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Algal biofuels are intriguingly a renewable energy source that could partially substitute fossil fuels, but further research is required
to optimise the growth parameters and establish competitive large-scale cultivation systems. Algal growth is directly dependent on
momentum, heat, and mass transfer within the photobioreactor and environmental conditions. Therefore, in this computational
study, the heat transfer between the thin-layer cascade (TLC) reactor and its surrounding was reported based on static (location
and reactor geometry) and dynamic (air temperature, solar irradiance, and wind velocity) parameters. The resulting model was
validated using experimental data. The Nusselt number and the monthly average water temperature were computed to investigate
the heat transfer phenomena between the TLC reactor and atmosphere. In addition, a novel corelation was used to estimate the
evaporative losses from the TLC reactor. The effect of geometric properties (inclination angle of the reactor, water depth, and
channel width) was evaluated on heat transfer. Results showed that heat transfer rate and the optimum water temperature for algal
growth were significantly affected by hydrodynamics, environmental conditions, and reactor design. Water temperature de-
creased with the increase in channel width, water depth, and slope angle of the reactor. Furthermore, algal productivity declined

with the increase in the amount of evaporated water.

1. Introduction

A strong interest in the cultivation of photoautotrophic
microalgae is stimulated by their diverse applications: bio-
fuels, chemicals, medicine, and food supplements are part of
the nonexhaustive list [1]. Microalgae hold promise in the
purification of contaminated and wastewater [2, 3]. They are
also being used in products for skin health and as a fertiliser.
Over the last few years, due to the increasing concerns of
global warming associated with excessive CO, emissions and
the decline in fossil fuels, microalgae have become an al-
ternative source of energy [4, 5].

Different mass culture systems have been used for
microalgal cultivation. To date, the intensive photo-
bioreactor mostly used for large-scale production of
microalgae is the open raceway pond. The main advantage of
the raceway includes relatively low cost and simple design.
However, as the culture thickness is high (25-30cm) in

raceway ponds, photo inhabitation is the major challenge
that affects the photosynthesis phenomenon and limits algal
productivity [6]. An alternate approach for commercial-
scale production of biomass is the thin-layer cascade (TLC)
system, introduced by [7]. TLC systems are based on the
circulation of a very small-layer thickness (<1 cm) over a flat
inclined channel exposed to sunlight. As the light path is
very short, light use is very effective and high biomass
densities (25-35 g/L) could be achieved [8-10]. TLC systems
are characterised by highly turbulent flow, which limits the
algal cell sedimentation, therefore increasing the frequency
of exposition of single cell to sunlight [9].

Although algae are fast-growing phototrophic species
with high photosynthetic performance, their growth is
strongly affected by culture and environmental factors, such
as light supply, temperature, nutrients, pH, cultural depth,
and CO, availability [10]. Suboptimal temperature and the
amount of light available to cells are the most significant of
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all the factors listed [11, 12]. Algae grow as light intensity
increases to a saturation (optimum) level, beyond which an
increase in light level slows the rate of biomass growth. This
phenomenon is referred to as photoinhibition, a significant
challenge in outdoor systems because it limits algal cell
photosynthetic efficiency and, consequently, biomass yield.
Light attenuation occurs as the culture depth increases in the
TLC reactor, thus reducing the local light penetration. A
steep gradient in light attenuation is expected along the
culture depth [13-15].

TLC systems with small culture thickness restrict the
night biomass loss by respiration, whereas a rapid increase in
the culture temperature at the start of the day inhibits strong
photo inhabitation of algal growth [8]. Algal productivity is
higher in TLC systems with small-layer thickness because of
the more effective utilisation of solar irradiance [16]. Under
optimal climate conditions, the increases in channel length,
culture thickness, and slope angle cause a substantial increase
in net areal biomass productivity because of the increase in
photosynthetic efficiency. However, the night biomass loss
increases with the increase in culture thickness [17].

The reactor’s water temperature is a second growth
limiting factor. It strongly influences cell chemical com-
position, nutrient and CO, absorption, and the growth rate
of all algal species. The geometrical design of the reactor,
solar intensity, air temperature, wind speed, and evaporation
affect the temperature of the reactor water [18]. Maximum
utilisation of solar energy is achieved when the water
temperature is optimal. Solar irradiance may become
harmful as the water temperature drops below the optimal
temperature range (28°C-35°C) [19-22]. Therefore, main-
taining an optimum temperature throughout the day and
quickly reducing it at night are essential to maximising
productivity [12]. The performance of the TLC system is also
influenced by seasonal, climatic, and temperature fluctua-
tions. Bosca et al. [23] reported that photosynthetic activity
is remarkably increased when algal cells are mixed, especially
between sunrise and sunset hours, under optimal temper-
ature conditions.

Evaporative heat losses play a significant role in the
exchange of thermal energy between the reactor and its
environment. TLC systems are quickly heated by solar rays;
however, at high temperatures, they are also spontaneously
cooled by evaporation [14]. Evaporative cooling results in
considerable water loss from the reactor and affects the water
temperature. Due to the significant water losses to the en-
vironment, the TLC system uses CO, less effectively [17].
Comprehending the parameters that affect thermal condi-
tions and, consequently, culture growth necessarily requires
heat transfer calculations between the reactor and its en-
vironment due to the effects produced by the convection
with air, evaporation, and radiation to the atmosphere and
sun. However, experimental estimation of the heat transfer
between the reactor and the environment is difficult and
expensive because of the complex variations in different
parameters, including geometrical design of the reactor,
hydrodynamics, and environmental conditions (such as
solar intensity, wind speed, air temperature, and relative
humidity).

Journal of Chemistry

Modeling heat transfer phenomena in outdoor TLC
reactors using computational fluid dynamics is a cost-ef-
fective technique to maximise algal productivity under real
environmental conditions. Numerous computational ap-
proaches have been proposed to model algal productivity
under time-dependent conditions of solar irradiance and air
temperature for traditional raceway ponds [24-26]. How-
ever, despite its high potential for efficient biomass pro-
duction, TLC has received little attention in numerical
studies. Based on the above discussion, computational
studies on the heat transfer between TLC reactor and at-
mosphere are lacking in the literature. There is limited data
available on thermal modeling of TLC reactor, and previous
studies only considered limited design and operational
parameters. To the best of the author’s knowledge, no
previous study has investigated the heat transfer phenom-
enon in TLC reactors with the effect of reactor geometry,
hydrodynamics, and environmental conditions. In this
study, the numerical simulations are performed under a
wide range of geometric properties of the reactor (channel
width, slope angle, and water depth) hydrodynamics and
meteorological variables (relative humidity, airspeed, solar
intensity, and air temperature) to provide a more reliable
estimation of heat transfer between the TLC reactor and
atmosphere. Initially, the fluid dynamic characteristics of
water and air were computed. These velocity fields were then
used to solve the heat transport and evaporation equations
simultaneously. The monthly average water temperature,
Nusselt number (Nu), and monthly evaporated water were
evaluated to investigate the heat losses between the reactor
water and atmosphere. Furthermore, various design pa-
rameters of TLC reactor (such as reactor depth, slope angle,
and channel width), hydrodynamics, and environmental
conditions were considered to analyse the effect on the
preceding heat transfer parameters.

2. Mathematical Modeling

In this study, a version of the TLC photobioreactor,
according to Apel et al. [14], was used as a basis for the
simulation. It consists of several modules: inlet module,
upper channel, flow reversal module, lower channel, and
retention tank. The upper and lower channels of the reactor
are the main cultivation units of the reactor inclined in the
opposite direction. The length and width of the upper and
lower channels are 4 and 1 m, respectively. The first module
in the reactor is the inlet module, which distributes the water
over the upper channel. The angle of the inlet module to the
upper plate is 55°. A drip edge at the end of the upper
channel is positioned for smooth flow into the reversal
module (length: 5 cm, angle to vertical: 10°), which redirects
the fluid into the lower channel. The bottom of the reversal
module is sloped in the flow direction to facilitate gravity-
driven flow to the lower channel, as shown in Figure 1. The
numerical values of the important geometrical parameters of
the TLC reactor are given in Table 1.

The effect of reactor geometry on heat transfer was
studied using a dimensionless quantity, that is, aspect ratio
(AR):
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F1GURE 1: (a) Computational model of thin-layer cascade reactor inclined at 1°; (b) sketch of the channel of the reactor. The coloured surface
shows the liquid surface parallel to the wall and inclined by an angle with respect to the horizontal dashed surface.

TaBLE 1: Summary of important parameters of the thin-layer cascade reactor.

Parameter

Value

Aspect ratio
Water depth
Slope angle
Reynolds number

{180, 260, 340}
{5.6 mm, 7.5 mm, 10 mm}
{r, %}
{9000, 14000}

_ (channel width) W

AR=— —— — =
(channeldepth) d

1

In this study, three distinct AR values (180, 240, and 360)
with different water depths, monthly variations in solar
irradiance, relative humidity, wind speeds, and ambient
temperatures were included to examine their effects on heat
transfer parameters. Initially, the fluid dynamic properties of
water and air were computed. These velocity fields were then
used to solve the equations for heat transfer and evaporation
simultaneously. The influence of algal cell presence and
motion (cell concentration dispersion) on the heat transfer
phenomenon is beyond the scope of this work, hence not
included.

2.1. Hydrodynamic Modeling. Wilcox’s k-w turbulence
model was used to model turbulence in the reactor and
surrounding air. The k-w turbulence model is a suitable
choice for fluids characterised by a turbulent flow with a high
Reynolds number (Re) in open channel flows and it works
well near the walls [18, 27, 28]. The Re based on hydraulic
diameter was used to evaluate flow behavior in an open
channel as follows:

_4WD
o dyw
_ PDhU

=

(2)
Re



The flow in the reactor is turbulent with a range of Re
between 9,500 and 14,200 [29]. The continuity and mo-
mentum equations for the k-w turbulence model are given as
follows:

pV.(u) =0,

du

PE+P(M.V)L¢ =V. [—PI +(u +P‘T)(Vu +(V”T))] +F,

(3)

where u denotes velocity vector (m/s), I is the identity
matrix, and F is the body force (N/m?®). The k-w turbulence
model uses two equations (turbulent kinetic energy and
dissipation rate) to represent the turbulence properties of the
flow. The governing equations of the turbulent kinetic en-
ergy and turbulent dissipation rate for k-w turbulence model
are as follows:

ak * *
Pt p(uV)k = V.[(y + u,0,)Vk] + P — By pwk,

(4)
w w
P+ PV = V.[(u+40,)] + 6 Pi = pBoe”,
where 0, represents the Prandtl number for dissipation rate
and oy, is the Prandtl number for kinetic energy. Based on
experimental data of Wilcox’s following values were
assigned to the model constant in the present study [28]:
a =0.55, g; =0.5, 0, = 0.5, and $* = 0.09. The turbulent
viscosity defined by the k-w turbulence model is as follows:

k
We=p > (5)

where 4, represents the turbulent viscosity (Pa-s), w is the
dissipation rate (1/s), k denotes the turbulent kinetic energy
(m?*/s%), and p is the density (kg/m?). The production term is
given as follows:

Py = pr [Vur (Vu+(Vul))]. (6)

2.2. Heat Transfer Modeling. The heat transfer between the
TLC reactor water surface and surroundings was modeled
considering the effect of radiation, convection, and evapo-
ration. A detailed description for modeling of radiation,
convection, and evaporation is given in the subsequent
sections.

2.2.1. Radiation. The heat transfer in fluids featured with
surface-to-surface radiation of the COMSOL-Multiphysics
(5.5) heat transfer module was employed to model radiation
heat transfer in the TLC reactor [30]. A comprehensive
description and settings for surface-to-surface radiation
could be found in the COMSOL-Multiphysics (5.5) user
manual for the heat transfer module. The radiation source
term (q) is expressed by the following equation:

9=G-J, (7)
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where g represents the heat flux (W/m?), G denotes the total
incoming radiation (W/m?), and J represents the total ra-
diative flux or radiosity (W/m?). The governing equation for
incoming radiative heat flux (G) is as follows:

G= Gamb + Gext’ (8)

where G,,, and G, represent the ambient radiation and
irradiation from external sources (W/m?), respectively. The
governing equation for ambient radiation G,,;, is given as
follows:

Gamb = nzFambaT:mb’ (9)
where n and F,, represent the transparent medium re-
fractive index and ambient view factor (1), respectively; o
denotes the Stefan-Boltzmann constant (5.67 x 10™° W/m?>
K*); T, is the ambient temperature (K). The water in the
TLC reactor exhibited a surface emissivity of 0.92 and a solar
absorptivity of 0.8 [31].

Geographic location, time of day, and year all influence
the amount of solar radiation incident on surfaces, such as in
the TLC system. In the analysis, a 3D solar position was
described by an external radiation source to estimate the
external radiative heat source induced by the sun. The solar
position was described in terms of geographical location
(i.e., latitude, longitude, and time zone), date (ie., day,
month, and year), local time (i.e., hour, minutes, and sec-
onds), and solar irradiance I,. The governing equation for
the external radiation source G, is described as follows:

Gext = Fext'Is’ (10)
where G, and I represent the external radiation source and
incident radiative intensity from the sun (W/m?), respec-
tively. The monthly values of radiative intensity from the sun
used in the current simulations are given in Table 2.

2.2.2. Convection. Heat is also transported from the culture
medium to the surrounding environment through con-
vective heat transfer [32]. The heat transfer in fluids featured
with convective heat flux boundary condition of the
COMSOL-Multiphysics (5.5) heat transfer module was used
to model the convective heat transfer in the TLC reactor
[30]. The governing equation to define the convective heat
flux in the reactor is given as follows:

q= h(Tamb - Tsrf)’ (11)

where q represents the heat flux (W/m?);  denotes the heat
transfer coefficient of air (20W/(m*K)); T,,, and T
represent the ambient air temperature and water surface
temperature (K), respectively.

The air temperature in outdoor photobioreactors does
not remain constant; rather, it varies sinusoidally during the
day [33]. The ambient air temperature drops to the lowest
value around 3:00-4:00 at night and then rises to a maxi-
mum value around 12:00-15:00 afterwards. Therefore, a
time-dependent cosine function is defined in this study for
the approximation of daily variation of ambient temperature
as follows [34]:



Journal of Chemistry

TaBLE 2: Monthly average weather data for Daegu, South Korea
(from January 2017 to December 2017).

Month u, (m/s) I, (W/m?) T, (K) ¢ (%)
January 2.5 112 274 52
February 2.8 168 276 46
March 2.3 183 281 50
April 2.3 222 289 52
May 2.3 249 294 52
June 2.4 256 296 60
July 1.9 178 301 75
August 2.2 200 300 75
September 1.8 183 295 68
October 1.8 127 289 71
November 2 124 281 53
December 2.6 107 276 46
Top = T,+3x% cos(anx%), (12)

where T, and T, represent the ambient temperature and
monthly mean ambient temperature (K), respectively, and ¢
is the time in hours (/). An analytical function was used to
define the mathematical function of (12). Table 2 shows the
monthly mean ambient air temperature used in the present
simulations.

2.2.3. Evaporation. Thermal energy could be lost from the
system by evaporation, which cools the reactor water in
addition to convective cooling by the surrounding air.
Evaporative heat flux depends upon the amount of water
evaporated from the reactor surface. The fraction of con-
vective and diffusive flux normal to the reactor surface
contributes to evaporative heat flux [35]. Turbulent flow k-w,
the heat transfer in fluids, and the transport of diluted
species module in COMSOL-Multiphysics (5.5) were
employed to model the evaporation [30, 36, 37]. The gov-
erning equation for evaporative heat flux is given as follows:

q= Hyy (-DV¢ +u,c), (13)

where H,,, represents the latent heat of vaporisation (kJ/
mol), D denotes the diffusion coefficient (m?/s), ¢ shows the
water vapor concentration in atmospheric air (mol/m?), and
u, is the mean air speed (m/s). Table 2 presents the monthly
mean air speed u, and relative humidity (¢) used in the
simulation of Daegu, South Korea, from January 2017 to
December 2017.

The transport of diluted species feature of the COMSOL-
Multiphysics (5.5) chemical species transport module was
employed to estimate the amount of evaporated water in the
atmosphere. The ideal gas law at saturation pressure was
used to define the source term for water vapor concentration
(cvap) present on the reactor surface [35,38].

Pat
Coap = ,
vap RgT ( 14)

where c,,,, represents the concentration of water vapor (mol/
m’), p,,, denotes saturation pressure (Pa), R 5 is the ideal gas

constant (J/mol K), and T is the temperature (K). The dif-
fusion coefficient (D) is defined using the turbulent viscosity
because of the turbulent flow in the reactor and air as
follows:

Ur

~ Sep (15)
where D represents the diffusion coefficient (m?/s), y; de-
notes turbulent viscosity (Pa-s), and Sc represents the
Schmidt number (1), which is the ratio of momentum and
mass diffusivities. Evaporative cooling could be beneficial in
several conditions, such as preventing reactor overheating
and controlling the water temperature to the optimum value.
However, microalgal culture diminishes due to the signifi-
cant water loss from the reactor surface. Additional water is
usually added daily to recover the water loss [39]. Therefore,
estimating the amount of water evaporated is important to
achieve an efficient design of a TLC reactor. In this study, the
following relation was used to compute the amount of
evaporated water (m,,) from the reactor in the air:

t, ¢ i
m, = j ” .M, dAdt, (16)

t

where m,, is the amount of evaporated water (kg), j is the
diffusive flux in the z-direction (mol/m’s), M, is the molar
mass of water (kg/mol), ¢ is time (s), and s is the boundary
surface of the TLC reactor (m).

3. Numerical Methods

The commercial code COMSOL-Multiphysics (5.5) was
employed to investigate the heat transfer between the TLC
reactor and atmosphere with the effect of reactor geometry,
hydrodynamics, and environmental conditions. The weather
data for Daegu, South Korea, located at (35°53'13" N;
128°37'28" E) was obtained from the annual climatological
report (11-1360000-000016-10) of the Korea Meteorological
Administration in Seoul, South Korea, from January 2017 to
December 2017 [40]. The climate data (averaged monthly air
temperature, solar radiation, air speed, and relative hu-
midity) provided in Table 2 were used in the simulations.
The k-w turbulence model was used to model the airflow and
the turbulence in the reactor. Time-dependent heat transfer
with surface-to-surface radiation and the transport of di-
luted species interface were simulated with the effects of
hydrodynamics (air and water flow fields) and environ-
mental conditions. The flow fields from the k-w turbulence
model were used as input for the heat transfer and transport
of diluted species equations.

In COMSOL-Multiphysics built-in feature, physics-
controlled mesh was used to discretise the computational
domain. Grid refining is adopted close to the reactor walls to
allow the y+values to be in the correct range (30-50) and
capture the flow and thermal fields in those regions precisely.
To ensure high accuracy of results under minimal compu-
tational resources, a grid independence test was performed
by varying the mesh elements with a factor of three under the
same computational resources. Three different mesh sizes



fine (total number of ele-
ments =308,118), finer (total number of ele-
ments =908,118), and extra fine (total number of
elements = 1,206,326). Examples of results for the reactor
average water temperature during the day and night based
on the entire reactor volume are given in Table 3. Only a
slight difference could be observed for the prediction of
reactor water temperature. Therefore, an extra fine mesh was
retained for further simulations. All the simulations were
carried out in an Intel Core i7-9700K 3.90 GHz processor
with a 64 GB RAM operating system.

were adopted, namely,

4. Results and Discussion

The results of present study are validated against experi-
mental data to quantify modeling error. A comparison of the
present numerical study and experimental study by Apel
et al. [14] is illustrated in Figure 2. The simulation results
agree well with the experimental results and the maximum
percentage error of computed water temperature from ex-
perimental data is 0.62%. The heat transfer between outdoor
TLC systems and their surroundings is influenced by a range
of operational and seasonal variables. The seasonal variables
include ambient air temperature, air speed, relative hu-
midity, and solar radiation. Therefore, simulations were
performed to investigate the heat transfer in an outdoor TLC
system with its environment. The results in terms of monthly
average water temperature, Nu, evaporated water, and
temperature distribution inside the reactor were presented
under the influence of various geometrical parameters,
namely, the inclination angle of the reactor, channel width,
and water depth. Furthermore, the effect of flow properties
on the abovementioned parameters was also discussed in the
subsequent sections.

4.1. Water Temperature. Reactor water temperature is one of
the important algal growth limiting factors. It strongly in-
fluences cell chemical composition, nutrient uptake, CO,
absorption, and the growth rate of all algae species.
Therefore, the effect of various geometric and flow properties
on the average water temperature of the reactor is presented
in the following section.

4.1.1. Effect of Geometric Properties. Figure 3 shows the
average water temperature in each channel of the reactor
based on monthly average solar irradiance, ambient tem-
perature, relative humidity, and wind speed over the course
of a year for the reactor inclined at angles of 1°. The water
temperature in the lower channel is lower than that in the
upper channel. The possible reason could be attributed to the
geometrical shape of the reversal module, which directs the
fluid in the lower channel by increasing the temperature
fluctuations in this channel. The maximum temperature
difference between the upper and lower channels for the
reactor inclined at 1° was observed during the summer
season from June to August. The effect of temperature in the
upper and lower compartments of the reactor is likely to be
minuscule, particularly for the reactor inclined at 1°.
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TaBLE 3: Grid independence test (water depth=5.6mm, slope
angle = 1°, aspect ratio = 180, and Re =9000) for water temperature
averaged on the entire reactor volume.

Average water temperature

No. of mesh elements for the month of June (K)

Day Night
Fine mesh (308118) 298.6270 295.7801
Finer mesh (908118) 297.2642 294.2975
Extra fine mesh (1206326) 297.1620 294.1389
310
305 A
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2 .
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280 T
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FiGure 2: Comparison of present numerical study with experi-
mental results of Apel et al. [14].
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FIGURE 3: Average water temperature for reactor inclined at 1°,
Re=9000, AR =180, and water depth of 5.6 mm.

Therefore, only the complete reactor is discussed in the
succeeding sections.

The effect of the inclination angle of the reactor on
average water temperature at a constant water depth of
5.6mm, AR =180, and Re of 9000 is presented in Figure 4.
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FiGURre 4: Effect of the inclination angle of the reactor on average
water temperature at Re =9000, water depth =5.6 mm, and aspect
ratio = 180.

The reactor water temperature in spring and summer is
higher than in winter and fall, as shown in Figure 4. The high
ambient air temperature and solar irradiance in summer and
spring periods enhanced the radiative heat transfer, resulting
in an increase in water temperature. The increase in the slope
angle of the reactor increased the turbulence in the flow,
which improved convective heat transfer by providing
momentum for the warm liquid to come to the surface of the
reactor and contact with air, allowing it to cool more rapidly.
As the faster-moving molecules escaped, the remaining
molecules exhibited lower average kinetic energy, and the
temperature of the liquid decreased. The greater the tem-
perature difference between water and air is, the faster the
heat could escape from the reactor [35]. The lower value of
air temperature and solar radiation during the winter
months resulted in decreased water temperature. Therefore,
during these months, microalgal growth rates may be
hindered due to reduced solar radiation and air temperature,
which results in decreased optimum water temperature.

Figure 5 shows the water temperature distribution of the
air-water surface at a Re of 9000 for the reactors inclined at 1°
and 2° in June (daytime). The upper channel of the reactor
exhibited nearly a uniform temperature distribution. Pro-
nounced fluctuation in temperature was observed for the
reactor inclined at a higher slope angle. These fluctuations
were more visible in the lower channel of the reactor, which
could be attributed to the geometrical shape of the flow
reversal module that directs the fluid in the lower channel by
increasing the flow velocity. Moreover, the increase in in-
clination angle of the reactor resulted in increased air-water
surface movement, thus promoting heat transfer between
the reactor water and atmosphere, resulting in increased
temperature fluctuations.

Figure 6 shows the effect of different ARs on the monthly
average water temperature at a water depth of 5.6 mm and
Re 0f 9000. Figure 6 clearly depicts that from June to August,
the water temperature reached the optimum value. Since

microalgal cultivation is highly temperature-dependent, the
optimal cultivation temperatures achieved during the
summer season are favourable for algae growth [41, 42]. The
lower solar intensities and ambient air temperature during
the winter months and at night increased convective heat
transfer during the winter season and night. Consequently,
for all the ARs, higher convective heat transfer caused the
water temperature to drop by around 6°C at night. In ad-
dition to radiative and convective heat transfers, evaporation
affected the water temperature of the reactor. Higher
evaporative cooling in the reactor with larger ARs signifi-
cantly reduced the water temperature. The water tempera-
ture was higher in the reactor with AR =180 than that in
wide reactor models because of low heat transfer (convection
and evaporation) between the reactor and atmosphere. This
result suggested that TLC systems with large ARs are un-
suitable for microalgal cultivation because of low water
temperatures.

The effect of ARs on the temperature distribution (K) of
the air-water surface at a Re of 9000 and a water depth of
5.6 mm in June (daytime) is shown in Figure 7. The increase
in AR also increased the fluctuations in temperature because
of the high-water surface area, which further decreased the
water temperature. Lowe variance in temperature of the
reactor with narrow channel helped to achieve optimum
water temperature and as a result, the photosynthetic effi-
ciency of the algal cells significantly increased [43]. However,
the CO, absorption from the environment to the reactor
with the narrow channel is less than that with a wide
channel. Therefore, a suitable AR must be selected to
maintain the optimum water temperature and increase the
CO, absorption from the atmosphere.

The effect of water depth on the average water tem-
perature at a Re of 9000 and AR =180 for representative
months of the year is presented in Figure 8. During summer,
solar radiation and air temperature are comparatively high
in outdoor reactors and radiation and convection occur at
the surface; as a result, the water temperature rises much
faster at the surface than in the deeper reactors. Likewise, in
winter, heat escapes from the surface, causing the temper-
ature of the water near the surface to decrease more rapidly.
Furthermore, the higher water temperature values in TLC
systems with small water depth could be attributed to high
solar radiation absorbance. At the depth of 5.6 mm, the
water temperature closely followed the ambient air tem-
perature during the day. However, as the water depth in-
creased, the reactor volume increased, causing a significant
drop in water temperature due to the high heat transfer rate.
For instance, during the month of June, the water tem-
perature decreased at approximately 1.26°C during the day
with the increase in water depth from 5.6 mm to 7.5 mm. By
contrast, the temperature reduced to 2.26°C with the in-
crease in water depth from 7.5mm to 10 mm. At night, the
reactor depth of 10 mm recorded a decrease of approxi-
mately 3°C in water temperature. The increase in water depth
reduced the sunlight penetration in the reactor and the
average irradiance received by algal cells at the bottom
surface decreased. As the solar intensity was attenuated with
depth, the results indicated that the water depth may be
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FiGure 5: Effect of the inclination angle of the reactor on air-water surface temperature distribution K at Re = 9000, water depth = 5.6 mm,
and aspect ratio = 180 for reactor inclined at (a) 1" and (b) 2° in June (XY-plane).
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varied in response to atmospheric temperature or seasonal
change to maximise algal yield.

Figure 9 presents the effect of water depth on the
temperature distribution of the air-water surface at a Re of
9000 and AR=180 in June (daytime). The temperature
fluctuations are considerably less for reactors with small
water depth. The light penetration was reduced with the
increase in water depth because of the increase in liquid
volume, which further decreased the temperature at the air-
water surface, as shown in Figure 9(b). The low variance in
temperature of less deep reactors helped achieve the opti-
mum water temperatures and as a result, the photosynthetic
efficiency of algal cells was significantly increased. Moreover,
the small cultural thickness in the TLC reactor prevents

strong photoinhibition at a high solar intensity and low
culture temperature, which is a common problem in con-
ventional raceway ponds [8, 16]. However, the CO, ab-
sorption of open photobioreactors increases with the
increase in water depth. Therefore, an optimum value of
water depth must be selected to maintain the optimum water
temperature and increase the CO, absorption from the
atmosphere for improved algal productivity.

4.1.2. Effect of Flow Properties. TLC systems are charac-
terised by highly turbulent flows. Increased turbulence,
which improves the exchange rates of nutrients and in-
creases light/dark frequencies, reduces cell sedimentation,
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and increases photosynthetic efficiency and productivity.
Therefore, the effect of Re on the monthly average water
temperature for the TLC reactor inclined at 1° and at a water
depth of 5.6 mm is presented in Figure 10. Increased Re
resulted in increased turbulence that facilitates the heat
transfer rate between the reactor water surface and atmo-
sphere. The increase in heat transfer rate reduced the water
temperature. For instance, the average day water tempera-
tures at a Re of 9000 for the months of January, June, and
December were observed to be 275, 297, and 276K, re-
spectively. Similarly, the average water temperatures at a Re
of 14000 for the months of January, June, and December
were 274, 295, and 274K, respectively. A decrease in the
water temperature of approximately 1°C and 2°C was ob-
served for these months during the day when the Re in-
creased from 9000 to 14000. However, due to the increased
heat transfer rate at night, the water temperature dropped to
2°C and 3°C during these months.

4.2. Nu. Heat losses from the reactor to its surroundings are
mainly described because of convective heat transfer.
Consequently, to characterise the convective heat transfer
from the reactor water surface to its surroundings, Nu is
presented in the following section.

4.2.1. Effect of Geometric Properties. The effect of the in-
clination angle of the reactor on heat transfer was evaluated
by computing Nu in Figure 11. The TLC reactor inclined at a
higher angle resulted in increased Nu because of the high
heat losses from the reactor. High values of Nu correspond
to more effective convection in the TLC reactor due to the
highly turbulent flow and very small culture depth. Solar
irradiance and air temperature were high in summer and
during the day; therefore, the heat transfer rate was low
during these months and at night, resulting in lower values
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of Nu than at night and during winter months. Biomass
production improved during the summer season and par-
ticularly during the day due to lower heat transfer rates [18].

Nu is presented for different ARs of the reactor in
Figure 12 to characterise the convective heat transfer from
the reactor water surface to its surroundings. The ambient
air temperature was lower than the reactor water temper-
ature in winter; therefore, heat transfer and Nu showed high
values in the corresponding months. Nu showed higher
values in winter and lower values in summer for all the cases
of ARs considered in this work. The high values of Nu
indicated that heat transfer due to convection is very high in
winter. At night, solar radiation and air temperature were
relatively low, thus increasing the rate of heat transfer and
Nu. The results indicated that due to the high magnitude of
Nu (convection), the water temperature could drop below
the optimum value, which in turn reduced algal produc-
tivity. The summer season was ideal for the cultivation of
algae because an optimal algal cell temperature was sus-
tained and convection (minimal Nu) played an insignificant
role during this period. Nu also increased with the increase
in reactor AR. Due to the highly convective heat transfer
(Nu) caused by the large surface area offering factor, the heat
loss in the reactors with wide channels was high [19, 20].

The effect of reactor water depth on Nu at a Re of 9000
and AR =180 is presented in Figure 13. Nu depends on the
hydraulic diameter; therefore, increasing the water depths
increased Nu and consequently enhanced the heat transfer
rate between the reactor and atmosphere. Nu showed higher
values in winter and lower values in summer for all reactor
depths. Nu significantly increased at night and particularly
during the winter months because of high heat loss from the
reactor caused by relatively low solar irradiation and air
temperature values.

4.2.2. Effect of Flow Properties. The effect of Re on heat
transfer rate was also analysed by computing Nu, as shown
in Figure 14. With the increase in Re, the relative motion
between the air-water surface and the velocity of the fluid
increased, which decreased the water temperature, thus
increasing the temperature difference between water and
atmosphere. Greater temperature difference resulted in high
heat losses from the reactor to the atmosphere. Heat losses
were high during the winter season and at night due to the
low air temperature and solar irradiance, consequently
resulting in a high value of Nu. These results implied that a
certain range of turbulence values increases algal produc-
tivity without affecting the optimum water temperature and
mechanical structure of the cell [44, 45].

4.3. Evaporation. Evaporative cooling caused by the heat
transfer from the reactor water surface to its surroundings
significantly affects the optimum water temperature. Self-
regulation of temperature is one of the primary advantages
of TLC systems, as the culture is quickly heated by solar
irradiance and cooled by increased evaporation when it
overheats. Meanwhile, evaporation largely contributes to the
thermodynamics of the reactor by affecting the optimum
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Ficure 12: Effect of aspect ratio on Nusselt number for reactor
inclined at 1°, Re=9000, and water depth =5.6 mm.

water temperature. In addition, the estimation of evaporated
water from the reactor is needed to accurately assess the
water demand and cost of algal farming. Thus, the monthly
evaporated water from the reactor surface is presented in the
following section.

4.3.1. Effect of Geometric Properties. The effect of reactor
slope angle on the monthly average evaporated water from
the reactor surface at a Re of 9000, a water depth of 5.6 mm,
and AR =180 is presented in Figure 15. For water molecules
to evaporate, they must be located near the air-water surface
and should have sufficient kinetic energy to overcome liq-
uid-phase intermolecular forces. The turbulence in the flow
induced by the higher slope angle of the reactor assisted the
warm water molecules to come to the air-water surface and
replace the warm ones that evaporated from the surface. The
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evaporation rate increased during the summer season, fol-
lowed by the autumn months due to high solar irradiance
and air temperature. For the reactor inclined at 2°, a max-
imum increase of approximately 3 kg of water was observed
during the summer season in August. These findings showed
that an appropriate inclination angle of the reactor must be
chosen to ensure that algal growth must not be decreased
due to the increase in evaporation rate [46].

The effect of ARs on the monthly evaporated water from
the reactor surface at a water depth of 5.6 mm and a Re of
9000 is presented in Figure 16. The evaporation rate was
mainly based on solar intensity, air temperature, air speed,
air-water surface water temperature, air humidity, and air-
water surface area. The evaporative heat transfer increased in
summer due to the high ambient air temperature and solar
intensity levels. During winters, evaporative losses were
expected to increase due to the lower relative humidity.
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FIGURE 16: Effect of aspect ratio on monthly evaporated water for reactor inclined at 1°, Re =9000, and water depth =5.6 mm.

However, in winter, evaporation decreased substantially due
to the lower solar radiation and ambient air temperature.
The increase in AR also increased the amount of evaporated
water because of an increase in the air-water surface area.
The maximum increase in evaporated water of approxi-
mately 20 kg in June was observed, with an increase in AR
from 180 to 340 in June. An increase in the amount of
evaporated water with an increase in the AR values resulted
in decreased water temperature of the reactor. These findings
indicated that the algal cells decreased in the reactor with
high ARs due to the high amount of evaporated water. An
appropriate channel width must be selected to maximise
algal productivity at reduced evaporative losses.

The effect of reactor water depths on the monthly
amount of evaporated water at AR =180 and a Re of 9000 is
presented in Figure 17. The evaporation rate decreased with

rising water depth because the warm water molecules failed
to reach the top surface of the reactor. Maximum decreases
of 4 and 11 kg were observed for water depths of 7.5 mm and
10mm in June, respectively. Increasing the water depth
reduced the light penetration and optimum water temper-
ature. Moreover, the photosynthetic efficiency of algal cells
decreased in deeper TLC systems. However, the CO, ab-
sorption efficiency of deep reactors was comparatively
higher than that of reactors with small culture depth.
Therefore, an appropriate water depth must be selected to
reduce heat loss, maintain the optimum water temperature,
and increase CO, absorption efficiency [20, 43].

4.3.2. Effect of Flow Properties. The effect of Re on the
monthly evaporated water from the reactor surface inclined
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at a slope angle of 1° and a water depth of 5.6 mm is pre-
sented in Figure 18. The evaporation tended to proceed more
quickly at high Re. The high Re increased the kinetic energy
of the water molecule and consequently resulted in increased
evaporation. The evaporation rate was maximum in Feb-
ruary, May, August, and September for winter, spring,
summer, and autumn months, respectively, where increases
of approximately 0.08, 2.31, 3, and 1.36 kg were observed by
increasing the Re from 2.4 kg/s to 3.6 kg/s for the respective
months. The effect of Re on evaporation rate tended to be
small compared to the geometrical parameters of the reactor.
However, an appropriate value of Re must be selected
without damaging the algal cell structure to minimise the
operational cost [44].
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5. Conclusion

This study presents a numerical investigation on the heat
transfer between TLC reactor and atmosphere with the effect
of reactor geometric properties, hydrodynamics, and envi-
ronmental conditions (air temperature, relative humidity,
solar intensity, and air speed). Heat transfer analysis was
conducted using monthly water temperature, Nu, and the
amount of evaporated water. The abovementioned param-
eters were studied by considering various aspect ratios, water
depth, and slope angle of the reactor. A novel correlation was
employed to quantify the amount of evaporated water in a
thin-layer cascade reactor. The main conclusions of the
study are summarised as follows:

(i) The findings suggest that installing reactor at lower
slopes with small reactor dimensions appears
beneficial in terms of achieving optimal tempera-
tures for algal growth. The increase in channel
width, slope angle, and water depth resulted in an
increased heat transfer rate, which negatively af-
fected the optimal water temperature.

(ii) The reactor achieved an optimal temperature of
302K during the summer season in the month of
August. Due to the high heat transfer rate during the
winter season, the temperature reduced to its lowest
value of (268 K) in the month of January.

(iii) The increase in AR, slope angle, and Re increased
water losses. The evaporation rate was high in
February, May, August, and September for winter,
spring, summer, and autumn months, respectively,
where a maximum of 45 kg water evaporated from
reactor surface in the month of August.

TLC reactors are an effective means to integrate light in
open photobioreactors and might replace the inefficient
raceway ponds. However, an appropriate inclination angle
of the reactor and channel width must be chosen to achieve
optimal temperature for algal growth. Even though the
design of the TLC reactor was proposed a long time ago, it
still needs to be optimised for commercial-scale production
of microalgae.
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AR:  Aspect ratio (1)

D: Diffusion coefficient (m?%/s)
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u: Velocity vector (m/s)
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H,,: Latent heat of vaporisation (kJ/mol)
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I Incident radiative intensity from sun (W/m?)
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