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A B S T R A C T

Global characterization of hydrodynamics and gas-liquid transfer in a 2D column with a 4 mm thickness is
carried out with water and aqueous glycerol solutions. This new design can be used as a photobioreactor of low
thickness to intensify the volumetric productivity by increasing microalgae concentration. To mimic the pre-
sence of algae cultures, the liquid viscosity is adjusted with glycerol. Focuses are made on flow regimes and their
transitions, mixing, and gas-liquid transfer at the scale of the reactor. In comparison with conventional bubble
columns lower terminal velocities are obtained. So, in homogeneous regime, the residence time of bubbles is
greater than in conventional bubble columns and the gas holdup is slightly higher. However, regime transitions
appear at relatively low superficial gas velocities in the confined bubble column. In addition, two transition
regimes are visible and have macroscopic flow structures very similar to the ones observed for conventional
columns. For the mixing time, a dependence on the viscosity is observed and whatever the solution tested, this
parameter decreases very quickly with the increase of the gas superficial velocity. Finally, global gas-liquid mass
transfer coefficients measurements show lower values than in classical bubble columns at the same superficial
gas velocity.

1. Introduction

Microalgae cultivation in photobioreactors (PBRs) is a process
which becomes increasingly popular in recent years due to many po-
tential fields of application (energy, green chemistry, food supplement,
etc.). The use of photobioreactors of low thickness, i.e. of a few milli-
meters, allows to intensify the volumetric productivity by increasing
microalgae concentration. Together with a reduction of the amount of
water, this type of PBR allows diminishing the cultivation, mixing and
harvesting costs [1,2]. Some technologies have already been proposed
to meet the objective of high cell concentrations as the Algofilm©
technology which is based on a falling film of small thickness moving
on a smooth surface exposed to sunlight [3,4] as well as vertical pho-
tobioreactors of small thickness, typically less than 7 mm, operating as
bubble columns [5]. Indeed, bubble columns or airlifts are commonly
used as PBRs since they allow good mixing and ensure gas-liquid
transfers necessary for the growth of microalgae. However, thin-gap
bubble columns with high cell concentration can entail several pro-
blems such as reduced mixing capabilities, poor gas-liquid mass transfer
or biofilm development [6].

Hydrodynamics in gas-liquid reactors is known for its complexity:
bubbles deformability, break-up and coalescence phenomena, existence

of various flow regimes which are not easy to predict. In fact, it was
shown in previous studies that two-phase flow behavior is strongly
dependent on physico-chemical properties of the fluids [7,8] on the
reactor and sparger geometries [9–11] and on the operating conditions
[12–16]. In spite of this complexity, experimental and numerical stu-
dies of airlifts or bubble columns in standard operating conditions
(Newtonian liquid phase, no confinement, low pressure and tempera-
ture…) allow at present a good characterization of hydrodynamics [17]
and satisfactory predictions of the flow behavior [18–20]. Three main
flow regimes have been identified in classical bubble columns
[21,22,9,17,20]. The homogeneous regime is characterized by small
bubbles that rise vertically without interacting with each other. This
regime occurs when the superficial gas velocity is low [21] and the gas
is uniformly injected into the column [22,23]. When the gas superficial
velocity increases with uniform aeration, the transition regime appears
[9,24]. This regime is characterized by the appearance of a polydisperse
population of bubbles since coalescence and break-up phenomena be-
come significant. The heterogeneous regime appears at the highest
superficial gas velocities when the flow becomes unstable [21,22,19].
When the gas distribution is non-uniform, the heterogeneous regime is
observed regardless of the gas flowrate. This regime is characterized by
a wide distribution of bubble sizes. Being able to characterize and
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predict the hydrodynamic behavior of a gas-liquid reactor is of crucial
importance since transfer characteristics may strongly differ from one
regime to another. According to Deckwer [21], it is preferable to op-
erate gas-liquid reactors in homogeneous regime, because the

volumetric absorption coefficient kLa is greater than in the hetero-
geneous one: the higher mass transfer coefficient kL due to improved
mixing in heterogeneous conditions does not compensate the decrease
in the interfacial area. One classical method to determine the regime

Nomenclature

C0 Initial concentration of O2 (kg m−3)
C* Saturated concentration of dissolved oxygen or carbon

dioxide (kg m−3)
C Instantaneous concentration of O2 measured by O2 probe

(kg m−3)
CO2 Dissolved oxygen concentration (kg m−3)
CCO2 Dissolved carbon dioxide concentration (kg m−3)
db Bubble diameter (m)
Dc Column diameter (m)
DL Diffusion coefficient (m2 s−1)
DO2 Dioxygen diffusion coefficient (m2 s−1)
DCO2 Carbon dioxyde diffusion coefficient (m2 s−1)
g Gravity acceleration (m s−2)
H Henry’s constant (Pa m3 kg−1)
HL Liquid height in the bubble column (without bubble) (m)
<jGL
> Drift flux (m s−1)
kLa Volumetric gas-liquid mass transfer coefficient (s−1)
NO2 Oxygen mass transfer rate (kg m−3 s−1)
NCO2 Carbon dioxide mass transfer rate (kg m−3 s−1)

Patm Atmospheric pressure (Pa)
PO2 Oxygen volumetric productivity (kg m−3 s−1)
PCO2 Carbon dioxide volumetric consumption (kg m−3 s−1)
PX Biomass volumetric productivity (kg m−3 s−1)
T Temperature (°C)
t Time (s)
tm Mixing time (s)
texp Exposure time (Higbie) (s)
UGsup Superficial gas velocity (m s−1)
Uswarm Swarm velocity (m s−1)
U∞ Terminal velocity of bubble (m s−1)
VG Volume of the gas phase (m3)
VL Volume of the liquid phase (m3)
yCO2 Molar fraction of CO2 in the air
YO2/X Specific yield of oxygen production (kgO2/ kgbiomass)
YX/CO2 Specific yield of biomass production (kgbiomass/kgCO2)
εG Global gas holdup
μ Fluid viscosity (Pa s)
ρG Gas density (kg m−3)
ρL Liquid density (kg m−3)
σ Surface tension (N m−1)
τO2 Characteristic time of gas transfer (s)

Fig. 1. Thin-gap confined bubble column (dimen-
sions in mm).
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transitions consists in locating the slope changes of the average gas
holdup vs gas superficial velocity plot [17,21,12]. Other methods are
also widely used in the literature: the swarm velocity method
[14,16,25] developed by Zuber and Findlay [26] and the drift-flux
method [12,27] of Wallis [28].

The characterization of gas-liquid hydrodynamics in 2D confined
geometries has been little addressed in the literature. However, it is
expected that specific characteristics will be observed due to bubbles
motion becoming essentially 2-dimensional, decreased turbulence
production, increased bubbles/walls interactions. A local character-
ization of the hydrodynamics of such contactors has already been car-
ried out in the literature for a 1 mm thick 2D column [29,30]. The
hydrodynamics of an isolated bubble as well as the velocity field of the
liquid phase in its vicinity were characterized by shadowgraphy and
particle image velocimetry (PIV) [29,30]. Gas-liquid mass transfer was
also studied for an isolated oxygen bubble using a planar laser induced
fluorescence (PLIF) technique [31]. Then the dynamics of a swarm of
bubbles was studied by shadowgraphy [32]. These studies showed a 2D
dynamics, widely different from the conventional 3D one, with a par-
ticular role of the liquid films developed between the bubble and the
walls, which generate increased friction forces.

Moreover, it must be pointed out that in the context of intensified
microalgae cultivation, another phenomenon is observed, i.e. an in-
crease of the continuous phase viscosity appears due to higher cell
concentration; non-Newtonian behavior has even been observed for the
highest concentrations [6].

The purpose of the present study is to investigate global char-
acteristics of hydrodynamics and gas-liquid transfer in a thin-gap
bubble column with a 4 mm thickness. A cold flow bubble column is
considered here with water or glycerol aqueous solutions as the liquid
phase and air as the gas phase. Glycerol concentration is adjusted to
mimic the viscosity of increasing microalgae concentrations. Focuses
are made on flow regimes and flow regime transitions, mixing perfor-
mances, and gas-liquid transfer at the scale of the reactor. In fact, it is
important to be able to predict flow regimes which will depend on the
operating conditions, and will govern mixing and transfer character-
istics of the reactor. Mixing capabilities are crucial since even dis-
tribution of all the nutrients is necessary for optimal microalgae
growth. Mixing also prevents the microorganisms sedimentation. The
liquid phase mixing is due to various processes like transport in the
bubble wakes and macro-circulations due to differences in gas holdup
at the scale of the reactor [33]. Another important characteristic of
bioreactors is the gas-liquid mass transfer of O2 for aerobic cultures or
of CO2 for photobioreactors. Gas-liquid transfer is all the more im-
portant for intensified PBRs since it is critical that CO2 supply is not
limiting at high cell concentration. Global gas holdup, mixing time and
global kLa measurements are thus performed. A whole range of super-
ficial gas velocities covering different flow regimes and three liquid
phase viscosities are considered. Characteristics are compared to lit-
erature results for conventional bubble columns in order to put into
evidence specific hydrodynamics and mass transfer characteristics in-
duced by confinement.

2. Materials and methods

2.1. Experimental set-up and fluid characteristics

The experimental set-up consists in a thin-gap parallelepipedic
bubble column (0.004 m * 1.2 m * 0.3 m) made with transparent poly
(methyl methacrylate) (Fig. 1). Gas sparging is performed through 8
capillaries of 0.508 mm inner diameter uniformly distributed at the
bottom of the column. Before entering these capillaries, gas passes
through a calming chamber allowing all the needles to be uniformly
supplied by gas. The range of considered superficial gas velocities is
[0.003–0.066] m s−1 and allows to cover all flow regimes. A mass
flowmeter/controller (EL-FLOW®-BRONKHORST®) is used to control
and regulate the gas flow rate. Unless otherwise stated, gas consists in
filtered compressed air. The unaerated liquid level in the reactor is fixed
at 0.95 m for all experiments. Two pressure sensors (KELLER PR25) are
used to determine the global gas holdup; they can be positioned at three
heights as presented in Fig. 1. The front wall of the column also pos-
sesses six locations (p1 to p6 in Fig. 1) which can be used to introduce
conductivity or O2 sensors. p1, p3 and p5 are located at the middle
width of the bubble column whereas p2, p4 and p6 lie at 1/6 width. In
the vertical direction, the sensors can be put at 900 mm, 700 mm and
500 mm from the bottom, respectively for p1-p2, p3-p4 and p5-p6.

The column hydrodynamics is characterized with three possible li-
quid phases, i.e. demineralized water, 10% w/w and 50% w/w aqueous
solutions of glycerol. A Milli-Q Advantage A10 ® is used to provide
ultrapure water (conductivity< 0.1 μS/cm). The physico-chemical
properties of the considered liquid phases are given in Table 1. The aim
is to mimic Chlorella vulgaris cultures of increasing concentrations. In
fact, Soulies et al. have shown that Chlorella vulgaris cultures have a
Newtonian behavior until a dry biomass concentration of 30 gL−1

which corresponds to a cell volume fraction of 0.115 [6]. In the New-
tonian domain, the viscosity increases with the cell volume fraction
following the Quemada model. For intermediate values of the cell vo-
lume fraction, between 0.115 and 0.25, the rheological behavior be-
comes shear thinning, whereas for the highest volume fractions
(> 0.25), an apparent yield stress regime is observed. In the present
study, it was chosen to investigate the influence of viscosity for a liquid
phase presenting a Newtonian behavior only. All viscosities have been
measured using a coaxial cylinder rheometer (Physica MCR500). The
viscosity of the culture medium is close to the one of water, i.e. 1.0
mPa.s at 25 °C. The viscosity of a solution of Chlorella vulgaris of about
3 gL−1 of dry matter coming from a conventional airlift photo-
bioreactor has also been measured: it is equal to 1.35 mPa.s at 25 °C,
the cultivation temperature. The glycerol aqueous solutions have a
Newtonian behavior, their viscosities have been measured at 20 °C
since the cold-flow experiments are performed at 20 °C; their values are
equal to 1.46 and 5.66 mPa.s respectively for 10 and 50% w/w solu-
tions. Those values would correspond to dry weight biomass con-
centrations of 30 and 92 g L−1 respectively, i.e. cell volume fractions of
12 and 37% [6]- it can be noticed that in this last case, for a real algal
suspension, the behavior would not be Newtonian anymore.

The surface tensions are measured with the drop shape analyzer
Krüss-DSA30 using the pendant drop method [34]; results are also re-
ported in Table 1.

2.2. Methods

2.2.1. Bubble size and velocity estimations by shadowgraphy
Size and instantaneous velocity of bubbles are estimated by a sha-

dowgraphy method using the DANTEC DYNAMICS ShadowStrobe. This
method is based on high resolution imaging with backlight illumina-
tion. A pulsed laser system is used to illuminate an optical fiber deli-
vering extremely short light pulses from a few nanoseconds to hundreds
of nanoseconds. To have a uniform bright illumination, the
ShadowStrobe and the camera are aligned in the same optical axis. In

Table 1
Physical properties of the liquid phases.

Fluids ρ (kg m−3) μ× 103 (Pa s) σ × 103

(N m−1)
T (°C)

Demineralized water 999 ± 1 1.00 ± 0.01 72.7 ± 1.0 20
10% w/w glycerol

solution
1017 ± 1 1.46 ± 0.01 69.5 ± 1.0 20

50% w/w glycerol
solution

1120 ± 1 5.66 ± 0.05 61.4 ± 2.7 20

Culture medium 997 ± 1 1.00 ± 0.01 62.0 ± 1.8 25
Chlorella Vulgaris culture

at 3 g/L
1.35 ± 0.01 25
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this study, a CCD camera (Flow Sense M3/E 8 bits) is used. The camera
is equipped with a fixed focal lens of 60 mm with a variable aperture
from 2.3 to 32, its resolution is 1600 × 1186 pixels with a maximum
frequency of 15 Hz; acquisition is synchronized with laser pulses.
During all acquisitions, the imaging frequency is taken at its maximum
value.

A shadowgraphy image of a single bubble − injected with a syringe
connected to one capillary − rising in the column is presented in Fig. 2.
The zone studied − denoted z1 in Fig. 1- is located at 52 cm from the
bottom. Its height is 8 cm and its width 10.8 cm. The Dantec Dynamic
Studio Shadow Sizer then allows measuring size, shape and velocity of
the registered bubbles. The threshold level is the main parameter that
helps defining the contours of the bubbles on the images. For each
detected bubble, the image analysis estimates the projected area on a
vertical plane. Then the equivalent diameter db corresponds to the
diameter of a spherical bubble having the same projected area as the
measured bubble. It must be pointed out that, in the case of large
bubbles which are flattened in the column gap− typically bubbles with
equivalent diameters > 4 mm − it results in an overestimation of
their volume real equivalent diameter.

The horizontal and vertical components of the bubble velocity (re-
spectively u and v) are determined as the horizontal and vertical dis-
placements between two frames divided by the time between two laser
pulses. Then, the velocity of the single bubble rising in the column is
determined by the relation = +U v u( 2 2 ). This velocity is averaged
over several images (between 5 and 10).

The same method is used for swarms of bubbles. For each class of
bubble size, the mean velocity is calculated as well as the Sauter dia-
meter (d32) which is defined as the diameter of a sphere having the
same volume to surface ratio as the bubbles it represents:

∑

∑
= = =

=

d d
d n

d n
Sauter

i

n
i i

i

n
i i

32
1

3

1
2

(1)

where di and ni are respectively the bubble diameter and the number of
bubbles of class i.

Only the homogeneous and transition regimes are considered here
since in the heterogeneous regime, some bubbles are larger than the
measurement window and cannot be accounted for with our shadow-
graphy technique. When the bubble diameter is less or around 4 mm
(column thickness) the bubble volume is fairly well estimated. If its
measured diameter becomes greater than 4 mm, it will be flattened. In
that case, the bubble volume is calculated as the one of a flat cylinder.

2.2.2. Gas holdup
The global gas holdup (εG) can be defined as the ratio of the gas

volume to the total volume:

=
+

ε V
V VG

G

G L (2)

where VG et and VL correspond to the volumes of the gas and the liquid
phases respectively. The gas holdup is an important parameter influ-
encing mixing and mass transfer [35]. Besides, it is often used to de-
termine the flow regimes [14,16,25]. Two methods can be used to es-
timate the global gas holdup: height difference measurement [36] and
differential pressure measurement [37–40]. With the height difference
method, the global gas holdup is determined from the height of the
unaerated liquid and the total height under aeration. These parameters
are determined visually, thus the aerated height is submitted to sig-
nificant uncertainty because of oscillations of the free surface, espe-
cially at high gas flowrate. Therefore, the differential pressure method
is used for this study. The global gas holdup can then be given by Eq.
(3), by assuming that the wall-friction and the acceleration contribu-
tions in momentum balance are negligible and considering that
ρG< < ρL:

= −ε P
ρ g h

1 Δ
ΔG

L (3)

where ΔP is the differential pressure between the two pressure sensors.
Here, they are located at heights of respectively 20 mm and 950 mm
from the bottom of the reactor (Fig. 1). Δh is the distance between these
two locations. Experiments are performed using a piezoelectric pressure
sensor (KELLER-PR25) with a measuring range of −200 to 200 mbar
and an accuracy of ± 0.2%. Averaged values of pressure are con-
sidered; they are calculated over 300 s with an acquisition frequency of
50 Hz.

2.2.3. Transitions between regimes
The first method to determine the transitions between regimes is to

study the evolution of the global gas holdup vs superficial gas velocity
and to determine changes in the slope [17,21]. However transitions can
be difficult to identify when the slope changes gradually [41].

The second method was developed by Zuber and Findlay [26] and is
based on the swarm velocity, Uswarm, which corresponds to the ratio
between the superficial gas velocity, UGsup and the global gas holdup εG:

=U
U

εswarm
Gsup

G (4)

When the swarm velocity is plotted vs superficial gas velocity, the
swarm velocity is constant during homogeneous regime and increases
when the heterogeneous regime begins. In fact, the appearance of large
bubbles with lower residence time entails an increase in the swarm
velocity [14,16,25]. The third method to identify transitions between
regimes is the drift-flux method developed by Wallis [28]. Its principle
has been largely developed in the literature [25]. The drift flux<
jGL>represents the volumetric flux of one phase relative to a surface
moving at the average velocity. In our case, since the bubble column is
closed to the liquid phase (i.e. no liquid is brought or removed con-
tinuously into the column), the liquid superficial velocity is equal to
zero and the drift flux can be simplified as:

= −j U ε*(1 )GL Gsup G (5)

The drift flux is plotted against the gas holdup and transitions be-
tween regimes correspond to changes in the slope of the curve.

2.2.4. Liquid-phase mixing time
Mixing time is determined using a conductimetric method by in-

jecting 2 mL of a sodium chloride solution at 200 g/L as a tracer. This
solution is injected at the bottom of the bubble column through one
capillary located between two capillaries used for gas sparging and the
conductivity sensor is located at position 3 (Fig. 1). The conductivity is
measured until a stable value is reached. The response of the con-
ductivity sensor fluctuates due to the passage of bubbles on the sensor.

Fig. 2. Example of a single bubble rising in water, detected by shadowgraphy and ana-
lyzed by the Dynamic studio software.
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To overcome this problem, the signal is filtered by averaging in-
stantaneous values over 0.5 (when the signal evolves quickly) to 2.5 s
(when the signal approaches steady-state). The filtered signal is used for
the estimation of the mixing time, generally defined as the time re-
quired to reach complete homogeneity± 5%. In this application, this
value is increased to 10% to have reproducible values. All mixing time
experiments are triplicated.

2.2.5. Gas-liquid mass transfer
To determine the volumetric mass transfer coefficient, kLa, the

physical absorption of oxygen by the liquid is characterized. The clas-
sical dynamic gassing-out gassing-in method is employed. The experi-
mental procedure consists in the deoxygenation of the reactor with
nitrogen bubbling. Then, air is injected by the capillaries and the evo-
lution of the liquid oxygen concentration vs time is measured using an
oxygen probe (OXROB10 Pyroscience). Based on the assumption that
the liquid phase is perfectly mixed and that the concentration of oxygen
in the gas phase remains equal to the one of air (since O2 solubility in
the aqueous phase is low), the volumetric mass transfer is deducted
from an oxygen mass balance on the whole liquid phase:

= −
dC
dt

k a C C( * )L (6)

where C is the instantaneous O2 concentration measured at the probe,
and C* is the O2 saturation concentration. The plot of ln [(C*-C)/(C*-
C(t=0))] vs time allows to identify kLa which corresponds to the slope
of the curve. Characteristic time of gas-liquid mass transfer (τO2) then
corresponds to 1/kLa [42].

Here, the mass transfer coefficient of O2 is determined. In PBRs, the
CO2 kLa is also to be accounted for. It can be noticed that both values
are close since the difference is only due to the difference between the
molecular diffusion coefficients of O2 and CO2 in the liquid medium
which are close (see paragraph 3.5).

3. Results and discussion

3.1. Shadowgraphy of a single bubble

For the characterization of the rise of a single bubble in the thin-gap
column, only one capillary is used and a single bubble is injected at the
bottom of the reactor. This bubble rises in the quiescent liquid phase
which can be water or an aqueous solution of glycerol at 10% or 50%
w/w. The size and the instantaneous velocity of the bubble are mea-
sured using shadowgraphy imaging. This measurement is performed at

mid height of the column to overcome the influence of the sparger. Due
to the confinement and the generated friction forces between the
bubble and the walls, it is important to determine the bubble terminal
velocity, U∞, in this confined column. In fact, if the terminal velocity is
modified, it will influence the bubbles residence time and thus the gas
holdup. Experimental values are compared to the correlation of
Jamialahmadi et al. [43] established for unconfined bubbles as well as
the data of Clift et al. [44] in pure water which have the same trend.
Results are reported in Fig. 3a–c respectively for water, 10% and 50%
w/w glycerol solutions. It is found that for an isolated bubble with a
diameter lower than 4 mm rising in quiescent liquid, the terminal ve-
locity is divided by a factor between 1.1 and 1.7 for water in compar-
ison to the correlation of Jamialahmadi, (Fig. 3a), by a factor between
1.4 and 1.9 for a 10% w/w glycerol solution (Fig. 3b) and by a factor
between 1.4 and 1.9 for a 50% w/w glycerol solution (Fig. 3c). For
large bubbles, with a diameter higher than 4 mm, the terminal velocity
is divided by a factor ranging from 1.6 to 1.9 for water in comparison
with Jamialahmadi, by a factor from 1.1 and 1.5 for 10% w/w glycerol
solution and from 1.1 to 1.5 for 50% w/w glycerol solution. For these
last bubbles, as discussed in paragraph 2.2.1, the equivalent diameter
can be overestimated due to a flattening effect.

To summarize, whatever the solution viscosity, the terminal velo-
cities determined experimentally are between 1.1 and 1.9 times lower
than those estimated by the correlations given in the literature for
unconfined bubbles. Figuero-Espinoza et al. [44] investigated the effect
of confinement on the motion of a single clean bubble and showed that
the drag coefficient widely increases for oscillating bubbles rising in a
confined flat channel. In fact, small bubbles in confined channel un-
dergo wall collisions and consecutive cycles of deceleration and accel-
eration. These two effects induce an increase of the drag coefficient and
thus a decrease in terminal velocities. Such a confinement effect is in
agreement with the small terminal velocities observed here. The dif-
ference between unconfined and confined configurations is reduced
when the diameter of the bubble increases despite the confinement
increases (Fig. 3). This result may be explained by the overestimation of
the bubble equivalent diameter due to the flattening effect when the
diameter exceeds the size of the column-gap (4 mm).

3.2. Global gas holdup

For the three tested liquid phases, the global gas holdup increases
with increasing superficial gas velocity (Fig. 4). No significant influence
of the liquid phase properties on the global gas holdup can be observed
for superficial gas velocities between 0 and 0.01 m s−1. As can be seen

Fig. 3. a, b and c. Terminal velocity of an isolated bubble vs its diameter a. in demineralized water b. in a 10% w/w glycerol solution c. in a 50% w/w glycerol solution. Comparison
between experiments in a thin-gap column and the correlation of Jamialahmadi et al. [43] for unconfined bubbles and data of Clift et al. in pure water.
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in the first part of Table 2, the Sauter diameter is almost the same for
the three liquid phases at these low superficial gas velocities. This may
be explained by the fact that increasing the glycerol concentration in-
creases the viscosity but also entails a slight decrease in surface tension:
antagonist effects appear between a viscosity increase which favors
bubble coalescence and the occurrence of larger bubbles with lower
residence times on one side, and a surface tension decrease which

delays coalescence on the other side [12,11]. Furthermore, interaction
between bubbles is only weak at such low superficial gas velocities and
collision between bubbles is rare which explains that coalescence is
negligible. Thus, the observed gas holdup is globally the same for the
three liquid phases. Pictures of part of the reactor in Fig. 5a–c show
typical bubble shapes and sizes for a swarm of bubbles in ascension in
the three liquid phases respectively water, 10% w/w glycerol solution

Fig. 4. Evolution of the global gas hold-up with the superficial gas velo-
city.

Table 2
Bubble size and velocity distributions characteristics for the homogeneous regime (one single bubble class) and for the transition regime (5 bubble classes).

Homogeneous Regime

Fluids number
of
bubbles

UGsup

(m s−1)
d32 (mm) Standard

deviation
Velocity of
swarm of
bubbles
(m s−1)

Water 16050 0.004 4.0 0.7 0.18
17850 0.005 4.3 0.9 0.18
14181 0.007 5.5 1.3 0.19

10% w/w
glycerol
solution

16285 0.004 3.9 0.7 0.18
17160 0.005 4.0 0.7 0.18
12314 0.007 5.0 1.1 0.19

50% w/w
glycerol
solution

17938 0.004 3.1 0.5 0.17
26919 0.005 3.2 0.5 0.15

Transition Regime − UGsup = 0.013 m s−1

Fluids d class (mm) nb of bubbles d32 (mm) Standard
deviation

Velocity of bubble classes
(m s−1)

% (Vol/
VolTot)

Volume average velocity of the bubble
swarm (m s−1)

Water 0 ≤ d ≤ 3 5753 1.7 0.18 2% 0.32
3 < d≤5 6925 4.2 0.28 24.1%
5 < d≤8 3438 6.3 0.29 33.9%
8 < d≤14 1249 10.4 0.36 33.2%
d > 14 103 16.0 0.42 6.7%
pop. tot. 17468 7.5 2.8 0.25 100%

10% w/w glycerol
solution

0 ≤ d ≤ 3 2103 2.1 0.18 1% 0.28
3 < d≤5 6721 4.0 0.22 21.5%
5 < d≤8 2812 6.4 0.25 28.4%
8 < d≤14 1013 10.7 0.33 28.3%
d > 14 233 17.1 0.38 16.4%
pop. tot. 12882 8.6 2.8 0.23 100%

50% w/w glycerol
solution

0 ≤ d ≤ 3 2035 1.9 0.11 2.2% 0.35
3 < d≤5 1070 4.2 0.22 7.9%
5 < d≤8 643 6.3 0.24 14.5%
8 < d≤14 400 10.8 0.33 25.6%
d > 14 300 20.5 0.42 49.8%
pop. tot. 4448 13.2 4.2 0.20 100%
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and 50% w/w glycerol solution for a superficial gas velocity of
0.004 m s−1. The same type of bubble size distribution can be observed
which confirms that gas holdup should be of the same order.

Beyond a superficial gas velocity of 0.01 ms−1, the gas holdup be-
comes slightly higher in the 10% w/w glycerol solution compared to
water, whereas the gas holdup in the 50% w/w glycerol solution is the
lowest. It can be observed in Table 2 and in Fig. 5d–f that for such
superficial velocities, coalescence and break-up occur significantly,
leading to a large distribution of bubble sizes for the three liquid
phases. It is also observed that increasing the glycerol concentration
increases the Sauter diameter, d32, of the bubble population which can
be explained by the viscosity increase leading to more intense coales-
cence. Very small submillimetric bubbles are also observed in the gly-
cerol aqueous solutions when increasing the gas flowrate (Fig. 5e and f):
they are created by bubble break-up and they are stabilized by surface
tension effect. In water, for a same superficial gas velocity
(UGsup = 0.040 m s−1), this type of bubble is not observed (Fig. 5d).

For the 10% w/w solution of glycerol, the Sauter diameter is slightly
higher than for water (Table 2), however the gas holdup is slightly
higher which could seem contradictory since larger bubbles have lower
residence time. In fact, the increase of the Sauter diameter can be ex-
plained by the relative importance of the largest bubble class
(db > 14 mm) volume fraction which is more important in the 10% w/
w glycerol solution (16.4%) than in water (6.7%). But globally each
bubble class rises with lower velocity in the 10% w/w glycerol solution
than in water because of viscosity increase. This second effect is pre-
dominant and therefore the volume average velocity is globally lower
in the 10% w/w glycerol solution than in water, which induces higher
residence time: this explains why above a superficial velocity of
0.01 m s−1, the gas holdup is higher in the 10% w/w glycerol solution
than in water.

For the 50% w/w glycerol solution, a large increase of the largest
bubble class diameter is observed together with a significant increase in
the volume fraction of this class (Table 2). This large bubble class has a
very large velocity because of its size. Globally, the volume average
velocity of the bubble swarm is the highest in this 50% w/w glycerol
solution, which explains that beyond the homogeneous regime
(UGsup > 0.01 m s−1) the gas holdup is the lowest.

This analysis of bubble sizes and velocities distributions explains
why in Fig. 4, for a fixed gas superficial velocity, the gas holdup shows a
non-monotonic trend with the liquid viscosity. This dual effect of liquid
viscosity is in agreement with the results of some literature papers
[46–49] which show an increase of gas holdup with viscosity up to
values of 2–3 mPa.s and then a significant decrease of gas holdup for
higher viscosities. This confirms the result found in Fig. 4 where the gas
holdup for the 10% w/w glycerol solution (μ = 1.5 mPa.s−1) is higher
than for water and the gas holdup for the 50% w/w glycerol solution
(μ= 5.7 mPa.s−1) is lower than for water. In fact, our shadowgraphy
results confirm the analysis found in literature [49]: moderate viscosity
increase enhances the presence of larger bubbles but also of important
drag force and thus lower velocities for a given bubble size can be
observed (Table 2), this second effect is predominant in our case for the
10% w/w glycerol solution. When the viscosity increase is more im-
portant, the coalescence phenomenon is predominant with a greater
number of significantly larger bubbles which have higher velocities,
globally, the volume average velocity is higher and the gas holdup is
lower: these phenomena are observed for the 50% w/w glycerol solu-
tion in our case.

Prediction of gas holdup in confined bubble columns is essential for
the proper operation of this type of gas-liquid reactors. In particular, it
is interesting to compare gas holdup to the one that would be obtained
in conventional bubble columns. Results obtained in the present study

Fig. 5. Pictures of shadowgraphy for a swarm of bubbles in the three liquids (water, 10% w/w glycerol solution and 50% w/w glycerol solution) and for two superficial gas velocities
(UGsup = 0.004 m s−1 and 0.040 m s−1).
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with water as a liquid phase are compared to the ones obtained by
Olmos [23], Vandu [50] and Sharaf [51] in conventional bubble col-
umns in Fig. 6.

In the thin gap column, bubbles are confined; they undergo more
wall friction. Indeed, as shown previously, their terminal velocity is
lower than the one of bubbles in infinite liquid medium. Therefore, for
the lowest gas flowrates (UGsup < 0.02 m s−1), the gas holdup is
slightly higher than for classical bubble columns due to a higher re-
sidence time.

However, beyond a certain superficial gas velocity (around
0.02 m s−1 in the present case), the gas holdup is lower than the one
obtained for classical bubble column. This result is due to the fact that
in the confined column studied here, interaction between bubbles and
wake effect are increased. The transition regime and heterogeneous
regime appear at lower superficial gas velocities than in conventional
columns as will be shown in the next paragraph.

3.3. Flow regimes and transitions between regimes

As for conventional bubble columns, visual observation of the two-
phase flow in the confined column allows to distinguish 3 flow regimes:
homogeneous, transition and heterogeneous regimes. In the homo-
geneous regime, a narrow bubble size distribution is observed, coales-
cence and break-up can be neglected, and bubbles are rising quite in-
dependently in the column. During the transition regime, a polydisperse
population of bubbles appears, with the largest bubbles gathering in the
center of the column in a central bubble plume. For the highest gas
flowrates, this flow macrostructure is destroyed which corresponds to
the heterogeneous regime.

Transitions between regimes were first determined using the evo-
lution of the global gas holdup vs superficial gas velocity for the three
liquid phases. As can be observed in Fig. 7a obtained for water, it is
possible to visualize slope breaks in the gas holdup curve as a function
of the superficial gas velocity. Indeed, there is a break of slope at
0.01 m s−1, corresponding to the transition between the homogeneous
and transition regime. Then, there is another break of slope at around
0.044 m s−1, corresponding to the transition between transition and
heterogeneous regime.

The swarm velocity method developed by Zuber and Findlay [26] is
also used to identify regime transitions as presented in Fig. 7b for water.
The swarm velocity is quite constant during the homogeneous regime
(here for a gas superficial velocity less than 0.01 m s−1). Then, the
swarm velocity increases when the transition regime begins. This is due
to the presence of bubbles which coalesce to form larger bubbles rising
faster in the column. For water and the 10% w/w solution of glycerol

(see Fig. 8), two transition regimes appear, marked by two slope
changes between homogeneous and heterogeneous regimes as can be
observed in Fig. 7b (first transition at UGsup = 0.010 m s−1 and second
transition at UGsup = 0.022 m s−1). In Fig. 7b, after a gas superficial
velocity of 0.044 m s−1, the slope changes again which indicates the
appearance of the heterogeneous regime.

Two transition regimes have already been described in the literature
for parallelepipedic bubble columns, in particular by Olmos [23] for a
4 cm depth column and by Lin et al. [52] for a 1.27 cm one. The two
transition regimes observed here both present a macroscopic flow
structure very similar to the ones observed by Tzeng et al. [53] and Lin
et al. [52]. The first transition regime T1 comprises 4 regions: a “central
plume region” in the column center composed of bubbles of relatively
uniform sizes submitted to a swinging movement. This central region is
surrounded by “two fast bubble flow regions” composed of coalesced
bubbles or cluster of bubbles. Then, adjacent to these “fast bubble re-
gions”, “vertical flow regions” are observed, composed of descending
vortices. Finally, near the sidewalls a “descending flow region” takes
place where the liquid flows downward. The second transition regime
T2 is only composed of 3 regions since at higher gas flowrates, the two
fast bubble flow regions merge together to form a central fast bubble
region surrounded by the vertical flow regions and the descending flow
regions. These flow macrostructures disappear in the heterogeneous
regime.

The drift-flux method developed by Wallis [28] is also used: the drift
flux is plotted vs the gas holdup and, as for other methods, changes in
the curve slope indicate regime transitions as shown in Fig. 7c for
water. In this case, the transition between homogeneous and transition
regime appears at gas holdup of 5.6% which corresponds to a super-
ficial gas velocity of 0.013 m s−1 and the transition between transition
and heterogeneous regimes appears at gas holdup of 12.2% which
corresponds to a superficial gas velocity of 0.044 m s−1.

The transitions between regimes are determined by the above-
mentioned three methods for the three liquid phases. Only one transi-
tion regime has been obtained for the 50% w/w glycerol solution.
Table 3 summarizes the results obtained for all fluids and methods;
transitions obtained by visual observation are also reported. As can be
noticed, when the viscosity of the fluid increases, the tendency to
coalesce increases which favors the appearance of the transition and
heterogeneous regimes at lower UGsup.

One important conclusion is that regime transitions appear for much
lower superficial gas velocities in the confined bubble column than in a
conventional one. In comparison, in the parallelepipedic column stu-
died by Olmos [23], for air and water, the transition regime appears at
0.03 m s−1 against 0.01 m s−1 in the present case, and the

Fig. 6. Comparison of gas hold-up obtained in the thin-gap bubble
column for water with literature data for conventional bubble col-
umns: Olmos [23], Vandu [45] and Sharaf [46] where Dc is the
column diameter, HL the liquid height and e the thickness.
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heterogeneous regime appears at 0.065 m s−1 against 0.044 m s−1

here. For PBRs, an important consequence is that, if it is desired to
operate in homogeneous regime, the superficial gas velocity will be
limited which will also limit the accessible gas holdup.

In the homogeneous and heterogeneous regimes, the global gas
holdup of bubble columns is often correlated to the gas superficial ve-
locity with a power law:

∝ε UG Gsup
n (8)

The value of the parameter “n” depends on the flow regime. In
conventional bubble columns, for the homogeneous regime, its value
varies from 0.7 to 1 [12] and values higher than 1 are obtained with

sintered gas spargers [12]; for the heterogeneous regime, n is lower and
values from 0.4 to 0.7 are encountered [12], [54,55]. The values of n
obtained for the three tested liquid phases for confined bubble column
are summarized in Table 4: they are in the same range as for conven-
tional columns, with a lower value in the heterogeneous regime, except
for the 50% w/w glycerol solution. For this last liquid phase, the var-
iation is quasi-linear in both homogeneous and heterogeneous regimes,
but with a much lower slope in heterogeneous regime.

3.4. Mixing time

The mixing time is determined for superficial gas velocities from

Fig. 7. a, b and c. Determination of regime transitions for water by three
methods: a. The first method: εG=f(UGsup); b. The swarm velocity method:
Uswarm=f(UGsup) and c. The drift flux method:< jGL>=f(UGsup).
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0.004 m s−1 to 0.056 m s−1 for the three solutions (Fig. 9). It has been
measured for only one tracer injection position (at the center of the
bottom) and one probe position p3 (Fig. 1). Experiments were tripli-
cated. Values of mixing time between a few seconds (5 s) and more than
200 s are observed. Mixing time decreases very quickly with the su-
perficial gas velocity. For water and the 10% w/w glycerol solution, it
diminishes rapidly during the homogeneous regime
(UGsup < 0.10 m s−1) and then is quite constant for higher values of
UGsup. For the 50% w/w glycerol solution, the important decrease is
observed during the homogeneous and transition regimes and then the
mixing time diminishes very slowly. These results indicate that mixing
is quite poor at low gas flowrates, especially during the homogeneous
regime with values up to 10 times higher than those observed in the
heterogeneous regime. In the context of PBRs, consequences could be
observed on substrate gradients which could be harmful to the culture
and lead to yield reductions if the thin-gap PBR is operated in

homogeneous regime. Concerning the liquid viscosity, no significant
difference between water and glycerol at 10% w/w is observed, but
with glycerol at 50% w/w, the influence of viscosity is important,
especially at low values of UGsup, since when UGsup is lower than
0.01 m s−1, the mixing time is multiplied by 3 or 4 when switching
from water to a 50% w/w glycerol solution. Comparison with literature
results for conventional bubble columns is not easy since very different
values are observed: mixing time depends on the column geometry and
size, on the type of sparger, on the superficial gas velocity but it is also
strongly influenced by the injection and measurement locations as
pointed out by Mc Clure et al. [56]. Nevertheless, it was found for
conventional bubble columns that the superficial gas velocity had a
limited influence on the mixing time for UGsup values greater than
0.1 m s−1 [56]. In the confined column, the same effect is observed
since the influence of UGsup seems minimal in the heterogeneous re-
gime. The increase of the mixing time with the viscosity had already
been measured for conventional columns by Rahman-Al Ezzi and Naj-
muldeen [57] and by Pandit and Joshi [58]. Pandi and Joshi also ob-
served the pronounced effect of viscosity at low superficial gas velocity.

3.5. Gas-liquid mass transfer

Firstly, it has been verified if the O2 probe position had an effect on
the kLa determination with the dynamic method. Thus, different probe
positions have been tested (p1, p2, p3 and p5 in Fig. 1) and the kLa was
determined by the dynamic method for a superficial gas velocity of
0.007 m s−1 with water as a liquid phase. Fig. 10 shows that the signal
registered by the probe is very similar for the tested positions and that
the determined kLa value is the same indicating that perfect mixing is
achieved in the measuring area.

In a second time, the global kLa is determined for gas superficial
velocity between 0.004 m s−1 and 0.06 m s−1 and for three solutions
(water, 10 and 50% w/w glycerol solutions). Results are presented in
Fig. 11. It must be noticed that for the first UGsup value with water and
the 10% w/w glycerol solution and for the first three UGsup values of the
curve of glycerol at 50% (Fig. 9), the mixing time is lower than the
transfer characteristic time (1/kLa) calculated from Fig. 11 but not 10
times lower. Therefore, in this case the hypothesis of a perfectly mixed
reactor could possibly be challenged.

It can be observed that for a given liquid phase, kLa increases with
the superficial gas velocity, and that for a given superficial gas velocity,
it decreases when the viscosity of the fluid increases (Fig. 11). Influence
of viscosity is particularly significant for the 50% w/w solution of
glycerol: at superficial gas velocities higher than 0.01 m s−1, the kLa in
the 50% w/w glycerol solution is divided by a factor two compared to
its value in water. In fact, a viscosity increase entails more coalescence
thus a lower interfacial area a, besides globally the flow speed is lower

Fig. 8. Determination of regime transitions for the 10% w/w glycerol
solution by the swarm velocity method: Uswarm=f(UGsup). (1) homo-
geneous regime; (2) transition regime 1; (2′) transition regime 2; (3)
heterogeneous regime.

Table 3
Summary of regime transition results. UGsup1-2 transition superficial gas velocity between
the homogeneous and the first transition regime; UGsup2-2′ between the first transition and
second transition regimes and UGsup2′-3 between the second transition and heterogeneous
regimes.

Fluids Methods UGsup1-2

(m s−1)
UGsup2-2′

(m s−1)
UGsup2′-3

(m s−1)

Water εG=f(UGsup) 0.010 0.044
Uswarm=f(UGsup) 0.010 0.022 0.044
< jGL>=f(εG) 0.013 0.044
Visual 0.009 0.020 0.044
Mean 0.011 0.021 0.044

10% w/w glycerol
solution

εG=f(UGsup) 0.009 0.020 0.033
Uswarm=f(UGsup) 0.007 0.020 0.033
< jGL>=f(εG) 0.010 0.019 0.033
Visual 0.008 0.018 0.033
Mean 0.009 0.019 0.033

50% w/w glycerol
solution

εG=f(UGsup) 0.006 0.017
Uswarm=f(UGsup) 0.006 0.018
< jGL>=f(εG) 0.005 0.019
Visual 0.007 0.016
Mean 0.006 0.018

Table 4
Correlation for global gas retention εG ∝ UG

n, n values in the thin-gap bubble column.

Values of n Water 10% w/w glycerol
solution

50% w/w glycerol
solution

Homogeneous 0.83 0.80 0.74
Heterogeneous 0.59 0.57 0.79
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with lower surface renewal and lower value of kL.
Another important result is that, compared to conventional bubble

columns, the kLa value can be significantly decreased as illustrated in
Fig. 12 which compares kLa values in the confined column to the results
of Koide [36] in a classical bubble column (Dc = 0.14 m and
HL = 1.54 m) for water and a 50% w/w glycerol solution.

For instance, in water at a superficial velocity of 0.02 m s−1, the
gas-liquid mass transfer is almost twice lower than in a classical bubble
column. This can be explained by the lower terminal velocities of
bubbles encountered in the confined situation; in fact, Higbie’s pene-
tration model links gas-liquid mass transfer (kL) to the exposure time
(texp) between a liquid element and a gas bubble as described by the
following equation:

=k D
π t

2*
*L

L

exp (9)

where, DL is the diffusion coefficient. In the confined bubble column,
terminal velocity of bubbles is lower than in classical bubble columns
(Fig. 3), thus, the exposure time is higher, which decreases the gas-
liquid mass transfer. An opposite effect of confinement on gas-liquid
transfer has been observed by Roudet et al. [31] in 1 mm-gap bubble
column. In fact, in their case, bubbles are strongly deformed and the

presence of a film between the flattened bubble and the walls intensifies
transfers. In the present case, the gap has a 4 mm thickness and most
bubbles are only slowed down compared to an infinite medium but no
film as observed by Roudet et al. [31] takes place between the bubbles
and the walls to enhance transfer. Larger flattened bubbles can be ob-
served at higher UGsup (in the transition and heterogeneous regimes)
but due to their important size they present a low superficial area and
contribute only moderately to kLa.

Concerning the gas-liquid transfer, two issues must be avoided in
order to guarantee that microalgal growth will not be limited: oxygen
accumulation which could cause inhibition, and low inorganic carbon
concentration in the liquid phase which could entail carbon limitation.
An analysis of the potentially transferred fluxes will be carried out with
the lowest value of kLa obtained here. Following the approach of
Loubière et al. [59], stationary mass balances on CO2 and O2 lead to:

=N PCO CO2 2 (10)

and,

NO2 = PO2 (11)

where, NO2 and NCO2 are respectively, the oxygen and carbon dioxide
mass transfer rate; PCO2, the carbon dioxide volumetric consumption,

Fig. 9. Evolution of the mixing time with the superficial gas velocity for
three liquid phases. (1) homogeneous regime; (2) transition regime; (3)
heterogeneous regime.

Fig. 10. kLa determination for water at a superficial
gas velocity of 0.007 m s−1 and for different posi-
tions of the O2 probe.
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and PO2, the oxygen volumetric productivity. Oxygen production (PO2)
and carbon dioxide consumption (PCO2) are proportional to the volu-
metric productivity (PX):

=P
Y

P1 .CO
X CO

X2
/ 2 (12)

=P Y P.O O X X2 2/ (13)

where, YX/CO2 and YO2/X are respectively the specific yield of biomass
production and the specific yield of oxygen production. (YX/

CO2 = 0.594 kg of biomass per kg of carbon dioxide consumed [60] and
YO2/X = 2 kg of oxygen per kg of biomass [61]). For this intensified
photobioreactor of 4 mm thickness, the volumetric productivity is ex-
trapolated from that found for the Algofilm © technology (2 mm
thickness) [61], assuming the same surface productivity. So, the volu-
metric productivity considered here is 5 kg m−3 day−1. The transferred
fluxes are estimated from the most critical kLa value measured in the
present study (kLa = 0.0014 s−1):

= −N k a C C( * )CO L CO CO CO2 ( ) 2 22 (14)

= −N k a C C( * )O L O O O2 ( ) 2 22 (15)

where kLa(O2) is determined experimentally (as the lowest value of
0.0014 s−1) and kLa(CO2) can be deduced using Higbie’s model by:

= =k a D
D

k a k a* 0.909L CO
CO

O
L O L O( )

2

2
( ) ( )2 2 2 (16)

with DO2 = 2.41 × 10−9 m2 s−1 and DCO2 = 1.99 × 10−9 m2 s−1, the

diffusion coefficients in water at 25 °C [63].
In Eq. (14), CCO2 is taken as the minimum concentration of total

inorganic carbon to prevent limitation, i.e.
CCO2 = 10 mM = 0.44 kg m−3 for Chlorella Vulgaris according to Le
Gouic [62].

Using Eqs. (10), (12) and (14), the required value of carbon dioxide
concentration at equilibrium with the gas phase can be determined:

= +C C P
k a

*CO CO
CO

L CO
2 2

2

( 2) (17)

Using Henry’s law, it is then possible to determine the molar frac-
tion of CO2 in the gas phase (yCO2) that has to be injected into micro-
algae culture:

= =y
C H

P
* *

36%CO
CO

atm
2

2

(18)

with H the Henry’s constant of CO2 in water (H = 0.703*105

Pa m3 kg−1 [63]) and Patm, the atmospheric pressure. The calculated
CO2 gas fraction being less than 100%, reaching the required inorganic
carbon concentration (10 mM) should be feasible, despite some pro-
blems such as local acidification near the injection may appear with
such high CO2 concentration in the gas phase.

Gas-liquid transfer must also ensure the stripping of the oxygen
produced. For the given volumetric productivity, assuming
C*O2 = 8.1 × 10−3 kg m−3 at 25 °C in water, and using Eq. (11), (13)
and (15), the oxygen concentration in the liquid medium can be de-
duced:

Fig. 11. Evolution of the global gas-liquid mass transfer coefficient kLa
with the superficial gas velocity for three liquid phases.

Fig. 12. Comparison between kLa values in the thin-
gap bubble column and in a conventional bubble
column (Koide) [36].
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= + = × − −C C P
k a

kg m* 9 10 .O O
O

L O
2 2

2

( 2)

2 3

(19)

This concentration would be about 11 times higher than the sa-
turation concentration of dissolved oxygen in water at equilibrium with
air. Therefore, with such a low kLa value, there could be significant O2

accumulation which could entail inhibition of growth of microalgae in
our intensified conditions of Chlorella Vulgaris cultivation.

4. Conclusion

In bubble columns, the determination of global parameters is of
primary importance for scale-up and design purposes, especially when
geometry, dimensions, or operating conditions change. In the present
study, global characteristics of hydrodynamics and gas-liquid transfer
in 2D column with a 4 mm thickness were carried out with the objective
to employ this new equipment in microalgae cultivation. This type of
bubble column is completely original since the thickness of the reactor
is of the same order as the bubble size which leads to a particular two-
phase hydrodynamics. First experiments consisted in the measurement
of the size and the instantaneous velocity of isolated bubbles using
shadowgraphy imaging and showed that the terminal velocities are
between 1.1 and 1.9 times lower than those encountered in the litera-
ture for unconfined bubbles. This will influence the bubbles residence
time and thus the gas holdup. Indeed, in homogeneous regime, the gas
holdup is slightly higher than for classical unconfined bubble columns
due to a higher residence time. The regime characterization, performed
using various methods, showed that regime transitions appear for much
lower superficial gas velocities in the confined bubble column than in a
conventional one. In addition, two transition regimes appear, marked
by two slope changes and presenting a macroscopic flow structure very
similar to the ones observed for parallelepipedic conventional columns.
For PBRs, an important consequence will be that, if it is desired to
operate in homogeneous regime, the superficial gas velocity will be
limited which will also limit the accessible gas holdup. The mixing time
experiments showed that mixing is quite poor at low gas flowrates,
especially during the homogeneous regime with values up to 10 times
higher than those observed in the heterogeneous regime. An important
increase of the mixing time with the viscosity was also observed and is
in agreement with the measured values of conventional columns.
Carrying out cultures at high concentrations could thus entail con-
centration gradients. Finally, experiments performed for three solutions
showed also that kLa increases with the superficial gas velocity and
decreases when the viscosity of the fluid increases, but in all cases the
gas-liquid mass transfer is lower than in classical bubble columns.
However, even at low superficial gas velocities, the gas-liquid mass
transfer should not entail inorganic carbon limitation, provided that the
CO2 concentration in the gas phase is sufficient. But a significant di-
oxygen accumulation in the liquid could appear which could inhibit
growth. One solution to this problem could be to inject bubbles with
lower diameters using smaller diameter capillaries.
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