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ABSTRACT: A numerical study analyzed double diffusion caused by convective and radiative heat transfer in a
greenhouse with and without internal humidity sources. Two cases were examined: one considering temperature
and mass concentration gradients on vertical walls and another incorporating internal humidity sources, enhancing
convective and diffusive flows. Four configurations were analyzed by varying the length of the greenhouse, and the
Rayleigh number was calculated over a range from 2.29 x 10'° to 6.07 x 10'%. Simulations modeled the greenhouse
interior six times a day (8:00 a.m. to 7:00 p.m.), accounting for external temperature, humidity, and solar radiation.
The Finite Volume Method solved the governing equations using the k-¢ turbulence model for the turbulent flow
regime. Results showed a maximum temperature of 50°C at 2:50 p.m. and a relative humidity of 84.12%. Adjusting
inlet temperature and humidity effectively mitigated external weather effects. Adding humidity sources improved
greenhouse performance, increasing humidity concentration by 4.93 to 5.35 times, particularly at 2:50 and 4:20 p.m.
Convective and radiative Nusselt and Sherwood numbers were plotted for both cases, revealing higher humidity levels
with internal sources, highlighting their importance in optimizing greenhouse microclimates.
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1 Introduction

Greenhouse agriculture is critical in ensuring food security, yet it faces increasing challenges due to
climate change. Fluctuating temperature and humidity levels inside greenhouses can negatively impact crop
growth and productivity, necessitating optimized environmental control strategies. This need has spurred
extensive research into improving the thermal and hydric efficiency of greenhouses, with a particular focus
on balancing energy use and crop yield.

One area of focus has been the relationship between greenhouse geometry and natural convection.
For instance, Paing and Anderson [!] found that reducing the aspect ratio and roof pitch decreased
convective heat transfer by 25% and 15%, respectively, offering insights into energy-efficient greenhouse
design. Similarly, Yanru et al. [2] highlighted significant spatial temperature variations in plastic greenhouses,
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identifying soil temperature as a stable heat source. Together, these studies underscore the potential of design
modifications to improve thermal efficiency.

Research has also examined the impact of climate control technologies. Nezir Yagiz Cam et al. [3]
demonstrated that optimized climate control mechanisms, such as heat pumps, could significantly reduce
temperature deviations in greenhouses in diverse climatic regions like Tiirkiye and Qatar. While studies like
those by Mao and Su (2024) [4] leverage CFD models to predict internal conditions accurately, Almashharawi
etal. (2024) [5] introduce innovative liquid desiccant systems for climate control and water savings. Similarly,
Mao and Li (2024) [6] provide insights into how wind conditions and crop height influence microclimate
dynamics in multi-span greenhouses. These advancements highlight the need for integrated approaches
considering external variables and cutting-edge technologies in greenhouse design.

Evaporative cooling has emerged as another effective method for temperature regulation. Mardo-
makdeh et al. [7] assessed its application in Tehran, highlighting its potential for water-efficient cooling
during peak summer months. Similarly, Jiaming Guo et al. [8] evaluated roof sprinkler systems for reduc-
ing summer temperatures, demonstrating the viability of cost-effective cooling strategies. These findings
collectively emphasize the critical role of water-based cooling systems in hot climates.

Thermal modeling has further expanded our understanding of heat transfer within greenhouses.
Chol-Ho An et al. [9] demonstrated the feasibility of winter cultivation in solar double plastic-covered
greenhouses, maintaining critical temperature thresholds. Meanwhile, Zhang et al. [10] explored multilayer
wall designs for Chinese solar greenhouses, finding minimal coupling between heat and moisture transfer,
an attribute that enhances thermal stability. These studies highlight the importance of structural innovations
in greenhouse design.

Advanced automation and energy-efficient technologies are increasingly being integrated into green-
houses. Kavga et al. [11] explored automation through CFD modeling, while Saberian and Sajadiye [12]
utilized CFD to address extreme summer temperatures in Ahvaz, Iran. Carlini et al. [13] extended this work
by analyzing non-uniform temperature distributions to optimize designs further. Notably, Han et al. [14]
investigated active-passive heat storage technologies, providing methods to reduce fossil energy dependency
during oft-seasons.

Despite these advancements, limitations remain. Many studies, such as those by Wang et al. [15] and
Saud Ghani et al. [16], have focused on specific cooling or heating strategies without considering the
interaction between convective and radiative heat transfer. Moreover, the influence of dynamic external
climatic factors, such as solar radiation and ambient humidity, on greenhouse microclimates has not been
extensively explored. Additionally, studies like Morteza Taki et al. [17] and Tong et al. [18] have emphasized
localized conditions without generalizing findings to diverse climatic scenarios.

The bibliographic review reveals that various studies have explored the internal environment of
greenhouses under different climatic conditions. However, despite these advancements, certain aspects
remain underexplored. While many studies focus on temperature regulation, the specific interaction between
convective and radiative heat transfer combined with double diffusion in greenhouses with internal humidity
sources has received limited attention. The influence of time-dependent external climatic factors, such as
solar radiation and ambient humidity, on greenhouse microclimates has not been extensively studied. This
research addresses these gaps by shedding light on extreme climate conditions in a region of Mexico, focusing
on specific characteristics and scenarios that have not been previously examined.

The objective of the present study is to conduct a numerical investigation of double diffusion driven

by convective and radiative heat transfer in a greenhouse, both with and without internal sources of
humidity. This work integrates findings from studies such as Yu et al. [19], Abid et al. [20], Xiao et al. [21],
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Jehhef et al. [22], Gomez-Zavaglia et al. [23], and Zeroual et al. [24], ensuring a comprehensive approach
that bridges existing knowledge gaps. This work has incorporated a large number of parameters that have
not been included in previous studies, which has greatly increased the complexity of the study model. The
intention is to get as close as possible to the actual climatic conditions of greenhouse operation.

This research aims to provide insights into optimizing greenhouse environments for improved energy
efficiency and crop productivity by analyzing the hydrothermal regime under various configurations and
external conditions. The novelty of this study is the combination of convective and radiative fluxes over a
wide range of Ra numbers. The results provide information on the behavior of temperature and humidity
variables from 8 a.m. to 7 p.m. The information is of considerable interest for improving the performance of
greenhouse crops.

2 Physical Model

The physical model represents a closed cavity where temperature and concentration gradients are
imposed. This phenomenon, known as double diffusion, generates convective movement. In previous studies,
Serrano-Arellano et al. [25,26] have presented the effects of assisted and opposite double diffusion, indicating
that the direction of double diffusion affects fluid movement, either benefiting or hindering convective
movement. In this study, assisted double diffusion was considered to favor convective movement.

The physical model is a simplification of the geometry of a greenhouse. The cavity changes geometry
from square to rectangular for two case studies. Solar radiation falls on the upper surface, and a constant
temperature and humidity concentration are imposed on the side walls.

It is worth mentioning that radiative exchange between the cavity walls was taken into account to
quantify the convective and radiative Nusselt numbers.

The left and upper walls are affected by radiative heat flux, which varies throughout the day to simulate
solar radiation. In the first case study (Fig. 1a), no humidity sources were considered inside; the double
diffusion is caused solely by the temperature and mass gradients of the interior surfaces.
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Figure 1: Physical model of the cavity; (a) without humidity sources (b) with humidity sources
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The second case study is presented in Fig. 1b. In this case, in addition to considering diffusion gradients
on the surfaces, humidity sources inside the greenhouse were considered. The number of humidity sources
was varied from 10 to 100 in increments of 10 to analyze the mass diffusion effect. Increasing the number
of humidity sources inside the greenhouse enhances the convective impact and the relative humidity (RH)
percentages inside, benefiting the plants growing within. This significantly improves the hygrothermal
conditions inside the greenhouse.

3 Mathematical Representation of the Model

The mathematical model consists of nonlinear partial differential equations. These equations represent:
continuity (1), momentum (2), heat transfer, and mass transfer (3) and (4). For the turbulent model, it is
necessary to define the turbulence model to be used. In the present study, the k-¢ turbulence model was
employed. The system of equations is represented as follows:

% =- <§_fi) a%_ [u(g: + ug—j:j)] - (pulul) + pgif (T - Two) + pgifc (C - Coo) 2)

The approximate terms in Eqs. (2)-(4) are the Reynolds stresses, and the turbulent heat and mass
transfer vector. These approximations are visible in the equations below (5)-(7):
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In this case, the turbulent Prandtl number (6) is represented by o;, while the turbulent Schmidt number
is represented by Sc;, (7). Furthermore, the turbulent viscosity term y, relates the turbulent kinetic energy
(k) and the turbulent kinetic energy dissipation (¢) through Kolmorogov-Prandtl empirical expression such

that: y; = C, %. For turbulence model closure, it is necessary to find out values of turbulent kinetic energy
(k) and turbulent kinetic energy dissipation (¢); Henkes et al’s model [27] can help with this.
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The boundary conditions are considered as follows: the velocity components are zero on all the interior
wall surfaces. Temperature and concentration values are fixed on the vertical walls. There is incident radiation
on the upper wall. The values for turbulent flow are fixed Henkes et al. [27]. The following conditions
are considered to establish the two-dimensional mathematical model: 2D flow, steady-state, turbulent flow
regime, Newtonian fluid, and constant thermo-physical properties, except for buoyancy force approximation
where the Boussinesq method is applied. Viscous dissipation effects are ignored while considering the
mixture diffusion coefficient for small concentrations. Once all conditions are established, the mathematical
model of time-averaged differential equations to model the convective flow inside the greenhouse is defined.

4 Thermal Radiation Model

To account for radiative exchange between the surfaces inside the greenhouse, the net radiation method
Siegel and Howell [28] is employed. This method considers the interior surfaces to be opaque and diffuse
with radiative exchange. Here, the effect of heat transfer by radiation is defined as the difference between
radiosity and irradiance. The calculation is performed by considering the radiative heat flux, defined by jth as
an element for each wall. An energy balance between the participating surfaces is then conducted, expressed
as follows.

Dri(x;)=40;(x;)-9i;(x;) (10)

where the radiosity of the jht element is defined as:
90, (%)) = ¢j0 T} (%)) - pj4;, (%) ()

On the other hand, the irradiance is defined as:
4gi (X]) = Z L 9o, (Xk) dFdAj—dAk (12)
k=17 Ak

In Eq. (12), the sum of the k;, values represent each wall surface. These elements are taken as the
boundaries, for which, each element j interacts radiatively and the differential dF;_; is known as the view
factor, which is calculated using the crossed-string method.

5 Numerical Model and Grid Generation

The numerical solution was based on the finite volume method (FVM). These conservative equations
can be expressed using a generalized equation [29]. The SIMPLEC algorithm was used to link momentum
and continuity equations. The verification of the numerical mesh was conducted by incrementally increasing
the computational nodes by ten at the axis coordinates. Initial grids ranging from 91 x 91 to 141 x 141 were
computed, and it was determined that a grid of 131 x 131 nodes resulted in minimal changes in the analyzed
variables, with a computational error of less than 1.0%.

6 Validation of the Numerical Simulation Procedure

For the validation process, various comparisons were made to verify the code. One of these compar-
isons consisted of modeling a VC (BT configuration) in a laminar flow regimen presented by Raji and
Hasnaoui [30]. In this problem, a reference heat flux value (qref) was considered for different Re values while
assuming Rayleigh (Ra) equals zero. As shown in Fig. 2, the results demonstrated a good agreement.
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Figure 2: Comparison of the reference heat flux [30]

The results were solved and compared with those presented in Pérez-Segarra et al. to verify the code
for turbulent flow in a closed cavity [31]. Table 1 compares the Nusselt number (Nu) values for their mean
and maximum values. The maximum components of horizontal and vertical velocity were also compared.
Lastly, the maximum turbulent viscosity was analyzed. The highest percentage difference was observed in
the maximum turbulent viscosity, with a value of 2.76%. The other values compared exhibited a percentage
difference of less than 1%, indicating a good approximation between results.

Table I: Quantitative comparison with Pérez-Segarra et al. [31] for Ra = 10'°

Parameters [31] Present work Deviation
Nu.senx* =0 1372 136.5 0.51%
Nuf, =0 4288 4287 0.02%
uf =05  0.0145 0.0144 0.68%
vi . =05 01850 0.1837 0.70%
Ut max* 28.9 29.7 2.76%

Note: *In dimensionless values.

7 Calculation of Characteristic Parameters

The Nusselt number was calculated as Oosthuizen and Naylor [32], Nu = Gcony—int/qres- It represents
the ratio of convective to conductive heat transfer across a reference fluid boundary. g,.s is defined as

Gref = % where T, and T} are the average temperatures of the vertical walls.
And g ony—int is the heat flux to the interior of the cavity, defined by:
oT (x,
Qconv—int = A% (13)
x

The Sherwood number is defined as Sh = Coyy—int/Cre 7 where C,, ¢ represents the reference mass flux
defined as C,.r = Dap ngcl , where C, and C; represent the average humidity concentration of vertical walls.

Finally, C;ony—in: represents the transfer of humidity (H,O) to the interior of the VC. The term is defined as:

9C (x,y)
0x

Cconv—int = DAB (14)
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Thermophysical Properties of the Mixture

The thermophysical properties of the mixture were not initially defined, necessitating their determi-
nation through a specific methodology. This methodology was extracted from sources [33-35]. First, the
property of each element of the chemical compound was identified, and then the thermophysical properties
were calculated for the new binary mixture.

8 Results and Discussion

Below are the results of the numerical study of the thermal environment inside a greenhouse with
different percentages of humidity concentration. Different Ra numbers were considered to vary the length
dimensions of the greenhouse. The external weather conditions in the Amazcala area of Querétaro state were
taken into account for a particular day: 24 June 2024. The National Meteorological Service (SMN) provided
the weather data, which is an agency dependent on CONAGUA [36]. The weather data was considered for
six different hours: 08:00 a.m., 09:00 a.m., 2:50 p.m., 4:20 p.m., 6:00 p.m. and 7:00 p.m. The study interval
covered different climatic conditions throughout the day. For example, the minimum solar radiation was
140 w/m?, the maximum was 1000 w/m?, the minimum temperature recorded was 19.2°C, and the maximum
temperature was 34.2°C. Regarding the relative humidity levels, the minimum value was 19% at 2:50 p.m.,
and the maximum was 77% at 08:00 a.m. The values of the external climate variables for the different hours
are presented in Table 2.

Table 2: Weather data for the study day

Time (Hour) Solar radiation (W/mz) Outdoor temperature (°C) Relative humidity (% of RH)

8:00 a.m. 140 19.2 77
9:00 a.m. 356 22.2 66
2:50 p.m. 1000 33.3 19
4:20 p.m. 815 34.2 18
6:00 p.m. 201 31.4 23
7:00 p.m. 248 30.5 24

In Table 3, the Rayleigh number values corresponding to the different lengths of the greenhouse and the
hours of the study day are represented. The greenhouse lengths were 3, 6, 9, and 12 m for a Rayleigh number
range of 10° to 10'2.

Table 3: Values of Ra considered in the present study

Rayleigh Numbers

Hour L3 Lé6 L9 L12

8:00am. 8.41x10° 6.73x10"° 2.27x10" 5.38 x 10"
9:00a.m. 229x10"° 1.83x10" 6.17 x10"  1.46 x 10"
2:50 pm. 9.49 x 10 7.59 x 10" 2,56 x 102  6.07 x 10"
420 p.m. 816 %10  6.53x10" 220 x 10" 5.22x10"
6:00 pm. 270 x 10 216 x 10"  7.28 x10"  1.73 x 10'2
7:00 p.m.  2.91x10° 233 x10" 7.87x10" 1.86 x 10"
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Two scenarios were presented for the hygrothermal study of the greenhouse. In the first case, the
greenhouse was considered a closed cavity exposed to external weather conditions. As external weather con-
ditions changed throughout the day, variations in solar radiation, external temperature, and relative humidity
were considered. The internal temperature and relative humidity values were determined, considering the
differentially heated cavity with a humidity concentration difference on the vertical walls. The results were
presented steadily, showing the local and average temperature and relative humidity values.

A second scenario analyzed involved the same conditions as scenario one, with the addition of internal
sources of humidity concentration placed equidistantly near the lower wall. Additionally, the number of
humidity concentration sources increased with the greenhouse length.

8.1 Flow Patterns inside the 3 m Length Greenhouse

In Fig. 3, the flow patterns inside the greenhouse are shown for a Rayleigh number range of 8.41 x 10° <
Ra < 2.91 x 10" with a length of 3 m. It was observed that Ra = 8.41 x 10° and Ra = 2.29 x 10" presented
similar flow patterns as that of the differentially heated cavity. However, mass transfer, manifested through
humidity concentration diffusion, occurred in the left zone of the cavity. With the value of Ra = 2.29 x 10"
a recirculation with a low humidity concentration was formed at the center of the cavity. For values of
Ra =9.49 x 10" and Ra = 8.16 x 10", it can be observed in Fig. 3f,h that the direction of the flow recircula-
tion inside the cavity reversed. With Ra = 2.91 x 10!, the flow recirculation returned to its initial direction.
The changes in the direction of the flow recirculation were due to changes in external weather conditions.
The effect of changes in the intensities of heat and mass diffusion was reflected in changes in temperatures
and humidity concentrations inside the greenhouse.

Ra = 8.41 x 10° (8:00 a.m.) Ra = 2.29 x 10'° (9:00 a.m.)
(a) (b) (© (d)

Ra = 9.49 x 10'° (2:50 p.m.) Ra =8.16 X 10'° (4:20 p.m.)

(e) ¢ (®) (h)

Figure 3: (Continued)
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Ra = 2.70 X 10*° (6:00 p.m.) Ra =2.91 % 10%*° (7:00 p.m.)

@) ©) (k) o

Figure 3: Flow patterns and contaminant concentration for different hours of the day with variation of the Rayleigh
number, case L3. (a, ¢, e, g, i, k) heat transfer; (b, d, f, h, j, 1) mass transfer

8.2 Velocity Components with and without Humidity Concentration Sources

In this section, an analysis of the flow pattern behavior through the velocity components is conducted.
These velocity components were plotted along the central horizontal and vertical lines of the greenhouse. The
velocity components were shown for the two scenarios of the case study: one, the greenhouse without internal
humidity concentration sources, and two, the greenhouse with internal humidity concentration sources.

In Fig. 4, the velocity components at the center of the greenhouse are first shown. Fig. 4a,b presents
the velocity components for the first case study. The velocity components showed eight values representing
the six study hours throughout the day. The day hours ranged from 08:00 to 19:00. Fig. 4c,d represents the
velocity components for the second case study. The greenhouse has three humidity concentration sources
placed equidistantly from the vertical walls and at one-twelfth of the height. The vertical components shown
in Fig. 4a exhibit recirculation behavior near the left vertical wall and the center of the greenhouse.

In contrast, the behavior shown in Fig. 4c differs significantly from that shown in Fig. 4a. In Fig. 4c,
two groups in the velocity components are observed. The upper group appeared at 2:50, 4:20, and 6:00 p.m.
The lower group appeared at 08:00 a.m., 09:00 a.m., and 7:00 p.m. The behavior exhibited by the velocity
components was due to buoyancy forces generated by the humidity concentration sources placed inside
the greenhouse. These humidity concentration sources inside the greenhouse caused changes in the flow
recirculation. The flow pattern shown through the vertical velocity component in Fig. 4d was affected by an
increase in intensity near the upper wall. Fig. 4 shows the two different behaviors of the two case studies,
with the maximum velocity components appearing near the interior wall and the left wall when no diffusing
sources are present inside.

In Fig. 5, the horizontal (a) and (c) and vertical (b) and (d) velocity components are shown for the
two case studies: one without internal humidity concentration sources and one with internal humidity
concentration sources, for a greenhouse length of 6 m. The behavior of the components in Fig. 5a,b without
internal humidity concentration sources was due to small recirculation that formed in the central zone of
the greenhouse interior. The second case with internal humidity concentration sources, shown in Fig. 5¢,d,
formed two recirculations inside the greenhouse at all study hours, except for 7:00 p.m., representing an
elongated recirculation inside the cavity. It can be observed in the figures that the flow pattern changes as
the length of the greenhouse increases. These results help determine the best conditions for operating the
greenhouse, as each considered parameter affects the diffusion of heat or mass.

In Fig. 6, the velocity components at the center of the greenhouse with a length of 9 m are
shown. Fig. 6a,b for the first case study demonstrated that at 2:50 p.m., there was a variation in flow intensity
due to the maximum received radiation. At 08:00 a.m., small recirculations formed in the center of the
greenhouse. At 09:00 a.m., two small recirculations merged in the center of the greenhouse. At 2:50 p.m., an
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elongated recirculation formed in the center of the greenhouse. At 4:20 p.m., two small recirculations in the
center of the greenhouse changed their circulation direction. At 6:00 and 7:00 p.m., a recirculation similar to
that observed at 09:00 reappeared. The described behavior was due to changes in solar radiation and external
temperature conditions.
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Figure 5: Velocity components during winter at 6 m: (a) u, and (b) v,, without humidity sources. (c) u, and (d) v,

with humidity sources
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In Fig. 6¢,d, a symmetrical behavior in the recirculations after 2:50 p.m. can be observed, with lower
velocities in the morning hours due to lower radiation. It is notable that in Fig. 6d, the velocity behavior
is parabolic after 2:50 p.m., indicating that velocities reach a maximum at the greenhouse’s mid-height. At
8:00 a.m. and 9:00 a.m., the velocities are low, suggesting few recirculations. Additionally, in Fig. 6a,b,
dispersed flow patterns with prominent velocity components at 2:50 p.m. were observed. Conversely,
in Fig. 6¢,d, the velocity components follow a uniform pattern due to the predominant convective intensity
exerted by the humidity sources.

Finally, in Fig. 7a,b, it was observed that the velocity components tend to have extreme values. This
change was due to the increase in the greenhouse length, which was considered to be 12 m. Consequently,
the flow recirculations have also increased. In Fig. 7¢,d, the flow pattern is divided into two groups: the
predominant group on the left side and the one on the right side. It can be observed that the vertical
velocity component values reach their maximum at the mid-height of the cavity at 2:50 p.m. The horizontal
component behavior took on a parabolic shape, indicating that the highest velocity values at all study hours
were at the mid-height of the greenhouse.

0.12 p
——8:00 @m)| % 3.0
0_1074‘*9:00 (a.m.) V v
—4A—2:50 (pom.) | V \ 254
008 T 4200m)ly i —=—8:00 (a.m.)
’ ——6:00 (p.m) | A —+—9:00 (a.m.)
0067+7:00 (p.m.) v 2.04 —4—2:50 (p.m.)
' J A : —v—4:20 (p.m.)
X : —+—6:00 (p.m.)
= 4 ~ H p.m.
£0.04 554 —4—7:00 (p.m.)
g -
< 0.02 -
1.04
0.00 - v
-0.02 4 0.5
-0.04 4
T T T T T T T T T 0.0 T T T T T T
0 1 2 3 4 5 6 8 9 10 20.03  -0.02  -001 000 001 002 003 004
x (m) v (m/s)
(a) (b)

Figure 7: (Continued)
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Figure 7: Velocity components during winter at 12 m: (a) u, and (b) v,, without humidity sources. (¢) u, and (d) v,
with humidity sources

8.3 Flow Patterns inside a 9 m Length Greenhouse

The flow patterns shown in Fig. 8 illustrate the behavior of heat flow at different hours of the day.
First, the flow pattern is shown, and below it, the behavior of humidity concentration is displayed. It can be
observed that in all cases, a mushroom-shaped dispersion formed at different hours of the day. However, the
flow pattern remained similar, indicating that the flow recirculation remained in two groups, one on each
side of the greenhouse.

The behavior of temperatures and humidity concentration inside the greenhouse for the two case
studies, with and without internal humidity sources, is shown below. In Fig. 9a,b, the temperature values are
displayed, and a significant difference can be observed when internal humidity sources are not considered.
The lowest temperature value shown in Fig. 9a was at 8:00 a.m., with a value of 20.5°C. A group of
temperature values is observed in the range of 21.5°C to 32°C. The last group of temperature values is between
44.5°C and 50.5°C. These values were recorded as the length of the greenhouse increased.

Regarding temperature variation with height inside the greenhouse, as shown in Fig. 9b, the lowest
temperatures were recorded at 8:00 a.m. A group of temperatures with a difference of less than 3°C is
observed for all hours of the day, i.e., from 8:00 a.m. to 7:00 p.m., but with internal humidity sources inside
the greenhouse. These values are in the range of 29.3°C to 31.8°C. For temperature values without internal
humidity sources inside the greenhouse, variations between 44.3°C and 50.5°C were recorded at 2:50 and
4:20 p.m. At the same time, there were temperature variations with and without internal humidity sources.

The relative humidity values are shown in Fig. 9¢,d. In this case, all values are below 58% RH when
no humidity sources are considered from 8:00 a.m. to 7:00 p.m. The other group with humidity sources is
between 72% RH and 85% RH, with the highest values near the right wall of the greenhouse. In locations
near the floor (10 cm height) where humidity sources are located, values above 90% RH were found.

Table 4 presents the average temperature values inside the greenhouse at different hours of the day for
the most extensive geometry case study. The lowest recorded temperature was 21.52°C at 8:00 a.m., and the
highest was 50.15°C at 2:50 p.m.
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Figure 8: (Continued)
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(d) Ra =5.22x%10'2 (4:20 p.m.)

(&) Ra =1.73 x 10 (6:00 p.m.)

() Ra = 1.86 x 102 (7:00 p.m.)

Figure 8: Flow patterns of heat and mass transfer throughout the day for different Rayleigh numbers, Case 12. (a—f)
heat transfer (above) and mass transfer (below)
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Figure 9: Central variations inside the greenhouse along length and height considering “Y” (with) and “N” (without)
humidity sources: (a, b) temperatures, (c, d) RH percentages

Table 4: Average temperatures inside the greenhouse during the day, case L9

Hour Temperature

8:00 a.m. 21.52°C
9:00 a.m. 29.82°C
2:50 p.m. 50.15°C
420 pm.  46.34°C
6:00 p.m. 30.97°C
7:00 p.m. 31.57°C

Table 5 shows the results of the relative humidity concentrations inside the greenhouse for the last case
study with the L9 geometry. The RH values for all study hours are displayed, and it can be observed that when
ten humidity sources are placed, the humidity percentages are insignificant compared to the case without
RH sources. These values show a difference of less than 0.5%. As the number of RH sources increases, the
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humidity becomes more homogenized, reaching the highest values when considering 100 RH sources. The
RH values range from 83.26% to 86.62%, with the highest value reached at 8:00 a.m.

Table 5: RH Percentage values varying the number of humidity sources inside, case L9

Without internal With internal humidity sources
Hour humidity sources
Number of humidity sources
10 20 30 40 50 60 70 80 90 100
8:00 a.m. 54.26 5434 5455 5491 5534 56.00 5810 6495 71.66 78.80 86.62
9:00 a.m. 46.61 46.66 4691 4730 4784 48.84 55.80 6246 69.81 7758 84.82
2:50 p.m. 14.17 1454 1796 2552 3326 4130 4970 5799 66.61 7532 8412
4:20 p.m. 13.26 1354 1778 2530 3316 4133 49.64 5814 66.79 7551 8431
6:00 p.m. 16.72 173 18.99  26.04 33.62 4151 49.67 5799 66.21 74.69 83.26
7:00 p.m. 16.02 16.55 18.67 2585 3353 4145 4971 5783 66.23 74.83 83.42

Fig. 10 presents the values of the convective and radiative Nusselt numbers to understand the behavior
of convective heat transfer inside the greenhouse. The values for the two vertical walls, the left and right,
are shown. It can be observed that when considering the radiative effect (radiative Nusselt), it is 70% higher
compared to the highest value of the convective Nusselt. Notably, the highest value of the convective Nusselt
was recorded at 8:00 a.m., while the highest value of the radiative Nusselt was recorded at 2:50 p.m. This
makes sense as it corresponds to the time of the highest radiation.
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Figure 10: Values of convective Nusselt number “C” and Radiative Nusselt number “R’, (a) left wall and (b) right wall

8.4 Convective and Radiative Nusselt with and without Humidity Sources

To better understand the authors’” discussion on the behavior of convective and radiative heat transfer
inside the greenhouse, Table 6 presents the values of the convective and radiative Nusselt numbers for the case
without internal humidity sources across the four different geometries considered in this research. In each
case, it can be observed that the radiative Nusselt number is always higher, with the highest recorded value
of 507.37 at 2:50 p.m., in L12. The contrast arises because the lowest convective Nusselt values are presented
in this L12 case. The highest convective Nusselt values occur in L3, indicating that convective heat transfer
decreases with increased greenhouse dimensions.
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Table 6: Average values of convective and radiative Nusselt numbers for all greenhouse geometries without considering
humidity sources

L L L L12
Hour 3 6 ?

Nuc Nupg Nuc Nupg Nuc Nugr Nuc Nupg

8:00a.m. 13979 23881 75.86 304.94 48.69 32651 3718 350.28
9:00 am. 14116 259.05 74.22 338.93 4726 36753 35.53 394.07
2:50 pm. 140.83 313.43 7222 41355 4837 46281 3701 507.37
4:20 pm. 14059 302.86 72.40 399.2 46.41 44746 3717 490.04
6:00 p.m. 14031 262.0 72.04 343.14 46.02 3732 3717 403.12
7:00 pm. 13949 26358 7412 34558 46.4 37632 3522 40702

On the other hand, comparing the convective and radiative Nusselt values considering humidity sources
inside for the different study cases from L3 to L12, as shown in Table 7, the increase in the maximum radiative
Nusselt value of 528.84 is insignificant compared to the case without humidity sources, with an increase
of less than 0.05%. Notably, convective heat transfer increases when RH sources are inside the greenhouse.
However, the highest values occur at different hours of the day. This is not the case for the highest radiative
Nusselt values, which occur at 2:50 p.m.

Table 7: Average values of convective and radiative Nusselt numbers for all greenhouse geometries considering 100
humidity sources

L L L L12
Hour 3 6 i

Nuc Nupg Nuc Nupg Nuc Nupg Nuc Nupg

8:00 am. 156.38 238.67 7726 318.66 52.48 373.47 38.29 414.37
9:00 am. 155.01 25841 73.34 344.89 51.04 400.23 38.29 444.24
2:50 pm. 15142 309.42 7357 41392 51.61 478.71 38.65 528.84
4:20 pm. 15159 29917 7771 404.57 51.63 463.93 38.68 513.17
6:00 pm. 15218 259.73 7793 35258 51.86 406.21 38.91 451.86
7:00 pm. 154.22 262.17 78.67 35476 51.86 40852 38.91 454.26

For the mass transfer analysis, Fig. 11 presents the cases for different humidity concentrations inside the
greenhouse. The mass transfer is analyzed by varying the number of humidity sources inside the greenhouse,
starting with ten humidity sources and increasing by increments of 10 up to 100 humidity sources. The
analysis showed that when there are only ten humidity sources at any hour of the study day, the convective
mass transfer remains constant after a height of 0.25 m inside the greenhouse.
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Figure 11: Values of convective Nusselt number considering different humidity concentrations inside the greenhouse,
(a) 10 humidity sources, (b) 20 humidity sources, (c) 30 humidity sources, (d) 40 humidity sources, (e) 50 humidity
sources, (f) 60 humidity sources, (g) 70 humidity sources, (h) 80 humidity sources, (i) 90 humidity sources, and (j) 100
humidity sources

In contrast, in other cases, for example, Fig. 11b shows that the convective effect has increased, being
maximal at 8:00 and 9:00 a.m. This behavior remains similar for 30, 40, and 50 humidity sources. However,
in case (f), the convective effect decreases, and a difference is noticeable between 8:00 and 9:00 h. In all cases,
it can be observed that after 20 humidity sources inside, the maximum convective effect occurs at 2:50 and
4:20 p.m. Notably, as the number of humidity sources increases, the convective impact also increases.
However, the direction of the convective movement is also reversed.

Table 8 presents the average values of the Sherwood number (Sh). It is observed that without humidity
sources, the highest values start at 8:00 a.m. and decrease in the afternoon to 7:00 p.m. with a value of 16.02.
As the number of humidity sources increases, the convective mass effect increases until a practically constant
impact is achieved with a large number of humidity sources. In Table 8, the percentage difference can also be
observed when humidity sources are placed, and their number is incremented. The percentage is sensitive
to the increase of two parameters: one, the number of humidity sources, and two, the time of day.

Table 8: Average Sherwood number

L9
Hour Without internal With internal sources
sources

10 20 30 40 50 60 70 80 90 100
8:00 54.26 54.34 54.55 54.91 55.34 56.00 58.10 64.95 71.66 78.80 86.62
a.m.
9:00 46.61 46.66 46.91 47.30 47.84 48.84 55.80 62.46 69.81 77.58 84.82
a.m.
2:50 14.17 14.54 17.96 25.52 33.26 41.30 49.70 57.99 66.61 75.32 84.12
p-m.
4:20 13.26 13.54 17.78 25.30 33.16 41.33 49.64 58.14 66.79 75.51 84.31
p.m.
6:00 16.72 17.3 18.99 26.04 33.62 41.51 49.67 57.99 66.21 74.69 83.26
p.m.
7:00 16.02 16.55 18.67 25.85 33.53 41.45 49.71 57.83 66.23 74.83 83.42
p-m.

0.15 0.53 1.20 1.99 3.21 7.08 19.70 32.07 45.23 59.64

(Continued)
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Table 8 (continued)

L9

Hour Without internal With internal sources

sources

10 20 30 40 50 60 70 80 90 100

0.11 0.64 1.48 2.64 4.78 19.72 34.01 49.77 66.44 81.98
Percentage comparison with ~ 2.61 26.75 80.10 13472 19146 250.74 30924 370.08 43155 493.65
respect to the case without 2.11 34.09 90.80  150.08 211.69 274.36 338.46 403.70 469.46 535.82
internal humidity sources 3.47 1358 5574 101.08 148.27 19707 246.83 29599 346.71 397.97
3.31 16.54 61.36 10930 158.74 21030 260.99 313.42 36710 420.72

9 Conclusions

A numerical study was conducted covering many parameters that define the hygrothermal conditions
inside the greenhouse. This study provides valuable information for understanding the behavior of complex
phenomena such as heat and mass transfer. The parameters analyzed included greenhouse dimensions
related to changes in the Rayleigh number. Two cases were considered: one without internal humidity sources
and the second with internal humidity sources. In the second case, the number of internal humidity sources
inside the greenhouse was varied to observe the convective mass effect. Different solar radiation intensities
were also considered to understand their daily effect. The results were intriguing, and the analysis yielded
several conclusions. Here are the most relevant ones.

« In each hour of the study, four geometries were analyzed. With the smallest geometry of 3 m in length,
a change in direction in the flow was observed over the day, showing in the first two hours and the last
hour, according to Fig. 3, the heat is concentrated around the envelopes. This process indicates that the
radiation directly affects the surrounding surfaces, and subsequently, the heat is transported to the center
of the cavity. The effect of moisture transport is similar, but to a lesser extent. The goal was to combine
both effects to provide the necessary heat and humidity inside the greenhouse.

o The behavior of the flow pattern can be deduced from the analysis of the velocity components because
they show how recirculations are formed and in which directions the velocities intensify at different
times of the day. For the 3 m geometry, the flow distribution without internal sources shows that the
velocity components intensify at 0.5 m from the hot wall. When there are internal sources, recirculations
are created, which are dominated by the radiation intensity.

« By increasing the greenhouse length to 6 m, fluid movement without internal sources intensifies at a
height of 0.5 m, creating a homogeneous distribution. The fluid movement rises to a maximum value at
4:20 p.m. by placing the internal sources.

« Byincreasing the length to 9 m, the flow pattern achieves recirculation when there are internal sources.
The y-velocity components increase from 2:50 p.m. onwards.

 Finally, at a length of 12 m, the movement of the fluid has the lowest speed of 0.4 m/s. This benefits
the greenhouse’s interior by achieving a homogeneous distribution; however, by placing the interior
sources of humidity, the speeds increase, and recirculations are formed. The highest speeds are reached
in the center of the greenhouse at a height of 1.5 m. When the greenhouse length is increased, two
recirculations are formed that are intensified by the radiation that is incident on the wall surfaces. These
two recirculations are in opposite directions, one with a higher temperature than the other.
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In analyzing temperatures and concentrations along the length and height of the greenhouse in its
central coordinate, temperatures increase considerably when moisture sources inside are not considered,
reaching the maximum temperature of 50.15°C by 2:50 p.m. The lowest temperature was 21.52°C at 8:00 a.m.

« By increasing the number of moisture sources, the humidity in the air is saturated in such a way that
when there are 100 humidity sources, it becomes homogeneous, on average 85% in all the study hours.
This analysis provides insight into determining the desired humidity percentages for the number of
moisture sources.

« The heat transfer analyzed through the Nusselt number shows an increase from 16.02°C at 7:00 p.m. to
the highest value of 54.26°C at 8:00 p.m. It is observed that in the case of humidity sources inside, the
Nusselt number tends to be homogeneous at any time, as the number of humidity sources increases.

o The convective and radiative Nusselt numbers show that the convective contribution decreases with
increasing greenhouse length, and the opposite happens for the radiative contribution. This demon-
strates the importance of these studies because, generally, only the convective effect is considered in
other studies. Here, the maximum radiative Nusselt was 507.37 at 2:50 p.m., and the highest average was
528.84 for the cavity length of 12 m.

o The Sherwood number was found to change according to the time of day, presenting the smallest value of
13.26 at 4:20 p.m., when sources of humidity are not considered. When humidity sources are considered,
the highest values occur in the morning, obtaining the most significant value of 86.62 at 8:00 a.m.

This study explores heat and mass transfer in greenhouses, highlighting the importance of integrating
convective and radiative effects in environmental control. By analyzing different geometries, internal
moisture sources, and solar radiation intensities, practical strategies for achieving optimal hygrothermal
conditions are presented. The findings show how greenhouse length, humidity sources, and flow patterns
influence temperature distribution, humidity, and air circulation distribution.

Greenhouse geometry is critical in shaping flows and recirculations, especially with internal moisture
sources. Larger greenhouses favor uniform conditions, although radiative recirculations generate variability.
In addition, the relevance of the radiative Nusselt number, often ignored in previous studies, is highlighted
as a critical factor in heat transfer. These results establish a basis for designing more efficient and productive
greenhouses. Future studies could explore the interaction of these parameters in different climates to
generalize the findings and optimize design strategies.

In future work, it is considered to place the measuring devices in the study prototype to perform the
measurements and to be able to compare the experimental and numerical results.
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C

Coo
Cinlet
Coutlet
Csource
Cp
Cpm
Cies Caes Cae, C,
Dap
dF;_,
g

hext
H

Le

Nu
Nu

p

Pr

q
Gconv—ext
CIconv—int
drad—ext
Ra

S g

)ﬂ

average

\<><§<:

Greek Symbols

[o4

Br

*

(o]

™| ;| ™
a =~

T T T >

%

Concentration of humidity, kg m™ or ppm.

Concentration of ambient humidity, kg m™ or ppm.
Concentration of humidity at the mixture inlet, kg m™ or ppm.
Concentration of humidity at the mixture outlet, kg m™> or ppm.
Concentration of source of humidity, kg m™ or ppm.

Specific heat (Air-H,0), ]kgflK_l.

Specific heat of the conductive wall, Jkg 'K~

Constants of the k — € turbulence model.

Diffusion coefficient, m*s™".
View factor.

Acceleration of gravity, ms™2.
Convective heat transfer coefficient outside, Wm™2 K™,
Cavity height, m.

Lewis number, Le = a/D 4p.

Local Nusselt number.

Average Nusselt number.

Fluid pressure, Nm™2.

Prandtl number, Pr = v/a.

Wall heat flux, Wm™2.

Outside convective heat flux, Wm™2.

Indoor convective heat flux, Wm™2.

Outside radiative heat flux, Wm™2.

Rayleigh number.

Local Sherwood number.

Average Sherwood number.

Temperature, °C, K.

Average temperature, °C, K.

x Component of velocity, ms™".

y Component of velocity, ms™.
Cavity width, m.
x Coordinate, m.

y Coordinate, m.

Thermal diffusivity, m? s~

Volumetric expansion coefficient K™'.
Emissivity

Rate of Dissipation of k, m?/s>.
Temperature distribution effectiveness
Concentration distribution effectiveness
Turbulence kinetic energy, m?/s?.
Thermal conductivity (mixed), Wm™ K.
Dynamic viscosity (Air-H,0), kgm™s™..
Mixture density (Air-H,0), kg m™.
Reflectivity
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Stefan-Boltzmann constant, 5.67 x 1078 Wm™2K™*.
T Transmissivity
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