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Maintaining a constant superficial gas velocity (Usg) is the most common
criterion for scaling aerated photobioreactors, yet whether it preserves
gas—liquid hydrodynamics is rarely tested directly. Euler—Euler CFD
was used to characterize two baffled airlift reactors, a 9.7 L laboratory
unit and a 106 L scaled-up unit, over the Usy = 0.025-0.10 m-s 1,
evaluating gas holdup, the gas-phase velocity, and the volumetric mass
transfer coefficient (k.a) alongside the Reynolds number, Froude
number, and power input per unit volume (P/V). Across this range, gas
holdup rose 2.4-2.6-fold and k.a rose 1.3-1.6-fold in both reactors, but
the mean gas velocity increased more in the larger unit (1.4-fold vs. 1.1-
fold). The extended-range simulations of the large reactor showed
continued but progressively less proportional gains. The Froude number
was not conserved across scales, and P/V remained consistently higher
in the larger reactor. These results show that Usg alone is an insufficient
scale-up criterion, gas holdup, the k.a, Froude number, and P/V should
be evaluated jointly.
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1. Introduction

on a commercial scale [1]. The performance of

Bioreactors and photobioreactors (PBRs) are
closed cultivation systems that provide the
controlled environment required to grow
microalgae efficiently, and they are the
operational units that ultimately determines
whether microalgal processes can be realized

a PBR is governed primarily by its engineering
rather than by the organism: light delivery,
carbon dioxide supply, mixing, and gas—liquid
mass transfer are all controlled by the reactor's
hydrodynamics, so geometry, aeration, and
flow behavior set the achievable growth and
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transfer rates [2]. Despite decades of
development, scaling a PBR from laboratory to
production size remains a central obstacle to its
industrial adoption, because maintaining the
hydrodynamic and mass-transfer conditions
that favor productivity is difficult as the reactor
volume increases. Therefore, the gas—liquid
behavior at the scale of reactors emerges as a
key engineering challenge in the design and
scale-up of photobioreactors [3].

Among the vertical column configurations,
airlift PBRs are widely regarded suitable for
microalgal cultivation, since pneumatic gas
injection provides mixing and gas-liquid
contact without moving parts, typically at
lower shear stress and mechanical complexity
than the same in mechanically stirred systems.
Aeration at the base establishes a gas-holdup
difference, and hence a bulk-density
difference, between the aerated riser and the
less-aerated downcomer, which drives internal
liquid circulation without mechanical agitation
[4]. These features have made airlift and
related pneumatically agitated reactors a
common choice for shear-sensitive cultures,
although their relative performance depends
strongly on geometry and operating conditions
and is not uniformly superior to that of other
column reactors [5]. Among the resulting
hydrodynamic descriptors, gas holdup (gg) is
particularly important: it quantifies the fraction
of dispersed gas retained in the liquid and
therefore sets the gas—liquid interfacial area
available for mass transfer, while also
governing the liquid circulation and mixing on
which the performance of the reactor depends
[6]. Aeration at the base establishes a gas-
holdup difference, and hence a bulk-density
difference, between the aerated riser and the
less-aerated downcomer, which drives internal
liquid circulation without any moving parts.
This circulation enhances CO, transfer and
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nutrient distribution, disperses the injected
bubbles, and cycles the suspended cells
between higher- and lower-irradiance regions,
producing the intermittent light—dark exposure
that can benefit photosynthetic growth.
Because all of these functions are governed by
the gas—liquid flow, hydrodynamic descriptors
such as gas holdup, gas-phase velocity, liquid
circulation intensity, and the volumetric mass
transfer coefficient (k,a) determine the
performance of the reactor and must be
characterized and controlled during both
design and scale-up [7-9].

Using computational fluid dynamics (CFD)
has become an effective approach for
analyzing gas—liquid hydrodynamics in airlift
photobioreactors because it resolves the spatial
distribution of gas holdup, velocity fields, and
circulation patterns that are difficult to obtain
experimentally.  Euler—Euler  multiphase
models are particularly  suitable for
engineering simulations of bubbly gas-liquid
systems, since they treat both phases as
interpenetrating continua at reasonable
computational cost. In previous CFD studies of
airlift  photobioreactors and bioreactors,
Eulerian multiphase frameworks have been
used to predict gas distribution, liquid
circulation, and the hydrodynamics related to
mass transfer, including the characteristic
concentration of the gas phase in the riser
relative to the downcomer [10,11]. More
recent work has shown that CFD can further
support the design and optimization of
microalgal cultivation systems by quantifying
how the geometry, sparger configuration, and
internal structures of reactors affect the flow
behavior and transport associated with
cultivation [12,13].

Scaling- up airlift photobioreactors remains
challenging because hydrodynamic and mass-
transfer parameters do not necessarily change
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proportionally with reactor size. Increasing the
superficial gas velocity (Usg) generally
enhances the gas holdup, liquid circulation,
and mass transfer within a given reactor,
however, the holdup and transfer obtained at a
particular Usg also depend on the geometry, gas
residence time and sparger configuration of the
reactor, and how the injected gas is distributed
across the reactor cross-section and between
the riser and downcomer. Previous scale-up
studies have shown that gas holdup and
oxygen transfer can differ substantially
between geometrically related airlift reactors

operated under comparable conditions,
indicating that holding a single operating
variable constant is insufficient to preserve
hydrodynamic similarity [14-17]. Reliable
scale-up therefore requires evaluating not only
Usg but also scale-dependent indicators such as
gas holdup, liquid circulation, the volumetric
mass transfer coefficient (k.a), and the power
Table 1

input per unit volume [18].
summarizes

representative

studies

on

hydrodynamics, CFD modelling, and the
scale-up of airlift (photo)bioreactors.

Table 1.
Summary of airlift bioreactor hydrodynamics, CFD, and scale-up studies.
Reactor Method Scale Main parameter Key finding Ref.
Internal-loop . . Gas holdup, liquid _Reactor scale directly .
L Experimental ~ Multiple scales . o influences hydrodynamic [19]
airlift circulation -
behavior
Internal-loop CED Three different Riser/ downcomer  Gas holdup increases using [14]
airlift scales gas holdup Euler-Euler CFD method
- . Gas phase concentrated the
Alrlift c_;olumn CFD Single PBR Gas h_oldup, riser, while downcomer gas  [10]
photobioreactor geometry velocity, shear .
fraction was much lower
- - . . Euler-Euler model was able
Airlift c_:olumn CED Gas-liquid-solid ~ Multiphase _ o simulate the transport [20]
photobioreactor system hydrodynamics -
precisely
Internal and Internal and Gas holdup, liquid ~ The reactor’s
external loop Experimental  external velocity, and O, hydrodynamics strongly [21]
airlift reactors configurations transfer affected all parameters
Bubble column . Draft-tube Usg increased gas holdup
with draft tube Experimental system Gas holdup, kia and k.a [22]
- . CFD was used to compare
Internal airlift Comparative . L .
Hydrodynamics, gas-liquid behavior and
reactor and CFD reactor . . [23]
. mass transfer mass transfer in pneumatic
bubble column geometries
reactors.
Gas-liquid CFD and measurements
) Experimental  Internal-loop Local were combined to
internal-loop . . [24]
S and CFD reactor hydrodynamics characterize local gas—
airlift reactor A .
liquid behavior.
Cylindrical split . Local axial/radial G?S hold_u_p varied spatially
S Experimental Local gas holdup with position and gas [25]
airlift column measurements :
velocity.
Two-stage Modified Gas holdu Internal structural
internal-loop CFD internal-loop otaup, modification improved gas— [12]
P velocity, mixing L :
airlift reactor geometry liquid hydrodynamics.
Laboratory-scale  Gas holdup, Qpen-tube geometry
. ) improved hydrodynamic
- . open-tube, circulation
Open-tube airlift  Experimental closed-tube. and  uniformity. ki a performance and mass 26]
photobioreactor  and CFD ' Y, Ka, transfer, the CFD model
wall-type CO:z capture,

configurations

nutrient removal

showed good agreement
with experiments.
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Although the effects of the scale in airlift
reactors have been studied experimentally and,
in some cases, numerically, systematic CFD
investigations that quantitatively evaluate the
combined influence of the scale of reactors on
hydrodynamic, mass transfer, and similarity
parameters under identical superficial gas
velocities remain limited, and the relative
diagnostic value of the common dimensionless
and energy-based scale-up criteria (Reynolds
number, Froude number, and power input per
unit volume) has rarely been assessed.
Therefore, the present study employs Euler—
Euler CFD simulations to investigate the scale-
dependent hydrodynamic and gas—liquid mass
transfer behavior of two geometrically similar
airlift reactors. Accordingly, the objectives of
this study are threefold: (i) to quantify how the
scale of reactors affects the gas holdup, gas-
phase velocity distribution, and volumetric
mass transfer coefficient (k,a) at the identical
superficial gas velocity; (ii) to assess, over an
extended aeration range for the larger reactor,
whether increasing U, can compensate for the
scale-dependent reductions; and (iii) to
evaluate the Reynolds number, Froude
number, and power input per unit volume as
similarity indicators and their relative
diagnostic value. Furthermore, the Reynolds
number, Froude number, and power input per
unit volume are evaluated to provide a
comprehensive assessment of hydrodynamic
similarity. By integrating these hydrodynamic,
mass transfer, and dimensionless criteria
within a single CFD framework, the suitability
of superficial gas velocity as a scale-up
criterion is evaluated in this study and
potentially more reliable indicators for the
CFD-assisted design and scale-up of airlift
photobioreactors are identified.

The novelty of this study therefore lies not in
reporting that superficial gas velocity alone is
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not sufficient, which is a conclusion that has
been established in the literature, but in the
integrated evaluation of hydrodynamic, mass
transfer, and dimensionless and energy-based
similarity criteria in a single CFD framework
for two geometrically similar baffled airlift
photobioreactors, a  configuration and
combined analysis that have received little
attention in previous scale-up studies. On this
basis, the contribution of this work is threefold.
First, it presents a CFD investigation of
geometrically ~ similar  baffled  airlift
photobioreactors for microalgal CO, capture,
a configuration that has received limited
attention compared with cylindrical internal-
loop and concentric-tube airlift reactors.
Second, it develops a CFD-derived
engineering correlation between the k;a and
gas holdup for the geometry of the investigated
reactor, together with an explicit statement of
the range and limitations of its applicability.
Third, it provides a quantitative comparison of
the Reynolds number, Froude number, and
power input per unit volume as similarity
indicators, showing that among the examined
criteria the Froude number provides the most
informative indication of scale-dependent
hydrodynamic similarity.

2. Materials and Methods

2.1. Geometry

Two airlift reactors of different scales were
used in this study: a small reactor and a large
reactor. The small reactor had dimensions of
18.5 cm x 15 cm x 45 cm, corresponding to a
total volume of approximately 12.5 L. During
operation, the reactor was filled to a height of
35 cm of the liquid, resulting in a working
volume of approximately 9.7 L. The large
reactor had dimensions of 90 cm x 50 cm x 25
cm, giving a total volume of approximately
112.5 L. This reactor was operated at a height
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of 85 cm of the liquid, corresponding to a
working volume of approximately 106 L.

In each reactor, two internal baffles were
installed to establish the airlift configuration.
For the small reactor, each baffle had a
thickness of 1 cm, a width of 15 cm, and a
height of 26.5 cm. In the large reactor, the
baffles had the same thickness of 1 cm and
width of 25 cm, but a height of 75 cm. In both
reactors, the baffles were positioned 5 cm
above the reactor bottom. Aeration was
provided using a circular showerhead-type
sparger with a diameter of 5 cm, positioned
centrally in the reactor at 1 cm above the
bottom. The schematic of the airlift reactor
along with its larger scale is presented in
Figure 1.

Figure 1. Schematics of the airlift reactor used in
this study along with its larger variation.

Table 2 presents the comparison between the
performance and accuracy of different mesh
cell sizes.

Table 2.
Comparison between different mesh cell sizes

2.2. Mesh generation

The geometry of both small and large reactors
was built in ANSYS DesignModeler (2025
R2), and the corresponding computational
grids were generated in ANSYS Meshing.
Boundary conditions were assigned as follows:
the sparger surface was treated as a velocity
inlet through which the determined superficial
gas velocities were imposed; the free surface at
the top of the column was set as a pressure
outlet held at atmospheric pressure; and all
remaining surfaces were defined as solid walls.
At these walls, the liquid obeyed a no-slip
condition, whereas the gas phase was
permitted to slip freely. The domain was
discretized with an unstructured tetrahedral
mesh at a nominal element size of 3 mm. This
resolution followed the Eulerian requirement
that the cell dimension exceed roughly twice
the bubble diameter; with a 1 mm bubble
assumed in this work, a 3 mm cell satisfied that
constraint while keeping the element count
tractable [26].

Nominal element
Number of elements

Relative error of liquid

Approximate computation

size (mm) height (%) time
5 ~ 300,000 6.9 1-2 days
3 ~ 1,000,000 1.8 3 —4 days
2 ~ 3,000,000 - ~ 6 days
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2.3. CFD simulation

All computations were carried out in ANSYS
Fluent 2025 R2, and executed in parallel on a
four-core workstation clocked at 3.70 GHz. As
noted above, a Eulerian—Eulerian two-fluid
description was adopted because the air—water
mixture operated in the bubbly regime and the
objective was the bulk hydrodynamic response
to the aeration rather than the trajectories of
individual bubbles. Turbulence was closed
with the standard k— model, a common choice
in airlift studies at this scale owing to its
robustness and its reliable prediction of mean-
flow quantities [27]. Momentum coupling
between the phases combined drag [28],
virtual-mass [29], and lift [30] contributions.
Water was assigned as the continuous phase
and air as the dispersed phase, the latter
represented by a uniform mean bubble
diameter of 1 mm. A single representative
bubble diameter was prescribed as a resolved
bubble size distribution, which is aligned with
the monodisperse Euler—Euler method widely
used for engineering-scale simulations of
airlift and bubble column reactors, where the
objective is the bulk hydrodynamic response
instead of the dynamics of individual bubbles.
The 1 mm value was taken as the
representative of the bubbles generated at the
perforated showerhead sparger in the near-
injection region. Since identical values were
applied at both small and large reactors, this
assumption is common to the small and large
systems and does not bias the scale-to-scale
comparison that is the focus of this study.

The system operated at 101.325 kPa, and
pressure—velocity coupling was handled with
the SIMPLEC scheme [31]. Each case was
advanced in time using a fixed step of 0.01 s
with up to 70 inner iterations per step, and
convergence was enforced by driving all

scaled residuals below 1 x 1075, A total
8

physical time of 15 s proved sufficient for the
flow to settle into a pseudo-steady state,
identified by the stationary values of the
overall gas holdup and the circulating liquid
velocity. These converged fields, together with
the velocity data sampled at fixed monitoring
points, were then used to characterize the
internal circulation. Because each simulation
was deterministic and run at a fixed operating
point, no replicate-based statistical treatment
was applied. The predictive capability of this
modeling  approach  for  the  airlift
photobioreactors of comparable scale has been
established  previously  through  direct
comparison with experimental data [26], and a
validation specific to the present geometry is
presented in Section 3.1.

2.4. Grid independence

Mesh sensitivity was assessed to confirm that
the reported results were independent of grid
resolution while keeping the computational
cost reasonable. Alongside the 3 mm baseline,
a coarser (5 mm) and a finer (2 mm) element
size were evaluated for comparison.

2.5. Dimensionless and energy-based scale-
up parameters

To support the scale-up analysis, the
dimensionless and energy-based parameters
were calculated for both reactor scales. The
Reynolds number (Re) was used to evaluate
the relative importance of inertial and viscous
forces, whereas the Froude number (Fr) was
used to measure the balance between inertial
and gravitational effects. In addition, the
power input per unit volume (P/V) was
estimated as an energy-based indicator of
aeration intensity. These parameters were
selected to provide a systematic basis for
comparing the hydrodynamic similarity of the
small and large airlift reactors under identical
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superficial gas velocities. The Reynolds and
Froude numbers were calculated according to
equations (1) and (2) respectively:

UsgH
e = PiUsglly, (1)
Hi
UZ
Fr= g;‘q )
L

where p; is the density of the liquid, s is the
dynamic viscosity of the liquid, Usg is the
superficial gas velocity, and g is the
gravitational acceleration. The operating
height of the liquid, HL, was selected as the
characteristic length because the present scale-
up analysis focuses on vertical gas transport,
hydrostatic pressure effects, and buoyancy-
driven circulation within the airlift reactors.
The pneumatic power input per unit volume
was estimated using a hydrostatic pressure-
based formulation, as expressed in equation

(3):
P P,
V - plgUsgln (P_t) (3)

where Py and Pt are the pressures at the sparger
location and at the top of the liquid column
respectively. The top pressure was assumed to
be atmospheric pressure, while the pressure at
the sparger was estimated from the hydrostatic
liquid head according to equation (4):

P, = P+ pigH, (4)

This formulation accounts for the influence of
height of the liquid on the pneumatic energy
required for gas injection and was therefore
used to compare the aeration intensity between
the small and large airlift reactors.

3. Results and discussion

3.1. Effect of superficial gas velocity on gas
holdup

Before analyzing the scale-dependent
behavior, the CFD model was validated

against experimental data to establish its
predictive reliability. The Euler-Euler method,
turbulence closure, and interphase closures
used here follow those previously validated
against experimental hydrodynamic and mass
transfer measurements for airlift
photobioreactors of comparable scale and
operating regime [26]. To provide a direct
validation for the present configuration, the
overall gas holdup predicted by CFD for the
small reactor was compared with experimental
measurements over the superficial gas velocity
range of 0.025 —0.10 m.s, as shown in Figure
3. The simulated gas holdup increased
monotonically with U, and reproduced the
experimentally observed trend, with a
maximum deviation of approximately ¥,Y%
and a mean absolute deviation of
approximately 4%. This level of agreement
confirms that the model adequately captures
both the magnitude and the aeration-rate
dependence of the gas-phase distribution in the
baffled airlift geometry. Because experimental
data were available only for the small reactor,
the validated model was subsequently applied
to the large (106 L) reactor; the results
corresponding to large reactors are therefore
presented as predictions of an experimentally
validated model rather than as directly
measured quantities. Given the consistency of
the modeling approach across both scales and
its prior experimental validation in related
work [26], the model is considered suitable for
the comparative scale-up analysis that follows.
In this study, the variation of gas holdup with
superficial gas velocity was examined for both
the small and large airlift reactors to assess
how scale of reactors affects gas-phase
distribution. The volume fraction of air is
shown in Figure 2 (a, b) and the results of gas
holdup at different Usq are presented in

Figure 3.
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Figure 2. Air volume fraction of contour for (a) small reactors, (b) large reactors.

The simulated air volume fraction contours
provide further insight into the internal gas
distribution responsible for the observed gas
holdup behavior. As shown in Figure 2 (a, b),
in both reactors the gas phase was mainly
concentrated in the central riser region above
the sparger, while the downcomer zones
remained dominated by the liquid phase.
Increasing Usg from 0.025 to 0.1 m.s*
intensified the gas bubbles and increased the
local air volume fraction in the riser, showing
that a larger number of bubbles were
transported upward through the central section
of the reactor. This behavior confirms that the
riser acted as the main gas-liquid contact
region, whereas the baffles effectively
separated the aerated riser from the less-
aerated down comer region. A clear difference
between the two small and large reactors can
also be observed from the contours. In the
small airlift reactor, the gas cloud occupied a
relatively wider portion of the riser and
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showed stronger horizontal spreading as the
superficial gas velocity increased. This wider
gas dispersion resulted in a more pronounced
accumulation of gas within the reactor and is
consistent with the higher values of the overall
gas holdup reported for the small system. In
contrast, the large airlift reactor showed a
narrower and more vertically extended gas
cloud, particularly at lower superficial gas
velocities. Although the gas cloud become
stronger at higher aeration rates, the gas phase
remained more limited around the central
sparger axis and occupied a smaller fraction of
the total liquid volume. This explains why the
large airlift reactor showed considerably lower
average gas holdup despite being operated at
the same superficial gas velocities. The
contour results therefore demonstrate that
scale-up changed not only the magnitude of
gas holdup but also the spatial distribution of
the dispersed gas phase. In the larger reactor,
the injected air was distributed over a
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substantially larger liquid volume and a longer
flow path, reducing the average gas volume
fraction within the reactor. Moreover, the more
limited gas cloud suggests weaker radial gas
dispersion and less effective gas distribution
across the reactor cross-section.

0.014
OSmall ALR OLarge ALR
0.012 o
0.01 o
.0.008 |
< O
“0.006 |
0.004 | ©
0.002 | O O -
Od
0 1 1
0 0.05 0.1 0.15
Uy (m.s)

Figure 3. Gas holdup vs. superficial gas velocity
across small and large reactors.

As shown in

Figure 3, the overall gas holdup in both
reactors increased by increasing superficial gas
velocity, indicating that higher aeration rates
raised the fraction of the dispersed gas retained
within the liquid phase. For the small airlift
reactor, &g increased from approximately
0.0045 at the Usg = 0.025 m.s™* to about 0.0116
at the Usg = 0.10 m.s™. A similar increasing
trend was observed in the large airlift reactor;
however, the corresponding gas holdup values
were considerably lower, rising only from
almost 0.0011 to 0.0026 over the same
superficial gas velocity range. This shows, that
although increasing Usg enhances the gas
holdup in both reactors, the magnitude of gas
holdup has been strongly affected by reactor
scale. Basically, at identical superficial gas
velocities, the small airlift reactor maintained
nearly four to five times higher gas holdup than
the large airlift reactor, showing that the gas-
liquid distribution was not preserved during

scale-up when Usg was the only parameter that
was kept constant. The observed gas holdup
behavior is consistent with  previous
experimental and numerical studies on airlift
reactors. Blazej et al. reported that gas holdup
increased by increasing the input gas velocity
in internal-loop airlift reactors and showed that
the values of reactors can significantly
influence hydrodynamic parameters,
confirming that gas holdup is not governed by
superficial gas velocity alone [19]. Similarly,
Davarnejad et al. used CFD to investigate
internal-loop airlift reactors at different scales
and showed that gas holdup in both the riser
and downcomer increased with superficial gas
velocity, supporting the monotonic trend
observed in the present simulations [14]. The
spatial distribution of the gas phase shown by
the air volume fraction contours also agrees
with earlier studies, which demonstrate that
gas holdup is strongly affected by reactor
geometry and varies locally within the riser
and downcomer regions [32].

3.2. Effect of superficial gas velocity on
average air velocity

The air velocity contours achieved by the
simulation were first analyzed to describe the
spatial structure of gas-phase transport in the
small and large airlift reactors. As shown in
Figure 4 (a, b), the highest air velocities were
concentrated in the central riser region
immediately above the sparger, where the
injected air formed a distinct upward-moving
gas cloud between the internal baffles.
However, the regions outside the baffles
showed substantially lower air velocities,
indicating that the gas-phase motion was
mainly restricted to the aerated riser, while the
downcomer zones remained predominantly
liquid-dominated. As the superficial gas
velocity increased from 0.025 to 0.10 m.s, the
high-velocity region became more intense and

11
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extended over a larger portion of the riser
height, confirming that higher aeration rates
increased the upward momentum of the
dispersed gas phase. This flow structure is
consistent with the typical operating

U, = 0,025 ms U,, = 005 s

mechanism of airlift reactors, where gas
injection produces a density difference
between the riser and downcomer regions and
thus drives internal circulation.

U, = 0075 mx? Uy, =01 ma!

Figure 4. Air velocity contours for (a) small airlift reactors, (b) large airlift reactors.

The air velocity contours also reveal clear
scale-dependent differences in the gas-phase
velocity field. In the small airlift reactor, the
high-velocity region occupied a relatively
broad portion of the riser and showed
noticeable lateral spreading between the
baffles, particularly at higher superficial gas
velocities. This indicates that the injected gas
was more effectively distributed across the
riser cross-section, promoting stronger gas—
liquid contact within the aerated zone. By
contrast, in the large airlift reactor, the high-
velocity region appeared narrower and more
vertically confined along the central axis above
the sparger. Although increasing Usgg
intensified the cloud in the large reactor, the
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gas-phase motion remained concentrated in a
limited region of the riser rather than spreading
uniformly across the reactor width. This
suggests that the scale of reactors influenced
the spatial distribution of gas momentum, with
the larger geometry producing a more
localized gas jet and weaker radial dispersion
compared with the small systems. The
quantitative variation of average air velocity
with superficial gas velocity is shown in Figure
5. In both reactors, the average air velocity
increased as Usg increased from 0.025 to 0.10
m.s?, confirming that higher aeration rates
enhanced the overall gas-phase transport
through the reactor. In the small airlift reactor,
the average air velocity increased from
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approximately 0.124 m.s* at the Usg = 0.025
m.s™ to about 0.141 m.s™ at the Usg = 0.10 m.s"
' For the large airlift reactor, the
corresponding  values increased  from
approximately 0.095 to 0.130 m.s™ over the
same range. Although the small airlift reactor
maintained higher average air velocities at all
superficial gas velocities, the difference
between the two scales was less pronounced
than what was observed for gas holdup. This
indicates that scale-up had a stronger effect on
gas holdup than on the mean upward gas
velocity, suggesting that the injected gas in the
large reactor was transported upward at
relatively comparable velocities but was
retained less effectively within the liquid
phase.
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Figure 5. Air-phase velocity vs. superficial gas
velocity across small and large reactors.

Overall, the air velocity results demonstrate
that increasing the superficial gas velocity
enhances the gas-phase transport in both small
and large reactors, however, the resulting
velocity field is not fully scale-independent.
Although the large airlift reactor produced
average air velocities relatively close to those
obtained in the small airlift reactor, its gas
holdup remained substantially lower. This
indicates that the gas phase in the large reactor
was transported upward through the riser at
comparable mean velocities, but with reduced

retention and weaker spatial dispersion within
the liquid volume. Therefore, the lower gas
holdup observed in the large airlift reactor
cannot be attributed solely to the reduced gas-
phase velocity, but rather to the scale-
dependent changes in gas residence and
distribution. These findings further confirm
that maintaining identical superficial gas
velocity is insufficient to ensure complete
hydrodynamic similarity during scale-up,
since similar average air velocities may still be
associated with markedly different gas holdup
and gas distribution patterns.

3.3. Volumetric mass transfer coefficient
(kLa)

The volumetric mass transfer coefficient (k.a)
is one of the main performance indicators in
airlift photobioreactors because it describes the
overall capacity of the system to transfer the
components of the gas-phase into the liquid
phase. For instance, in microalgal systems,
efficient gas-liquid mass transfer is essential
for maintaining sufficient CO; availability,
promoting photosynthetic carbon fixation, and
supporting stable reactor operation. Since kia
is strongly influenced by hydrodynamic
conditions, its variation provides a useful link
between the simulated flow behavior and the
expected biological performance of the
reactor. Figure 6 represents a comparison of
k.a between small and large airlift reactors.
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Figure 6. Comparison of k_a between small and
large airlift reactors.

As observed, the small airlift reactor’s kLa
increased constantly by increasing superficial
gas velocity, showing improved gas-liquid
mass transfer under high aeration conditions.
As Usg increased from 0.025 to 0.10 m.s™, kia
rose from approximately 0.16 s** to about 0.26
s’1. This enhancement can be because of the
combined effects of the increased gas holdup,
stronger bubble dispersion, and greater gas-
liquid interfacial area within the riser. At
higher aeration rates, the larger number of
bubbles introduced to the reactor increased the
available contact surface between the gas and
liquid phases, while the intensified upward gas
motion promoted stronger mixing and the
renewal of the liquid film around the bubbles.
Consequently, the resistance to gas transfer
was reduced and the overall volumetric mass
transfer capacity of the small airlift reactor was
improved.

As for the large airlift reactor, k.a increased by
increasing Usg, however, the absolute values
were considerably lower than those obtained in
the small airlift reactor. As Usg increased from
0.025 to 0.10 m.s?, kea increased only from
approximately 0.057 s* to 0.075 s?. This
shows that the higher aeration improved the
mass transfer capacity of the large reactor, but
the enhancement was limited compared with
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the same of the small system. At identical
superficial gas velocities, the kra values in the
small airlift reactor were approximately three
times higher than those in the large airlift
reactor. This difference is consistent with the
gas holdup results discussed earlier, where the
large airlift reactor showed substantially lower
gas holdup and a more confined gas cloud.
Since k.a depends greatly on the gas-liquid
interfacial area and bubble residence within the
liquid phase, the reduced gas holdup in the
large reactor directly limited its volumetric
mass transfer performance.

The scale-dependent reduction in k.,a has
important effects for the scale-up of airlift
photobioreactors. Although increasing Usg
improved mass transfer in both reactors,
operating the large airlift reactor at the same
superficial gas velocity did not reproduce the
mass transfer performance of the small airlift
reactor. This behavior can be because of the
lower gas holdup and more localized gas cloud
observed in the large reactor, which reduced
the effective gas—liquid interfacial area and
limited bubble residence within the liquid
phase. As a result, the larger reactor showed
weaker volumetric mass transfer despite
receiving the same insignificant gas velocity.
Since gas holdup governs the available gas—
liquid interfacial area, the CFD results from
both small and large reactors were combined
to develop an empirical correlation relating the
volumetric mass transfer coefficient to the
overall gas holdup. Regression of all simulated
data yielded:

kpa = 6.16)7°,R* = 0.98 (5)

Furthermore, Figure 7 compares the k,a
values predicted by CFD with those calculated
from the correlation. Most data points fall
within the +£25% deviation lines, indicating
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that the proposed equation provides a
satisfactory representation of the simulated
results over the investigated operating range.
The exponent of 0.706 suggests the sub-linear
dependence of mass transfer on gas holdup,
implying that the increases in gas retention
continue to enhance mass transfer but by
diminishing returns. The correlation may
therefore serve as a practical engineering
relationship for estimating k;a from CFD or
experimentally determined gas holdup for
geometrically similar airlift photobioreactors
operating under the investigated conditions.
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Figure 7. Comparison between the calculated k.a
(s1) and the one derived from CFD

The proposed relationship further
demonstrates the strong dependence of
volumetric mass transfer on gas holdup, as
higher gas holdup increases the effective gas—
liquid interfacial area available for mass
transfer. The exponent lower than unity
indicates a sub-linear relationship, suggesting
diminishing improvements in k;a as gas
holdup increases, which is commonly due to
the bubble coalescence, reduced interfacial
area efficiency, and changes in flow regime at
higher aeration rates. Similar nonlinear
relationships between gas holdup and k;a
have been reported in previous experimental

0 0.1 0.2 0.3 0.4 0.5

studies and review articles on airlift reactors,
confirming that gas holdup is one of the
dominant hydrodynamic parameters
controlling gas—liquid mass transfer and is
widely used for developing predictive
engineering correlations [33-35].

The k,a — &, exponents reported for airlift
reactors vary widely with geometry, flow
regime, and bubble-size behaviour: Blazej et
al. [35] obtained about 1.1-1.4 (classical value
1.2), whereas the two-stage internal-loop airlift
correlations of Zhang et al. [36] (g5
U™ kpa o< UJ?) imply kpa o g5°°.
The present exponent of 0.706 falls within this
range, and its value is consistent with the
theoretical airlift correlation of Ayazi Shamlou
et al. [37]. Derived ~m the penetration
theory, their mrx,f?\° s kpa o« g,(1—

&) T dgtS e+ Co(Usy + Ug)]™, s0
that due to the low gas holdups in the present
study, the explicit dependence on holdup is
approximately linear, while k;a is dominated
by the bubble diameter (x dz'®) and
additionally depends on holdup through the
liquid circulation velocity. In real reactors the
bubble diameter decreases by increasing Uy,
which raises the effective experimental
exponent; the monodisperse fixed-diameter
assumption used here removes this dominant
contribution, so the fitted exponent reflects
mainly the hydrodynamic and residence
dependence and sits toward the lower end of
the reported range. The correlation is therefore
recommended as an engineering estimator for
geometrically ~ similar  baffled  airlift
photobioreactors in the bubbly air-water
regime over the fitted range (Us;, = 0.025 —

0.10 m.s™*) and should not be extrapolated to
higher aeration, where the extended-range
results (Section 3.4) show the kpa— g
relationship flattening [36, 37]. The proposed
correlation enables the rapid estimation of the
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volumetric mass transfer performance from
gas holdup measurements or the CFD
predictions without requiring separate mass-
transfer simulations or experiments within the
validated operating range. This makes the
correlation particularly useful for the
preliminary reactor design, CFD-assisted
optimization, and scale-up studies of
geometrically ~ similar  baffled  airlift
photobioreactors. It should be noted that all
simulations used a single, constant bubble
diameter of 1 mm, and that this assumption has
a direct influence on &, and kpa. In real
reactors the bubble size is not uniform but is
set by the dynamic balance between the
coalescence and breakup, which depends on
the local turbulence intensity, gas fraction, and
liquid properties; at higher superficial gas
velocities, the intensified bubble interaction
and coalescence generally shift the size
distribution ~ toward  larger  diameters.
Nevertheless, since the identical bubble-size
assumption was applied at both scales, its
effect is largely systematic; the scale-
dependent differences in gas holdup and k; a,
which are reported here and underpin the
conclusions of this study, are therefore
expected to remain valid. A more rigorous
treatment incorporating a population balance
model (e.g., the MUSIG approach) or coupled
CFD-PBM simulation to resolve the local
bubble-size distribution is identified as a
valuable direction for future work.

Altogether, the lower gas holdup and k,a of
the large reactor can be traced to a single cause.
The showerhead sparger has the same 5 cm
footprint in both reactors, whereas the large
reactor has a substantially larger cross section,
liquid volume, and rise path; at identical
superficial gas velocity the injected gas is
therefore not spread over a proportionally
larger area but remains concentrated as a
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narrow central plume, as shown by the air
volume fraction and velocity contours. This
limitation can be compounded by the loss of
buoyancy-related similarity (the Froude
number falls to 0.41 of its small-scale values)
which weakens radial gas dispersion. Because
the gas is distributed more thinly through the
larger liquid volume, the average gas holdup is
4 to 5 times lower; and since the specific
interfacial area changes with holdup, the
reduction propagates directly into the almost
3-fold lower k;a. However, the average air
velocity is nearly preserved across scales
because, for the fixed 1 mm bubble, it is set
mainly by local buoyancy rather than by
reactor size. The scale-dependent penalty
therefore manifests in gas holdup and spatial
distribution rather than upward gas velocity,
which is why gas holdup and k;a decline far
more strongly than the mean air velocity
between two scales.

3.4. Wide operating range and scale-
dependent behavior

To examine whether the hydrodynamic
improvements observed in the common
operating range could be extended to higher
aeration conditions, additional simulations
were performed over a wider range of
superficial gas velocity. The purpose of this
analysis is to evaluate the broader response of
the reactor in terms of gas holdup, volumetric
mass transfer coefficient, and average air
velocity, and to determine whether increasing
Usg could compensate for the scale-dependent
reductions observed in the large airlift reactor.
As shown in Figure 8 (a — c), all three
parameters increased by increasing superficial
gas velocity, confirming that higher aeration
generally enhanced the gas holdup, gas-liquid
mass transfer, and upward gas-phase transport.
However, the results from the wide range also



Emamshoushtari et al. / Iranian Journal of Chemical Engineering, Vol. 22, No. 2, 3-25, (2026)

show that these improvements were not strictly
proportional across the entire operating range,
indicating that the reactor response became

increasingly dependent on scale and regime at
higher gas velocities.
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Figure 8. Behavior of the wide range of large reactors: (a) gas holdup, (b) kia, (c) air velocity.

The extended gas holdup results (Figure 8 (a))
shows that increasing superficial gas velocity
continued to enhance the gas holdup over the
wider operating range. As Usg increased, the
overall gas holdup rose from approximately
0.0011 at the lowest aeration to about 0.013 at
the highest superficial gas velocity. However,
the increase was not uniform across the entire
range. At lower gas velocities, gas holdup
increased more gradually, whereas a stronger
rise was observed at intermediate aeration
rates, indicating more effective bubble
entrainment and gas accumulation within the
reactor. At higher values of Uy, the rate of
increase became less pronounced, suggesting
that additional aeration did not result in

proportional gas retention. This behavior may
be associated with intensified bubble
interactions, coalescence, and faster cloud
transport at elevated gas flow rates, which can
reduce the effective residence of bubbles
within the liquid phase despite the larger
amount of gas introduced into the system. The
extended kra results (Figure 8 (b)) followed
the same general trend as gas holdup,
confirming that the enhanced gas holdup
influences the gas-liquid mass transfer
positively. As the superficial gas velocity
increased across the extended range, k.a rose
from approximately 0.057 s? at the lowest
aeration to about 0.187 s at the highest
aeration. This increase can be due to the
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greater number of bubbles introduced into the
reactor, which increased the available gas—
liquid interfacial area and promoted more
effective renewal of the liquid side around the
bubbles. However, similar to the gas holdup
behavior, the increase in kLa was not strictly
linear over the entire operating range. At
higher gas velocities, the increase in kia
became less proportional to the increase in Usg,
suggesting that intensified aeration may be
accompanied by the stronger bubble
coalescence, shorter gas residence time, and
less efficient utilization of the injected gas for
mass transfer.

Figure 8 (c) shows the extended average air
velocity results, further confirming the non-
proportional nature of the reactor response at
higher aeration rates. As Usg increased, the
average air velocity rose from approximately
0.095 m.s at the lowest gas velocity to about
0.19 ms?t at the highest gas velocity.
However, the slope of this increase decreased
at higher values of Usg, indicating that the gas-
phase velocity became less sensitive to
additional aeration. When considered together
with the gas holdup and k.a trends, this result
suggests that increasing Usg can partially
improve hydrodynamic and mass transfer
performance, but the improvement becomes
progressively less efficient at higher aeration
rates. Therefore, compensating for scale-
dependent losses by simply increasing
superficial gas velocity may not be the most
effective scale-up strategy, as higher aeration
can lead to reducing hydrodynamic benefits
and potentially greater energy demand. These
findings indicate that performance-based
scale-up criteria, such as target gas holdup,
target kia, circulation intensity, or power input
per unit volume, should be considered in
addition to superficial gas velocity.
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3.5. Scale-up analysis based on power input
per volume

To evaluate the scale-up behavior more
systematically, hydrodynamic similarity was
further examined using dimensionless and
energy-based parameters. Although superficial
gas velocity is commonly used as a primary
operating variable in aerated reactors, the
results discussed in the previous sections
showed that maintaining the same Usg did not
preserve gas holdup, gas-phase distribution, or
kLa between the small and large airlift reactors.
Therefore, additional scale-up indicators,
including the Reynolds number, Froude
number, and power input per unit volume,
were analyzed to clarify how changes in
reactor size affected the balance between
inertial, gravitational, and energy-input
effects. This analysis provides a more
comprehensive basis for interpreting the
observed scale-dependent hydrodynamic and
mass transfer behavior.

The Reynolds and Froude numbers both
increased by increasing superficial gas
velocity, but their scale-dependent behavior
was different. As shown in

Figure 9(a), the large airlift reactor showed
higher Reynolds numbers than the small airlift
reactor at all Usg values, mainly due to its
larger characteristic length. This indicates that
inertial forces were dominant over viscous
forces in both reactors, particularly in the large
system. Therefore, the differences previously
observed in gas holdup and k.a are unlikely to
be associated with a transition in the flow
regime, but rather with scale-dependent
changes in gas distribution, the residence time,
and circulation structure. In contrast,

Figure 9(b) shows that the Froude number was
not preserved between the two scales. Since
the Froude number represents the relative
importance of inertial forces to gravitational
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effects, the difference between the small and
large airlift reactors indicates that buoyancy-
related dynamic similarity was not maintained
when the same Usg was applied. This is
particularly important for airlift reactors,
where circulation is mostly driven by the

density difference between the aerated riser
and the downcomer.
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Figure 9. Hydrodynamic scale-up parameters vs. Usg across reactor scales: (a) Re, (b) Fr, (c) P/V.

Power input per unit volume was further
evaluated as an energy-based scale-up
parameter, since pneumatic energy input
governs bubble generation, gas dispersion, and
liquid circulation in airlift reactors. As shown
in

Figure 9(c), P/V increased by increasing
superficial gas velocity for both small and
large reactors, indicating that higher aeration
rates were accompanied by greater energy
input into the liquid phase. At a given Usg, the
large airlift reactor showed higher P/V values
than the small airlift reactor, which is due to its
greater liquid height and the corresponding

increase in hydrostatic pressure that must be
overcome during gas injection. This result
indicates that identical superficial gas
velocities do not necessarily require equivalent
energetic conditions across different reactor

scales. Accordingly, P/V provides an
additional basis for interpreting scale-
dependent  aeration  requirements  and

reinforces the limitation of using Usg alone as

a scale-up criterion.

Although P/V increased with scale according

to the hydrostatic pneumatic  power

formulation, the large airlift reactor still

showed noticeably lower gas holdup and k.a
19
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than the small airlift reactor at identical Usg.
This indicates that higher energy input per unit
volume does not necessarily result in the
improved gas retention or mass transfer when
the gas phase remains spatially confined and
the effective gas-liquid contact volume is
limited. In the large reactor, the injected gas
formed a more localized cloud and was
distributed over a larger liquid volume, which
reduced the average gas volume fraction and
limited the available interfacial area for mass
transfer. Therefore, the scale-up behavior
cannot be explained by a single parameter
alone. Instead, the combined trends of Re, Fr,
and P/V demonstrate that hydrodynamic
similarity requires simultaneous consideration
of  inertial  effects,  buoyancy-driven
circulation, gas residence, and energy input.

Because the two reactors are geometrically
similar, Re, Fr, and P/V all change with the
characteristic liquid height (ratio 2.43) and are
therefore not independent, so their relative
importance is assessed from the direction of
change with scale rather than by independent
variation. At a fixed superficial gas velocity,
Re and P/V both increase by increasing scale
(by factors of 2.43 and 2.37), where Fr

Table 3 shows the cross-scale comparison of
dimensionless and energy-based scale-up

decreases to 0.41 of its small-scale value.
Since the gas holdup and k;a of the large
reactor are lower by factors of about 4-5 and 3
respectively, the Froude number is the only
parameter that changes in the same direction as
the observed performance, which makes it the
most diagnostic indicator of the loss of
hydrodynamic similarity among the three
examined. This is physically reasonable given
the buoyancy-driven nature of airlift
circulation, for which Fr states the inertial-to-
gravitational balance; it is presented here as the
most indicative criterion rather than a proven
controlling one. The Reynolds number
remains in the fully turbulent range (10*-10°)
at both scales, indicating that the performance
loss is not caused by a flow-regime transition,
and the higher P/V of the larger reactor shows
that greater energy input per unit volume does
not restore hydrodynamic similarity and that
compensating through increased aeration
carries a growing energy penalty. Establishing
the causal ranking of these criteria would
require experiments at three or more scales to
decouple the parameter groups, which is
identified as future work.

parameters in the superficial gas velocity
values of 0.025 and 0.1 m.s™.

Table 3.
Cross-scale comparison of dimensionless and energy-based scale-up parameters (U, = 0.025 and 0.10
m.s71)
Parameter Small reactor Large reactor Large/small ratio
Re 8.7x10° — 3.5x10* 2.1x10* — 8.5x10* 2.43
Fr 1.8x107* - 2.9x1073 7.5x107° — 1.2x1073 0.41
P/V (W.m?3) 8.1-32.6 19.3-77.3 2.37

4. Conclusion behavior of airlift reactors using CFD

This study investigated the scale-dependent
hydrodynamic and gas—liquid mass transfer
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simulations at small and large reactors. The
results showed that increasing superficial gas
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velocity improved gas holdup, gas-phase
transport, and volumetric mass transfer,
however, identical Usg values did not preserve
hydrodynamic similarity during scale-up. In
the common operating range of 0.025 — 0.1
m.s™%, the overall gas holdup in the small airlift
reactor increased from approximately 0.0045
to 0.0116, whereas the corresponding values in
the large airlift reactor increased only from
approximately 0.0011 to 0.0026. Therefore,
the small reactor maintained nearly four to five
times higher gas holdup than the large reactor
at identical superficial gas velocities. The air
volume fraction and velocity contours
confirmed that the gas phase was mainly
concentrated in the riser region, but the large
reactor developed a narrower and more
localized gas cloud, indicating weaker radial
gas dispersion and reduced gas retention.
Although the average air velocity increased
from approximately 0.124 to 0.141 m.s™ in the
small reactor and from approximately 0.095 to
0.130 m.stin the large reactor, the difference
between the two scales was less pronounced
than that observed for gas holdup, suggesting
that the lower gas holdup in the large reactor
was mainly connected to the gas distribution
and residence rather than upward gas velocity
alone. The volumetric mass transfer
coefficient also showed strong scale
dependence, increasing from approximately
0.16 to 0.26 s in the small reactor, but only
from approximately 0.057 to 0.075 s in the
large reactor over the same Usq range. This
reduction in kia was due to the lower gas
holdup and more confined gas—liquid contact
region in the larger reactor. Additional
simulations for the large reactor over a wide
range of aeration showed that increasing Usg
could partially balance the reduced
performance, with gas holdup reaching
approximately 0.013, k.a increasing to about
0.187 s, and average air velocity reaching

approximately 0.19 m.s. Nevertheless, the
response became less proportional at higher
gas  velocities,  suggesting  declining
hydrodynamic and mass-transfer benefits with
further aeration. The scale-up analysis based
on Re, Fr, and P/V further showed that
superficial gas velocity alone is not a sufficient
scale-up criterion, because inertial, buoyancy-
related, and energy-input effects varied
differently between reactor scales. These
results have several practical implications for
the scale-up and design of airlift
photobioreactors. First, because keeping the
superficial gas velocity did not maintain the
gas holdup or k; a, scale up should be based on
a target mass transfer performance (gas holdup
or k,a) rather than on a fixed U,,. Second,
although increasing U, partially recovered the
performance of the larger reactor, the gains
diminished at higher aeration and were
accompanied by a rising power input per unit
volume; raising the gas flow rate is therefore
an inefficient stand-alone compensation
strategy. Third, since the lower performance of
the larger reactor originated mainly from the
gas confinement associated with an unscaled
sparger footprint, the most effective design
levers are geometric, increasing the sparger
area and improving its distribution, adjusting
the riser cross section, and optimizing baffle
spacing, so as to restore radial gas dispersion
and gas-liquid contact at larger scales. Finally,
the conservation of the Froude number offers a
simple and physically meaningful check of
buoyancy-driven similarity during initial
design. These guidelines are drawn from CFD
and are intended to inform and help the target
scale during experimental operation. The
findings indicate that scale-up of open-tube
airlift photobioreactors should be guided by
combined hydrodynamic, mass-transfer, and
energy-based criteria, including the gas
holdup, gas residence, gas-phase distribution,
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k.a, Froude number, and power input per unit

volume,

rather

than relying solely on

maintaining identical superficial gas velocity.
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