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Abstract: In the present study, a numerical model is developed to predict time-
dependent temperature variations inside a solar greenhouse by solving the continuity,
Navier-Stokes, and energy Equations using ANSYS Fluent. This paper considers all heat
transfer mechanisms into and out of the greenhouse, including convection, radiation, and
conduction. The surface-to-surface model and SIMPLE method are employed to analyse
thermal radiation between surfaces within the greenhouse and to couple pressure and
velocity in solving the flow-field Equations numerically, respectively. This study
specifically investigates the unsteady temperature distribution within a solar greenhouse
located in Makran, Iran (latitude: 25.3054°N, longitude: 60.6411°E). The numerical
method of this study is validated by comparing its results with experimental data. The
high accuracy demonstrated by this approach supports the conclusion that the model can
effectively study the flow field and thermal behaviour inside solar greenhouses. It is
demonstrated that fluctuating boundary conditions cause the thermal conditions inside
the greenhouse to vary dynamically over time. The results depict the spatial variation of
temperature distribution at different levels from the soil surface at 13:00 on the first and
second days of modelling in Makran. These insights are expected to play a crucial role
in improving greenhouse design and management practices in agriculture.
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1 INTRODUCTION

Solar greenhouses are typically defined as enclosures
that provide an appropriate environment to grow crops
such as plants, flowers, and vegetables [1]. The solar
greenhouse industry effectively uses renewable solar
energy. There are two types of solar greenhouses:
passive and active. In passive solar greenhouses, solar
energy is used to heat water, concrete, or other heat-
holding materials, with minimal human involvement in
the self-regulated warming process [2]. The active
system, however, requires electricity or another
conventional source of energy [3].

Experimental studies of greenhouses are too expensive,
and their results are only useful for specific conditions
and geometry. Therefore, numerical models are needed
to predict the temperature distribution inside
greenhouses. Computational Fluid Dynamics (CFD) is a
powerful tool to simulate the climatic conditions within
greenhouses [4]. Okushima et al. [5] studied ventilation
in greenhouses using CFD for the first time. They
compared the results of the numerical method with
experimental data [6]. This technique was not used for
some time until Bot et al. [7] compared the CFD results
of a two-span greenhouse simulation with data obtained
by means of sonic anemometry.

CFD has been increasingly used in simulating
greenhouse climatic conditions. Bartzanas et al. [8]
studied the effect of an insect-proof screen (located in
the side openings of a tunnel greenhouse) on airflow and
temperature distribution using CFD. They found that
airflow was reduced and the thermal gradient increased
by using the insect screen. Molina-Aiz et al. [9] studied
the effect of wind speed on the inner climatic conditions
of the greenhouse using finite element method-based
software. The continuity, momentum, energy, turbulent
kinetic energy, and dissipation rate Equations were
solved. They found that ventilation was a significant
parameter affecting crop growth. Tong et al. [10]
predicted the temperature distribution inside a Chinese
solar greenhouse during three clear days followed by a
cloudy day using the CFD method. Radiation,
convection, and conduction heat transfer were all
assumed in their study to present an accurate prediction.
Rodriguez and Velazquez [11] demonstrated the
capability of CFD in predicting climate control in a solar
greenhouse, considering heat and mass transfer.

A system of Equations for heat and moisture transfer
during the drying of copra in a solar greenhouse dryer
was numerically solved using the finite difference
method by Sadodin and Kashani [12]. Based on the
results, it was concluded that this type of dryer can be
used in rural areas without electricity grids, with an
estimated payback period of about 2.3 years.
Lokeswaran and Eswaramoorthy [13] validated their
experimental results on natural convection in a solar
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greenhouse dryer using Fluent software. They solved the
continuity, momentum, and energy Equations
simultaneously using the SIMPLE scheme for pressure-
velocity coupling.

Deiana et al. [14] investigated the effect of different
building materials on the internal temperature of
Chinese solar greenhouses throughout the entire cold
season, using numerical methods. Chen et al. [15]
studied the contribution of an active-passive ventilation
wall with phase change material (PCM) in improving the
north wall of a solar greenhouse, both numerically and
experimentally. They demonstrated the effectiveness of
the proposed wall by monitoring the increase in indoor
air temperature, daily effective accumulative
temperature, and soil temperature.

Tong and Christopher [16] investigated the effect of
different parameters on the inner temperature
distribution in a Chinese solar greenhouse through
sensitivity analysis. He et al. [17] simulated a 2D model
of a solar greenhouse using FLUENT to determine the
best size for the back wall vent. The discrete ordinates
radiation model was used to calculate coupled radiation
and convective exchanges. They found that vents were
the key factor affecting the greenhouse temperature
distribution. Esmaeli and Roshandel [18] optimized the
structural properties of a solar greenhouse based on a
thermal model to minimize the deviation of the
temperature from the suitable temperature range. They
found that the optimized parameters are depended on the
objective  function, varying from year-round
performance to seasonal or cultivation period
performances.

In this study, a sophisticated numerical model is
developed to simulate the climatic conditions within a
solar greenhouse, with a specific focus on the thermal
behaviour of a greenhouse located in Makran, Iran. This
analysis is crucial for optimizing agricultural practices
in the region. The model incorporates time-dependent
boundary conditions, including solar insolation, sky
temperature, outside air temperature, and outside air
relative humidity. These parameters are accurately
determined and implemented in the simulation software
using a user-defined function (UDF) to ensure the
precision of the numerical model. The research
methodology includes a rigorous validation process,
where the model's predictions are compared against
experimental data to verify its accuracy. Another
significant contribution of this research is providing
detailed insights into the temperature distribution within
the solar greenhouse in Makran, Iran.

2 MATERIALS AND METHODS

In the current study, a numerical model is employed to
simulate the temperature distribution inside a solar
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greenhouse. The model's geometry, computational
domain, governing Equations, boundary conditions
(BCs), effective properties of the layered surfaces, and
numerical solution procedure are discussed in the
following subsections.

2.1. Model Geometry and Computational Domain
Figure 1 shows the cross-sectional view of the
greenhouse. The soil depth under the greenhouse is
assumed to be 1.0 m. The greenhouse is modeled as two-
dimensional.
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Fig.1  Cross-sectional view of the greenhouse with
dimensions [m].

2.2. Governing Equations

The system is simulated by discretizing space and time
using the finite-volume method and solving the
incompressible, unsteady, two-dimensional laminar
conservation Equations for the velocity and temperature
fields on an unstructured grid. The continuity, Navier-
Stokes, and energy Equations are represented as [19]:
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The vectors U, and x; are velocity and position, T is
temperature, p is pressure, p is density, u is
molecular viscosity, f, is body force per unit mass, u

is the internal energy per unit mass (the most frequent
form of u is u=cdT for liquids and u=c dT for gases

where ¢, is the specific heat at constant volume), k is
thermal conductivity, Q is the heat source or sink, q, is
radiation term, @ isdissipation rate, and S; is the strain

rate tensor that can be written as follows [19]:
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2.2.1. Solar Radiation Model

Solar radiation is a crucial factor influencing the indoor
temperature and airflow distribution in a greenhouse. It
is assumed that air does not participate in thermal
radiation exchange. Thermal radiation heat transfer
between surfaces inside the greenhouse is calculated
using the Surface-to-Surface (S2S) model. This model
can be used to account for radiation exchange in an
enclosure with gray-diffuse surfaces. The energy
exchange between two surfaces depends in part on their
size, separation distance, and orientation. These
parameters are accounted for by a geometric function
called a view factor. The main assumption of the S2S
model is that any absorption, emission, or scattering of
radiation can be ignored; therefore, only surface-to-
surface radiation needs to be considered for analysis
[20].

The energy flux leaving a particular surface consists of
emitted and reflected components. The amount of
reflected energy flux depends on the incident energy flux
from the surroundings, which can be described in
relation to the energy flux from all other surfaces. The
energy reflected from surfacek is [21]:

Qoutk = &k ol +p, in ®)

Where g ... &, o, p, and g, are energy flux

leaving the surface, emissivity, Boltzmann’s constant,
transmissivity, and energy flux incident on the surface
from the surroundings, respectively. The incident energy
on a surface from another surface is directly determined
by the surface-to-surface view factor, Fi- The view

factor F, represents the fraction of energy leaving

surface k that reaches surface j .
The incident energy flux g, can be expressed in

relation to the energy flux leaving all other surfaces as
follows [21]:

N
Ay = ZAj Qout j Fix Q)
1

Where A is the area of surface k and = is the view

factor between surface k and surface j.

For N surfaces, applying the view factor reciprocity
relationship yields [20]:

AF, =AF,forj=123..,N @
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Which can be written as [21]:
N 10
J =E +p D FyJ; (10)
j=1

Where J, represents the radiosity (energy given off) of
surface k, and E, represents the emissive power of

surface k. This forms N Equations, which can be
reformulated into matrix form as follows [20]:

KI=E (11)

Where Kis a NxN matrix, J is the radiosity vector,
and E is the emissive power vector. Equation (11) is
referred to as the radiosity matrix Equation. The view
factor between two finite surfaces i and j is defined as

[20]:

C0S &, cos 6,
Ry = ij. .[ #éJdAidAj (12)
A A A

Where 5 is evaluated by the visibility of dA, to dAi
-8 =1 if dA, is visible to dAi and O otherwise.

2.3. BCS and Effective Properties of The Layered
Surfaces

The thermal radiation heat transfer between the inner
surfaces, as well as between the outside surfaces and the
sky, is considered due to the temperature difference. The
S2S model is applied to calculate the radiation heat
transfer between surfaces inside the greenhouse. Natural
convection inside the greenhouse, convection between
the outside air and the greenhouse surfaces,
condensation on the cover, and air filtration are all
considered.

The sky temperature is calculated as [22]:

Toy = €a (T, + 273) (13)
&4y =0.74+0.006T,, (14)

Where T, is the outside temperature, Eqy is the sky
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emissivity. The dew point temperature, Tgpr is a function

of the relative humidity and the outside air temperature,
and an empirical relationship is used [23]:

T,, = (112+0.9T, )RH *'**+(0.1T,, —112) (15)

RH is the relative humidity outside the greenhouse. T,

is in °C in “Eq. (15)”. The air temperature and relative
humidity outside the greenhouse used in this study are
shown in “Figs. 2 and 3”.
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Fig.3  Air relative humidity [10].

The solar radiation reaching the inner surfaces includes
both beam solar radiation and diffuse solar radiation.
The beam solar radiation fluxes on the inner surfaces are
specified by [10]:

qb,ground = qub (16)
_ cosd, (17)
qb.northwall_ oS 91 b,ground
_ cos g, (18)
qb,northroof - cos 02 b,ground

Where g, is the solar beam radiation flux on a horizontal
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surface outside in V%nz' depicted in “Fig. 4”. z,, @,,

6,and g represent the south roof cover film

transmittance for beam radiation, angles of incidence on
the horizontal (soil), north wall, and north roof surfaces,
respectively. The view factors required for calculating
the diffuse solar radiation on the inner surfaces are
provided in [10]:

I pt Ibc — Iac (19)
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L+, —1
Moo = 22 Zzlad bd (20)
ab
Ibd +Iac _Ibc_lad (21)
nab,cd == 5
21,
600
c 500
i)
s 2(\? 400
S E 300
3
3 < 200
& 100
0
0 7 14 21 28 35 42 49 56 63 70 77
Time (h)
Fig.4  Total solar radiation outside on a horizontal surface
[10].

Fig.5  Scheme of the surface view factor [10].

Figure 5 shows the scheme of the surface view factors.
The calculation of diffuse solar radiation fluxes to the
inner surfaces is described in [10]:

qd,ground = qd,southroofrd Uab,bc (22)

Q4 northwan = Y southroof d ab,cd (23)

qd,northroof = qd ,south roode nab,ad (24)

Where q 4 southroof is the diffuse radiation flux to the south

roof surface in Vyz. 7, is the south roof cover film
m

transmittance for diffuse radiation. The diffuse radiation
flux on a horizontal surface is assumed to be 20% of the
total solar radiation [10].

The solar radiation flux incident on the south roof can be
calculated as [24]:

st o = Ryl + Ry0y + R (G, +dy) (25)

Where et o is the total solar radiation flux outside the
south roof in %2. Oy+ Gy Ry» Ry and R represent

beam radiation, diffuse radiation, the ratio of the beam
radiation incident flux on the south roof to that on the
horizontal surface, the ratio of the diffuse radiation
incident flux on the south roof to that on the horizontal
surface, and the reflected component, respectively. R,

R,,and R can be calculated as [24]:

R, = COS O (26)
cos 6,
R, =1t C0sA 27)
2
R, = a(ﬂ) (28)
2
Where ¢, 6,, B, and «a represent the angles of

incidence relative to the south roof, the angles of
incidence relative to the horizontal surface, the angle
between the south roof plane and the horizontal plane,
and the reflection coefficient of the ground, respectively.
According to “Fig. 67, the incidence angle of the sloped
plane is determined as [25]:

€os @ =sindsingcos B —sin & cos ¢sin S oSy + CoS J CoS ¢

C0S 3OS @ + COS & Sin¢sin Scos y oS + cos sin Asiny sinw
(29)

Where &, ¢, y, and @ are declination, latitude, solar

azimuth, and hour angel, respectively. Declination is
determined by using “Fig. 7”. @ and y can be

calculated as [25]:

@ =15(Solartime —12) (30)
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E =229.2(0.000075+0.001868cos B —.032077sin B (32)
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Where n is the number of days since the start of the year.

cos 6, sin ¢p—sin 6)

y = sin(w) |cos‘1( (34)

sin@,cos ¢

Condensation occurred on the inside south roof surface
during a certain time range [10]. The latent heat flux

(\/\%12) due to condensation, as given by Garzoli [27],

IS:
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h.L(w, —w,
Ocondensaton = ¥ (35)
Cp

Where h_is the inside surface heat transfer coefficient,
. o - .
72(\,%12K) [28] c, is the specific heat of air (AgK)
. otion ]
, L is the latent heat of vaporization (%g),and w, and

w. are the humidity ratio in the greenhouse air and the
c

humidity ratio of air saturated at the cover temperature,
respectively, with [10]:

w, = % (0.004055+0.0001152t, +0.00002167t2) (36)

w, = 0.004055 +0.0001152t, +0.00002167t>  (37)

Where RH is the relative humidity of the greenhouse
air, t, is the greenhouse air temperature in °C and, t, is

the cover temperature in °C.
The total leakage heat losses due to air infiltration are
the sum of the sensible and latent leakage losses [29]:

Qs = VPEAT (38)
A\enclosure
NVpoLAw

Qints = e (39)
Aenclosure

Where V, p, AT, and Aw represent the volume, air

density, air temperature difference between the inside
and outside of the greenhouse (10K ), and air humidity
ratio difference between the inside and the outside of the
greenhouse, respectively.

The actual physical properties of the layered structures
used in this study are listed in “Table 1”.

2.4, Numerical Solution Procedure

The geometry is created and the grid is generated with
the aid of GAMBIT software. The governing Equations
are solved numerically using ANSYS FLUENT 14. The
unsteady boundary conditions of the greenhouse are
implemented via a UDF. The momentum and energy
Equations are solved using first-order upwind
discretization, while the pressure is solved using
standard discretization. The SIMPLE method is
employed for pressure-velocity coupling. The
convergence criterion is set to 10° for the energy
Equation and 10 for the other Equations. Additionally,
a mesh-free solution is considered.
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Table 1 Effective properties of the layered surfaces [10]

. Therm-
- Specif-
) Laye- _ Derlls ) P 3 al condu- Emis-
Location rs thic- ity, Kg ic heat, fivit W sivity
kness, mm 3 ctivity, **
m kgK mK
SOUtQirn?gf day 0.12 1400 1045 0.17 0.9
South roof night
time 20 107.8 819 0.03 0.9
North wall inside
layer 360 1800 1050 0.81 0.93
North wall middle 120 6.9 1329 003
layer
North ‘f’a" outside 120 1800 1050 0.81 0.93
ayer
North roof 200 555.8 1091 0.06 0.91
Soil 1000 2050 1010 0.6 0.96
3 RESULTS As seen in “Fig. 8, there is a slight difference between

The present study is validated by comparing the results
with the experimental data of Tong et al. [10]. Figure 8
shows the simulated and measured temperature
distributions (K) at 13:00 on February 20, 2004 [10].

&8

e S —

OO MOX IO IO OO0 94

(b)
Fig.8  Temperature distribution (K): (a): experimental
data [10], and (b): numerical result.

the numerical results and the experimental data. It is
concluded that the numerical method used is accurate.
Some simplifications are considered in this study; for
example, the average properties are considered for the
layered structures. The existing difference may be due to
these simplifications.

(b)
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Fig. 9  Temperature distribution (K) at: (a): 8:00, (b):
13:00, and (c): 22:00 (first day). (d): velocity vector at 13:00
near the south roof.
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Fig. 10 Temperature distribution (K) at: (a): 8:00, (b):
13:00, and (c): 22:00 (second day). (d): velocity vector at
22:00 near the soil surface.

The above-mentioned method can be used for predicting
the temperature distribution inside the greenhouse in
different locations. As a case study, the temperature
distribution is analyzed in Makran (latitude: 25.3054° N
and longitude: 60.6411° E), a semi-desert coastal strip in
Baluchestan, Iran, where studying agriculture in this
region is significant [30]. The specified climatic
conditions are used, considering conduction boundary
conditions for inner surfaces and a uniform temperature
at a depth of one meter in the soil. Figures 9 and 10 show
the temperature contour at different times and the
velocity vector near the south roof at certain times.

As seen in “Figs. 9 and 107, the temperature distribution
inside the greenhouse varies at different times due to the
time-dependent nature of the incident solar radiation
flux. This capability to predict the climatic conditions
within the greenhouse can provide valuable insights for
optimizing crop production. Understanding how
temperature fluctuations correlate with solar radiation
over time allows for better management of growing
conditions, enhancing the overall efficiency and yield of
agricultural practices.

Figures 9 and 10(d) illustrate the fluid motion caused by
natural convection due to the temperature differences
inside the greenhouse. This highlights the significant
role of natural convection in the heat transfer process,
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influencing the temperature distribution within the solar
greenhouse. As seen in “Figs. 9 and 10(b)”, the variation
in temperature distribution is significant at 13:00 on both
the first and second days. Figure 11 shows the thermal
variation along horizontal lines at different y-coordinate
levels.
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Fig. 11 Temperature distribution along different horizontal
lines at: (a): 13:00 (first day), and (b): 13:00 (second day).
The center of the coordinates is shown in “Fig. 1.

The variation in temperature distribution along these
horizontal lines is evident in “Fig. 117, clearly indicating
that the highest temperature occurs near the south roof.
Visualizing the thermal distribution along different
hypothetical horizontal lines inside the greenhouse is
valuable for agricultural purposes in Makran, as it
enables accurate prediction of thermal conditions.

The Equations governing the solar radiation model and
transient external climatic conditions are detailed and
utilized to validate the study against experimental data.
As a case study, the study predicts the temperature
distribution inside a solar greenhouse in Makran, Iran.
The transient nature of boundary conditions results in
varying thermal conditions inside the greenhouse at
different times. Furthermore, the findings reveal spatial
variations in thermal distribution behavior. The research
highlights the significant role of natural convection in
influencing thermal distribution within the greenhouse.
The results demonstrate the capability of the numerical
method to accurately simulate the thermal behavior of
solar greenhouses, as evidenced by the strong agreement
between numerical predictions and experimental data.
Consequently, accurate prediction of temperature
distribution is crucial for advancing agricultural
practices in solar greenhouses.
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