
Edwin Andres Villagran Munar and Carlos Ricardo Bojaca Aldana

	 V. 25, No. 4, 2019 p. 351-364

1 Universidad Jorge Tadeo Lozano, Facultad de Ciencias Naturales e Ingeniería, Departamento de Ciencias Biológicas y Ambientales, Bogotá, Colombia. 
*Corresponding autor: edwina.villagranm@utadeo.edu.co. 
2 Universidad Jorge Tadeo Lozano, Facultad de Ciencias Naturales e Ingeniería, Departamento de Ciencias Básicas y Modelado, Bogotá, Colombia.

Received Ago 19, 2019 | Accepted Oct 04, 2019 
Licensed by CC BY 4.0 
https://doi.org/10.1590/2447-536X.v25i4.2087

Scientific Article

Ornamental Horticulture
ISSN 2447-536X  | https://ornamentalhorticulture.emnuvens.com.br/rbho

Numerical evaluation of passive strategies for nocturnal climate 
optimization in a greenhouse designed for rose production (Rosa spp.) 
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Abstract
In passive plastic greenhouses that do not have heating systems, the phenomenon of thermal inversion occurs, which means that the 
temperature inside the greenhouse is lower than the outdoor environment; therefore, the plants are exposed to thermal conditions 
that are unsuitable for production. The aim of this work was to evaluate passive air climatization alternatives seeking to optimize the 
nocturnal microclimate of a multi-tunnel Gothic greenhouse projected for rose production in Bogota savannah. The experimental 
approach included the use of a CFD-2D simulation model successfully validated by recording and archive of temperature data in a 
greenhouse. A total of 24 steady-state simulations were developed that included 3 nighttime temperature values, 2 sky conditions 
and 4 greenhouse configurations. The results showed that under the clear sky condition there was a thermal inversion with a value 
of -0.53 and -1.11 °C for the standard night-time greenhouse configuration. The installation of a thermal screen and porous mesh 
in the fixed roof vents allowed to control the presence of thermal inversion under clear sky conditions and optimizing the indoor 
temperature value in the greenhouse under cloudy sky conditions.
Keywords: CFD simulation, Thermal inversion, Temperature, airflow pattern.

Resumo 
Avaliação numérica de estratégias passivas para a otimização climática noturna de uma  

estufa projetada para a produção de rosas. (Rosa spp.)
Nas estufas de plástico passivo que não possuem sistemas de aquecimento, ocorre o fenómeno da inversão térmica, o que significa 
que a temperatura no interior da estufa é inferior à do ambiente exterior, pelo que as plantas estão expostas a condições térmicas 
impróprias para a produção. O objetivo deste trabalho foi avaliar alternativas de ar condicionado passivo visando otimizar o 
microclima noturno de uma estufa gótica multi-túnel proposta para a produção de rosas na savana de Bogotá. A abordagem 
experimental incluiu o uso de um modelo de simulação CFD-2D validado com sucesso através da captura e coleta de dados 
de temperatura na estufa real. Um total de 24 simulações em estado estacionário foram desenvolvidas, incluindo 3 valores de 
temperatura noturna, 2 condições de céu e 4 configurações de estufa, os resultados obtidos mostraram que sob a condição de céu 
limpo houve uma inversão térmica com um valor de -0,53 e -1,11 °C para a configuração noturna padrão da estufa, também se 
verificou que a instalação de uma tela térmica e uma malha porosa na ventilação fixa do telhado permitiu limitar a presença de 
inversão térmica sob condições de céu limpo e otimizou o valor da temperatura interna no inversor sob condições de céu nublado.
Palavras-chave: Simulação CFD, Inversão térmica, Temperatura, Padrão de fluxo de ar.

Introduction

In Colombia since the appearance of the ornamental 
and the cut flowers sectors at the end of the 1950’s, the use 
of passive polyethylene greenhouses has been supported. 
This type of structure is considered of low technological 
level and therefore of easy construction and operating 
cost, mainly due to the nonexistence of active climate 
control equipments, and is widely used alternative in 

tropical and subtropical countries with favorable climates 
for agricultural production (McCartney et al., 2018). 
Colombian greenhouses have experienced a series of 
structural evolutions conceived from the traditional 
model, which has allowed greenhouses of greater size 
and robustness and with greater time durability, although 
the microclimate behavior of this group of greenhouses 
is very questioned, once extreme levels of humidity and 
temperature are generated, affecting the yield in some 
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species of high commercial interest in the international 
markets, mainly rose (Villagran and Bojaca, 2019a). 
Rose is a plant belonging to the Rosacea family that has 
more than 30 thousand varieties derived from crosses or 
backcrossing and is considered one of the most important 
ornamental plants in the world (Dotto et al., 2016; Reis 
et al., 2016). Currently, Colombia is the second largest 
exporter of flowers in the world after the Netherlands and 
the first in the Americas contributing an approximate share 
of 15% to the total world market for cut flowers. According 
to reports given by the Chain of Flowers and Foliage of the 
Ministry of Agriculture and Rural Development (MADR) 
for 2017 registered 8,004 ha dedicated to the production of 
ornamentals, an area that are distributed in the departments 
of Cundinamarca and Antioquia. The estimated total annual 
production of stems is 242,944 tons. This productive sector 
provides a relevant economic income in the national 
agricultural sector, generating a foreign exchange income 
close to 1400 million dollars a year, where the rose provides 
US$ 6.9 by kg exported and occupies a volume of 30% of 
the total stems exported in Colombia.

The generation of microclimate inside passive 
greenhouses is directly related to the external climatic 
conditions, area and volume of a greenhouse, magnitude 
and efficiency of the ventilation rates produced in each 
type of structure (Espinoza et al., 2017). It is known that 
Colombian greenhouses are deficient in this aerodynamic 
aspect, with low ventilation rates and inadequate airflow 
circulation, factors that have been studied and improved 
through new greenhouse designed for the predominant 
climatic conditions of the Bogotá savannah (Villagran 
and Bojaca, 2019b, 2019a). These applications include 
an increase of ventilation surfaces in the greenhouse roof 
zone and an average increase of 1.5 m in the overall height 
of the greenhouse, generating significant increases in 
ventilation rates obtaining values higher than the minimum 
recommended value of 0.04 m3 m2 s-1, propitiating a 
homogeneous temperature with thermal differentials 
between the exterior and interior environment lower than 
2 °C, results that coincide with works developed for other 
types of passive greenhouses located in other latitudes 
(Baeza et al., 2009; He et al., 2015).

Passive greenhouses that lack heating systems have their 
only method of climate control at night, the total closure 
of the ventilation openings side and front with a sheet of 
polyethylene, which pursues that the energy captured in 
the soil of the greenhouse during the day maintain the 
temperature in the cultivation area   at night period in the 
highest possible value. In this way, it is required to prevent 
or limit thermal inversion in the indoor environment, a 
phenomenon in which the temperature of the greenhouse 
is lower than the surrounding outside air, this phenomenon 
occurs more frequently under clear sky conditions at 
night and is produced by far infrared  emission from the 
greenhouse floor (Montero et al., 2016). The phenomenon 
is characteristic of some passive greenhouses, mainly those 
with polyethylene cover (Villagran and Bojaca, 2019c; 
Villagran et al., 2018). One of the causes for thermal 
inversion is precisely the limited capacity of greenhouses 

to store heat captured during the day, as it is lost in a 
very accelerated process during the first hours of night, 
especially through the roof area and roof apertures that do 
not have automatic or manual closing systems (Majdoubi 
et al., 2017). These low temperatures limit the potential 
production of the crop because of the reduction of its 
development  and in a more critical situations may cause 
the irreversible crop losses when extreme phenomena such 
as frost occur; therefore, it is a current need to develop 
economic and technically viable strategies to optimize the 
nighttime climate in greenhouses used for the production of 
ornamentals under Colombian climatic conditions.

One of the most interesting and widely applied 
modeling and simulation techniques for aerodynamic and 
microclimate studies in greenhouses has been computational 
fluid dynamics (CFD) which is currently known as a 
robust, mature and advanced technique for design in many 
engineering fields (Dhiman et al., 2019). CFD models have 
the main advantage of offering fast solutions to evaluate 
in real or imaginary scenarios that include structural 
modifications, shape, type and roofing material, allowing 
to evaluate their efficiency without the requirement to be 
built on a real scale; thus, becoming a useful tool for the 
optimization of microclimate generated in greenhouses 
(Mesmoudi et al., 2017). The works dedicated to the study 
of the nocturnal microclimate in passive greenhouses 
by this methodology are scarce compared with those 
developed for diurnal conditions, the description of the 
scalar fields of variables as  temperature and of air flow of 
nocturnal climatic conditions patterns can be developed by 
a  model of radiation of discrete order (DO), which allows 
to simulate numerically the flow of energy that occurs by 
radiation from the floor of the greenhouse to the external 
environment (Fidaros et al., 2010).

The use of the simulation model made possible to 
compare the different passive energy saving strategies, 
showing the positive effect of increasing the air temperature 
through the use of double plastic roof coverings. in northern 
Patagonia under three atmospheric conditions and two types 
of roofing (Montero et al., 2005).  Montero et al. (2013) 
carried out a 2D simulation study of a passive greenhouse 
reported that in clear and dry nights the phenomenon of 
thermal inversion was presented in the simulation scenario 
of standard configuration of the greenhouse, additionally 
this work generated the necessary bases to carry out the 
study of the nocturnal climate of greenhouses equipped 
with heating. Espinal-Montes et al. (2015) developed a 
3D model to evaluate the nocturnal thermal behavior of a 
Mexican greenhouse, finding that the thermal behavior of 
the greenhouse with closed windows showed an average 
thermal inversion of -3.1 °C and with open windows the 
CFD model predicted a thermal inversion of -0.8 °C. 
Other works related to this nocturnal weather condition 
(Majdoubi et al. 2017, 2016) analyzed nighttime heat loss 
as a function of the radiative and convective energy losses 
of the roof and the effect of the use of a thermal cover.

This paper proposes the use a numerical simulation 
model CFD-2D, experimentally validated, with the 
objective of simulate and evaluate the nocturnal thermal 



edwiN aNdres villagraN muNar and carlos ricardo Bojaca aldaNa 353

 V. 25, No. 4, 2019 p. 351-364

comportment generated by three passive air conditioning 
strategies, (i)  use of a porous mesh installed in the fi xed 
roof ventilations, (ii)  use of a thermal screen extended over 
the upper part of the crop and (iii) a combination of the 
two previous ones, in a non-heated passive greenhouse of 
multi-tunnel Gothic type located in the savannah at Bogota 
projected for rose production.

Materials and methods

Experimental greenhouse and nocturnal climatic 
conditions 

The experimental greenhouse used in this study is a 
commercial model designed to produce cut rose and built 
in the savannah of Bogotá, Colombia (4º40.5’N, 74º12.5’W 

and an altitude of 2560 m.a.s.l.). The greenhouse is of 
the multi-tunnel Gothic type (Figure 1A) covered with 
transparent polyethylene plastic (200 μm thick), with a 
total covered area of 4,704 m2, equivalent to 6 spans of 9.3 
m wide and 84 m long, equipped with lateral ventilations of 
manual opening and closing in its four sides. Additionally, 
this model has fi xed ventilations on roof in each one of the 
spans, ventilation areas that do not count on any type of 
closing for the night hours, situation that is characteristic 
in the Colombian greenhouses. The multiannual climatic 
conditions for the night hours establish that in the zone the 
average value of the minimum temperature was 6.79 °C, 
with minimum values of 4.4 °C and maximums values of 
9.39 °C, likewise the behavior of the wind speed shows 
average values lower than 1.0 ms-1.

 Figure 1. A) detail of the greenhouse mesh and B) detail of the computational domain mesh.

Model and numerical procedure
Numerical simulations solved the equations that 

describe the fl ow behavior of a fl uid between the exterior 
and interior environment of a greenhouse, using the 
second-order fi nite volume discretization (FVM) method. 
The equations of moment, mass, energy and concentration 
can be represented for a two-dimensional fl ow in steady 
state with the following equation:

                                                                                           

where  represents the variable of interest, in this case 
the vertical and horizontal components of speed 

 represents the variable of interest, in this case 
 (m s-1) 

and temperature T (°C). 
the vertical and horizontal components of speed 

 represent the source 
term and the diffusion coeffi cient of .

The numerical model considers the turbulence of the fl ow 
through the standard model k - ε. This semi-empirical 
model is based on the transport equations that solve 
turbulent kinet ic energy and the dissipation of the energy 
by unit of volume ε, this model has been the most used  and 
extensively validated in studies of air fl ow in greenhouses 
showing to be effi cient with the use of computational 
resources and providing realistic solutions (Piscia et al., 
2015). The transport equations for   k and ε can be modeled as:

 
                                                         

 
                                             

(1)
(2)

(3)
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where  is viscosity and y  is turbulent viscosity in (kg 
m-1 s-1), Gb is turbulent kinetic energy generation due to 
buoyancy, Gk is turbulent kinetic energy generation due to 
velocity gradients,  and 

is turbulent kinetic energy generation due to 
 are Prandtl’s turbulent numbers 

for k and 
velocity gradients,  and 

, 
velocity gradients,  and 

 is the coeffi cient of kinematic viscosity, YM  
is the  fl uctuating expansion in turbulence due to the global 
dissipation rate and  are  con stant 
with empirically determined values and established by 
default in the simulation software.

The Boussinesq model was considered to simulate and 
calculate variations in greenhouse air density generated by 
temperature changes. The buoyancy force due to differences 
in air density is added as a source term in the impulse 
equation. The presence of insect screens was modeled 
using equations derived from the fl ow of a free and forced 
fl uid 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’s equation:

                                                                                                                   
                                                                               

where u is the air velocity (m s-1); μ is the dynamic 
viscosity of the fl uid (kg m-1 s-1), K is the permeability of 
the medium (m2); Cf is the Inertial Factor of the mesh; ρ is 
the air density (kg m-3) and ∂x the thickness of the porous 
material (m).

The selected radiation model was the discrete ordinate 
(DO) with angular discretization, this allows to add the 
radiation as a source term in the energy equation to be 
modeled in semitransparent mediums as it is the case of 
the plastics of the greenhouse roofs. This model makes 
it possible to perform climate analysis in night-time 
conditions, simulating and resolving the phenomenon 
of radiation from the greenhouse fl oor to the outdoor 
environment (Montero et al., 2013). The DO model solves 
the general equation of radiation transfer (RTE) by the 
following expression:

(6)

                 
(5)

                 

                                                                                                                   
                                                                               (4)  

Where  is the intensity of radiation at a wavelength;  
are the vectors that indicate the position and direction, 

respectively; is the direction vector of dispersion;  
are the coeffi cients of dispersion and spectral absorption; 

 is the refractive index; 
are the coeffi cients of dispersion and spectral absorption; 

 is the divergence operator;  is 
the de Stefan-Boltzmann constant (5.669×10−8 Wm−2 °C−4), 

 are the phase function, the local temperature (°C) 
and the solid angle, respectively.

The semi implicit solution method for the pressure-
velocity equation (SIMPLE) was applied to solve the fl ow 
fi eld of the simulated fl uid, with second order discretization 
schemes, this solution method has a working scheme 
which starts with some initial values to solve the moment 
equations and obtain the speed variable components, 
successively calculates coeffi cient and source terms 
through the pressure correction equation, calculates the 
speed corrections and updates the pressure and speed 
components to obtain the solution. For this case the 
solution of the numerical simulations was taken when the 
normalized residues of all the squares of the domain were 
less than 10-6 for the equations of continuity, momentum, 
turbulence, energy and DO intensity. The model did not 
include any crop and additionally, a total hermeticity of the 
greenhouse was assumed. These simplifi cations are valid 
since they are applied to each of the simulated cases and 
the errors that can be derived will have the same degree of 
magnitude for each scenario. 

Computational domain, grid size and boundary 
conditions

The 2D computational domain (Figure 1B), which 
included a cross-section of the greenhouse and its 
surrounding outdoor environment, was 355 m wide (x-axis) 
and 50 m high (y-axis) and was constructed following 
the recommendations given by (Kim et al., 2017). In the 

process of mesh generation an unstructured grid of square 
elements is selected with a total of 671,713 elements, the 
density of the mesh was increased in the regions close to 
the screens, fl oor, side wall and roof which are the regions 
where the relevant thermal gradients are usually and which 
in turn were simulated with the improved wall treatment. 
This size was defi ned once a mesh refi ning analysis was 
carried out where a total of 12 squares were analyzed with 
a quantity of elements that varied between 91,871 and 
1,104,369, this in order to obtain an adequate precision and 
a total independence of the results to the size of the mesh. 
The mesh quality was evaluated by y+ value, controlling 
this value in the validity range that is in the interval of 20 < 
y+ < 200. Additionally the asymmetry factor was evaluated, 
where 90.8% of the active volumes exhibited a value within 
the range 0-0.25, considered of excellent quality (Ansys, 
2016).

The established boundary conditions considered 
the atmospheric characteristics of the study site and the 
physical properties of the materials of the greenhouse. A 
symmetrical type edge condition was established in the 
upper part of the computational domain, in the left limit 
an air inlet velocity was imposed with a logarithmic profi le 
linked to the CFD numerical model using the function 
defi ned by the user (UDF), by the equation:

                                                                                                                   
      
Where  is the average wind speed at height  above 

ground level, 
 is the average wind speed at height  is the average wind speed at height 

 is the roughness of the surface that was 
established in 0.0161 m depending on the standard of response 
of the local terrain, 
established in 0.0161 m depending on the standard of response 

 is the friction velocity and 
established in 0.0161 m depending on the standard of response 

 is the von 
Karman constant with a value of 0.42, in the right limit fl ow 
outfl ow region a pressure outfl ow condition was established.
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The lateral walls and the cover of the greenhouse were 
meshed as elements of thickness of 0.2 mm, these surfaces 
were considered as semitransparent solids and their optical 
properties for infrared radiation assuming an independence 
of the wavelength were transmissivity 0.19, absorption 
0.69 and refl ectivity 0.12, equally for the thermal screen 
values were taken for these properties of 0.42, 0.2 and 1.0 
for transmissivity, emissivity the refl ectivity, respectively. 
Fixed roof ventilation zones were established as porous 
media and the following edge conditions were imposed, 
Effect Viscosity (α) = 3.98 e-9 and Drag Coeffi cient (C2) 
19185. The exchange of radiation between the greenhouse 
and the outside environment was simulated by considering 
the sky as a black body at an equivalent temperature. (Tsky, 
in degrees °K), for clear sky conditions using the ratio 
established by Swinbank (1963):

                                                                                                                                                     
                                     

This expression represents a direct model that estimates 
the temperature of the sky through the value of the ambient 
air temperature (Tamb). For the cloudy sky condition was 
established using an evolution of the Swinbank model 
proposed by Fuentes  (1987):

                                                                                               
 
The lower part of the computational domain 

corresponding to the  greenhouse fl oor was modeled as 
an opaque solid and additionally it was established a limit 
condition of heat transfer to the interior of the greenhouse, 
procedure similar to the one established in the work 
developed by Piscia et al. (2012).

Collection of experimental data and validation of 
the CFD model

The collection of experimental data for the purpose of 
validating the CFD model was carried out between March 
25 and May 3, 2017. The data collection was established for 
a recording frequency of ten minutes with a meteorological 
monitoring equipment assembled out inside the greenhouse 

and in its external environment at a proximity of 50 m. 
The meteorological variables for night hours outside the 
greenhouse that are necessary to fodder the CFD model are 
air temperature, wind speed and direction and were recorded 
by a Vantage Pro2 climate system (Davis Instruments, 
Hayward, CA, EE. UU.). Inside the greenhouse at a height 
of 1.7 m above ground level (y-axis) and above the cross 
section (x-axis), a total of 18 copper thermocouples used to 
measure dry bulb temperatures were uniformly distributed 
every 3 m and stored in a data logger (Cox-Tracer Junior, 
Escort DLS, Edison, NJ, EE. UU.) and in the central zone of 
the greenhouse in the ground a heat fl ow sensor (Huksefl ux 
HFP01SC, Campbell, Scientifi c, Delft, The Netherlands).  
Once the experimental data had been processed, simulations 
were developed for hours 20, 0 and 5 using as boundary 
conditions the average outdoor meteorological conditions 
recorded during the experimentation phase and the value of 
the heat fl ow measured in the interior soil of the greenhouse 
(Table 1). Once the process phase of the simulations was 
completed, the simulated temperature data were extracted 
from the coordinates (x,y) of each measurement point and 
compared with those obtained experimentally through the 
following criteria of better adjustment, mean absolute error, 
mean quadratic error and determination coeffi cient (MAE, 
RMSE, R2) and are calculated using the following expressions.

  
                                                                                                                                       

                                                                                                                                               

                                                                                                                                                    

Where N is the number of samples,  are the 
measured and simulated temperature values at point i 
respectively and  is the mean of the observed values.

(7)

(8)

(9)

(10)

(11)

Table 1. Average weather conditions for selected validation hours.

Hour
Tamb               
(ºC)

TSky                                
(°C)

Wind speed       
(m s-1)

Wind direction    (°) Soil heat fl ow      (Wm-2)

20 8.65 -5.4 0.74 109.2 14.24

0 6.29 -8.3 0.67 111.3 11.76

5 5.89 -8.9 0.68 109.9 8.65

Simulated scenarios
The numerical simulations developed once the CFD 

model was validated were grouped into three scenarios, 
assuming three conditions of the thermal behavior of 
the study area, minimum night mean temperature (S1), 
night mean temperature (S2) and maximum night mean 
temperature (S3), two specifi c sky conditions, clear (C1) 

and cloudy (C2) and four management confi gurations, 
the reference (M1), the use of a porous mesh in fi xed roof 
vents (M2), the use of a thermal screen at a height of 2 
above ground level and above the top of the crop (M3) and 
a combination of M2 and M3 (M4), these conditions were 
combined and a total of 24 stationary state simulations 
were performed (Table 2).
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Table 2. Definition of the scenarios selected for the simulations.

Scenario Simulation Wind speed (m s-1) Air temperature (ºC) Sky temperature (ºC)

S1

S1C1M1 S1C1M2  
S1C1M3 S1C1M4

0.8 4.4 -17.90

S1C2M1 S1C2M2 
S1C2M3 S1C2M4

0.8 4.4 -10.76

S2

S2C1M1 S2C1M2  
S2C1M3 S2C1M4

0.8 6.79 -14.60

S2C2M1 S2C2M2 
S2C2M3 S2C2M4

0.8 6.79 -7.75

S3

S3C1M1 S3C1M2 
S3C1M3 S3C1M4

0.8 9.39 -10.99

S3C2M1 S3C2M2 
S3C2M3 S3C2M4

0.8 9.39 -4.47

Results and discussion

Model validation
The temperature value measured and simulated for each 

of validated hours showed a behavior in the cross section 
of the greenhouse with a very similar trend (Figure 2). The 

comparison of the experimental and simulated temperature 
data obtained in each sampling point, showed values of MAE 
and RMSE of 0.55 and 0.53 °C for hour 20, 0.30 and 0.29 °C 
for hour 0 and 0.18 and 0.17 °C for hour 5, values that can be 
considered low and  are within the ranges obtained in similar 
studies as the one developed by Espinal-Montes et al. (2015).

Figure 2. Profiles of the mean value of the measured and simulated temperature.

The 1:1 scatter plots between the measured and 
simulated values for each hour (Figure 3) and the 
determination coefficient values (R2) obtained between the 
data sets were 0.90, 0.83 and 0.81 for the 20, 0 and 5 hours 

respectively, performance that together with those obtained 
for MAE and RMSE, allow to conclude that the numerical 
model predicts in a satisfactory way the nocturnal thermal 
behavior and can be used to evaluate optimization strategies.
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Figure 3. Scatter plots 1:1 between measured and simulated temperature.

Scenario S1
Air flow and thermal distribution fields
Nights with clear skies (C1)
The flow and thermal distribution patterns inside 

the greenhouse (Figure 4), obtained in the numerical 
simulations for this scenario, show flow patterns that are 
governed by the wind effect of natural ventilation due to 

the air currents that enter the greenhouse through the roof 
windows of each building, this air enters the greenhouse 
and mixes with the currents generated near the floor surface 
where the thermal gradients induce flotation movements 
inside the greenhouse, and then comes out through some 
of the roof vents that function as air entry and exit areas, as 
previously also reported by Majdoubi et al. (2016). 

Figure 4. Simulated temperature (°C) distribution contour and airflow  
pattern (ms-1) for S1C1M1, S1C1M2, S1C1M3 y S1C1M4.

The air flow patterns showed the formation of 4 
convective cells, the first is generated under the volume of 
air in span 1, the second is a movement cell between span 2 
and 3, the third between span 4 and 5 and the fourth in span 

6 (Figure 4). The presence of the thermal screen generates 
a variation in the air flow pattern in the lower zone to this 
one, just where the crops are established, this pattern shows 
a series of convective movements from the ground towards 
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the upper part of the thermal screen and that move from the 
windward side wall towards the leeward side zone at low 
speeds, also a horizontal flow is observed in the adjacent 
area to the lower face of the thermal screen, this flow 
simultaneously generates a heat dragging that propitiates 
a heterogeneous thermal behavior with temperature values 
of 0.5 °C lower than the average behavior of this region 
(Figure 4). 

The average velocity values obtained at 1.7 m above 
ground level and above the greenhouse cross section were 
0.27, 0.17, 0.031 and 0.017 m s-1 for S1C1M1, S1C1M2, 
S1C2M3 and S1C2M4 respectively, these reductions in 
the average velocity values obtained in each simulation 
are influenced by the presence of the porous screen and 
the thermal screen respectively. The comportment of the 
temperature variable also showed variations showing 
a positive effect principally due to the presence of the 
thermal screen, the average values of temperature obtained 
in the culture zone were 3.28, 3.84, 5.72 and 5.96 °C for 
S1C1M1, S1C1M2, S1C2M3 and S1C2M4. This allowed 
to establish that the presence of the porous screen S1C1M2 
and the presence of the thermal screen S1C2M3 generate 
thermal increases of 17.07 and 74.39% related to the 
reference scenario S1C1M1, while the combined use of 
M2 and M3 would generate a thermal increase of 81.7%.

The nocturnal temperature values obtained for this 
condition are  below the minimum recommended for rose 
production which, depending on the cultivar, usually ranges 
between 14 and 18 °C (Reid, 2008). Although due to the 
number of existing rose varieties it is difficult to establish 
the negative effects generated by subjecting the crop to 
such low temperatures, it is clear that, if there is a reduction 
in yields in quantity and quality, mainly due to the increase 

in stems with the presence of bull head flowers and on 
the other hand under these temperature regimes, the plant 
usually has shorter roots and thicker factors that can put at 
risk the structural stability of the plant and the processes of 
water and nutrient uptake (De Hoog, 2001). Additionally, 
in order to determine whether the phenomenon of thermal 
inversion occurs, the thermal differential values between 
the interior and exterior of the greenhouse were calculated 
(∆T= Tinternal mean – T external mean), obtaining values of -1.11, 
-0.55, 1.35 and 1.56 °C for S1C1M1, S1C1M2, S1C2M3 
and S1C2M4 respectively, with which it is observed that 
under the simulated conditions, the first two scenarios 
generate thermal inversion inside the greenhouse.

Cloudy sky nights (C2)
The airflow distribution fields for this condition show 

a comportment similar to that discussed in the previous 
scenario, although there are some differences in the M3 
and M4 configurations, where movements are observed 
in the lower zone of the thermal screen in warehouses 5 
and 6 with ascending displacement from the surface of 
the ground towards the thermal screen and additionally 
the horizontal flow that generated thermal heterogeneity 
in C1 is not observed (Figure 5). The mean wind speed 
values obtained in the area where the crops are established 
were 0.26, 0.19, 0.046 and 0.041 m s-1 for S1C2M1, 
S1C2M2, S1C2M3 and S1C2M4 respectively, while the 
mean temperature values were 5.01, 5.48, 8.49 and 8.81 
°C for these same scenarios, again demonstrating the 
positive thermal effects of both  thermal screens and the 
porous mesh, for this case it is also observed that a more 
homogeneous thermal distribution is obtained, in the 
lower zone of the thermal screen (Figure 5). 

Figure 5. Simulated temperature (°C) distribution contour and airflow pattern (ms-1)  
for S1C2M1, S1C2M2, S1C2M3 y S1C2M4.
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The ∆T values obtained were 0.61, 1.08, 4.09 and 4.4 
°C, these conditions of higher thermal value and no thermal 
inversion, are influenced by the condition of the cloudy 
sky which generates less heat loss by infrared radiation 
compared to clear sky conditions, allowing a gradually 
higher thermal behavior inside the greenhouse.

Scenario S2
Air flow and thermal distribution fields
Nights with clear skies (C1)
In the flow patterns obtained for this simulation, there 

are no major differences compared to scenario S1 (Figure 
6). The average velocity values in the cultivation zone for 
S2C1M1 to S2C1M1 were 0.29, 0.19, 0.035 and 0.025 m 
s-1 in their order, values that are slightly higher than those 
obtained in S1, increase that can be generated by a greater 
expression of the effect of buoyancy influenced by a higher 
value of ambient temperature outdoors. In terms of thermal 
performance, an area with a lower temperature value is 
again observed in the adjacent area of the thermal screen, 

favored by a horizontal flow from the windward side wall 
to span number 4 (Figure 6). 

The average temperature values obtained in the 
cultivation area were 5.99, 6.25, 8.44 and 9.11 °C, which 
generates ∆T values of -0.79, -0.53, 1.65 and 2.32 °C, 
showing  that under the M1 and M2 configurations there 
is a thermal inversion, while the M3 and M4 configuration 
limit the presence of this phenomenon and generate a 
thermal increase of 39.27 and 49.58% on the reference 
scenario S2C1M1.

Cloudy sky nights (C2)
The main difference in the airflow pattern for these 

conditions occurred in the cultivation zone of the S2C2M3 
simulation, where the generation of a convective cell is 
observed between the windward side wall and the middle 
zone of span number 1, a cell that moves from the soil 
surface to the thermal screen and generates a region with 
2 °C lower than that obtained in the cross section of the 
greenhouse (Figure 7).

Figure 6. Simulated temperature (°C) distribution contour and airflow pattern (ms-1) for  
S2C1M1, S2C1M2, S2C1M3 y S2C1M4.
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Figure 7. Simulated temperature (°C) distribution contour and airflow pattern (ms-1)  
for S2C2M1, S2C2M2, S2C2M3 y S2C2M4.

 The average values of wind speed in the cultivation 
area were 0.32, 0.19, 0.035 and 0.029 m s-1 for S2C2M1, 
S2C2M2, S2C2M3 and S2C2M3 respectively. The 
thermal comportment showed a homogeneity in the 
simulated cases with the exception of the one in M3, 
the average temperature values obtained were 7.18, 
7.32, 10.83 and 11.02 °C, with which values of ∆T of 0 
were obtained.39, 0.53, 4.04 and 4.23 °C in their order 
for S2C2M1 to S2C2M4, obtaining a thermal gain with 
M3 and M4 of 50.83 and 53.48% compared to M1 and 
additionally observing that the phenomenon of thermal 
inversion is not presented.

Scenario S3
Air flow and thermal distribution fields
Nights with clear skies (C1)
The airflow patterns for this scenario again show 

convective performance, which move between the roof 
ventilation openings and the greenhouse floor in M1 and 
M2, while for M3 and M4 the differentiated performance 
are observed at the top and bottom of the thermal screen 
(Figure 8). At the same time these movement patterns 
maintain the main characteristics obtained in S1 and S2. 
The mean velocity values obtained in the cultivation zone 
were 0.25, 0.14, 0.032 and 0.023 m s-1 for S3C1M1 to 
S3C1M4 respectively. 

The thermal performance (Figure 8) shows that for 
M3 there is a heterogeneous comportment between the 
windward wall and span number 2, comportment generated 
by the air flow pattern generated in that zone. For these S3 
simulation conditions average temperature values at 1.7 m 
above ground level of 8.27, 8.56, 12.04 and 12.46 °C were 
obtained, so the values of ∆T were -1.09, -0.83, 2.65 and 
3.07 °C for S3C1M1, S3C1M2, S3C1M3 and S3C1M4. 

The results showed  that for clear sky conditions C1, in 
all scenarios S1-S3 and a standard greenhouse configuration 
M1 and for the M2 configuration, there will always be the 
phenomenon of thermal inversion with ∆T values  between 
-0.53 and -1.11 °C, this is undoubtedly not a desirable 
comportment inside a greenhouse, therefore the search 
for alternatives for nighttime climate optimization should 
focus on obtaining productive gains that lead to improve 
the quality of rose production in Colombia. 

Cloudy sky nights (C2)
The mean velocity of the airflow pattern obtained for 

M1-M4 at the height of the cultivation zone was 0.27, 
0.22, 0.038 and 0.027 m s-1 (Figure 9). These air movement 
patterns generated average temperatures in this zone of 
10.32, 10.61, 14.55 and 15.12 °C respectively for M1, M2, 
M3 and M4, with ∆T values of 0.93, 1.22, 5.16 and 5.73 °C, 
values that are like those obtained in the study carried out 
by Montero et al. (2013). 
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Figure 8. Simulated temperature (°C) distribution contour and airflow pattern (ms-1)  
for S3C1M1, S3C1M2, S3C1M3 y S3C1M4.

Figure 9. Simulated temperature (°C) distribution contour and airflow pattern (ms-1)  
for S3C2M1, S3C2M2, S3C2M3 y S3C2M4.
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These results allow to conclude that the use of 
the thermal screen and the porous screen are a viable 
alternative for the optimization of the nocturnal climate in 
this type of greenhouse and that it favors the generation 
of thermal conditions that approach the optimal conditions 
of temperature 14 °C for the production of rose and limits 
the presence of the phenomenon of thermal inversion under 
any condition of sky C1 and C2. We can also conclude that 
for the clear sky condition C1 the proposed alternatives M3 
and M4 are alternatives that allow on the one hand to limit 
the energy loss inside the greenhouse which leads to thermal 
patterns with positive values of ∆T between 1.35 and 3.07 
°C. It should also be mentioned that the alternatives studied 
can be complemented with the use of other types of passive 
heating strategies that store sensible heat, for example the 
use of plastic sleeves filled with water heated in a solar 
way (Gourdo et al., 2019) or bedrock systems (Bazgaou et 
al., 2018), systems that have been shown to be efficient in 
plastic greenhouses by increasing the temperature values 
between 2.6 and 3.2 °C, which would allow optimizing the 
night microclimate especially for scenarios S1 and S2.

Conclusions

This study used a numerical simulation model CFD 
2D successfully validated experimentally, which allowed 
a study of alternatives of three passive alternatives of 
nocturnal microclimatic optimization for a multitunnel 
gothic greenhouse proposed for rose production. The 
results allowed to verify that for the conditions of clear 
sky the greenhouses of plastic cover do not have a high 
capacity to store the thermal energy increased during the 
day in the hours of the night, propitiating the appearance 
of the phenomenon of thermal inversion, on the other hand, 
the use of thermal screens extended over the upper part of 
the crop combined with the use of porous screens in the 
roof ventilation areas proved to be viable alternatives that 
allow higher temperature values to be generated inside the 
greenhouse with respect to the external environment of 
1.35 and 3.07 °C for the clear sky condition and 5.04 and 
5.73 °C for the cloudy sky condition. Therefore, the general 
conclusion is that the use of the proposed alternatives 
generates better thermal conditions than the Colombian 
standard scenario, which could generate benefits in rose 
production both in quality and quantity, contributing to the 
sustainability of the Colombian ornamental sector.
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