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In developing countries, open field agricultural production is highly vulnerable to biotic 

and abiotic factors limiting crop productivity, generating economic losses and affecting 

food security. Therefore, one of the strategies that can improve these production systems 

is the implementation of the crops under cover technically adapted to the climatic and 

socioeconomic conditions of each region. The objective of this research was to analyze the 

thermal behavior and airflow patterns of an insect-proof screenhouse through 

computational fluid dynamics simulations using a 3D model. The results obtained for the 

multiannual monthly climatic conditions of a warm climate region in Panama showed that 

the airflow velocities inside the structure were lower between 76.8 and 80.2% with respect 

to the external velocity. The most critical scenarios showed temperature differences below 

2℃ inside the screenhouse with respect to the outside. This value can be considered low 

as compared to the behavior of naturally ventilated greenhouses.  
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1. INTRODUCTION

In the Latin America and Caribbean region, emerging 

countries with a great diversity of geographical and 

agroclimatic zones exist. In countries such as Panama, there 

are factors that generate great concern among stakeholders in 

the agricultural sector, one of which is the vulnerability of 

subsistence agricultural systems to the adverse effects of 

climate change. This has a negative effect on the food security 

of the current population, an effect that will be even more 

critical for the future population levels [1, 2]. 

Currently, the agricultural sector in Panama faces important 

issues, such as the lack of labor. In the last three decades, the 

agricultural sector has shrined by approximately 50%, 

decreasing the food availability for 25% of the population [3]. 

On the other hand, the effects of climate change and variability 

phenomena such as El Niño-Southern Oscillation (ENSO) 

have caused severe drought seasons that, together with the 

deterioration of farmland, have restricted agricultural 

production [4, 5]. Faced with these problems, the government 

has promoted protected cropping and vertical agriculture as 

strategies to intensify agricultural production. However, many 

of these production systems have been developed for highland 

regions where cold climates predominate. Some of these have 

failed because the technological solutions have not been 

adapted to the specific conditions of the country [3]. 

During the last decade, insect-proof screenhouses (IP-SH) 

have gained a lot of interest among growers. These simple and 

cheap structures offer advantages such as the protection of the 

crops against pests, reduction of excessive solar radiation 

levels and, a higher water efficiency use which is relevant in 

drought prone warm regions [6-11]. 

One of the factors that must be analyzed before the 

implementation of an IP-SH is the thermal behavior within the 

structure due to the airflow reduction caused by the porous 

screen [12, 13]. Computational fluid dynamics (CFD) is a 

widely used technique to study air flows and the spatial 

distribution of variables such as temperature inside protected 

agriculture structures. Through this technique, fast and 

accurate results can be obtained under different simulation 

scenarios [14, 15]. 

The use of CFD in microclimate studies for agricultural 

production structures dates back to the work of Okushima et 

al. [16], who performed the first approximation by numerical 

simulation of air flows in a greenhouse previously analyzed 

using a wind tunnel. The first numerical results reported did 

not show a good agreement with the experimental results 

mainly due to the computational limitations to generate and 

optimal numerical grid. 

In a later work, with greater computational power and a 

better understanding of the natural ventilation phenomenon 

with in greenhouses, Mistriotis et al. [17, 18] developed 2D 

and 3D studies for Mediterranean greenhouses. They reported 

airflows in the leeward side with a direction opposite to that of 

the external wind, a behavior that was in agreement with the 

experimental results. Numerical studies were also developed 

to analyze the thermal component of natural ventilation using 

the Boussinesq approximation, which is a model that describes 

the buoyancy phenomenon generated by the increase in air 

temperature due to the density change [19]. 

During the first decade of the XXI century, these previous 

results allowed the development of multiple works related to 

natural ventilation for different greenhouse types in countries 

such as Spain, France, Greece, Morocco and Mexico. The 

results of these studies can be reviewed in the work of Bournet 

and Boulard [20]. In the same way, CFD studies applied to 

screenhouses started to emerge, where the main works were 

focused on the study of the thermal and aerodynamic behavior 
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of the flat roof screenhouse structure [21, 22]. This studies that 

determined that the shape of the side wall of the structure 

differentially affects the air flows from the outside 

environment. Likewise, in this type of studies it was possible 

to identify that within this type of structures, thermal inversion 

phenomena occur during the night time; therefore, the inside 

air has a lower temperature with respect to the outside 

environment [23]. 

The air flow velocity inside a screenhouse will depend on 

the structure and the pore diameter of the porous screen; 

therefore, it is a factor that must be analyzed when selecting 

the type of screen to be used as covering [24, 25]. On the other 

hand, Flores-Velazquez et al. [26] in a CFD study developed 

in Mexico concluded that the shape of the screenhouse roof 

directly influences the air flow rates moving through the 

region where the crops are grown. However, the authors 

concluded that further studies on this aspect should be carried 

out. Follow up studies such as a 2D one by Villagrán [27] and 

a 3D one by Villagrán and Jaramillo [28] determined that an 

asymmetrical roof screenhouse was able to induce greater air 

flows at the cultivation area, generating a lower thermal 

gradient, benefiting the crop growth. 

Currently, there are no CFD studies applied to this area of 

knowledge developed in Panama. However, at the regional 

level, in the last three years there has been some research 

carried out in Costa Rica [29], Colombia [28] and Dominican 

Republic [30]. Such studies allowed to optimize the 

microclimatic behavior in screenhouses structures established 

in warm climate regions. The aim of this research was to 

evaluate through a 3D CFD model, the spatial behavior of 

temperature and air flows inside a proposed IP-SH to be built 

in the Pacific coastal region of Panama. 

 

 

2. MATERIALS AND METHODS 

 

2.1 Description of IP-SH 

 

 
 

Figure 1. Geometric scheme of the IP-SH, (a) Isometric 

view, (b) Top-down view and (c) Front view 

 

The development of the numerical simulations was carried 

out for a virtual model of the IP-SH. The shape of the roof 

shows a variation in its height and the covered floor area was 

720 m2 (Figure 1). The IP-SH is proposed to be built in the El 

Ejido Experimental Station of the Institute of Agricultural 

Research of Panama - IDIAP, located in Los Santos Province, 

Panama. The IP-SH has a cross section (x-axis) of 30 m and a 

longitudinal section (z-axis) of 24 m. The minimum height of 

IP-SH is 4.0 m on the sides and has a maximum height of 9.0 

m on the deck above the middle section. The side walls and 

roof were covered with a semi-transparent insect proof screen 

with a thread count of 16.1 x 10.1 cm-2 and a porosity (ε) of 

0.33. 

 

2.2 CFD model 

 

CFD is a technique for solving a non-linear set of partial 

differential equations known as Navier-Stokes equations. 

These equations are discretized to linear equations through 

numerical solving methods. The CFD methodology allows the 

calculation of air flow patterns and thermal distribution 

patterns generated inside a protected agricultural structure. 

The phenomena of transport by free convection can be 

described by Eq. (1). This is the general transport equation for 

a fluid in a three-dimensional field and in a steady state. 

 
𝜕(𝑢∅)

𝜕𝑥
+

𝜕(𝑣∅)

𝜕𝑦
+

𝜕(𝑤∅)

𝜕𝑧
= Γ∇2∅ + 𝑆∅ (1) 

 

where, u, v and w are the components of the velocity vector, x, 

y and z represent the coordinates in Cartesian space, ∇2 is the 

Laplacian operator, Γ is the diffusion coefficient, ∅ represents 

the concentration of the quantity transported in a dimensional 

form (Moment, mass and energy) and, 𝑆∅ is the source term. 

The airflow modeled considered turbulence through the 

standard k - ε model. This is a semi-empirical model based on 

the transport equations that solve the kinetic turbulent energy 

ε and the dissipation of this energy per unit volume ε. The k - 

ε has been the most applied and widely validated model in 

greenhouse and screenhouse airflow studies showing to be 

computationally efficient while providing realistic solutions 

[14, 31]. Boussinesq's model was considered in order to 

simulate variations in air density inside the screenhouse 

generated by temperature changes. The side and front surfaces 

and the roof of the IP-SH were modeled as porous media. This 

was done by using equations derived from the flow of a free 

and forced fluid through porous materials, taking into account 

their porosity and permeability properties [32]. These 

equations can be derived using Eq. (2). which describes the 

Darcy-Forcheimer law. 

 
𝜕𝑝

𝜕𝑥
=

𝜇

𝐾
𝑢 + 𝜌

𝐶𝑓

√𝐾
 𝑢|𝑢| (2) 

 

where, u is the velocity of air (m s-1); μ is the dynamic viscosity 

of the fluid (kg m-1 s-1), K is the permeability of the porous 

medium (m2); Cf is the inertial factor of the screen; ρ is the air 

density (kg m-3), and ∂x is the thickness of the porous material 

(m). The radiation model selected was the discrete ordinate 

(DO) model with angular discretization. This model has been 

widely used in the study of protected agriculture and allows 

the calculation of radiation and convective exchanges 

occurring in the computational domain [33-37]. The DO 

model is described by Eq. (3). 

 

𝛻. (𝐼𝜆 (
𝑟

⇒ ,
𝑠

⇒)  
𝑠

⇒) + (𝑎𝜆 + 𝜎𝑠)𝐼𝜆 (
𝑟

⇒ ,
𝑠

⇒)

=  𝑎𝜆𝑛2
𝜎𝑇4

𝜋

+
𝜎𝑠

4𝜋
∫ 𝐼𝜆 (

𝑟
⇒ ,

𝑠
⇒ ´)

4𝜋

0

𝛷 (
𝑠

⇒.

𝑠
⇒ ´) 𝑑𝛺´ 

(3) 
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where, 𝐼λ is the intensity of radiation at a wavelength; 
𝑟

⇒ ,
𝑠

⇒ 

are the vectors that indicate the position and direction, 

respectively; 
𝑠

⇒ ´ is the scattering direction vector; 𝜎𝑠, 𝑎𝜆  are 

the coefficients of dispersion and spectral absorption; 𝑛 is the 

index of refraction; 𝛻 is the divergence operator; 𝜎 is Stefan-

Boltzmann's constant (5.669×10−8 Wm−2 K−4), Φ, T y Ω are the 

phase function, the local temperature (°K) and the solid angle, 

respectively. 

Likewise, in order to simplify the resolution of the 3D CFD 

model, no type of crop was included. This was done in order 

to speed up the numerical calculation and establish the 

behavior of the air flow and temperature under the worst 

possible scenario. Under this scenario much of the radiation 

incident on the interior of the IP-SH is converted into heat 

generating a temperature increase. To solve the pressure-

momentum coupled equations, a semi-implicit solution 

method was adopted for the pressure-linked equations through 

a second-order discretization scheme for momentum, energy 

and turbulence. The convergence criteria for these variables 

were set at 10-6. 

 

2.3 Numerical mesh, boundary conditions and initial 

conditions implemented in the simulations 

 

For the development of the simulations a large 

computational domain was created including the IP-SH and its 

boundaries (Figure 2). The dimensions of the computational 

domain in each of the axes (x-y-z) were 330, 70 and 320 m, 

respectively. These were established according to the 

recommendations reported for wind and natural ventilation 

studies of buildings that used the numerical simulation 

technique such as those developed by Perén et al. [38] and Kim 

et al. [39]. In the process of generating and testing the 

independence of the solution to the size of the numerical grid, 

an unstructured grid of square elements was selected with a 

total of 14,171,713 volumes. This size was defined after 9 

different grid sizes were evaluated that contained a finite 

number of elements within the range [1,623,865 - 21,293,965]. 

The process of selecting the appropriate size was carried out 

in accordance with He et al. [40] and successfully applied by 

Villagrán et al. [14]. The evaluation of the quality of the 

numerical grid was carried out by means of the 3 X 3 relative 

determinant calculation, which showed a behavior higher than 

96.4% with cells between 0.95 and 1 which indicated perfectly 

regular grid elements [41]. 

 

 
 

Figure 2. (a) Computational domain and (b) detail of the 

numerical grid of IP-SH 

 

The following boundary conditions were established for the 

computational domain: symmetric for the upper region, 

pressure outlet for the side where the simulated airflow exits, 

wall for the floor region, porous medium for the roof and walls 

of the structure, and the limit where the airflow enters was 

established as the entry limit, establishing for this entry limit a 

logarithmic vertical velocity distribution profile as proposed 

by Khaoua et al. [42] and making adjustments according to the 

characteristics of the study region. Therefore, the air inlet and 

outlet limits were defined according to the prevailing outside 

wind direction for each of the months evaluated, as shown in 

Table 3. 

The physical and optical properties of the materials (Table 

1) and the aerodynamic properties of the insect-proof porous 

screen (Table 2) used in the simulation were taken from the 

studies of Flores-Velazquez et al. [43] and Reynafarje et al. 

[44]. 

The initial simulation conditions established were obtained 

from the historical climate information available for the region 

of study since 1987. In accordance with the purpose of this 

research, it was determined to analyze the behavior of the 

structure on a monthly basis. The solar radiation and 

maximum average temperature variables were used as extreme 

conditions, coupled with the average speed of the exterior air 

and its dominant direction were used. Therefore, a total of 12 

simulations were carried out (Table 3). 

 

Table 1. Properties of materials used in the CFD simulation 

 
Physical and optical properties of the materials used 

 Air Ground Screen 

Density (ρ, kg m-3) 1.225 1,400 990 

Thermal conductivity (k, W m-1 K-1) 0.0242 1.5 0.33 

Specific heat (Cp, J K-1 kg-1) 1,006.43 1,738 1,900 

Coefficient of thermal expansion  

(K-1) 
0.0033   

Absorptivity 0.19 0.9 0.2 

Scattering coefficient 0 -10 0 

Refractive index 1 1.92 0.05 

Emissivity 0.9 0.95 0.45 

 

Table 2. Aerodynamic properties of the insect-proof porous 

screen 

 
Aerodynamic properties of porous insect-proof screen 

Type of porous screen 
Porosity 

(ε) 

Effect Viscosity 

(α) 
C2 

16.1*10.2 or threads for 

cm2 
0.33 3.98e-09 

1918

5 

 

Table 3. Initial conditions for each simulation scenario 

 
Scenario 

Month 

Temperature 

(°C) 

Solar 

radiation 

(w m-2) 

Wind 

speed  

(m s-1) 

Wind 

direction 

S01- January 33.7 897.1 3.4 N 

S02- 

February 

34.2 913.5 3.5 N 

S03- March 34.9 965.9 3.5 N 

S04- April 35.7 976.2 3.1 N 

S05- May 35.7 973.4 2.2 W 

S06-June 34.6 921.1 1.6 N 

S07- July 34.2 867.6 1.4 W 

S08- August 34.4 898.1 1.2 W 

S09- 

September 

34.3 878.7 1.1 W 

S10- 

October 

33.8 848.5 1.1 W 

S11- 

November 

33.4 827.5 1.4 W 

S12 -

December 

33.3 811.9 2.4 N 
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3. RESULTS AND DISCUSSION 

 

3.1 Model validation 

 

The numerical model used in this work was previously 

validated for a screenhouse structure built in the Colombian 

Caribbean region at the Caribbean Research Center of the 

Colombian Agricultural Research Corporation - 

AGROSAVIA. Within this screenhouse, 5 temperature 

sensors recorded hourly data during 35 days. The validation of 

the numerical model was carried out by comparing 

experimental and simulated data through goodness-of-fit 

criteria such as the mean absolute error (MAE) and the root 

mean square error (RMSE), performing a calculation process 

similar to that reported by Villagrán and Bojacá [45]. The 

results showed low values of MAE and RMSE that allow us to 

deduce that the predictions made by the CFD model are 

satisfactory (Table 4). 

This type of validation where the data was collected under 

the similar initial climatic conditions of those used in the 

simulation has been one of the validation methods successfully 

applied in CFD studies for natural ventilation of agricultural 

structures [46, 47]. It is also important to mention that finding 

settings such as the ones reported in this research for 

temperature, allowed to reliably analyze the behavior of the air 

flow inside the structure. The above due to the dynamics of the 

thermal behavior inside the screenhouse will be directly 

related to the conditions of air flow velocity and direction 

since other factors such as the level of solar radiation and the 

properties of the soil and roofing materials are already defined 

in the starting conditions of the CFD model [48]. 

 

Table 4. Results of goodness-of-fit parameters obtained in 

the validation of the CFD model 

 
 MAE (°C) RMSE (°C) 

Sensor 1 0.42 0.52 

Sensor 2 0.36 0.44 

Sensor 3 0.30 0.36 

Sensor 4 0.22 0.27 

Sensor 5 0.23 0.29 

 

3.2 Air flow patterns 

 

The results allowed to determine the qualitative 

characteristics of the airflow pattern inside the IP-SH, which 

are influenced by the speed and dominant wind direction of the 

external environment for each of the simulated conditions 

(Figure 3). In this case, the behavior for the simulations S01 

and S03, which is repeated in the cases S02, S04, S06 and S12 

where the incident wind comes from the North (N), showed a 

pattern of air flow impacts on the windward facade and enters 

the structure, to later be directed horizontally through the Z 

axis, until it leaves the IP-SH through the leeward facade. In 

the figures corresponding to these simulations, the air flow 

developed inside the IP-SH was characterized by a loss of 

speed as it moves along the Z axis. It was also possible to 

observe air flow vectors near the leeward side of the building 

that showed a greater deceleration with respect to the general 

flow, vectors that additionally are directed vertically to the 

roof area. 

In the case of scenarios S05 and S07 to S11, where the 

outside wind comes from the west (W), it is observed that the 

air flow impacts on the windward side, part of this flow enters 

the interior of the IP-SH and, the rest moves to the outside 

following the geometric shape of the roof of the structure. The 

air flow that enters the structure and directed in the 

longitudinal direction of the X axis, showed vectors of greater 

velocity in the zones neighboring the facades, while in the 

central zone the air flow slows down as it approaches the 

leeward side. 

 

 
 

Figure 3. Simulated airflow patterns for IP-SH (a) S01- 

January, (b) S03- March, (c) S05- May, (d) S07- July, (e) 

S09- September and (f) S11- November 
 

Finally, this airflow near the leeward side and over the 

central zone of the IP-SH, generates a low velocity convective 

movement cell, which can generate higher temperature 

conditions over this region. It is worth mentioning that the 

qualitative characteristics of the air flow patterns discussed in 

this section are influenced by the loss of impulse presented on 

the air flow due to the presence of the anti-insect screen. 

Likewise, the flow pattern inside the IP-SH is driven by the 

wind and thermal components of natural ventilation, this type 

of results has already been discussed and verified in similar 

works such as those developed by Flores-Velázquez & 

Montero [10] and Villagrán & Rodriguez [31]. Results that 

have been experimentally validated as reported by Teitel et al. 

[8, 49]. 

To determine the quantitative behavior, air velocity data 

were extracted on the mid-section of the structure along the X 

and Z axes at a height of 1.7 m above ground level, since this 

is the region of the air volume that frequently interacts with 

the area where the crops are established. For each set of data 

obtained in each axis, parameters such as the mean velocity 

(Vin) and the normalized velocity (Vnor = Air velocity inside / 

Air velocity outside) were calculated for each parameter with 

its respective standard deviation (Table 5). 

The results showed a behavior where for the X axis the Vin 

presented values between 0.26 ± 0.11 ms-1 and 0.73 ± 0.10 m 

s-1, which represents reductions of air flow with respect to the 

outside of 76.1% and 78.9% respectively, while for the case of 

the Z axis, the Vin values were within the range of 0.31 ± 0.10 
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m s-1 and 0.70 ± 0.31m s-1, which is equivalent to air flow 

reductions of 80.6% and 79.2%. These results coincide with 

those reported in the literature for air flow studies in this type 

of structure such as those of Flores-Velazquez et al. [43] and 

Flores-Velazquez and Montero [10]. Additionally, inside air 

velocities are within the recommended values (0.5- 0.7 m s-1) 

for plant growth and development within protected 

agricultural structures [50]. 

 

Table 5. Airflow pattern parameters obtained from CFD simulation 

 
X-axis 

Scenario Vin (ms-1) Vnor (%) Scenario Vin (ms-1) Vnor (%) 

S01- January 0.69 ± 0.29 20.4±2.93 S07- July 0.27± 0.07 19.4±4.78 

S02- February 0.71± 0.11 20.6±2.91 S08- August 0.27± 0.08 22.3±4.31 

S03- March 0.73± 0.10 21.1±2.93 S09- September 0.26± 0.11 23.9±4.29 

S04- April 0.65± 0.09 21.2±3.11 S10- October 0.28± 0.07 25.1±4.28 

S05- May 0.31± 0.13 15.2±6.29 S11- November 0.30± 0.12 22.1±4.85 

S06- June 0.38± 0.08 24.1±5.44 S12- December 0.53± 0.14 22.2±3.54 

Z-Axis 

Scenario Vin (ms-1) Vnor (%) Scenario Vin (ms-1) Vnor (%) 

S01- January 0.65± 0.29 19.1±8.57 S07- July 0.38± 0.15 27.7±9.93 

S02- February 0.66± 0.31 18.9±9.03 S08- August 0.37± 0.14 31.4±10.4 

S03- March 0.70± 0.31 20.2±8.71 S09- September 0.37± 0.12 33.7±10.4 

S04- April 0.60± 0.27 19.4±8.96 S10- October 0.38± 0.14 34.8±10.6 

S05- May 0.44± 0.17 21.2±8.19 S11- November 0.40± 0.19 30.1±10.5 

S06- June 0.31± 0.10 19.4±6.05 S12- December 0.46± 0.22 18.6±8.00 

 

Table 6. Thermal behavior parameters obtained from CFD simulation 

 
X-axis 

Scenario Tin (°C) ΔTm (°C) Scenario Tin (°C) ΔTm (°C) 

S01- January 33.9± 0.06 0.14± 0.06 S07- July 35.3± 0.67 1.11± 0.67 

S02- February 34.4± 0.03 0.15± 0.03 S08- August 35.6± 0.75 1.12± 0.75 

S03- March 35.1± 0.02 0.14± 0.02 S09- September 35.5± 0.80 1.20± 0.80 

S04- April 35.9± 0.03 0.17± 0.03 S10- October 35.1± 0.89 1.32± 0.89 

S05- May 36.8± 0.84 1.10± 0.84 S11- November 34.6± 0.77 1.23± 0.77 

S06- June 35.7± 0.07 0.70± 0.07 S12- December 33.8± 0.08 0.49± 0.08 

Z-axis 

Scenario Tin (°C) ΔTm (°C) Scenario Tin (°C) ΔTm (°C) 

S01- January 34.2± 0.54 0.42± 0.54 S07- July 35.0± 0.17 0.82± 0.17 

S02- February 34.7± 0.69 0.51± 0.69 S08- August 35.3± 0.16 0.85± 0.16 

S03- March 35.3± 0.55 0.43± 0.55 S09- September 35.2± 0.12 0.87± 0.12 

S04- April 36.2± 0.62 0.49± 0.62 S10- October 34.7± 0.21 0.92± 0.21 

S05- May 36.6± 0.12 0.85± 0.12 S11- November 34.3± 0.18 0.89± 0.18 

S06- June 35.7± 1.04 1.15± 1.04 S12- December 34.2± 1.00 0.89± 1.00 

 

 
 

Figure 4. Normalized velocity behavior in IP-SH 

 

The spatial behavior for Vnor in each of the axes was 

calculated for each meter of the X and Z axes length. We found 

that there is an airflow over the windward side or facade with 

a lower speed value between 50 and 60% with respect to the 

incident wind speed (Figure 4). Once the flow enters the 

structure and, depending on the longitudinal direction in which 
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it moves, there is a loss of velocity up to 90% lower than the 

speed of the outside wind near the leeward sides or facades. 

Also in this Figure 4, it can be observed how on the axis 

perpendicular to the flow of external air the highest speeds are 

presented near the edges of the structure. As already 

mentioned in the qualitative description, on this axis the 

vectors slow down towards the central zone of the structure. 

The highest velocity on the sides is generated by the strong 

interaction that there is near the surface of the porous screen 

with the air flow of the outside environment [51]. 

 

3.3 Spatial temperature distribution 

 

One of the consequences on the microclimate generated by 

the restriction of air flow, is the increase in air temperature 

inside the screenhouse. This, in turn, must also be analyzed 

through the spatial behavior of this variable and its distribution 

in terms of magnitude, since excessive thermal gradients in the 

longitudinal, transverse or vertical can generate effects on the 

growth and development of crops [52, 53]. The results 

obtained for each of the simulations allowed us to analyze 

these behaviors (Figure 5). 

In spatial terms, it can be seen how the highest temperature 

values for each simulation were obtained in areas where air 

flows have a low velocity behavior (Figure 3). This coincides 

with most studies on natural ventilation in protected 

agricultural structures. The temperature behavior is related to 

the speed of the airflow pattern; therefore, zones of higher 

speed are in turn the zones of lower temperature and vice versa 

[45, 54, 55]. 

Qualitatively, it can be observed that the scenario with the 

highest temperature and spatial heterogeneity occurred for the 

month of May, which is directly related to the ambient 

temperature, the level of solar radiation and the wind speed 

and direction. In this case, it can be observed how the heat 

patch is located on the leeward side just over the area where 

the low speed convective cell is generated. This prevents the 

renewal of air in that region, consequently increasing the 

temperature. This same behavior with a lower degree of 

intensity was observed for the July and September. On the 

contrary, for January, March and November we observed 

behaviors with a more homogeneous spatial distribution. 

For the quantitative analysis, as well as for the air flow 

patterns, the average temperature inside the structure (Tin) and 

the mean thermal differential were determined (ΔTm= Tinside- 

Toutside) for both the X and Z axes. The Tin on the X axis, were 

within the range of 33.8 ± 0.08°C and 36.8± 0.84°C, while for 

the Z axis the Tin variation was within the range of 34.2 ± 

1.00°C and 36.6 ± 0.12°C (Table 6). 

On the other hand, the ΔTm showed a variation between 0.14 

± 0.06°C and 1.32 ± 0.89℃ for the X axis and, between 0.42 

± 0.54°C and 1.15 ± 1.04℃ for the Z axis. The ΔTm obtained 

in this study were lower than those reported in the study 

developed by Tanny et al. [56] where ΔTm was between 1.5 

and 2.5℃ and were also lower than those reported by Flores-

Velazquez et al. [43] who reported ΔTm until 3.2℃ for outside 

wind speeds of 2 m s-1. 

These previous works were developed on screenhouses 

using porous insect-proof screen and under climatic conditions 

similar to those of this research. However, it is possible to infer 

that differential factor of this study such as the shape of the 

roof and the average heights allowed to substantially improve 

the thermal behavior by decreasing the thermal gradients 

between the interior and exterior environment. 

 
 

Figure 5. Simulated spatial temperature distribution for IP-

SH, (a) S01- January, (b) S03- March, (c) S05- May, (d) S07- 

July, (e) S09- September and (f) S11- November 

 

The behavior of the thermal differential across the X and Z 

axes showed a spatial distribution that can be considered 

homogeneous for the months where the external wind speed is 

higher than 3 m s-1, as is the case for scenarios S01 to S04. For 

these conditions the ΔT was ≤ 2°C (Figure 6), value that can 

be considered as the maximum limit in terms of microclimatic 

uniformity for ΔT that should be generated between the 

coldest and hottest point inside protected agricultural 

structures [57]. It can also be seen that for the remaining 

scenarios ΔT does not exceed 3°C; therefore, as mentioned 

above, the behavior of the structure will be very dependent on 

the ventilation rates generated by the air flows as a function of 

the air speed of the outside environment [43]. Once the crops 

are established, in order to improve the economy or guarantee 

food security, the thermal differentials should be lower since 

phenomena such as crop evapotranspiration and the presence 

of plants will influence the energy balance within the IP-SH, 

as demonstrated by the study of Xu et al. [58]. 

To conclude the analysis, the implementation of a 

screenhouse structure without any type of equipment for 

climate control is an alternative that would allow farmers in 

the low and warm lands of Panama to have some degree of 

microclimate management for the production of fruit and 

vegetables under cover. The behavior of the IP-SH under high 

temperature and radiation conditions did not exceed the 

maximum tolerable limit for most crops grown in warm 

regions, which is set at 40°C with recommended values 

preferably between 25 and 35°C, this in order to ensure 

adequate plant growth and development [59-61]. Therefore, 

this cultivation technique can help boost agricultural 

production in Panama, which will positively impact the 

dynamics of food production, helping to improve the food 

security indices in both the short and medium term under a 

sustainable intensive cultivation model. This study can be used 
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as a basis for future research to simulate larger screenhouse 

structures or other geometric configurations with the presence 

of the crops of interest and even some passive climate control 

strategies. 

 

 
 

Figure 6. Behavior of the thermal differential inside IP-SH 

 

 

4. CONCLUSIONS 

 

The implementation of screenhouse structures as a strategy 

to intensify horticultural production is an alternative that 

should be explored and optimized in Latin American and 

Caribbean countries. In this research, it was found that the use 

of screenhouse affects the air flow patterns inside the structure 

reducing the air movement speed inside the structure up to a 

value of 80% with respect to the air velocity outside. However, 

the thermal gradients between the inside and outside 

environment did not exceed average values of 2°C and 

presented a highly homogeneous behavior. 

However, it should be noted that the screenhouse structure 

evaluated in this research has a greater height on the sides and 

in the central region and a geometry of the roof region made 

up of elements of different heights, as opposed to similar 

structures used in other parts of the world. This allowed to 

improve the behavior of the air flows and reduced the thermal 

gradients inside the screenhouse for the typical monthly 

climatic conditions that occur throughout the year in a warm 

climate region of Panama. Therefore, this structure could 

allow the establishment of horticultural crops throughout the 

year, which would help to improve the level of food security 

in this region. 
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NOMENCLATURE 

 

IP-SH Insect-proof screenhouses 

CFD Computational fluid dynamics 

Vin Mean velocity (ms-1) 

x, y and z Coordinates in Cartesian space 

Cf Inertial factor of the screen 

g Gravitational acceleration, (m.s-2) 

k Thermal conductivity (W.m-1. K-1) 

K Permeability of the porous medium 

Vnor The normalized wind speed 

MAE Absolute mean error (°C, %) 

RMSE Root Mean square error (°C, %) 

Sϕ Source term 

Tin Mean temperature inside (°C) 

u, v and 

w 

Components of speed (ms-1) 

DO Discrete ordinate model 

S Scenario 

 

Greek symbols 

 

Γϕ The diffusion coefficient  

ΔTm Thermal gradient (°C) 

∅ Variable of interest 

k Turbulent kinetic energy k (m2 s-3) 

𝜀 Turbulent kinetic energy dissipation rate (m2.s-3) 

µ dynamic viscosity (kg.m-1.s-1) 

∇2  Laplacian operator 

𝜌0 density (Kg.m-3) 
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