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ABSTRACT

The increasing demand for agricultural products and scarcity of resources, such as soil fertility, irrigation
water, and moderate climate, have driven increased use of indoor vertical farming systems. In this pa-
per, a three-dimensional numerical model is developed to optimize air flow and heat transfer within an
indoor system considering transpiration, carbon-dioxide consumption, and oxygen production. The near-
wall RNG k — ¢ turbulent model is implemented to consider the impacts of turbulence and obstacles in
the computational domain. To assess the degree of uniformity affecting each tray, an objective uniformity
parameter is developed based on the deviation of flow velocity over cultivation trays with respect to the
optimal flow velocity. Further, an efficiency parameter is defined based on relative humidity, temperature,
and pressure drop to holistically compare the effectiveness of flow inlet and outlet locations. Accordingly,
eight designs are studied extensively and one case is found to be the most efficient with an objective
uniformity of 91.7% due to high degree of spiral flow circulation. Most importantly, the results suggest
that some cases even with low mass flow rates are capable of providing uniform flow distribution, which
can significantly reduce energy consumption of indoor vertical farming systems. This newly developed
model is proven to be an effective tool for investigating the heat transfer rate and fluid flow uniformity

and optimizing cultivation environment for an indoor vertical farming system.

© 2021 The Author(s). Published by Elsevier Ltd.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

According to the United Nations, the population of the world
is expected to grow in the next century, which in turn encour-
ages the development of innovative techniques to ensure agricul-
tural sustainability. Agriculture on productive land is threatened
not only by high levels of urbanization [1], uneven water distribu-
tion [2], and inclement weather [3], but also is threats to biodiver-
sity that have unfavorable environmental impacts [4,5]. Due to the
anticipated drastic population growth and constraints on resources
in the upcoming decades, only 10% of the demand for food is es-
timated to be met by expansion of productive lands, with the re-
mainder relying on new techniques that can achieve higher yields
[6]. Therefore, developing novel methods to augment the ratio of
crop production over used land is a vital issue [7].

In recent years, the indoor vertical farming systems (IVFS) with
artificial light are found to be a viable solution to resolve the in-
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creasing demands of future agricultural products [8]. The IVFS are
promising alternatives to open field or greenhouse agriculture be-
cause they have precisely monitoring environmental parameters
and are insensitive to outdoor climates, which can boost annual
sales volume per unit area up to 100 times compared to that of
open lands [9]. Furthermore, employment of light emitting diodes
(LED) as light sources can initiate and sustain photosynthesis re-
actions and the optical wavelength, light intensity, and radiation
intervals can further enhance growth quality [10]. Recently, many
studies have been carried out to investigate how environmental
parameters, such as closed-loop control [11], ultrasound [12], and
electro-degradation [13], affect hydroponic cultivation of leafy veg-
etables in these systems.

One of the most influential factors affecting growth in IVFS is
to maintain a uniform air flow at an optimal air current speed
over plants canopy surfaces. Poor flow uniformity or variation in
air velocity over culture beds destabilizes crop production rates
[14]. It has been found that inducing a horizontal air speed of
0.3-0.5 m s~! boosts photosynthesis through more efficiently ex-
changing species between the stomatal cavities in plants and the
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Nomenclature

A, B, C, D positions of supplying air inlet/outlet on room wall

G specific heat capacity, ] kg=1 K~!

g gravitational acceleration, m s—2

H room height, m

j vector variable of turbulent mass diffusion flux, kg
m2s!

k turbulent kinetic energy, m? s—2

L room length, m

Nu Nusselt number

ou objective uniformity

P power, W

p pressure, Pa

Q volumetric flow rate, m3 s—!

R rate of chemical mass production, kg m=3 s-!

Re Reynolds number

RH relative humidity

S user-defined source term of mass production, kg
m—3 5!

St heat source or sink, W m—3

Su standard deviation of velocity, m s~1

T temperature, K

t thickness of room wall, m

t time, s

u velocity vector component, m s~!

U average free stream velocity above the tray, m s—!

Up desired air speed above the tray, m s~!

W room width, m

X cartesian coordinates, m

Greek symbols

y specie mass fraction

1) kronecker delta

e dissipation rate of turbulent kinetic energy, m? s—3
n efficiency factor

A thermal conductivity, W m~1 K1
n dynamic viscosity, kg m~! s-!

0 fluid density, kg m—3

Subscripts

ij cartesian coordinates index

k k-th specie

n n-th tray

flow of air [15]. Lee et al. studied the effects of air temperature
and flow rate on the occurrence of lettuce leaf tip burn (a calcium
deficiency disorder) in a closed plant factory system [16]. Further-
more, it was observed that the relative humidity of the air flow
can significantly influence calcium transportation in lisianthus cul-
tivars [17]. According to Vanhassel et al., higher levels of relative
humidity can significantly decrease the occurrence of tip burn [18].
Therefore, it is vital to maintain relative humidity in the desired
range to ensure even distribution of calcium in lettuce leaves. Over
the past few years, researchers have been trying to develop tech-
niques for improving uniformity over cultivation zones [19,20].
Regardless of the recent progress, the control and automation
systems of IVFS bring additional costs, which makes systematic
experimental investigation and optimization a challenge. Compu-
tational fluid dynamics (CFD) has been utilized as a reliable tool
to numerically simulate complex physical phenomena. Markatos
et al. developed a CFD procedure to study velocity and temperature
distribution in enclosures using buoyancy-induced physics [21].
Stavrakakis et al. investigated the capability of three Reynolds-
Averaged Navier-Stokes (RANS) models to simulate natural venti-
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lation in buildings [22]. Papakonstantinou et al. presented a math-
ematical model for turbulent flow and accordingly developed a 3-
D numerical code to compute velocity and temperature fields in
buildings [23]. A novel gas-liquid mass transfer CFD model was
developed by Li et al. to simulate the absorption of CO, in a mi-
croporous microchannel reactor [24]. Yuan et al. visualized the air
paths and thermal leakages near a complex geometry using a tran-
sient thermal model with buoyancy-driven convection, conduction
and thermal radiation heat transfer and flow field near a vehicle
structure [25]. In the context of agriculture, researchers have ex-
tensively employed CFD analysis for study of ventilation, air flow,
and microclimate in indoor systems [26-29]. Zhang et al. devel-
oped a CFD simulation to assess single-phase turbulent air stream
in an indoor plant factory system and achieved the highest level
of flow uniformity with two perforated tubes [30]. Karadimou and
Markatos developed a transient two-phase model to study particle
distribution in the indoor environment using Large Eddy Simula-
tion method [31]. Baek et al. used CFD analysis to study various
combinations of air conditioners and fans to improve growth rate
in a plant factory [32]. More recently, Niam et al. [33] performed
numerical investigation and determined the optimum position of
air conditioners in a small vertical plant factory is over the top.
In addition, a variety of mathematical techniques are proposed to
provide sub-model for investigating photosynthesis [34]. According
to Boulard et al., tall canopies can induce a stronger cooling of the
interior air by using a CFD model to study the water vapor, tem-
perature, and CO, distribution in a Venlo-type semi-closed glass
greenhouse [35].

Despite the fact that photosynthesis plays an integral role in
distribution of species and uniformity along cultivation trays, this
issue has not been well addressed. Although numerous research
works have been done to investigate the turbulent flow in enclo-
sures and buildings, this study is the first to numerically inves-
tigate the transport phenomena considering the product genera-
tion and reactant consumption through photosynthesis and plants
transpiration with CFD simulations for IVFS-based studies. Further-
more, a newly proposed objective uniformity parameter is defined
to quantify velocity uniformity for individual cultivation trays.
Moreover, numerical simulations are performed to simulate and
optimize fluid flow and heat transfer in an IVFS for eight distinct
placements of flow inlets and outlets in this study. Accordingly, the
effects of each case on uniformity, relative humidity, temperature,
and carbon dioxide concentration are discussed in detail. Finally,
an overall efficiency parameter is defined to provide a holistic com-
parison of all parameters and their uniformity of each case.

2. Modeling of the problem and boundary conditions

In this study, three-dimensional modeling of conjugated fluid
flow and heat transfer is performed to simulate the turbulent flow
inside a culture room having four towers for hydroponic lettuce
growth. Assuming that the four towers are symmetric, a quarter of
the room (one tower) with four cultivation trays is selected as the
computational domain, as illustrated in Fig. 1a. Symmetry bound-
aries are set at the middle of the length and width of the room.
The effect of LED lights on heat transfer is considered through con-
stant heat flux boundary conditions at the bottom surface of each
tray as shown in Fig. 1b. Lastly, the species transfer due to pho-
tosynthesis are occurring only in the exchange zone, which is il-
lustrated in Fig. 1c. To study the impact of air inlet/exit locations
on characteristics of air flow, four square areas, denoted as A, B, C,
and D in Fig. 1a, are considered to be inlet, exit, or wall. To per-
form a systematic study, Table 1 presents the location of inlet and
exit for all eight cases studied. With the aim of comparing all of
the proposed designs, case AB is selected to be the baseline.
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(a)

Fig. 1. (a) Schematic of the computational domain, (b) illustration of constant heat flux at the bottom of each tray, and (c) illustration of the exchange zone above each tray

with indications of species transfer.
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Table 1

Placement of the inlet and outlet for eight studied cases.
Boundaries A B C D
Case AB, Baseline  Mass flow inlet  Pressure outlet Wall Wall
Case AD Mass flow inlet ~ Wall Wall Pressure outlet
Case BA Pressure outlet Mass flow inlet ~ Wall Wall
Case BC Wall Mass flow inlet  Pressure outlet Wall
Case CB Wall Pressure outlet Mass flow inlet ~ Wall
Case CD Wall Wall Mass flow inlet  Pressure outlet
Case DA Pressure outlet Wall Wall Mass flow inlet
Case DC Wall Wall Pressure outlet Mass flow inlet

Table 2

Dimensions and boundary conditions.

Domain

Room

Lettuce trays

Photosynthesis exchange zone
Wall thickness(t)

Boundary conditions

Inlet: Mass flow inlet

Outlet: Pressure outlet

LED: Constant heat flux

Outside wall: constant temperature

Dimensions: Length(L) x Width(W) x Height(H)
44 x 22 x 33 m?

1.6 x 0.5 x 0.15 m?

1.6 x 0.5 x 0.1 m?

0.12 m

Specifications

0.1~0.5 kg s71, 291.15 K

Zero pressure

500 W m~2 (LED Grow Lights Depot, 2018)
301.15 K

To consider the effect of heat transfer with the outdoor ambi-
ent air, a solid wall zone comprised of plywood with a thickness
of 0.12 m is assumed in the simulation. A constant-temperature
boundary condition is set on the outer surface of the wall. Both
conduction and convective heat transfer are considered within
the model. All dimensions and boundary conditions are listed in
Table 2.

In our model, the species exchange zone of photosynthesis is
defined to be directly above the upper surface of each tray. These
zones have the same cross-sectional area as the trays with the
height of 0.1 m. Within the exchange zone, the water transpiration
rate and carbon dioxide consumption rate are defined according to
the experimental data obtained by Jin et al. [36] and Adeyemi et al.
[37]. Then, the CO, consumption rate and O, production rate are
calculated and set based on the molar balance of the photosynthe-

sis reaction equation as the following:
6C0;(gas) + 6H,0(liquid) + Light Energy
— CgH120¢(solid) + 60, (gas) (1)

Notably, the liquid water on the left-hand side of Eq. (1) is as-
sumed to be provided through hydroponic water circulation of an
IVFS. Nevertheless, liquid water consumption and solid sugar pro-
duction are not modeled in this computational study. Also, the re-
quired light energy for photosynthesis is provided through the LED
lights. The overarching goal of this work is to enhance indoor air
and relative humidity distribution for optimizing photosynthesis
processes.

Based on the assumed 0.15 m plant density, each cultivation
tray houses a total number of 44 lettuces. Moreover, each lettuce is
considered to have an average leaf area of 0.015 m2. Accordingly,
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Table 3
Materials and properties.

Characteristics of flow at inlet
Fluid flow

CO, mass fraction 0.153%

0, mass fraction 23.24%

Relative humidity 85%

Mixture density Incompressible ideal gas
Mixture specific heat Mixing law

Mixture viscosity 1.72 x 10> kg m~! s~!
Exchange zone

CO, consumption rate
0, production rate
H,O transpiration rate
Wall zone

Mixture of CO,, 05, H,0, and N,

3.160 x 107> kg m~3 s!
2.297 x 107° kg m=3 5!
2.489 x 1074 kg m=3 s~!

Wood density 700 kg m—3
Wood specific heat 2310 ] kg~! K!
Wood thermal conductivity 0173 W m~! K!

the production and consumption rates of gaseous species of the
photosynthesis reaction are estimated based on the empirical data
[36,37]. Specific input values of the inlet flow, photosynthesis rate,
and wall properties are reported in Table 3.

3. Numerical procedure and data analysis
3.1. Mathematical modeling and governing equations

The main objective of this work is to study the flow pattern,
uniformity and heat transfer inside the IVFS numerically. The flow
is assumed to be steady-state, three-dimensional, incompressible,
and Newtonian. Due to the high inertia of the inlet flow and the
presence of the lettuce trays as obstacles, the flow is assumed to
be fully turbulent throughout the room. In the past few years, the
k — ¢ model has been widely used for turbulent flow simulation in
agricultural applications [38-40]. Therefore, the Re-Normalization
Group (RNG) k — & turbulence model is applied to our model. The
time-averaged governing equations of continuity, momentum and
energy can be derived in three-dimensional Cartesian coordinate
system as the following:

B

a—xj(,ouj) =0 (2)
9 ] ou;  du

ax; (PUn) = M[_PSU+M (5% 3 )] e ®
] a (. 0T

a—xj(puijT) - a(’\ a){}) St (4)

where the index notations i, j = 1, 2, 3, the variable x; is the direc-
tion in three dimensional Cartesian coordinate system, and param-
eters p, uj, &;j, 1, and T stand for density, time-averaged veloc-
ity, Kronecker delta, effective dynamic viscosity incorporating tur-
bulence effects, and time-averaged temperature, respectively. The
last term on the right-hand side of Eq. (3) represents the effect of
buoyancy forces in momentum equation. Additionally, C, denotes
specific heat capacity, A represents thermal conductivity and Sy is
the heat sink or source. In the present work, the value of Sy is zero
throughout the computational domain since there is no additional
volumetric heat source or sink other than the LED lights, which is
considered surface heat source input implemented boundary con-
ditions.

To incorporate turbulence in the simulation, the RNG k—¢
model solves two additional transport equations for the kinetic en-
ergy, k, and the attributed dissipation rate, €. The model utilizes
an analytical differential relation to determine the effective viscos-
ity, which is then applied to u in the momentum equation. The
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RNG k — ¢ turbulence model has one additional term in the trans-
port equation for enhanced solution of the rapid strains and swirls,
which applies in the IVFS due to tray and crop blockage.

The fluid flow inside the culture room is assumed to be a mix-
ture of water vapor, oxygen, carbon dioxide, and nitrogen. In the
exchange zone defined in Fig. 1c, the influence of photosynthesis
on species concentration is included in the simulation through ei-
ther sources or sinks. Thereafter, for each of the reaction species, a
convection-diffusion transport equation is solved to obtain the re-
lated local mass fraction. The species mass fraction transport equa-
tion can be written as:

0 ad
ax (:Ou])/n) == 8]11]

where the subscript “n” refers to the characteristics of nth specie,
y is the species mass fraction, j; denotes the vector variable of
turbulent mass diffusion flux caused by the gradients of tempera-
ture and concentration, and R and S represent the rate of chemical
production and user-defined source terms, respectively. In our nu-
merical model, the value of R is set to be zero since there is no
chemical reactions involved. Similarly, the value of S is set to be
zero, except in the exchange zones, where the species production
and consumption rates as shown in Table 3 are taken into consid-
eration. Since there are four species involved in the system, only
three transport equations as shown in Eq. (5) need to be solved
and the last specie can be obtained by subtracting the sum of all
other species from unity. To enhance the numerical precision, ni-
trogen is selected to be the last specie due to its maximum mass
fraction among all other ones.

To solve all aforementioned flow equations, a commercially
available software on the basis of finite-volume approach is used.
In order to efficiently treat the pressure-velocity coupling phe-
nomena, SIMPLEC algorithm [41] is employed to solve the Navier-
Stokes flow equations. In terms of spatial discretization, the least
square cell-based method is considered for gradient terms and
the second-order accuracy upwind scheme is used to discretize
the convective and diffusive terms. Lastly, parallel computations
are carried out on 4 cores of an Intel Core-i7-3520 m processor
(2.90 GHz) for this study.

+ Ry + Sn (5)

“n”

4. Data analysis and uniformity assessment

Previous research has shown that horizontal air flow through
the crops can enhance carbon dioxide diffusion which, in turn,
boosts photosynthesis and growth rates [42]. The IVFS with the
aid of controlled air flow and ventilation are capable of enhancing
this diffusion effect to maximize cultivation efficiency. Neverthe-
less, the variation of air velocity over different trays leads to non-
uniformity of carbon dioxide distribution. To minimize this adverse
effect, achieving more uniform flow for each tray is important for
every IVFS design. In this study, we define parameters to assess
flow uniformity, power required, and overall design efficiency. The
standard deviation of the flow distribution inside the room with
respect to a target speed can be calculated as:

N
So= |51 O U~ Uy (6)
k=1

where U, is the average velocity over the upper surface of the k-th
tray exchange zone, U, is the desired air speed, and N is the num-
ber of trays inside the system. In this study, U, is selected to be
0.4 m s~!, a value shown previously to enhance photosynthesis for
lettuce cultivation [15]. A dimensionless objective uniformity pa-
rameter, OU, is defined as the variation of the velocity distribution
for all cultivations zones and can be written as:

oU = (1 _ 2‘%) 7)
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Fig. 2. Results of grid sensitivity study for the baseline case AB at a mass flow rate
of 1 kg s~1.

The required power of the fans for circulation of flow through-
out the room is calculated by:

P=QAp (8)

where Pis the required power to drive the flow, Q is the volumetric
flow rate and Ap is the pressure increase across the fans. To assess
the combined effects of velocity distribution, species and tempera-
ture uniformity, and required power, an efficiency factor, », is de-
fined as:
0 RH COyppm

RHipter CO2 ppiypjet (9)

P T

PBaseline Tlnlet
where the bar denotes the average value obtained from the top
surfaces of all the exchange zones.

5. Grid study and validation

In our model, a tetrahedral grid type is used to discretize the
entire computational domain. To ensure that the numerical re-
sults are independent of grid dimensions, five grid numbers rang-
ing from 196,951 (coarse) to 1,164,624 (fine) are used to study the
baseline Case AB at a mass flow rate of 1 kg s~!. Fig. 2 summarizes
the average temperature and pressure difference (between the in-
let and outlet) for the five grid numbers. Balancing between the
accuracy of the simulation results and computational cost, the grid
number of 697,537 is employed throughout the rest of the study.

The simulation domain consists of rectangular prisms as culti-
vation tray, the exchange zone in which the photosynthesis pro-
cesses occur, and the rest of the open volume. To validate our nu-
merical code, we performed simulation of conjugated heat transfer
and turbulent flow passing over one rectangular prism in a duct.
The exact dimensions and input conditions of this test case can
be found in the study of Nakagawa et al. [43]. The induced flow
involves periodic vortex shedding that can be problematic for nu-
merical analysis. The results of the numerical simulations are com-
pared with the experimental measurements done by Lyn et al. [44],
Franke and Rodi [45], and Durao et al. [46]. Fig. 3 shows the aver-
age axial velocity distribution and our simulation results agree well
with the experimental data both before and after the rectangular
prisms. To further validate the reliability of heat transfer calcula-
tion, the simulated local Nusselt number along the upper wall of
the square prism are compared with the experimental data mea-
sured by Nakagawa et al. [43] in Fig. 4. When x/H is between 1
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Fig. 4. Local Nusselt number along the centerline passing through the upper con-
fining wall of the square prism for Re = 22,500.

and 2, the wake flow is extremely unsteady and adverse flow can
be observed in Fig. 3. Therefore, it is extremely difficult to accu-
rately predict the convective heat transfer in this region. Never-
theless, the simulation results show good agreement with the ex-
perimental data, especially in the wake region (x/H > 2). Further,
the calculation of species transport in this work is simulated using
species exchange sub-model, which has been validated extensively
in the literature [39,47-49].

6. Results and discussions

In this study, three dimensional simulations of conjugated tur-
bulent flow and heat transfer are carried out to study the concept
of the IVFS. The exchange zone above each tray is designed to rep-
resent the volume where the photosynthesis reaction takes place
including carbon dioxide consumption along with water transpira-
tion and oxygen production. In addition, the room is assumed to
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be insulated by wooden walls with known thickness and thermal
properties for modeling heat exchange with the outdoor ambient
air. In this study, we analyze the effect of eight distinctive inlet-
outlet placements on flow uniformity over the lettuce canopy, tem-
perature and relative humidity distribution in the room, and the
power required for air circulation.

6.1. Objective uniformity (OU)

One of the most critical factors affecting crop growth rate is
the air flow velocity over plants. A fluid stream with horizontal
speed ranging from 0.3 to 0.5 m s~! can escalate the species ex-
change between the flow and plant leaves resulting in enhance-
ment of photosynthesis [15]. In indoor farming systems, the flow
velocity can be controlled well using ventilation fans for more effi-
cient plant growth. However, heterogeneous distribution of feeding
air over plant trays can cause undesirable non-uniformity in crop
production, which should be avoided. Therefore, it is important to
study the effect of inlet-outlet location and flow rate on the flow
patterns throughout the culture room. Herein, the most favorable
condition is defined as the condition at which the flow velocity
above all trays is equal to the optimum speed U,, which is set to be
0.4 m s~'. The objective uniformity, OU, defined in Eq. (7) is used
to assess the overall flow conditions. The OU for all eight cases as
a function of mass flow rate are summarized in Fig. 5.

Since the inlet/exit area and air density remain the same, the
mass flow rate is directly proportional to flow velocity. In addi-
tion, the target flow velocity over the plants is set to be 0.4 m s~
Therefore, a general trend of OU first increases and then decreases
when increasing the overall mass flow rate. Depending on the de-
sign, the peak of OU occurs at different mass flow rate for each
case. Another general trend can be observed that the peak of OU
occurs at a lower mass flow rate if the inlet is located at the top
due to buoyancy force. This can be clearly demonstrated by cases
AB (0.2 kg s~!) and BA (0.3 kg s!') or AD (0.2 kg s~!) and DA
(0.5 kg s~ 1). Therefore, there exists a different optimal inlet/exit
design for each mass flow rate condition. As can be seen from
Fig. 5, the maximum OU at flow rates of 0.2, 0.3, 0.4 and 0.5 kg
s~1 is observed for configurations AD, BC, BA, and DA, respectively.
Therefore, this simulation model can identify optimal flow config-
uration at a specific mass flow rate condition.
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Since OU quantifies the deviation of average velocity of each
tray from the designed velocity, a higher OU value indicates that
the crops will have better and more uniform photosynthesis. It
can be observed from Fig. 5 that the maximum OU obtained for
all conditions is case BC at a flow rate of 0.3 kg s~'. To develop
a better understanding, the two-dimensional velocity and vorticity
distributions in the x-y plane along the middle of the z-direction
for all eight cases at a mass flow rate of 0.3 kg s~! are plotted in
Figs. 6 and 7.

As can be observed from Figs. 6 to 7, the OU is highest for case
BC due to its uniform velocity and vorticity distributions between
trays. This can be attributed to the position of inlet/exit location
with respect to the tray orientation. For case BC, the inlet flow is
parallel to the longitudinal direction of the tray (x-axis) and the
exit is along the transverse direction (z-direction). This design al-
lows the flow to travel through the long side of the tray uninter-
rupted and then form a helical flow orientation near the end of
the tray. This spiral formation of flow induces a more uniform and
regular flow in the room. This also explains why case AD has very
high OU. Similar spiral formation can also be observed when the
inlet flow is parallel to the transverse direction of the tray (z-axis)
and the exit is along the longitudinal direction (x-direction), like
case DA. However, since the inlet flow is along the short side of
the tray, the benefit is not as great and requires much higher inlet
mass flow rate. On the other hand, for cases where the inlet and
exit are located on the same wall, such as AB or CD, the air flow
only has strong mixing effect along the inlet/exit direction which,
in turn, reduces the overall flow uniformity.

Besides the velocity distribution, the effect of temperature is
also a critical parameter for determining convective flow. Fig. 8
shows the two-dimensional temperature distributions in the x-y
plane along the middle of the z-direction for all eight cases at a
mass flow rate of 0.3 kg s~!'. In our analysis, the temperature of
the inlet flow is lower than that of the exit flow due to the heat
generated from the LED light. For case BC, the inlet is located near
the bottom and the exit is near the top. Due to the density dif-
ference, the exit warm stream tends to flow up. This allows the
flow to reach the topmost tray more easily and, therefore, achieves
more uniform temperature distribution among all trays. Combining
the inlet flow along the long side of the tray, the helical flow ef-
fect, and the buoyancy, case BC is able to reach the maximum OU
of 91.7%.

Fig. 9 summarized the velocity and temperature contours for
case BC at an inlet mass flow rate of 0.3 kg s~!. The velocity pro-
files in Fig. 9a clearly show the spiral effect above each cultivation
tray and the local velocity is close to the optimal speed of 0.4 m
s~1. In addition, the temperature shows an increasing trend from
bottom to top as the flow helically passing through the crops and
moving towards the outlet.

6.2. Temperature and species distribution in the exchange zone

The distributions of temperature and gas species, such as wa-
ter vapor and CO,, play an integral role in photosynthesis which,
in turn, influences the quality of plant and its growth. Therefore,
maintaining these critical parameters in a reasonable range to en-
sure reliable and efficient production is essential to environmental
control of an IVFS. Evaluating the distribution of these parameters
can also provide the effectiveness of inlet/exit location. It should
be noted that the parameter OU provides an overall assessment of
the air flow velocity over planting trays. An optimal design is to
achieve desired local temperature and species distribution while
maintaining high OU values in an IVFS. In the following discussion,
the four cases with highest values of OU at their corresponding
mass flow rates are studied and compared to the baseline case AB.
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Fig. 7. Two-dimensional vorticity distribution of eight inlet-outlet placement cases at a mass flow rate of 0.3 kg s'.
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Fig. 8. Two-dimensional temperature distribution of eight inlet-outlet placement cases at a mass flow rate of 0.3 kg s~'.

Y

-

et

Outlet

Velocity Magnitude (ms")
310

Inlet

(@)

Since CO, is a reactant of photosynthesis, increasing CO, con-
centration usually leads to enhancement of crop production. Re-
ports show that increasing the CO, concentration from the atmo-
spheric average of 400 ppm to 1500 ppm can increase the yield by
as much as 30% [50]. In this IVES analysis, the CO, level of the inlet
mass flow rate is increased by a CO, generator to be 1000 ppm (=
0.153% mass fraction). Since the consumption rate of CO, through
the exchange zones is fixed, higher overall average CO, concen-
tration through the system is desirable. Fig. 10 shows the com-

(b)

Fig. 9. Local distribution of case BC with the inlet mass flow rate of 0.3 kg s~': (a) velocity contour along the horizontal plane at the upper surface of the exchange zone of
each tray, and temperature contours along the vertical plane at the middle of the tray in the (b) longitudinal direction and (c) transverse direction.
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parison of the average CO, concentration between the highest OU
cases and the baseline case AB at different inlet mass flow rate.
A few general trends of CO, concentration can be observed from
Fig. 10. First, the CO, concentration increases with inlet flow rate
due to increasing supply of CO, molecules. In addition, tray 1 has
the highest CO, concentration because most of the cold fresh inlet
air dwells near the bottom of the IVFS due to the buoyancy ef-
fect. In contrast, tray 3 has the lowest CO, concentration because
the fresh inlet air has the highest flow resistance to reach tray 3
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Fig. 10. Comparison of the average CO, concentration (ppm) over each tray be-

tween the best OU cases and the baseline case (AB) at each inlet mass flow rate
condition.
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Fig. 11. Comparison of the average temperature over each tray between the best
OU cases and the baseline case (AB) at each inlet mass flow rate condition.

due to the combination of sharp turns and buoyancy effect. This
is particularly true at low inlet flow rates and when the inlet is
located on the top, which lead to low flow circulation as cold in-
let air flows downward directly. As a result, BC, BA, and DA at 0.3,
0.4, and 0.5 kg s~!, respectively, have relatively high CO, concen-
trations. Even though the baseline case AB at 0.5 kg s~! has the
highest CO, concentration, its OU is too low to be considered a
good design.

Temperature is also a critical parameter to control and monitor
because it directly affects both relative humidity (RH) and plant
growth [51]. The temperature distribution in the system depends
on the inlet/exit location, inlet mass flow rate, and amount of heat.
Since the inlet temperature and heat flux conditions are fixed, the
exit temperature increases with decreasing inlet mass flow rate.
Fig. 11 shows a comparison of the average temperatures of the
higher OU cases and the baseline case AB at different inlet mass
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Fig. 12. Comparison of the average RH over each tray between the best OU cases
and the baseline case (AB) at each inlet mass flow rate condition.

flow rates. Three phenomena can be observed from the baseline
case AB results at different inlet mass flow rates: (1) the flow
above tray 4 always has a lower temperature than that above tray
3 since it is closest to the inlet region; (2) at low inlet mass flow
rate (< 0.3 kg s~1), the flow above tray 3 has the highest temper-
ature due to buoyancy effect; and (3) at high inlet mass flow rate
(> 0.3 kg s~1), the flow above tray 1 has the highest temperature
because it is located closest to the exit.

The temperature distribution for case AD is very similar to that
of the baseline case due to similar inlet/exit location orientations
so that buoyancy is the dominant effect at low inlet mass flow rate
(0.2 kg s~1). On the other hand, cases BC, BA, and DA have different
temperature distributions than the baseline because the inlet and
exit are located near the bottom and the top, respectively. There-
fore, the temperature of tray 1 is much closer to the inlet tem-
perature (291.15 K) and the temperature increases with height ex-
cept at high mass flow rate (> 0.4 kg s—!) where the temperature
above tray 4 can be lower than that above tray 3. This is due to
strong helical flow mixing inside the room at high inlet mass flow
rate, which also explains that the temperature uniformity increases
with increasing inlet mass flow rate. Previous studies show that
the optimal germination temperature is between 294 K and 297 K
[52]. As can be observed from Fig. 11, cases BC, BA, and DA at 0.3,
0.4, and 0.5 kg s~1, respectively, exhibit the desirable temperature
range and distribution for lettuce growth. Nevertheless, compared
to the baseline at each mass flow rate, case BC at an inlet mass
flow rate of 0.3 kg s—! exhibits the most significant average tem-
perature reduction (2.54 K). Furthermore, the average temperature
of case BC at 0.3 kg s~! is lower than that of the baseline case at
0.5 kg s—!, which demonstrates the design effectiveness of case BC.

Relative humidity (RH) represents the water vapor partial pres-
sure in the IVFS, which has a strong effect on crop growth. It
is reported that the ideal RH for lettuce and leafy greens should
be between 50-70% [52]. High RH can cause pathogen issues, like
mildew and botrytis, and low RH can induce an outer leaf edge
burn due to dryness [51,52]. Therefore, the inlet RH is set to be
85% in this IVFS design. The comparison of RH for each tray be-
tween the highest OU and the baseline cases at different inlet mass
flow rates is shown in Fig. 12. It can be observed from the baseline
case that RH increases with increasing inlet mass flow rate due to
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Fig. 13. Comparison of the power required to operate the flow circulation system
between the best OU cases and the baseline case (AB) as a function of mass flow
rate.

the increase of water supply and decreasing room temperature. RH
can be calculated from the ratio of the partial pressure of water va-
por to the saturation vapor pressure at a given temperature. There-
fore, RH can be increased by either increasing water partial pres-
sure (molar ratio) or decreasing temperature. In our study, temper-
ature is the dominant parameter because the gas species composi-
tion in the system does not vary significantly. Therefore, the trend
of RH distribution agrees with that of the temperature distribution
in Fig. 11. The only exception exists for the baseline case AB when
the inlet mass flow rate is the smallest (0.2 kg s~!). Under such
conditions, tray 3 has higher temperature and RH than tray 4. To
explain this behavior, the results from the CO, distribution analy-
sis need to be considered. At the lowest inlet flow rate, the flow
has lowest circulation and tray 3 is near the end of the fresh in-
let flow stream. Therefore, tray 3 has the lowest CO, and highest
H,0 concentrations due to photosynthesis as shown in Figs. 10 and
12. Overall, the average RH distributions for cases BC and BA fall
within the optimal range.

6.3. Power requirement and the overall design efficiency

According to Eq. (8), the power required can be calculated as
the product of volume flow rate and pressure drop between the
inlet and exit. Even though the inlet/exit locations can change the
overall system pressure drop slightly, mass flow rate has a dom-
inating effect on the required power, as shown in Fig. 13. It can
be observed that cases AB and BA incur the most pressure drop,
which is more obvious at high flow rates. As discussed earlier,
placing the inlet and exit on the same wall located at the short
side disrupts the helical flow formation, which is known to benefit
flow circulation. Under this condition (AB or BA), additional ver-
tices, which is the main source of the increased pressure drop, are
observed near the exit region from the flow streamlines. To mini-
mize energy consumption, the inlet/exit location should be placed
on opposite walls and the IVFS system should operate at the min-
imum flow rate that meets other requirements, such as tempera-
ture, RH, CO, concentration, and flow velocity above the exchange
region.

Since there are multiple variables that can affect the overall de-
sign of the inlet/exit location and mass flow rate, an overall effi-
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Fig. 14. Comparison of the overall efficiency between the best OU cases and the
baseline case (AB) at each inlet mass flow rate condition.

ciency factor is introduced in Eq. (9) to holistically assess the uni-
formity of all monitored parameters. Fig. 14 shows the final com-
parison of the overall design efficiency between the four best OU
cases and the baseline case. It can be observed that OU has a dom-
inating effect on the overall efficiency since the trends show some
resemblance to the overall efficiency. In terms of overall efficiency
and power consumption, case BC operating at 0.3 kg s~! is the op-
timal design for this IVFS.

7. Conclusion

In this work, a computational fluid dynamics model is devel-
oped to simulate the heat transfer and fluid flow in an indoor
vertical farming system with photosynthesis. Eight cases of vari-
ous inlet/exit location are studied under turbulent regime to evalu-
ate flow velocity, temperature, relative humidity, CO, concentration
and their distributions over each cultivation tray. Depending on the
flow inlet/exit location, the objective uniformity varies between
39.6~91.7% when the mass flow rates ranges from 0.1~0.5 kg s~.
The following two flow stream phenomena are observed to en-
hance the objective uniformity: 1) placing the flow inlet/exit loca-
tion on opposite walls with inlet on the short side and exit on the
long side to induce spiral flow for effective mixing; and 2) locating
the flow inlet at the bottom and exit at the top to take advantage
of the gravity-assisted buoyancy effect. However, higher objective
uniformity does not necessarily lead to a more favorable species
distribution. It was found that the lower tray has higher CO, con-
centration due to buoyancy effects. Further, in our eight studied
cases, the tray near the middle height (tray 3) has the lowest CO,
and highest H,O concentrations due to less effective circulation.
This trend is found to be more prominent when the mass flow rate
is low. In addition, the case with inlet at the bottom of the short
side and exit at the top of the long side running at 0.3 kg s~!
shows the desired lower average temperature compared to other
inlet/exit locations operating at 0.4 or 0.5 kg s~!. Accordingly, the
reduced flow rate of 0.3 kg s~! enables significant reduction in
energy consumption. In conclusion, the newly-developed compu-
tational fluid dynamics model successfully demonstrates its capa-
bility to simulate heat transfer, fluid flow, and photosynthesis in an
indoor vertical farming system. The simulation framework provides
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a powerful tool to evaluate various design options and provide de-
sign guidance of indoor farming system.
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