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Abstract
In developing countries, horticultural production in low-altitude tropical climate conditions is often limited by
biotic and abiotic factors. In these countries, the implementation of highly technical greenhouses is not feasible
due to economic, social and cultural issues related to farmers. Therefore, one of the alternatives that has taken
a great boom is the use of screen house structures (SH), although information on the microclimatic behavior
of these is still limited. The objective of this research was to use an experimentally validated 3D CFD numerical
simulation model to study the thermal behavior and airflow patterns in an SH located in the Colombian Caribbean
region during the daytime hours (6:00 to18:00 h). The results obtained showed that the air flow patterns inside the
SH showed speed reductions of up to 68% with respect to the speed of the external wind. It was also found that
the thermal behavior inside the SH was quite homogeneous, the average temperature values in the structures
ranged between 23.9 and 39 °C and the difference with external environment temperature did not exceed 1.8
°C. It was concluded that the implementation of this type of structure could be an useful technological tool for
the optimization of horticultural production in low-altitude tropical climate regions.
Keywords: airflow, CFD simulation, family farming, food security, thermal behavior

Introduction

and to adverse ecophysiological

conditions such as

The annual national production in Colombia of

water stress, the salinity and high temperature of the

fruits and vegetables (F&V) is approximately 9.22 million

soil (Pérez Vega et al., 2016; Priya et al., 2019; Akrami &

tons of which 7.75 are fruits and 1.43 are vegetables.

Arzani, 2019).

The horticultural sector contributes in approximately

In developing countries one of the technically

6% to the national production of vegetables and is

and economically viable alternatives for the sustainable

strongly concentrated in the Andean region, while in the

intensification of agricultural production in low-altitude

Caribbean region it is not a relevant agricultural activity

tropical climate is the use of screen-houses (SH) structures.

and production is carried out in small areas mainly in

SH is widely used in warm and arid Mediterranean climates

a family farming contexts (Martínez-Reina et al., 2019;

(Al-Mulla et al., 2008), this technological adaptation of the

Rodríguez-Leyton, 2019).

The main factors that limit

productive system allows the construction of an enclosure

horticultural production in the Colombian Caribbean are

where the cover and the lateral walls are made of insect

related to climatic factors. In this region, high radiation

screens to limit the entry of some pests, to mitigate the

and temperature conditions predominate, which will be

negative effect of severe climates, to reduce the water

increasingly intense due to climate change. On the other

consumption of the plants, to change the spectrum of the

hand, the open field production approach that currently

solar radiation and the related physiological benefits, as

exists in this region, and in many warm tropical regions,

well as to reduce pesticides applications of, and improve

increases the vulnerability of crops to pests and diseases

the yield and final quality of the crops (Guo et al., 2015;
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Vidogbéna et al., 2015; Teitel et al., 2017; Mahmood et al.,

2017; Tanny et al., 2018), and the shape and geometry of

2018; Mupambi et al., 2018; Yang et al., 2018; Alvarado et

the structure (Flores-Velazquez et al., 2013).

al., 2020).

The objectives of this study were to validate

The SH generally are a simpler and less expensive

experimentally a 3D CFD numerical simulation model

structure than the greenhouses, these are constructed on

under the dominant climatic conditions of the Colombian

pillars of metal or wood and on a cover support made

Caribbean and, using the validated model, to study the

in steel cables, in the lateral walls are installed insect

daytime behavior of the airflow patterns and thermal

screens and in the cover are installed shade cloths or

behavior of an asymmetrically roofed screen-house

insect screens (Mahmood et al., 2018). The use of these

structure built in the experimental area.

insect screens causes alterations to the microclimate
generated inside the SH mainly due to a modification of
the air movement regime and a reduction in air speed
which could cause a decrease in CO2 levels, increases

in humidity and temperature that can influence plant
physiological processes such as photosynthesis and
transpiration rates with negative effects on crop growth
and development (Bournet & Boulard, 2010). Although it
should be noted that these microclimate alterations are
generally less drastic in greenhouses with plastic cover
and with a good management of the screens is possible
to reduce the indoor temperature(Pirkner et al., 2014;
Perillo et al., 2015; Liu et al., 2017; Xu et al., 2017).
The study of the microclimatic behavior of SH is
not as generalized as that of conventional greenhouses,
but

probably

has

contributed

empirically

to

the

implementation of SH despite the lack of research on
aspects such as architecture, the geometry of the
structure and the type of mesh used (Flores-Velazquez et
al., 2017). The existing studies on the microclimate in the
SH have been addressed mainly through experimental
approaches and through numerical computational fluid
simulation (CFD) as can be reviewed in Mahmood et al.
(2018), and in studies analyzing thermal and aerodynamic
behavior (Tanny et al., 2008; Teitel et al., 2014, 2017), as
well as the effect of the screen pore size (Kalcsits et al.,

Materials and Methods
Description of the screen-house
The development of this research was carried out
in a SH with an asymmetric roof and a covered floor area
of 740 m2 located in the Colombian Caribbean region in
the municipality of Seville, department of Magdalena,
at the Caribbean Research Center of the Colombian
Corporation for Agricultural Research – AGROSAVIA
(longitude: 74°10´ W, latitude: 10°47´ W and altitude: 18
m.a.s.l). The cross axis of the structure was located in an
east-west direction (E-W). The SH had a cross section
(x-axis) and longitudinal section (z-axis) of 37 and 20 m
in dimension, respectively, the SH had a minimum height
of 2.5 m on the sides and a maximum height of 6.7 in
the central zone (Figure 1). The side walls and roof were
covered with a semi-transparent insect proof screen with
a thread count of 16.1 x 10.1 for each cm-2 and a porosity
(ε) of 0.33.
The region under study presents some climatic
conditions where the average multiannual average
temperature for a period of 30 years is 29.2 °C, with an
average maximum and minimum of 36.8 and 23.2 °C,
respectively, the relative humidity presents an average
behavior with values above 60%, the annual precipitation
some average values of 1245. 1 mm.

Figure 1. A) General scheme of the screen-house, B) Dimensions of the structure and, C) Image of the real
prototype.
Comunicata Scientiae, v.11: e3350, 2020
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Collection of experimental data

above ground level (y-axis), five micro weather stations

For the development of the simulations a scheme

(WatchDog 1000, Spectrum Technologies, Aurora, IL),

was established to record data both inside and outside

were used to record and store the air temperature values

the SH, during the period between November 1 , 2019

of the SH (Figure 2). This evaluation period is valid for the

and January 31st, 2020, data were recorded with a

application of the CFD model and for the objective of

logging interval of 10 minutes. In the outside environment

the study since the climatic conditions in the intertropical

the climatic variables temperature, air humidity, wind

region do not present great variations on a monthly scale,

speed and direction, solar radiation, were recorded

as is the case in other regions where the four seasons are

with a Davis-Vantage 2 plus 6162 weather station (Davis

present.

st

Instruments, Hayward, CA, USA). Inside the SH at 1.5 m

Figure 2. Experimental scheme for recording and capturing temperature data inside the screen-house.

CFD model

per unit volume ε, the k - ε has been the most applied and

Numerical CFD models allow the development of

widely validated model in greenhouse or SH airflow studies

a technique to solve a set of non-linear partial differential

showing to be efficient with the use of computational

equations through numerical resolution methods by

resources and providing realistic solutions (Villagrán

which these equations are discretized to a system of linear

et al., 2019). The Boussinesq model was considered to

equations. The CFD methodology allows calculating the

simulate and calculate the variations in air density inside

air flow patterns and the thermal distribution patterns

the SH generated by temperature changes. The lateral

generated inside a SH, the transport phenomena via free

and frontal surfaces and SH cover were modelled using

convection can be described by the following general

equations derived from the flow of a free and forced

transport equation for a fluid in steady state:

fluid through porous materials, taking into account their
main characteristics of porosity and permeability (Valera
et al., 2005). These equations can be derived from the
Forchheimer equation:

Where

,

in Cartesian space,
the velocity vector,
diffusion coefficient,

and
,

represent the coordinates

and

are the components of

is the Laplacian operator,

is the

represents the concentration of

Where

is the air speed (m s-1); μ is the dynamic

the transported quantity in a dimensional shape (moment,

viscosity of the fluid (kg m-1 s-1),

mass and energy), y

the medium (m );

is the source term.

The airflow modeled considered the turbulence

2

is the permeability of

is the inertial factor of the screen;

is the density of the air (kg m-3), y

the thickness of

through the standard k - ε model, this is a semi-empirical

the porous material (m). The effect of solar radiation

model based on the transport equations that solve k

was included in the numerical model by establishing a

kinetic turbulent energy and the dispersion of this energy

heat flux on the ground surface of the SH as a function

Comunicata Scientiae, v.11: e3350, 2020
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of the incident solar radiation and the transmission of the

Meshing and boundary conditions

roofing material (Villagrán & Bojacá, 2019b). Also, in order

For the development of the simulations, a large

to simplify the resolution of the 3D CFD model, no crops

computer domain was created and included the SH

were included, this in order to speed up the numerical

and its surroundings (Figure 3A and 3 B). The dimensions

calculation and establish the behavior of the air flow and

of the computational domain in each of the axes (x-y-z)

temperature under the worst possible scenario, i.e. under

were established according to the recommendations

conditions where no plants are present.

established for CFD simulation (Perén et al., 2016).

Figure 3. A) Detail of the meshing of the screen-house and B) Detail of the computer domain.

In

the

process

of

mesh

generation,

an

and successfully implemented by Villagrán et al. (2019).

unstructured grid of square elements was selected with

The quality of the mesh was established by means of the

a total of 18.171.713 elements. The density of the mesh

3 X 3 relative determinant calculation, which showed a

was increased in the regions near the screens, floor, side

behavior higher than 92.2 % with cells between 0.95 and 1

and roof areas which are the regions where relevant

which indicates elements of perfectly regular mesh (Ansys,

thermal gradients are usually found and which in turn

2017). In each of the numerical simulations, the specific

were simulated with the improved wall treatment. The

boundary conditions for each part of the domain and

independence of the solutions to the size of the mesh,

the physical properties of the materials in the computer

as well as the quality of the mesh was carried out

domain and the SH (Table 1).

following the procedure established by He et al. (2017)
Table 1. Main parameters of the CFD simulation model.
Simulation hypotheses
Simulation type
Viscosity model

Radiation model

3D-Steady state second order, solver pressure segregated
Standard k - ε
Activated with improved wall treatment and buoyancy
effects.
Deactivated, Surface heat flow is imposed.

Porous medium

Porous screen 16.1x10.2 y porosity

Energy Equation

= 0.33.

Boundary conditions
Logarithmic speed profile via UDF.
Domain entry
Domain exit
Roof of the domain

Pressure output condition.
Symmetrical conditions.
Viscous effect due to the netting (α)=3.98 e-9 and drag
coefficient (C2) 19185

Treatment of porous media
Roof and walls of the screenhouse
Convergence criteria

Porous media treatments
10-6 for the energy equation and 10-3 for the equations of
momentum, continuity and turbulence.

Physical properties of materials
Density (ρ, kg m )
-3

Air

Soil

Porous Screen

1.225

1300

990

Thermal conductivity (k, W m K )

0.0242

1.6

0.33

Specific heat (Cp, J K-1 kg-1)

1006.43

1738

1900

Coefficient of thermal expansion (K-1)

0.0033

-1
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Calibration of the CFD model and simulated cases
The calibration and adjustment of the CFD model
was done by comparing the average data obtained in
each of the sensors (1-5) installed inside SH and the data
obtained by CFD simulation in each of the positions of
the five sensors. This was done through a goodness-of-fit
analysis with criteria such as mean absolute error (MAE)
and mean square error (RMSE).

Where

and

are the value of the

experimental temperature and the value of the simulated
temperature respectively and m the number of data
compared, it was also plotted the trend of the simulated
and experimental data sets.
Once the fit of the CFD model was verified, it
was used to determine the thermal behavior and airflow
patterns within the SH, each simulation included specific
initial conditions recorded in the SH external environment
for the hours of the day between 6:00 and 18:00 (Table 2).

Table 2. Initial conditions for each simulation established in the external SH environment.
Hour
6
7
8
9
10
11
12
13
14
15
16
17
18

Temperature (°C)
23.6
25.8
29.1
32.4
34.8
36.6
37.4
38.0
37.6
36.5
35.1
33.1
30.1

Solar radiation (w m-2) Wind speed (m s-1)
25.67
0.78
52.44
1.04
119.8
1.10
287.1
1.23
540.4
1.65
703.1
1.78
803.6
1.91
860.8
1.93
818.4
1.56
688.5
1.45
409.5
1.32
204.1
1.15
142.3
0.93

Results and Discussion
CFD model calibration

Wind direction
ENE
ENE
ENE
E
E
ESE
E
WSW
WSW
W
W
WNW
WNW

and 0.23 °C, while the RMSE values were 0.52, 0.44, 0.36,

The qualitative behavior of the simulated and
measured temperature values at the individual measuring
sensor positions showed a similar trend on the evaluated
time scale (Figure 4). On the other hand, in quantitative
terms, the MAE values obtained were 0.42, 0.36, 0.30, 0.22

0.27 and 0.29 °C for sensors 1 to 5, respectively. According
to these results it can be mentioned that the numerical
model is able to predict in an adequate way the thermal
behavior of SH, so its use for the objectives of this research
was accurate.

Figure 4. Measured and simulated temperature behavior (°C) between 6:00 and 18:00 hours.

The

simulated

airflow

patterns

a

that is directed from this part of the SH roof towards the

behavior in which a fraction of the airflow approaching

crop area and then out of the SH on the leeward side

the windward side of the SH (x-axis) rises towards the roof

(Figure 5), this behavior is similar at 7, 13 and 17 hours of

area of the structure, part of this airflow collides with the

the day and differs from that reported by Teitel & Wenger

first side of the asymmetrical roof and creates an airflow

(2012) in a numerical study conducted for flat-roof SH,

Comunicata Scientiae, v.11: e3350, 2020
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where a large part of the airflow leaves the structure

the SH (Flores-Velazquez et al., 2013). On the other hand,

through the roof area; therefore we can conclude that

another common feature in the airflow patterns for this

the difference in flow pattern may be influenced by the

structure is a convective cell that forms over the central

shape of the SH roof evaluated in this study, which due to

zone of the SH (z-axis), where the airflow vectors move

its shape causes pressure gradients that allow airflow into

from the floor area to the roof of the structure (Figure 5).

Figure 5. Simulated airflow distribution patterns (m s-1) in plan isometric view, front view and side view
for, A) Hour 7, B) Hour 13 and C) Hour 17

Also qualitatively a pattern of air movement can

airflow speed, showed a significant reduction in the air

be observed inside the SH where the air flows that move

movement speed inside the SH with values up to 68%

near the front walls of the structure, which are parallel to

lower than the outdoor wind speed value (Table 3), this

the flow of external air are presented vectors of greater

is due to the fact that the porous screens modify the

speed, this is because in this type of structure where the

speed and turbulence characteristics of the flow pattern

cover is a porous material promotes the exchange of

and the presence of this type of screen exerts a friction

air between the external and internal environment near

effect and a drag coefficient that opposes the flow of

these regions, therefore they are areas that have a higher

air outside and generates a loss of air flow speed inside

degree of ventilation (Flores-Velazquez et al., 2017; Teitel

as a function of the porosity of the screen used (Teitel et

et al., 2015).

al., 2020). The values found for this study are within the

In

quantitative

terms,

the

average

airflow

range reported in a previous study by Flores-Velazquez et

velocity for each simulated hour ranges from 0.25 to 0.76

al. (2013) and are slightly higher than those calculated for

m s-1 (Table 3). The normalized speed, which represents

Teitel et al. (2018).

the ratio of the indoor airflow speed to the outdoor
Comunicata Scientiae, v.11: e3350, 2020
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Table 3. Airflow pattern parameters obtained by CFD simulation.
Hour
6
7
8
9
10
11
12
13
14
15
16
17
18

Average velocity (ms-1) Normalized velocity
0.25
0.32
0.35
0.33
0.37
0.34
0.43
0.35
0.59
0.36
0.64
0.36
0.75
0.39
0.76
0.39
0.53
0.34
0.54
0.37
0.46
0.35
0.56
0.36
0.41
0.34

Thermal behavior
One of the factors that generates most interest
and concern for study in protected agriculture is the

Microclimatic behavior of a screen house...
spatial distribution of temperature inside structures,
since the behavior of this variable is a factor that affects
the growth and development of plants. The simulated
thermal distribution in the x and z axes, as well as in a plan
view at a height of 1.5 m above ground level, allowed
us to observe that inside the SH there is a heterogeneous
temperature behavior, where the cooler regions are
located on the windward side and the warmer regions
are located on the central and leeward side of the SH
(Figure 6). This thermal distribution behavior is related to
the air flow fields, therefore, higher speed regions are the
cooler temperature regions and on the contrary the warm
regions are presented in the areas of lower flow velocity,
this is characteristic of the ventilation phenomenon in
screen houses (Al-Mulla et al., 2008; Flores-Velazquez et
al., 2013) and greenhouses (Villagrán & Bojacá, 2019a).

Figure 6. Simulated spatial temperature distribution (°C) in plan isometric view, front view and side
view for, A) Hour 7, B) Hour 13 and C) Hour 17.

Comunicata Scientiae, v.11: e3350, 2020
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The analysis of the thermal behavior was
complemented

with

the

calculation

of

applicable to warm regions in developing countries, where

average

one of the objectives of small horticultural producers is

temperatures inside the SH (Tin-SH) for each hour between

to optimize the resources used for food production and

6 and 18 h, the thermal differential between the inside

increase crop yields and product quality as a strategy

and outside environment (∆T) and finally the thermal

to ensure food security in these communities. Under

differentials (DT) between the warmest and coolest zone

these temperature conditions it is possible to establish

on each of the axes (x, y, z) indoors of SH (Table 4). The

horticultural species such as; tomato, cucumber, pepper

values de Tin-SH this process of heating the volume of air

and eggplant, species for which at a commercial level

inside the SH as the hours pass from morning to noon, is

there are planting materials with some characteristics

a heating generated jointly by the increase in external

that allow them to have a better adaptation to these

environment temperature and external solar radiation,

high temperature conditions and provide acceptable

as well as the subsequent process of cooling that occurs

final yields. This technology can also be an option to

from 14 to 18 h (Table 4).

boost the consumption of F&V in children populations

Table 4. Thermal parameters obtained by CFD simulation.
Hour

Tin-SH(°C)

6
7
8
9
10
11
12
13
14
15
16
17
18

23.9
26.4
30.8
33.6
36.3
37.5
38.5
38.9
39.0
37.6
35.8
33.3
30.4

(°C)
0.30
0.62
1.78
1.28
1.50
0.90
1.14
0.90
1.40
1.14
0.74
0.24
0.40

(°C)
0.3
0.4
0.6
0.6
1.1
1.4
1.7
1.8
1.2
0.9
0.8
0.6
0.3

(°C)
0.2
0.6
0.7
0.8
1.3
1.3
1.5
1.2
1.3
1.0
0.9
0.8
0.4

(°C)
0.3
0.9
1.1
1.3
1.5
1.7
1.5
1.5
1.4
1.0
0.8
0.6
0.5

On the other hand, the values of ∆T obtained

and thus solve the public health problem generated by
nutritional deficiencies caused by diets based mainly on
cereals, since F&V provide a series of vitamins, minerals
and nutraceuticals properties that are essential to the
healthy diet of human beings (Alzate T et al., 2017; Aune
et al., 2017; Tak et al., 2019; Kähkönen et al., 2020).
Future work for these types of climatic conditions
should focus on developing agronomic and physiological
studies, such as assessments of crop response to different
planting densities, different management practices,
irrigation and fertilization management, quantification
of growth and development, variety evaluation. This
will allow the establishment of production models under
cover of different horticultural crops of interest, seeking to
increase the technological tools available for agricultural

were within the range of 0.3 and 1.5 °C, these thermal

production for these small farms that operate under

differentials between outdoor and indoor environment are

the model of family farming and that undoubtedly are

generated due to an energy accumulation that occurs in

and will be of great importance to achieve the goals

the interior of SH and that natural ventilation is not able to

of the Sustainable Development Objectives and mainly

remove, it should be noted that these values of ∆T were

contribute to ensuring food resources that by 2050 should

obtained in a non-cultivation scenario, therefore it can be

be for a population of approximately 9 billion (Ortiz et al.,

expected that the ∆T under crop conditions are lower due

2018; Wuepper et al., 2020).

generate, therefore the temperature in the interior of SH is

Conclusions

to the contribution of heat transfer and mass that plants

similar to the temperature or even lower as demonstrated
by Xu et al. (2017). The temperature homogeneity in each
of the axes studied showed minimum variations between

The implementation of a screen house structure
is suitable for the optimization of horticultural production
of small producers in low-altitude tropical climate regions.

the coolest point and the hottest point, DT of 0.3, 0.2 and

The air flow patterns inside the structure were affected

values were 1.8, 1.3 and 1.7 °C for the same axes (Table

reductions in the speed of the air flow inside with respect

0.3 °C for x, z and y, respectively, while the maximum

by the presence of the porous screen which generated

The mean values of DT for the simulated 13 hours

to the air flow in the outside environment, although the

be considered adequate and are below the maximum

ms-1 and are in the range of the recommended value for

4).

were 0.9, 0.92 and 1.2 °C in x, z and y, these values can
range recommended for protected agriculture (±2 °C)
(Zorzeto et al., 2014).
Based on these results, it can be concluded that
the use of screen house structures is a technological
and sustainable option for protected agriculture that is
Comunicata Scientiae, v.11: e3350, 2020

average speeds obtained in the SH were 0.25 and 0.76
crops established under protected agricultural structures.
The spatial temperature behavior of this type of structure
is homogeneous and the value of this variable does not
differ by more than 1.7 °C with respect to the external
environment temperature. Therefore, screen houses can
8
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be a technological tool to mitigate the vulnerability of
crops to extreme weather conditions as well as to pests
and diseases, contributing directly to the sustainability of
family farming and the food security of the population.
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