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ABSTRACT 

 

STUDY OF AUTOMOTIVE RADIATOR COOLING SYSTEM FOR A 

DENSE-ARRAY CONCENTRATION PHOTOVOLTAIC SYSTEM 

 

Tan Woei Chong 

 

 

A cost effective and off-the-shelf active cooling device for 

dense-array Concentrator Photovoltaic (CPV) system was introduced and 

developed. Automotive radiator was chosen as the main heat rejection device 

of the active cooling system due to the high heat dissipation profile. Besides 

that, its parasitic load is low compared to other cooling devices such as 

industrial cooling tower and chiller. The automotive radiator is also easily 

available, light weight and compact, hence easy to develop. The cooling fluid 

of the system is water which is easily obtained and non-toxic. To obtain the 

optimize specifications and feasibility of the automotive cooling system, 

theoretical analysis and on-site experimental data collection have been 

conducted. Theoretical study of the automotive radiator was carried out to 

analyze the automotive radiator’s heat rejection rate in the function of 

temperature difference between radiator and ambient for different water flow 

rates and wind speeds created by fan. Besides that, the performance of the 

designed cooling block was studied using CFD program and analytical 

formulas.  
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To verify the theoretical modeling of the automotive radiator cooling system, 

on-site data collections were conducted using prototype NIPC with total 

reflective area of 4.16 m
2
 and solar concentration ratio of 377 suns. Other than 

that, an experiment was conducted to obtain the relationship between the 

electrical conversion efficiency of CPV module and the cell temperature. From 

the experiment, the electrical conversion efficiency of CPV module is inversely 

proportional to the CPV cell temperature in which the conversion efficiency 

reduces about 0.14% for every 1 C increment in the temperature. For the 

prototype NIPC, the highest net electrical power output was 665.3 W provided 

that solar power input was 3118.7 W and conversion efficiency was 26.16 %.   
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CHAPTER 1 

 

INTRODUCTION 

 

 

1.1 Research Background 

 

 High Concentrator Photovoltaic (HCP) is one of the most effective devices 

to reduce the cost in solar power generation. In these systems, the HCP solar cells 

exposed to high solar illumination can claim higher conversion efficiency (Zahedi, 

2010) (Chong and Tan, 2012). This can reduce the expensive solar cell area by 

replacing with a cost effective concentrator material. Under high concentrated 

sunlight, the solar cells will inevitably experience a very high heat load that can 

decrease the conversion efficiency if the solar cells’ temperature is not properly 

managed (Dalal and Moore, 1977; Mbewe et al., 1985; Sala, 1989) (Chong and Tan, 

2012). According to Cui et al. (2009), a single solar cell can reach extremely high 

temperatures up to 1200˚C with the absence of cooling system at 400 suns, whilst 

the temperature can be reduced dramatically by attaching it to a metal panel as 

cooling panel. Therefore, a reliable heat dissipation system is necessary in HCPV 

system to continuously cool the solar cells effectively in order to maintain their best 

performance in all times (Royne et al., 2005) (Chong and Tan, 2012). To achieve 

the goal, many different cooling techniques have been developed. Different cooling 
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techniques might have different performance and not all of the cooling techniques 

are applicable for HCP system including dense-array CPV system. For dense-array 

CPV system, a very rapid cooling is required (Chong and Tan, 2012). 

 

In the current HCP system, there are two types of heat dissipation system 

widely utilized namely passive and active cooling systems (Liu et al., 2011) 

(Chong and Tan, 2012). Passive cooling is the cooling method for photovoltaic cell 

by applying radiation or natural convection (discussed in Section 2.4.2 and 2.4.3) to 

transfer the excess heat from photovoltaic cell to maintain it in low temperature in 

order to maintain the cell conversion efficiency, therefore it has no other external 

forces such as pumping force acting along the cooling. Since, radiation or natural 

convection are applied, therefore the heat transfer rate would not be higher than the 

active cooling and only applicable for single cells geometry or linear geometry 

(discussed in Section 2.1.1 and 2.12).  

 

Active cooling is the cooling method in which forced convection is applied 

to dissipate the extra heat from photovoltaic cells. Since forced convection is 

applied, there are external forces acting on the cooling system such as pump is used 

to pump the cooling fluid pass through the heat sink of cell to absorb the excess 

heat from the cell. With the assistance of external forces, the heat transfer rate of 

active cooling will be high and this cooling method is able to be applied in 

dense-array geometry (discussed in section 2.1.3). 
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In the categories of passive cooling system, Araki et al. (2002) developed a 

passive heat dissipation device which can dissipate solar cells’ heat operating under 

500 suns. An American patented cooling system by Fork et al. (2007) is able to 

cool the solar cells passively under multi-reflective concentrations with large 

thermal radiation surface area. Aas and Hansen (2008) patented a cooling apparatus 

for photovoltaic panels. The basis layer of the US Patent cooling apparatus was 

designed with many protruding structure which fixed to back side of panels (Chong 

and Tan, 2012). 

 

Other than that, Edenburn (1980) performed a cost-efficiency analysis of 

small point-focus Fresnel lens array geometry with passive cooling system. The 

design of the cooling device is linear fins erected on all the heat sink’s available top 

surface (Chong and Tan, 2012). The solar concentration ratios in the analysis are 50, 

92 and 170 suns. Minano et al. (1994) presented a passive cooling device for a 

single cell under high solar concentrations. As similar to Edenburn (1980), he made 

a conclusion that the efficiency of cooling device increases when the size of solar 

cells is reduced. Moreover, Minano et al. (1994) advised that the cells’ diameter 

should be kept below 5 mm and the cooling device would be similar to those used 

for power semiconductor devices. For passive cooling in linear array solar cell 

geometry, Luque et al. (1997) propose a trough-type photovoltaic concentrator 

technology-EUCLIDES. In this particular system, the thermal energy is passively 

dissipated to the ambient through a lightweight aluminum-finned heat sink that 
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have been optimized for low concentration (about 30 suns). Most of the passive 

cooling systems are applied in single solar cell geometry or linear array solar cell 

geometry, but there was no report on the passive cooling system applied under 

dense array solar cells geometry with very high solar illumination (Royne et al., 

2005) (Chong and Tan, 2012). 

 

Dense array solar cells always encounter high thermal energy and 

consequently most of the passive cooling systems lost their function for dense array 

geometry. Active cooling systems are applicable in this particular geometry. Lasich 

(2002) patented an active cooling system with water circulation for densely array 

solar cells under high solar concentration. The water circuit is claimed to be able to 

dissipate 500 kWm
–2

 from the solar cells and maintain the temperature of solar cell 

around 40°C under normal operating conditions. The concept is based on water 

flow through small and parallel channels in thermal contact with solar cells (Chong 

and Tan, 2012). 

 

From 2002 to 2003 Vincenzi et al. at the University of Ferrara have 

proposed micro-machined silicon heat sinks for their concentrator system (Vincenzi 

et al., 2002, 2003). The dense-array solar cells panel with the dimension of 30 × 30 

cm² operates at 120 suns concentration, by using a silicon wafer with 

micro-machined channels, the water is circulated directly underneath the solar cells 

and the thermal resistance of the heat sink reported is 4 × 10
-5

 Km²W
–1

. Horne 
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(1993) patented a system with a paraboloidal dish to focus the sunlight onto the 

solar cells. Instead of being mounted on a horizontal surface, they are mounted 

vertically on a set of rings that are designed to cover the receiving area without 

shadowing. Water is transported up to the receiver by central pipe and then flows 

behind the solar cells before return. In this way, the water can cool the solar cells 

and absorbing UV radiation concurrently (Chong and Tan, 2012). 

 

Royne and Dey (2007) proposed a cooling device for dense array 

photovoltaic cells under high solar concentration based on the concept of jet 

impingement. The cooling device consists of an array of jets where the cooling 

fluid is drained around the sides in the direction normal to the jet impinged surface. 

An experiment was set-up to measure the local and average heat transfer coefficient 

as well as pressure drop of the device. Extensive literature reviews of jet 

impingement were given and among others are Martin (1977), Webb and Ma 

(1995), Jambunathan et al. (1992), Royne et al. (2005). Other than that, Ryu et al. 

(2002) has presented a cooling method by applying the concept of microchannel 

heat sinks with dimension of 1 × 1 cm
2
 with the lowest reported thermal resistance 

is 9 ×10
-6

 Km
2
W

-1
. The associated pressure drop is 103.42 kPa and the optimal 

dimensions are 320 μm channel depth, 56 μm channel width and 44 μm wall width. 

Apply microchannel cooling device in dense-array CPV is very costly. It is because 

most of the dimensions in microchannel device are less than 1 mm, the fabrication 

of the microchannel will be tedious and costly. By the way, microchannel’s thermal 



6 

 

resistance is low, therefore the temperature of CPV can be reduced dramatically. 

 

According to Barrau et al. (2011), the cooling device is combined with a 

slot jet impingement and non-uniform distribution of micro-channel. The minimum 

value of thermal resistance coefficient obtained is 2.18 × 10
-5

 Km
2
W

-1
 for the 

cooling device. The net PV output with the area of PV 576 cm
2
 for 610 suns and 

1905 suns are 7905.6 W and 23817.6 W respectively (Chong and Tan, 2012). 

 

On the other hand, Zhu et al. (2009) proposed an efficient liquid-immersion 

cooling method for heat dissipation of dense array solar cells at high solar 

concentration level. The direct-contact heat transfer performance was investigated 

under different solar concentration level, liquid temperatures and fluid flow 

velocities. Since the solar cells are immersed in the water, the water used must be a 

dielectric water to avoid short circuit and oxidation of solar cells. In such a way, the 

cost will increase due to dielectric water is more difficult to prepare. Moreover, the 

fabrication of CPV module will become complicated due to immersion in water. 

The cost of fabrication will increase also. 

 

Here, we would like to explore a cost effective and off-the-shelf active 

cooling system for dense-array Concentrator Photovoltaic (CPV) system, which is 

an automotive radiator to be built into the cooling system as the main component of 

heat rejection of solar cells. Automotive radiator has high heat dissipation profile 
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and does not consume high power like other cooling devices such as industrial 

cooling tower and chiller. The automotive radiator has lower cost, easily available, 

light weight and compact, and hence the proposed setup of cooling system is easy 

to establish. In addition, water can be used as service fluid, which is non-toxic, 

easily obtained and not as complex as dielectric water proposed by Zhu et al. 

(2010). Therefore, for the prototype NIPC, automotive radiator is a cost effective 

cooling device (Chong and Tan, 2012). 

 

 

1.2 Research Objective 

 

The objectives of the study:   

1. To construct a non-imaging planar concentrator (NIPC) to serve the purpose of 

sun tracking and sunlight reflecting. 

 

2. To integrate an automotive radiator as part of the cooling system for a 

dense-array CPV system and installation of the proposed cooling system on the 

NIPC. 

 

3. To accomplish theoretical analysis and on-site data collection of the automotive 

radiator cooling system to confirm the optimized specifications and verify the 

feasibility of the automotive radiator cooling system. 
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4. To measure the conversion efficiency of concentrator photovoltaic module under 

different operating temperature to justify the significance of cooling system in 

maintaining the good performance of CPV system. 

 

 

1.3 Thesis Overview 

 

 The organization of the thesis is as follow: Chapter 1 of this thesis gives an 

introduction and general idea of the research and clarifies the research objectives. 

Chapter 2 gives the literature review about the concentration photovoltaic (CPV) 

cell arrays, non-imaging planar concentrator (NIPC) and automotive radiator. In 

addition, the formula used to calculate the heat transfer and computational fluid 

dynamic (CFD) also reviewed. In Chapter 3, the methodology for theoretical study 

and data collection were discussed in detail. The application of formula in 

theoretical study and data collection were discussed. The setup for NIPC and 

cooling system also is included in this chapter. The results of theoretical study and 

data collection were shown and discussed in Chapter 4. Besides that, it also 

included the comparison between automotive radiator and cooling tower. Chapter 5 

is ending the thesis with conclusions and included future works.  
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CHAPTER 2 

 

LITERATURE REVIEW 

 

 

2.1 CPV Module Configurations 

 

 The CPV module can be categorized into three configurations which are 

single cell configuration, linear geometry and dense-array. They are categorized 

according to method of concentrating (mirrors or lenses), level of sunlight 

concentration and array of CPV cells geometry (Royne et al., 2005). 

  

 

2.1.1 Single Cell  

 

   In small point-focus concentrators, sunlight is always focused onto one 

CPV cell individually (Royne et al., 2005). This means that the area of focused 

sunlight onto each CPV cell must be almost equal or slightly bigger than the area of 

CPV cell to make sure each of the CPV cell is fully illuminated under high 

concentration sunlight. Commonly, single cell systems apply various types of 

lenses to concentrate sunlight onto single CPV cell and Fresnel lens is the most 

used one. Another option is where the reflective concentrators transmit the 
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concentrated light through optical fibers onto single CPV cells. For single CPV cell 

system, passive cooling is recommended for the concentration less than 150X. 

Edenburn (1980) had introduced active cooling for single CPV cell system. Figure 

2.1 is the schematic diagram which shows a single CPV cell is illuminated under 

high concentration sunlight with focusing lens as entrance aperture. 

 

 

 

Figure 2.1: The schematic diagram of a single CPV cell system illuminated under 

high concentration sunlight with focusing lens as entrance aperture (Royne et al., 

2005). 
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2.1.2 Linear Geometry  

 

 Linear geometry refers to CPV cells which are arrayed in a row of straight 

line and each of the CPV cells is very close to their neighbouring cells. In linear 

geometry, parabolic troughs or linear Fresnel lenses are the most typical method 

used to focus the sunlight onto a row of CPV cells. With this linear geometry, the 

CPV cells have less area available for heat dissipating due to two of the CPV cell 

sides which are very close contact with the neighbouring cells. The only areas 

available for heat dissipation are extending from two of the sides or the back side of 

the CPV cells (Royne et al., 2005). The cooling methods for linear geometry can be 

either passive cooling or active cooling. Edenburn (1980) suggested both active and 

passive cooling system for this linear geometry design (Royne et al., 2005). Figure 

2.2 is the schematic diagram shows a row of CPV cells arrayed in a straight line 

and illuminated under high concentration sunlight with linear focusing lens as 

entrance aperture. 
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Figure 2.2: The schematic diagram of a linear geometry CPV cell system 

illuminated under high concentration sunlight with linear focusing lens as entrance 

aperture (Royne et al., 2005). 

  

 

2.1.3 Dense-array  

 

 In larger point-focus systems, such as parabolic dishes, heliostat fields or 

non-imaging planar concentrator (NIPC) discussed in Section 2.2, generally, the 

receiver consists of a multitude of densely packed CPV cells which the CPV cell 

are very close contact with the neighbouring cells in every sides with a fine gap. 

The receiver is usually placed slightly away from the focal plane to obtain a 
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uniform illumination (Chong et al., 2010). By option, secondary concentrators 

(kaleidoscopes) may be used to further improve flux homogeneity (Kreske, 2002). 

Dense-array CPV modules present greater problems for cooling than the two 

previous configurations discussed. Except the edge of CPV cells, each of the CPV 

cells only has its back side available for heat dissipation (Royne et al., 2005). 

Moreover, the area of illumination onto the dense-array CPV modules and level of 

sunlight concentration are always larger than the previous configuration. Therefore 

the excess energy converted to heat would be the highest. Only an effective active 

cooling is suitable to apply for dense-array CPV module (Royne et al., 2005). 

Figure 2.3 is the schematic diagram of dense-array CPV module illuminated under 

high concentration sunlight with entrance aperture. 

 

 

 

Figure 2.3: Schematic diagram of dense-array CPV module illuminated under high 

concentration sunlight with entrance aperture (Royne et al., 2005). 
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2.2 Non-imaging Planar Concentrator (NIPC) 

 

 Concentrator plays an important role for focusing sunlight onto receiver for 

any solar power generation station. Non-imaging planar concentrator (NIPC) is one 

of the concentrator able to achieve the objective. To concentrate sunlight onto 

dense-array CPV module as discussed in Section 2.1.3, is required. The design and 

construction of NIPC is further discussed in Section 3.3.1.   

 

 

2.2.1 Principle and Concept of NIPC   

 

 To achieve a high concentration solar irradiation with good uniformity onto 

the dense-array CPV module, NIPC was proposed. This NIPC is formed by 

numerous flat mirrors acting as entrance aperture to collect and focus the incident 

sunlight onto the receiver which is installed above the focal plane (Chong et al., 

2009a). The focal length is adjusted to obtain optimum sunlight concentration and 

uniform illumination (Chong et al., 2010). The concept of NIPC is shown in Figure 

2.4a and 2.4b. The concentrating sunlight to the NIPC is similar to the non-imaging 

focusing heliostat, where the uniformity of illumination on receiver can be obtained 

from the superposition of the flat mirrors images which stack into one as shown in 

Figure 2.4b. The incident sunlight are reflected by the flat mirrors to the receiver, in 

which the size and shape of the illumination is nearly same to the CPV module. 
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Figure 2.4: Conceptual layout of NIPC and Cross-sectional view of NIPC to show 

how the individual mirror directs the sunlight to the receiver, (a) isometric view, (b) 

side view (Chong et al., 2009a). 
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2.2.2 Method of Sun Tracking 

 

 Currently, the two-axis sun-tracking method also known as 

azimuth-elevation (AE) method is implemented in the NIPC system for this study. 

The reflectors of the NIPC are mounted above the pedestal which allows the 

movements in azimuth axis and elevation axis. Movement of each axis is supplied 

by a fractional-horsepower motor through a gearbox drive. These motors receive 

signals from a central control computer that accurately track the sun position so that 

the reflectors normal intermediate between the sunray and the reflected rays which 

point toward the receiver. Figure 2.5 showed the schematic diagram of the setup of 

AE tracking method NIPC. From the diagram, the AA’ axis is azimuth axis and BB’ 

axis is elevation axis. 
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Figure 2.5: Schematic diagram of the setup of AE tracking method NIPC (Chong et 

al., 2009a). 

 

 

2.3 Automotive Radiator 

 

 Automotive radiator is a device of heat exchange to transfer heat energy 

from one medium to the environment. It consists a lot of parallel thin-wall tubes 

which allow water (medium of heat exchange) to pass through and the heat from 

the hot water is dissipated to the air stream which created by radiator’s fan. The 

total heat transfer area of automotive radiator is typically high which contributed by 

the thin waved-shape fins sandwiched between the tubes. Most of the tubes and fins 
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are fabricated by metal which has high heat conductivity such as aluminum and 

copper to enhance the rate of heat conduction within tubes and fins. With higher 

rate of heat conduction, more heat energy can be dissipated to the environment. 

Therefore, automotive radiator has a very high heat transfer profile. In this study, 

automotive radiator is the key component which also the last stages of heat 

dissipation to the environment. Figure 2.6 shows the schematic diagram of an 

automotive radiator. 

 

  

 

Figure 2.6: Schematic diagram of automotive radiator.  
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2.4 Cooling Tower 

 

 According to Cooling Technology Institude (2009), cooling tower is a heat 

rejection device which will extract the heat from water flow through it and dissipate 

to the atmosphere. The method of heat dissipation of cooling tower is evaporation. 

Small portion of water will be evaporated into the moving air stream created by 

cooling fan when the water flows through the cooling tower to provide effective 

cooling to the rest of water. The dissipated heat transferred to the air stream will 

raise the air’s temperature and relative humidity and finally discharged to the 

atmosphere. 

 

 

2.5 Heat Transfer 

 

 Heat transfer is a discipline of thermal engineering that concerns the 

exchange of heat from within two physical systems. The fundamental methods of 

heat transfer are classified into a few mechanisms, which are conduction, radiation, 

convection, and phase-change transfer. Since phase-change heat transfer is more 

complicated, it is not discussed here. Heat transfer occurs when there is a 

temperature-difference between two regions which have different temperature 

(Geankoplis, 2003). 

 

http://en.wikipedia.org/wiki/Thermal_engineering
http://en.wikipedia.org/wiki/Thermal_energy
http://en.wikipedia.org/wiki/Heat_conduction
http://en.wikipedia.org/wiki/Thermal_radiation
http://en.wikipedia.org/wiki/Convection
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 Heat transfer methods are widely used in many engineering fields including 

automotive engineering, power plant engineering, insulation and else. Heat transfer 

is an important part of this study because automotive radiator used in the study is a 

heat exchange device. The rate of heat transfer within automotive radiator is also 

considered and calculated. 

 

 

2.5.1 Conduction 

 

 Conduction is a mode of transfer of thermal energy within bodies of matter, 

due to a temperature gradient occurred within them. Conduction also defined as 

collisional and diffusive transfer of kinetic energy of particles of matter. Conduction 

takes place in all forms of matter such as solids, liquids and gases. In solids, it is due 

to the combination of vibrations of the molecules in a lattice or phonons with the 

energy transported by free electrons. In gases and liquids, conduction is due to the 

collisions and diffusion of the molecules during their random motion. In conduction, 

the heat flows through the body itself from higher temperature part to lower 

temperature until equilibrium is achieved. In the study, conduction is considered in 

the heat transfer within cooling block and also the heat transfer within automotive 

radiator’s tubes and fins. The equation to calculate the rate of heat transfer of 

conduction is stated as: 

l

TkA
Q


    (W)                           (2.1) 

http://en.wikipedia.org/wiki/Automotive_engineering
http://en.wikipedia.org/wiki/Power_plant
http://en.wikipedia.org/wiki/Thermal_insulation
http://en.wikipedia.org/wiki/Energy
http://en.wikipedia.org/wiki/Temperature_gradient
http://en.wikipedia.org/wiki/Crystal_structure
http://en.wikipedia.org/wiki/Phonons
http://en.wikipedia.org/wiki/Free_electron_model
http://en.wikipedia.org/wiki/Molecular_diffusion
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Where k is the conductivity of material (Wm
-1

K
-1

), A  is the cross-sectional surface 

area (m
2
), T  is the temperature difference between two ends (˚C) and l is the 

length of heat transfer between two ends (m). (Çengel, 2003) 

 

 

2.5.2 Radiation 

 

 Radiation is electromagnetic radiation generated by the thermal motion of 

charged particles in matter. All matter will emit thermal radiation with a temperature 

greater than absolute zero (Blundell and Blundell, 2006). Radiation also represents a 

conversion of thermal energy into electromagnetic energy. The characteristics of 

radiation depends on various properties of the surface it is emanating from, such as 

the temperature of it, its spectral absorptivity and spectral emissive power, as 

expressed by Kirchhoff's law (Blundell and Blundell, 2006). A radiating body is 

characterized as black body where the surface has perfect absorptivity and emissivity 

at all wavelengths. The radiation of such perfect emitters is called black-body 

radiation. The ratio of any body's emission relative to that of a black body is the 

body's emissivity, so that a black body has an emissivity of unity. Others radiating 

body which are not black body have emissivity which is less than 1. The equation to 

calculate the rate of heat transfer of radiation is stated as: 

 44

ambb TTAQ     (W)                    (2.2) 

http://en.wikipedia.org/wiki/Thermal_motion
http://en.wikipedia.org/wiki/Charged_particles
http://en.wikipedia.org/wiki/Matter
http://en.wikipedia.org/wiki/Temperature
http://en.wikipedia.org/wiki/Absolute_zero
http://en.wikipedia.org/wiki/Thermal_energy
http://en.wikipedia.org/wiki/Electromagnetic_energy
http://en.wikipedia.org/wiki/Absorptance
http://en.wikipedia.org/wiki/Kirchhoff%27s_law_of_thermal_radiation
http://en.wikipedia.org/wiki/Black-body_radiation
http://en.wikipedia.org/wiki/Black-body_radiation
http://en.wikipedia.org/wiki/Emissivity
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Where ε is the material emissivity, σ is the Stefan–Boltzmann constant 

(5.67×10
-8

Wm
-2

K
-4

), A  is the radiating surface area (m
2
), bT  is the surface 

temperature of radiating body (˚C) and am bT  is the temperature of the environment 

(˚C) (Çengel, 2003). 

 

 

2.5.3 Convection 

 

 Convection is the transfer of thermal energy from one medium to another by 

the movement of fluids whether the movement of fluid is forced by external medium 

or created by fluid itself. The presence of bulk motion of the fluid enhances the heat 

transfer rate between the fluid and the solid surface (Blundell and Blundell, 2006). 

Convective heat transfer actually is the combination of the effects of heat diffusion 

and heat transfer by bulk fluid flow a process technically termed heat advection. The 

process of transfer of thermal energy from a solid to a fluid or the reverse requires not 

only transfer of heat by bulk motion of the fluid, but also diffusion of heat through 

the still boundary layer next to the solid. Thus, this process with a moving fluid 

requires both diffusion and advection of heat can be defined as convection. 

Convection is usually the dominant form of heat transfer in liquids and gases. There 

are two types of convection which are natural convection and forced convection.  

 

http://en.wikipedia.org/wiki/Fluid_flow
http://en.wikipedia.org/wiki/Advection
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 Natural convection is caused by buoyancy forces that result from the 

variation of density due to variations of temperature in the same fluid. When the fluid 

is in contact with a hot surface, the molecules at that volume will separate and 

scatter, causing the mass of fluid at that volume become less dense. Therefore, the 

fluid is displaced vertically or horizontally while the cooler fluid which is denser will 

sink. Thus the hotter volume transfers heat towards the cooler volume of that fluid.  

 

 Forced convection occurred when there are external sources such as pump, 

fan and other which will create fluid flow to force the fluid flowing over the hot 

surface to absorb the heat from it or in the reverse to supply heat to certain surface by 

hot water. Normally, forced convection has higher heat transfer rate compare to 

natural convection because forced convection has higher flow rate than natural 

convection. The heat transfer from automotive radiator to the environment in this 

study is a forced convection. The equation to calculate the rate of heat transfer of 

convection is stated as: 

ThAQ     (W)                           (2.3) 

where h is the heat transfer coefficient (Wm
-2

K
-1

), A  is the total heat transfer area of 

convection (m
2
), T  is the temperature difference between the contact surface and 

fluid (˚C) (Çengel, 2003). 
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2.5.3.1 Heat Transfer Coefficient 

 

 In convection, heat transfer coefficient varying depends on the condition in 

the fluid boundary layer which affected by the motion of fluid, surface geometry, 

and an assortment of fluid thermodynamic and transport properties (Incropera et al,, 

2007). Basically, heat transfer coefficient is in the function of Nusselt number 

(dimensionless number), fluid conductivity and diameter of pipe in pipe flow or 

length of plate in plate flow. Their relationship as stated below: 

hD

Nuk
h                             (2.4a) 

 

L

Nuk
h                             (2.4b) 

where Nu is the Nusselt (dimensionless), k is the conductivity of fluid (Wm
-1

K
-1

), 

Dh is the hydraulic diameter of pipe (m) and L is the length of plate (m). From the 

equation, heat transfer coefficient of convection is directly proportional to Nusselt 

number and fluid conductivity but inversely proportional to the diameter of pipe or 

length of plate. Therefore, the change of Nusselt number will immediately 

influence the value of heat transfer coefficient in order influence the rate of heat 

transfer (Çengel, 2003). 
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2.5.3.2 Nusselt Number 

 

 In convection, Nusselt number is varying depends on the conditions in the 

fluid boundary layer such as rate of fluid flow, fluids properties which influenced 

by its temperature and geometry of the boundary of fluid flow. Below are the 

relationships between nusselt number and its parameter: 

  P r )R e ,,( hDfNu                       (2.5a) 

 

Pr)Re,,(LfNu                        (2.5b) 

The above equations implies that for a given geometry, the Nusselt number is in the 

function of Re, Pr and Dh in pipe flow or L in plate flow. If these three parameters 

are known, it could be used to calculate the value of Nusselt number. From 

equations above, Re is the Reynolds number which is dimensionless, Pr is the 

Prandtl number which also dimensionless and Dh is the diameter of pipe (m) in pipe 

flow and L is the length of plate (m) in plate flow. Nusselt number has several of 

correlation depends on different Reynolds number (laminar or turbulent), fluid flow 

boundary (pipe flow or plate flow) and value of Prandtl number (Incropera et al., 

2007). 
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2.5.3.3 Reynolds Number 

 

 Reynolds number is a dimensionless number which measure the ratio of 

inertial forces to viscous forces and quantify the relative importance of these two 

forces in a fluid flow. Therefore, Reynolds number is in a function of, fluid flow 

velocity, viscosity and dimension of fluid boundary. The relationships between 

Reynolds number and the parameters are stated below:  



 hvD
Re                         (2.6a) 

 



vL
Re                          (2.6b) 

Where ρ is the density of fluid (kgm
-3

), v is the velocity of fluid flow (ms
-1

), μ is the 

dynamic viscosity (Nsm
-2

) and Dh is the diameter of the pipe in pipe flow (m), L is 

the length of plate in plate flow. From equations above, Reynolds number is 

directly proportional to density and velocity of fluid and also the dimension of fluid 

boundary (diameter of pipe in pipe flow or length of plate in plate flow) but 

inversely proportional to dynamic viscosity of fluid. Reynolds number also 

classifies the fluid flows into laminar flow and turbulent flow.  
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2.6 Computational Fluid Dynamics (CFD) 

 

 Computational fluid dynamics (CFD) is a branch of fluid mechanics that 

applies numerical methods and algorithms to solve and analyze problems of fluid 

flows. High performance computers are required to perform all of the numerical 

calculations to obtain the interaction of fluids with defined surfaces in 

finite boundary conditions. 

 

 

2.6.1 Standard K – epsilon Turbulent Model 

 

 The standard K-epsilon model is one of the widely used turbulence models of 

computational fluid dynamics used to construct a model to predict the turbulent 

effect of fluid flow.  

 

Below are the governing equations of Standard K – ε turbulent model 

provided by Versteeg and Malalasekera (1995): 

Continuity equation: 
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http://en.wikipedia.org/wiki/Fluid_mechanics
http://en.wikipedia.org/wiki/Numerical_methods
http://en.wikipedia.org/wiki/Algorithms
http://en.wikipedia.org/wiki/Boundary_conditions
http://www.cfd-online.com/Wiki/Turbulence_modeling
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Energy equation: 
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Turbulent kinetic energy ( ) equation: 
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Turbulent kinetic energy dissipation ( ) equation: 
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The empirical constants in the above equations are given as: C1 = 1.44, C2 = 1.92,
 
 

C = 0.09, k = 1.0, s = 1.3. Full description and calculation for these entire 

empirical constant were provided by Rodi (1980). 



29 

 

CHAPTER 3 

 

METHODOLOGY  

 

 

3.1 Theoretical Study 

 

 The theoretical study on the automotive radiator cooling system has been 

carried out before the experimental data were collected. In this thesis, there are two 

theoretical studies, which are the theoretical study of the automotive radiator and 

the theoretical study of the cooling block. A three-dimensional (3-D) computational 

fluid dynamic (CFD) model is used to simulate the temperature at the central point 

(the hottest point) of the cooling block under various solar heat flux input, water 

mass flow rate and water inlet temperature to the cooling block. In the theoretical 

study, the heat rejection by the automotive radiator and cooling block was 

calculated by applying the formulas of heat transfer under different wind speeds, 

water flow rate and different surface areas of cooling. The objective of theoretical 

modeling for both the automotive radiator and cooling block is to finalise the 

design specification of the prototype cooling system such as wind speed and water 

flow rate (Chong and Tan, 2012). The details of theoretical studies are discussed 

below. 
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3.1.1 Theoretical Study of Heat Transfer of Automotive Radiator 

 

 According to Chong and Tan (2012), the heat rejection of automotive 

radiator is studied using analytical methods based on the case of forced convection 

by air and heat dissipation due to radiation. The heat rejection rate of radiator is the 

rate of radiator removing the excess heat from circulating cooling water to the 

environment. The automotive radiator has a total surface area of 3.8 m² in which 

only 2.2 m² of the surface area is covered by the fan. In the analysis of heat 

rejection, convection is only considered at the regions of the radiator where covered 

by the air-flow created by the fan while radiation is considered on all surface area 

of radiator. The heat transfer of the automotive radiator through conduction is small 

and can be ignored in the calculation. The forced convection and radiation are the 

main factors of heat transfer in the automotive radiator. The total heat removed by 

the automotive radiator is the summation of heat removed by both forced 

convection and radiation. The formula of the total heat removed by the automotive 

radiator can be calculated using formula (2.3) as shown below: 

ThAQ   (W)                     (2. 3) 

Refer to the condition of heat transfer between environment and automotive 

radiator, Q is the heat rejection of automotive radiator through forced convection 

(W), h is the heat transfer coefficient (Wm
-2

K
-1

) of forced convection, A  is the 

total heat transfer area of forced convection (m
2
) stated as 2.2 m

2
, T  is the 

temperature difference measured between the surface of radiator and air (˚C). The 
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heat transfer coefficient h can be calculated by using equation 2.4c: 

h

aa

D

kNu
h                           (2.4c) 

where ka is the thermal conductivity of air (Wm
-1

K
-1

) which depends on the 

temperature of environment, Dh (m) the hydraulic diameter which is defined as the 

effective diameter of a noncircular tubes in the first approximation, can be obtained 

as: 

P

A
D c

h

4
                (3.1) 

in which Ac and P are the cross-sectional area, 6.914×10
-5

 m
2
, and the perimeter, 

0.0723 m, of the radiator tubes respectively. Nua (dimensionless) is Nusselt number 

in the case of forced convection between the radiator surface and environment. 

Since the automotive radiator consists of an array of 33 non-circular tubes arranged 

in parallel from top to bottom and the wind created by fan flow across the parallel 

tubes, therefore, it is treated as a case of cross flow on a non-circular tube. Hence, 

the Reynolds number can be calculated by applying equation (2.6a) as shown 

below: 

a

haa
D

Dv




Re                       (2.6a) 

where ReD (dimensionless) is the Reynold number in the case of forced convection 

between the radiator surface and the environment, a is the density of air (kgm
-3

), va 

is the average wind speed of fan with 3 ms
-1

 and a is the dynamic viscosity of air 

(Nsm
-2

). The density and dynamic viscosity can vary dependent on the environment 

temperature. According to Zukauskas (1972), the Nusselt number of automotive 
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radiator for the case of cross flow on non-circular tubes can be expressed as  

4/1
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where Pr is the Prandtl number. All the properties (a,  a, Pra, ka) are evaluated 

based on the air temperature flowed across the radiator (same as ambient 

temperature) except Prs is evaluated based on radiator’s surface temperature. These 

parameters’ value can be obtained from Table A.4 of Incropera et al. (2007). 

According to Incropera et al. (2007), given that n = 0.37 for Pra  10 and m = 0.5, 

C = 0.51 for ReD in the range of 40-1000. With the Nusselt number, the heat 

transfer coefficient of forced convection between automotive radiator and the 

environment can be calculated as well the heat rejection rate of radiator (Chong and 

Tan, 2012) 

 

For the heat transfer by radiation, the rate of heat transfer is stated below: 

)44(
amb

T
s

TA
radiation

Q              (2. 2) 

where ε is a property of radiative surface termed the emissivity of the surface with 

values from 0 to 1 depending on different surface finishing and material. Incropera 

et. al. (2007) provided a list of emissivity for various materials. Since the 

automotive radiation is painted in black, therefore the surface emissivity of the 

whole radiator is stated as 0.98 (Incropera et al., 2007). σ is the Stefan-Boltzmann 

constant equal to 5.67×10
-8

 Wm
-2

K
-4

. A is the total surface area for heat transfer. Ts 

is the average temperature of radiative surface and Tamb is the ambient temperature 

(Chong and Tan, 2012). 
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3.1.2 Theoretical Study of Heat Transfer of Cooling Block 

 

 In this section, the theoretical study of heat transfer of cooling block is 

carried out by using analytical formulas for forced convection similar to the study 

of automotive radiator, the forced convection in cooling block is initiated by water 

(Chong and Tan, 2012). The heat power converted from excess solar flux is 

absorbed by back side of cooling block and then conducted to the finned surface 

which forced convection take part. The heat conduction within cooling is calculated 

by using equation 2.1: 

l

TAk
Q

cu 
                          (2.1) 

where cuk is the conductivity of the material of cooling block which is copper with the 

value of 387 Wm
-1

K
-1

, A  is the cross-sectional surface area of heat conduction 

which is 0.01 m
2
, T  is the temperature difference measured between two ends of 

conduction (˚C) and l is the length of heat transfer between the two ends with 0.005 

m. In the analysis, the heat loss from the cooling block’s surfaces through radiation 

and natural convection are small and can be neglected in the calculation of heat 

transfer. Therefore, the heat conducted to the finned surface is considered equal to 

heat absorbed by the cooling water through forced convection. The cooling block’s 

finned surface has a total surface area of 0.11922 m², since forced convection is the 

main consideration of heat transfer in the study of cooling block, the heat transfer 

coefficient of forced convection applied between the cooling block and cooling 

water is given by equation 2.4b: 
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L

kNu
h ww                          (2.4b)  

where kw is the thermal conductivity of water (Wm
-1

K
-1

) which depends on its 

temperature, L is the length of water flow in the cooling block stated as 0.124 m, 

Nua (dimensionless) is Nusselt number in the case of forced convection between the 

finned surface of cooling block and water. Since the cooling block’s inner is a flat 

plate with fins, therefore the flow type in the cooling block is consider as a plate 

flow. Hence, the Reynolds number can be calculated by applying equation (2.6b) as 

shown below: 

w

ww
L

Lv




Re                         (2.6b) 

where ReL (dimensionless) is the Reynold number in the case of forced convection 

between the cooling block’s finned surface and water, w is the density of water 

(kgm
-3

), vw is the average speed of water in the cooling block with 0.35 m/s and w 

is the dynamic viscosity of water (Nsm
-2

). The density and dynamic viscosity can 

vary dependent on the temperature of water. According to Incropera et al. (2007), 

the Nusselt number of convection between cooling block and water can be 

expressed as:  

3/12/1 PrRe453.0 wLwNu                     (3.3) 

all the properties (w,  w, Prw, kw) are evaluated based on the temperature of water  

in the cooling block. These parameters can be obtained from table A.6 of Incropera 

et al. (2007). With the Nusselt number, the heat transfer coefficient of forced 

convection between cooling block and water can be calculated as well the heat 

transfer rate to the water (Chong and Tan, 2012). 
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3.2 Computational Fluid Dynamic Simulation of 3-D modeling Cooling Block 

 

A Computational Fluid Dynamic (CFD) program is employed to perform a 

flow and heat transfer analysis to a specially designed cooling block for the dense 

array CPV system. The numerical modeling of the cooling block is illustrated in 

Figure 3.1 (Chong and Tan, 2012). 

 

 

 

Figure 3.1: Drawing to show the numerical modeling of the cooling block where its 

domains comprises of three major parts of the cooling block with slot fins, cooling 

block cover and water acting as cooling fluid (Chong and Tan, 2012). 

 

 Its domains comprises of three major parts including cooling block with 

slot fins, cooling block cover and water acting as cooling fluid. These three parts 
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are meshed by tetrahedral meshing method into a total of 83,835 finite elements 

with spacing of 5 mm in size wherein 34,785 elements for the cooling block, 

21,578 elements for the cover and 27,469 elements for the fluid. Furthermore, all 

the surfaces in contact within these three parts must be well defined. To start the 

iteration of simulation, the fluid inside the cooling block is assumed to have 

incompressible flow at the steady-state. The 3-D governing equations of mass, 

momentum, energy, turbulent kinetic energy and turbulent kinetic energy 

dissipation rate in the steady-state are listed as follow (Versteeg, 1995 and 

Malalasekera, 1995): 

Continuity equation: 
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Energy equation: 
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Turbulent kinetic energy ( ) equation: 
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Turbulent kinetic energy dissipation ( ) equation: 
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In this 3-D model simulation of cooling block, the k-epsilon turbulent 

model is employed which is being expressed based on equations (2.7a) to (2.7e). 

The empirical constants in the above equations are given as: C1 = 1.44, C2 = 1.92,
 
 

C = 0.09, k = 1.0, s = 1.3. Full description and calculation for these entire 

empirical constant were provided by Rodi (1980). Generally, there are many 

turbulent models such as Reynolds Stress Model, large eddy simulation and etc. In 

the 3-D model simulation of cooling block, the standard k- turbulent model is 

employed. With the change of each parameter, 60 computational simulations are 

executed to obtain the temperature at the centre of cooling block that is the same 

location where the measurement is made in the experiment (Chong and Tan, 2012).   

 

 

3.3 Experimental Setup 

  

In the study, the experimental setup consists of two major components, 

which are the non-imaging planar concentrator (NIPC) and automotive radiator 

cooling system (Chong and Tan, 2012). 

 

 

 

 

 



38 

 

3.3.1 Construction of NIPC 

  

A prototype of non-imaging planar concentrator (NIPC) has been designed 

and constructed to serve the purpose of tracking the sun and focusing the sunrays 

onto a target which is the copper cooling block installed on the target holder frame, 

just above the concentrating mirrors (Chong and Tan, 2012). 

 

 

3.3.1.1 Specification of NIPC 

  

The non-imaging planar concentrator has the capability to producing a good 

uniformity of solar illumination is consisted of 416 flat concentrating mirrors with 

10 cm × 10 cm each to form a total reflective area of 4.16 m². These concentrating 

mirrors are array in a grid form with size of 21×21 as shown in Figure 3.2 (Chong 

and Tan, 2012). 
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Figure 3.2: Picture to show the prototype of nonimaging planar concentrator that is 

located along the south-north orientation at latitude of 3.2˚ N and longitude of 

107.7˚ E, in the campus of Universiti Tunku Abdul Rahman (UTAR), Kuala 

Lumpur, Malaysia (Chong and Tan, 2012). 
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From the diagram, the concentrating mirrors at the centre column which 

are installed exactly below the target holder frame have shadowing from the target 

holder frame and another 4 mirrors will be used to reflect light to active tracking 

sensor. Therefore, the 21 mirrors under the shadowing and 4 sensor mirrors were 

not considered and the final concentrating mirrors numbers are 416. According to 

Chong et al. (2009a, 2009b), to obtain optimum energy and concentration, the focal 

length should set close to 1.7 m if the 10 cm × 10 cm mirrors were arrayed in 21 × 

21. 

 

The mirrors holder frame and the target holder frame are made of 

Aluminum 6061 due to its light weight, therefore lower acting torque is required by 

the stepper motor to drive the concentrator (Chong and Tan, 2012). Other than that, 

the rest of non-imaging planar concentrator was made by mild steel which has 

higher strength than aluminum to serve the purpose of supporting the whole mirrors 

frame with the least deformation on it. The pedestal of the non-imaging planar 

concentrator is the supporting base which serves the purpose to support all the 

loads of the concentrator. The pedestal has similar function with columns or pillars 

in buildings which play an important role in supporting. Moreover, the pedestal 

also protects the azimuth stepper motor from rain which is installed inside it. 
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3.3.1.2 Tracking Method of NIPC 

 

The active azimuth-elevation sun-tracking method has been adapted to the 

prototype of NIPC and each of the axes is driven by a stepper motor attached to 

worm gear reducer with gear ratio of 60. A Windows-based program implemented 

using Microsoft Visual Basic.net was developed to control the sun-tracking 

mechanism according to the day number of the year, the local time, time zone, 

latitude and longitude of the prototype installation as shown in Figure 3.3 (Chong 

and Tan, 2012). 
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Figure 3.3: Windows-based program implemented using Microsoft Visual Basic.net 

developed to control the sun-tracking mechanism according to the day number of 

the year, the local time, time zone, latitude and longitude of the prototype 

installation (Chong and Tan, 2012). 
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The program acquires the aforementioned information for calculating the 

azimuth and elevation angles of the sun so that the stepper motors will be triggered 

to drive the concentrator frame to the required orientation (Chong et al., 2009b, 

2011). As the apparent position of the sun continue to change with time throughout 

the day, the computer will continuously send signals via the parallel port to the 

driver to adjust the orientation of concentrator frame appropriately about the 

azimuth and elevation axes for maintaining the tracking position. The tracker is 

commanded to follow the sun at all times because the program is run in repeated 

loops to ensure a smooth and continuous movement of the concentrator frame 

(Chong and Tan, 2012). 

 

 

3.3.1.3 Flux Distribution of NIPC 

 

In this section, solar flux distribution produced by the NIPC is discussed. 

The solar flux distribution casts on the cooling block was investigated via exposing 

a sand paper to the concentrated sunlight for a few seconds (Chong and Tan, 2012). 

Figure 3.4 show the concentrated sunlight has generated different grades of burnt 

mark on the sand paper. 
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Figure 3.4: The concentrated sunlight has generated different grades of burnt mark 

on the sand paper, where the total area of burnt mark on the sand paper was 

measured as 11 cm  11 cm and a darker carbonized burnt area was measured as 

8.8 cm  8.8 cm (Chong and Tan, 2012). 

 

The total area of burnt mark on the sand paper was measured as 11 cm  11 

cm and a darker carbonized burnt area was measured as 8.8 cm  8.8 cm (Chong 

and Tan, 2012). The solar flux distribution profile has been simulated according to 
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the dimension of prototype using ray-tracing method (Chong et al., 2010). Figure 

3.5 (a) and (b) show the simulated result in 3-D and 2-D plots accordingly in which 

the solar flux profile consists of a flat top area in the central region with maximum 

solar concentration ratio of 377 suns and it is named as uniform illumination area 

(Chong and Tan, 2012).  

 

 

 

Figure 3.5: The simulation results of solar flux distribution for the prototype 

nonimaging planar concentrator that consisted of 420 flat mirrors in (a) 3-D and (b) 
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2-D plots with a focal distance of 170 cm (Chong and Tan, 2012). 

 

The dimension of simulated result is reasonably close to the actual 

measurement, which is 11.8 cm  11.8 cm in total area and 8.83 cm  8.83 cm in 

the uniform illumination area (Chong and Tan, 2012). 

 

 

3.3.2 Automotive Radiator Cooling System 

 

 The automotive radiator cooling system is another main component which 

plays an important role in cooling. It was sub-divided into four main parts, which 

are the automotive radiator, cooling block, water pump, and reservoir tank (Chong 

and Tan, 2012). Figure 3.6 shows the automotive radiator from a commercial 

automobile, “Proton Wira 1500 c.c.”.  
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Figure 3.6: Picture to show the automotive radiator from a commercial automobile 

“Proton Wira 1500 c.c.” with the capacity of 1500 c.c to be used as the key device 

for the heat rejection in the cooling system (Chong and Tan, 2012). 

 

This automotive radiator has 1500 c.c capacity has been used as the key 

device for the heat rejection in the cooling system. The materials of automotive 

radiator casing and tubes are aluminum alloy with high heat conductivity and light 

weight. It is easy to be installed into the prototype of NIPC with minimum load 

added to the driving motor especially the stepper motor of azimuth (Chong and Tan, 

2012). From the diagram, the external fins with wavy shape were sandwiched 
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between the water ducts in the radiator are made of copper in order to have higher 

heat conductivity for increasing heat dissipation rate of radiator. The total heat 

transfer area of radiator is reasonably large, which includes the surface areas of 

radiator ducts and of copper fins. From measurement, the total surface area of 

radiator ducts is 0.8 m² and the total surface area of copper fins is 3 m² to result in 

3.8 m² for the total surface area of radiator. A 280 mm diameter of DC fan with 

rated power of 50.6 W attached to the automotive radiator can create a significant 

air flow with the wind speed of 3 ms
–1

. The Reynolds number ReD for air flow 

across the radiator, Nusselt number Nua and heat transfer coefficient h are 730, 12 

and 80 Wm
-2

K
-1

 using equation 2.6a, 3.2 and 2.4a respectively (Chong and Tan, 

2012). 

 

The cooling block is the heat sink for the dense-array CPV panel, which is 

the major component for absorbing and transferring the extra heat rejected by the 

dense-array CPV panel to the circulated cooling water. In this context, the preferred 

material of the cooling block is copper due to its high thermal conductivity which is 

about 387 Wm
-1

K
-1

 which allow the absorbed heat conducted with a faster rate to 

the finned-surface of cooling block in opposite side for rejecting the heat to cooling 

water by forced convection (Chong and Tan, 2012). 

 

To ensure a high forced convection rate between the cooling block and 

water, the cooling block must have sufficient surface area that contacts with cooling 
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water. Therefore a copper block with a dimension 180 mm × 146 mm × 20 mm was 

machined into a shape with multiple water channels as shown in Figure 3.7 (Chong 

and Tan, 2012). 

 

 

 

Figure 3.7: Drawing to show the cooling block made of copper with a dimension 

180 mm × 146 mm × 20 mm to be machined into a pattern of multiple water 

channels (Chong and Tan, 2012). 

 

 The finned-surface of cooling block consisted multiple water channel 

pattern as shown in diagram above has contributed to a large surface area of 
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1192.20 cm² for the heat transfer between cooling block and water. Besides that, 

this pattern also allows water to pass through it with high speed by making use of 

the straight and narrow guides that increase the heat transfer coefficient of forced 

convection between cooling block and water. This cooling block is covered with an 

aluminum plate with a dimension of 204 mm × 146 mm × 10 mm to form a close 

system exactly same as Figure 3.1 (Chong and Tan, 2012). 

  

   In the experiment setup, an AC submersible water pump with model 

Nemo-100A and rated power of 100 W (Appendix B) is utilized for circulating the 

cooling water between the radiator and the cooling block. Its role is to create a 

constant water flow in whole automotive radiator cooling system with mass flow 

rate of 0.583 kgs
-1

. The Reynolds number ReL for water flow in the cooling block, 

Nusselt number Nuw and heat transfer coefficient h are 31270, 192 and 1967 

Wm
-2

K
-1

 using equation 2.6b, 3.3 and 2.4b respectively (Chong and Tan, 2012). 

 

Last but not least, the final component is a reservoir tank which acts as the 

start point and end point of the water circulation in the automotive radiator cooling 

system. It also provides additional space for storing back flow water when the 

system stops operation (Chong and Tan, 2012). 

 

Figure 3.8 is the schematic diagram of the automotive radiator cooling 

system to show the flow direction of water in the experimental setup.  
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Figure 3.8: The schematic diagram to show all the components of the automotive 

radiator cooling system and the flow direction of water in the experimental setup 

(Chong and Tan, 2012). 

 

After the water pump is switched on, the water from reservoir tank will flow 

to the copper cooling block located on top of the solar concentrator with the height 

of 2.2 m relative to the reservoir. When the water passes through the cooling block, 

it will absorb the thermal energy from the concentrated sunlight. The temperature 

of the water will rise after the heat absorption and the water will be heading to the 

automotive radiator which is located at 2.2 m below the cooling block. Inside the 
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automotive radiator, the water is forced through the parallel aluminum ducts evenly, 

in such a way that heat can be effectively dissipated during the process. In the 

radiator, the thermal energy carried by the water will be rejected to surrounding via 

forced convection created by the fan. The temperature of water will be decreased in 

the process of the heat rejection and then be circulated back to the reservoir tank so 

that a new circulation can be started again. Table 3.1 summarizes the specification 

of the whole experimental setup (Chong and Tan, 2012). 

 

 

Table 3.1: The specification of experimental setup (Chong and Tan, 2012). 

 

 

Radiator 

Radiator capacity 1500 c.c 

Total surface area 3.8 m² 

Heat transfer area covered by fan, A 2.2 m² 

Cross section area of radiator ducts, Ac 6.914×10
-5 

m
2
 

Perimeter of radiator ducts, P 0.0773 m 

Air flow boundary diameter (Fan’s diameter) 280 mm 

Wind speed created by fan, va 3 ms
–1

 

Reynolds number of air across radiator, ReD 730 

Nusselt number of  air, Nua 12 

Heat transfer coefficient of air, h 80 Wm
-2

K
-1

 

Range of temperature for radiator surface, Ts from 30 ˚C to 50 ˚C 

Conductivity of radiator fin 387 Wm
-1

K
-1

 

Conductivity of radiator ducts 170 Wm
-1

K
-1

 

Rated power of fan 50.6 W 

Cost of radiator with fan USD 32.00 

 

Cooling Block 

Dimension 180 mm × 146 mm × 20 mm 

Number of slot-fins 23 

Total surface area of each slot-fin 44.08 cm
2
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Total heat transfer surface area 1192.20 cm²  

Conductivity 387 Wm
-1

K
-1

 

Water mass flow rate 0.583 kgs
-1

 

Reynolds number of water, ReL 31270 

Nusselt number of water, Nuw 192 

Heat transfer coefficient of water, h 1967 Wm
-2

K
-1

 

Cost of cooling block  USD 90.00 

 

Non-Imaging Planar Concentrator 

Total reflective area, Ar 4.2 m² 

Focal distance 1.70 m 

Latitude 3.2˚N  

Longitude 107.7˚ E 

Rated power of water pump 370 W 

Total volume of water 12 liter 

Cost of water pump USD 38.00 

Cost of water reservoir USD 4.00 

 

 

3.4 Data Collection and Experiments 

 

 On-site experimental data collection has been conducted for the automotive 

radiator cooling system to verify the feasibility of proposed cooling system. 

Furthermore, the conversion efficiency of concentrator photovoltaic module was 

measured under different operating temperature to justify the significance of 

cooling system in maintaining the good performance of CPV system (Chong and 

Tan, 2012). 

 

 To verify the theoretical modeling of automotive radiator cooling system, 

real-time data collection were conducted at the site and the measurement results 

were compared with the theoretical study. The experiments of data collection were 
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carried out in two sessions on two different days. For the experiments, all the 

measured parameters were closely monitored, such as Direct Normal Irradiance 

(DNI) ranging from 300 Wm
-2

 to 950 Wm
-2

, stable ambient temperature ranging 

from 30 C to 36 C, and stable air humidity ranging from 45 % to 72 %. Other 

parameters in the setting were ascertained to be the same in both experiments, 

which is wind speed of the fan is 3 ms
–1

 and mass flow rate of water is 0.583 kgs
–1

 

(Chong and Tan, 2012). 

 

First experiment was only conducted for 20 minutes wherein the data 

collection was performed for every minute. Second experiment was conducted for 6 

hours from 10.30 a.m. to 4.30 p.m. where the data collection was performed for 

every interval of 15 minutes. During both data collections, the sun irradiance (DNI), 

water inlet temperature and outlet temperature of automotive radiator are collected. 

The collected data were then used to calculate the solar power input into the 

automotive radiator cooling system and heat rejection rate of the radiator. The DNI 

was measured by pyrheliometer and the solar power input can be calculated using 

the following formula: 

Pin =   DNI  Ar          (3.4) 

where  (= 0.8) is the efficiency of direct conversion from solar energy to thermal 

energy considering the reflection loss of mirror and absorptivity of cooling block, 

Ar is the total reflective area of the prototype NIPC. The water inlet temperature 

and outlet temperature of automotive radiator are measured by thermometer and the 
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heat rejection rate of radiator can be computed from the following formula: 

TcmQout               (3.5) 

where T is the temperature difference of water between inlet and outlet of 

automotive radiator; m  is mass flow rate of water (0.583 kgs
-1

) and c is heat 

capacity of water (4200 J kg
–1

K
–1

) (Chong and Tan, 2012). 

  

Apart from the data collection above, it is also important to know the 

performance of CPV module attached to the NIPC and proposed cooling system. 

As a result, a commercially available single CPV cell receiver module (Emcore, 

2010) has been attached to the cooling block of the prototype NIPC and going to 

test its performance under high solar concentration. According to Figure 3.9, the 

left photo shows how the CPV module is attached on cooling block for on-site 

measurement and the right photo shows the CPV module exposed under high solar 

concentration during on-site measurement (Chong and Tan, 2012). 
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Figure 3.9: The left photo shows how the CPV module is attached on cooling block 

for on-site measurement and the right photo shows the CPV module exposed under 

high solar concentration during on-site measurement (Chong and Tan, 2012). 

 

The electrical conversion efficiency of CPV module can be calculated using 

the formulas stated as follow: 

ηCPV = (P CPV,out/P CPV,in)  100%      (3.6)  

where PCPV, in is the solar power input received by the CPV module and P CPV,out is 

the electrical power output generated by CPV module 

P CPV,in =   DNI  Ar  (A CPV/Aimage)         (3.7) 

P CPV,out = Voc   Isc  0.87      (3.8) 

where ACPV is the total active area of CPV cell (1 10
–4

 m
2
), Aimage is the total image 

area of the concentrated sunlight on the cooling block (0.01 m
2
). Voc is the 

measured open circuit voltage of CPV module and Isc is the measured short circuit 

current of CPV module and 0.87 is the Fill Factor of CPV module provided by 

Emcore data sheet (2010). (Chong and Tan, 2012). 

 

To calculate the temperature of CPV cell, the following formula is used: 

TCPV = (P CPV,in  Rtot  (1/ACPV)  (1– ηCPV)) +TCB    (3.9) 

where TCB is the temperature of cooling block, Rtot is the total thermal resistance 

from cooling block to CPV cell consisted of the following materials: copper 

(cooling block), arctic silver thermal adhesive, copper layer in direct bond copper 
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(DBC) substrate, alumina layer in direct bond copper (DBC) substrate, copper layer 

in direct bond copper (DBC) substrate, solder material and CPV cell that can be 

calculated as:  

Rtot = RCPV + Rsolder + RDBC-copper + RDBC-alumina + RDBC-copper + Rarctic silver + Rcopper  

(3.10) 

where  

RCPV = l CPV /k CPV      (3.11a) 

Rsolder = lsolder/ksolder      (3.11b) 

R DBC-copper  = l DBC-copper/kDBC-copper        (3.11c) 

R DBC-alumina = lDBC-alumina/kDBC-alumina          (3.11d) 

Rarctic silver = larctic silver/karctic silver          (3.11e) 

Rcopper = lcopper/kcopper      (3.11f) 

where, l CPV, lsolder, l DBC-copper, lDBC-alumina, larctic silver, and lcopper were the thicknesses 

of different materials measured as 0.12 mm, 0.15 mm, 0.3 mm, 0.635 mm, 0.1 mm 

and 5 mm respectively; kCPV, ksolder, k DBC-copper, k DBC-alumina, karctic silver, and kcopper are 

referred as the thermal conductivity of different materials with values 55 Wm
–1

K
–1

, 

29 Wm
–1

K
–1

, 400 Wm
–1

K
–1

, 24 Wm
–1

K
–1

, 7.5 Wm
–1

K
–1

 and 400 Wm
–1

K
–1

 

respectively, which are provided by Luque and Andreev (2007). 

(Chong and Tan, 2012).
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CHAPTER 4 

 

RESULTS and DISCUSSIONS 

 

 

4.1 Results of Theoretical Study 

 

 The results of theoretical study consists two parts which are theoretical 

study of automotive radiator and theoretical study of copper cooling block. With 

these theoretical results, it could help us in deciding the final design specification 

of the prototype cooling system. 

 

 

4.1.1 Result of theoretical study of automotive radiator 

 

 From Figure 4.1, result of theoretical study of automotive radiator shows 

the change of heat rejection rate by automotive radiator in the function of 

temperature difference between the radiator and ambient for wind speeds at 2 ms
-1

 

and 3 ms
-1

 across the radiator provided that the heat transfer surface area are 2 m
2
, 

2.2 m
2
 and 2.4 m

2
 (Chong and Tan, 2012). 

  



59 

 

 

 

Figure 4.1: The graphs of heat rejection rate of automotive radiator versus 

temperature difference between radiator and ambient for different wind speeds and 

the heat transfer area of radiator (Chong and Tan, 2012). 

 

From the graph, the heat rejection rate by the radiator has a linear 

relationship with the temperature difference between radiator and ambient 

environment. A higher temperature difference leading to a higher heat rejection rate 

fulfills the expression in equation (2.2) and equation (2.3). From Figure 4.1, the 

slope of graph for heat rejection rate versus temperature difference increases with 

the increase of wind speed and heat transfer area which means that the higher the 

wind speed and heat transfer area the higher the heat transfer co-efficient will be 

(Chong and Tan, 2012). 

 

 



60 

 

Estimate the direct normal irradiance (DNI) is 900 Wm
-2

, the solar power 

input will be around 3000W calculated by using equation (3.4) Pin =   DNI  Ar. 

From the chart, select the specification of the proposed cooling system’s 

automotive radiator (which is the wind speed is 3 ms
-1

 and the heat transfer area is 

2.2 m
2
), when the temperature difference between radiator and the environment is 

15 ˚C, (which estimate the surface temperature of radiator is 50 ˚C and temperature 

of environment is 35 ˚C), the automotive radiator is able to dissipate the heat power 

which is same amount with the solar power input. As a conclusion, with this 

specification of the chosen automotive radiator, is pretty capable to remove the 

excess heat power which is same amount with the solar power input as stated above. 

To verify the performance of the chosen automotive radiator, the real-time data 

collections will be conducted (Chong and Tan, 2012). 

 

 

4.1.2 Result of Theoretical Study of Cooling Block 

 

 From Figure 4.2, result of theoretical study of cooling block shows the 

change of temperature at the center of cooling block as the function of solar heat 

flux input for different water inlet temperatures to the cooling block which are 30 

C, 40 C and 50 C and different mass flow rates, 0.4 kgs
-1

 and 0.583 kgs
–1

 

(Chong and Tan, 2012). 
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Figure 4.2: The graphs of temperature at the center of cooling block versus solar 

heat flux input for different water inlet temperature and mass flow rate. (Solid line 

represents mass flow rate of 0.4 kgs
–1

 and dot line represents mass flow rate of 

0.583 kgs
–1

) (Chong and Tan, 2012). 

 

From the graphs, the rise in the water inlet temperature to the cooling block 

can cause the temperature of cooling block to rise for any particular value of solar 

heat flux input. It is because water with a higher inlet temperature carries more 

thermal energy than that of lower inlet temperature and hence reduces the 

temperature difference between cooling block and water. It has subsequently 

increased the thermal resistance for the heat dissipation from cooling block to water. 

From the graphs, the temperature of cooling block can be decreased by increasing 

the water mass flow rate at any specific solar heat flux input. A higher water mass 

flow rate can lead to a higher water speed profile, which subsequently increases the 
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heat transfer coefficient of convection between cooling block and water for 

dissipating more heat (Chong and Tan, 2012). As a result, a higher water mass flow 

rate is preferred.  

 

From the graph, select the mass flow rate of the proposed cooling system 

which is 0.583 kgs
-1

, consider the water inlet temperature is always around 30 ˚C 

and solar heat flux input to the cooling block is 300 kWm
-2

, the temperature at the 

centre of cooling block (hottest point of cooling block) is about 50 ˚C. As a 

conclusion, with this specification (water mass flow rate is 0.583 kgs
-1

), the cooling 

block is capable to absorb the excess heat power and transfer to the cooling water 

to maintain the cooling block’s temperature low. The verification of the 

performance of the cooling block is stated in the results of real-time data 

collections. 

 

Figure 4.2 also shows a comparison between the simulated and calculated 

results. From the comparison, the simulated results are always slightly higher in the 

temperature of cooling block compared to that of the calculated results. The 

average error between the calculated and simulated results is about 1.86 % based 

on the following equation 

%100



cal

calsim

T

TT
error       (4.1) 

where Tsim is the temperature of cooling block obtained from the simulated result 

and Tcal is the temperature of cooling block obtained from the calculated result 
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(Chong and Tan, 2012). 

 

4.2 Result of Data Collection and Experiment 

 

 The results of data collection are to verify the theoretical modeling of the 

automotive radiator cooling system. It consists of two real-time data collections, 

comparison between theoretical result and experimental result and also the CPV 

module conversion efficiency. 

 

 

4.2.1 Real-time Data Collection 

 

 The Real time data collection consists of two sessions in two different days. 

First data collection was only conducted for 20 minutes with each data collected in 

every minute. Second data collection was conducted for 6 hours with each data 

collected in an interval of 15 minutes. The graphs for both data collections are 

plotted as shown below. 
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Figure 4.3: The graphs of solar power input, heat rejection rate and the temperature 

at the center of cooling block versus time (minutes) in the first experiment (Chong 

and Tan, 2012). 

 

In Figure 4.3, solar power input, heat rejection rate and the temperature at 

the center of cooling block are plotted versus time (minutes) for the first 

experiment. From the graphs, the solar power input is reasonably constant 

throughout the experiment ranging from 2300 W to 2700 W, whilst the heat 

rejection rate of the radiator increases gradually over time until it reaches about 

2400W. The heat rejection rate saturates in between 2400 W to 2700 W after 14 

minutes of operation (Chong and Tan, 2012). On 17 minutes, the heat rejection rate 

of radiator is higher than the solar power input due to wind blows on the surface of 

radiator. This will cause the radiator’s surface temperature dropped. According to 

equation (2.3), radiator’s heat rejection rate will increase by increasing temperature 
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different between radiator’s surface and environment. On the other hand, the 

temperature at the center of cooling block increases gradually in the beginning and 

then saturates at about 50C after 14 minutes. From the observation, the automotive 

radiator is capable of removing the equal amount of heat as that of being absorbed 

by the cooling block thus reaching thermal equilibrium in the same period of time. 

In principle, it is plausible that the radiator has the capacity to remove heat at the 

rate of 2640 W or higher that is sufficient to equalize the solar power input if the 

temperature difference between radiator and ambient has achieved 15C or higher 

(or the water temperature of cooling system of 50C and the ambient temperature 

of 30-35C) given that h = 80 Wm
–2

K
–1

 and A = 2.2 m
2
 (Chong and Tan, 2012). 

 

 

 

Figure 4.4: The graphs of solar power input, heat rejection rate and the temperature 

at the center of cooling block versus lock clock time for a period of 6 hours at the 
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interval of 15 minutes in the second experiment (Chong and Tan, 2012). 

 

Figure 4.4 shows the recorded results of the second experiment for a period 

of 6 hours at an interval of 15 minutes. Referring to Figure 4.4, the changes of the 

graphs can be viewed in four different periods of time, which are 1030 h – 1200 h, 

1200 h – 1345 h, 1345 h – 1515 h, and 1515 h – 1630 h. From 1030 h to 1200 h, 

the solar power input increased from 2133W to 2708 W in the first 15 minutes and 

then maintained within the range 2544 W to 2749 W. In this period of time, the heat 

rejection rate during the first half an hour from 1469 W to 2693 W to equalize the 

solar input power and after that it maintained at the rate of 2693 W until 1200 h. 

The temperature at the center of cooling block maintained in the range of 47 C to 

51 C throughout this period which is quite stable. From 1200 h to 1345 h, the solar 

power input fluctuated drastically within the range 1025 W to 3118 W caused by 

the intermittent sunlight. Consequently, the heat rejection rate and temperature at 

the center of cooling block also followed to fluctuate accordingly in the range of 

1469 W to 2693 W and 35 C to 49 C respectively. From 1345 h to 1515 h, the 

solar power input was returned back to a stable condition again, which is in the 

range from 2298 W to 3077 W. For this period of time, the heat rejection rate and 

the temperature of cooling block were maintained stably in the range of 2693 W to 

2938 W and 45 C to 50 C respectively. From 1515 h to 1630 h, the solar power 

input again has dramatic fluctuation within the range of 1313 W to 2954 W in a 

decreasing trend. The resulted heat rejection rate and temperature of cooling block 
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were then decreased ranging from 2938 W to 1714 W and from 49 C to 40 C 

respectively to follow the decreasing trend of solar power input. From the 

observation, the automotive radiator is capable to remove the absorbed heat and 

maintain the maximum temperature of cooling block well below 50 C even though 

the experiment was continued for six hours. As a conclusion, the proposed 

automotive radiator cooling system with specification of 3 ms
-1

 wind speed, 2.2 m
2
 

heat transfer area and 0.583kgs
-1

 water mass flow is capable to remove the excess 

heat which is same amount with the solar power input and keep the temperature of 

cooling block low. These real-time data collections have verified the theoretical 

studies for both automotive radiator and cooling block (Chong and Tan, 2012). 

 

 

4.2.2 Comparison between Theoretical Result and Experimental Result 

 

 

 

Figure 4.5: The graphs to show a comparison for the heat rejection rate of radiator 

between experimental and theoretical results (Chong and Tan, 2012). 
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By comparing the heat rejection rate of automotive radiator between the 

experimental and theoretical results as shown in Figure 4.5, the heat rejection rate 

of experimental result is slightly higher than that of theoretical result because there 

are other sources for the heat lost including conduction, natural convection and 

radiation throughout the cooling system. The heat rejection rate for the theoretical 

result is 91% of the experimental result (Chong and Tan, 2012). 

 

  

4.2.3 CPV Module Conversion Efficiency  

 

After the data collection, it is important to understand the effect of the 

proposed cooling system to the electrical conversion efficiency of the CPV module. 

As a result, a commercially available single CPV cell receiver module (Emcore, 

2010) has been tested on the prototype NIPC (Chong and Tan, 2012). 
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Figure 4.6: Graph to show the measurement result of electrical conversion 

efficiency of CPV module versus CPV cell temperature (Chong and Tan, 2012).  

 

 Figure 4.6 shows the measurement result of electrical conversion 

efficiency of CPV module versus CPV cell temperatures. The conversion efficiency 

is of a linear relationship to the cell temperature where the slope of the graph is 

–0.0014 which means the conversion efficiency reduced by 0.14 % for every 

increment of 1 C. Referring to the graph, the maximum conversion efficiency is 

26.85 % at the temperature 47.7 C, whereas the lowest conversion efficiency is 

22.39 % at the temperature 58.3C (Chong and Tan, 2012). 

 

There are two possible cases: (1) both water pump and fan are switched on 

in which the CPV cell temperature is 47.5 C and the resultant conversion 

efficiency is 26.16 %; (2) water pump is switched on but the fan is off in which the 

CPV cell temperature is raised to 58.08 C and the resultant conversion efficiency 
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is reduced to 22.51 %.  For the case (1), the electrical output power produced by 

CPV at conversion efficiency of 26.16 % is 696.5 W provided that the DNI 800 

Wm
–2

 and the resulted solar power input 2662.4 W. The net electrical power output 

will be 545.9 W after subtracting by 150.6 W consumed by both the fan and water 

pump. For the case (2), the electrical output power produced by CPV at conversion 

efficiency of 22.51 % is 599.3 W provided that the DNI 800 Wm
–2

 and the resulted 

solar power input 2662.4 W. The net electrical power output will be 499.3 W after 

subtracting by 100 W consumed by the water pump only. Comparing the two cases, 

the first case with the fan on can produce 46.6 W more net power output than the 

second case without the fan. Hence, we can conclude that efficient cooling system 

is very significant for CPV system to produce more net electrical power output. 

From Figure 4.4, the highest solar power input is 3118.7 W and therefore the net 

electrical power output can be as high as 665.3 W provided that the conversion 

efficiency is 26.16 %. (Chong and Tan, 2012). 

 

 

4.3 Comparison of Automotive Radiator Cooling System to Cooling Tower  

 

The comparison between automotive radiator cooling system and small 

size cooling tower are made in this part as shown in Table 4.1. 
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Table 4.1: Comparison between automotive radiator cooling system and small size 

cooling tower 

 

 Automotive radiator  Small size cooling tower 

Installation Direct attached on NIPC and 

move together with NIPC. 

Must be fixed on ground. 

Size 430 mm × 330 mm × 5 mm 

(From measurement). 

700mm diameter × 1130mm 

height (Jinling Refrigeration, 

2009). 

Dry weight 4 kg (From measurement). 38 kg (Jinling Refrigeration, 

2009). 

Flexible 

pipe usage 

Shorter flexible pipes are required 

to connect the entire cooling 

system. 

Longer flexible pipes are 

required to connect the entire 

cooling system. 

Cooling 

capacity 

1000 W to 4000 W, according to 

Fig. 4.1. 

17500 W, according to 

calculation using eqn. (3.5) with 

specifications from Jinling 

Refrigeration (2009).  

Parasitic 

load 

50 W from cooling fan (from 

measurement) and 100 W from 

water pump (Appendix B). 

180 W from cooling fan (Jinling 

Refrigeration, 2009) and 370 W 

from water pump (Appendix C). 

 

 From the result of comparison, automotive radiator is chosen as the main 

heat dissipation device for the introduced cooling system of the prototype NIPC 
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rather than small size cooling tower due to automotive radiator cooling system is 

more cost effective compare to small size cooling tower.  

 

Compare both of the cooling devices, installation of automotive radiator is 

easier, it is because automotive radiator can move along with the prototype NIPC 

by just attached it on the prototype NIPC due to its size is smaller and lighter 

weight than cooling tower. Since automotive radiator can direct attached on 

prototype NIPC and move together with prototype NIPC, shorter flexible pipes are 

required to connect the entire cooling system. Since cooling tower is larger and 

heavier compare to automotive radiator, therefore it must be fixed on the ground 

and required longer flexible pipes to connect the entire cooling system. 

 

By comparing the cooling capacity for both cooling devices, automotive 

radiator cooling system has lower cooling capacity than cooling tower. According 

to Figure 4.1, the chosen automotive radiator’s (with 3 m/s wind speed and 2.2 m
2
 

heat transfer area) heat rejection rate is between 1000 W to 4000 W with 

temperature difference ranged from 5 ˚C to 20 ˚C, while the heat rejection rate for 

the smallest cooling tower is around 17500 W which calculated using equation 

(3.5):  

TcmQout                (3.5) 

where m  is the mass flow rate of water equal to 3Th
-1

 (Jinling Refrigeration, 2009) 

also equal to 0.833 kgs
-1

, c is the water heat capacity (4200 J kg
–1

K
–1

) and T is the 
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temperature difference with 5 ˚C provided by the data sheet (Jinling Refrigeration, 

2009).  

 

According to the design specifications of the prototype NIPC, the maximum 

solar power input is 3160 W which calculated by using equation (3.4):  

Pin =   DNI  Ar                            (3.4) 

Where  is 0.8, Ar is 4.16 m
2
, and consider the DNI measured by 

pyrheliometer is maximum which is around 950 Wm
-2

. 

 

Refer to Figure 4.6, the concentrated photovoltaic (CPV) module has 

average conversion efficiency around 25 % of solar power input, the remaining 

75 % will be converted to thermal energy which is about 2370 W. Therefore, the 

design specification of the heat dissipation rate for the cooling system must be 

equal or higher than 2370 W. According to the statements above, both systems have 

the heat dissipation rate higher than 2370 W.  

 

Moreover, the parasitic energy consumption of the solar power 

concentrator must be kept as low as possible to maximize the power output from 

the system. Compare both automotive radiator and cooling tower’s parasitic load, 

the minimum power consumption of the smallest cooling tower is 550 W which are 

180W from the cooling fan (Jinling Refrigeration, 2009) and 370W from a 
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centrifugal pump (Appendix C) while the power consumption of the automotive 

radiator cooling system is 150W which are 50W from the cooling fan (from 

measurement) and 100W (Appendix B) from the submersible water pump.  

 

According to the comparison above, although automotive radiator has 

lower heat dissipation rate than cooling tower, but its heat dissipation rate is higher 

than 2370 W which is the power input of NIPC, therefore the automotive radiator is 

suitable to use as a cooling device for the cooling system. From other statements of 

comparison, automotive radiator is better than cooling tower in terms of installation, 

size, weight, flexible pipe usage and parasitic load. Therefore, the installation cost 

and fabrication cost of automotive radiator cooling system will be lower compared 

to cooling tower. As a conclusion, automotive radiator cooling system is more cost 

effective compare to cooling tower. Therefore, it is selected as the main cooling 

device for the introduced cooling system.
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                            CHAPTER 5 

 

CONCLUSION 

 

 

5.1 Concluding Remarks 

 

As a conclusion, the objective of the theoretical study of automotive 

radiator and cooling block is to optimize the performance of the automotive 

radiator cooling system. Theoretical study on the automotive radiator has been 

carried out to analyze the heat rejection rate in the function of temperature 

difference between radiator and ambient with different water flow rates and wind 

speeds (Chong and Tan, 2012). According to the theoretical study of automotive 

radiator, when the temperature difference between radiator and environment is 15 

˚C, (which estimate the surface temperature of radiator is 50 ˚C and the temperature 

of environment is 35 ˚C), the chosen automotive radiator (with 3 ms
-1

 wind speed 

and 2.2 m
2
 heat dissipate area covered under the fan) is capable to dissipate around 

3000 W of solar power input. 

 

Moreover, the performance of specially designed cooling block has been 

studied separately using different methods: CFD program and analytical formulas 

(Chong and Tan, 2012). From the theoretical study of cooling block, when solar 
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heat flux input to the cooling block is 300 kWm
-2

 and water inlet temperature is 

around 30 ˚C, the proposed cooling system with is 0.583 kgs
-1

 water mass flow rate 

is capable to absorb the excess heat power and transfer to the cooling water to 

maintain the cooling block’s temperature around 50 ˚C. 

 

To verify the theoretical modeling on the automotive radiator cooling 

system, experiments were carried out for on-site data collection using prototype 

NIPC with total reflective area of 4.16 m
2
 and solar concentration of 377 suns. 

From the result of real-time data collection, the automotive radiator is capable to 

remove the absorbed heat and maintain the maximum temperature of cooling block 

well below 50 C (Chong and Tan, 2012). Therefore, the cooling system with 

specification of 3 ms
-1

 wind speed, 2.2 m
2
 heat transfer area and 0.583kgs

-1
 water 

mass flow is capable to remove the excess heat which is same amount with the 

solar power input and keep the temperature of cooling block low.  

 

Besides that, the experiment has been conducted to obtain the relationship 

between the electrical conversion efficiency of CPV module and the cell 

temperature. From the on-site data collection, the electrical conversion efficiency of 

CPV module is of a linear relationship to the CPV cell temperature in which the 

conversion efficiency reduces 0.14% for every 1C increment in the temperature. 

For the prototype NIPC, the highest net electrical power output is 665.3 W 

provided that solar power input is 3118.7 W and conversion efficiency is 26.16 % 
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with both fan and water pump are switched on (Chong and Tan, 2012).  

   

 

5.2 Future Work 

 

 

To further extend the current research work, a thorough study can be 

conducted on other cooling methods which are more advanced and sophisticated. 

Since the automotive radiator cooling system is only suitable for small scale NIPC 

which the reflected solar power to CPV is about 3000 W to 4000 W due to the 

limitation by fan speed and surface area of radiator which the maximum surface 

area of radiator is only 2.2 m
2
 and wind speed is only 3 ms

-1
. According to Figure 

4.1, the maximum temperature difference between radiator and environment is 

about 20 ˚C (which radiator is 50 ˚C and environment is 30 ˚C), the maximum heat 

rejection rate of radiator is 4000 W.  

 

For bigger size NIPC which the solar power input are more than 4000 W, 

other cooling device which has higher cooling capacity shall be selected such as 

cooling tower. According to Table 4.1, cooling tower has higher cooling capacity 

compare to automotive radiator. 

 

The aim of future study is to determine the best cooling method for CPV 

with higher cooling capacity and lower parasitic load in order to obtain higher CPV 

conversion efficiency. 



78 

 

REFERENCES 

 

 

Aas, G.M.D., and Hansen, L.G.D., 2008. Photovoltaic Apparatus. US Patent 

2008/0006320 A1. VA: United States of America. 

 

Araki, K., Uozumi, H., Yamaguchi, M., 2002. A simple passive cooling structure 

and its heat analysis for 500X concentrator PV module. 29
th

 IEEE PVSC 20 – 24 

May 2002 , pp. 1568 – 1571. 

 

Barrau, J., et al., 2011. Effect of a hybrid jet impingement/micro-channel cooling 

device on the performance of densely packed PV cells under high concentration. 

Solar Energy, 85, pp. 2655 – 2665. 

*more than 3 authors 

  

Blundell, S. and Blundell, K., 2006. Concepts in Modern Physics. Oxford 

University Press, pp. 247. 

 

Çengel, A.Y., 2003. Heat Transfer: a practical approach, McGraw-Hill series in 

mechanical engineering, 2nd ed. Boston: McGraw-Hill.  

 

 

http://books.google.be/books?id=nrbfpSZTwskC&dq=9780072458930&hl=en&ei=1q7YTNKMJ8OqlAe25_CSCQ&sa=X&oi=book_result&ct=result&resnum=1&ved=0CCkQ6AEwAA


79 

 

Chong, K.K., et al., 2009. Design and construction of non-imaging planar 

concentrator for concentrator photovoltaic system. Renewable Energy, 34, pp. 1364 

– 1370. 

*more than 3 authors 

 

Chong, K.K., et al., 2009. Integration of on-axis general sun-tracking formula in the 

algorithm of open-loop sun-tracking system. Sensors, 9, pp. 7849 – 7865. 

*more than 3 authors 

 

Chong, K.K., et al., 2010. Optical characterization of nonimaging planar 

concentrator for the application in concentrator photovoltaic system. Journal of 

Solar Engineering, 132, 011011, pp. 1 – 9. 

*more than 3 authors 

 

Chong, K.K. and Tan, W.C., 2012. Study of automotive radiator cooling system for 

dense-array concentration photovoltaic system. Solar Energy, 86(9), pp. 2632-2643. 

 

Chong, K.K. and Wong, C.W., 2011. Application of On-Axis General Sun-Tracking 

Formula in Open-Loop Sun-Tracking System for Achieving Tracking Accuracy of 

below 1 mrad. International Journal of Energy Engineering, 1(1), pp. 1 – 9. 

 

 



80 

 

Cooling Technology Institute, 2012. Cooling Technology, Education, What is 

Cooling Tower [Online]. Available at: 

http://www.cti.org/whatis/coolingtowerdetail.shtml [Accessed: 20 March 2013] 

 

Cui, M., Chen, N., Yang, X., 2009. Thermal analysis and test for single 

concentrator solar cells. Journal of Semiconductors, 30(4), 044011, pp. 1 – 4. 

 

Dalal, V.L. and Moore, A.R., 1977. Design considerations for high-intensity solar 

cells, Journal of Applied Physics., 48(3), pp. 1244 – 1251. 

 

Edenburn, M.W., 1980. Active and passive cooling for concentrating photovoltaic 

arrays. 14
th

 IEEE PVSC, pp. 776 – 776. 

 

Emcore, 2010. CJT photovoltaic cell – 10 mm × 10 mm, triple junction solar cell for 

terrestrial applications, Part no. 615016 [Online]. Available at:  

http://www.emcore.com [Accessed: 4 July 2012] 

 

Fork, D.K. and Horne, S.J., 2007. Passively Cooled Solar Concentrating 

Photovoltaic Device. Palo Alto Research Center Incorperated. US Patent 

US2007/0256724 A1. Minneapolis: United States of America. 

 

 



81 

 

Geankoplis, C.J., 2003. Transport processes and separation process principles 

(includes unit operations), 4th ed. Upper Saddle River, NJ: Prentice Hall 

Professional Technical Reference. 

 

Horne, W.E., 1993. Solar energy system. United Solar Technologies Incorperated. 

Patent US5269851. United States of America. 

 

Incropera, et al., 2007. Fundamental of heat and mass transfer: Wiley Asia student 

edition, 6th ed. Asia: John Wiley & Sons Pte. Ltd. 

*more than 3 authors 

 

Jambunathan, K., et al., 1992. A review of heat transfer data for single circular jet 

impingement. International Journal of Heat and Fluid Flow, 13(2), pp. 106 – 115. 

*more than 3 authors 

 

Jinling Refrigeration, 2009. JLT Jinling Refrigeration catalogue 2009B [Online]. 

Available at: http://www.cnjinling.com [Accessed: 4 July 2012] 

 

Kreske, K., 2002. Optical design of a solar flux homogenizer for concentrating 

photovoltaic. Applied. Optics., 41(10), pp. 2053 – 2058. 

 

 



82 

 

Lasich, J.B., 2002. Cooling circuit for receiver of solar radiation. Patent 

WO02080286, Australia. 

 

Liu, L., et al., 2011. Heat dissipation performance of silicon solar cells by direct 

dielectric liquid immersion under intensified illuminations. Solar Energy, 85(5), pp. 

922 – 930. 

*more than 3 authors 

 

Luque, A.L. and Andreev, V.M., 2007. Photovoltaic concentrator. New York:  

Springer Berlin Heidelberg. 

 

Luque, A., et al., 1997. Some results of the EUCLIDES photovoltaic concentrator 

prototype. Progress in Photovoltaics: Research and Applications, 5(3), pp. 195 – 

212. 

*more than 3 authors 

 

Martin, H., 1977. Advances in Heat Transfer. pp. 1 – 60. 

 

Mbewe, D.J., Card, H.C., Card, D.C., 1985. A model of silicon solar cells for 

concentrator photovoltaic and photovoltaic thermal system design. Solar Energy, 

35(3), pp. 247 – 258. 

 



83 

 

Minano, J.C., Gonzalez, J.C., Zanesco, I., 1994. Flat high concentration devices. 

24
th

 IEEE PVSC, Hawaii, pp. 1123 – 1126. 

 

Rodi, W., 1980. Turbulence models for environmental flows. In: W. Knollmann 

(eds.). Prediction methods for turbulent flows. London: Hemisphere Publ. Corp., pp. 

259 – 350.  

 

Royne, A., 2005. Cooling devices for densely packed, high concentration PV 

arrays. M.Sc. thesis, School of Physics, University of Sydney, Sydney, Australia. 

 

Royne, A. and Dey, C.J., 2007. Design of a jet impingement cooling device for 

densely packed PV cells under high concentration. Solar Energy, 81, pp. 1014 – 

1024. 

 

Royne, A., Dey, C.J., Mills, D.R., 2005. Cooling of photovoltaic cells under 

concentrated illumination: critical review. Solar Energy Materials and Solar Cells, 

86, pp. 451 – 483. 

 

Ryu, J.H., Choi, D.H., Kim S.J., 2002. Numerical Optimization of the thermal 

performance of a microchannel heat sink. International Journal of Heat and Mass 

Transfer, 45(13), pp. 2823 – 2827. 

 



84 

 

Sala, G., 1989. Cells and Optics for Photovoltaic Concentration. Bristol: Adam 

Hilger, pp. 239 – 267. 

 

Versteeg, H.K. and Malalasekera, W., 1995. An Introduction to Computational 

Fluid Dynamics. London: Longman Group. 

Vincenzi, D., et al., 2002. Micromachined silicon heat exchanger for water cooling 

of concentrator solar cells. Conference record PV in Europe Conference and 

Exhibition–From PV technology to Energy Solutions, 7 – 11 October 2002 Rome, 

Italy. 

*more than 3 authors 

 

Vincenzi, D., et al., 2003. Micromachined silicon heat exchanger for water cooling 

of concentrator solar cells. Proceedings of ISES Solar World Congress, 16 – 19 

June 2003 Gothenburg, Sweden. 

*more than 3 authors 

 

Webb, B.W. and Ma, C.F., 1995. Single-phase liquid jet impingement heat transfer. 

In: Advances in Heat Transfer. pp. 105 – 217. 

 

Zahedi A., 2010. Review of modeling details in relation to low-concentration solar 

concentrating photovoltaic. Renewable and Sustainable Energy Reviews, 15, pp. 

1609 – 1614. 



85 

 

Zhu, L., et al., 2009. An effective heat dissipation method for densely packed solar 

cells under high concentrations. Solar Energy Materials & Solar Cells, 94, pp. 133 

– 140. 

*more than 3 authors 

 

Zhu, L., et al., 2010. Water immersion cooling of PV cells in a high concentration 

system. Solar Energy Materials & Solar Cells, 95, pp. 538 – 545. 

*more than 3 authors 

 

Zukauskas, A., 1972. Heat Transfer from Tubes in Cross Flow. In: Hartnett and T.F. 

Irvine, Jr., (eds). Advances in Heat Transfer, Vol. 8. New York: Academic Press, pp. 

93 – 160. 

 



86 

 

APPENDIX A 

 

 



87 

 

 



88 

 

 



89 

 

 



90 

 

 



91 

 

 



92 

 

 



93 

 

 



94 

 

 



95 

 

 



96 

 

 



97 

 

 

 

 

 

 

 



98 

 

APPENDIX B 

 

 

 

 

 



99 

 

 

 

 

 

 



100 

 

APPENDIX C 

 

 

 

 

 

 

 



101 

 

 

 

 

 

 

 

 

 



102 

 

 


