle that can pass
through the diffuser, was 50 um and 25 pm for the medium and fine pore diffusers as
indicated by the manufacturer, respectively. The diffusers were attached to the glass
pipets with 1.2 cm truncated syringe pieces, as seen in Figure 2.1(C). Air flow was
maintained at 2.0 vvm. The gas diffusers were only used once per experiment, to avoid
having used spargers whose pores might be clogged. Samples to measure cell densities
were taken every two hours after the start of the experiment to closely monitor the
effects of the diffusers.

Three replicates of each culture were monitored in each trial. Each experiment was
performed twice. For statistical purposes, each replicate in each trial was considered to

be an individual data point.
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3. Results and Discussion
3.1.  Effects of superficial gas velocity

The effect of air flow on the growth of I. galbana was examined over a period of
two weeks. The final cell density, at the end of log-phase growth, for I. galbana is
shown in Figure 3.1. The cell density increased linearly with each increase of air flow,
up to 6.25 vvm, or 8.0 cfh®. The maximum cell density was 56 x 10° cells mL™. The
maximum specific net growth rate ([ma.x), 0.0288 h', was achieved by the airlift
reactors with the highest air flow rate within the first 48 hours, as indicated in Table

3.1. The first trial of the two replicates failed because of contamination of the cultures.

Table 3.1: Maximum specific net growth rate as affected by air flow and gas velocity.

Air Flow Superficial gas velocity in Maximum specific net

: -1 by

(c/h) (pm) (vvm) riser, Ug. (mm s™) growth rate, u,(h™)

0.6 0.3 0.5 7.0 0.0175

1.2 0.6 1.0 14.0 0.0211

24 1.1 2.0 29.7 0.0232

5.0 2.4 4.0 58.2 0.0277

8.0 3.8 6.25 93.0 0.0288

Figure 3.1 depicts the cell densities of each of the cultures over the 120 hours,
while Figures 3.2 and 3.3 present the growth rate over time. The py.x and the final cell
density increased with increased superficial gas velocity. No negative effect on growth
of I. galbana was observed at the highest superficial gas velocity. A p-value of
0.000006 was calculated using the ANOVA test with U, as the source of variance. A
subsequent LSD test showed that each pair of experimental conditions had

significance less than 0.05.

2 : .
Cubic feet per hour, a measurement of air flow.
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Figure 3.1: Effect of superficial gas velocity in the riser, U, on the cell density of 1.
galbana at 120 hours. The increase in air flow corresponded to an increase from 7 mm
s t0 93 mm s in the velocity in the riser. Maximum growth rates are shown for each
of the gas velocities. Error bars represent +1 standard deviation.
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Figure 3.2: Growth curve of 1. galbana grown in batch culture at different superficial
gas velocities (7.0, 14.0, 29.7, 58.2, 93.0 mm s'l) in a split-cylinder internal-loop airlift
photobioreactor at 20°C.
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Figure 3.3: Growth rates of . galbana cultured at different superficial gas velocities,
7-93 mm s'. The lag phase was almost non-existent, and the highest growth rates
occurred within the first 48 hours.

For most microalgae species, increasing the superficial gas velocity, U, in an
airlift or bubble photobioreactor will increase growth rates until a certain air flow, at
which point further increases cause cell damage and decrease the growth rate (Suzuki,
1986). The data collected in this study suggest that for /. galbana, the point at which
Uy, is harmful rather than advantageous is higher than 6.25 vvm, or 93 mm s, Unlike
the results of Vega-Estrada (2005) for H. pluvalis, it can be concluded that /. galbana
is not susceptible to the effects of increased superficial velocity.

Figure 3.4 shows that the relationship between Uy and the mass transfer
coefficient k;a was linear. The growth rates and final cell densities closely parallel the
increase in the kra. As a measure of the overall mass transfer of oxygen, kia is an
important criterion because it has been shown to be proportional to kra[CO,]

(Aitchison et al., 2007).
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Figure 3.4: Mass transfer coefficient, ki a, as a function of superficial gas velocity in
the riser, U,,. The diameter of the sparger was held constant at 1.6 mm. The linear
regression line has the equation kya = 0.95U,+1.78, with an R? 0f 0.98.

Microalgae such as I. galbana obtain inorganic carbon by fixing gaseous carbon
dioxide. The values of the pH on day 5 of the experiments were 9.2 £ 0.2. I. galbana
has been shown to decrease growth rates at pH values above 9.0 (Kaplan, 1986). This
does not invalidate the conclusions, but it may explain the limitation to exponential
growth after 120 hours.

Two of the limiting factors in microalgae culture are access to light and access to
gas exchange (Tredici, 1999). The data suggest that access to gas exchange might be
more important than access to light at lower densities under conditions where CO, is
not supplied in excess. If light were the limitation for these cultures, it could be
expected that the cultures with the slower growth rates would remain in exponential
phase the longest, because light would be able to penetrate further for longer. The data
imply that because all cultures had access to the same light, the higher k;a[CO;]
values in the culture with the highest superficial gas velocity may have contributed to

higher growth rates.
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Merchuk et al. (2000) found a negative effect when using U, values between 0.54
and 8.2 mm s™ for Porphyridium, while Suzuki et al. (1995) reported that U, values
greater than 17 mm s had a negative effect on D. fertiolecta. Sanchez-Miron et al.
(2003) found that Phaedactylum tricornutum cells were susceptible to hydrodynamic
stress when the velocity exceeded 10 mm s”'. Barbosa (2003) used higher values for
D. tertiolecta (76 mm s) and Chlamydomonas reinhardtii (85 mm s) and did not see
negative results. Vega-Estrada (2005) used a similar split-cylinder device as used in
the research reported here to test the effects of aeration, and found that
Haematococcus pluvalis cells were sensitive for gas velocities greater than 12 mm s™.

The upper range of volumetric air flows (0.5 to 6.25 vvm) used in these trials was
much higher than that of other researchers, who have experimented only up to 2.0
vvm. Given this body of work and particularly the current results of the present study,
L. galbana (T-ISO) CCMP 1324 can be classified as a hardy species with respect to

hydrodynamic stresses induced by the superficial gas velocity.
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3.2.  Effects of sparger velocity

Sparger velocities greater than 2.5 m s™ were found to slightly reduce growth rates
in I. galbana grown in batch cultures. For the four diameter spargers used (0.58 mm,
0.84 mm, 1.6 mm, 3.2 mm) values of the equivalent sparger velocity and Reynold’s
number, as calculated from Equation 2.4, are presented in Table 3.2.

Table 3.2: Experimental conditions for sparger velocity experiments.

Grou Diameter sparger, d;  Sparger velocity, v Reynold’s number
P (mm) (ms?) at orifice
I 3.20 2.48 23700
II 1.60 9.93 47400
111 0.84 (Gauge 18) 35.6 89800
v 0.59 (Gauge 20) 73.4 129000

Cell densities in late-log phase growth at 120 hours are depicted in Figure 3.5.
Growth rates for the same four conditions in their exponential phase are presented in
Figure 3.6. Final pH values for all cylinders were 9.2 + 0.2 on day 5, and salinity

values were 31 = 1 ppt.
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Figure 3.5: Effects of increased sparger velocity on the cell density of 1. galbana at
120 hours. Sparger velocity was increased by decreasing the sparger diameter,
including 3.2 mm, 1.6 mm, 0.84 mm and 0.59 mm. Air flow was held constant at 2.0
vvm. Error bars represent £1 standard deviation.
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Figure 3.6: Growth rates of I. galbana cultivated at different sparger velocities (2.48,
9.93, 35.6, 73.4 m s™") for (a) Run 1 and (b) Run 2. The lowest velocity performed
nominally better than higher velocities.
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There was a clear trend showing that the 2.48 m s sparger velocity performed
better than higher velocities. A single-factor ANOVA test using superficial gas
velocity as the variable tested when analyzing the cell density, confirmed this. The test
showed that there was a statistically significant difference between the results
(p=0.00009). A subsequent post-hoc test resulted in statistically significant results as
shown in Table 3.3. Significant results were reported between the 2.48 m s™ group and
each of the other groups, and between the 9.93 m s group and the 73.4 m s group. It
can be concluded that superficial gas velocity has a significant impact on the growth

of I. galbana.

Table 3.3: Results (p-values) of an LSD post-hoc test on sparger velocity data. The
group numbers correspond to the experimental conditions as described in Table 3.2.
Significance (p<0.05) is reported between groups I and II, III and IV, and groups II
and IV, as shown by the boldfaced type.

I 1 Jili v
1(3.20 mm) - .000 .000 .000
11 (1.60 mm) .000 . 507 024

11 (0.844 mm) .000 507 - 094

IV (0.586 mm) .000 024 094 -

Figure 3.7 shows that the kja fluctuated between 20.6 and 28.0 for the sparger
diameters, with the larger velocities having the highest k;a values. Higher kja values
should correspond to higher growth because more carbon dioxide is available to the
cells, but in this case, the higher value corresponded to less growth. This indicates that
the transfer of gas in the culture was not the cause for the results showing that the
lowest sparger velocity airlifts performed the best. In the previous experiments,
higher kra values corresponded directly with higher growth rates, therefore the highest
sparger velocities may have had an even greater detrimental effect than shown in these

trials.
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Figure 3.7: Mass transfer coefficient, k; a, for spargers (n=1) as a function of sparger
velocity, as measured in seawater at 20°C. Air flow was held constant at 2.0 vvm, or
U, equal to 29.7 mm st

The literature supports increased sparger velocities having a negative effect on cell
growth. Shear stress at the sparger site due to formation and breakup of bubbles was
first identified by Silva et al. (1987) as a possible cause of cell damage in Dunaliella
(of unidentified strain). Silva et al. (1987) found, using Re numbers between 9.9 x 10*
and 18.8 x 10* (which by the author’s calculation corresponded to sparger velocities
between 22.3 m s and 41.4 m s™) that cell productivity decreased by 80%. Later,
Suzuki et al. (1995) experimented with sparger velocities between 13 and 125 m s on
Dunaliella tertiolecta. He discovered that the death rate increased with an increased
sparger velocity. The work of Barbosa (2003) investigated sparger velocities by
increasing the number of spargers, rather than changing the diameter of the sparger.
She found that sparger velocities of 66.3 m s (with Re calculated to be approximately
35,3003) contributed to the death of H. pluvalis cultures, while 7.4 m s did not have a

death rate, and concluded that there was likely a critical sparger velocity for each

*p=1000 kg m>, n1=0.001Pas
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species. It should be noted that Barbosa and Suzuki et al. were interested only in death
rates and did not extend the experiments to see if there would be lower growth rates
for cultures that survived higher velocities. Garcia-Camacho et al. (2000) did not find
a negative effect up to 24 m s (Re not available) for P. tricornutum, but found lower
growth rates at 47.8 m s, while Vega-Estrada reports decreased growth for .
pluvalis for sparger velocity greater than 22.8 m s™ (Re approximately 97,300) .

The position of the sparger may have an effect on the flow dynamics created in the
airlift reactor. Chisti (1987) found from visualization studies that the position of the
sparger had a large impact on bubble coalescence, which was often neglected in
previous studies (Petersen, 2001). They found that if the sparger is placed at the
entrance of the riser, the downcomer stream entering the riser would shift the gas
bubble stream from the sparger, creating a channel along the opposite wall. This had
the effect of increasing bubble coalescence and bubble size, and therefore decreasing
the kpa. When the sparger was placed just inside the riser, the downcomer flow joined
the riser under the sparger for better gas distribution results. Further studies involving
gas sparger location are needed to understand how the different variables affecting
flow dynamics relate to cell growth in microalgae.

The results show that reduced growth rates for /. galbana (T-ISO) CCMP 1324
may be caused by increased sparger velocity, confirming the analysis by Barbosa
(2003) that sparger site may be an important contributor to aeration-induced
hydrodynamic stress. The range of sparger velocities (2.5 to 73.4 m s) used in these
trials was comparable to that of other researchers, yet instead of inducing a death rate,
1. galbana maintained a final cell density at the highest sparger velocity (v=73.4m s’
") that remained at over 70% of the cell density of the lowest sparger velocity (v = 2.5

m s”). I galbana may be a hardier species in this regard than Dunaliella, H. pluvalis
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and others. However, the data suggest that sparger velocities greater than 2.5 m s

have a negative effect on the growth of 1. galbana.

3.3. Effect of gas diffusers

Diffuser pore size had a significant impact on the growth of I galbana, as
depicted in Figure 3.8. For the first 24 hours, the fine pore and medium pore diffusers
in two trials displayed severe negative growth as compared to the open pipet. For the
fine pore diffuser, the largest negative growth was 0.12 h™, and for the medium pore
diffuser the largest negative growth was 0.11 h™. In the first trial, the diffuser cultures
began to experience positive growth after 8 hours, while in the second trial, positive
growth occurred after 24 hours. There are less data points in the first trials because
after 24 hours it was assumed that the culture was no longer viable, and measurements
were not taken. The statistics were calculated separately for each trial. In both trials, a
foam layer was visually observed in both the fine pore and medium pore diffusers in
the first 24 hours but not in the open pipet reactor. The foam layer diminished over the

five day period.
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Figure 3.8: Effects of three different sizes of bubbles on 1. galbana over the first 24-
hour period in a bench-scale split-cell photobioreactor. Cultures showed a more
pronounced death rate in (b), Run 2, than (a), Run 1. In both cases, the cultures with
diffusers had a negative specific growth rate for the first 24 hours.

As seen in Figure 3.9, although the death rate was much greater than the growth

rate during the lag phase, the growth rate outpaced the death rate for both experiments.
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Due to the fact that the second experiment had more data points than the first, it is
possible to see in Figure 3.9(b) that the growth rates immediately after the lag phase,
between 24 and 48 hours, were approximately equal (0.035 h™, 0.036 h™' and 0.037 h!
for fine pore, medium pore and open pipet, respectively). After 48 hours, the growth
of the medium pore and fine pore diffusers was higher than the growth of the open
pipet cultures (Figure 3.9). At 24 hours, an ANOVA test on the combined data sets
(Run 1 and Run 2) showed significance (p < 0.0001), and an LSD test confirmed
significance between each of the conditions.

In the end, the final cell densities of the cultures were highest in the medium pore
diffusers, followed by the fine pore, and then the open pipets (Figures 3.9 and 3.10). In
the first experimental trial, one of the fine pore diffuser replicates ended at only 14 x
10° cell mL™", contributing to the high standard deviation, while the two other
replicates had a final cell density higher than the medium pore cultures (34 and 38 x
10° cell mL™"). An ANOVA test comparing the final cell density of three different
sparger types at 120 hours using the second set of experimental results showed
statistical significance, with the p-value equal to 0.004. An LSD post-hoc test showed
significance in cell density between the open pipet and the medium pore diffuser type
(significance level = 0.004) and between the diffuser types (significance level =
0.002), but not between the fine pore diffuser and the open pipet (significance level =
0.620). The first set of experimental results, at 100 hours, did not show significant

differences using an ANOVA test.
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Figure 3.9: Growth rates of I galbana cultured with different diffuser types
presented for two trials over 100 hours, (a) and (b). Growth was negative for the first
24 hours for both of the diffusers. Between 24 and 48 hours, the growth rate of three
conditions was approximately equal. After 48 hours, the diffusers outpaced the open
pipet. Air flow was constant at 2.0 vvm, or 29.7 mm s~
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Figure 3.10: Final cell densities and pH for each of the diffuser configurations.
Although the open pipet was the most successful over the first 24 hours, the higher
kra’s of the fine pore and medium pore diffusers allowed for better gas exchange and
faster growth rates in exponential phase.

The kpa values, shown in Figure 3.11, were 23.4, 258 and 573, for the open pipet,
medium pore diffuser and fine pore diffuser, respectively, as calculated using Equation
2.8. In these experiments the benefits of increased gas exchange created an
environment for a much higher growth rate for the cultures with diffusers that
extended a longer period of time. The maximum overall growth rates, occurring
between 24 and 48 hours, suggest that it was primarily the lag phase that was affected
by the small bubbles and the presence of the diffusers. This is most likely because the

overall death rate was increased, and there was little growth in the lag phase.
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Figure 3.11: Mass transfer coefficients, k; a, measured for different types of diffusers.
The superficial gas velocity was held constant at 29.7 mm s™'. Bubble sizes for the
medium pore diffuser were between 1.0 and 3.0 mm, while bubble sizes for the fine
pore diffuser were between 0.5 and 2.0 mm.

It is possible that the change in bubble size contributed to the increased death rate.
Aeration of suspended cells with excessively small bubbles has been associated with
cell ‘wash out’ into a stable foam layer by a froth flotation mechanism in large scale
reactors. The mechanism of foam formation in the bench-scale reactors is similar to
that used in foam fractionators, except that there cannot be washout in a closed
reactor. Since the foam is associated with cell destruction, and there was more foam
present in the airlift reactors with diffusers, the small bubble size in the diffusers can
be correlated with cell damage. The visual observation that foam was reduced
significantly in after 24 hours matches well with the data showing exponential cell
growth in the same period.

There is sufficient experimental evidence that bubble rupture at the surface,
leading to foam formation, can be a major cause of cell death (Wang et al., 1994).
Garcia-Camacho et al. (2001) reported that the break-up of small bubbles on the liquid
surface was the cause of cell damage in the microalgae P. tricornutum when U, is

between 0.01 and 0.05 m s'. Microscopic visualization studies have confirmed cell
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attachment to bubbles (Petersen, 2001). In the results reported in the present study,
bubble bursting at the surface is a possible cause, but does not explain why after 24
hours the cultures stabilized and were able to grow faster than the open pipet (as seen
by comparing Figures 3.8 and 3.9).

Larger bubbles (such as those associated with taller columns) have been found to
produce more stable foams than small bubbles (Molina Grima et al., 1997). This,
however, contradicts the need for high gas transfer rates that are achieved by creating
smaller bubbles. Especially in serpentine tubular reactors, where the culture is
typically only exposed to gas exchange once every three to five minutes, maximum
gas transfer rates are necessary to avoid oxygen accumulation and high pH associated
with inadequate CO,. In the bench-scale airlift reactors, higher kra’s were shown in
this report to correlate to higher cell densities. Therefore there is a tradeoff between
the detrimental effects of small bubbles (through foam formation or surface bursting)
versus the beneficial effects of higher gas transfer.

The final cell densities are shown in Figure 3.10. The medium pore diffuser
cultures, although they had a kra value that was only 45% of the fine pore diffuser
airlift, succeeded in outperforming the other cultures by the end of the second
experimental trial. It is possible that the smaller bubble size in the fine pore diffuser,
through foam formation and bubble bursting at the surface, inhibited the growth rate in
comparison to the medium pore diffuser. Or, because the effects were so severe in the
first 24 hours, the fine pore diffuser was never able to catch up to the final cell density
of the medium diffuser. Given enough time, the fine pore diffuser might have reached
the same cell density as the medium pore diffuser, but only because the medium pore
diffuser would have entered stationary phase. The open pipet cultures, with the largest
bubble size, had final densities less than that of the medium pore diffuser, yet had a

higher growth rate in the first 24 hours. Although the larger bubble size likely had a
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smaller negative effect on growth, it also had a much lower kpa, which limited its
overall growth potential.

Lastly, it remains to be considered whether the physical presence of the diffuser
(1.25 cm in width) may have induced a mechanical stress due to direct contact with
the cells. The entire area of the riser was only 6.75 cm?, while the cross-sectional area
of the diffuser itself was 2.25 cm’. If researchers have found that the presence of a
baffle may induce stress (Barbosa, 2003), it is possible that this may also explain
partially the death rate in the diffuser experiments. It does not explain, however, why
the cultures were revived after 24 hours.

Although experiments exactly like this one have not been performed for a direct
comparison with other species, it seems that the growth rate of 1. galbana (T-ISO) was
very sensitive to bubble size. The exponential death rate within the first 24 hours for
the two types of diffusers indicates that the diffusers (either the bubble bursting at the
surface or direct contact with the cells) played a role in inducing shear stress. The
exact mechanisms that caused the reduced overall growth rate remain unclear, but it is
recommended that the tradeoff between lower gas transfer available with large bubbles
and the possibility of cell damage due to small bubbles be considered when designing
an air inlet.

The results provided by this experiment showed that the air flow alone, in the form
of superficial gas velocity and sparger velocity, cannot predict the level of
hydrodynamic stress experienced by the culture, and that other sources of stress should

be identified.
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3.4. Implications for airlift-driven tubular photobioreactors

Researchers have shown that the diameter of the tubes in tubular reactors greatly
influences the amount of light available (Hu and Richmond, 1994; Molina-Grima et
al., 2001), yet large-scale microalgae production requires large-volume reactors that
are most easily achieved with larger tube diameters. The circulation of larger volumes
of algae requires more air in an airlift-driven system. In larger scale air-driven
systems, an increase in pneumatic power is needed to support sufficient mixing levels.
Short-circuiting may become a problem, and additional power may be needed to
maintain effective mixing, thereby causing higher shear conditions.

The results of this work have shown /. galbana to be sensitive to bubble size, but
there is not enough information to discern whether or not diffusers would be harmful
to this microalgae at a larger scale. Smaller bubbles, especially from air diffusers, have
been shown here to induce stress on /. galbana. The causes of the hydrodynamic
stresses due to small bubbles are not completely understood, but can be postulated to
originate from two sources: first, from the change in surface tension as the bubble
reaches the liquid-air interface, and second, from the frictional forces associated with
contact with the walls of the diffuser. At a larger scale, contact with the diffuser would
be significantly less.

At the laboratory scale, several authors have concluded that the main cause for cell
damage was the bubble bursting at the liquid surface (Suzuki et al., 1995; Chisti, 1999;
Garcia-Camacho et al., 2001). For larger volume reactors, reactor designers rarely
choose to use air diffusers to drive the airlift, and instead choose to use gas spargers
which can provide the large volume of air using few parts while avoiding the risk of
clogging. Tubular photobioreactor researchers have noted that smaller bubbles are
more efficient at gas transfer (Babcock, 2002) and therefore desirable, yet the

experimental results shown in this paper suggest that using solely fine pore diffusers to
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provide air for a large volume reactor may reduce growth rates for 1. galbana. A
combination of larger diameter gas spargers and diffusers may deliver both high
volumes of air to induce mixing and small bubbles to increase gas exchange.

It may also be inferred from the data that the initial lag phase is the most critical
period, because in this period the death rate is greater than the growth rate. Research
has shown that continuous systems, as opposed to batch systems, offer high
productivity and stability when the dilution rate is maintained lower than the growth
rate of the species. Continuous systems, once initiated, do not have a lag phase that
would be affected. In this regard, bubble size may not play a significant role in a
scaled-up reactor.

At a larger height scale, some of the small bubbles formed by the diffuser would
coalesce, reducing the overall gas transfer coefficient for the reactor and reducing the
likelihood of cell death due to bubble bursting at the surface. On the other hand, a tall
column (often upwards of 3 m) would have a significant pressure difference between
the bottom of the column and the surface, which may lead to hydrodynamic stresses
on the microalgae due to the rapid change in pressure as the cells travel from the
bottom to the top of the reactor or column. Few researchers have reported on this
topic. Camacho et al. (2000) indicated a rise in death rate associated with increased
culture height for P. tricorutum, in opposition to the findings of Suzuki et al. (1995)
for D. tertiolecta. The present study did not address the question of whether bubble
rising has a positive or negative effect on the growth rate of 1. galbana. Further work
regarding the effects of the height of the column would clarify the relationship
between the superficial gas velocity and the column height for 1. galbana.

The role of aeration in the scale-up of algal photobioreactors is still poorly
understood. Few researchers have investigated the effects of gas velocity in

production- or pilot-scale reactors, with the more recent notable exceptions of
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Camacho et al. (2001) and Barbosa (2003). Barbosa used a 69 L pilot plant to research
the effects of aeration on D. tertiolecta and found that cell damage was present at
velocities lower than the superficial gas velocities found to be harmful in lab scale
experiments. She attributed this to a much higher sparger velocity. In general, it seems
that because the energy due to aeration is distributed over a larger volume, scale up of
air flows and addition of diffusers is less likely to cause damage in large scale reactors
than bench-scale reactors. At the sparger site, on the other hand, the energy is not
being distributed over a larger area or volume unless it is designed that way. There is

more potential for a stress event to happen due to sparger velocities.

It is suggested that for photobioreactors using either an airlift or bubble
configuration, gas flow be increased as much as economically possible (to 100 mm s
or higher) to maximize gas exchange and to increase the frequency of access to light
for each individual /. galbana algae cell. Gas flow may be also distributed over a
manifold of spargers to reduce the damaging effects of excessive sparger velocity. If
oxygen or carbon dioxide transfer is a design limitation in a tubular photobioreactor
system, the use of additional diffusers during the exponential growth phase of the
culture may provide a method to increase gas transfer.

The conditions tested at the laboratory scale in this work identify important
variables for consideration in a typical large-scale serpentine tubular reactor. Using
this, and the information presented in Table 3.4 (see Design Example that follows), the
growth of 1. galbana is most likely to be affected by excessive sparger velocities. It is
quite plausible that when scaling up aeration to meet circulation requirements there
would be a non-linear response; however, the data suggests that /. galbana would not
be greatly affected by the volume of air (vvm) or gas velocities (Uy) typical of large-

scale reactors, indicating its suitability for use in photobioreactors.
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3.5. Design Example

Table 3.4 describes the air flow requirements to circulate a 100 m serpentine
tubular bioreactor at the recommended 35 cm s velocity (Richmond, 1993; Tredici,
1999; Acien-Fernandez et al., 2001; Chisti, 2007) using an 8 ft airlift column and
approximately 12 inches of head loss in the system. Figure 3.12 depicts the model

system used. Calculation of approximate head loss is presented in Appendix C.

Table 3.4 Typical values needed for 0.35 ms™ liquid velocity in airlift-driven tubular
photobioreactors. Air flow rates adapted from data by Timmons et al. (2002). Airlift
assumed to be 2.4 m (8 ft) in height with 30.5 cm (12 in) of overall head loss,
including elevation change.

Diameter  Diameter  Liquid  Air Flow  Air U, vin=1), vm=1),
Airlift (in)  Airlift Flow Rate  Flow (mms') di=32 di=64
(cm) Rate (lIpm) (vwm) mm (ms  mm(ms
(Ipm) ) )
1 2.5 10.6 3.1 249 101 6.5 1.6
2 5.0 42.6 12.7 2.58 105 26.8 6.7
3 7.6 95.9 30.2 2.72 111 63.6 15.9
8 20.3 682.0 316.0 4.01 163 667.0 167.0

Harvest

Airlift System

Figure 3.12: Typical serpentine tubular reactor, as designed by Acien-Fernandez et
al. (2001)

Given flow rate, head loss, airlift height and airlift pipe diameter, it is possible to

calculate the required air flow needed to circulate the culture at a certain velocity
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(Timmons and Ebeling, 2007). As shown in the table, the air flow described as vvm is
relatively constant, while the sparger velocities increase dramatically with increased
pipe diameters. While the volume of air required in larger volume reactors is
increasing, the reactor is also increasing according to the square of the radius, thereby
reducing the overall impact on the vvm. The sparger velocity, on the other hand,
increases proportional to flow of air. The difference between a 3.2 mm air inlet and a
6.4 mm air inlet is substantial, especially for larger diameter tubes. Superficial gas
velocities in the described hypothetical tubular bioreactor are higher than those used in
this study (8 - 93 mm s, but up to 3 in airlifts are within an order of magnitude. The
former range of gas velocities has been inferred to have no effect on 1. galbana.

Engineers of airlift-driven tubular bioreactors have the choice between two general
designs: serpentine reactors and manifold reactors. Serpentine reactors use a single
path length, and therefore usually require a smaller overall flow rate to achieve
sufficient liquid velocities, and therefore mixing, for culture growth. Longer path
lengths come with other disadvantages, specifically the build-up of oxygen and carbon
dioxide gradients.

For manifold-style reactors such as those designed by Richmond (1993), the flow
rate, and therefore the air flow, must increase proportionally to the number of parallel
tubes. For species that have been shown to be sensitive to aeration, such as
Haematococcus sp., a major limitation to the scale up of manifold reactors is the
aeration. Near horizontal tubular (NHTR) reactors, pioneered by Tredici (1999), use
the advantages of manifold reactors to accommodate larger volumes while distributing
the aeration requirements across the tubes. Babcock et al. (2003) built a near-
horizontal tubular reactor (NHTR) that operated with a U, less than 40 mm s

The data shown within this paper clearly indicate that for /. galbana, excessive

shear stress due to superficial gas velocity is not a major engineering concern.
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However, proper engineering of the spargers would distribute high air flows between
many spargers, thereby reducing the sparger velocity and mitigating possible negative
effects on growth rate. If a 7.6 cm diameter airlift reactor vessel was being designed,
for instance, it is recommended for /. galbana to use at least a 6.4 mm diameter air
sparger, or to divide the air flow amongst a number of smaller diameter air spargers.
This would minimize the shear stress induced by the air flow at the sparger entrance
while also providing gas transfer. It is also suggested that multiple spargers be used to
lessen the turbulent force of the air. Given that culture collapse is likely for circulation
velocities less than 35 cm s because of lack of gas exchange and access to light,
maintaining sufficient flow without damaging cells is a design priority for tubular

reactors.
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4. Conclusion
The effects of superficial gas velocity and sparger velocity on the growth of 1
galbana (T-ISO) were investigated using 0.6 L split-cell internal airlift bioreactors
under batch culture conditions. In addition, the effect of smaller sized bubbles on
growth rate were examined using two different styles of diffusers while holding the
overall air flow rate constant. For each of the aeration-related variables investigated,
more work needs to be done to explain the relationship between bench-scale and
production-scale systems, in order to better understand the process of scaling
laboratory data to production-scale reactor design for different microalgal strains.
Based on these experiments, it can be concluded that:
a. Increased air flow, up to 93 mm s™' or 6.25 vvm, was positively correlated
with increased growth when other variables were held constant.
b. I galbana is resilient in its tolerance to high superficial gas velocities and
is a hardy species with respect to hydrodynamic stress.
c. Increased sparger velocity greater than 2.5 m s™ had a negative effect on
growth rate of 1. galbana.
d. Superficial gas velocity and sparger velocity were not the only mechanisms
responsible for hydrodynamic stress on /. galbana.
e. Bubble size can negatively affect the growth rate of 1. galbana.
f. The presence of diffusers had a negative effect on the growth rate that was

especially evident in the lag phase.
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APPENDIX A
The length scale of microeddies, A, may be estimated as follows (Kawase and Moo-
Young, 1990):

i
A= (ij iz Eq. A-1
P
where n is the dynamic viscosity, p is the density of the fluid and & is the energy
dissipation per mass. For tubular bioreactor applications, the specific energy

dissipation in a tube depends on the pressure drop (Acien-Fernandez et al, 2001):

2C,U,°

Eq. A-2
¢

é‘ =
where Uy is the liquid velocity in the tubes, ¢ is the inner diameter of the tube and C¢
is the Fanning friction factor, which is calculated as:

C,=0.0791* Re ™% Eq. A-3

where Re is the Reynold’s number. The Reynold’s number is defined as:

_pU¢
n

Re Eq. A4

These equations were solved using a liquid velocity of 50 cm s, tube diameter 0.0508

m, 1 0f 0.001 Pa s, and p of 1000 kg m™.
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APPENDIX B

The composition of the f/2 media is as follows (Guillard and Ryther, 1962):

Component Stock Solution Quantity Molar
Concentration
NaNOs 75 g/L dH,O I mL 8.82x 10° M
NaH,PO, H,0 5 g/L dH,0 1 mL 3.62x10° M
Na,SiO; 9H,0 30 g/L dH,O 1 mL 1.06 x 10* M
Trace Metal (see recipe below) 1 mL
solution
Trace Metal Solution:
Component Primary Stock Quantity Molar
Solution Concentration in
Final Medium
FeCl; 6H,0 315g 1.17x 10° M
Na,EDTA 2H,0 --- 436 ¢ 1.17x10° M
CuSO0, 5H,0 9.8 g/L dH,0 1 mL 3.93x 10° M
Na,MoO, 2H,0 6.3 g/L dH,0 1 mL 2.60x 10° M
ZnS04 7H,0 22.0 g/L dH,0 1 mL 7.65x 10° M
CoCl, 6H,0 10.0 g/L dH,0 1 mL 420x 10°M
MnCl, 4H,0 180.0 g/L dH,0 1 mL 9.10x 107 M

47



APPENDIX C
Calculation of head loss for a serpentine tubular photobioreactor was estimated
as follows. It was assumed that the reactor was made of Schedule 40 PVC of pipe
length, /, of 100 m, pipe diameter, ¢, of 0.0508 m (0.166 ft) with 15 180° turns. The
tube velocity, Ur, was chosen to be 0.35 m st (1.15 ft s). The dynamic head was

calculated as:

U,  (0.357)°
2g  2%9.81"/,

=0.00625m

The frictional head losses were estimated using the Darcy-Weisbach equation,

2
Ah = f* (iJ U, Eq. A-5
p)2g

where Ah is the head loss due to friction. Using a frictional coefficient, f, of 0.019 for
0.0508m hydraulic diameter PVC, Ah is calculated to be 0.235 m (9.24 in).

The head loss due to dynamic losses incurred in the turns was calculated using
the resistance coefficient, K. A 0.0508 m close-return bend has K value of 0.95. The

dynamic head losses were estimated using:
2

U,
2g

Ah, =K * Eq. A-6

Using a dynamic head of 0.00625 m, as calculated above, Ahg is 0.0059 m per bend.
For 15 bends, this would yield a total Ahg 0of 0.089 m (3.51 in). The total head loss was
therefore estimated as:

Ah,,, =Ah+Ah,

total

or approximately 0.324 m (12.75 in).
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