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Abstract: Cut flower production in the Bogotá savanna is one of Colombia’s main export products.
Flower production is mainly carried out in greenhouses, as this type of production system has
substantial advantages over crops grown in open fields. Protected agriculture provides timely
climate management that improves crop yields. The objective of this work was to build and validate
a 3D CFD numerical model to understand the spatial distribution of temperatures because of the
air flow dynamics inside a typical greenhouse in the Bogotá savanna. Root mean square error
(RMSE) and mean absolute percentage error (MAPE) were the statistical indicators used between
experimental and simulated wind speed and temperature data. The simulations considered twelve
evaluation scenarios that were established based on the climatic conditions characteristic of the study
region. The results indicate that under regional conditions of temperature and wind for this type of
passive greenhouse, there is a deficient ventilation rate. This rate does not exceed 35 exchanges h−1

compared to the recommended rates for crops, which is between 45 and 60 air exchanges h−1. This
renewal rate contributes to the heterogeneity of the microclimatic dynamics of the greenhouse,
presenting hot spots with temperature values above 32 ◦C in all examined scenarios. For the lower
air speed scenarios (<1 ms−1), these areas of high temperature can reach up to 50% of the cultivated
area. Therefore, it is suggested that future studies should seek technical solutions to optimize the
microclimatic conditions of the greenhouse design used in the Colombian floriculture sector.

Keywords: computational fluid dynamics; ventilation rate; heat spots; passive greenhouse

1. Introduction

One of the most relevant characteristics that influence the performance of crops
grown in covered agricultural production systems is the generated microclimate inside
the different kinds of greenhouse designs used around the world [1,2]. Microclimate
conditions generated inside the structure will be dependent on the air flow patterns, the
climatic conditions of the external environment, and the heat and mass exchanges between
the plants and the soil and also between the plants and the air [3].

Therefore, these microclimate conditions will positively or negatively affect physio-
logical processes, such as photosynthesis and evapotranspiration, that directly influence
the growth and development of the crop [4,5]. In Colombia, covered agriculture in the
ornamental and cut flower sector is mainly performed in passive greenhouses [6]. Within
this typology of greenhouses, the most used type of structure is the traditional Colombian
structure, which was developed in the beginning of the ornamental sector in the 60s and is
built with a pitched roof and structural materials such as wood [7].

The main disadvantage of this greenhouse is its low capacity for microclimate manage-
ment and its highly heterogeneous microclimate behavior [8]. In the traditional Colombian
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greenhouse, microclimatic management is carried out through the opening and closing
of ventilation areas located on the four sides of the greenhouse, trying to take advantage
of the air flows generated by wind or thermal buoyancy that are part the phenomenon of
natural ventilation [8,9].

One of the most important variables to be analyzed inside greenhouses is temperature,
which directly influences the growth and development of plants and, at the same time,
influences the post-harvest quality of harvested products [10–12]. Therefore, it is necessary
for researchers and producers in the area of protected agriculture to know the magnitude
of the temperature values generated and the spatial distribution of the temperature inside
the greenhouse [6,10]. For the traditional Colombian greenhouse, it is known through
experimental studies that there are deficiencies and thermal heterogeneity in this type of
structure, although it should be noted that the study of flow patterns and the quantification
of the airflow rates of this type of greenhouse is limited.

Natural ventilation is a microclimate management method widely used globally,
mainly because it is a low-cost and low-environmental-impact method [13]. The study and
quantification of ventilation in greenhouses has been carried out from various researchers
and include in situ experimentation and laboratory experimentation and, from the use of
different modeling and simulation techniques, as can be reviewed in the work developed
by Akrami et al. [14].

Among the modeling and simulation methodologies, one of the most widely imple-
mented due to its maturity and robustness is computational fluid dynamics (CFD). This
simulation technique, once validated, visualizes the behavior of air flow patterns, quantifies
ventilation rates, and the spatial distribution of the air temperature throughout the interior
volume of the greenhouse. In addition, it also allows evaluating unconstructed scenar-
ios, which makes it a very interesting tool for the design or optimization of ventilation
systems [3,7].

Therefore, the objective of this research was focused on implementing and validating
a 3D CFD model to evaluate the behavior of air flow and the spatial distribution of
temperature inside a traditional Colombian greenhouse used for the production of cut
flowers in the Colombian savannah of Bógota.

2. Materials and Methods
2.1. Description of the Experimental Greenhouse

The research was carried out in a traditional Colombian greenhouse with a 200 µm
thick clear polyethylene cover and a covering with an area of 3916.8 m2 of covered soil.
This greenhouse prototype belonged to a commercial farm producing cut flowers located
in the municipality of Guasca, department of Cundinamarca, in the Andean region of
Colombia. The greenhouse consisted of 9 spans of 6.80 m wide attached in the transverse
direction (W-E) for a width of 61.2 m, while the longitudinal dimension was 64.0 m and
was in the N-S direction (Figure 1).

The greenhouse had ventilation openings on the sidewalls and endwalls with an
effective vertical opening of 1.1 m, resulting in a ventilation surface area of 275.4 m2. This
ventilation area was complemented by an upper ventilation area located on the west side of
the greenhouse of 51.5 m2, which brought the total ventilation area to 8.34% of the covered
floor area. These ventilation areas are managed based the producers’ own criteria. In
general, these ventilation areas are opened manually in the early morning hours (6:00 or
7:00 h), and they are also closed manually in the afternoon hours (15:00 or 16:00 h) or at
the time of rainfall. The minimum and maximum heights above the gutter were 3.0 m and
4.5 m and above the ridge roof 4.7 m and 6.2 m, respectively.
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Figure 1. Overall dimensions of the greenhouse evaluated.

2.2. Climatic Characteristics of the Study Region

Figure 2 shows the annual variation of the several climatic variables calculated from
30 years of historical data. The average temperature presents a value of 13.23 ◦C with mean
maximum and minimum values of 18.45 ◦C and 7.53 ◦C. The average relative humidity
value is 83.6%. These values coincide with those reported by Cortés-Rojas et al. [15].

For the wind speed, the mean value was 0.99 ms−1, and the average maximum and
minimum values were 2.35 ms−1 and 1.75 ms−1, respectively. The dominant wind direction
is from the east (E), accounting for more than 50% of the accounting measurements in each
of the months. For the remaining directions, the percentage of events for each of them is
less than 25% (Figure 2). Finally, solar radiation has an annual average value of 187 Wm−2,
with maximum values reaching 650 Wm−2 between 11:00 and 14:00, h as reported by
Medina Campos et al. [16].

2.3. CFD Modeling
Construction and Discretization of the Computational Domain

This stage started with the geometrical construction of the evaluated greenhouse and
a large computational domain around each of the walls and the roof of the structure. The
criterion used for the construction of the computational domain was the maximum height
(H = 6.2 m) of the greenhouse (Figure 3), for which it was defined that, according to the
objective of this research work, each of the edges of the greenhouse should be separated at
a distance of 20 H, a value that is higher than the minimum of 15 H recommended for the
leeward side of the computational domain [17].

For the length of the height, the recommendation used in several works on natural
ventilation was followed. It was defined that the top of the computational domain should be
at a minimum distance of 10 H with respect to the boundary considered as the greenhouse
floor [18]. These dimensions guarantee adequate solutions of the air flow patterns based on
the outdoor environment and their interaction with the ventilation openings greenhouse.
This approach also allows modeling in a coupled way the effects on the air flow patterns
caused by the wind effect of the natural ventilation in the outdoor environment and those
of the thermal effects generated inside the greenhouse [19].
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In a subsequent step, the process of meshing computational domain and the green-
house was carried out, for which an unstructured numerical grid of rectangular elements
was used. Separate zones with refined sizes near the floor, the roof, and the ventilation
areas of the greenhouse, where the most important thermal gradients are present in each
simulated scenario, were established. The total number of elements of the numerical grid
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was 6,195,432. This size was determined once a test of independence of the solution to the
total size of the numerical grid was performed.

This procedure was carried out in accordance with the natural ventilation study
developed by Villagrán et al. [4]. For our research, a total of 10 numerical grids were
evaluated, ranging in size from 1,050,381 to 14,603,942 elements. Therefore, the numerical
grid-size independence test allowed us to establish the size that generated the lowest
computational cost for a solution with acceptable accuracy and without convergence
problems [20,21]. It should be noted that, in order to perform this independence test, it
is very valuable to collect the experimental data inside the evaluated greenhouse. This
is mainly due to the fact that a better selection of the size of the numerical grid can be
made, and simultaneously, the first analysis of the predictive capacity of the generated
CFD model can be performed.

In addition, another factor that has a high impact on the accuracy of the results is
the quality of the elements of the numerical grid [22,23]. In this case, as an evaluation
criterion, the orthogonality of the cells was rated, finding that 93.2% of the elements had
a value higher than 0.91 and an average asymmetry of 0.11. These values establish that
the numerical grid is composed of high quality elements [24,25]. It should be noted that to
achieve these values, it is necessary to check the numerical grid and redesign some cells
mainly near the roof region where, due to the shape of the greenhouse, the cells tend to
lose their aspect ratio.

The boundary conditions established were symmetry boundary for the edges of the
computational domain that are parallel to the air flow and enhanced wall boundary for the
floor, roof, and wall areas in the greenhouse as well as for the floor of the computational
domain around the greenhouse. For the ventilation areas arranged in the structure, an
interior-type boundary condition was established, while in the case of the computational
domain roof region, a wall boundary condition with a solar radiation flux was established.

At the windward boundary, an air inlet velocity condition was established by setting a
logarithmic wind profile using a user-defined function (UDF), as successfully implemented
in the work developed by Villagrán and Bojacá. [26]. Finally, at the leeward boundary, a
pressure and airflow outflow condition was also established. For the materials included in
the computational domain, such as air, soil, and polyethylene film, the physical, thermal,
and optical properties summarized in Table 1 were imposed.

Table 1. Properties of computational domain materials.

Property Soil Air Cover Greenhouse

Density (ρ, kg m−3) 1.300 0.910 923
Thermal conductivity (k, W m−1 K−1) 1.3 0.0242 0.4

Specific heat (Cp, J K−1 kg−1) 800 1006.43 2300
Absorptivity 0.90 0.19 0.06

Scattering coefficient −15 0 0
Refractive index 1.92 1 1.53

Emissivity 0.95 0.9 0.7

2.4. Physical Models and Governing Equations

The development of the three-dimensional numerical solution for the behavior of a
fluid flow and its heat and mass transfer in the considered environments was performed
through steady-state simulations using the commercial software ANSYS Fluent v. 17.1
(ANSYS, Inc., Canonsburg, PA, USA). In this software, the nonlinear governing equa-
tions (Equations (1)–(3)) for the conservation of momentum, mass, and energy as well as
for turbulence phenomena can be discretized and solved from a finite volume solution
method. These governing equations are also known as Reynolds-averaged Navier–Stokes
equations (RANS).

∂

∂xi
(
ρauj

)
(1)
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where u, v, and w are the components of air velocity (ms−1) on the x, y, and z axes of
the Cartesian plane, respectively; µa is the dynamic viscosity (Pa s); ρa is the air density
(kg m−3); cp,a is the air specific heat capacity (J kg−1 K−1); p is the fluid pressure (N m−2);
U is the vector velocity (m s−1); and S, Su, Sv, and Sw are the source terms of the energy
equation and the source terms of each of the momentum equations.

As for the turbulence model for this case, the RANS RNG k-ε model was selected,
which allows simulation of the turbulent flows that occur within the computational domain.
This model allows us to obtain accurate solutions compared to the model widely used in
studies of natural ventilation of greenhouses k-ε [27]. On the other hand, to model the
flows associated with natural convection due to density changes that occur in the fluid due
to temperature changes, the Boussinesq approximation was selected (Equation (4)). This
approach allows greater stability of the numerical solution and convergence in a shorter
time, being the buoyancy model widely used [28,29].

fb = (ρ− ρ0)g ≈ −ρ0β(T − T0)g (4)

where ρ is the density (kg m−3), g is the gravity acceleration (m s−2), T is the temperature
(◦K), and finally β is the thermal expansion coefficient (K−1). Therefore the change of the
density value is expressed through the reference density (ρ0) and the local temperature
difference according to Equation (5) [28].

ρ = ρ0(1− β∆T) (5)

The effect of solar radiation was included in the computational domain by implement-
ing the discrete order (DO) radiation model. This model allows finding solutions for a
large number of discrete solid angles. These solutions are relative to the radiation in a large
number of optical thicknesses in environments where semitransparent media, such as the
roof of the structure, and opaque media, such as the greenhouse floor, are combined. The
radiation model can be represented by Equation (6) [1].

∇ (Iλ(
→
r ,
→
s )
→
s ) + (αλ + σS)Iλ(

→
r ,
→
s ) = αλn2 Ibλ +

σS
4π

∫ 4π

0
Iλ(
→
r ,
→
s′ )ΦIλ(

→
s .
→
s )dΩ′ (6)

where Ibλ is the black body intensity,
→
s′ is the scattering direction vector, σS is the scattering

coefficient,
→
s is the direction vector,

→
r is the position vector, αλ is the spectral absorption, Φ

is the phase function, n is the refractive index, Ω is the solid angle, and∇ is the divergence
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operator. It should be mentioned that, in this case, the experimental evaluation and the
numerical simulation did not consider the presence of a crop.

For the solution of the numerical model, the implicit pressure algorithm with operator
splitting (PISO) algorithm that allows coupling the pressure and velocity equations was
implemented, as well as a second-order solution scheme for the convection terms of the
turbulent flow. The convergence criteria were set to 10−6 for the energy equation and
10−3 for continuity, mass, energy, and momentum equations. The steady-state simulations
were executed from a computer Windows v10, 32 bits with a CPU Z840 MT I Intel® Xeon®

(HP, Palo Alto, CA, USA) from 2.70 GHz and a RAM capacity of 64 GB.

2.5. Validation of the CFD Model and Simulated Scenarios

For the validation of the numerical model, an experimental trial was conducted that
included the collection and recording of climate data inside and outside the greenhouse.
This recording was performed for a total of 60 days (1 March–29 April 2018) with a
frequency of ten-minute measurement. In the outdoor environment, variables such as
temperature (◦C), solar radiation (Wm−2), wind speed (ms−1), and wind direction were
recorded. Meanwhile, the temperature behavior of a cross section in the middle length
of the greenhouse was recorded by using 9 T-type thermocouples (range: −(40) to 70 ◦C,
resolution: 0.1 ◦C, accuracy: ±0.3 ◦C) coupled to Cox recorders (Cox-Tracer Junior, Escort
DLS, Edison, NJ, USA). Finally, the air velocity was recorded by using 2 sonic anemometers
(Mod. WindMaster 3D Anemometer, Gill Instrument Ltd., Hampshire, UK; range: 0 to
50 ms−1 and 0 to 359◦, resolution: 0.01 ms−1 and 0.1◦) (Figure 4).
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From the collected data during the experimental period, those corresponding to the
hours 11:00 and 14:00 were selected (Table 2). These average data were established as
initial simulation conditions for validation purposes. Once the convergence of each of
these two simulations was achieved, the simulated temperature and air velocity data were
obtained.

Table 2. Initial simulation conditions for the validation scenarios.

Hour Temperature ± SD
(◦C)

Relative Humidity ± SD
(%)

Solar Radiation ± SD
(Wm−2)

Wind Speed ± SD
(ms−1) Wind Direction

11:00 17.3 ± 1.2 80.9 ± 4.6 563 ± 45.2 0.90 ± 0.23 E
14:00 18.3 ± 1.4 78.6 ±3.5 632 ± 78.2 1.48 ± 0.38 E

SD, standard deviation.
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The data from the simulations were compared with the experimental data through
goodness-of-fit parameters, such as the root mean square error (RMSE) and the mean
absolute percentage error (MAPE); these goodness-of-fit criteria are calculated according
to Equations (7) and (8).

RMSE =

√√√√ n

∑
i=1

(Dmi− Dsi)2

n
(7)

MAPE =
1
n

n

∑
i=1

∣∣∣∣Dmi− Dsi
Dmi

∗ 100
∣∣∣∣ (8)

where n is the number of sampled data, and Dmi and Dsi are the measured and simulated
values of temperature and air velocity, respectively. Once the validity of the CFD model
was verified, the simulations of the scenarios established in Table 3 were performed. These
simulation scenarios were set up using the above-mentioned local climatic variables and
adjusting the airflow direction into each of the cardinal points (W, E, N, and S) in order to
observe the effect of the wind direction on the renewal rates and the spatial distribution of
the microclimate.

Table 3. Entry conditions for the simulations of the evaluated scenarios.

Scenario Temperature (◦C) Relative Humidity
(%)

Solar Radiation
(Wm−2) Wind Speed (ms−1) Wind Direction *

S1V1 18.45 83.6 763 0.99 W
S1V2 18.45 83.6 763 1.75 W
S1V3 18.45 83.6 763 2.35 W
S2V1 18.45 83.6 763 0.99 E
S2V2 18.45 83.6 763 1.75 E
S2V3 18.45 83.6 763 2.35 E
S3V1 18.45 83.6 763 0.99 N
S3V2 18.45 83.6 763 1.75 N
S3V3 18.45 83.6 763 2.35 N
S4V1 18.45 83.6 763 0.99 S
S4V2 18.45 83.6 763 1.75 S
S4V3 18.45 83.6 763 2.35 S

* To where the wind is blowing.

Finally, in the post-processing stage, the spatial distribution curves and the numerical
data of temperature and wind speed for each of the scenarios in a top view at a height of
1.5 m above ground level were obtained. This height was selected because it is generally
the average height where cut flower crops are grown. Likewise, the renewal rates were
calculated through the method of integration of the air flow rate that exits through each of
the ventilation areas arranged in the greenhouse. This method has been successfully used
in previous studies with similar approaches [2,22].

3. Results and Discussion
3.1. Validation of the CFD Model

Figure 5 shows the graphs of the simulated data sets and the experimentally measured
data. In general terms, it was found that the predictions made by the CFD model for
temperature were within the trend reported experimentally, and the wind speed values
coincide with the values predicted by the numerical model. Therefore, in qualitative terms,
it can be mentioned that the model seems to have a high capacity to predict air flows and
thermal distribution in the interior of the building.
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This validation was complemented with a numerical analysis in which for temperature,
the RMSE and MAPE values were found to be 0.77 ◦C and 2.85% for hour 11, while for hour
14, they were 1.51 ◦C and 1.98%, respectively. Likewise, for air speed at hour 11, RMSE
and MAPE values were 0.04 ms−1 and 7.63%, and 0.05 ms−1 and 9.78% were obtained for
hour 14, respectively. These RMSE values are similar to those reported in other greenhouse
natural ventilation studies [7,30]. Also, having MAPE values less than 10%, it can be
concluded that the model has a highly accurate forecasting capability according to what is
reported by Montaño Moreno et al. [31].

According to these results, the developed CFD model can be used to evaluate other
ventilation configurations that can be implemented in this type of greenhouse. It is also pos-
sible for it to help in developing simulations in transient state, allowing simulations with the
presence of the crop and its interaction with microclimate variables inside the greenhouse.

3.2. Airflow Patterns
3.2.1. Wind Perpendicular to Side Ventilation Areas

Figure 6 shows the simulated airflow patterns inside the greenhouse for scenarios S1
and S2 and for velocities V1 and V3. In the case of the S1V1 scenario, the air flow enters
the greenhouse through the lateral ventilation area on the windward side at an average
velocity of 0.68 ms−1; this flow moves transversely (E-W) to spans 4 and 5 and then slows
down. There is also another air flow that enters the greenhouse in the opposite direction to
the outside wind direction, entering at an average speed of 0.73 ms−1 through the upper
ventilation area located on the leeward side and moves transversely (W-E) to the area
located below spans 3 and 4.
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and S2 (direction the wind is blowing: east; V1: 0.99 ms−1 and V3: 2.35 ms−1).

This entry of two flows in opposite directions leads to the generation of a short-circuit
zone and recirculating air movement patterns right in the area where the flows meet
and collide with each other. For scenario S1V1, it was also observed that the greenhouse
air outflows were located over the ventilation areas arranged on the facades and in the
leeward side ventilation area. This behavior of incoming air flows through ventilation areas
arranged on the windward and leeward sides has been reported in other natural ventilation
studies, such as the one developed by Molina-Aiz et al. [32] in a Spanish parral greenhouse.

For the S1V3 scenario, a similar pattern of behavior was observed with some marked
differences, such as the leeward side airflow inflow velocity entering at an average velocity
of 2.10 ms−1. This increase in air velocity is influenced by the increase in wind speed in the
exterior. Likewise, it is observed that the short circuit and the recirculation loops reduce
their sizes and are located closer to the leeward side. It is important to note that these
scenarios where the wind comes from the east is the dominant climatic condition in the
study region.



Agronomy 2021, 11, 1330 11 of 18

On the other hand, for the S2V1 scenario, an air flow is observed entering the green-
house through the windward side ventilation area with an average velocity of 0.81 ms−1

and moving in a transverse direction (W-E) to just below the area below span 6. This flow
subsequently collides with an incoming flow in the opposite direction and enters through
the leeward ventilation area at an average velocity of 0.49 ms−1. This interaction between
these two air flows again generates a short circuit region with little air movement.

Finally, for S2V3, there is a change of pattern in the movement of the air flows where
it is quickly identified that the airflow entry through the leeward side disappears and, at
the same time, the short circuit zone disappears. A higher velocity air flow is observed
inside the greenhouse and a greater amount of air flow out of the interior of the structure
through the ventilation areas of the facades and the leeward ventilation area.

3.2.2. Wind Perpendicular to the Ventilation Areas of the Facades

For S3V1, it was observed that airflows enter the greenhouse through the ventilation
areas on the windward and leeward facades at an average velocity of 0.65 ms−1 and
0.59 ms−1, respectively (Figure 7). For these two air flows after entering the greenhouse,
the first is directed longitudinally (S-N) until almost the middle zone of the greenhouse
and collides with the flow that entered against the direction of the outside wind. This
behavior generates again a zone of low air velocity, a zone that appears in the entire
central transverse zone of the greenhouse and is distributed towards the sides and the
leeward facade.

In the case of S3V3, an air flow enters the greenhouse through the ventilation of the
windward facade at an average velocity of 2.12 ms−1 and then slows down as it moves
longitudinally (S-N) until it reaches an average value of 0.98 ms−1. Likewise, the opposite
direction flow (N-S) is observed again, although in this case, not through the entire window
of the leeward façade since the perimeter edges of this region show the generation of
two air flow movement loops with low velocity zones (Figure 7).

In these scenarios S3 V1 and V3, the greenhouse airflows exit through the ventilation
areas on the sides of the structure. The airflow behaviors for S4V1 and S4V3 do not present
very marked differences with the S3V1 and S3V3 scenarios; again, the areas of low velocity
and airflow loops are observed in the central region, lateral, and perimeter corners of the
leeward facade.

One last aspect to mention about the characteristics of the air flow patterns is the
turbulent regime that is usually generated in some areas of the greenhouse region. These
types of flows tend to occur even in conditions of low external wind speed (<2 ms−1) since,
as demonstrated in the numerical study developed by Moghaddam [33], the formation
of turbulent flow regimes depends on factors such as the shape of the structure, layout,
and geometry of the ventilation areas. These same results had been previously verified
experimentally in the work carried out by Lee et al. [19] and by McCartney et al. [34],
who concluded that airflow turbulence plays a very relevant role in the natural ventilation
process and on the spatial distribution of temperature inside the greenhouse.

3.2.3. Air Flow Velocity and Calculated Renewal Rates

For the quantitative analysis of the air velocity behavior for each of the simulated
scenarios, a total of 49,381 data points were extracted from the plane analyzed in the
previous sections. For each of the 12 scenarios, the mean velocity, standard deviation, and
maximum and minimum air velocity values were calculated (Table 4). In the case of the
scenarios simulated with V1 (0.99 ms−1), the values obtained ranged from a minimum
of 0.36 ± 0.13 ms−1 for S2 to a maximum of 0.39 ± 0.15 ms−1 for S4, which represents a
difference of 8.33% between S2 and S4.
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Table 4. Evaluated numerical parameters of the simulated airflow patterns.

Scenario Mean Air Velocity ± SD (ms−1) Minimum Air Velocity (ms−1) Maximum Air Velocity (ms−1)

S1V1 0.38 ± 0.10 0.06 0.87
S1V2 0.45 ± 0.18 0.07 1.36
S1V3 0.54 ± 0.23 0.06 1.75
S2V1 0.36 ± 0.13 0.05 0.93
S2V2 0.59 ± 0.20 0.09 1.40
S2V3 0.68 ± 0.30 0.09 1.76
S3V1 0.38 ± 0.14 0.05 1.03
S3V2 0.57 ± 0.20 0.05 1.50
S3V3 0.69 ± 0.27 0.04 2.06
S4V1 0.39 ± 0.15 0.02 1.05
S4V2 0.58 ± 0.21 0.04 1.56
S4V3 0.72 ± 0.28 0.04 2.12

SD, standard deviation.
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In the case of V2 (1.75 ms−1), the mean air velocity oscillated between a mini-
mum and maximum value presented in scenarios S1 and S2, respectively, with values
of 0.45 ± 0.18 ms−1 and 0.59 ± 0.20 ms−1; therefore, in S4, the mean air velocity is 31.3%
higher with respect to S2. For V3 (2.35 ms−1), the minimum value was 0.54 ± 0.23 ms−1 for
S1 and a maximum value of 0.72 ± 0.28 ms−1 for S4, with this velocity being 33.3% higher
than that of S1.

On the other hand, the minimum velocity values obtained for all scenarios ranged
from 0.02 ms−1 to 0.09 ms−1, while the maximum velocity values ranged from 0.87 ms−1

to 2.12 ms−1. These values show that, in this type of structure, which does not have
relevant ventilation areas in the roof region, the impact of outside wind conditions is
quite heterogeneous, which in turn tends to lead to non-uniform spatial distributions of
temperature inside the structure [26,35].

Figure 8 shows the air exchanges rates in volumes per hour for each of the simulated
scenarios. For the four simulated scenarios S1–S4, it was observed that there is a direct
relationship of the renewal rate value with the wind speed in the outdoor environment,
which is in agreement with a large number of natural ventilation studies conducted in
different types of greenhouses [7,30,36].
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The renewal rate values were 10.1 Vol h−1 and 27.9 Vol h−1 for scenarios S1V1 and
S1V3, respectively. For S2V1 and S2V3, these values were 13.6 Vol h−1 and 29.5 Vol h−1. For
S3V1 and S3V3 the renewal rates were 15.6 Vol h−1 and 32.1 Vol h−1, respectively. Finally,
for S4, the values were 15.5 Vol h−1 and 32.5 Vol h−1 for V1 and V3, respectively.

It should also be noted that these values found based on the behavior of the wind
speed characteristic of the study region did not allow us to obtain a value of adequate air
exchange for passive type greenhouse. The index at least should be at least equal to 40 air
exchange per hour and ideally reach 60 volumes per hour [9,37].

3.3. Spatial Distribution of Temperature

The spatial behavior of temperature for all simulated scenarios in a plan view at a
height above ground level of 1.5 m is presented in Figure 9. In general terms, it is possible
to identify the qualitative distribution of temperature showing a highly heterogeneous
behavior, while thermal differentials for the same moment can exceed 10.0 ◦C. These values
exceed the thermal differentials reported in experimental studies in other types of passive
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greenhouses used in the Colombian ornamental sector, similar to the studies developed by
Villagrán and Bojacá [6] and Villagrán and Bojacá [38].
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V2: 1.75 ms−1 and V3: 2.35 ms−1); S2 (direction the wind is blowing: east; V1: 0.99 ms−1; V2: 1.75 ms−1 and V3: 2.35 ms−1);
S3 (direction the wind is blowing: north; V1: 0.99 ms−1; V2: 1.75 ms−1 and V3: 2.35 ms−1); and S4 (direction the wind is
blowing: south; V1: 0.99 ms−1; V2: 1.75 ms−1 and V3: 2.35 ms−1).

For scenario S1, the highest temperature zone is located in the central zone of the
greenhouse and moves towards the leeward side, while the lowest temperature zones
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are located on the windward side and in the middle region of the leeward side where
the air flows enter the greenhouse (Figure 9). In the case of S2, it is observed that for
V1, the high-temperature region is located along the entire longitudinal direction of the
greenhouse covering the area between the span 4 and the leeward side. For V2 and V3,
there are areas with the lowest temperature, corresponding to the areas where air flows
enter the greenhouse through the upper lateral ventilation of the leeward wall. On the
other hand, for these scenarios, the highest-temperature zones are now located on the inner
edges of the facades and on the corners of the windward side region.

For scenarios S3 and S4, similar behaviors were observed, where the lowest temper-
ature occurred just above the regions where the air flows enter, which, in these cases, is
through the regions of the facades. It is also observed that the regions of higher temperature
are located on the central transverse region of the greenhouse and are distributed towards
the regions of the facade in greater and lesser areas depending on the external wind speed.

For the quantitative analysis of temperature behavior, the data was qualitatively
analyzed based on the mean temperature (Tm), the maximum temperature (Tmax), the
minimum temperature (Tmin), the thermal differential inside the greenhouse (∆Tinside), and
the thermal differential between the mean inside temperature and the simulated outside
temperature (∆T), calculations that are summarized in the Table 5.

Table 5. Quantitative parameters of the simulated temperature behavior.

Scenario Tm ± SD
(◦C)

Tmax
(◦C)

Tmin
(◦C)

∆Tinside
(◦C)

∆T
(◦C)

S1V1 26.8 ± 3.9 36.0 18.9 17.1 8.4
S1V2 24.6 ± 3.6 33.5 19.0 14.5 6.2
S1V3 23.6 ± 3.5 32.3 19.1 13.3 5.2
S2V1 27.3 ± 4.0 37.2 18.6 18.6 8.8
S2V2 25.7 ± 4.1 35.2 18.6 16.6 7.3
S2V3 24.2 ± 3.4 34.4 18.6 15.8 5.8
S3V1 26.0 ± 3.1 35.6 18.8 16.8 7.5
S3V2 23.4 ± 2.6 32.5 18.8 13.7 4.9
S3V3 22.7 ± 2.5 32.5 19.0 13.5 4.2
S4V1 25.9 ± 3.0 34.8 18.8 16.0 7.5
S4V2 23.3 ± 2.7 32.8 18.7 14.1 4.8
S4V3 22.6 ± 2.6 32.1 19.0 13.1 4.2

SD, standard deviation.

The values of Tm ranged for V1 between 25.9 ± 3.0 ◦C and 27.3 ± 4.0 ◦C for S4 and
S2, respectively. This range is between 23.3 ± 2.7 ◦C and 25.7 ± 4.1 ◦C for the S4 and S2
scenarios of V2, while for V3, the Tm is ranged between 22.6 ± 2.6 ◦C and 24.2 ± 3.4 ◦C
in S4 and S2, respectively. On the other hand, Tmin values obtained in all scenarios have
values below 19.0 ◦C. While Tmax exceeded 32.0 ◦C in all scenarios in some specific regions,
they reached an extreme value of 37.2 ◦C in S2V1.

Regarding climatic heterogeneity, it can be observed some values are considerably
high, allowing quantitative identifications of the greenhouses with highly heterogeneous
behavior of ∆Tinside values ranged between 13.1 ◦C for S4V3 and 18.6 ◦C for S2V1. These
values are well above the recommendation established for a greenhouse where, as far
as possible, the temperature differentials in the indoor environment should not exceed
2 ◦C [39].

Finally, it is important to mention that these results reaffirm that, in the traditional
Colombian greenhouse, there is a highly heterogeneous thermal behavior associated with
the type of structure, the ventilation configuration, and the low renovation rates generated
for the climatic conditions of the study region. This thermal heterogeneity is one of the
aspects that has been mostly investigated in the recent years, as it is a factor that generates
negative consequences on the production of cut flowers, since temperature affects processes
such as transpiration and translocation of nutrients in plants; therefore, under this type of
behavior, it is very common to obtain non-uniform productions [10].
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Likewise, these differential temperature behaviors tend to produce flowers with low-
commercial-quality parameters, such as short stem lengths, flower heads with non-uniform
and curved colors, and flower stems affected by browning. Finally, it is important to
mention that the maximum extreme temperature values presented in the greenhouse far
exceed the recommended values for the production of the main cut flowers of commercial
interest, such as roses and carnations, where average daytime temperatures should ideally
be close to 25 ◦C or not to exceed this value as far as possible [29].

4. Conclusions

In this research, an experimentally validated 3D CFD model was used to simulate the
behavior of air flows inside a traditional Colombian greenhouse under the conditions of
four wind directions (S1, S2, S3, and S4) and four wind speeds (V1, V2, V3, and V4) in the
outdoor environment. The results have shown that wind should be considered as another
input to be managed for the benefit of micro-climatic comfort within passive greenhouse
used for cutting flower production.

The three-dimensional simulations carried out allowed us to identify that, in the inside
of the traditional Colombian greenhouse, inadequate final conditions are generated with
a heterogeneous spatial distribution with the presence of factors that depend directly on
wind direction and speed. Therefore, it was found that for wind speeds V1 (0.99 ms−1),
the generated heat spots are in an approximate area of up to 50% of the cultivated area
inside the greenhouse and with a temperature value for S2V1 of up to 37.2 ◦C. On the
contrary, for the scenarios with V3 velocities (2.35 ms−1), it was observed that the areas
with heat spots are reduced inside the greenhouse to an approximate area of less than
20% of the total covered area, and at the same time, the highest temperature value was
34.4 ◦C for S2V3; it should be noted that these temperature values are not appropriate for
cut flower production.

This study also reaffirmed the deficiencies in terms of ventilation in the traditional
Colombian greenhouse; for the typical conditions of the study region, the air exchanges
rates in all scenarios were below the minimum recommended value of 40 air exchanges per
hour. This behavior of the air renewal rate promotes the generation of highly heterogeneous
thermal distribution conditions in the space and with inadequate values for the production
of cut flowers during the main hours of the daytime period.

Finally, this work establishes the technical and numerical simulation bases that will
allow future studies to propose more realistic analyses where some type of crops can be
included, be it ornamental, horticultural, or medicinal, since locally this type of greenhouse
is the most used in these three production systems. This type of simulations can be
developed in order to analyze some additional microclimate variables involved in crop
growth dynamics, such as humidity and CO2. Additionally, based on the results obtained
in this research, a microclimate optimization study can be carried out in this greenhouse
design, an optimization that can be proposed by adding a ventilation area in the greenhouse
roof region and a greater overall height of the greenhouse, structural variables that can
provide greater air exchange and more uniform microclimate conditions.
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