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Abstract. This study aims to compare the local air temperature as well as heat transfer of serpentine copper-pipe heat exchanger of different diameters to develop an effective configuration of the heat exchanger for growing crops inside greenhouses. The local air temperature indicates the air temperature close to that of the growing crops. Cooling experiments were conducted using a heat exchanger. The performance of the heat exchanger with different outer pipe diameters was analyzed for 12.7 mm and 15.88 mm. The inlet fluid temperature and flow rate were varied for the experimental conditions. The inlet fluid temperature ranged from −5 °C to 10 °C whereas the fluid flow rate ranged from 0.3 L/min to 3.0 L/min. The experimental data such as the local air temperature, inlet and outlet fluid temperatures, surface pipe temperatures, and pressure drop were measured. The relative humidity was monitored by observing the water droplets on the surface of the pipes. The average local air temperature reduction of the area below of the serpentine heat exchangers can reach up to 9.0 ºC and 10 ºC for the diameters of 12.7 mm and 15.88 mm, respectively. The pressure drop in the serpentine heat exchanger of diameter 15.88 mm was approximately half of that in the heat exchanger of diameter 12.7 mm. This may decrease the pumping power and lead to reduction in energy consumption of a heat exchanger of diameter 15.88 mm compared with that of an exchanger of diameter 12.7 mm diameter. Therefore, the advantages and disadvantages of each type of heat exchanger must be considered when selecting a suitable heat exchanger for greenhouse farming.
Nomenclature
	
	outer surface area of the copper pipe (m2)
	
	Greek symbols

	
	specific heat of fluid [J/(kg.K)]
	
	        fluid density (kg/m3)
        fluid velocity (m/s)
        dynamic viscosity of the fluid (Pa.s)



	
	inner diameter of the copper pipe (m)
	
	

	
	outer diameter of the copper pipe (m)
	
	

	∆P
	pressure drop in the heat exchanger (kPa)
	
	

	
	heat transfer from the copper pipe surfaces (W/m2)
	
	

	Re
	Reynolds number (Dimensionless)
	
	

	
	inlet fluid temperature (ºC)
	
	Subscripts
a          air
ab        above
avg      average
be        below
f           fluid
lair       local air
 

	
	outlet fluid temperature (ºC)
	
	

	
	average local air temperature below the heat exchanger (ºC)
	
	

	
	average local air temperature above the heat exchanger (ºC)
	
	

	
	room air temperature (ºC)
	
	

	
	fluid temperature difference (ºC) 
=  (ºC)
	
	

	
	air temperature reduction (ºC)
	
	

	
	fluid flow rate (L/min), (m3/s)
	
	



1. Introduction
[bookmark: _Hlk173929337]The significance of the modern greenhouse agricultural sector has been increasing in recent years owing to the growth of the global population and the increasing demand for food [1,2]. Greenhouse farming enables the year-round production of crops by avoiding extreme weather conditions [3,4]. Maintaining a suitable environmental climate is essential for supporting plant growth and productivity in greenhouse farming. Extensive research has been conducted on cooling systems, including natural ventilation, forced ventilation, evaporative cooling, and combined cooling systems [5–9]. These systems control the air temperature throughout the greenhouse farming area. Low air temperatures can be obtained in tropical regions with intensive cooling systems, such as air-conditioning systems. However, these systems require a considerable amount of energy to create a suitable environment for crops [10]. In addition, heat exchangers are widely utilized in various industrial applications such as power plants, heating, ventilation, and air conditioning systems [11–15]. In greenhouse crop cultivation, earth-air heat exchangers are one of the methods to provide the environmental control for crops [16–19]. The earth air heat exchangers use underground pipes under certain depth of the soil and carry indoor or outdoor air into the pipes. The temperature difference between the soil and air can be applied to substitute the heated or cooled air in the greenhouse. In this way, the earth air heat exchanger system provides air temperature control in the greenhouse. However, this system also supplies air temperature to the whole greenhouse area. Extensive research has been conducted on greenhouse designs and cooling systems to obtain an appropriate environment for crops by considering the entire greenhouse area. 
However, there is limited research on local cooling climate control, which focuses only on the plants. Heat sensitive crops such as strawberries require an air temperature between 20–25 ºC and 10–12 ºC during the day and night, respectively, which presents a major drawback for their cultivation in tropical regions [20]. Therefore, local cooling climate control has been proposed for greenhouse farming to reduce the energy consumption. Furthermore, suitable heat exchanger configurations must be developed for smart greenhouse farming. 
This study aims to compare the local air temperature as well as heat transfer of serpentine copper-pipe heat exchangers of different diameters to develop a suitable configuration of the heat exchanger for growing crops inside greenhouses. The outer diameters of the copper pipe were 12.7 mm and 15.88 mm and cooling experiments were implemented in a laboratory room. The experimental conditions were altered through changes in both the inlet fluid temperature and the flow rate. The inlet fluid temperature ranged from −5 °C to 10 °C whereas the fluid flow rate ranged from 0.3 L/min to 3.0 L/min.
2. Methodology
2.1. Experimental setup
Figure 1 depicts the configuration of the serpentine copper-pipe heat exchanger with a width and length of 700 mm and 253 mm, respectively, except for the bend areas. The thickness of the copper pipes is 0.8 mm. Each pipe was assembled in a U-bend and these U-bends were covered with insulation. The pitch of each copper pipe is 50 mm. Types 1 (12.7 mm) and 2 ( 15.88 mm) heat exchangers with the same pitch were tested. The experiments were conducted by changing the pipe diameter of the heat exchanger in the same test section area. An insulation board was used to separate the experimental system from the room. In this study, we consider strawberry crops for greenhouse farming, and a heat exchanger is installed above the plants for local cooling. Figure 2 presents an overview of the experimental system. The dimensions of the experimental area are 1.4 m (W) × 0.7 m (D) × 1.0 m (H).All units are in mm.
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Figure 1. Serpentine copper-pipe heat exchanger configuration.
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Figure 2. Serpentine copper-pipe heat exchanger experimental system setup.
2.2. Data collection
The air temperatures at the area below and above the heat exchanger were measured to analyze the local air temperature profiles. Figure 3 depicts the vertical air temperature measurements around the heat exchanger. There were three horizontal layers below and above the heat exchanger. We focus on the area below the heat exchanger and the area above it was used as a reference. The layers below the heat exchanger were located 50 mm, 100 mm, and 150 mm from the center of the heat exchanger, as shown in Figure 3(a). The above layers are symmetrical to those below, and are −50 mm, −100 mm, and −150 mm away from the center of the heat exchanger, as shown in Figure 3(b). There were nine thermocouples in each horizontal layer, resulting in 54 thermocouples in the six layers. Furthermore, the vertical uncertainty of the thermocouple’s positions in each horizontal layer was 2 mm.
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Figure 3. Measurement of air temperature vertically: areas (a) below and (b) above the heat exchanger.
Figure 4 depicts the layout of the experimental system. The system included a serpentine heat exchanger, globe valves to control the flow rates, a chiller to cool the fluid, thermocouples for surface, inside room air, outside air and local air temperature measurements, resistance thermal detectors for inlet and outlet fluid temperature measurement, and a pressure difference sensor to measure the pressure drop of the heat exchanger. Humidity sensors were introduced for reference. 
[bookmark: _Hlk173761362]Three data loggers were used to collect the experimental data. T-type thermocouples have a measurement accuracy of  0.2 ºC, and they are calibrated with the reference temperature. The resistance thermal detectors were calibrated based on their initial temperature differences and have a measurement accuracy of  0.02 ºC.
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Figure 4. Experimental system layout. 
2.3. Experimental conditions
The inlet fluid temperature and fluid flow rate were varied for experimental conditions. The inlet fluid temperature ranged from −5 ºC to 10 ºC whereas the flow rate ranged from 0.3 to 3.0 L/min for both the heat exchangers, as can be seen in Table 1. The Reynolds numbers ranged from 63 to 1,394 and 50 to 1,100 for pipe diameters of 12.7 mm and 15.88 mm, respectively. We used a mixture of water (60% by volume) and ethylene glycol (40% by volume) as the working fluid to reduce the freezing point of water. The experimental data were collected at the outside air temperature of 25 ºC. 




Table 1. Experimental conditions for both heat exchangers. 
	[bookmark: _Hlk151545605]No.
	Inlet fluid temperature
 (ºC)
	Fluid flow rate  (L/min)
	No.
	Inlet fluid temperature
  (ºC)
	Fluid flow rate  (L/min)

	1
	−5
	0.3
	21
	5
	0.3

	2
	
	0.5
	22
	
	0.5

	3
	
	0.7
	23
	
	0.7

	4
	
	0.9
	24
	
	0.9

	5
	
	1.1
	25
	
	1.1

	6
	
	1.3
	26
	
	1.3

	7
	
	1.5
	27
	
	1.5

	8
	
	2.0
	28
	
	2.0

	9
	
	2.5
	29
	
	2.5

	10
	
	3.0
	30
	
	3.0

	11
	0
	0.3
	31
	10
	0.3

	12
	
	0.5
	32
	
	0.5

	13
	
	0.7
	33
	
	0.7

	14
	
	0.9
	34
	
	0.9

	15
	
	1.1
	35
	
	1.1

	16
	
	1.3
	36
	
	1.3

	17
	
	1.5
	37
	
	1.5

	18
	
	2.0
	38
	
	2.0

	19
	
	2.5
	39
	
	2.5

	20
	
	3.0
	40
	
	3.0



The Reynolds number () is calculated as:
	
	(1)


where 𝜌 is the fluid density (kg/m3),  is the velocity of the fluid (m/s),  is the inner diameter of the copper pipe (m), and  is the fluid dynamic viscosity (Pa.s).
The heat transfer was determined from the data obtained under steady-state conditions, as follows:
	
	(2)


where  is the heat flux from the copper pipe surfaces (W/m2),  is the volumetric flow rate of fluid (m3/s),  is the fluid specific heat [J/(kg.K)],  is the outer surface area of the copper pipe without the U-bends (m2), and  and  are the inlet and outlet fluid temperatures (°C), respectively.
3. Results and discussion
In this study, the local air temperature indicates the air temperature close to the growing crops. The analysis of the heat flux within the heat exchanger was conducted using a flow rate ranging from 0.3 to 1.3 L/min. The heat flux assessment of the flow rate higher than 1.5 L/min was omitted owing to the low accuracy of the measured fluid temperature difference (). 
3.1. Local air temperature profiles and air temperature reduction 
Figure 5 presents comparisons of the average local air temperature profiles at each vertical distance around the Type 1 and Type 2 serpentine copper-pipe heat exchangers. The local air temperatures in each horizontal layer of the nine thermocouples were averaged. Figure 5(a) and (b) present the average local air temperature profile of areas below and above the heat exchanger, respectively, at a flow rate of = 0.9 L/min as a reference for all the inlet fluid temperatures. The average local air temperatures of each layer in the area below and above the heat exchanger are denoted as  and , respectively.
The  values of both the heat exchangers at each layer are approximately 12 °C, 15 °C, 17 °C, and 20 °C with inlet fluid temperatures of −5 °C, 0 °C, 5 °C, and 10 °C, respectively. According to Figure 5(b), the  values of both the heat exchangers range from 14 °C to 21 °C for the inlet fluid temperatures of −5 °C, 0 °C, 5 °C, and 10 °C. A comparison of Figure 5(a) and (b) shows that  was lower than  for both types of heat exchangers. This is attributed to the buoyancy force which generates downward airflow. 
It can be observed that the surrounding air temperature near both types of heat exchangers is decreased. This confirms that both the heat exchangers can provide effective cooling, particularly in the areas below them. 
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[bookmark: _Hlk171079349]Figure 5. Local air temperature profiles in the areas (a) below and (b) above both types of heat exchangers at = 0.9 L/min.
Figure 6 depicts the average local air temperature reduction from the inside room air temperature of the areas below and above the two types of heat exchangers under steady-state conditions for all the inlet fluid temperatures under flow rate ranging from 0.3 L/min to 1.3 L/min. The local air temperatures of the three layers below and above were averaged. Subsequently, the average local air temperature reductions below and above the initial room air temperature were analyzed. At the flow rate of 0.3 L/min and inlet fluid temperature of −5 ºC, the average local air temperature reduction of Type 1 () and () are approximately 7.0 ºC and 4.5 ºC below and above, respectively. Conversely, in the case of Type 2,  and  are approximately 9.0 ºC and 6.0 ºC, respectively. 
When the inlet fluid temperature increases from −5 ºC to 10 ºC, the average local air temperature reductions significantly decrease for both the heat exchangers. Although the flow rate increased, the average local air temperature reduction was insignificant after 0.7 L/min. It can be concluded that the local air temperature can be reduced, even with a low flow rate. As the inlet fluid temperature decreased, the local air temperature decreased from its initial value. This implies that the inlet fluid temperature has a greater impact on the local air temperature compared to the flow rate. 
[image: ]
Figure 6. Comparisons averaged air temperature reduction in the areas below and above the Type 1 and Type 2 heat exchanger from their initial air temperature.
3.2. Pressure drop
Figure 7 depicts the pressure drop in the two types of heat exchangers for flow rate ranging from 0.3 to 1.3 L/min at all the inlet fluid temperatures. Figure 7(a) and (b) present the pressure drops in the Type 1 and Type 2 heat exchangers, respectively. The pressure drop decreased as the inlet fluid temperature increased, as shown in Figure 7. This is due to the decrease in the fluid viscosity when the inlet fluid temperature increases. However, the pressure drop increased when the flow rate increased.
A comparison of Figure 7(a) and (b) shows that the decrease in pressure drop is related to an increase in the diameter of the copper pipe. The pressure drop in the Type 2 heat exchanger is lower than that in the Type 1 heat exchanger as the pressure drop corresponds to the diameter of the copper pipe. The pressure drop ranges from 0.3 kPa to 3.0 kPa for both types of heat exchangers. The pressure drop in the Type 2 heat exchanger was approximately half of that in the Type 1 heat exchanger. Based on the experimental results, a Type 2 heat exchanger was selected as it presented a lower pressure drop than the Type 1 heat exchanger.
	[image: ]
	[image: ]

	(a) 
	(b) 


Figure 7. Pressure drop under all experimental conditions for (a) Type 1 and (b) Type 2 heat exchangers.


3.3. Heat flux in the heat exchanger
Figure 8 depicts the outlet and inlet fluid temperature difference () of both types of heat exchangers at all the inlet fluid temperatures under a flow rate ranging from 0.3 L/min to 1.3 L/min.  decreased markedly with the increase in the flow rate. This indicates that  correlates to the flow rate. Furthermore, the  values were almost identical for both types of heat exchangers for all the experimental conditions. At a low flow rate of 0.3 L/min, the  value is higher than those at other flow rates. This could be attributed to the longer contact time between the fluid and the pipe surface in the heat exchangers. The  values range from 2.5 ºC to 0.2 ºC for flow rates from 0.3 L/min to 1.3 L/min at all the inlet fluid temperatures.
[image: ]
Figure 8. Inlet and outlet fluid temperature difference at all experimental conditions for both types of heat exchangers.
Figure 9 presents a comparison of the heat flux in the Type 1 and Type 2 heat exchangers. The heat flux () was calculated using Eq. (2); it presents the relationship between  and flow rate. At a flow rate of 0.3 L/min for the Type 1 heat exchanger,  was approximately 330 W/m2 at an inlet fluid temperature of −5 ºC and the minimum  was approximately 150 W/m2 at an inlet fluid temperature of 10 ºC. Conversely, for Type 2 heat exchanger,  was about 250 W/m2 at −5 ºC inlet fluid temperature and  was approximately 100 W/m2 at 10 ºC inlet fluid temperature. The heat flux steadily increased with the flow rate. 
The overall heat flux in the Type 1 heat exchanger was higher than that in the Type 2 heat exchanger. This is attributed to the thin thermal boundary layer of the Type 1 heat exchanger owing to the higher fluid velocity than that of the Type 2 heat exchanger at the same flow rate. Consequently, the heat flux of the Type 1 heat exchanger was higher than that of the Type 2 heat exchanger. 

[image: ] Figure 9. Heat flux at all experimental conditions for both types of heat exchanger.
4. Conclusion
In this study, we compared the local air temperature profiles of serpentine copper-pipe heat exchangers with different diameters to develop a suitable configuration for growing crops in greenhouse farming. The inlet fluid temperature and flow rate in the heat exchanger were varied for the experimental conditions. At an inlet fluid temperature of −5 ºC, a maximum local air temperature reduction of 9.0 ºC from the initial air temperature can be obtained in the area below the Type 1 heat exchanger. However, the local air temperature can be reduced by up to 10 ºC from the initial air temperature in the area below the Type 2 heat exchanger. The results indicate that both the heat exchangers can provide effective cooling, particularly in the areas below them. Furthermore, the local air temperatures can be reduced even at low flow rates. A lower flow rate could potentially be adequate as the local air temperatures show insignificant change after a flow rate of 0.7 L/min.
The pressure drop in the Type 2 heat exchanger was approximately half of that in the Type 1 heat exchanger. This may decrease the pumping power required and lead to a reduction in the energy consumption of the heat exchanger when Type 2 is chosen over Type 1. However, the larger pipe diameter of the Type 2 heat exchanger may have created more sunlight shadows on the plantation. The cost of a larger pipe diameter for Type 2 may be higher than that for Type 1. Therefore, the advantages and disadvantages of each type of heat exchanger must be considered when selecting a suitable heat exchanger for greenhouse farming. This heat exchanger system and methodology can also be applied for local heating in cold-climate regions.
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