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Abstract:

This study used computational fluid dynamics (CFD) simulations to explore the
effect of the greenhouse with the floor and other cooling systems (only an
evaporative cooling system, only a floor cooling system, and equipped with both
cooling systems) on temperature distributions inside a greenhouse. Three
scenarios were analyzed using the finite volume method and several the
Realizable k-¢ turbulence model offered superior accuracy compared to the
Standard k-e model in simulating temperature distributions. However, significant
discrepancies were observed near the wall surfaces of the greenhouse. To
address this, a radiation model was incorporated alongside the Realizable k-¢
turbulence model, which improved simulation accuracy by reducing error
percentages down to 2-3% and better matching experimental results. The study
emphasizes the importance of using the Realizable k-¢ turbulence model with the
radiation model to improve the accuracy of CFD simulations for the greenhouse
with the floor and other cooling systems.
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1. Introduction

With the rapid evolution of engineering techniques in material, agricultural, and building industry, HVAC (heating,
ventilation, and air conditioning) systems, and greenhouse are integrated, especially, evaporative cooling systems are
widely utilized in many countries to save energy, improve comfort, and promote health. Radiant floor heating and
cooling technology is a system that regulates the temperature of a space by utilizing the floor as a large thermal mass.
To provide cooling, it works by pumping cool water through floor-mounted pipes. This approach is especially
successful for cooling greenhouses in locations with ambient temperatures above 40°C [1] and performs better in
areas with low ambient relative humidity [2].

Many researchers have attempted to improve the effectiveness of floor cooling systems by applying computational
fluid dynamics (CFD) to analyze various issues; floor cooling, evaporative cooling, and radiation in the greenhouse.
Wu et al. [3] created a simple model utilizing a conduction form factor, allowing the heat transfer and surface
temperature of cooling or radiant floor systems to be computed. It was noticed that the thickness of the screed had a
minimal effect on thermal resistance, while the spacing of the pipes and the average water temperature significantly
influenced it.

In order to study the system for various climate zones in India, Srivastava et al. [4] combined an evaporative cooling
system with a radiant cooling system. In this study, two primary systems were analyzed: the chiller and cooling tower
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operated by the radiant cooling system. The radiant cooling system operated by water provided an annual savings
of 7% in hot and dry climates via the cooling tower, as well as 11% annual savings in composite climates.

Zheng et al. [5] developed a three-dimensional heat transfer model for a radiant floor system to analyze the impact
of non-heating surface temperature on heat output and computing the floor surface temperature using the CFD
approach. Regardless of how accurate the three-dimensional model for radiant floor systems was, calibrating the
model's physics increased the computational burden [6].

The study by Dong et al. [7] uses numerical simulations to assess the heating effectiveness of a radiant-convective
heating terminal. The objective is to understand how the combined radiant and convective heating mechanisms impact
temperature distribution and thermal comfort within a space, with a goal on providing uniform heating. This involves
examining temperature profiles, heat distribution, and overall system efficiency under various operational conditions.
The study utilizes advanced CFD tools to model the heating terminal’s performance. The simulation incorporates
both radiant and convective heat transfer mechanisms.

Micko et al. [8] conducted an experimental study to verify the accuracy of CFD simulations in predicting the operative
temperature (OT) and mean radiant temperature (MRT) in indoor environments heated by radiator and floor heating
systems. The study compares simulation results with experimental measurements obtained in a controlled room setup.
The findings demonstrate the effectiveness of CFD models in predicting thermal comfort parameters, highlighting
both the strengths and limitations of the simulation approach.

Liu et al. [9] presented a novel approach for estimating the radiant floor cooling system's cooling capability by
developing a simplified numerical calculation method coupled with the Back Propagation (BP) neural network model.
The goal was to create a reliable and efficient tool for predicting the cooling performance of such systems under
various operating conditions, allowing for better design and optimization. The simplified numerical model and BP
neural network provided results comparable to those from detailed CFD simulations but with significantly reduced
computational time and resources.

Moreover, the utilization of thermal mass in the radiant floor system necessitates transient simulation to accurately
depict system performance. From this perspective, to assess the impact of certain greenhouse building components,
including ventilation rates and temperature conditions, an alternative numerical method can be utilized [10].

This work uses comprehensive Computational Fluid Dynamics (CFD) simulations to compare various cooling
arrangements in detail for greenhouse temperature management: Case 1, with only an evaporative cooling system;
Case 2, with only a floor cooling system; and Case 3, equipped with both a floor cooling system and an evaporative
cooling system. Few studies have used CFD simulations to analyze evaporative cooled greenhouse, comparing results
with experimental data from greenhouse studies [11]. Hence, validated turbulence models (Standard k-¢ and
Realizable k-¢) and radiation model to increase simulation accuracy, especially in the vicinity of the greenhouse walls
and operational parameters, including temperature distribution and ventilation rates. In practical greenhouse
applications, this method helps to optimize cooling system designs and offers a more accurate prediction of
temperature and velocity profiles.

2. Methodology

The radiant floor cooling system's performance was evaluated using a three-dimensional greenhouse model.
Boundary conditions were introduced with the numerical technique. Computational Fluid Dynamics validations were
finally conducted via comparisons with the experiment data (Figure 1) of Nuyjanthuek and Pramuanjaroenkij [11].

2.1 The physical model

In this investigation, as seen in Figure 2, a three-dimensional greenhouse model was suggested that included other
cooling systems in addition to the radiant floor cooling system. This schematic represented the typical air-conditioned
room with a no-cooling floor, the system of evaporative cooling, and radiant floor cooling. The three dimensions of
the greenhouse model were 3.3 x 2.2 x 1.9 meters in length, width, and height. An evaporative cooling system was
used in the greenhouse, consisting of an evaporative pad (width 0.9 meters x height 1.4 meters) and two exhaust fans
(0.5 kW, 220V) located at the opposite end of the greenhouse.
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Fig. 2. Schematic of the three-dimensional greenhouse

Figures 3, 4, and 5 presented the CFD geometric representation of the greenhouse under three different cooling setups:
only an evaporative cooling system, only a floor cooling system, and a combination of both systems, respectively.
All boundary conditions and the CFD model's parameters were detailed in Table 1.

Fig. 3. CFD geometric model for the first case: the  Fig. 4. CFD geometric model for greenhouse with only
greenhouse with only the evaporative cooling system floor cooling system (case 2)

Fig. 5. CFD geometric model for a greenhouse with both a floor cooling system and an evaporative
cooling system (case 3).
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Table 1: The greenhouse model's boundary conditions and parameters.

Properties Value/Unit
Air density 1.225 kg/m?
Thermal conductivity coefficient 0.0225 WimK
Specific heat 1.005 kJ/kg K
Viscosity 1.83x10° kg/ms
Glass density 2500 kg/m®
Thermal conductivity coefficient 0.74 W/m.K
Heat transfer coefficient 6.4 W/m?K
Inlet velocity 0.8 mis
Outlet velocity 6.0 m/s
Outside radiation 660 W/m?
Ambient temperature 33 °C

2.2 The mathematical model

The finite volume method was used to conduct the numerical simulations [12]. The continuity, momentum, and
energy equations were resolved using the k-epsilon (k-¢) turbulence model [13], while the momentum equation near
the region of wall surfaces and the flow fields in the outside region was computed using the Realizable k-¢ turbulence
model [14].

Continuity equation
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Momentum equation
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The Reynolds-averaged Navier-Stokes (RANS) turbulence models can be divided into two groups: Reynolds stress

models (RSMs) and Eddy viscosity models (EVMSs). The EVMs are based on the Bossiness’ theory [15], where the
Reynolds stress with respect to the strain rate is given by:
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Where kK = luiuj is the turbulent kinetic energy, y, is a model eddy viscosity, and §ij is the Kronecker delta
2

(5”_ =1ifi= ] and 5”_ =1 if 1 # J). Substituting the equation (4) into equation (2) the momentum equation can
be revised as:
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The Realizable k-¢ turbulence model is represented by equations (5) through (10). The Realizable k-¢ turbulence
model's eddy viscosity can be expressed as follows:

k 2
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gazgcos (\/_GW) (14)
W = Sij (15)
Table 2: The model constants used for the Realizable k-¢ turbulence model.
AO O-a O-k C€1 CZ
4.04 1.20 1.00 1.44 1.90

Launder and Spalding [16] proposed the standard wall function, with the mean velocity in the y* range of 30 to 60.

The relationship between the mean velocity and location can be thought of as linear when y™ is less than thirty. The
mean velocity law of the wall can be written as

U*:lln(y*E) (16)
K
Yay, 12
y*:pC/‘Tky (17)
. puy
y = 1 (18)
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The variables &, E, g and Y represent the K&rman constant (equals to 9.793), constant of empirical (equals to
9.793), friction velocity, and the distance from a point to the wall, respectively.

Radiative energy source term or Radiation model

For equations (3), S, is defined as equations (19)
S, =a(46T* - G) (19)

In this case, the constant of Stefen-Boltzmann is &, the absorption coefficient is @, and the obtained for radiative
transfer is G , which is defined as

R 4 Ar
A3 | (o, +a)i(r,5) = Tan® + % (s, )1 (F, )oY (20)
ds 7 4z 5,

where T and S are the position and direction of vector, respectively. Q" and @ are solid and phase angle,
respectively. Inaddition, N, |, &,and o are refractive index, radiative intensity, absorption coefficient, scattering
coefficient, respectively.

2.3 Grid-independent and numerical method

The model was meshed utilizing tetrahedral T-grid elements since they suited better for complex geometry than
hexahedral elements. The meshing of the model was done with a grid spacing of 0.03. The Standard and Realizable
k-¢ turbulence models used approximately 500,542 and 511,431 grid cells, respectively. The mesh size was also
tested for grid independence (see Figure 6). The flow domain was solved using the k-g turbulence model, with the
second-order upwind approach for discretization. The flow velocity and pressure were coupled using the semi-

implicit pressure linkage approach. All simulation cases were iterated until they reached the convergence level of
10,
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Fig. 6. A comparison of the simulated results outcomes derived from Realizable and Standard k-¢ turbulence
models and the experiment data of Thanakorn Nuyjanthuek [11] including the grid independence evaluation.
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3. Results and Discussions
3.1 Validation of the CFD simulation

The temperatures measurement in the numerical simulation and experiment data [11] obtained from points 1, 2, 3, 4,
5 and 6 (Figure 7); at lengths of 0.5, 1, 1.5, 2, 2.5 and 3 meters, respectively, were compared with the temperature
results of the validated simulation was performed using temperature measurements from three scenarios: Case 1 (the
greenhouse with only the evaporative cooling system), Case 2 (the greenhouse with only the floor cooling system),
and Case 3 (the greenhouse equipped with the evaporative and floor cooling system).

" Point 1 (0}5 meter)
- oPoi 2 (1 meter)

ol’oim 3 (1.5 meter)

Height
(0.9 meter)

Fig. 7. Temperature measurement points in the numerical simulation and experiment data [11].

The k-¢ turbulence model (Figure 8) was simulated for case 1 (Figure 3) and compared with the experiment data of
Nuyjanthuek and Pramuanjaroenkij [11]. It was found that this Standard k-¢ turbulence model had percentage errors
in temperature simulation at the lengths of 0.5, 1, 1.5, 2, 2.5, and 3 meters of 19.05%, 17.09%, 18.24%, 17.70%,
18.07%, and 19.17%, respectively. Also, the numerically simulated results (Realizable k-g turbulence model) at the
lengths of 0.5, 1, 1.5, 2, 2.5, and 3 meters had percentage errors that are 9.05%, 8.55%, 9.12%, 9.44%, 9.04%, and
9.58%, respectively (Figure 8).
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Fig. 8. k-¢ turbulence model validation for case 1.
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The validation of the k-¢ turbulence models for case 2 is displayed in Figure 9. (the greenhouse with only the floor
cooling system) against the experiment data from Nuyjanthuek and Pramuanjaroenkij [11]. In case 2, the Standard of
k- turbulent model, the percentage errors in temperature simulation at lengths of 0.5, 1, 1.5, 2, 2.5 and 3 meters were
18.67%, 10.82%, 12.31%, 12.53%, 12.13% and 12.34% respectively, compared to the experimental data. In addition
percentage errors for the numerically simulated results (Realizable k-g turbulence model) at the same lengths were
9.87%, 6.97%, 8.29%, 8.35%, 8.42% and 9.71%, respectively.
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Fig. 9. Validation of k- turbulence models for case 2

In case 3, which involves a greenhouse equipped with both floor and evaporative cooling system, the performance of
the Realizable and Standard of k-¢ turbulence models was evaluated against experimental data from Nuyjanthuek and
Pramuanjaroenkij [11]. The validation is illustrated in Figure 10. The Standard of k-¢ turbulence model showed
percentage errors in temperature simulation that varied significantly with lengths, ranging from 9.14% to 10.16%.
For the Realizable of k-¢ turbulence models, the percentage errors ranged from 6.57% to 7.42% across lengths from
0.5 to 3 meters, compared to the experimental data.

According to these findings, the Realizable of k-¢ turbulence model offers a more accurate representation of
temperature distribution in the greenhouse with the floor cooling system, compared to the Standard of k-¢ model. The
lower errors observed with the Realizable of k-¢ model indicate its superior performance in simulating the effects
within the floor cooling system.

Compared to the whole performance, the Realizable of k-g turbulence model exhibited higher percentage errors
compared to experimental data at specific heights. Specifically, at lengths of 0.5 and 3 meters, the percentage errors
from the Realizable k-¢ model were notably higher than those observed in the experimental data provided by
Nuyjanthuek and Pramuanjaroenkij [11].

To address these discrepancies and improve the accuracy of the numerical simulations, the researchers incorporated
a radiation model alongside the Realizable of k-¢ turbulence model. This combination aimed to better account for the
temperature effects near the wall surface of a greenhouse, which were not fully captured by the turbulence model
alone.

Figure 11 shows a comparison of the temperatures of the Realizable of k-¢ turbulence model with the radiation model
and the experimental data [11]. The finding is in line with the experimental data. At various lengths of 0.5 and 3
meters, the Realizable of k-¢ turbulence model with radiation model gave better numerical simulated results compared
to the Realizable of k-¢ turbulence model alone, and its results were closest to the model (see Figure 11 (a), (b) and

(©))-
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Overall, the inclusion of the Realizable of k-¢ turbulence model with the radiation model enhances the simulation's
performance, particularly at lower lengths (0.5 and 3 meters) where initial errors were more pronounced. This
approach effectively reduces the percentage of errors and provides a more accurate representation of the greenhouse
environment.
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Fig. 10. Validation of k-¢ turbulence models for case 3
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Fig. 11. Variations in temperatures of the greenhouse for (a) case 1, (b) case 2
and (c) case 3
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Fig. 11. (continuous) Variations in temperatures of the greenhouse for (a) case 1, (b) case 2

and (c) case 3

3.2 The air velocity and temperature distribution of the greenhouse with only the evaporative cooling system (Case 1)

The air velocity distribution for case 1 in Figure 12 (a) and (b) indicates that the air velocity inside the greenhouse
with only the evaporative cooling system ranges between 0 and 0.07 m/s. The lowest velocity will be at the
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greenhouse's surface and walls. Additionally, the air velocity near the evaporative cooling system is 0.11 m/s, which
is higher than the air velocity inside the greenhouse.

Velocity Magnitude (m/s)

0.3§
0.32
0.28
0.25
0.21
0.18
0.14
0.11
0.07
0.03
0.00

Velocity Magnitude (m/s)

(@)

0.35
0.32
0.28
0.25
0.21
0.18
0.14
0.11
0.07
0.03
0.20

(b)

Fig. 12. The air velocity distribution at the greenhouse's walls and floor (case 1)

The floor and walls of the greenhouse's temperature distribution contours are depicted in Figure 13. A remarkable
temperature around the greenhouse with a maximum temperature magnitude of approximately 35 °C and a minimum
temperature magnitude of approximately 25 °C was observed.

Static Temperature [°C]
35

Fig. 13. The distribution of temperatures at the greenhouse's walls and floor (case 1)

The temperature distribution inside the greenhouse for various patterns is shown in Figure 14. The temperature
distribution may be clearly understood in relation to the colors. The blue color indicates the low temperature field,
while the red color represents the high-temperature field. It can be observed that the floor temperature is cooler
compared to the warmer, red-gradient walls (see Figure 14 (a) and (b)). From the simulated data for the greenhouse,
we found the average temperature to range from 26.5°C to 32.5 °C at measuring heights of 0.5 to 1.9 meters.

Static Temperature [°C]
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Fig. 14. The temperature distribution contours at the height measurement (X-Y plane) of 0.5 to 1.9 meters (case 1)
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3.3 The air velocity and temperature distribution of the greenhouse with only the floor cooling system (Case 2)

As shown in Figures 15 (a) and (b), the distribution of air velocity inside the greenhouse for Case 2 demonstrates
significantly different air flow inside the greenhouse. At a height of 0.8 to 1.1 meters with an air velocity of 1.62 to
1.85 m/s, the center of the greenhouse room has the highest air velocity. The primary system responsible for air
movement is the convection cooling system, which produces forced convection of air.

Velocity Magnitude (m/s) Velocity Magnitude (m/s)
2.39 _ , 2.39
158 | 158
1.62 ‘ 1.62
1.39 1.39
115 115
0.92 0.92
0.69 0.69
0.46 0.46
023 ‘ 023
0.00 Lo e = | 0.00
(@) (b)

Fig. 15. The air velocity distribution at the greenhouse's walls and floor (case 2)

The effect of the floor cooling system is illustrated in Figure 16. The system operates with a floor temperature of
21 °C for air circulation and ventilation within the greenhouse. The figure shows that the maximum and minimum
temperatures observed were 37 °C and 21 °C, respectively.

Static Temperature [°C]

37
34
31
29
26
23

Fig. 16. The distribution of temperatures at the greenhouse's walls and floor (case 2)

Static Temperature [°C] Static Temperature [°C]

37 37

34 34

31 31

29 29

26 26

23 23 1
21 21

18 18

15 15

13 13

10 10 U e tt—— |

(@) (b)

Fig. 17. The temperature distribution contours at the height measurement (X-Y plane) of 0.5 to 1.9 meters (case 2)
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Figures 17 (a) and (b) show temperature distribution simulation results for the greenhouse is outfitted with a floor
cooling system in combination. The temperature observed at heights of 0.5, 1.0, 1.5, and 1.9 meters were 21 °C, 26
°C, 29 °C, and 31 °C, respectively. These results indicate that the integrated floor cooling system effectively lowers
and maintains constant indoor temperature.

3.4 The air velocity and temperature distribution of the greenhouse equipped with the evaporative and floor cooling
systems (Case 3)

The air velocity distribution of the greenhouse equipped with the evaporative and floor cooling systems (Case 3), as
shown in Figures 18 (a) and (b), was found to be uniformly distributed throughout the greenhouse, similar to Case 1,
because there is no forced convection from the floor cooling system. Although the air movement in Case 3 is identical
to Case 1, the average air velocity inside the greenhouse is higher, at 0.33 m/s.

Velocity Magnitude (m/s) Velocity Magnitude (m/s)
1.64 1.64
1.48 1.48
1.31 1.31
115 115
0.98 0.98
0.82 0.82
0.65 0.65
0.49 0.49
0.33 0.33
0.16 0.16
0.00 0.00
(@) (b)

Fig. 18. The velocity distribution at the greenhouse's walls and floor (case 3)

In case 3, the greenhouse had the evaporative and floor cooling system. The temperature of the floor cooling is
19 °C. As shown in Figure 19, the minimum and maximum temperatures were 19 °C and 34 °C, respectively.

Static Temperature [°C]

Fig. 19. The distribution of temperatures at the greenhouse's walls and floor (case 3)

Figures 20 (a) and (b) show the temperature distribution simulation results for the greenhouse which has a floor
cooling system that works in conjunction with an evaporative cooling system. The average air temperature of the
greenhouse for heights at 0.5, 1.0, 1.5 and 1.9 meters were 19 °C, 25 °C, 28 °C and 33 °C, respectively.
As shown in Figures 20 (a) and (b), the average air temperature in the greenhouse was lower in Case 3 compared
to Cases 1 and 2. This improvement is due to the combined effects of the floor and evaporative cooling system,
which result in a natural convection phenomenon, with the most violent airflow movement occurring near the
walls and ceiling.
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Static Temperature [°C] Static Temperature [°C]

(@) (b)
Fig. 20. The temperature distribution contours at the height measurement (X-Y plane) of 0.5 to 1.9 meters (case 3)

4. Conclusion

Computational fluid dynamics (CFD) simulations were used in the study to examine temperature distribution in the
effects of floor cooling on the greenhouse under different cooling systems, using the finite volume method and various
turbulence models. Three scenarios were examined: Case 1, the greenhouse with only the evaporative cooling system;
Case 2, the greenhouse with only the floor cooling system; and Case 3, the greenhouse equipped with the floor cooling
system and the evaporative cooling system. The findings indicated that the Realizable of k-¢ turbulence model
provided superior accuracy compared to the Standard of k-¢ model in simulating temperature distributions within the
greenhouse. This is evident from the lower percentage of errors in temperature predictions, particularly in cases
involving complex cooling systems. However, significant discrepancies remained near the wall surface of a
greenhouse (0.5 and 3 meters above the wall) compared to the experimental results. To address these discrepancies
and improve the accuracy of the numerical simulations, the researchers incorporated a radiation model alongside the
Realizable of k-g turbulence model. The inclusion of the radiation model in conjunction with the Realizable of k-¢
turbulence model improved the accuracy of simulations, especially in capturing temperature effects near the wall
surface of a greenhouse. The combined model reduced percentage errors and aligned more closely with experimental
data, particularly near the wall surface of a greenhouse. This study highlights the importance of selecting appropriate
turbulence models and incorporating additional factors like radiation to accurately simulate and optimize greenhouse
cooling systems. The findings provide significant insights for designers and improving greenhouse cooling strategies
to achieve better environmental control.
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