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Abstract: - Microalgae cultivation in horizontal loop tubular photobioreactors (HLTPs) is more efficient for
biofuel production than other methods. It is important to inject CO; into the photobioreactors to ensure
microalgal growth. Due to the complex flow path and bubble arising from CO, penetration in the tube,
turbulence may occur in the flow. In this work, a two-phase turbulent flow of CO, and microalgae suspension
is considered for simulating the flow. An HLTP is used here as the computational domain for our simulation.
Besides a slow growth in the culture, we have observed that the flow inside the reactor forms a parabolic
shape at the straight portion. However, a wavering flow is found around the U-loop portion of the tube. The
pressure is gradually dropped along the arc length. The shear rate is somewhat high and fluctuates within the
tube. The effect of the nutrient on growth is also found.
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1 Introduction

In most cases, the environment is hampered by
using petroleum-based fuels due to increasing
Green House Gases (GHG), like CO,, CO, etc.
Moreover, this fuel type is now predicted as
unsustainable because of decreasing supplies. The
impact of GHG is not only the cause of Global
Warming (GW) but also has a negative influence
on the total environment and individual life. In this
situation, carbon-neutral and renewable fuels are
essential for both economic and environmental
sustainability, [1]. The potential of plant-based
biofuels as a sustainable and carbon-neutral
alternative to petroleum fuels is impressive, [2].
Although biofuels can be produced from Corn,
Soybean, Canola, Jatropha, Coconut, Palm,
Microalgae, etc., the more promising ones are

E-ISSN: 2224-3461

44

microalgae, [3]. Several microalgae species are
ideal biomass sources for biofuel technology due to
their large productivity and lower greenhouse gas
secretion capability, [1], [4]. In the algae
production sector, there are two main systems: the
open pond system and the closed bioreactor system.
Since open ponds are inexpensive to operate, algae
have historically been grown there for extended
periods. However, due to biological and technical
constraints on controlling growth conditions and
contamination threats, closed photobioreactor
(PBR) systems have to be developed. Besides
prevention of contamination with other micro-
organisms in closed systems, the biomass recovery
cost is lower than that in the open ponds, [1], [5],
[6]. The Tubular PBRs are the best category among
the different PBR designs for producing biomass
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outdoors, [3], [7], [8], [9]. In this culturing
technique, different factors such as Light,
Temperature, CO,, mass transfer, turbulence, and
liquid circulation time have a direct influence on
microalgae growth. In the process of cultivating
microalgae, CO, gas must be injected into the
tubular reactor; however, this gas causes bubbles
inside the PBR, which alter the flow patterns.
Useful algae production practices and the PBR
model still do not work as expected due to
inadequate knowledge of turbulent flow behavior in
the reactor. We examine a two-phase turbulent flow
of microalgae suspension and CO; in this work to
comprehend fluid dynamics phenomena that arise
from the injection of CO, gas into a Horizontal
Loop Tubular Photobioreactor (HLTP). Our goal is
to study the pressure and shear stress inside the
HLTP to gain an in-depth understanding of flow
phenomena to increase cell growth.

2 Literature Review and Theoretical

Framework
Two-phase flows can be found in many different
industrial applications as well as in nature. A two-
phase fluid is typically referred to as a mixture,
[10]. Different kinds of two-phase flows can be
produced by combining two different phases, such
as gas and liquid, liquid and solid, liquid and liquid,
and so forth. A two-phase gas-liquid flow of CO;
and microalgae suspension is taken into
consideration in this work. Various studies have
been done on single-phase as well as two-phase
flows. A  computational model for an
incompressible, laminar, and Newtonian single-
phase microalgae suspension flow in a single-loop
tubular reactor was used to simulate and identify
the sensitive region in the reactor that might cause
cell fragility, which reduces the optimization of the
biofuel production, [11]. The growth of microalgae
in a photobioreactor was calculated using a
computational growth model that was related to the
average irradiance and the results demonstrated that
the growth of microalgae varied with the average
irradiance over a year, [12]. A two-phase
incompressible and laminar flow of oil and water in
a typical circular tube domain was analyzed using a
computational fluid dynamics (CFD) model at
various times. The flow dynamics, comprising the
velocity profile, volume fraction, shear rate,
pressure distributions, and interfacial thicknesses,
were analyzed using the model, [13].
Understanding fluid dynamics phenomena after
injecting CO» gas into a tubular photobioreactor
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(PBR) through a two-phase incompressible and
laminar flow of CO, and microalgae suspension
revealed that the U-loop area is responsible for cell
fragility, [14]. Now for evaluating the flow
behaviors in case of a two-phase turbulent flow of
microalgae suspension and CO> gas in the tubular
photobioreactor, a higher concentration is needed to
provide. Consequently, the flow becomes turbulent.

The morphology of microalgae shows that the
cell membrane of matured microalgae becomes
very thin. As a result, cells become shear-sensitive
from a mathematical point of view. One of the
challenging tasks in the algae cultivation process is
the development of a mathematical model that
helps in an in-depth understanding of flow patterns
inside the reactor. In this study, our main goal is to
predict the microalgae suspension flow phenomena
at different cross sections inside the reactor using
the simulation process. Without understanding the
flow dynamics, it is tough to make a decision about
the cell damage area of the reactor geometry. Once
identify the sensitive area, we can take action to
prevent cell damage by controlling the initial
conditions. The approximate behavior of the system
can be found by using a computational model.
Approximate solution methods are more popular
than direct integration methods. With the arrival of
high-speed computers, the Finite Element Method
(FEM) is the most appropriate method for obtaining
approximate solutions with high accuracy, [15].
The ability to handle complex geometries using
irregular grids of varied forms and to provide a
collection of functions that indicate the distinction
of differential equations between grid points makes
the finite element method superior to other
approaches for the desired approximation, [16]. So,
the finite element approximation method is applied
to analyze the microalgae suspension flow inside
the reactor. Some relevant studies are available in
[17], [18].

3 Methodology

3.1 Computational Domain and Mesh

Design
This work wuses an airlift-driven, single-loop
horizontal  tubular  photobioreactor as the

computational domain. Figure 1 depicts a typical
circular tube domain and its mesh design with 6.4
m in length and 0.025 m in radius. The domain’s
surface area and working volume are 1.005 m? and
0.01257 m®, respectively. The result for the mesh
with 60587 elements is significant compared to the
mesh with 51014 elements, and further refinement
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with 82863 elements does not significantly change
the outcome (Figure 2). Since the mesh design
greatly influences the accuracy of the numerical
findings, we thought that the mesh design with
60587 elements would be an appropriate choice for
our simulation. Minimum quality: 0.1371, average
quality: 0.5719, domains: 3, faces: 20, edges: 36,
points: 20, and 619,748 degrees of freedom. Figure
2 depicts the grid sensitivity analysis for validation.
Inside the HLTP, a uniform mixture of CO; and
microalgae suspension is injected. It is assumed
that the flow pattern of this mixture is turbulent,
and also assumed that it is an incompressible two-
phase Newtonian fluid.

: Computational Domain and its Mesh Design
Source: created by the authors

Grid Refinement

Used in the current FE model)

6 hrs

0.59
4.5 5 55 [} 6.5 7 75 8 85

Number of Elements w104
Fig. 2: Grid sensitivity analysis
Source: created by the author

3.2 Experimental Setup

A photobioreactor controlled by an airlift system
[19], including a continuous tubular solar receiver,
comprises two primary components: the airlift
mechanism and the looping solar receiver (Figure
3). The purpose of the airlift machine is to move
the culture via the solar receiver. Gas bubbles are
kept from recirculating into the solar loop by a gas-
liquid separator in the upper section of the airlift
column. Oxygen builds up during photosynthesis in
the solar tube and is removed in the airlift zone as
the fluid exits the solar loop. The pertinent design
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elements are then covered, one for each of the two
zones.

Fig. 3: The outdoor culture system with details of

the solar loop (a) and the degasser zone (b)
Source: created by the authors

3.3 Governing Equations
Current flow behavior is expressed by using the
following most widely used set of equations for
incompressible fluid dynamics:

Continuity  equation, which is the mass
conservation equation:
Viu=0 (1)

where U is the velocity field.

The Navier-Stokes equation, which is the equation
of motion:

poe+ P Vu =V [pl + G+ pur)(Vu +

(VW] +pg +Fo + F 2)

where p is the density, p is the pressure, 4 is the

dynamic viscosity, Fs is the surface tension force

acting at the gas/liquid interface, and F is the body

force. The k—e turbulence model is given by the
equations:

pZ—f+p(u-V)k=V-[(u+i—:)Vk]+Pk—pe

(€)
7]
po+p(u-Mk=v-|(u +ﬁ_—:)V6] +Cer 2P —
2
Ce2p™; )
kZ
where, pr = pCy—

€

Py = pr[Vu: (Vu + (Vu)")]

Interfacing of two phases is described by the
equation:

29 — V- _ AL
E+u-V®—yV (e,sVD — 0 (1 ®)|V®I

©)
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where the ¢ determines the thickness of the
interface, ¢ is the level set function, k is the
turbulence kinetic energy, and y is the intensity of
reinitialization. Wall functions are:

Uye-n =0 (6)

[Ge+ i) (Vu+ (VW0 = ~p F tretzang ()

where, Upe] = U — Uy.projy Uw-proj =
uy,—(uyy-n)n

L
”uw_(uw'n)n” ” W”
Urel-tang = Urel — (Uye; - )M

_ __ Cuk?
Vk-n=0, e= pkv(m#
Attheinletu = up, k =2 (lely2, €=

3/4 k3/2 _
Cli Ly’ 0= Vf

And at the outlet: [—pI + (u + ur)(Vu +
(Vu)"In = —fon
Vk-n=0, Veen=0

3.4 Finite Element Approximation
Variational statement:

r(x,t) =p(g—:+u-Vu)—V- [pI +
(u+pr)(Vu+ (Vu)")] — pg — Fy ®)

According to the weighted residual method [15],
there is (U, p) € V x Q such that for every t € |

(r,v)=0,vveVandv=0onT, )
(V-u,q)=0, VvqeQ (10)
ux,0)=uo inQ (11)
ux, ty=1 vx € T, (12)

where V and Q are velocity and pressure spaces,
and the inner product is defined by
(a,b) = fﬂa-bdﬂ (13)

The integral representation of (9) is presented as
follows:

fg% -vdQ+ [ ([pl + (u + pr)(Vu +

(Vw)HIW) dQ — [, pg - vdQ — [, Fs -
vdQ—[,F-vdQ=[ T-vds (14)

We consider a bounded and connected
computational domain Q with boundary 0Q =
I'WUIy, where I'yUT't= @. On I';, the movement U is
prescribed, and on I%, the surface traction t is
prescribed, Vv is chosen to be zero on [.
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The variational statement of the problem is,
Find (u, p) € V x Q such that for every t € |

(P%, v) + [Pl + [ + pr) (Vu + (V)] Vu] —
(pgv) = (Fst, v) = (F,v) = b(T,v), ¥ € V, (15)

(V-u,q) =0,¥q € Q (16)
u(x, 0) = ug in Q (17)
u=1tonT, (18)

V= {vlv € [H'(M]*} (19)
Vo={v|veVandv=0onT,} (20)
Q = {BIB € H' (@)} 1)

This variational statement is commonly
referred to as the weak formulation of a Newtonian
incompressible flow in two phases within a
computational domain €.

3.4.1 Galerkin Approximation
To find the Finite Element approximation, let Vy C
V be an N-dimensional subspace of V with basis
functions {¢1, @2, @3, **,¢n}. Approximating v and
g in equations (15—22) by
Vp = Yh=1 PxVx and q = X1 6,q,
D
V(P22 00) + [ + [+ pr) (Vu +

V)N, V0,] = (pg, 1) = (Fer, 010) — (F, By) —

b(T, P )}vr =0 (22)

p=1(V "t 6p)qp =0 (23)
These can be written as
d
(055 01) + (pu-Vu, 0) + [(pl + [(Vu +
(VD] V8, ] = {(pg, Bi) + (Fst, Di) +
(F,@x) + b(T, D)} (24)
(V-u6,)=0 (25)
Now, approximating U and p respectively by
Up = Z?’=1 @yu; and pp, = ZpM=1 WpDp

Therefore, we get from the equations (24) and (25)
YL {(p®r, D)1y + (0@, - VO, B )uy +
WV, Vo )u + (u(VE)T, VB, )u +
(urV0, V0w, + (ur(VO)T, VB )u] +
p=1Up, V0P = (pg, Bic) + (For, D) +
(F,®y) + b(T, D) (26)
Yh=1(V O, Ip)uye = 0 (27)

According to the Galerkin method, the
weighting functions are chosen to coincide with the
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basis functions. We seek an approximate solution
such that the total weighting residual error over (1
vanishes.

Let uk be the corresponding finite element solution
using equation (27). Then there exists a constant C

such that
max
T u(®) — u @l
<c@1
T | max , )
+[log 5y ¢ R @ IH2 @)

where h is the minimum step size.

3.5 Growth Kinetics
The rate of photosynthesis is modeled as [20]:

1
P =P (28)

where the variables P, Pp, I, and I¢ represent the
specific rate of photosynthesis, maximum specific
rate of photosynthesis, light intensity reaching the
cells, and constant based on algal species,
respectively. The rate of photosynthesis across the
entire culture concerning the incident light intensity
(lo) that reaches the system’s external surface.
Using the Beer-Lambert law for light distribution in
combination with a Monod-like function, the local
rate of photosynthesis can be computed as follows,
[20]:
_ Ipe™

PW) =Py —=om 29)
where X is the cell concentration, lx is a saturation
constant, Pp is the maximum volumetric rate of
photosynthesis, ¢ is the extinction coefficient
indicating the broth’s degree of light absorption,
and P(l) is the local volumetric rate of
photosynthesis at a distance of | from the system’s
external boundary. After that, the rate of
photosynthesis for the entire system P can be
calculated by integrating P(l) across the system
volume in the following way, [20]:

P = fVP(l) av (30)
where dV is the volume of the discrete elements
and V is the culture volume.

oxl

A modified version of the Monod equation
called the Haldane equation is frequently used to

explain how substrate inhibition affects the
transient behavior of cells, [21], [22], [23]:
S
U= Umax 2 (31)
S+Kg+——

S
S+KLS
Here, the substrate concentration is S, the

substrate saturation constant is Ks, the substrate
inhibition constant is Kjs, and the specific growth
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rate is u. The maximal specific growth rate is
represented by umax. Nutrient deficiency is known
to promote oil buildup while preventing biomass
development, [24], [25]. Furthermore, light
intensity is essential for microalgae proliferation
and lipid accumulation, [26], [27].

Consequently, the Haldane equation
(represented by equation (31)) must be improved to
consider the extra effects of nutrient concentration
and light intensity. Utilizing two distinct
expressions for the N effect as a substrate, the
specific (oil-free) biomass growth and the lipid
accumulation rate were reported here [22]. This is
because N affects biomass concentration and lipid
buildup differently. The influence of light strength
as a pseudo-substrate was also modeled using the
Aiba model, [28], [29].

Therefore, ux, the specific oil-free biomass
development rate, can be expressed as follows
using a pseudo-triple substrate expression:

_ S N
Ux = Uxmax 2 N2
S+Kys+—— N+Kxy+——
o Kixs Kixn
I(1
1(1)2 (32)
I(l)+KXI(l)+

Kix1(

where uxmax, the maximum specific growth rate of
oil-free biomass on acetate substrate (hereafter
referred to as a substrate), is determined by the
concentration of nutrient N and the intensity of
local light | (I). The saturation constants are Kxs,
Kxn, and Ky, and the inhibition constants for oil-
free biomass growth are Kixs, Kixn and Kix
depending on the substrate, nitrogen absorption,

and light intensity, respectively. Finally, the
microalgae growth rate is expressed as:
o = X (33)
Table 1. Physical properties of fluids
Property Value
Density of microalgae 1020kgm™3
suspension
Density of CO; 1.8kgm™3
Inlet velocity 0.5ms™!
Turbulent intensity 0.05
Turbulence length scale 0.0Im

Source: created by the authors in simulation
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Table 2. Parameters of the growth model

Name Value
Maximum growth rate 0.063[1/h]
Substrate 2.1[gL ™"
Nitrogen 0.098[gL™]
Maximum specific growth rate 0.227[h 1]
Saturation constant based on substrate 0.050[gSL™]
Inhibition constant based on substrate 9.923[gSL™!]
Saturation constant based on nutrients 0.065[gNL™!]
Inhibition constant based on nutrients 0.500[gNL ]

19.519[L 2]
2053.924[L 2]
125[L2J]
458.6[mgL™"]

Saturation constant based on intensity
Inhibition constant based on intensity
Incident light Intensity
Biomass concentration

Molar Extinction coefficient

34.104[g(mgL ™)) 'Lm™']

Source: [31]

4 Result and Discussion

In this study, the two-phase flows of CO, and
microalgae suspension are simulated using
COMSOL Multiphysics. Table 1 and Table 2
provide the parameters and properties of the fluid
phases, respectively. We have examined the flow’s
shear rate distributions, pressure, and velocity
magnitude. Besides the hydrodynamical behavior
analysis of the flow, the biomass production
scenario has also been observed. To validate our
simulation setup, a comparison with experimental
work regarding biomass production has been done,
[30]. Experiments [30] were conducted for the
investigation of the effect of each metabolite on
biomass growth and on lipid accumulation. The
model was validated for different sets of substrate
concentrations. To observe the biomass growth
condition, a simulation has been done with a two-
phase turbulent flow of microalgae and CO; in a
horizontal single-loop tubular photobioreactor
including nitrogen as a nutrient. The mass flow
pattern through the whole computational domain
(Figure 4(a)) reflects the behavior of the flow in
times at different cross sections of the tube. The
longitudinal view of the flow is given in Figure
4(b). Figures 4(a) and 4(b) show the flow behavior
across the entire computational domain at time
t=200 hours. From the figures, we observe that the
different cross-sectional views of the flow pattern
and the almost similar flow pattern, where the
maximum velocity is observed at the middle of the
tube. From the legend, it is clear that the flow in
the middle is almost double compared to the wall.
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At the wall, the velocity is approximately zero due
to the no-slip condition.

Time=200 h Slice: Velocity magnitude (m/s)

z

v

Fig. 4(a): Velocity profile of the microalgae culture
through the domain of the reactor (cross-sectional
view)

Source: created by the authors

Time=200 h Slice: Velocity magnitude (m/s)

Vv o0.19

Fig. 4(b): Velocity profile of the microalgae culture
through the domain of the reactor (longitudinal
view)

Source: created by the authors

The parabolic shape of the flow (Figure 5)
validates the setup of the simulation. The highest
velocity at the center of the tube and the lowest
velocity at the wall of the tube acknowledge the
appropriate application of the no-slip condition.
The velocity magnitude has gradually increased
from the lower part of the tube and reached a
maximum at the middle, which is around 0.6m/s,
and again gradually decreased to about zero due to
the no-slip condition at the wall. A regular pressure
drop is found from the inlet to the outlet except at
the U-loop portion of the tube (Figure 6). Around
the U-loop, we found a sharp fall of around 100 Pa.
Sudden pressure fluctuations are observed at the
entrance and exit of the U-loop portion. These
fluctuations may result from fittings and bends.
Pressure and flow inside the system are directly
correlated. This means that the flow rates were
gradually decreasing from inlet to outlet, whereas
the flow becomes wavering in nature at the edge of
the u-loop portion.

The rate at which a material deforms across a
neighboring layer due to velocity gradient is known
as the shear rate. Measured in reciprocal seconds,
the flow rate and the vessel cross-section both
affect the shear rate. Figure 7 shows that at the
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center of the reactor, the shear rate is about zero,
which means that almost no deformation in
the shape of the elements occurred at the center of
the tube, but Figure 8 shows that near the wall of
the tube, the deformation rate of the elements is
significant.

The numerical representation of the degree of
turbulence in a certain flow is called turbulent
kinetic energy. The flow velocity fluctuation’s root
mean square can be used to quantify it. The mean
kinetic energy per unit mass for a turbulent flow is
the simplest definition of it in fluid dynamics.
Figure 9 shows the turbulent kinetic energy of the
flow near the wall of the tube. It is viewed that at
the entrance of the U-loop, the kinetic energy
fluctuates due to the geometry of the tube. After
crossing the loop, it has a logistic shape of growth
of energy to reform the shape of the flow.

06 Line Graph: Velocity magnitude (m/s)

-

0.5/ N
0.5
0.45;

0.4r

Velocity magnitude (m/s)

0354

0 0.01 0.02 0.03 0.04
Arc length

Fig. 5: Velocity magnitude of the flow on the

vertical cross-section at x=0.8m
Source: created by the authors

Line Graph: Pressure (Pa)
500

450
400
350
300
250
200
150
100
50
o]

Pressure (Pa)

0 1 2 3 4 5 6
Arc length

Fig. 6: Pressure distribution on the wall of the
domain.
Source: created by the authors

The microalgae cell growth is represented in
this model using the increase in the amount of
biomass concentration. At low nutrient levels,
turbulence can simplify nutrient transfer to algal
cells, facilitate the nutrient intake rate, and hence
enhance the growth rates, [32]. Figure 10 shows the
comparison for validation between the present
model result of biomass concentration for the total
time at the point X = 2.5m in the inlet side of the
tube and the experimental result, [30]. A good
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agreement is remarked for the simulation and
experimental results.

Line Graph: Shear rate (1/s)

Shear rate (1/s)
N
w

ob——0o S
0 0.5 1

1.5 é 2?5 Ill -
Arc length
Fig. 7: Shear rate distribution at the center of the
inlet side of the tubular reactor at the time t=200h
Source: created by the authors

Line Graph: Shear rate (1/s)

1107
100
90-
80\

70-

e0H ——
50-
40+
30-
201
10 : | | | |
0 05 1 15 ) -5 :

Arc length
Fig. 8: Shear rate distribution on the wall of

the inlet side of the tube
Source: created by the authors

Shear rate (1/s)

The cell concentration forms a logistic curve for
both cases. A very slow growth is observed in the
initial phase. Later, the cell concentration is noted
exponentially and eventually reaches the saturation
level. The scenario is significantly matched with
the experimental result, [30].

Line Graph: Turbulent kinetic energy (m?/s%)
0.0035F T T oy :

0.003 f
0.0025 - |
0.002 ‘ I,
0.0015 ‘

0.001]

Turbulent kinetic energy
(m2/s?)

0.0005 ‘
0 1 2 3 4 5 6
Arc length

Fig. 9: Turbulent kinetic energy along the domain
Source: created by the authors
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Blomass Concentration
T

—Thls Work
= Expuinent
I

100
Time(h)

Fig. 10: Comparison of biomass concentration between
simulation and experimental results.
Source: created by the authors

5 Conclusion

A computational model has been designed to
observe the flow behavior of a two-phase turbulent
flow of microalgae suspension and CO,. Besides,
the nutrient effect is also taken into account for
measuring the growth. A perfect parabolic shape of
velocity due to the flow is seen inside the reactor.
To observe the reasons of variation in velocity, the
pressure distribution has been studied. Comparative
velocity among elements has been studied by
means of shear rate. Fluid elements become shear
sensitive near the wall and at U-loop portion of the
tube. To overlook the intensity of turbulence in the
flow, the behavior ’turbulence kinetic energy’ is
extracted. Due to complex geometrical shape,
kinetic energy fluctuations are executed in the U-
loop portion of the tube. For validation, the
performance of growth model is compared with an
experimental work which shows a good
consistency. Finally, it can be claimed that the
computational model worked as expected.
Understanding the dynamics of cell production
makes it very logical to move towards for a large-
scale production. Since wavering flow exits in the
U-loop portion of the tube, it is important to control
the initial conditions as well as fix up the
appropriate inner and outer radii of the tube to
make the flow quieter and to reduce the cell
fragility at the U-loop portion.
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