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Abstract 

In control agricultural section, the greenhouse and plant factories are increasingly popular. The 

greenhouse cultivation is an enclosed environment that creates suitable conditions for the high-quality crops 

production. In contrast to traditional open-field cultivation, greenhouses allow for higher production levels, 

better crop quality, and out-of-season production. Regarding energy consumption, greenhouse cultivation is a 

major energy consumer where the entire facility environment is controlled. High energy consumption of 

creating an appropriate climate for crop growth becomes the main limiting issue in greenhouse cultivation. In 

particular, some crops like strawberry require periodic temperature field in day and nighttimes. To address this 

issue, this study proposed periodic local climate control using a simple serpentine copper tube heat exchanger 

near the crop areas in greenhouse cultivation. Since the environment far away from the crops is not very 

essential, the environment only near the crops is controlled to provide a suitable climate for crops. In this way, 

the energy consumption of climate control can be reduced due to a smaller volume compared to climate control 

for the whole volume of greenhouse cultivation. 

The first objective of this thesis was to investigate the local air temperature profiles as well as the 

performance of the serpentine heat exchanger such as the heat flux and pressure drop in them. Copper tubes 

were arranged in the shape of serpentine and used as a heat exchanger. In contrast to fin-and-tube heat 

exchangers, the serpentine heat exchanger has a simple design, provides minimal shade for plants, and is easy 

to maintain for agriculture. To employ this system for practical use, its scale can be expanded by connecting 

heat exchangers in series and parallel. The experimental system was constructed under with the assumption 

that a part of actual plant cultivation was being left out. This study was conducted in a laboratory. Experiments 

were performed by varying inlet fluid temperature and fluid flow rates. Inlet fluid temperature varies from −5 

to 10 ºC for cooling, and 30 to 50 ºC for heating. The fluid flow rate is changed from 0.3 to 3.0 L/min (Reynolds 

number = 50 – 3,480) for cooling and heating. The local air temperatures, tube surface temperatures, air 

temperature inside and outside of the experimental area, inlet and outlet fluid temperatures, and pressure drop 

were measured. The relative humidity was monitored for reference. In terms of cooling, the local air 

temperature can be reduced by 4–10 °C from the initial air temperature of 22 °C in the area below the heat 

exchanger at a distance of 150 mm. In terms of heating, the local air temperature can be increased by 6–13 °C 

from the initial air temperature of 22 °C in the area above the heat exchanger at a distance of 150 mm. For 

cooling, the average heat flux values in the heat exchanger at inlet fluid temperatures of 5, 0, and −5 °C are 

enhanced by 55%, 120%, and 170% for all flow rates compared with that at inlet fluid temperature of 10 °C. 

The average heat flux values in the heat exchanger at inlet fluid temperatures of 40 and 50 °C are increased by 

100% and 197% at all flow rates compared with that at inlet fluid temperature of 30 °C. Considering both 

cooling and heating operations, the pressure drop in the heat exchanger reaches a minimum of 0.3 kPa and a 

maximum of approximately 5.0 kPa for flow rate of 0.3 to 3.0 L/min. Based on the results, inlet fluid 

temperature markedly affects the heat flux in the heat exchanger, subsequently influencing the local air 
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temperature. Particularly, the local air temperature control and heat flux in the heat exchanger are more 

strongly affected by inlet fluid temperature than by the flow rate.  

The second objective of this thesis was to evaluate the change in the periodic air temperature field 

characteristics of the serpentine copper tube heat exchanger. For this, the air temperature difference between 

the area below and the area above of the heat exchanger as well as the transition time were examined. The 

periodic air temperature change was evaluated at the inlet fluid temperatures of −5 and 50 ºC for all flow rates. 

The results showed that the air temperature difference between the areas below and above the heat exchanger 

of the cooling and heating processes is approximately 15 ºC. Increasing flow rate does not notably change the 

air temperature at the areas below of cooling and above of heating the heat exchanger. Larger flow rate of 0.9 

L/min, the local air temperatures and air temperatures in the experimental system were not substantially 

changed. When the flow rate increases from 0.3 to 1.3 L/min, the quick change state and moderate change 

state from cooling to heating (heating transition) took approximately twenty minutes and two hours, 

respectively. On one hand, for heating to cooling process (cooling transition), the quick change state took 

around forty-nine minutes and the moderate change state took about one hour and forty minutes. When the 

flow rates were 1.5 to 3.0 L/min, the quick change state and moderate change state of heating transition took 

about eighteen minutes and one hour, respectively. On the other hand, quick change state and moderate change 

state of the cooling transition took approximately forty minutes and one hour, correspondingly. Regarding the 

transition time, the cooling transition seems to be more gradual compared to the heating transition, indicating 

that while the system heats up quickly, it cools down more slowly. The transition time reduces with flow rate 

increases. When the flow rate increases, the tube surface temperature becomes close to the value of inlet fluid 

temperature enhancing the heat exchange between the tube wall and surroundings. 

The last objective was to estimate the energy requirements theoretically between the whole area and the 

local area control of practical greenhouse crop cultivation. Here the volume of the cultivation area per unit 

length was approximated from a practical greenhouse. The maximum system capacity requirement of the 

whole area control is around 62 W/m whereas that of the local area control is approximately 10 W/m which is 

more than 80% reduction compared to the whole area control. The total energy requirement of the whole area 

control was about 152 kJ/m. On the other hand, the total energy requirement of the local area control was 

approximately 37 kJ/m. The total energy requirement of the local area control was more than 70% reduced 

compared to that of the whole area control of practical greenhouse crop cultivation. This theoretical calculation 

is a simple and taking into some assumptions to show the advantage of the local climate control heat exchanger 

system. 

This energy-saving method for periodic air temperature change with local climate control could be 

applied for crop cultivation in greenhouses.  
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 𝑔  gravitational acceleration, m/s2 

 𝐺𝑟  Grashof number 

 ℎ  convection heat transfer coefficient, W/(m2⋅K) 

ℎ𝑎   external convective heat transfer coefficient, W/(m2⋅K) 

ℎ𝑓   internal convective heat transfer coefficient, W/(m2⋅K) 

 ℎ𝐿  head loss, m 

 𝑘  thermal conductivity of air at film temperature, W/(m⋅K) 

𝑘𝑎𝑖𝑟  thermal conductivity of air at a certain air temperature, W/(m⋅K) 

𝑘𝑓  thermal conductivity of working fluid, W/(m⋅K) 

 𝑘𝑙  thermal conductivity of liquid, W/(m⋅K) 

𝐾  coefficient of performance, (dimensionless) 

 𝐿𝑐  characteristic length, m  

 𝑚̇  mass flow, kg/s 

 𝑁𝑢  Nusselt number of natural convection , dimensionless 

𝑁𝑢𝑖  Nusselt number of internal force convection, dimensionless  

 𝑝  perimeter, m 

𝑃 heat amount to be removed/added with unit length including transition time, kW/m 

 𝑃1  pressure at the inlet tube, kPa 

 𝑃2  pressure at the outlet tube, kPa 

 ∆𝑃  pressure drop, kPa 

 𝑃𝑟  Prandtl number, dimensionless 

 𝑞̇𝑎  heat flux in the heat exchanger, W/m2
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 𝑞̇𝑠  constant surface heat flux, W 

 𝑄  heat amount to be removed/added with unit length, kJ/m 

𝑄𝑙𝑜𝑠𝑠  heat diffusion from the local area to the nearby surroundings, W 

 𝑄̇𝑐𝑜𝑛𝑣  convective heat transfer, W 

 𝑄̇𝑡𝑜𝑡𝑎𝑙   rate of the total heat loss, W 

 𝑅  radius, m 

 𝑅𝑎𝐿  Rayleigh number, dimensionless 

 𝑅𝑒  Reynolds number, dimensionless  

𝑆  system capacity, kW/m 

 𝑇𝑒  average temperature at the exit, °C 

 𝑇𝑖  average temperature at the inlet, °C 

 𝑇𝑖𝑛𝑙𝑒𝑡  inlet fluid temperature, °C 

 𝑇𝑙  local air temperature, °C 

 𝑇𝑙,𝑎𝑣𝑔_𝑎𝑏 average local air temperature of the area above the heat exchanger, °C 

 𝑇𝑙,𝑎𝑣𝑔_𝑏𝑒  average local air temperature of the area below the heat exchanger, °C 

 𝑇𝑜𝑢𝑡𝑙𝑒𝑡  outlet water temperature, °C 

 𝑇𝑟𝑜𝑜𝑚  room air temperature, °C 

 𝑇𝑠  surface temperature, °C 

 𝑇∞  temperature of the fluid sufficiently far from the surface, °C  

∆𝑇  air temperature difference between two vertical layers of the heat exchanger, °C 

 ∆𝑇𝑎  air temperature difference, °C 

 ∆𝑇𝑓  absolute fluid temperature difference in the heat exchanger = |𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡|, °C 

 𝑉            volume of the whole greenhouse or local area greenhouse, m3/m 

 𝑉̇  volume flow rate, m3/s 

 𝑉𝑎𝑣𝑔  average velocity for incompressible flow in a circular pipe, m/s 

 𝑉𝑏𝑜𝑑𝑦  volume of the portion of the body immersed in the fluid, m3 

 𝑣  kinematic viscosity of the fluid, m2/s 

 𝑊̇𝑝𝑢𝑚𝑝,𝐿 pumping power to overcome the pressure loss, W 

 ∆𝑧  vertical distance, m 

 

Greek letters 

 𝛽  coefficient of volume expansion, 1/K 
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 𝜌𝑏𝑜𝑑𝑦  density of the body, kg/m3 
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𝜏  time, hour 
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 𝜏2  moderate change state (heating transition), minute, hour 
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Chapter 1 

Introduction 

1.1 Research background and motivation 

With the economic growth of developing countries, there is a need for improvements in the quantity and 

quality of food products in the control agricultural section. Control cultivations like greenhouse and plant 

factory are becoming increasingly common all over the world because the desirable environment (air 

temperature and relative humidity) is controllable using a greenhouse cultivation system [1,2]. Cooling/heating 

systems are employed in greenhouse cultivation to provide uniform environmental control throughout 

greenhouse areas of crop cultivation [3–6]. Thus, the control agriculture is one of the promising methods to 

secure food products and avoid adverse weather conditions. Moreover, the benefits include off-seasons 

growing, high yield, and quality of crops. The main drawback of control greenhouse agriculture is the high use 

of energy from the environmental controlling system compared to traditional cultivation in the outdoor 

environment [7,8].  

Several types of heat exchangers are available, each with its own advantages and disadvantages. 

Commonly used heat exchangers include shell-and-tube and fin-and-tube exchangers [9–12]. Fin-and-tube 

heat exchangers are known for their excellent thermal performance [13–17]. However, fins can accumulate 

dirt in humid areas in addition to debris, leading to difficulties in maintenance. Additionally, the fin-and-tube 

heat exchanger creates shade, which may inhibit plant growth. Therefore, different types of heat exchangers 

are required for different applications. Among them, serpentine coils are the smallest and most adaptable heat 

exchangers available for cooling/heating and refrigerant evaporator/condenser applications for an agricultural 

field. Serpentine heat exchangers are inexpensive and are widely used because of their compactness [18].  

This study targeted strawberries crop, because they require daytime and nighttime temperature 

differences almost every day. Frequent cooling and heating are necessary to obtain high-quality strawberries 

[19–22]. 

Generally, greenhouses and plant factories require a suitable constant temperature setting for a certain 

time. Periodic air temperature control is essential for greenhouse cultivation. As mentioned previously, the 

periodic temperature control of the entire facility results in substantial energy consumption. Plants are 

generally not affected by environments that are far from them. Thus, the novelty of this study is to provide 

local climate control only near the plant area with periodic air temperature control. The surrounding air 

temperature far from the plants remains steady. Moreover, this local climate control can reduce energy 

consumption because the climate is controlled only near the crop area.  

To provide climate control near the crop area, copper tubes are arranged in a simple serpentine shape, 

serving as a heat exchanger. Furthermore, the shape of a serpentine copper tube is selected because it does not 

considerably prevent sunlight and will be suitable in humid areas. In addition, the serpentine heat exchanger 

is compact and easy to handle. Studies addressing the use of serpentine copper tube heat exchangers for 
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greenhouse cultivation are currently limited. Researchers have explored investigating diverse greenhouse 

designs, and heating and cooling systems as parameters to obtain high thermal efficiency to control the entire 

greenhouse area. However, in greenhouse cultivation, a crucial research gap exists in exploring climate control 

only near the plants. Therefore, a novel approach, which is local climate control, needs to be thoroughly studied. 

This thesis aims to address the change of periodic air temperature field near the strawberry crops using 

energy-saving method. To save energy requirements, a simple serpentine copper tube shape is introduced to 

use as a heat exchanger near the crops area. Periodic air temperature indicates that air temperature control is 

alternating (cooling and heating) to create a desirable climate near the crops. Moreover, this local climate 

control will be applicable in both temperate and tropical regions. This study was conducted in a laboratory. 

The experimental system was constructed under with the assumption that a part of actual plant cultivation was 

being left out.  

1.2 Literature reviews 

The literature review of previous studies concerning with heat exchanger technologies applications, and 

the environmental control systems in greenhouse cultivations such as cooling and heating systems are 

described detailed in below. 

1.2.1 Literature review on heat exchanger technologies applications 

Heat exchangers are designed to exchange heat between media. They are widely used in several industrial 

applications ranging from power plants to heating, ventilation, and air-conditioning refrigeration [23–26]. 

They are typically installed as air-conditioning components in various cooling and heating systems. 

Numerous studies and research have been conducted to develop and enhance heat exchanger technologies, 

aiming to improve performance, energy efficiency, and reliability [27]. A. Kumar et al. [28] focus on 

improving the efficiency of parabolic trough solar collectors equipped with oval ribbed receiver tube using 

TiO2/water nanofluid. Oval ribs are symmetrically positioned on the inner surface of the receiver tube as shown 

in Fig. 1.1. They found that parameters such as relative major diameter ratio, relative minimum diameter ratio, 

and relative spanwise and streamwise hydraulic diameter ratios will lead to enhanced heat transfer performance.  

 

Figure 1.1. Plain and different oval rib surface parabolic trough collector geometries [28]. 
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R. Kant et al. [29] explored enhancing heat transfer in solar air heaters using triangular winglet obstacles 

with sharp corners as depicted in Fig. 1.2. They used four types of triangular winglet configurations as 

obstacles such as single, dual, triple, and quadruple triangular winglets. Different obstacle configurations 

impact heat transfer and friction factors in the system. Their outcomes showed that Nusselt number increases 

up to 3.85 with the triple triangular winglet obstacle configuration, resulting in improving heat transfer 

efficiency.  

 

 

Figure 1.2. Obstacles mounted on absorber plate [29]. 

Nanofluids enhance heat transfer in various aspects of applications through improved properties [30]. S. 

Salehin et al. [31] emphasized the use of nanofluid in solar energy systems, such as solar thermal collectors 

and solar water heaters, to improve solar to thermal energy conversion efficiency.  

F. Ahmad et al. [32] examined the influence of nanofluids in spherical double-dimpled surfaces on heat 

transfer and pressure drop characteristics. To assess the heat transfer performance, both single and hybrid 

nanofluids in terms of varying Reynolds numbers and nanoparticle volume concentrations in a double-dimpled 

pipe were analyzed using computational methods. Assuming a constant and uniform heat flux of 10,000 W/m2 

as shown in Fig. 1.3, the numerical simulations are conducted at Reynolds numbers ranging from 10,000 to 

30,000. Their result showed that double-dimpled surface tubes had 20–25% higher heat transfer coefficient 

compared to smooth tubes.  
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Figure 1.3. Schematic diagram of double-dimpled corrugated pipe [32]. 

R. Ahamed et al. [33] conducted a numerical investigation of a curved trapezoidal-corrugated channel 

with E-shaped baffles for thermal-hydraulic performance and flow behavior involving the use of single and 

hybrid nanofluids. Their results demonstrate that the effects of baffles and corrugations can result in the 

creation of vortex flow and greater turbulence, which promote the heat transfer enhancement.  

F. Ahmad et al. [34] investigated the impact of different corrugation patterns on heat transfer and 

nanofluids performance in mini channels, focusing on single-phase turbulent flow. Corrugated mini channels 

have the following structural properties: The dimensions specified are a 500 mm long channel, a 25 mm 

wavelength of the corrugation, and a 2 mm thick wall as shown in Fig. 1.4. Their results stated that various 

nanoparticle compositions exhibited a 25–30% increased heat transfer coefficient. 

 

 

Figure 1.4. Schematic diagram of different corrugated channels [34]. 
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A. Mustakim et al. [35] evaluated the thermo-hydrodynamic performance of single and hybrid nanofluids 

in a helically featured straight pipe, considering different Reynolds numbers and nanoparticle concentrations. 

With dimensional modifications, such as helical corrugation pitch (P) and height (e) at the inlet, different case 

studies were performed for comparison in heat exchanger performance. The schematic diagram of helically 

corrugated pipe is shown in Fig. 1.5. The simulations were conducted using the ANalysis SYStem (ANSYS) 

commercial program, employing the Realizable k-epsilon turbulence model. The results showcased that the 

smallest corrugation pitch notably increased performance.  

 

 

Figure 1.5. Schematic diagrams of helically corrugated pipe [35]. 

S.M.N.U. Islam et al. [36] simulated characterizing the thermos-hydraulic performance of nanofluids and 

hybrid nanofluids in helical pipes with various jacket shapes. Three jacket shapes (circular, square, and 

triangle) were used in this study are as shown in Fig. 1.6. A computational framework was employed to analyze 

turbulent flow in three dimensional helical pipes with Reynolds numbers ranging from 5,000 to 30,000 and a 

constant heat flux of 1,000 W/m2. The results showed that using different nanofluids significantly improves 

the Nusselt number value and heat transfer coefficients, from 36 % to 60 % compared to water in a smooth 

coiled pipe. 
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Figure 1.6. Isometric view of the helical pipe with different shapes of jackets [36]. 

Furthermore, M. Awais et al. [37] evaluated thermo-hydraulic performance of a serpentine tube heat 

exchanger using computational fluid dynamics to optimize heat transfer and pressure drop. The results showed 

that low-to-high serpentine tube provided higher heat transfer performance than the other cases.  

All the above studies highlighted heat transfer enhancement of the heat exchangers using nanofluids and 

improving the shape of the heat transfer surface area. This indicates that innovative heat exchanger 

technologies are increasingly popular in many industrial applications. 

1.2.2 Literature review on the environmental control system for greenhouse cultivation 

Maintaining optimal environmental conditions within greenhouses is crucial for successful crop 

cultivation. Cooling/heating systems play a key role in greenhouse cultivation to create a favorable 

environment for crop cultivation. 

One of the primary challenges in greenhouse cultivation is regulating the air temperature. In cool regions, 

heating the greenhouse air is a well-established and straightforward process. However, in hot and sunny regions, 

cooling the greenhouse air is a more complex task, as the available cooling technologies are still limited 

compared to heating systems. Additionally, cooling systems are generally more expensive to install and operate 

than heating systems. However, both the cooling and heating systems’ high energy consumption is still an 

issue in greenhouse cultivation compared to open-field agriculture. 

1.2.2.1 Cooling technologies in greenhouse cultivation 

The cooling technologies inside the greenhouse plantation are usually necessary for tropical and 

subtropical regions as the weather is usually warm throughout the year. The cooling in greenhouse cultivaiton 

can be classified into two main categories: passive and active systems. Passive systems include greenhouse 

orientation and shape, shading systems, and natural ventilation to reduce the temperature inside the greenhouse 

without consuming additional water or power. Furthermore, the active systems such as evaporative cooling 

and earth-air heat exchanger systems where electricity is required to operate pumps, fans or heat pumps. 

Several design features strongly contribute to the decrease in the cooling requirements, namely, the 

orientation and shape, covering materials and shading sytems in the greenhouse [38]. The structural layout of 

(a) ci.t・cularjacket (b) squai・e jacket (c) h"iangle jacket 
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greenhouses consists of typical frames with different kinds of shapes [39]. The most common shapes of the 

greenhouses are gabic even/uneven span, modiefied quonsent, quonset, and modified arch shapes as shown in 

Fig. 1.7. According to Choab et al. [40] and Sethi [41], independently of the considered location, the quonset 

form corresponds to the minimal values of the temperature and solar collection, as opposed to the uneven-span 

shape, which allows for maximum solar capture, as well as high heat records. As for the orientation, it is 

concluded in many comparative studies that the East–West (E–W) orientation is more convenient at all 

latitudes, except near the equator, where summer is weakly insolated compared to winter. 

 

 

Figure 1.7. Different shapes of greenhouses [38]. 

Stanciu et.al [42] studied the effect of the greenhouse orientation, with respect to the E–W axis, on its 

required heating and cooling loads for an even-span greenhouse of 180 m2 at 44.25 ºN latitude as shown in 

Fig.1.8. They found that, for the E–W orientation, the cooling and heating requirements were reduced by 125 

kWh/day in June, and by 87 kWh/day in January, respectively. These energy savings for the E–W orientation, 

with respect to North- South axis, in both the summer and winter periods, has been confirmed by previous 

studies [43,44]. 

 

Spherical dome

Gabic even span

Hyperbolic paraboloid

Gabic uneven span

Modified quonset

Quonset
Mansard roof

Single slope

Gothic arch
Modified arch



 

8 

 

 

Figure 1.8. Sunrays fall on a East-West oriented greenhouse in a day: in the morning (left side), at noon (in 

center), in the evening (at right) [42]. 

On the other hand, specific covering materials can also provide the appropriate shading/reflection effect, 

namely, colored plastic films and near infrared radiation (NIR) filtering plastic films [45]. The selection of the 

appropriate covering material is realized on the basis of the amount of intercepted radiation, as well as crop 

types. The minimum transmissivity of the covering material was around 0.7 [46].  

B. Wei et.al [47] investigated two types of greenhouses with removable back walls that are suitable for 

the climate in southern Jiangsu province, China to improve the thermal performance of conventional single-

span greenhouses as shown in Fig. 1.9 (a). One type of the greenhouse with a fully removable back wall and 

one with a half-removable back wall as shown in Figs. 1.9 (b) and (c). Their results suggested that the air 

temperature inside the greenhouse is lowered by 5 ºC, and the energy requirements for cooling are reduced by 

8%.  

 

 

(a) External view of fully removable and half removable back wall greenhouse 
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(b) Greenhouse with a fully removable back wall 

 

(c) Greenhouse with a half removable back wall 

Figure 1.9 Photographs of the experimental greenhouses [47]. 

Near infrared radiation (NIR) filtering films are recommended for harsh climates since they reflect the 

near infrared radiation without affecting the crop photosynthesis or the plant growth. A. M. Abdel-Ghany et 

al.[48] reviewed the advantages of greenhouse covers that incorporate NIR reflectors. The most important 

characteristics of greenhouse covering films are ability to provide cooling, high mechanical strength, and 

durability against photodegradation. A model of such a film covering is shown in Fig. 1.10. Their survey 

focused on how the cover type affects the transmittance of photosynthetically active radiation, the reflectance 

or absorptance of NIR, and the greenhouse air temperature. NIR-reflecting plastic films seem to be the most 

suitable, low cost and simple cover for greenhouses under arid conditions. They concluded that NIR-reflecting 

covers are able to reduce greenhouse air temperature by no more than 5◦C. This reduction is not enough in 

regions where the ambient temperature may exceed 45 ºC in summer. C. Stanghellini et al. [49] investigated 

the effect of NIR-reflective screen material on ventilation requirement, crop transpiration and water use 

efficiency of a greenhouse rose crop in an experiment whereby identical climate was ensured in greenhouse 

Fully removable back wall

Half removable back wall
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compartments installed with either NIR-reflective or conventional material as internal movable screens. They 

pointed out that the NIR-filter reduced the energy load of the greenhouse by 8%. 

 

 

Figure 1.10. A model polyethylene film for greenhouse covering [48]. 

Shading and reflection are the basic concepts in the reduction and avoidance of intense solar radiation, 

and they therefore reduce the cooling requirements. Several shading methods have been used and investigated, 

such as roof shading, external shading, and different material shading nets. 

A. Baille [50] studied the influence of whitening a greenhouse roof on microclimate and canopy 

behaviour during summer in a greenhouse located in the coastal area of eastern Greece. They measured the 

microclimate variables such as intercepted net radiation, canopy temperature and canopy transpiration rate of 

a well-watered soilless rose canopy over several days before and after roof whitening. They stated that 

whitening reduced the average glasshouse transmission coefficient for solar radiation from 0.62 to 0.31. As a 

consequence, air temperature, vapour pressure deficit and canopy-to-air temperature difference experienced 

drastic changes while transpiration rate was not strongly affected, being slightly higher (about 18%) after 

whitening. 

A M. Abdel-Ghany et al.[51] evaluated the effect of different shading configurations on the solar and 

thermal radiation in a greenhouse. Nets at four different locations were employed to shade the roof and side-

walls of a polycarbonate, mechanically ventilated greenhouse as shown in Fig. 1.11. The net solar and thermal 

radiations and air temperature were measured outside and inside two identical shaded and unshaded 

greenhouses. One greenhouse 

was kept without shading and the other was shaded using five different configurations: (1) horizontally above 

the roof using a black plastic net of 250 𝜇m thickness and 30% porosity; (2) horizontally above the roof using 

the black plastic net and vertically inside the side-walls using the black plastic net; (3) horizontally below the 

roof using a white plastic net of 185 𝜇m thickness and 50% porosity; (4) horizontally below the roof using a 

thermal screen of 183 𝜇m thickness and 15% porosity; (4) horizontally below the roof using the white plastic 

net and vertically, inside the side-walls, using the black plastic net as shown in Figs. 1.11 (a) – (d). They carried 

out the experiments on clear sunny days in the period from 18 to 26 December 2014. Their results showed that 

external roof-shading is desirable, as it reduced the generated thermal radiation in the greenhouse by 21% and 

15% during the day and night time, respectively and reduced the greenhouse air temperature during the day. 

NIR- reflecting or NIR- filtering pigment (coating)

Blend Low-Density Polyethylene Ultraviolet stabilizer
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The internal shading (roof and side walls) is undesirable, since it drastically increased the generated thermal 

radiation in the greenhouse by 147% and strongly increased the greenhouse air temperature during the day. 

Shading the side-walls is not recommended because it significantly reduces the transmitted solar radiation in 

the morning and afternoon (when the outside irradiance is low) and is useless at around noon when the outside 

irradiance is extremely high. It was proven that external shading is more effective in radiation control than 

under-roof and side-wall placements. 

  

(a) Outside roof (black plastic net) (b) Outside roof and side walls (black plastic net) 

  

(c) Inside roof (white net and thermal screen) (d) Inside roof (white net), side walls (black plastic 

net) 

Figure 1.11. Schematic diagram for the greenhouse shaded at different locations [51]. 

Y. Tang et al. [52] assessed the impact of differences in both temperature and light factors caused by 

opaque photovoltaic modules and solar heating on strawberry growth and quality in a constructed greenhouse. 

A solar greenhouse with opaque photovoltaic modules and a solar combined air source heat pump system was 

built for strawberry production. The experimental device shown in Fig. 1.12 was built in Kunming, China 

(longitude 102.68°E and latitude 25.07°N). The greenhouse was installed on the roof of a solar energy research 
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institute building, with an east-west orientation. Opaque photovoltaic modules were installed on the roof of 

the greenhouse. Their results showed that the yield of the shaded strawberry was 1.2 times higher than that of 

the unshaded samples. In summary, strawberry plants shaded by opaque photovoltaic modules were superior 

to unshaded strawberry plants in terms of growth, quality, and yield. 

 

 

Figure 1.12. Layout of the experimental solar greenhouse system [52]. 

In recent decades, natural ventilation methods for greenhouse cooling have been studied in depth and 

many passive design techniques have been successful to various degrees. This method is straightforward and 

does not necessarily require much external energy. The air is driven by the disparity in the pressure between 

the outside and inside greenhouse environment [53]. A. Reyes-Rosas et.al [54] predicted temperatures of 

airflow, crops, cover, and soil in a naturally ventilated greenhouse using a dynamic semi-empirical model as 

shown in Fig. 1.13. Synopta software (Hortisystems UK Ltd, West Sussex, UK) was used to control the vent 

opening. Their study revealed that decreasing air movement produced an important heterogeneity in the 

distribution of temperature, with the difference of 7−8 ºC between the zones near the plants, and close to the 

greenhouse covering in the middle of spans, where the hot air accumulated because of buoyancy driven flows. 

Although natural ventilation is a useful way to cool air with little energy consumption, using it alone is 

sometimes not sufficient to lower air temperature for some crops cultivation. 

Opaque photovoltaic modules 

Shading

Light factor



 

13 

 

 

Figure 1.13. Naturally ventilated greenhouse [54]. 

Generally, evaporative cooling is the technology that uses water that evaporates and absorbs heat from 

the air, thereby reducing its temperature [55]. E. Romantchik et al. [56] determined the energy required by a 

fan-pad system in the span-type greenhouse with a double layer of polyethylene plastic cover. Then, the size 

of the photovoltaic system to generate the energy required by the fan-pad system was also predicted. Figure 

1.14 shows fan and pad evaporative cooling in greenhouse. A model calibrated with experiments was 

developed to predict the greenhouse temperatures, ventilation rates, and energy consumption which allowed 

the reliable sizing of the photovoltaic systems. The work highlighted that the grid-connected photovoltaic 

system was able to generate all the energy consumed by the fans. 

 

Figure 1.14. Fan and pad evaporative cooling in greenhouse [56]. 

J. H. AlSadah [57] proposed a new design that features a layer of liquid or water solution between two 

layers of commercial-grade glass as shown in Fig 1.15. This design effectively absorbs thermal radiation and 

can be integrated with an active heat dissipation system to enhance cooling efficiency. Their results indicated 

that the liquid filter can significantly reduce thermal load, with reductions ranging from 31-62%. Additionally, 

the filter allows for a reduction in the photosynthetically active portion of the solar spectrum between 32-79%. 
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Figure 1.15. Proposed liquid filter ceiling in greenhouse [57]. 

P. Banik et al. [58] developed a thermal model of a distributed fan-pad evaporative cooler coupled with 

solar desiccation as shown in Fig. 1.16, used in a floricultural greenhouse in Indian sub-continent. The study 

considered the influence of crop transpiration and other parameters such as area index and characteristic length 

of crop leaf. Their study concluded that coupling desiccants with evaporative cooling provides improved 

cooling effect. The maximum temperature in the greenhouse was predicted as 26.6 ºC in June, while the 

temperature of the conventional fan pad system reached up to 28 ºC. 

 

 

Figure 1.16. Schematic diagram of the solar desiccant assisted distributed fan-pad ventilated greenhouse 

system [58]. 
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Earth-air heat exchangers have emerged as a promising technology that can efficiently utilize the 

underground thermal potential to preheat the greenhouse air temperature in summer and vice versa in winter 

[59]. 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 [60].  

The mechanism of heat transfer of earth-air heat exchanger is as shown in Fig.1.17 .The pulled air is 

pushed by an air blower to flow through the tubes of the exchanger as a mediator heat carrier to the medium 

required to be conditioned by a process of heat exchange between it and the soil through the walls of the tubes, 

where the heat is transferred from the air flowing through the tube to its walls by convection and then 

transmitted through it by conduction to the surrounding soil [61]. In this way, the earth-air heat exchanger 

system provides air temperature control in the greenhouse. 

 

 

Figure 1.17. Heat exchange between tube air and soil [61]. 

J. Xiao et al. [62] investigated the thermal performance of an earth-air heat exchanger applied in a 

greenhouse. Figure 1.18 shows the earth-air heat exchanger and greenhouse in their study. A mathematical 

heat balance model and the three-dimensional unsteady Computational Fluid Dynamics (CFD) model 

predicted the greenhouse and system outlet temperature and analyzed the main parameters. Their result showed 

that earth-air heat exchanger can increase the night temperature by 1.41 ºC and decrease the day temperature 

by 1.87 ºC in winter and summer, respectively, and effectively reduce the fluctuation of indoor temperature. 
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Figure 1.18. Earth air heat exchanger system and greenhouse [62]. 

In recent decades, the innovative idea of using closed greenhouse was formed to conserve water and 

energy [63]. In the closed greenhouse, concept aquifers are used to store excess heat in summer to heat the 

greenhouse in winter. Air is circulated in a greenhouse as shown in Fig.1.19. This technique is already applied 

in hundreds of office buildings, hospitals, and apartment blocks, but is rather new to greenhouses. In winter, 

water from the warm side is pumped up to heat the greenhouse using heat pumps, and the cooled water is 

stored at the cold side of the aquifer. Much more heat is stored than can be used in the closed greenhouse.  

 

 

Figure 1.19. Air circulation in a closed-greenhouse [63]. 
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1.2.2.2 Heating technologies in greenhouse cultivation 

Heating greenhouses is essential to provide favorable climatic conditions for growing plants under cold 

periods. A. Bazgaou et al. [64] studied the performance of an Active Solar Heating System (ASHS) consisting 

of two solar water heaters equipped with flat solar collectors, two storage tanks, and exchanger pipes. Figure 

1.20 (a) shows their experimental greenhouse system and Figure 1.20 (b) depicts the functioning diagram of 

the ASHS system for greenhouse. During the day, the water is heated in the thermosyphon solar collectors and 

stored in tanks before being placed into circulation in the exchanger pipes to distribute the heat to the 

greenhouse area of tomato cultivation. Their experimental results showed that the ASHS system improved the 

nocturnal climatic conditions under greenhouse. The suitable heated environment created by the ASHS system 

increased the absorption of nutrients, which improved the external quality (color, size, weight, and firmness) 

and the internal quality (sugar content, acidity, and taste) of tomato fruits. This improvement was also reflected 

by increasing total tomato yield by 55% in the winter period. 

 

 
 

(a) Description of experimental greenhouse (b) Functioning scheme of the Active Solar 

Heating System (ASHS) system 

Figure 1.20. Active Solar Heating System and greenhouse [64]. 

M. Ameen et al. [65] evaluated a heating system that can provide heat directly to the root zone instead of 

heating the entire greenhouse for winter-grown green peppers as shown in Fig 1.21. Figure 1.21 (a) shows the 

pot equipped with a heating source and Figure 1.21 (b) the experimental setup with the heating system. They 

stated that this heating system is a viable option to reduce energy consumption. Root zone heating could be an 

effective alternative for the sustainable development of plants during the winter. 
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(a) Heating pot with a heating source (b) Experimental heating system 

Figure 1.21. Root zone heating system [65]. 

M. Zhao et al. [66] developed vertical heat exchange tube arrays specifically designed for greenhouses. 

The tube arrays are one-third buried in the soil and the rest is in the air to regulate the indoor air temperature 

of the greenhouse as shown in Fig. 1.22. The hollow aluminum heat exchange tube has a cross-sectional square 

size of 80 mm × 40 mm and a wall thickness of 2 mm. As a group, 16 hollow vertical heat exchange tubes 

were arranged in the arch shed in the greenhouse. The greenhouse dimension is 3 m in width, 2 m in depth, 

and 2.2 m in height. Their focus is on enhancing the passive heat absorption and heat storage efficiency of the 

device and its influence on the thermal environment of the greenhouse. In order to improve the heat absorption 

and storage efficiency of the heat exchanger device and its impact on the greenhouse thermal environment, 

experimental comparative analysis was conducted using air, water, and phase-change materials as working 

fluids inside the pipes. Notably, their results concluded that when the working fluid is a phase-change material, 

it has the most significant impact on the thermal environment of the greenhouse. 

 

 

Figure 1.22. Arch shed heat exchange tube in a greenhouse [66]. 
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1.2.3 Literature review of energy use in greenhouses in the European Union 

Energy use in the European Union greenhouse agriculture sector was reviewed. It is important to noted 

that data on the energy use in greenhouse cultivation in the European Union are fragmented and that available 

data are extremely limited. Thus, the literature provided data on greenhouse energy use both on a country level, 

for which there is some data available (for The Netherlands, Italy, Spain, Germany), and specifically for tomato 

production, a crop which has by far the most available data. 

High energy systems, which are more dominant in northern Europe, are generally heavily climate 

controlled and energy use is dominated by heating and cooling processes, while low energy systems, which 

are dominant in southern Europe, show a mixture of energy uses including heating, cooling, irrigation, lighting, 

fertilisers, and pesticides.  

Spain has the largest greenhouse sector by area in the European Union with an estimated 43,964 hectares 

under greenhouse production and is the largest supplier of greenhouse vegetables in Europe. F.J. Baptista et 

al. [67] studied the greenhouses which are heavily climatically controlled and exhibit large energy inputs. As 

shown in Fig. 1.23, the heating and cooling comprises for tomato production depending upon the locations of 

the greenhouses in Spain. It was found out that the energy consumption are the highest in the cities of Madrid 

and Navarra. 

 

 

Figure 1.23. Energy consumption in high energy intensity tomato greenhouse production in Spain (GJ/ha) [67]. 

In Greece, the area under greenhouse cultivation is approximately 5600 ha, which represents around 

0.12% of the country’s total cultivated land area. The most common vegetable crops grown in Greek 

greenhouses are tomato, cucumber, and pepper. Figure 1.24 shows energy consumption in high energy 

intensity greenhouse production in Greece for specific crop including tomato [68], lettuce [69], and flowers 

[70]. Since the greenhouse use high energy intensity, heating is the main energy consumption in all three crops. 
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Figure 1.24. Energy consumption in high energy intensity greenhouse production in Greece (GJ/ha) [68,69,70]. 

D. Visser et al. [71] conducted tomato and cucumber for low energy intensity greenhouse production. 

Figure 1.25 illustrates that low energy intensive greenhouses, demand for energy inputs is spread across 

fertilizers, materials, irrigation, pesticide, lighting, heating, and cooling. consumption. For both crops covered 

in the low energy intensity greenhouses, the energy inputs are around 250 GJ/ha, whereas in high energy 

intensity greenhouses they are many times higher, ranging from around 7,000 GJ/ha to 11,500 GJ/ha. By 

contrast, in high energy intensity greenhouses, energy used for heating dominates the consumption. 
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Figure 1.25. Energy consumption in low energy intensity greenhouse production in Greece (GJ/ha) [71]. 

The greenhouses in Italy are distributed all over the Italian peninsula with the majority, about 60%, 

located in southern regions. Italian greenhouse sector is of considerable economic importance for the national 

agricultural systems and a significant energy consumer. Data for Italy were only located for crop cultivated in 

low energy intensity greenhouses in central Italy as shown in Fig.1.26. Within these data, energy use ranges 

between 60 GJ/ha to 140 GJ/ha and suggest that electricity accounts for around half of all the energy inputs, 

followed by diesel at around a quarter of all energy inputs [72]. 

 

 

Figure 1.26. Energy consumption in low energy intensity greenhouse production in Italy (GJ/ha) [72]. 
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Data on greenhouse production in Germany is relatively scarce. J. Voss [73] suggested that only 3,689 

hectares are covered by greenhouses, of which an estimated 80% are glass greenhouses, 15% foil, and 5% stiff 

plastics, while 2,500 hectares are heated. The main crops cultivated in the German greenhouses are tomato, 

cucumber, certain plants and other crops. It is important to note that most of the facilities are relatively old; 

43.1% of the total number of greenhouses, which corresponds to almost 1,600 ha, were built before 1,982. 

Even though some of these facilities were upgraded to comply with the modern-day standards, most of them 

are still outdated and only 10.6% of the total facilities were built after 2,000. Furthermore, most the production 

area under glass which is specialized for vegetable crops is owned by “small” farmers.  

For Germany, D. Visser et al. [71] investigated the energy consumption in greenhouses for tomato and 

cucumber production as shown in Fig.1.27. The biggest share of the energy inputs is attributed to heating 

purposes, whereas a small portion of the energy inputs account for fertilizers. The available data suggested 

that close to 13,000 GJ/ha are consumed in the greenhouse cultivation of both crops, of which 99.6% accounts 

for heating purposes.  

 

Figure 1.27. Energy consumption in German greenhouse sector (GJ/ha) [71]. 

Figures 1.28 and 1.29 provide an overview of the energy data of high and low energy intensity greenhouse 

tomato production. They are presented according to country and in cases where multiple data points are 

available for one country simple averages were calculated. These data show some variations within categories, 

with energy inputs for high energy systems ranging from around 8,000 GJ/ha in Greece to around 15,000 GJ/ha 

in the Netherlands. In the high energy intensity systems, the vast majority of energy inputs are associated with 

heating and cooling activities, while in the low energy intensity systems fertilizers are the largest energy inputs. 

Importantly, this illustrates that energy inputs in high energy intensive tomato production systems are around 

50 times greater per hectare than in low energy intensive systems. This energy intensity translates into large 

differences in final yield, for instance, in the Netherlands the average tomato yield is around 50 kg/m2 while 

in southern Italy it is 7.6 kg/m2. 
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Figure 1.28. Energy inputs in high energy intensity tomato production systems (GJ/ha) [67, 71, 73]. 

 

 

Figure 1.29. Energy inputs in low energy intensity tomato production systems (GJ/ha) [71, 72, 75]. 

The above energy inputs literature review showcased the energy use in greenhouses in European Union. 

The literature review data depending upon the type of greenhouse, geographical area and crop grown. Overall, 

it can be indicated that the energy requirements for heating and cooling in energy intensive systems are very 
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cases, heating and cooling systems are powered by energy from fossil fuels but in recent years sustainable 

sources of heat, mainly geothermal, have been grown rapidly. 

The cooling and heating processes, which aim to maintain the greenhouse environment under optimal 

conditions, and which are suitable for crop growth, have the highest share of energy consumption, at about 65 

to 85% [76]. The cooling energy consumption in the Mediterranean region is about 100,000 kWh/ha per year, 

while no numerical estimate for the hot regions is available in the existing literature; however, the amount of 

energy consumed definitely reaches much higher values in the hot countries. For instance, the cooling energy 

consumption for protected crops in the United Arab Emirates ranged from 10.43 to 14.67 kWh/m2 during the 

production cycle. 

This energy consumption is mainly based on electric power, which is essentially produced from fossil 

energy, which is increasingly being depleted, which threatens the energy supply. Consequently, selecting and 

developing appropriate climate control techniques and more efficient cooling systems that aim to decrease the 

high amounts of energy and water consumption is considered to be the major challenge in the upcoming years, 

particularly in hot and arid countries. 

Challenges remain, such as the increased energy consumption associated with mentioned cooling and 

heating systems. To overcome this challenge, researchers have explored on minimizing energy consumption 

and obtaining suitable environmental conditions for cultivating crops [77]. Therefore, most of the researchers 

have intensively researched the methods for greenhouse cultivation to achieve the required environmental 

control as well as the minimum energy consumption.  

Moreover, many researchers focus on the entire facility environment in control agriculture. Limited 

studies existed focus for local climate control in greenhouse cultivation. Unlike the above-mentioned literature 

review, this thesis will focus on periodic air temperature control for the local area cooling and heating which 

is near the strawberry crop in greenhouse cultivation. 

1.3 Research objectives 

In particular, this thesis will address the periodic local climate control near the crops using a simple 

serpentine heat exchanger. The research objectives of this thesis are as follows: 

1.3.1 To investigate the local air temperature near the crops, the heat flux and pressure drop in the heat 

exchanger 

1.3.2 To examine the characteristics of periodic air temperature field change for local climate area 

cultivation 

1.3.3 To estimate and compare the theoretical energy requirement based on the experimental results 

between the whole area and the local area control of the practical greenhouse cultivation 

1.4 Research scopes 

1.4.1 An experimental system was set up for serpentine copper tube heat exchangers with the 

assumption that the actual crops were being left out. 
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1.4.2 Experiments were carried out in the laboratory. 

1.4.3 Inlet fluid temperature and fluid flow rate were experimental parameters. 

1.5 Significance of research 

1.5.1 A simple-shaped serpentine heat exchanger for local climate control appropriate for greenhouse 

agriculture is introduced. 

1.5.2 Local climate control for periodic air temperature field in the practical greenhouse application 

using a heat exchanger is proposed. 

1.5.3 Energy-saving method for changing periodic air temperature field for crop cultivation is 

presented. 

1.5.4 This heat exchanger system can be applied to tropical and temperate regions since the local 

climate control can provide for both cooling and heating. 

1.6 Outline of the thesis 

The thesis comprises 5 chapters. This chapter addresses the research background and motivation to 

address the novelty of this research, the literature review to highlight similar research work, the research 

objectives, the research scopes, and the significance of the research. 

Chapter 2 consists of the principles and theories related to basic heat transfer theory, evaluation of heat 

exchanger, internal forced convection, and natural convection. 

Chapter 3 describes the overview of the experimental concept, configuration of heat exchanger, 

experimental setup, and experimental conditions of this study. The sensors and equipment used for data 

collection are also described in detail. The calculating heat transfer in a serpentine copper tube heat exchanger 

is stated. The estimation of theoretical energy requirement method is stated as well. 

Chapter 4 discusses the experimental results such as local air temperature, heat flux, and pressure drop in 

the heat exchanger. Furthermore, periodic air temperature control such as the temperature difference between 

cooling and heating processes and transition time between them is evaluated. Moreover, the theoretical 

consideration of energy requirement for whole area and local area of the greenhouse crop cultivation was also 

estimated. 

Chapter 5 presents the concluding remarks and significant findings in this thesis.  
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Chapter 2 

Principle and theories 

The environmental climate control system for crop cultivation is essential in controlled environment 

agriculture, such as greenhouse cultivation. Currently, greenhouse cultivation is a popular trend in agriculture 

because it has the ability to produce crops all year round, with the possibility of increased crops yield. In 

greenhouse cultivation, cooling/heating (constant temperature control) is primarily provided throughout 

greenhouse areas for crop cultivation. Accordingly, the energy consumption in greenhouse cultivation is high. 

As the minimal energy consumption of the environmental control system is also important, the local 

climate control near the crops is of interest. In particular, some crops like strawberry require periodic 

temperature field in the day and nighttimes. Therefore, this thesis focuses on periodic air temperature control 

of local climate area near the strawberry crops in greenhouse cultivation.  

The fundamental theories relating to heat exchangers, forced convection, and natural convection are 

stated as below. 

2.1 Heat exchanger 

Heat exchangers are devices that enable the exchange of heat between two fluids that are at different 

temperatures while preventing them from mixing with each other. Heat exchangers are extensively employed 

in various practical applications, from heating and air-conditioning systems in a household, to chemical 

processing and power production in large plants. Heat exchangers differ from mixing chambers in that they do 

not allow the two fluids involved to mix. 

2.1.1 Classification of heat exchangers 

Various heat transfer applications require different types of hardware and different configurations of heat 

transfer equipment. A double-pipe heat exchanger has two concentric pipes with different diameters as shown 

in Fig. 2.1. In the double-pipe heat exchanger, the smaller pipe carries one fluid, and the annular space between 

the two pipes carries another fluid. The double-pipe heat exchanger can have two different flow arrangements: 

in parallel flow, the hot and cold fluids enter the heat exchanger at the same end and flow in the same direction. 

The second one is the counter flow, where the hot and cold fluids flow into the heat exchanger at opposite ends 

and move in the opposite directions [1]. 
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Figure 2.1. Related temperature profiles and different flow pattern in a double-pipe heat exchanger. 

(Source: Yunus A. Cengel and Afshin J. Ghajar, Heat and mass transfer. McGraw Hill, 2015) 

The most commonly used heat exchanger is the shell and tube type as shown in Fig 2.2. It has many 

applications in the power generation, petroleum refinery, chemical, and process industries. They are used as 

oil coolers, condensers, feedwater heaters, etc. This type of heat exchanger consists of a shell (a large pressure 

vessel) with a bundle of tubes inside it. One fluid runs through the tubes, and another fluid flows over the tubes 

(through the shell) to transfer heat between the two fluids. The set of tubes is called a tube bundle. Typically, 

the ends of each tube are terminated through holes in a tubesheet. The tubes are mechanically rolled or welded 

into the tubesheet face. Baffles are frequently inserted into the shell to improve heat transfer and preserve 

consistent tube spacing by forcing the fluid on the shell's outside to flow across the shell. Despite their 

widespread use, shell-and-tube heat exchangers are not suitable for use in automotive and aircraft applications 

because of their relatively large size and weight [2]. 

 

Figure 2.2. Shell and tube heat exchanger (one-shell pass and one-tube pass). 

(Source: Kuppan Thulukkanam, Heat Exchangers Classification, Selection, and Thermal Design. Taylor & 

Francis Group, 2024) 
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The plate and frame heat exchanger, sometimes known as the plate heat exchanger, is another innovative 

type of heat exchanger that has become widely used. It consists of several plates with corrugated flat flow 

passages as shown in Fig. 2.3. The hot and cold fluids pass through alternate passages, and thus each cold fluid 

stream is surrounded by two hot fluid streams. As a result, very effective heat transfer can be obtained. 

Additionally, by just adding additional plates, plate heat exchangers can expand to meet the increasing demand 

for heat transfer. They are well suited for liquid-to-liquid heat exchange applications, provided that the hot and 

cold fluid streams are at about the same pressure. 

 

Figure 2.3. A plate-and-frame liquid-to-liquid heat exchanger. 

(Source: Yunus A. Cengel and Afshin J. Ghajar. Heat and mass transfer. McGraw-Hill, 2015) 

2.1.2 Heat transfer methods and basic heat transfer theory 

Heat can be transferred by three methods. 

(a) Conduction – Energy is transferred between solids in contact 

(b) Convection – Convection is the mechanism of heat transfer through a fluid in the presence of bulk 

fluid motion. 

(c) Radiation – Energy is transferred by electromagnetic radiation. An example is the heating of the Earth 

by the sun. 

The natural principles of physics always allow the driving energy in a system to flow until equilibrium is 

reached. As long as there is a temperature differential, heat moves from the warmer body or the hottest fluid 

to the cold medium. A heat exchanger follows this principle in its endeavor to reach equalization. Heat is 

transferred between the hot and cold media in a heat exchanger by means of the surface. As a result, it is 

possible to heat or cool fluids or gases which have minimal energy levels. The theory of heat transfer from one 

fluid to another is determined by several factors such as  
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i. Heat is always transferred from a hot medium to a cold medium. 

ii. There must always be a temperature difference between the media, i.e., thermal gradient. 

iii. The heat lost from the hot medium is equal to the amount of heat gained by the cold medium. 

2.1.3 Evaluation of heat exchanger 

Heat exchangers typically run for a long time without changing their operating conditions. Thus, they can 

be considered as steady-flow devices. Consequently, the mass flow rate of each fluid remains unchanged, and 

the fluid properties such as temperature and velocity at any inlet or outlet remain constant. Furthermore, there 

is little to no change in the velocities and elevations of the fluid streams, which means that the kinetic and 

potential energy changes are negligible. In general, specific heat of the fluid varies with temperature. However, 

within a certain temperature range, it can be considered a constant at some average value with little loss in 

accuracy. Typically, axial heat conduction along the tube is usually insignificant and can be considered 

negligible. Lastly, the heat exchanger's outside is assumed to be completely insulated, meaning that any heat 

transfer happens solely between the two fluids and that there is no heat loss to the surrounding medium. 

The heat transfer rate, also known as the heat capacity or heat load, is a measure of the heat energy 

transferred in the heat exchanger per unit time. This is the most fundamental specification for describing heat 

exchanger performance. The idealizations stated above are closely approximated in practical applications and 

they significantly facilitate the analysis of a heat exchanger with little sacrifice from accuracy. Thus, they are 

commonly used. Under these assumptions, the first law of thermodynamics requires that the rate of heat 

transfer from the hot fluid be equal to the rate of heat transfer to the cold one, which can be described as, 

𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝑚̇𝑐𝑐𝑝𝑐(𝑇𝑐,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑐,𝑖𝑛𝑙𝑒𝑡) (2.1) 

and 

𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝑚̇ℎ𝑐𝑝ℎ(𝑇ℎ,𝑖𝑛𝑙𝑒𝑡 − 𝑇ℎ,𝑜𝑢𝑡𝑙𝑒𝑡) (2.2) 

where the scripts c and h denote cold and hot fluids, respectively, 𝑚̇ represents the mass flow rate of the flow 

rate, 𝑐𝑝  represents the specific heat of the fluid, 𝑇𝑖𝑛𝑙𝑒𝑡  is the inlet fluid and 𝑇𝑜𝑢𝑡𝑙𝑒𝑡  is the outlet fluid 

temperatures. 

It should be noted that the heat transfer rate 𝑄̇𝑡𝑜𝑡𝑎𝑙 which is assumed to be a positive amount, is from the 

hot fluid to the cold one along with the second law of thermodynamics. The multiplication of mass flow rate 

and the specific heat of the fluid is the heat capacity rate in heat exchanger analysis. This heat capacity rate is 

defined for the cold and hot fluids as 

𝐶𝑐 = 𝑚̇𝑐𝑐𝑝𝑐  (2.3) 

and 

𝐶ℎ = 𝑚̇ℎ𝑐𝑝ℎ  (2.4) 
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Thus, the equations 2.1 and 2.2 become 

𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝐶𝑐(𝑇𝑐,𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑐,𝑖𝑛𝑙𝑒𝑡) (2.5) 

and 

𝑄̇𝑡𝑜𝑡𝑎𝑙 = 𝐶ℎ(𝑇ℎ,𝑖𝑛𝑙𝑒𝑡 − 𝑇ℎ,𝑜𝑢𝑡𝑙𝑒𝑡) (2.6) 

 

2.2 Fundamental of convection 

Convection is classified as forced convection and natural (or free), depending on how the fluid motion is 

initiated. In forced convection, the fluid is forced to flow over a surface or in a pipe by external means such as 

a pump or a fan. In natural convection, any fluid motion is caused by natural means such as the buoyancy 

effect, which manifests itself as the rise of warmer fluid and the fall of the cooler fluid. Convection is also 

classified as external and internal, depending on whether the fluid is forced to flow over a surface or in a pipe. 

2.3 Internal forced convection  

Gas or liquid passing through pipes or ducts is usually utilized in heating and cooling applications. In 

these applications, a fan or pump forces the fluid to pass through a flow section long enough to achieve the 

required heat transfer. 

Circular cross section flow sections are generally referred to as pipes (particularly when the fluid is a 

liquid), while noncircular cross section flow sections are referred to as ducts (particularly when the fluid is a 

gas) can be seen in Fig. 2.4. Pipes with a small diameter are commonly called tubes. 

 

 

Figure 2.4. Internal forced convection caused by a fan or pump. 

2.3.1 Laminar and turbulent flow in tubes 

Flow in a tube can be laminar or turbulent based on the flow conditions. At low velocities, fluid flow is 

streamlined and hence laminar; but, as velocity increases beyond a threshold value, the flow becomes turbulent. 

The change from laminar to turbulent flow happens gradually over a range of velocities, with the flow 

(a) Ci.J.・cular pipe 

(b）Rectangular・ duct 
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fluctuating between laminar and turbulent before reaching its full turbulent state. In practical applications, 

most pipe flows are turbulent. Laminar flow occurs when highly viscous fluids such as oils flow in small 

diameter tubes or narrow passages. 

The Reynolds number is expressed as follows for flow in circular tubes. 

𝑅𝑒 =
𝑉𝑎𝑣𝑔𝐷

𝑣
=

𝜌𝑉𝑎𝑣𝑔𝐷

𝜇
=

𝜌𝐷

𝜇
(

𝑚̇

𝜌𝜋𝐷2/4
) =

4𝑚̇

𝜇𝜋𝐷
 (2.7) 

where 𝑉𝑎𝑣𝑔 is the average flow velocity, 𝑣 = 𝜇/𝜌 is the kinematic viscosity of the fluid and 𝐷 is the diameter 

of the tube. 

Reynolds number, Nusselt number, and the friction factor for flow in the noncircular tubes are based on 

the hydraulic diameter. It is defined as  

𝐷ℎ =
4𝐴𝑐

𝑝
 (2.8) 

where 𝐴𝑐 is the cross sectional area of the tube and 𝑝 is its wetted perimeter. Therefore, for circular tubes, this 

hydraulic diameter equivalent to the ordinary diameter 𝐷. 

It is desirable to know precise values of Reynolds numbers for laminar, transitional, and turbulent flows 

although this is not the case in practice. The reason is that the transition from laminar to turbulent flow also 

depends on the degree of disturbance of the flow by surface roughness, pipe vibrations, and fluctuations in the 

flow. It is stated that the flow in a tube is laminar for Re < 2300, fully turbulent for Re > 10,000, and transitional 

in between under most practical conditions. 

2.3.2 Thermal analysis  

In the absence of any work interactions, the conservation of energy equation for the steady flow of a fluid 

in a tube can be written as follows (Figure 2.5), 

𝑄̇ = 𝑚̇𝑐𝑝(𝑇𝑒 − 𝑇𝑖) (2.9) 

where 𝑄̇ is the heat transfer rate to or from the fluid, 𝑇𝑖 and 𝑇𝑒 are the mean fluid temperatures at the inlet and 

exit of the tube, respectively. 

 

Figure 2.5. Heat transfer to a fluid flowing in a tube. 
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2.3.3 Pressure drop  

Pressure drop (∆𝑃) is another quantity of interest in the analysis of pipe flow because ∆𝑃 is directly 

related to the power requirements of the fan or pump to maintain flow. Simply, pressure drop is the difference 

in total pressure between two points in a fluid-carrying network system.  

𝑑𝑃

𝑑𝑥
=

𝑃1 − 𝑃2

𝐿
 (2.10) 

where 𝑃1 is the pressure at the inlet tube, 𝑃2 is the pressure at the outlet tube and 𝐿 is the length of the tube. 

With the 𝑉𝑎𝑣𝑔, the pressure drop in laminar flow is regarded as 

∆𝑃 = 𝑃1 − 𝑃2 =
8𝜇𝐿𝑉𝑎𝑣𝑔

𝑅2
=

32𝜇𝐿𝑉𝑎𝑣𝑔

𝐷2
 (2.11) 

The symbol ∆ is usually used to indicate the difference between the final and initial values, for example,  

∆𝑦 = 𝑦2 − 𝑦1. However, in fluid flow, ∆𝑃 is used to designate pressure drop, and thus it is 𝑃1 − 𝑃2. 

From Eq. 2.11, it is noted that the pressure drop is proportional to the viscosity 𝜇 of the fluid. ∆𝑃 would 

be zero if there were no friction. Thus, the drop of pressure from 𝑃1 to 𝑃2 in this case is due entirely to viscous 

effects, and Eq. 2.11 represents the pressure loss ∆𝑃𝐿  when a fluid of viscosity 𝜇 flows through a pipe of 

constant diameter 𝐷 and length 𝐿 at average velocity 𝑉𝑎𝑣𝑔. 

Figure 2.6 shows the schematic diagram of pressure drop in a pipe. It is convenient to express the pressure 

loss for all types of fully developed internal flows (laminar or turbulent flows, circular or noncircular pipes, 

smooth or rough surfaces, horizontal or inclined pipes) as by the following equation. 

∆𝑃𝐿 = 𝑓
𝐿

𝐷

𝜌𝑉𝑎𝑣𝑔
2

2
 (2.12) 

where 𝜌𝑉𝑎𝑣𝑔
2 2⁄  is the dynamic pressure and 𝑓 is the Darcy friction factor and it can be expressed as 

𝑓 =
8𝜏𝑤

𝜌𝑉𝑎𝑣𝑔
2 (2.13) 

where 𝜏𝑤 is the shear stress. 

 

Figure 2.6. Schematic diagram of pressure drop in a pipe. 
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From Eq. 2.11 and Eq 2.12 equivalent and solving for 𝑓 becomes friction factor for fully developed 

laminar flow in a circular tube as shown in Eq. 2.14. This equation shows that in laminar flow, the friction 

factor is a function of the Reynolds number only and is independent of the roughness of the pipe surface. 

𝑓 =
64𝜇

𝜌𝐷𝑉𝑎𝑣𝑔
2 =

64

𝑅𝑒
 (2.14) 

Pressure losses in piping system analysis are typically stated in terms of the equivalent fluid column 

height, named head loss ℎ𝐿. Since pressure drop ∆𝑃 = 𝜌𝑔ℎ and ∆𝑃 also equal to a fluid height of ℎ = ∆𝑃/𝜌𝑔, 

the pipe head loss can be calculated by dividing ∆𝑃𝐿 by 𝜌𝑔 to obtain 

ℎ𝐿 =
∆𝑃𝐿

𝜌𝑔
= 𝑓

𝐿

𝐷

𝑉𝑎𝑣𝑔
2

2𝑔
 (2.15) 

The heat loss ℎ𝐿 presents the additional height that the fluid needs to be boosted by a pump to overcome 

the frictional losses in the pipe. Viscosity is the cause of the head loss, which is directly correlated with the 

wall shear stress. Equation 2.12 is valid for both laminar and turbulent flows in both circular and noncircular 

tubes. However, Eq.2.14 is valid only for fully developed laminar flow in circular pipes. 

When the pressure loss or head loss is known, the required pumping power to overcome the pressure loss 

can be obtained from 

𝑊̇𝑝𝑢𝑚𝑝,𝐿 = 𝑉̇∆𝑃𝐿 = 𝑉̇𝜌𝑔ℎ𝐿 = 𝑚̇𝑔ℎ𝐿 (2.16) 

where 𝑉̇ is the volume flow rate and 𝑚̇ is the mass flow rate. 

The average velocity for laminar flow in a horizontal tube of Eq. 2.11 becomes  

𝑉𝑎𝑣𝑔 =
(𝑃1 − 𝑃2)𝑅2

8𝜇𝐿
=

(𝑃1 − 𝑃2)𝐷2

32𝜇𝐿
=

∆𝑃 𝐷2

32𝜇𝐿
 (2.17) 

Thus, the volume flow rate for laminar flow through a horizontal tube of diameter 𝐷 and length 𝐿 is 

𝑉̇ = 𝑉𝑎𝑣𝑔𝐴𝑐 =
(𝑃1 − 𝑃2)𝑅2

8𝜇𝐿
𝜋𝑅2 =

(𝑃1 − 𝑃2)𝜋𝐷4

128𝜇𝐿
=

∆𝑃 𝜋𝐷4

128𝜇𝐿
 (2.18) 

2.4 Natural convection  

Natural convection which is also called free convection is the motion that results from the interaction of 

gravity with density differences within a fluid. The differences may result from gradients in temperature, 

concentration, or composition. The fluid motion in forced convection is quite obvious as a fan or a pump can 

transfer enough momentum to the fluid to move it in a certain direction. However, the fluid motion in natural 

convection is often not noticeable because of the low velocities involved. 
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2.4.1 Physical mechanism of natural convection  

The hot object can be cooled down naturally in the surrounding air temperature as shown in Fig. 2.7. 

When the hot object is exposed to cooler air, the temperature of the outside of the object will drop and the 

temperature of adjacent air to the object will rise. Consequently, the object is surrounded with a thin layer of 

warmer air and heat will be transferred from this layer to the outer layers of air. In this case, cooling occurs 

slowly because the object would always be blanketed by warm air and it has no direct contact with the cooler 

air located farther away. 

The temperature of the air adjacent to the hot object is higher, thus its density is lower. As a result, the 

heated air rises. This movement is called the natural convection current. The heat transfer that is enhanced as 

a result of this natural convection current is called natural convection heat transfer. It should be noted that in 

the absence of this movement, heat transfer would be by conduction only and its rate would be much lower. 

 

 

Figure 2.7. Cooling process of hot ball in cooler environment by natural convection. 

A net force pushes upward a light fluid placed in a heavier fluid in a gravitational field. The buoyancy 

force is the upward force exerted by a fluid on a body completely or partially immersed in it. The magnitude 

of the buoyancy force is equal to the weight of the fluid displaced by the body. It can be expressed as,  

𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 = 𝜌𝑓𝑙𝑢𝑖𝑑  𝑔 𝑉𝑏𝑜𝑑𝑦 (2.19) 

where 𝜌𝑓𝑙𝑢𝑖𝑑is the density of the fluid, 𝑉𝑏𝑜𝑑𝑦 is the volume of the portion of the body immersed in the fluid, 

and 𝑔 is the gravitational acceleration. 

When there are no other forces, the net vertical force acting on a body is the difference between the weight 

of the body and the buoyancy force. That is, 

𝐹𝑛𝑒𝑡 = 𝑊 − 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 =𝜌𝑏𝑜𝑑𝑦 𝑔 𝑉𝑏𝑜𝑑𝑦 − 𝜌𝑓𝑙𝑢𝑖𝑑  𝑔 𝑉𝑏𝑜𝑑𝑦 (2.20) 

And Eq. 2.20 becomes 

𝐹𝑛𝑒𝑡 = (𝜌𝑏𝑜𝑑𝑦  − 𝜌𝑓𝑙𝑢𝑖𝑑) 𝑔 𝑉𝑏𝑜𝑑𝑦 (2.21) 
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This force is proportional to the difference in the densities of the fluid and the body immersed in it. Hence, 

a body immersed in a fluid will experience a “weight loss” in an amount equal to the weight of the fluid it 

displaces. This is known as Archimedes’ principle.  

In daily life, there are numerous applications of the buoyancy effect. This is because, without buoyancy, 

heat transfer between a cold (or hot) surface and the fluid around it would occur by condition instead of natural 

convection. Owing to buoyancy, the natural convection currents exited in the oceans, lakes, and the atmosphere. 

In addition, due to buoyancy, light boats and even heavy steel battleships float on water as can be seen in Fig. 

2.8. The foundation of ship design is the idea that the total weight of a ship, including its cargo, equals the 

weight of water that the ship's submerged volume can hold. 

 

 

Figure 2.8. Buoyancy force keeps the ship floating in water (𝑊 = 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 for floating objects). 

(Source: Yunus A. Cengel and Afshin J. Ghajar. Heat and mass transfer. McGraw-Hill, 2015) 

Temperature is the main variable in heat transfer studies, and it is desirable to represent the net buoyancy 

force (Eq. 2.21) in terms of temperature differences. However, this requires expressing the density difference 

in terms of a temperature difference, which requires a knowledge of a property that represents the variation of 

the density of a fluid with temperature at constant pressure. The volume expansion coefficient 𝛽, is the property 

that provides this information and can be defined as, 

𝛽 =
1

𝑉
 (

𝜕𝑉

𝜕𝑇
)𝑃 =  −

1

𝜌
 (

𝜕𝜌

𝜕𝑇
)𝑃 (2.22) 

At constant pressure, the volume expansion coefficient can be expressed approximately by replacing 

differential quantities by differences as 

𝛽 ≈  −
1

𝜌
 
∆𝜌

∆𝑇
= −

1

𝜌
 
𝜌∞ − 𝜌

𝑇∞ − 𝜌
 (2.23) 

where 𝜌∞ is the density and 𝑇∞is the temperature of the quiescent fluid away from the surface. 

The volume expansion coefficient 𝛽 of an ideal gas ( 𝑃 = 𝜌𝑅𝑇) at a temperature T is equivalent to 

the inverse of the temperature, 
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𝛽𝑖𝑑𝑒𝑎𝑙 𝑔𝑎𝑠 =
1

𝑇
  (2.24) 

where 𝑇 is the thermodynamic temperature. It should be noticed that a large value of 𝛽 for a fluid means a 

large change in density with temperature and the product 𝛽∆𝑇 represents the fraction of volume change of a 

fluid that corresponds to a temperature change ∆𝑇 at constant pressure. Moreover, the buoyancy force at 

constant pressure is proportional to the difference in density, which is proportional to the variation in 

temperature. Thus, the larger the temperature difference between the fluid adjacent to a cold(or hot) surface 

and the fluid away from it, the larger the buoyancy force and the stronger the natural convection currents, 

leading to a higher heat transfer rate. 

The dimensionless Grashof number represents the ratio of buoyant forces to viscous forces. It can be 

described as 

𝐺𝑟 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿𝑐

3

𝑣2
  (2.25) 

where 

𝑔  is gravitational acceleration, m/s2 

𝛽 is coefficient of volume expansion, 1/K (𝛽 = 1 𝑇⁄  for ideal gas) 

𝑇𝑠 is temperature of the surface, °C 

𝑇∞ is temperature of the fluid sufficiently far from the surface, °C  

𝐿𝑐 is characteristic length of the geometry, m 

𝑣  is kinematic viscosity of the fluid, m2/s 

As mentioned before, the dimensionless Reynolds number represents the ratio of inertial forces to viscous 

forces acting on the fluid. On the other hand, The Grashof number controls the flow regime in natural 

convection, which presents the ratio of the buoyancy force to the viscous force acting on the fluid as shown in 

Fig. 2.9.  

 

Figure 2.9. The Grashof number is a measure of the relative magnitudes of the buoyancy force and the opposing 

viscous force acting on the fluid. 
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Grashof number is important in natural convection while Reynolds number plays a key role in force 

convection. So, Grashof number can provide information in determining whether the fluid flow is laminar or 

turbulent. For instance, for vertical plates, the critical Grashof number is observed to be approximately 109. 

Hence, the flow regime on a vertical plate starts to become turbulent at Grashof numbers larger than 109. 

2.4.2 Natural convection over surface  

The orientation and shape of a surface affect the amount of heat transferred by natural convection. It also 

depends on the fluid's thermophysical characteristics and surface temperature fluctuations. An interferometer 

produces a map of interference fringes, which can be interpreted as lines of constant temperature as shown in 

Fig. 2.10. The smooth and parallel lines in Fig. 2.10 (a) show the flow is laminar, whereas the irregularities 

line in Fig. 2.10 (b) indicate that the flow is turbulent. Note that the lines are closest near the surface, indicating 

a higher temperature gradient [3]. 

 

Figure 2.10. Isotherms in natural convection over a hot plate in air. 

(Source: M. Necati Özisik, Heat transfer: a basic approach, McGraw Hill, 1985) 

For another example of natural convection, the velocity and temperature profile for natural convection 

over a hot vertical plate are shown in Fig. 2.11. 

(b) Turbulent flow(a) Laminar flow
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Figure 2.11. Typical temperature and velocity profiles for natural convection flow over a hot vertical plate.  

The simple empirical correlations for the average Nusselt number 𝑁𝑢  in natural convection can be 

expressed as 

𝑁𝑢 =
ℎ𝐿𝑐

𝑘
= 𝐶(𝐺𝑟𝐿𝑃𝑟)𝑎 = 𝐶𝑅𝑎𝐿

𝑎  (2.26) 

where ℎ  is heat transfer coefficient (W/m2 ⋅K), 𝑘  is thermal conductivity of air at film temperature 

(W/m⋅K), 𝑅𝑎𝐿  is the Rayleigh number, which is the product of the Grashof number, which explains the 

relationship between buoyancy and viscosity within the fluid. The Prandtl number, which describes the relation 

between momentum diffusivity and thermal diffusivity. 𝐶 and 𝑛 values are constant, and both of values depend 

on the geometry of the surface and the flow regime, which is determined by the range of Rayleigh number. 

The value of 𝑛 is usually 
1

4
 for laminar and 

1

3
 for turbulent flow. Normally, the value of the constant 𝐶 is less 

than 1. 

The Rayleigh number can be expressed as 

𝑅𝑎𝐿 = 𝐺𝑟𝐿𝑃𝑟 =
𝑔𝛽(𝑇𝑠 − 𝑇∞)𝐿𝑐

3

𝑣2
𝑃𝑟  (2.27) 

Table 2.1 presents simple relations for the average Nusselt number for several geometries. The 

characteristic lengths of the geometries and the ranges of Rayleigh number in which the relation is applicable 

are also provided. All fluid properties are to be evaluated at the film temperature 𝑇𝑓 =
1

2
(𝑇𝑠 + 𝑇∞). 
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Table 2.1. Empirical correlations for the average Nusselt number for natural convection over surfaces. 

Geometry 
Characteristic 

length, 𝐿𝑐 
Range of 𝑅𝑎𝐿 𝑁𝑢 

Vertical plate 

 

 

 

 

 

𝐿 

 

104-109 

1010-1013 

 

Entire range 

 

𝑁𝑢 = 0.59𝑅𝑎𝐿
1/4

  

𝑁𝑢 = 0.1𝑅𝑎𝐿
1/3

 

𝑁𝑢 = {0.825 +
0.387𝑅𝑎𝐿

1 6⁄

[1 + (0.492/𝑃𝑟)9 16⁄ ]
8

27

}

2

 

(Complex but more accurate) 

 

(2.28) 

(2.29)  

 

(2.30) 

Inclined plate  

 

 

 

𝐿 

 Use vertical plate equations for the upper surface of a 

cold plate and the lower surface of a hot plate. 

 

Replace 𝑔 by 𝑔 cos 𝜃 for    0 < 𝜃 < 60° 

 

Horizontal plate 

(Surface area 𝐴𝑠 and perimeter 𝑝) 

 (a) Upper surface of a hot plate  

(or lower surface of a cold plate)  

 

 

(b) Lower surface of a hot plate (or 

upper surface of a cold plate)  

 

 

 

 

 

𝐴𝑠/𝑝 

104-107 

107-1011 

 

 

 

 

 

 

 

 

 

105-1011 

 

𝑁𝑢 = 0.59𝑅𝑎𝐿

1
4 

𝑁𝑢 = 0.1𝑅𝑎𝐿
1/3

 

 

 

 

 

 

 

 

 

 

𝑁𝑢 = 2.7𝑅𝑎𝐿
1/4

 

 

(2.31) 

(2.32) 

 

 

 

 

 

 

 

 

 

(2.33) 

 

Vertical cylinder 

 

 

 

 

 

 

 

𝐿 

 A vertical cylinder can be treated as a vertical plate 

when 

𝐷 ≥
35𝐿

𝐺𝑟𝐿
1/4

 

Horizontal cylinder 

 

 
𝐷 

𝑅𝑎𝐷 ≤ 1012 𝑁𝑢 = {0.6 +
0.387𝑅𝑎𝐿

1/6

[1 + (0.559/𝑃𝑟)9/16]8/27
}

2

 

 

 

(2.34) 
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Sphere 

 

 

 

 

 

𝐷 
𝑅𝑎𝐷 ≤ 1011 

(𝑃𝑟 ≥ 0.7) 
𝑁𝑢 = 2 +

0.589𝑅𝑎𝐿
1/4

[1 + (0.469/𝑃𝑟)9/16]4/9
 (2.35) 

When the average Nusselt number and hence the average convection coefficient is known, the rate of heat 

transfer by natural convection from a solid surface at a uniform temperature 𝑇𝑠 to the surrounding fluid is 

described by Newton’s law of cooling as 

𝑄̇𝑐𝑜𝑛𝑣 = ℎ𝐴𝑡(𝑇𝑠 − 𝑇∞)  (2.36) 

where 𝐴𝑡 is the heat transfer surface area and ℎ is the average heat transfer coefficient on the surface. 

Summary 

It can be seen that different heat exchanger types are available depending on the purpose and applications 

to be used. For heat transfer enhancement in the heat exchanger, fins, plates are added to increase the heat 

transfer surface area. However, engineers and researchers utilized several heat exchangers designs according 

to their goals and applications. Moreover, natural convection is a heat transfer mode in which fluid motion 

results from the differences in density induced by thermal gradients, not external sources like fans or pumps. 

Hence, natural convection is heavily dependent on the temperature variations within the system. 

Controlled greenhouse cultivation is famous for its benefits such as increased crop production and quality. 

On the other hand, the enormous energy consumption is a major drawback in greenhouse cultivation. Therefore, 

this thesis employed a simple shape serpentine heat exchanger for local climate control near the crops which 

is appropriate for greenhouse cultivation in humid areas. The serpentine heat exchanger is considered because 

it has a simple design, does not prevent sunlight, is easy to maintain, and is easy to handle near the crops for 

greenhouse cultivation.  
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[3] M. Necati Özişik Heat transfer: a basic approach, McGraw Hill, 1985. 

 

D 



47 

 

Chapter 3 

Research methodology 

3.1 Overall experimental procedure 

This thesis focuses on periodic local climate control which is provided only near the crop area using 

serpentine copper tube heat exchanger. In particular, this thesis will evaluate the local air temperature near the 

crops as well as daily periodic temperature control. Furthermore, the theoretical energy requirements between 

the whole area control and local area control of the practical greenhouse will be addressed. The methodological 

flow chart of this thesis can be described as shown in Fig. 3.1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Methodological flow chart. 
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3.2 Overview concept of the experiment for temperature control in practical applications 

The concept of the illustration for real greenhouse applications is shown in Fig. 3.2. For practical 

greenhouse applications in the future, heat exchangers can be installed both over and under the crop to provide 

cooling and heating alternately by switching the supplied fluid as shown in Fig. 3.2 (a) and Fig. 3.2 (b). In the 

cooling process, hot water is stored during the condensation stage. In contrast, cold water is stored during the 

evaporation stage of the refrigeration cycle. With reference to temperature control, hot and cold water are used 

as auxiliary sources for heating and cooling, respectively. 

 

(a) Cooling 

 

(b) Heating 

Figure 3.2. Overview concept of periodic temperature control for cultivation. 
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3.3 Experiments in laboratory 

As the goals of this thesis were to evaluate the local air temperature and periodic air temperature change 

using the serpentine heat exchanger near the crops, an experimental test rig was set up in the laboratory. Then, 

the experiments were performed in the laboratory. 

3.3.1 Configuration of the heat exchanger 

Figure 3.3 shows the arrangement of the copper tube heat exchanger. Copper tubes were arranged in a 

serpentine shape and used as a heat exchanger. Copper has been selected due to its excellent thermal 

conductivity. Moreover, it has better corrosion resistance than other metals. The outer diameter of the copper 

tube was 15.88 mm, with a thickness of 0.8 mm. The length and width of the heat exchanger were 700 and 253 

mm, respectively, excluding the U-tube bends. The overall dimension of this heat exchanger can cover one 

small rectangular block area of the plantation. Moreover, this dimension is considered to be appropriate for 

creating low shade for the plants. The U-tube bends were insulated from the surrounding areas to evaluate the 

heat transfer exactly from the straight tubes.  

 

 

Figure 3.3. Serpentine copper tube heat exchanger (All units are in mm.). 

3.3.2 Experimental system set-up 

Figure 3.4 shows the experimental system setup. The dimensions of the experimental area are 1.4 m (W)× 

0.7 m (D) × 1.0 m (H). In the experiments, the Shape 1 heat exchanger was set up at only one level, and the 

air temperatures at the area below and above the heat exchanger were evaluated. For this purpose, the 

aluminum frame was constructed and the heat exchanger was installed 0.5 m from the bottom surface of the 

experimental system. This experimental construction also considers for the replacement of other heat 

exchanger configurations in the same test section area so that different heat exchanger configurations can be 

replaced easily. The experimental system was enclosed in insulation foam, thereby reducing direct contact 

with the laboratory. The insulation foam is Styrofoam. The thermal conductivity of the Styrofoam is 0.036 

W/m∙K with 30 mm thickness. 
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Figure 3.4. Overall dimension of the experimental system.  

3.3.3 Data acquisitions 

Figure 3.5 shows the local air temperature measurements at the area below and above the serpentine 

copper tube heat exchanger. The local air temperatures of the areas below and above the heat exchanger were 

measured by installing thermocouples in the vertical and horizontal planes. The positions of the thermocouples 

above the heat exchanger were indicated using (−) signs, whereas those below were indicated using (+) signs, 

because the airflow was downward owing to natural convection. Three layers each were considered above and 

below the heat exchanger. The layers below and above the heat exchanger were spaced at intervals of 50 mm, 

with the heat exchanger at the center. In total, 54 thermocouples were used, wherein nine thermocouples were 

positioned in each layer. The uncertainty in the vertical positions of the thermocouples was ±2 mm.  

Heat exchanger

0.7 m (D)

1.0 m (H)

1.4 m (W)
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Figure 3.5. Schematic diagram of air temperature measurement are below and above the heat exchanger. 

Figure 3.6 shows physical photos of thermocouples positions at the each vertical layer. Figure 3.6 (a) 

presents the thermocouples positions at the area below the heat exchanger and Fig. 3.6 (b) shows the 

thermocouples positions at the area above the heat exchanger. A detailed explanation of thermocouples’ 

positions and installation is shown in the previous figure. 

   

(a) Area below (b) Area above 

Figure 3.6. Physical thermocouples setup and positioning at the area below and above the heat exchanger. 

Figure 3.7 shows the upper and lower air temperature measurements in the experimental system. To 

monitor the air temperature far away from the heat exchanger, four thermocouples were placed near the ceiling 
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and floor area of the experimental system, respectively. The thermocouples are 450 mm vertically away from 

the heat exchanger for ceiling and floor area, correspondingly. 

 

 

Figure 3.7. Upper area and lower area air temperature measurement in the experimental system. 

A schematic diagram of the experimental system is shown in Fig. 3.8. The experimental system consists 

of a serpentine copper tube heat exchanger, a chiller to supply cool/hot fluid, a flow meter, a pressure difference 

sensor, thermocouples, and humidity sensors. A globe valve is used to adjust the flow rate. To reduce the water 

freezing temperature, ethylene glycol (40% by volume) was mixed into water (60% by volume). This water 

fluid was used as a working fluid in this thesis. Figure 3.9 shows the overall view photo of the experimental 

system including data loggers and the chiller. 

Experimental data were collected using three data loggers. Because several thermocouples were used in 

this experiment, the temperatures were calibrated before the experimental period. This was done to reduce the 

inaccuracy of the temperature measurements. The reference thermocouple was carefully chosen and remained 

at a stable temperature. After that, the other thermocouples were calibrated based on the reference 

thermocouple.  

The flowmeter was calibrated by manually weighing a precise amount of water and measuring the time 

required for the water to flow through the flowmeter. 

 

Ceiling area

Floor area
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Figure 3.8. Layout of the experimental system. 

 

Figure 3.9. Overall view of the experimental system including data loggers and chiller. 

Data loggers used in this thesis are Hioki 8422-50 data loggers and GL 840 WV data logger. Figure 3.10 

shows the picture of Hioki 8422-50 data logger and Table 3.1 lists the specification of Hioki data logger. Hioki 

data logger allows for the measurement of temperature, voltage, pulse cumulation, rotations and humidity. 
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Input channels such as analog 32 channels and pulse inputs 4 channels are available. Many thermocouple types 

including type K, E, J, T, N, W (WRe5-26), R, S, and B can be measured. 

 

Figure 3.10. Hioki 8422-50 data logger. 

Table 3.1. Specifications of Hioki 8422-50 data logger. 

Item Description 

Model Hioki 8422-50  

Measurement items Temperature, voltage, pulse cumulation, rotations, humidity 

Input channels Analog 32 channels isolated PHOTO-MOS relays 

Pulse Inputs: 4 channels 

Logic Inputs: 16 channels (using the 8993 DIGITAL I/O 

UNIT) 

Thermocouple types K, E, J, T, N, W (WRe5-26), R, S, and B 

Analog voltage input 4 ranges: 100 mV, 1 V, 10 V, 100 V and 1-5 V f.s. 

Recording interval 

100 ms to 1 hour (200 ms to 1 hour when using more then 17 

channels). 

Note: All input channels are scanned at high speed during 

each recording interval. 

Digital filter 

Off /50 Hz/60 Hz (when set to 50 or 60 Hz), the appropriate 

digital filter is automatically set according to the recording 

interval 

Memory capacity 
Internal: 32 MB (16 MW data points) 

External: up to 528 MB (Flash ATA Card) 

Power Supply (1) 9418-15 AC ADAPTER 
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Item Description 

(2) 9447 BATTERY PACK (NiMH, when used with AC 

adapter, the adapter has priority) 

In this thesis, GL840 data logger is also employed to measure the fluid temperature with the Resistance 

thermal detectors (RTD). Figure 3.11 shows GL840-WV data logger and Table 3.2 shows the specifications 

of this data logger. This GL 840 data logger accommodates a wide variety of measurements. The GL840 is a 

compact, lightweight, multi-channel, and multi-purpose data logger with a 7-inch color display.20-channels 

measurements are available with the standard terminal or Withstand high-voltage high-precision terminal, and 

200-channels measurements are available with the extension terminal base. In addition, when connecting 

various modules, the voltage, temperature and humidity as well as the acceleration, AC current, CO2, and 

illuminance / ultraviolet etc. can be measured. 

 

 

Figure 3.11. GL840-WV midi logger. 

Table 3.2. Specifications of the GL 840 data logger. 

Item Description 

Model GL840-WV 

Number of analog input 

channels 

20 channels in standard configuration, 

Expandable up to 200 channels 

Sampling interval 10 ms to 1 hour (10ms to 50ms: voltage only), External 

signal 

Operating environment 

0 to 45 ºC, 5 to 85 % RH (non condensed) 

(When operating with battery pack 0 to 40 ºC, charging 

battery 15 to 35 ºC) 
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Item Description 

Power source 

AC adapter 
100 to 240 V AC, 50/60 Hz (1 pc of adapter is attached as 

standard accessory) 

DC power 8.5 to 24 V DC (DC drive cable (option B-514) is required) 

Battery pack 
Mountable battery pack (battery pack (option B-569): 7.2V 

DC, 2900mAh) 

External dimensions 

(W × D × H in mm, Excluding 

projections) 

Approximately 240 × 166 × 52.5 

(Excludes AC adapter and battery pack) 

Weight Approximately 1035 g 

3.3.4 Specifications of sensors and equipment 

Table 3.3 lists the specifications of the measuring devices used in the study. Fundamental sensor 

specifications were employed to ensure accuracy during data collection. T-type thermocouples were used to 

measure the air temperatures and tube surface temperatures. Resistance thermal detectors (Pt 100) were used 

to measure the inlet and outlet fluid temperatures to obtain the fluid temperature difference. Since the heat flux 

of the heat exchanger was estimated from the fluid temperature difference, resistance thermal detectors are 

suitable to achieve reliable and accurate fluid temperature. Resistance thermal detectors were calibrated from 

the initial temperature difference before the experimental period. A differential pressure sensor (GC 50) was 

installed to measure the pressure drop in the system. Additionally, the flow rate was also measured. Relative 

humidity was monitored as a reference. 

Table 3.3. Specifications of the measuring devices. 

Parameters Device Accuracy 
Measurement 

range 

Air temperature Thermocouple (T-type) Class 2 −250 to 350 °C 

Fluid temperature Resistance thermistor 

(Pt 100) 
JIS*1 class A −50 to 200 °C 

Differential pressure Pressure sensor (GC 50, 

Nagano Keiki) 
±(1.0% FS*2+ 1 digit) at 23 °C 0 to 20 kPa 

Flow rate Flow meter 

(NW05- NTN, Aichi 

Tokei Denki) 

±2% RS*3±0.05 L/min 0.3 to 3.0 L/min 

Relative humidity 

(RH) 

Humidity sensors 

THD-DD2-V, Autonics; 

THD-R-V, Autonics 

 

±2% RH *4; 

±3% RH *4 

 

0 to 99%, 

0 to 99% 

*1 Japanese Industrial Standard. 
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*2 Full-scale. 

*3 Reading scale. 

*4 At room temperature 23°C±5°C. 

3.3.4.1 Temperature measurement 

As shown in Fig. 3.12, T-type thermocouples are used to measure the air temperatures and tube surface 

temperatures. One wire is made of copper, and the other is constantan (an alloy of copper and nickel). T-type 

thermocouples are suitable for measuring temperatures in the range of −250°C to 350°C. 

 

Figure 3.12. T-type thermocouple. 

Figure 3.13 shows the photos of resistance thermal detectors and their installation for measuring inlet and 

outlet fluid temperatures. Figure 3.13 (a) presents the Pt 100 resistance thermal detector. This sensor is used 

to measure the inlet and outlet fluid temperature of the heat exchanger. This sensor is a platinum resistance 

thermometer sensor with an extremely thin protective tube so it is suitable for precise temperature 

measurements such as minor temperature changes. Figures 3.13 (b) and (c) illustrate the physical photos of 

inlet and outlet fluid temperature measurements with resistance thermal detectors. Table 3.4 shows the general 

specifications of the resistance thermal detector. 

 

(a) Resistance thermal detector 
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(b) Physical photo of inlet fluid temperature 

measurement 

(c) Physical photo of outlet fluid temperature 

measurement 

Figure 3.13. Photos of resistance thermal detector. 

Table 3.4. General specifications of resistance thermal detector. 

Element Pt 100, three-wire type 

 Rated current  2 mA 

Class JIS class A 

Material of probe tube SUS316 

Response 
Room temperature, Boiling water (100 °C) 

About 1.5 seconds 

 

3.3.4.2 Pressure drop measurement 

In this thesis, pressures difference sensor (GC 50) was used to measure the pressure drop in the heat 

exchanger. Figure 3.14 shows the GC 50 sensor and Table 3.5 list the specification of the GC 50 sensor. GC 

50 is a multifunctional digital differential pressure gauge with a liquid-filled highly sensitive silicon 

capacitance sensor for detecting micro differential pressure featuring sensor module consisting of stainless 

diaphragm for wetted parts. This can be used for a variety of pressure media (gases and fluids).  

 

Resistance thermal detectors ( Resistance thermal detectors (
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Figure 3.14. GC 50 multifunctional digital differential pressure gauge. 

Table 3.5. Specifications of GC 50 multifunctional digital differential pressure gauge. 

Model 
GC 50 (Multifuctional digital differential pressure 

guage) 

Media Gases and fluids (Not corrosive to the wetted material) 

Differential pressure range 0 to 20 kPa 

Indication accuracy ±(1% F.S.+1 digit) at 23 ºC 

Power supply 
24 V DC±10% 

Withstand voltage: 500V AC50/60 Hz 

Model type Current output (2 wire system) 

Operating fluid temperature −10 to 70 °C (Non-freezing) 

Operating temperature and 

humidity 

−10 to 50 °C, 10 to 85 % RH (Non-freezing and 

condensing) 

Weight Main display body only: Approximately 520 g 

 

3.3.4.3 Volume flow rate monitoring 

The fluid circulation was monitored with the flow meter sensor as the volume flow rate is one of the 

important parameters for evaluating the heat transfer rate. The flow meter sensor (NW05- NTN) was used in 

this thesis as shown in Fig.3.15. The sensor is a digital display and its flow rate range is 0.3 to 3.0 L/min. The 

detail of the specification of flow meter is shown in Table 3.6. 
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Figure 3.15. Flow meter sensor. 

(Source: https://www.aichitokei.co.jp/products/flowsensor/nw/) 

Figure 3.16 shows the globe valve used for the experimental system. The flow rate was controlled by 

using globe valve. The globe valve was installed near the chiller system so that it is easy for open/closed 

manually. 

 

Figure 3.16. Globe valve for controlling flow rate.  

Table 3.6. Specifications of flow meter sensor. 

Model NW05-NTN 

Flow rate range 0.3 to 3.0 L/min 

Accuracy 
±2% RS±0.05 L/min 

 (At the standard installation positions) 
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Model NW05-NTN 

Fluid viscosity range 0.5 to 1.5 mPa⋅s (equivalent to water) 

Fluid temperature rage 0 to +60°C (should not get frozen) 

Ambient temperature/ 

humidity 

0 to +60 ºC/ 35 to 85%RH (No condensation) 

Maximum working pressure 1 MPa (at the fluid temperature of 20 ºC) 

Power supply 

Lithium battery 

(Battery life: Approximately 4 years, battery not 

replaceable) 

Output Digital display 

Weight Approximately 280 g 

 

3.3.4.4 Relative humidity monitoring 

Relative humidity monitoring is captured by using THD series models in this thesis. One model is with 

display (THD-DD2-V) and another model is without display (THD-R-V) as shown in Figure 3.17. The 

humidity sensor with display was mounted in order to check the humidity during the experiments. Along with 

the air temperature, relative humidity is one of the crucial variables in crop cultivation. However, in this thesis, 

relative humidity is monitored as a reference. The relative humidity was monitored both in the area below and 

above the heat exchanger as shown in Figs. 3.17 (a) and (b). The positions of the humidity sensors were 300 

mm away from the heat exchanger in the area below whereas that of the humidity sensors were 500 mm from 

the heat exchanger in the area above. The specifications of the humidity sensors are shown in Table 3.7. The 

humidity sensors have a range of 0.0 to 99.9% RH. 

 

  

(a) Humidity sensors in the area below (b) Humidity sensors in the area above 

Figure 3.17. Humidity sensors photo. 
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Table 3.7. Specifications of the humidity sensors. 

Model THD-DD2-V THD-R-V 

Power supply 24 VDC 

Power consumption Maximum 2.4 Watts 

Display type 7 Segment LED 

display 

Non-display 

Measuring range 

0.0 to 99.9% 

±2% RH at room 

temperature 

±3% RH at room 

temperature 

Output 1-5 VDC 

Resolution 1/1000 

Environment (Ambient 

temperature) 
−20 to 60 °C 

Weight 160 g 55 g 

The chiller is used to produce cool or hot water fluid and circulate it in the experimental system. The chiller 

model is NCC-3000D and it is an EYELA product. This chiller can provide not only cooling but also heating 

conditions. The temperature range is from –10 to 80 °C. Figure 3.18 shows the chiller and the specifications of the 

chiller are shown in Table 3.8. 

 

 

Figure 3.18. NCC-3000 D chiller. 

 

Emergency stop button

Easy-to-read display 

and operation unit
◎ 工；一圏雫墨

i
-
i

疇・



63 

 

Table 3.8. Specifications of NCC-3000 D chiller. 

Product Name Chiller (Low temperature constant temperature 

water circulation device) 

Model NCC-3000D 

Circulation method Closed system circulation 

Temperature setting range/accuracy −10 to 80 °C/±0.1 to 0.2 °C 

Cooling 

capacity (at 

liquid 

temperature)  

30°C 1680 W 

10°C 1240 W 

−10°C 600 W 

External Circulation Nozzle 
Outlet and return ports (Rc3/8 female thread) 14mm 

outer diameter hose port 

Heater 2kW 

Freezer/refrigerant Water-cooled output 550W/R410A 

Water tank capacity 3.5 L 

Ambient temperature range 5 to 35 °C 

External dimension (mm)  340 W × 440 D × 850 H,  

Weight Approximately 55 kg 

Power-supply voltage AC200V single phase 50/60Hz 

 

3.4 Experimental conditions and procedure 

Cooling experiments were performed at inlet fluid temperatures 𝑇𝑖𝑛𝑙𝑒𝑡 of −5 to 10 °C, whereas heating 

experiments were performed at 30 to 50 °C. The flow rate 𝑉̇ was varied from 0.3 to 3.0 L/min at each 𝑇𝑖𝑛𝑙𝑒𝑡. 

These experimental conditions are shown in Tables 3.9 (a) and (b). The Reynolds numbers were 50 < Re < 

1,100 and 26 < Re < 3,480 for the cooling and heating processes, respectively. The ambient temperature was 

set to approximately 25 and 20 °C for cooling and heating, respectively. The fluid mixture in this thesis 

comprised 60% water and 40% ethylene glycol by volume to lower the freezing point under −20°C.  

Based on a previous study, a flow rate lower than 3.0 L/min is sufficient because the local temperature 

profile does not markedly change at flow rates higher than 3.0 L/min [1]. 

When this heat exchanger is used in real greenhouse cultivation, several heat exchangers can be connected 

in parallel (parallel connection) and next to each other (series connection). Low flow rates (𝑉̇= 0.3 to 1.3 

L/min) can be used for each heat exchanger when the heat exchangers are connected in parallel. High flow 

rates (𝑉̇  = 1.5 to 3.0 L/min) are considered suitable for the heat exchangers in series in real greenhouse 

cultivation, because the temperature drop in each section becomes low. 
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Table 3.9. Experimental conditions. 

(a) Cooling conditions 

Inlet fluid 

temperature 

−5 °C 

Inlet fluid 

temperature 

0 °C 

Inlet fluid 

temperature 

5 °C 

Inlet fluid 

temperature 

10 °C 

No. Fluid flow 

rate (L/min) 

No. Fluid flow 

rate (L/min) 

No. Fluid flow 

rate (L/min) 

No. Fluid flow 

rate (L/min) 

1 0.3 11 0.3 21 0.3 31 0.3 

2 0.5 12 0.5 22 0.5 32 0.5 

3 0.7 13 0.7 23 0.7 33 0.7 

4 0.9 14 0.9 24 0.9 34 0.9 

5 1.1 15 1.1 25 1.1 35 1.1 

6 1.3 16 1.3 26 1.3 36 1.3 

7 1.5 17 1.5 27 1.5 37 1.5 

8 2.0 18 2.0 28 2.0 38 2.0 

9 2.5 19 2.5 29 2.5 39 2.5 

10 3.0 20 3.0 30 3.0 40 3.0 

 

(b) Heating conditions 

Inlet fluid temperature 

30 °C 

Inlet fluid temperature 

40 °C 

Inlet fluid temperature 

50 °C 

No. Fluid flow rate 

(L/min) 

No. Fluid flow rate 

(L/min) 

No. Fluid flow rate 

(L/min) 

1 0.3 11 0.3 21 0.3 

2 0.5 12 0.5 22 0.5 

3 0.7 13 0.7 23 0.7 

4 0.9 14 0.9 24 0.9 

5 1.1 15 1.1 25 1.1 

6 1.3 16 1.3 26 1.3 

7 1.5 17 1.5 27 1.5 

8 2.0 18 2.0 28 2.0 

9 2.5 19 2.5 29 2.5 

10 3.0 20 3.0 30 3.0 
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Reynolds number 𝑅𝑒 was calculated using Eq. 3.1. 

where, 𝜌𝑓𝑙𝑢𝑖𝑑 denotes the fluid mixture density (kg/m3), 𝜈 denotes the fluid velocity (m/s), 𝑑𝑖𝑛𝑛𝑒𝑟  denotes 

inner copper tube diameter (m) and 𝜇 denotes the dynamic viscosity of the fluid (Pa∙s).  

The experimental procedures are as follows:  

(1) Before the experimental days, the laboratory room temperature was set at 25 and 20 °C for cooling and 

heating conditions, respectively but for periodic air temperature experiments the laboratory temperature 

was setup at 25 °C during the experimentation period. 

(2) Later, the chiller was turned on.  

(3) The chiller temperature is then setup to obtain the inlet fluid temperature.  

(4) Then, flow rate is adjusted by using the globe valve.  

(5) After the fluid temperature and flow rate were reached at the desired experimental set point, the data 

were collected.  

(6) The evaluation of the experimental data was performed under the steady state conditions. 

Heat flux in the heat exchanger 

To estimate the heat flux in the heat exchanger, the temperature gradient close to the heat transfer surface 

of the copper tube should be measured at the exact position. However, copper tube diameter is quite small, and 

it may bring inaccurate temperature gradient measurement. And the heat flux in this serpentine copper tube 

heat exchanger comes only from natural convection. Moreover, the overall heat transfer from the copper tubes 

possibly be uniform since the inlet and outlet temperature difference is small in this heat exchanger. Thus, the 

heat flux was estimated from the fluid temperature difference ∆𝑇𝑓 between the inlet 𝑇𝑖𝑛𝑙𝑒𝑡 and outlet 𝑇𝑜𝑢𝑡𝑙𝑒𝑡 

under steady-state conditions by following Eq. 3.2.  

where 𝑞̇𝑎 denotes the heat transfer from the copper tube surfaces (W/m2), 𝑉̇ denotes the volumetric flow rate 

of the fluid mixture (m3/s), 𝑐𝑝𝑓 denotes the specific heat of the fluid mixture [J/(kg∙K)], 𝐴𝑠 denotes the outer 

surface area of the copper tube, except for U-bends (m2) and ∆𝑇𝑓 = |𝑇𝑜𝑢𝑡𝑙𝑒𝑡 − 𝑇𝑖𝑛𝑙𝑒𝑡| is the absolute fluid 

temperature difference in the heat exchanger (°C). The tube surfaces at the U-bends were covered with 

insulation material. 

From the experiments, the T-type thermocouple has uncertainty of ±0.2 °C while resistance thermal 

detector has uncertainty of ±0.02 °C. The thermal detector uncertainty is taken into account when the heat flux 

was evaluated. 

𝑅𝑒 =
𝜌𝑓𝑙𝑢𝑖𝑑 𝜈 𝑑𝑖𝑛𝑛𝑒𝑟

𝜇
 (3.1) 

𝑞̇𝑎 =
𝜌𝑓𝑙𝑢𝑖𝑑  𝑉̇𝑐𝑝𝑓 ∆𝑇𝑓

𝐴𝑠
 (3.2) 
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External convective heat transfer coefficient (natural convection) 

The external convective heat transfer coefficient over the surface of the horizontal cylinder can be 

calculated as Eq. 3.4. 

where, 𝑁𝑢  is the Nusselt number of natural convection (dimensionless), 𝑅𝑎𝐿  is the Rayleigh number 

(dimensionless), is the Prantl number (dimensionless), ℎ𝑎 is the external convective heat transfer coefficient 

(W/m2∙K), 𝑘 is the thermal conductivity of air at film temperature (W/m∙K) and 𝑑𝑜𝑢𝑡𝑒𝑟 is the outer diameter 

of the tube (m). 

Internal convective heat transfer coefficient 

The internal convective heat transfer coefficient in a straight tube was calculated using Eq. 3.6. 

where, 𝑁𝑢𝑖 is the Nusselt number of internal force convection (dimensionless), 𝐿 is the length of the tube (m), 

ℎ𝑓 is the internal convective heat transfer coefficient (W/m2∙K) and 𝑘𝑓 is the thermal conductivity of working 

fluid (W/m∙K). 

References in chapter 3 

[1] N. Khammayom, N. Maruyama, C. Chaichana, M. Hirota, Experimental analysis of local air temperature 

and thermal performance of a serpentine copper pipe, Energy Report, pp .653–661, 2023. 

𝑁𝑢 = {0.6 +
0.387𝑅𝑎𝐿

1/6

[1 + (0.559/𝑃𝑟)9/16]8/27
}

2

 (3.3) 

ℎ𝑎 =
𝑁𝑢 𝑘

𝑑𝑜𝑢𝑡𝑒𝑟
 (3.4) 

𝑁𝑢𝑖 = 3.66 +
0.065 (

𝑑𝑖𝑛𝑛𝑒𝑟
𝐿 ) 𝑅𝑒 𝑃𝑟

1 + 0.04[(
𝑑𝑖𝑛𝑛𝑒𝑟

𝐿 ) 𝑅𝑒 𝑃𝑟]2/3
 (3.5) 

ℎ𝑓 =
𝑁𝑢𝑖  𝑘𝑓

𝑑𝑖𝑛𝑛𝑒𝑟
 (3.6) 
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Chapter 4 

Results and discussion 

In control environment agriculture, greenhouse and plant factory cultivations are well-known because the 

high quality and quantity of crops can be obtained. Environmental control systems such as cooling /heating 

systems are required to control the desirable climate for crops in greenhouse cultivation. These environmental 

control systems are employed and control the environment especially the air temperature for the overall area 

of the greenhouse. In terms of energy consumption, the energy use is enormous when the environmental control 

systems are used in the agricultural greenhouse section. The huge energy consumption is still an issue. 

Many technologies and approaches are innovated to solve the high energy consumption for cultivating in 

the greenhouse. One method for reducing energy consumption is to provide local climate control near the crop 

areas. This thesis introduces a simple design, easy-maintenance, easy-to-handle, and low-cost serpentine 

copper tube heat exchanger. Copper tubes are assembled in the shape of serpentine and used as a heat exchanger. 

The serpentine copper tube heat exchanger will not prevent the sunlight for the crops. The serpentine heat 

exchanger is considered for installation near the crop area. This means the environment far away from the crop 

remains constant since the environment near the crops is important for the crops. 

In this chapter, first, the local air temperature profile of the serpentine copper tube heat exchanger for 

cooling and heating, respectively was investigated. Moreover, the heat exchanger’s performance is important. 

Thus, the heat flux and pressure drop in the heat exchanger were examined for cooling and heating 

correspondingly. 

The main objective of this thesis is to evaluate the periodic air temperature field control for local climate 

area crop cultivation. At last, the energy requirement was theoretically estimated for the whole area and local 

area control of greenhouse crop cultivation. Then, the theoretical energy requirements of the whole area and 

local area control crop cultivation were analyzed and compared. 

4.1 Local air temperature  

The thermocouple positions in each layer are shown in Fig 4.1. The local air temperature contour for each 

vertical layer horizontally was plotted based on the area marked in Fig 4.1. A total of six layers were installed 

where three layers for the area above and below the heat exchanger, correspondingly.  
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Figure 4.1. Configuration for air temperature measurements in each layer around the heat exchanger. 

4.1.1 Local air temperature profile (cooling) 

Contour graphs are used to visualize the local air temperature profile. The contours are plotted according 

to the area marked in Fig. 4.1, that is, the horizontal plane in the vertical direction of the heat exchanger. Figure 

4.2 depicts the local air temperature contours for each layer at all experimental cooling conditions under steady 

state. The initial air temperature is approximately 22 °C. The color gradients illustrate the variations in the 

local air temperatures of all layers. At 𝑇𝑖𝑛𝑙𝑒𝑡= −5 °C, the local air temperature of all three layers color at the 

area below the heat exchanger is blue approximately 13°C. When 𝑇𝑖𝑛𝑙𝑒𝑡 increases from −5 to 0, 5, and 10 °C, 

the contour color gradually changes from blue to green and orange for the area below the heat exchanger. The 

contour color gradually changes from green to red for the area above the heat exchanger as well. A cooler color 

can be found below the area of the heat exchanger, indicating an effective cool air temperature distribution 

around the heat exchanger. This indicates that the local air temperatures decrease vertically with decreasing 

𝑇𝑖𝑛𝑙𝑒𝑡. Moreover, the temperature profile of each layer is moderately stable. In terms of flow rate, the contour 

color of six layers at all inlet fluid temperatures was not significantly changed after 𝑉̇ = 0.9 L/min. 

The contour plot visualization highlights the effectiveness of the heat transfer from the heat exchanger to 

the area below and above. The detailed numerical discussion will be explained in the next section. 

The relative humidity around the heat exchanger is between 65% and 80% at 𝑇𝑖𝑛𝑙𝑒𝑡 = −5, 0, 5, and 10 °C 

and 𝑉̇ = 0.3 to 1.3 L/min. Fungal outbreaks can be prevented when the relative humidity is approximately 60–

80%. 
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(a) 𝑉̇ = 0.3 L/min  

 

 

(b) 𝑉̇ = 0.5 L/min  
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(c) 𝑉̇ = 0.7 L/min  

 

(d) 𝑉̇ = 0.9 L/min 
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(e) 𝑉̇ = 1.1 L/min  

 

(f) 𝑉̇ = 1.3 L/min  
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(g) 𝑉̇ = 1.5 L/min  

 

 

(h) 𝑉̇ = 2.0 L/min  
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(i) 𝑉̇ = 2.5 L/min 

 

(j) 𝑉̇ = 3.0 L/min  

Figure 4.2. Air temperature contour of the area below and above the heat exchanger for all flow rates under 

steady state condition (cooling). 
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Local air temperatures were investigated vertically, both below and above the heat exchanger. The local air 

temperatures at the nine points in each layer were averaged. Figure 4.3 shows the average local air temperature 

of six layers for 𝑉̇ = 0.3 to 3.0 L/min, under cooling conditions. The layers are indicated in the vertical direction 

as follows: z = −50, −100, and −150 mm for the area above and z = 50, 100, and 150 mm for the area below 

the heat exchanger.  

When 𝑉̇ is increased from 0.3 to 3.0 L/min, the average local air temperatures of the area below 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 

the heat exchanger gradually decrease for all 𝑇𝑖𝑛𝑙𝑒𝑡 . When 𝑉̇  exceeds 0.9 L/min, the average local air 

temperatures above 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 and below 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 the heat exchanger are not markedly changed. 

As shown in Figure 4.3, 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 and 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 are highest at 𝑇𝑖𝑛𝑙𝑒𝑡 = 10 °C for all layers. 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 and 

𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 gradually decrease for all layers when 𝑇𝑖𝑛𝑙𝑒𝑡 is decreased from 10 to 5, 0, and −5 °C. 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 is 

approximately 19.0 °C for the three layers below the heat exchanger (z = 50, 100, and 150 mm) at 𝑇𝑖𝑛𝑙𝑒𝑡 = 

10 °C. However, 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 is approximately 20.5 °C for the three layers above the heat exchanger (z = −50, 

−100, and −150 mm). At 𝑇𝑖𝑛𝑙𝑒𝑡 = −5 °C, the minimum 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 reaches approximately 12 °C at z = 50, 100, 

and 150 mm. Furthermore, 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 is approximately 15 °C at z = −50, −100, and −150 mm. For all values of 

𝑇𝑖𝑛𝑙𝑒𝑡 and 𝑉̇, the 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 values increase slightly at z = −100 and −150 mm, that is, at an increasing vertical 

distance from the heat exchanger. In addition, these average local air temperatures are lower than the initial air 

temperature of approximately 22 °C. 

For all conditions, 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔  is approximately 2.0 °C lower than 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔  of the heat exchanger. This 

indicates that the area below the heat exchanger is slightly cooler than that above it.  

Moreover, 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 can be decreased up to 7.0 °C by decreasing 𝑇𝑖𝑛𝑙𝑒𝑡 from 10 to −5 °C. The local air 

temperature is observed to decrease with decreasing 𝑇𝑖𝑛𝑙𝑒𝑡. This is due to the downward airflow generated by 

buoyancy forces with decreasing 𝑇𝑖𝑛𝑙𝑒𝑡. 
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(c) 𝑉̇= 0.7 L/min (d) 𝑉̇= 0.9 L/min 

 

 

(e) 𝑉̇= 1.1 L/min (f) 𝑉̇= 1.3 L/min 
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(i) 𝑉̇= 2.5 L/min (j) 𝑉̇= 3.0 L/min 
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Figure 4.3. Average local air temperatures at all flow rates (cooling). 

4.1.2 Local air temperature profile (heating) 

Figure 4.4 presents the local air temperature contours for each layer at all heating experimental conditions 

under steady state. The color difference indicates the variations in the local air temperatures in different layers. 

The initial air temperature is approximately 22 °C. At 𝑇𝑖𝑛𝑙𝑒𝑡= 50 °C, the local air temperature of all three layers 

color at the area above the heat exchanger is orange approximately 35°C. When 𝑇𝑖𝑛𝑙𝑒𝑡 decreases from 50 to 30 

and 40 °C, the contour color gradually changes from orange to green and blue for the area above the heat 

exchanger. The contour color also steadily changes from yellow to blue for the area below the heat exchanger.  

A warmer color can be observed both above and below the heat exchanger, indicating an effective warm 

air temperature distribution around the heat exchanger. This reveals that the local air temperatures increase 

vertically with increasing 𝑇𝑖𝑛𝑙𝑒𝑡. Additionally, the temperature profile of each layer is moderately stable. When 

𝑉̇= 0.3 L/min of 𝑇𝑖𝑛𝑙𝑒𝑡= 50 °C, the contour color of the above three layers is light orange which is about 34 °C. 

The contour color of the above three layers gradually change to orange with the increases of 𝑉̇. However, the 

contour color of six layers at all inlet fluid temperatures do not significantly change after 𝑉̇=0.9 L/min. 

The temperature gradient between the above and below areas increases with increasing 𝑇𝑖𝑛𝑙𝑒𝑡, suggesting 

a more efficient air distribution to the air above the heat exchanger. Higher inlet temperatures result in 

significant increases in air temperature, particularly above the heat exchanger, where heat rises and 

accumulates more efficiently. The air temperature below the heat exchanger, however, remains relatively cooler, 

even with higher inlet temperatures. This implies that increasing inlet fluid temperature has a great effect on 

the local air temperatures for heating. The comprehensive numerical analysis will be elucidated in the 

subsequent section. 

The relative humidity ranges between 30% and 50% around the heat exchanger for 𝑇𝑖𝑛𝑙𝑒𝑡 = 30, 40, and 

50 °C and 𝑉̇ = 0.3 to 3.0 L/min. The humidity is low when the air temperature is relatively warm. 
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(a) 𝑉̇ = 0.3 L/min  

 

(b) 𝑉̇ = 0.5 L/min  
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(c) 𝑉̇ = 0.7 L/min  

 

(d) 𝑉̇ = 0.9 L/min  
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(e) 𝑉̇ = 1.1 L/min  

 

(f) 𝑉̇ = 1.3 L/min 
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(g) 𝑉̇ = 1.5 L/min 

 

(h) 𝑉̇ = 2.0 L/min 
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(i) 𝑉̇ = 2.5 L/min  

 

(j) 𝑉̇ = 3.0 L/min 

Figure 4.4. Air temperature contour of the area below and above the heat exchanger for all flow rates under 

steady state condition (heating). 
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Figure 4.5 shows the average local air temperature of six layers (both above and below) for 𝑉̇ = 0.3 to 3.0 

L/min, under heating conditions. The local air temperatures at the nine points in each layer are averaged. The 

average local air temperatures above 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 and below 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 the heat exchanger are slightly increased as 

𝑉̇ is increased from 0.3 to 3.0 L/min for all 𝑇𝑖𝑛𝑙𝑒𝑡 . 

𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔  and 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔  are approximately 27 °C for all layers when 𝑇𝑖𝑛𝑙𝑒𝑡  = 30 °C. 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔  reaches 

approximately 28 °C for the three layers below the heat exchanger (z = 50, 100, and 150 mm), and 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 is 

approximately 30 °C for the three layers above the heat exchanger (z = −50, −100, and −150 mm) when 

𝑇𝑖𝑛𝑙𝑒𝑡  = 40 °C. At 𝑇𝑖𝑛 = 50 °C, 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 is approximately 33 °C for the three layers below the heat exchanger, 

and 𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 is approximately 35 °C for the three layers above the heat exchanger. The initial air temperature 

is approximately 22 °C. These local air temperatures are higher than the initial air temperature, implying that 

the air becomes warm.  

𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 and 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔 are not considerably different at 𝑇𝑖𝑛𝑙𝑒𝑡 = 30 °C. However, at 𝑇𝑖𝑛𝑙𝑒𝑡 = 40 and 50 °C, 

𝑇𝑙,𝑎𝑏_𝑎𝑣𝑔 is approximately 2.5 °C higher than 𝑇𝑙,𝑏𝑒_𝑎𝑣𝑔. This is caused by the upward airflow generated by 

buoyancy force with the increase of 𝑇𝑖𝑛𝑙𝑒𝑡. 

 

 

(a) 𝑉̇= 0.3 L/min (b) 𝑉̇= 0.5 L/min 

  

(c) 𝑉̇= 0.7 L/min (d) 𝑉̇= 0.9 L/min 
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(e) 𝑉̇= 1.1 L/min (f) 𝑉̇= 1.3 L/min 

  

(g) 𝑉̇= 1.5 L/min (h) 𝑉̇= 2.0 L/min 

  

(i) 𝑉̇= 2.5 L/min (j) 𝑉̇= 3.0 L/min 

 

Figure 4.5. Average local air temperatures at all flow rates (heating). 
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According to Figs. 4.3 and 4.5, local air temperature profiles do not significantly change more than flow 

rate 0.9 L/min. This means the air temperature profiles depend on 𝑉̇ when 𝑉̇ is less than 0.9 L/min. Hence, 0.9 

L/min flow rate is sufficient and can be selected to control the local air temperature for reducing the pumping 

power as well. 

 

External and internal convective heat transfer coefficient on the surface of heat exchanger 

The experiments are conducted in the laboratory. Moreover, the experimental system was covered with the 

insulation board to avoid the influence from the laboratory. Thus, the heat transfer mechanism is considered 

natural convection during experiments. The external convective heat transfer coefficient was estimated using 

Eq. 3.4. Figure 4.6 shows the external convective heat transfer coefficient on the surface of the heat exchanger 

with the various flow rates for all inlet fluid temperatures. When the flow rates increase, the heat transfer 

coefficient remains relatively stable. However, when the inlet fluid temperatures change, the heat transfer 

coefficient significantly changes. At 𝑇𝑖𝑛𝑙𝑒𝑡 = −5 °C and 50 °C, the heat transfer coefficients were the highest 

about 7 W/m2∙K. The heat transfer coefficient value is the lowest which is about 4.5 W/m2∙K at 𝑇𝑖𝑛𝑙𝑒𝑡 = 30 °C. 

This is because the temperature difference between the surface and surroundings is small. 

 

Figure 4.6. External convective heat transfer coefficient with different flow rates for all inlet fluid 

temperatures. 

The internal heat transfer coefficient was estimated using Eq. 3.6. Figure 4.7 shows the internal fluid heat 

transfer coefficient, ℎ𝑓 in a tube of the heat exchanger for varying flow rates at all inlet fluid temperatures. At 

all inlet fluid temperatures, ℎ𝑓 shows an initial increase with flow rate, reaching a peak at lower flow rates 

(approximately 0.7–1.1 L/min). Beyond this point, ℎ𝑓  decreases gradually with increasing flow rate, 
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suggesting a non-linear relationship between flow dynamics and heat transfer. However, ℎ𝑓 values at 𝑇𝑖𝑛𝑙𝑒𝑡 = 

50 °C is the highest than other inlet fluid temperatures. 

 

Figure 4.7. Internal convective heat transfer coefficient with different flow rates for all inlet fluid 

temperatures. 

Plant environmental conditions play a crucial role in modern agriculture. The air temperature is a major 

environmental factor. Understanding the air temperature requirements of specific crops is essential for their 

successful cultivation and optimal yield. For example, crops such as lettuce and fruits, including cucumbers 

and strawberries, are extensively cultivated. The optimal air temperature range for lettuce is approximately 
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at night [2]. Periodic air temperature control is required for strawberries. Warm and cool air are frequently 

required each day during vegetative growth, flowering, and fruiting stages. The air temperature ranges for 
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can reach a minimum of 12 °C and a maximum of 19 °C during cooling. In contrast, the average local air 

temperature of the area above the heat exchanger can be increased to a minimum of 28 °C and a maximum of 

approximately 35 °C during heating. 

Higher energy is consumed when cooling/heating is provided to an entire greenhouse or plant factory for 
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requirements of the abovementioned crops. This implies that the heat exchanger can control a sufficiently local 

air temperature around the heat exchanger. 

The local air temperatures are sufficiently cool and warm around the area of the heat exchanger during 

cooling and heating operations, respectively. This indicates that the heat exchanger can provide periodic air 

temperature control, with alternate cooling and heating. Most crops require warm air during the day. For 

example, heating may be required for approximately 10 hours during the day, whereas approximately 14 hours 

of cooling may be required during the night. However, these are estimated times, and it is not necessary to 

provide the time when the air temperature is suitable for crop growth. 

4.2. Heat flux in the heat exchanger 

The heat flux 𝑞̇𝑎 in the heat exchanger was evaluated for 𝑉̇ = 0.3 to 1.3 L/min. The heat flux evaluation for 

𝑉̇ higher than 1.5 L/min was not considered owing to the low measurement accuracy of fluid temperature 

difference ∆𝑇𝑓.  

4.2.1 Fluid temperature difference and heat flux in the heat exchanger (cooling) 

Figure 4.8 presents the values of ∆𝑇𝑓  between the inlet and outlet and 𝑞̇𝑎  in the heat exchanger under 

cooling conditions. Under all conditions, ∆𝑇𝑓 steadily decreases when 𝑉̇ is increased. ∆𝑇𝑓 ranges between 0.1 

and 2.3 °C under all cooling conditions. ∆𝑇𝑓 is high at 𝑉̇ = 0.3 L/min. This is possibly because the fluid remains 

in the tubes for a slightly longer duration at a low 𝑉̇ (0.3 L/min). This prolonged contact time between the fluid 

and tube walls results in a higher ∆𝑇𝑓 than that at other values of 𝑉̇. 

Notably, 𝑞̇𝑎  depends on both 𝑉̇  and ∆𝑇𝑓 . The 𝑞̇𝑎   values are calculated using Eq. 3.2. Additionally, the 

estimated 𝑞̇𝑎 values are calculated using approximate ∆𝑇𝑓 values based on Eq. 3.2. In theory, 𝑞̇𝑎 increases with 

an increase in 𝑉̇. 𝑞̇𝑎 has a minimum of 1% and a maximum of 8 % uncertainty. These are shown as an error 

bar in the figure. These error bars are estimated by considering the Resistance Thermal Detectors measurement 

accuracy of ± 0.02 ºC. In this thesis, the 𝑞̇𝑎 values are observed to fluctuate slightly although 𝑉̇ is increased. 

This can be attributed to the decrease in ∆𝑇𝑓. The average 𝑞̇𝑎 is approximately 100 W/m2 at 𝑇𝑖𝑛𝑙𝑒𝑡 = 10 °C. 

The average 𝑞̇𝑎  increases with a decrease in 𝑇𝑖𝑛𝑙𝑒𝑡 . The average 𝑞̇𝑎  values at 𝑇𝑖𝑛𝑙𝑒𝑡  = 5, 0, and −5 °C are 

approximately 150, 230, and 270 W/m2, respectively. Compared with the average 𝑞̇𝑎 at 𝑇𝑖𝑛𝑙𝑒𝑡 = 10 °C, the 

average 𝑞̇𝑎 values at 𝑇𝑖𝑛𝑙𝑒𝑡  = 5, 0, −5 °C are enhanced by 55%, 120%, and 170%, respectively, for all values 

of 𝑉̇ . Based on these results, both 𝑇𝑖𝑛𝑙𝑒𝑡  and 𝑉̇  are considered to affect 𝑞̇𝑎 . However, 𝑞̇𝑎  is more strongly 

affected by 𝑇𝑖𝑛𝑙𝑒𝑡 than by 𝑉̇.  
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Figure 4.8. Fluid temperature difference and heat flux for all conditions (cooling). 

It can be noticed that 𝑞̇𝑎 increases with 𝑇𝑖𝑛𝑙𝑒𝑡  decreases. This could be due to the temperature gradient 

between 𝑇𝑖𝑛𝑙𝑒𝑡  and surrounding air temperature becomes larger, leading to 𝑞̇𝑎  increases. Moreover, 

𝑞̇𝑎   increases with the flow rate increases and ∆𝑇𝑓  decreases. When the flow rate increases, the surface 

temperature of the tube is close to the value of the inlet fluid temperature. As a result, 𝑞̇𝑎  increases at higher 

flow rates, due to temperature difference between the surrounding air and the copper tube surface becoming 

high.  

4.2.2 Fluid temperature difference and heat flux in the heat exchanger (heating) 

Figure 4.9 presents the values of ∆𝑇𝑓 and 𝑞̇𝑎 in the heat exchanger under heating conditions. ∆𝑇𝑓 is between 

0.2 and 2.6 °C for all heating conditions. Notably, ∆𝑇𝑓 decreases with an increase in 𝑉̇. At a low 𝑉̇ (0.3 L/min), 

∆𝑇𝑓 is substantially higher than at other values of 𝑉̇. This is possibly because the fluid spends a longer duration 

within the tube, thereby promoting heat exchange between the fluid and tube walls. Consequently, ∆𝑇𝑓  is 

higher at lower values of 𝑉̇ . Additionally, ∆𝑇𝑓  at 𝑇𝑖𝑛𝑙𝑒𝑡  = 50 °C is the highest for all values of 𝑉̇ . This is 

attributed to the considerable difference between the inlet fluid and ambient temperatures.  

at = 0 °C at = 5 °C at = 10 °Cat = 5 °C

average

experimental

estimated

experimental

at = 0 °C at = 5 °C at = 10 °Cat = 5 °C

at = 0 °C at = 5 °C at = 10 °Cat = 5 °C

at = 0 °C at = 5 °C at = 10 °Cat = 5 °C

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

0.0

50.0

100.0

150.0

200.0

250.0

300.0

350.0

0.3 0.5 0.7 0.9 1.1 1.3

Flow rate,      (L/min)

3.5

3.0

2.5

2.0

1.5

1.0

0.5

F
lu

id
 t

e
m

p
e
ra

tu
re

 d
if

fe
re

n
c
e
, 

(º
C

)

H
e
a
t 

fl
u
x

, 
(W

/m
2
)

250

200

150

100

50

300

350

error bar

J
J
}
i
l
 

ミb

v 
△乃 ● Tinlet ― ◆ Tinlet ▲ Tinlet ． Tinlet 
％一Tinlet ― 一

Tinlet 

一
Tinlet 

一
Tinlet 

q・a四 Tinlet ― 乙 Tinlet 四 Tinlet 四 Tinlet 

q・a -- Tinlet ― --Tinlet --Tinlet --Tinlet 
工



88 

 

In this thesis, 𝑞̇𝑎 is considered to be a function of 𝑉̇ and ∆𝑇𝑓. The 𝑞̇𝑎 values are calculated using Eq. 3.2. 

Moreover, the estimated 𝑞̇𝑎 values are calculated using the approximate ∆𝑇𝑓 values based on Eq. 3.2. 𝑞̇𝑎 has a 

minimum of 1% and a maximum of 8 % uncertainty. These are shown as an error bar in the figure. These error 

bars are estimated by considering the Resistance Thermal Detectors measurement accuracy of ± 0.02 ºC. A 

slight fluctuation is observed in the 𝑞̇𝑎 values although 𝑉̇ is increased at all values of 𝑇𝑖𝑛𝑙𝑒𝑡. This is possibly 

because of the decrease in ∆𝑇𝑓. The average 𝑞̇𝑎 values at 𝑇𝑖𝑛𝑙𝑒𝑡 = 30, 40, and 50 °C are approximately 100, 

190, and 280 W/m2, respectively. This indicates that the average 𝑞̇𝑎  values at 𝑇𝑖𝑛𝑙𝑒𝑡  = 40 and 50 °C are 

enhanced by 100% and 197%, respectively, compared with that at 𝑇𝑖𝑛𝑙𝑒𝑡 = 30 °C, for all values of 𝑉̇.  

 

 Figure 4.9. Fluid temperature difference and heat flux for all conditions (heating). 

As already mentioned in the cooling, 𝑇𝑖𝑛𝑙𝑒𝑡 influence on the 𝑞̇𝑎 more than 𝑉̇. Moreover, the similar 𝑞̇𝑎 trend 

can be seen for both cooling and heating experimental conditions as shown in Figs. 4.6 and 4.7. This is due to 

the temperature difference between 𝑇𝑖𝑛𝑙𝑒𝑡 and surrounding air temperature is almost equivalent during cooling 

and heating, respectively. In the cases of 𝑇𝑖𝑛𝑙𝑒𝑡 are –5 and 50 ºC, the temperature difference between 𝑇𝑖𝑛𝑙𝑒𝑡 and 

their surrounding air temperature has a similar temperature difference approximately of 30 ºC. It is also same 

in the cases of 𝑇𝑖𝑛𝑙𝑒𝑡 are 0, 5 and 40 ºC, as well as 𝑇𝑖𝑛𝑙𝑒𝑡 are 10 and 30 ºC. 
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4.3 Pressure drop in the heat exchanger 

Figure 4.10 shows the pressure drop in the heat exchanger for all values of 𝑇𝑖𝑛𝑙𝑒𝑡 at 𝑉̇ = 0.3 to 3.0 L/min. 

Theoretically, the pressure drop increases with increasing 𝑉̇. It also depends on the fluid temperature, density, 

and viscosity. The pressure drop decreases with an increase in the fluid temperature. When the 𝑇𝑖𝑛𝑙𝑒𝑡 increases, 

the viscosity of the fluid decreases causing the pressure drop to be decreased. For 𝑉̇ = 0.3 to 3.0 L/min, the 

pressure drop in the heat exchanger shows a minimum of 0.3 kPa and a maximum of approximately 5.0 kPa at 

𝑇𝑖𝑛𝑙𝑒𝑡 = −5 to 50 ºC. At 𝑉̇ = 3.0 L/min, the pressure drop decreases from 5.0 to 1.8 kPa as 𝑇𝑖𝑛𝑙𝑒𝑡 is increased 

from −5 to 50 ºC. The pressure drop is less than 2 kPa, which is small. This aspect is expected to be useful 

when this heat exchanger is applied to actual greenhouse cultivation.  

 

 

Figure 4.10. Pressure drop in the heat exchanger under cooling and heating conditions. 

4.4 Periodic air temperature 

The experimental system was enclosed in insulation foam, thereby reducing direct contact with the 

laboratory. Experiments for periodic air temperature were performed longer hours which takes about a day. 

However, the local air temperatures and the ceiling and floor area air temperatures in the experimental system 

almost become the same value when the experiment is conducted for a longer duration. This is due to the well-

insulation of the experimental system from the laboratory. Thus, the insulation foam for the experimental 

system was removed and the experimental system was enclosed in a thin polyvinyl chloride transparent film 

instead of insulation foam as shown in Fig. 4.11. The polyvinyl chloride transparent film thickness is 0.07 mm. 

Then, the experiments for evaluating the periodic air temperature change were performed with the transparent 
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Figure 4.11. Experimental system enclosed with polyvinyl chloride transparent film. 

The transition time of the heat exchanger system is important because the longer the duration the 

higher the energy is consumed. It takes time to reach the steady state of local air temperature when the cooling 

process is switched to heating and vice versa. This time is called the transition time. Moreover, three states of 

the transition time are defined for the heating and cooling transition as shown in Fig 4.12. 𝜏1 denotes the quick-

change state, which is 90% change, 𝜏2  is the moderate change state and 𝜏3  is the steady state of heating 

transition. 𝜏4, 𝜏5 and 𝜏6 are defined for the cooling transition the same as the heating. 

 

Figure 4.12. Schematic diagram of showing duration of time for transition. 
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cooling and heating, 𝑇𝑖𝑛𝑙𝑒𝑡 = −5 ºC whereas 𝑇𝑖𝑛𝑙𝑒𝑡 = 50 ºC was chosen to examine periodic air temperature as 

these inlet temperatures can obtain the highest air temperature difference. Figures 4.13 (a) – (j) present the 
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change in periodic air temperature with 𝑉̇ = 0.3 to 3.0 L/min. The average local air temperatures of each layer 

and the air temperatures near the upper area and lower area in the experimental system were plotted. 𝑇𝑖,𝑢𝑝 

means the average upper air temperature inside the experimental system which is 450 mm far from the heat 

exchanger. 𝑇𝑖,𝑙𝑜 indicates the average lower air temperature inside the experimental system which is 450 mm 

far from the heat exchanger. 

For cooling, the local air and air temperatures of the area below the heat exchanger are important while 

for heating that of the area above are essential. According to Fig. 4.13, the average local air temperatures at 

each layer of the area below 𝑇𝑙,𝑎𝑣𝑔,50 mm , 𝑇𝑙,𝑎𝑣𝑔,100 mm  and 𝑇𝑙,𝑎𝑣𝑔,150 mm  are almost identical during the 

cooling process in which their values are approximately 17 ºC. On the other hand, the average local air 

temperatures at each layer of the area above 𝑇𝑙,𝑎𝑣𝑔,−50 mm , 𝑇𝑙,𝑎𝑣𝑔,−100 mm  and 𝑇𝑙,𝑎𝑣𝑔,−150 mm  are similar 

during the heating process. The values are about 32 ºC. In the case of changing periodic air temperature field, 

the air temperature difference between the area below and the area above of the heat exchanger is important 

for crops. During the cooling process, 𝑇𝑖,𝑙𝑜 is approximately 16.5 ºC whilst 𝑇𝑖,𝑢𝑝 is about 25 ºC. During the 

heating process, 𝑇𝑖,𝑢𝑝  can reach about 33 ºC whereas 𝑇𝑖,𝑙𝑜  is around 27 ºC. Therefore, the temperature 

difference 𝑇𝑖,𝑙𝑜  and 𝑇𝑖,𝑢𝑝  is approximately 15 ºC. This temperature difference would be sufficient for the 

strawberry crops because strawberry crops require air temperature difference of around 15 ºC. As explained 

earlier, inlet fluid temperature has more impact on the local air temperature than the flow rate. Variation flow 

rate has small impact on the local air temperature. However, the flow rate could have effect on the transition 

time between cooling and heating processes and vice versa. 

Transition time 

The transition time is investigated by varying 𝑉̇ = 0.3 to 3.0 L/min. However, the experimentation period 

was around 10 hours a day. Therefore, in practical case, the steady state, 𝜏3  of the heating transition is 

considered subtraction from 12 hours of (𝜏1 +  𝜏2 ) heating transition. The steady-state, 𝜏6  of the cooling 

transition was defined in the same way as the heating transition. 

When 𝑉̇ =  0.3 to 1.3 L/min, the quick change state,𝜏1  and moderate change state,𝜏2  from cooling to 

heating (heating transition) take approximately twenty minutes and two hours, respectively. On one hand, the 

quick change state,𝜏4 take around forty-nine minutes and moderate change state,𝜏5 take about one hour and 

forty minutes from the heating to cooling process (cooling transition). 

When 𝑉̇ = 1.5 to 3.0 L/min, 𝜏1 and 𝜏2 of heating transition take about eighteen minutes and one hour, 

respectively. On the other hand, 𝜏4 and 𝜏5 of cooling transition take approximately forty minutes and one hour, 

correspondingly. 

The details of the periodic air temperature change including the temperature difference between heating 

and cooling processes and the heating and cooling transition time are elucidated in Table 4.1. 

The quick change state of both the heating and cooling remains unchanged. However, the moderate 

change state of both the heating and cooling gradually decreases with the increase of the flow rate. When the 
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flow rate increases, the tube surface temperature becomes close to the value of 𝑇𝑖𝑛𝑙𝑒𝑡 . Consequently, the 

moderate change state reduces because of the temperature difference between the copper tube surface and the 

surrounding air becoming high.  

From the results, the cooling transition seems to be more gradual compared to the heating transition, 

indicating that while the system heats up quickly, it cools down more slowly. This means cooling is more 

difficult than heating. And cooling time longer than the heating. This could be because the internal heat transfer 

coefficient of cooling is lower than that of heating. 

A quick switch could be great between cooling and heating or heating and cooling processes for crops to 

reduce energy consumption. However, a sudden temperature change may lead to stress for crops such as 

damage or slow growth of crops. Gradual transitions would be better for reducing plant stress. 

According to the results, the system will be operated for twelve hours for cooling and heating, respectively 

within a day for crops. However, when the air temperature is suitable for crop growth, cooling or heating will 

not be necessary to be provided constantly. 

 

(a) 𝑉̇ = 0.3 L/min 
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(b) 𝑉̇ = 0.5 L/min 

 

(c) 𝑉̇ = 0.7 L/min 
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(d) 𝑉̇ = 0.9 L/min 

 

(e) 𝑉̇ = 1.1 L/min 
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(f) 𝑉̇ = 1.3 L/min 

 

(g) 𝑉̇ = 1.5 L/min 
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(h) 𝑉̇ = 2.0 L/min 

 

(i) 𝑉̇ = 2.5 L/min 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

T-150avg T-100avg T-50avg

Tavg5 Tavg10 Tavg15

Toroom,avg Tiu Til

HeatingCooling Cooling

9
:3

0
:0

0
 A

M

1
:3

0
:0

0
 P

M

1
0

:3
0

:0
0

 A
M

1
1

:3
0

:0
0

 A
M

1
2

:3
0

:0
0

 P
M

2
:3

0
:0

0
 P

M

3
:3

0
:0

0
 P

M

4
:3

0
:0

0
 P

M

5
:3

0
:0

0
 P

M

6
:3

0
:0

0
 P

M

7
:3

0
:0

0
 P

M

Time, (hour)

L
o

ca
l 

an
d

 r
o

o
m

 a
ir

 t
em

p
er

at
u
re

,

, 
(º

C
)

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

T-150avg T-100avg T-50avg

T50avg T100avg T150avg

Toroom,avg Tiu Til

HeatingCooling Cooling

9
:3

0
:0

0
 A

M

1
:3

0
:0

0
 P

M

1
0

:3
0

:0
0

 A
M

1
1

:3
0

:0
0

 A
M

1
2

:3
0

:0
0

 P
M

2
:3

0
:0

0
 P

M

3
:3

0
:0

0
 P

M

4
:3

0
:0

0
 P

M

5
:3

0
:0

0
 P

M

6
:3

0
:0

0
 P

M

7
:3

0
:0

0
 P

M

Time, (hour)

L
o

ca
l 

an
d

 r
o

o
m

 a
ir

 t
em

p
er

at
u
re

,

, 
(º

C
)

月00.,lJ,11̀ 月00.,/,J,11, 

.... | __. L __..I 
← ‘ ・1 l 

’’ ＇ ＇ ＇ ＇ ＇ ’’ ＇ 
.. 
＇ 

I 
, 

＇ 心、＇ I 

＇ , r 
＇ ＇ 一

V I 

凶 写：：辛I： ‘ヽ̀  ` ̀̀.. .. -•~ .. , ----- 王そ；辛3王ミ；-----------.. ----------... ---------9 -O 'I I-、

＇ 、..... I I ：ヽ`

’ ’ •3 

’’ ヽ＇ _~ ＇ 
I • ＇ I 

,．T2 ' 
し~！ - I 

’’ ...... 」

i巧 ・し4

＇ 
T5 I I 

.I 

＇ 
T6 I 

＇ ＇ ＇ 
J 

て

----・ Tz,avg,-50 mm  

— Tz,avg,50 mm  

— T。,room

----• T ----• T l,avg,-100 mm  1 l,avg,-150 mm  

T l,avg,100 mm  T l,avg,150 mm  

— Ti,up — Ti.lo 

l 4 こ 1ユ l J 
r ．、 r ~ I 

I I 

＇ i ＇ ＇ 
,． 

I ＇ ＇ ＇ 
I I 

＇ 
． 

I、 1ヽ ！ I 

＇ ， 

＇ 
I 

＇し 一
；ミミ：：ミ辛：幸写辛

~ ＝・
~ ~ 

I 1 
‘‘~--t=’ .:`:ミ:さミミ

I 

＝＝二：：
,,. --+------------:::::] ＇ 

ヽ ＇ 
I て3 ヽ I I ＇ ＇ 
I r I 

I 
て2 ＇ I ＇ I ャ＇ 

｀ 
し！ユ I 

＇ 

＇ I 
I 

----・ Tz,avg,-so mm  

— Tz,avg,50 mm  

— T。,room

1 1 ＇ 1-,; 
面 て5

＇ I I 

＇ ＇ I て'
I J ＇ 

T 

----• T ----• T l,avg,-100 mm  1 l,avg,-150 mm  

T l,avg,100 mm  T l,avg,150 mm  

— Ti,ゅ 一 Ti.lo



97 

 

 

(j) 𝑉̇ = 3.0 L/min 

Figure 4.13. Periodic air temperature changes for conditions of 𝑇𝑖𝑛𝑙𝑒𝑡 = −5 and 50 ºC with all flow rates. 

Table 4.1. The characteristic of periodic air temperature change. 

Flow 

rate 

(L/min) 

Air 

temperature 

difference 

between 

heating and 

cooling 

processes 

(ºC) 

Transition time 

Heating Cooling 

𝜏1 𝜏2 𝜏3 𝜏4 𝜏5 𝜏6 

0.3 13.7 20 min. 2 h 5 min. 9 h 35 min. 49 min. 1 h 51 min. 9 h 20 min. 

0.5 14.4 24 min. 1 h 53 min. 9 h 43 min. 45 min. 1 h 44 min. 9 h 31 min. 

0.7 14.6 20 min. 1 h 49 min. 9 h 51 min. 44 min. 1 h 32 min. 9 h 44 min. 

0.9 15.2 21 min. 1 h 47 min. 9 h 52 min. 47 min. 1 h 32 min. 9 h 41 min. 

1.1 15.3 23 min. 1 h 42 min. 9 h 55 min. 46 min. 1 h 30 min. 9 h 44 min. 

1.3 15.3 18 min. 1 h 50 min. 9 h 52 min. 50 min. 1 h 23 min. 9 h 47 min. 

1.5 15.1 18 min. 1 h 45 min. 9 h 57 min. 45 min. 58 min. 10 h 17 min. 

2.0 15.1 18 min. 1 h 2 min. 10 h 40 min. 46 min. 45 min. 10 h 29 min. 
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Flow 

rate 

(L/min) 

Air 

temperature 

difference 

between 

heating and 

cooling 

processes 

(ºC) 

Transition time 

Heating Cooling 

𝜏1 𝜏2 𝜏3 𝜏4 𝜏5 𝜏6 

2.5 15.2 18 min. 1 h 1 min. 10 h 41 min. 44 min. 51 min. 10 h 25 min. 

3.0 15.1 18 min. 1 h 4 min. 10 h 38 min. 32 min. 1 h. 10 h 28 min. 

 

4.5 Theoretical estimation of energy consumption 

Figure 4.14 shows schematic greenhouse dimension taking into consideration the practical greenhouse 

cultivation. The height of the greenhouse is 2.5 m and the width is 5.2 m. Here, it is considered length as a unit 

length. This greenhouse dimension is taken into account when energy requirement is estimated theoretically. 

Three crop rows are inside the greenhouse. During both summer and winter time, the air temperature difference 

between the outside and inside of the greenhouse was assumed to be about 15 ºC. Figure 4.15 shows the photo 

of the practical greenhouse strawberry cultivation.  

 

Figure 4.14. The schematic structure of the greenhouse with whole area control. 

25 ºC

10 ºC 2.5 m
10 ºC

Greenhouse
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Figure 4.15. Photo of the strawberry crop rows in greenhouse [4]. 

For the local climate control, only the area near the strawberry crops will be considered. The whole area 

of the greenhouse does not require to be considered. Therefore, the experimental heat exchanger system area 

will be covered near the crops. The width and height near the crops are 0.7 m and 1.0 m as shown in Fig. 4.16. 

The unit length is considered for the volume. This local area dimension is taken into account when energy 

requirement is estimated theoretically. Moreover, the strawberry crops will be grown on the shelves in order 

to install the heat exchanger.  

 

Figure 4.16. The schematic structure of the greenhouse with local area control. 

The cooling/heating systems are employed to remove/add the heat load in the greenhouse area. In this 

case, the whole area air volume in the greenhouse is required to cool down/heat up to create a suitable climate 

for the crops. For simple calculation, the heating and cooling amount in the greenhouse can be estimated by 

Eq. 4.1. 

crop row

𝑄 = 𝑉 𝜌𝑎  𝑐𝑝𝑎 ∆𝑇𝑎 (4.1) 

＿

1＿n
 

ー

▲・

一｀ ` ` 一̀＇1 

2.5 m 
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where 𝑄 is the heat amount to be removed/added with unit length (kJ/m), V is the volume of the control area 

(m3/m), 𝜌𝑎 is the density of air at a certain temperature (kg/m3), 𝑐𝑝𝑎 is the specific heat capacity of air at a 

certain temperature (kJ/kg∙K) and  ∆𝑇𝑎 is the air  temperature difference between heating and cooling processes 

(°C). 

The heat diffusion from the local area to the nearby surroundings is calculated using Eq. 4.2. 

where 𝑄𝑙𝑜𝑠𝑠  is the heat diffusion from the local area to the near surroundings (W), 𝑘𝑎𝑖𝑟  is the thermal 

conductivity of air at the certain air temperature (W/m∙ K), 𝐴  is the area of the below and above the heat 

exchanger (m2) for cooling and heating, respectively, ∆𝑇 is the air temperature difference between two vertical 

layers of heat exchanger (°C) and ∆𝑧 is the vertical distance (m) (∆𝑧 = 50×10-3 m). 

The heat amount to be removed/added with unit length considering the transition time was calculated by 

using Eq. 4.3. 

where 𝑃 is the heat amount to be removed/added with unit length considering the transition time (kW/m), and 

𝜏 is the transition time (second).  

The coefficient of performance COP is the heat amount divided by the required input energy. The system 

capacity can be calculated from the heat amount and COP of the heat pump using the following equation. 

where 𝑆  is the system capacity (kW/m), and 𝐾  is the coefficient of performance of the heat pump 

(dimensionless). 

Eventually, the energy requirement can be estimated by Eq. 4.5. 

where 𝐸 is the energy requirement (kJ/m). 

Table 4.2 shows theoretical considerations for the energy requirements of the whole area and local area 

control for greenhouse crop cultivation at different states of the transition time at 𝑉̇ = 0.9 L/min as an example. 

The volume of the whole area is 13 m3/m while the volume for the local area is 2.1 m3/m which includes three 

crop rows. The volume of the local area is reduced compared to that of the whole area.  

By using Eq. 4.1, the heating and cooling amount of the whole area and local area control is calculated. 

During the steady state of heating and cooling for the whole area control, the heat amount becomes zero. This 

is due to there being no heat loss to the surroundings (adiabatic). However, the heat loss from the local area to 

the nearby surroundings should be considered during these steady states. This heat loss was estimated by using 

Eq. 4.2.  

𝑄𝑙𝑜𝑠𝑠 = 𝑘𝑎𝑖𝑟 𝐴
∆𝑇

∆𝑧
 (4.2) 

𝑃 =
𝑄

𝜏
 (4.3) 

𝑆 =
𝑃

𝐾
 (4.4) 

𝐸 = 𝑆 × 𝜏 (4.5) 
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The COP of the heat pump is assumed to be about 3.3 and 4.2 heating and cooling, correspondingly. The 

system capacity of the whole area and local area control was estimated with COP value by using Eq. 4.4. Then, 

the energy requirement was calculated by multiplying the system capacity and transition time. Subsequently, 

the total energy requirement for the whole area control and local area control is summed up of the heating and 

cooling, correspondingly.  

Table 4.3 shows the maximum system capacity requirements and total energy requirements of the whole 

area and local area control. The maximum system capacity requirement of the whole area control is around 62 

W/m whereas that of the local area control is approximately 10 W/m which is more than 80% reduction 

compared to the whole area control. Moreover, the total energy requirement of the whole area control is 

approximately 152 kJ/m. On one hand, the total energy requirement of the local area control is about 37 kJ/m. 

Comparing the total energy requirement of the local area control with that of the whole area control of 

greenhouse cultivation, the total energy requirement of the local area control was more than 70% reduced. This 

theoretical calculation is simple and takes into account some assumptions to show the advantage of the local 

climate control heat exchanger system over the whole area control.  

 

Table 4.2. Calculation of heating and cooling amount and energy requirements of the different states for the 

whole area and local area control in greenhouse cultivation. (𝑉̇ = 0.9 L/min) 

Parameters 

Whole area Local area 

Heating Cooling Heating Cooling 

Length (m) 1.0 1.0 

Width (m) 5.2 0.7 

Height (m) 2.5 1.0 

Crop rows 3 3 

𝑉, volume 

(m3/m) 
13 2.1 

𝜌𝑎, air 

density 

(kg/m3) 

1.46 1.36 1.46 1.36 

𝑐𝑝𝑎, specific 

heat of air 

(kJ/kg∙K) 

1.006 1.006 
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Parameters 

Whole area Local area 

Heating Cooling Heating Cooling 

∆𝑇𝑎, air 

temperature 

difference 

(ºC) 

13.4 1.8 
Adiab-

atic 
13.4 1.8 

Adiab

-atic 
13.4 1.8 

(∆𝑇 

=0.2) 
13.4 1.8 

(∆𝑇 

=0.2) 

Transition 

state 

(second) 

𝜏1= 

1,260 

𝜏2= 

6,420 

𝜏3= 

35,520 

𝜏4= 

2,820 

𝜏5= 

5,52

0 

𝜏6= 

34,860 

𝜏1= 

1,26

0 

𝜏2= 

6,42

0 

𝜏3= 

35,52

0 

𝜏4= 

2,82

0 

𝜏5= 

5,52

0 

𝜏6= 

34,86

0 

𝑄, heat 

amount 

(kJ/m) 

255.9 34.4 0 238.5 32.0 0 41.3 5.6 3.3 38.5 5.2 8.0 

𝑃, heat 

amount 

considering 

time 

(kW/m) 

(×10-3) 

203.1 5.4 0 84.6 5.8 0 32.8 0.9 0.1 13.7 0.9 0.2 

COP 3.3 4.2 3.3 4.2 

𝑆, system 

capacity 

(kW/m) 

(×10-3) 

61.5 1.6 0 20.1 1.4 0 9.9 0.2 0.03 3.3 0.2 0.05 

𝐸, energy 

requirement 

(kJ/m) 

77.5 10.3 0 56.7 7.7 0 12.5 1.5 1.0 9.3 11.0 1.9 

𝐸𝑡𝑜𝑡𝑎𝑙 , total 

energy 

requirement 

(kJ/m) 

152 37.2 
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Table 4.3. Maximum system capacity and total energy requirements for the whole and local area control for 

greenhouse cultivation. 

Parameters 

Whole area Local area 

Heating Cooling Heating Cooling 

Maximum system capacity (W/m) 61.5 9.9 

Total energy requirement (kJ/m) 152 37.2 

 

Summary 

This chapter discusses the periodic local climate control for strawberry crop cultivation. The serpentine 

copper tube heat exchanger experimental system was constructed in the laboratory and experiments were 

performed. First, the performance of the heat exchanger such as the local air temperature profiles near the 

crops, the heat flux, and the pressure drop in the heat exchanger were investigated. The local air temperature 

profiles were analyzed by the color contour plot and numerical graphs. During cooling, the color contour plots 

significantly change from light orange to blue in the area below the heat exchanger when 𝑇𝑖𝑛𝑙𝑒𝑡 decreases from 

10 to 5,0 and −5 ºC. On the other hand, during heating, the color contour plots considerably change from blue 

to dark orange in the area above the heat exchanger with 𝑇𝑖𝑛𝑙𝑒𝑡 increases from 30 to 40, 50 ºC. When increasing 

the flow rate after 𝑉̇= 0.9 L/min, the local air temperatures were not substantially changed. The heat flux also 

increases when 𝑇𝑖𝑛𝑙𝑒𝑡 increases. Additionally, the heat flux increases steadily with the increase in 𝑉̇. For both 

cooling and heating, 𝑇𝑖𝑛𝑙𝑒𝑡 has a huge impact on the local air temperatures and heat flux than 𝑉̇. In terms of 

pressure drop, the pressure drop increases with 𝑉̇ increases. Nonetheless, the pressure drop decreases when 

𝑇𝑖𝑛𝑙𝑒𝑡 increases. This is due to the fluid viscosity decreases with the increasing 𝑇𝑖𝑛𝑙𝑒𝑡. 

The periodic air temperature change was evaluated at 𝑇𝑖𝑛𝑙𝑒𝑡= −5 and 50 ºC for all flow rates. It was found 

that the air temperature difference between the areas below and above the heat exchanger of cooling and 

heating processes is approximately 15 ºC. Increasing flow rate does not notably change the air temperature at 

the areas below of cooling and above of heating the heat exchanger. After 𝑉̇ = 0.9 L/min, the local air 

temperatures and air temperatures in the experimental system were not substantially changed. Regarding the 

transition time, the cooling transition seems to be more gradual compared to the heating transition, indicating 

that while the system heats up quickly, it cools down more slowly. The transition time reduces with 𝑉̇ increases. 

When the flow rate increases, the tube surface temperature becomes close to the value of 𝑇𝑖𝑛𝑙𝑒𝑡 enhancing the 

heat exchange between the tube wall and surroundings. 

The maximum system capacity requirement of the whole area control is around 62 W/m whereas that of 

the local area control is approximately 10 W/m which is more than 80% reduction compared to the whole area 

control. The total energy requirement of the whole area control was about 152 kJ/m. On the other hand, the 

total energy requirement of the local area control was approximately 37 kJ/m. The total energy requirement of 
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the local area control was more than 70% reduced compared to that of the whole area control of the practical 

greenhouse crop cultivation. 
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Chapter 5 

Conclusions 

To examine the periodic local air temperature control, an experimental study was conducted in a 

laboratory. The experimental conditions were altered by varying 𝑇𝑖𝑛𝑙𝑒𝑡 and 𝑉̇ in the serpentine copper tube 

heat exchanger for cooling and heating. The main findings of this thesis are summarized as follows. 

In terms of cooling, the local air temperature can be reduced by 4–10 °C from the initial air temperature 

of 22 °C in the area below the heat exchanger at a distance of 150 mm. In terms of heating, the local air 

temperature can be increased by 6–13 °C from the initial air temperature of 22 °C in the area above the heat 

exchanger at a distance of 150 mm. For cooling, the average 𝑞̇𝑎 values in the heat exchanger at 𝑇𝑖𝑛𝑙𝑒𝑡 = 5, 0, 

and −5 °C are enhanced by 55%, 120%, and 170% for all flow rates compared with that at 𝑇𝑖𝑛𝑙𝑒𝑡 = 10 °C. The 

average 𝑞̇𝑎 values in the heat exchanger at 𝑇𝑖𝑛𝑙𝑒𝑡 = 40 and 50 °C are increased by 100% and 197% at all flow 

rates compared with that at 𝑇𝑖𝑛𝑙𝑒𝑡 = 30 °C. Considering both cooling and heating operations, the pressure drop 

in the heat exchanger reaches a minimum of 0.3 kPa and a maximum of approximately 5.0 kPa for 𝑉̇ = 0.3 to 

3.0 L/min. Based on the results, 𝑇𝑖𝑛𝑙𝑒𝑡 markedly affects the heat flux in the heat exchanger, subsequently 

influencing the local air temperature. Particularly, the local air temperature control and 𝑞̇𝑎  in the heat 

exchanger are more strongly affected by 𝑇𝑖𝑛𝑙𝑒𝑡  than by 𝑉̇.  

In the case of changing periodic air temperature field, the air temperature difference between the area 

below and the area above of the heat exchanger is important for crops. The periodic air temperature change 

was evaluated at 𝑇𝑖𝑛𝑙𝑒𝑡= −5 and 50 ºC for all flow rates. It was found that the air temperature difference 

between the areas below and above the heat exchanger of cooling and heating processes is approximately 15 

ºC. This temperature difference would be sufficient for the strawberry crops because strawberry crops require 

the air temperature difference of around 15 ºC. As explained earlier, inlet fluid temperature has more impact 

on the local air temperature than the flow rate. Variation flow rate has small impact on the local air temperature. 

After 𝑉̇= 0.9 L/min, the local air temperatures and air temperatures in the experimental system were not 

substantially changed. 

When 𝑉̇ = 0.3 to 1.3 L/min, the quick change state and moderate change state from cooling to heating 

(heating transition) took approximately twenty minutes and two hours, respectively. On one hand, for heating 

to cooling process (cooling transition), the quick change state took around forty-nine minutes and moderate 

change state took about one hour and forty minutes. When 𝑉̇ = 1.5 to 3.0 L/min, the quick change state and 

moderate change state of heating transition took about eighteen minutes and one hour, respectively. On the 

other hand, quick change state and moderate change state of the cooling transition took approximately forty 

minutes and one hour, correspondingly. Regarding the transition time, the cooling transition seems to be more 

gradual compared to the heating transition, indicating that while the system heats up quickly, it cools down 

more slowly. The transition time reduces with 𝑉̇ increases. When the flow rate increases, the tube surface 
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temperature becomes close to the value of 𝑇𝑖𝑛𝑙𝑒𝑡  enhancing the heat exchange between the tube wall and 

surroundings. 

The maximum system capacity requirement of the whole area control is around 62 W/m whereas that of 

the local area control is approximately 10 W/m which is more than 80% reduction compared to the whole area 

control. The total energy requirement of the whole area control was about 152 kJ/m. On the other hand, the 

total energy requirement of the local area control was approximately 37 kJ/m. The total energy requirement of 

the local area control was more than 70% reduced compared to that of the whole area control of the practical 

greenhouse crop cultivation. 

The maximum air temperature difference can be obtained at approximately 15 °C during periodic air 

temperature changes even though the heat exchange is simple. This could satisfy the targeted strawberry crop 

requirement. Thus, the experimental inlet fluid temperatures are also applicable when this proposed heat 

exchanger is used in practical greenhouse cultivation. Moreover, 𝑉̇ = 0.9 L/min could be sufficient since the 

local air temperatures do not markedly change more than flow rate 0.9 L/min for both cooling and heating. As 

a result, application of this low flow rate can reduce the pumping power leading to reduction in energy 

consumption of the proposed heat exchanger. In practical greenhouse cultivation, several heat exchangers will 

be connected in series (series connections), and these series are connected in parallel (parallel connections). 

Moreover, this simple and low-cost serpentine copper tube heat exchanger is sufficiently effective to provide 

alternate heating and cooling for strawberry crop cultivation. 
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Appendix 

 

1. Thermal properties of ethylene glycol 40% by volume (Freezing point = -23.5°C) 

1.1 Dynamic viscosity (𝜇) of ethylene glycol-based water solutions at any temperature 

Temperature (°C) 𝜇 (Pa∙s) 

-17.8 0.015 

4.4 0.0048 

26.7 0.0022 

48.9 0.0013 

71.1 0.0008 

 

1.2 Density (𝜌𝑓𝑙𝑢𝑖𝑑 ) of ethylene glycol-based water solutions at any temperature 

Temperature (°C) 𝜌𝑓𝑙𝑢𝑖𝑑  (kg/m3) 

-8 1,075 

-4 1,073 

0 1,073 

20 1,063 

40 1,052 

60 1,041 

 

1.3 Specific heat (𝑐𝑝𝑓) of ethylene glycol-based water solutions at any temperature 

Temperature (°C) 𝑐𝑝𝑓 (kJ/kg∙K) 

-10 3.569 

0 3.595 

10 3.621 

40 3.700 

50 3.726 
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2. Thermal properties of air at 1 atm pressure 

𝑇 

Temp.(K) 

𝜌 

density(kg/m3) 

𝑐𝑝 

specific heat 

(kJ/kg∙K) 

𝜇 

viscosity 

(10-7 Pa∙s) 

𝑣 kinematic 

viscosity 

(10-6m2/s) 

𝑘 thermal 

conductivity  

(10-3W/m∙K) 

Prandtl 

number 

100 3.5562 1.032 71.1 2.00 9.34 0.786 

150 2.3364 1.012 103.4 4.426 13.8 0.758 

200 1.7458 1.007 132.5 7.59 18.1 0.737 

250 1.3947 1.006 159.6 11.44 22.3 0.72 

300 1.1614 1.007 184.6 15.89 26.3 0.707 

350 0.995 1.009 208.2 20.92 30.0 0.700 

400 0.8711 1.014 230.1 26.41 33.8 0.690 

450 0.7740 1.021 250.7 32.39 37.3 0.686 

500 0.6964 1.030 270.1 38.79 40.7 0.684 

550 0.6329 1.040 288.4 45.57 43.9 0.683 

600 0.5804 1.051 305.8 52.69 46.9 0.685 

650 0.5356 1.063 322.5 60.21 49.7 0.690 

700 0.4975 1.075 338.8 68.10 52.4 0.695 

750 0.4643 1.087 354.6 76.37 54.9 0.702 

800 0.4354 1.099 369.8 84.93 57.3 0.709 

850 0.4097 1.110 384.3 93.80 59.6 0.716 

900 0.3868 1.121 398.1 102.9 62.0 0.720 

950 0.3666 1.131 411.3 112.2 64.3 0.723 

1000 0.3482 1.141 424.4 121.9 66.7 0.726 

1100 0.3166 1.159 449 141.8 71.5 0.728 

1200 0.2902 1.175 473 162.9 76.3 0.728 

1300 0.2679 1.189 496 185.1 82 0.719 

1400 0.2488 1.207 530 213 91 0.703 

1500 0.2322 1.23 557 240 100 0.685 

1600 0.2177 1.248 584 268 106 0.688 

1700 0.2049 1.267 611 298 113 0.685 

1800 0.1935 1.286 637 329 120 0.683 

1900 0.1833 1.307 663 362 128 0.677 

2000 0.1741 1.337 689 396 137 0.672 

2100 0.1658 1.372 715 431 147 0.667 

2200 0.1582 1.417 740 468 160 0.655 

2300 0.1513 1.478 766 506 175 0.647 
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