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ABSTRACT

STUDY OFAUTOMOTIVE 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.



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? 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



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).



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



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 x 30
cm? 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 x 10° Km2W™. Horne



(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 x 1 cm? with the lowest reported thermal resistance
is 9 x10° Km?W™. The associated pressure drop is 103.42 kPa and the optimal
dimensions are 320 um channel depth, 56 pm channel width and 44 pm 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



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 x 10° Km?W™ for the
cooling device. The net PV output with the area of PV 576 cm? 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



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.



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.



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



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).

10



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.

11



\_ Entrance aperture

Optical concentfration

T~ Row of cells

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

12



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.

Enfrance aperture
| [ /T Optical concentration
.!_ III:
=== T Multiple cells

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.

14
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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).
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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:

Q=—— (W) (2.1)
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Wherek is the conductivity of material (Wm™K™), A is the cross-sectional surface
area (m%), AT is the temperature difference between two ends (°C) and |is the

length of heat transfer between two ends (m). (Cengel, 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:

Q=caA(T/ -T2, (W) (2.2)
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Where & is the material emissivity, o is the Stefan-Boltzmann constant
(5.67x10°Wm™?K™), A is the radiating surface area (m?), T, is the surface

temperature of radiating body (°C) and T,,, is the temperature of the environment

(°C) (Cengel, 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.
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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:

Q=hAAT (W) (2.3)
where h is the heat transfer coefficient (Wm™?K™), A is the total heat transfer area of
convection (m?), AT is the temperature difference between the contact surface and

fluid (°C) (Cengel, 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:

= Nuk (2.43)
Dh
he NT“k (2.4b)

where Nu is the Nusselt (dimensionless), k is the conductivity of fluid (Wm™K™),
Dy 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 (Cengel, 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:

Nu= f(D,,RePr (2.5a)

Nu = f (L,Re,Pr) (2.5b)
The above equations implies that for a given geometry, the Nusselt number is in the
function of Re, Pr and Dy, 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 Dy, 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:

Re = 2Pn (2.63)
7

Re= AL (2.6b)
u

Where p is the density of fluid (kgm™), v is the velocity of fluid flow (ms™), p is the
dynamic viscosity (Nsm) and Dy, 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 — ¢ turbulent model
provided by Versteeg and Malalasekera (1995):

Continuity equation:

-0 2.7a
ox (2.7a)
Momentum equation:
—ou D u  ou,
puj%:_@+i o M 2 (2.7b)
OX; 0%  OX OX;  OX
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Energy equation:
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Turbulent kinetic energy (%) equation:
pu; — ok _0 '”ta_k +u % ou; %—k (2.7d)
X, 0% | oy ox, ox; % )ox,

Turbulent kinetic energy dissipation (=) equation:
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J ! J

The empirical constants in the above equations are given as: C; = 1.44, C,=1.92,
C,.=0.09, ox=1.0, os = 1.3. Full description and calculation for these entire

empirical constant were provided by Rodi (1980).
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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:

Q =hAAT (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?K™) of forced convection, A is the
total heat transfer area of forced convection (m?) stated as 2.2 m? AT 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 (2.4c)

where ki is the thermal conductivity of air (Wm™K™) which depends on the
temperature of environment, Dy, (m) the hydraulic diameter which is defined as the
effective diameter of a noncircular tubes in the first approximation, can be obtained

as:

D, = A (3.1)

in which A; and P are the cross-sectional area, 6.914x10° m?, and the perimeter,
0.0723 m, of the radiator tubes respectively. Nu, (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:

Re, = PaVaDn (2.6a)
Ha

where Rep (dimensionless) is the Reynold number in the case of forced convection
between the radiator surface and the environment, p, is the density of air (kgm™), v,
is the average wind speed of fan with 3 ms™ and s, is the dynamic viscosity of air
(Nsm®). 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

1/4
Nu, =CRe" Pr;(l;;:aj (3.2)

S

0.7 <Pr, <500
1<Re, <10°

where Pr is the Prandtl number. All the properties (oa, 124, 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 Pr, < 10 and m = 0.5,
C = 0.51 for Rep 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:

Q =soAT -T2 ) 2.2)

radiation amb

where ¢ 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). ¢ is the Stefan-Boltzmann
constant equal to 5.67x10® Wm™?K™. A is the total surface area for heat transfer. Ts

is the average temperature of radiative surface and Ty 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:

kA AT

| (2.1)

wherek_, is the conductivity of the material of cooling block which is copper with the
value of 387 Wm™K™, A is the cross-sectional surface area of heat conduction
which is 0.01 m?, AT is the temperature difference measured between two ends of
conduction (°C) and 1is 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 m?, 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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h=——wlw (2.4b)

where ki, is the thermal conductivity of water (Wm™K™) which depends on its
temperature, L is the length of water flow in the cooling block stated as 0.124 m,
Nu, (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:

Re, = Pulul (2.6b)

My,

where Re| (dimensionless) is the Reynold number in the case of forced convection
between the cooling block’s finned surface and water, p, is the density of water
(kgm™), vy is the average speed of water in the cooling block with 0.35 m/s and z4,
is the dynamic viscosity of water (Nsm™). 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:

Nu,, =0.453Re}? Pr}/? (3.3)
all the properties (ow, 2w, Pruw, k) 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).

Cooling

Block outlet

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 Kkinetic energy and turbulent Kkinetic energy

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

Malalasekera, 1995):
Continuity equation:

opu
OX:

Momentum equation:

Tox, o ox

]

Energy equation:

o T -0 (s, )T
"ox; ox|\oy o )ox

Turbulent kinetic energy (k) equation:
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Tox,  ox | oy ox,

]

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: C; = 1.44, C,=1.92,
C, =0.09, ox= 1.0, os = 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).
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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 x 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 21x21 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).

39



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 x 10 cm mirrors were arrayed in 21 x

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

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

The total area of burnt mark on the sand paper was measured as 11 cm x 11
cm and a darker carbonized burnt area was measured as 8.8 cm x 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).

377 suns
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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 x 11.8 cm in total area and 8.83 cm x 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™. The Reynolds number Rep for air flow
across the radiator, Nusselt number Nu, and heat transfer coefficient h are 730, 12
and 80 Wm™ K™ 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™K'™" 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 x 146 mm x 20 mm was
machined into a shape with multiple water channels as shown in Figure 3.7 (Chong

and Tan, 2012).

Multiple water channel pattern

180 mm x 146 mm x 20 mm

Figure 3.7: Drawing to show the cooling block made of copper with a dimension
180 mm x 146 mm x 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 x 146 mm x 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™. The Reynolds number Re, for water flow in the cooling block,
Nusselt number Nuy and heat transfer coefficient h are 31270, 192 and 1967

Wm™?K™* 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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Reservoir

0.583kg/s

Cooling Block

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 m?
Heat transfer area covered by fan, A 2.2 m2
Cross section area of radiator ducts, A. 6.914x10° m?
Perimeter of radiator ducts, P 0.0773 m
Air flow boundary diameter (Fan’s diameter) 280 mm
Wind speed created by fan, v, 3ms?
Reynolds number of air across radiator, Rep 730
Nusselt number of air, Nu, 12
Heat transfer coefficient of air, h 80 Wm?K*
Range of temperature for radiator surface, T; from 30 °C to 50 °C
Conductivity of radiator fin 387 WmK?
Conductivity of radiator ducts 170 Wm*K*
Rated power of fan 50.6 W
Cost of radiator with fan USD 32.00
Cooling Block

Dimension 180 mm x 146 mm x 20 mm
Number of slot-fins 23
Total surface area of each slot-fin 44.08 cm?
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Total heat transfer surface area 1192.20 cm?
Conductivity 387 WmK*
Water mass flow rate 0.583 kgs™
Reynolds number of water, Re. 31270
Nusselt number of water, Nuy, 192
Heat transfer coefficient of water, h 1967 Wm?2K*
Cost of cooling block USD 90.00
Non-Imaging Planar Concentrator

Total reflective area, A, 4.2 m2
Focal distance 1.70m
Latitude 3.2°N
Longitude 107.7° E
Rated power of water pump 3710 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




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™ to 950 Wm, 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* and mass flow rate of water is 0.583 kgs *

(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 = 77 x DNI x A, (3.4)
where 7 (= 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,
A, 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:
QoutzmexAT (3.5)
where AT is the temperature difference of water between inlet and outlet of

automotive radiator; m is mass flow rate of water (0.583 kgs™) and c is heat

capacity of water (4200 J kg *K™) (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:

Nerv = (P cpvout! P cpvin) x 100% (3.6)
where Pcpy in is the solar power input received by the CPV module and P cpyout IS
the electrical power output generated by CPV module

P cpvin= 17 x DNI x A; x (A cpv/Aimage) (3.7)

Pcpvout = Voo X s x 0.87 (3.8)
where Acpy is the total active area of CPV cell (1x 10°* m?), Aimage is the total image
area of the concentrated sunlight on the cooling block (0.01 m?). Vq is the
measured open circuit voltage of CPV module and I 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:
Tepv = (P cpvin X Riot X (1/Acpv) x (1-#cpv)) +Tcs (3.9)
where Tcg is the temperature of cooling block, Ry 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:

|:{tot = |:{CPV + Rsolder + RDBC-copper + RDBC-aIumina + RDBC-copper + Rarctic silver + Rcopper

(3.10)
where
Repv = lcpv KK epy (3.11a)
Rsolder = lsolder/Ksolder (3.11b)
R bBc-copper = | DBC-copper/KDBC-copper (3.11c)
R pBc-alumina = Ipec-atumina/KpBc-alumina (3.11d)
Rarctic sitver = larctic sitver/Karctic silver (3.11e)
Reopper = lcopper/Kcopper (3.11)

where, | cpy, lsoider, | DBC-coppers bBC-aluminas larctic sitver, @Nd 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, Ksoder, K pBc-coppers K DBC-alumina, Karctic sitver, @Nd Keopper are
referred as the thermal conductivity of different materials with values 55 Wm K™,
29 Wm'K™, 400 Wm'K?, 24 wm*'K?', 75 Wm'K*' and 400 Wm 'K
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™
and 3 ms™ across the radiator provided that the heat transfer surface area are 2 m?,

2.2 m? and 2.4 m? (Chong and Tan, 2012).
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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).
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Estimate the direct normal irradiance (DNI) is 900 Wm™, the solar power
input will be around 3000W calculated by using equation (3.4) P;, = 7 x DNI x A,
From the chart, select the specification of the proposed cooling system’s
automotive radiator (which is the wind speed is 3 ms™ and the heat transfer area is
2.2 m?), 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™ and 0.583 kgs™

(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* and dot line represents mass flow rate of

0.583 kgs %) (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™, consider the water inlet temperature is always around 30 °C
and solar heat flux input to the cooling block is 300 kWm™, 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™), 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

error :@AOO% (4.1)

cal

where Tgin is the temperature of cooling block obtained from the simulated result
and Ty 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 2K and A = 2.2 m? (Chong and Tan, 2012).
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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™ wind speed, 2.2 m?
heat transfer area and 0.583kgs™ 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
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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 | Must be fixed on ground.
move together with NIPC.
Size 430 mm x 330 mm x 5 mm | 700mm diameter x 1130mm
(From measurement). height (Jinling Refrigeration,
20009).
Dry weight 4 kg (From measurement). 38 kg (Jinling Refrigeration,
20009).
Flexible | Shorter flexible pipes are required | Longer flexible pipes are
pipe usage |to connect the entire cooling | required to connect the entire
system. cooling system.
Cooling | 1000 W to 4000 W, according to | 17500 W,  according to
capacity | Fig. 4.1. calculation using egn. (3.5) with
specifications  from  Jinling
Refrigeration (2009).
Parasitic |50 W from cooling fan (from | 180 W from cooling fan (Jinling
load measurement) and 100 W from | Refrigeration, 2009) and 370 W
water pump (Appendix B). 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?
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):

Q,, =MxCxAT (3.5)

where m is the mass flow rate of water equal to 3Th™ (Jinling Refrigeration, 2009)

also equal to 0.833 kgs™, ¢ is the water heat capacity (4200 J kg *K™) and AT 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):

Where 7 is 0.8, A, is 4.16 m% and consider the DNI measured by

pyrheliometer is maximum which is around 950 Wm™.

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™ wind speed
and 2.2 m? 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™ and water inlet temperature is
around 30 °C, the proposed cooling system with is 0.583 kgs™ 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?® 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™ wind speed, 2.2 m? heat transfer area and 0.583kgs™ 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? and wind speed is only 3 ms™. 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.
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Heat rejaction

1. Tnvtrosdueton

High Concentrator Photovoltaic (HCPY) is one of the
mat eflective devices to reduce the cost in solar power gen-
emtion. In these systems, the HCPY solar celk exposed to
very high solar dlumination can claim higher conversion
efficiency and reduce the expensive solar cell area by replac-
ing it with a cost effective concentrator material. Under
highly concentrated sunlight, the solar cell will alko inevita-
bly experience a very high heat load that can deteriorate
the converdon efficiency if the increasing temperature of
the solar cell is not properly managed (Dalal and Moore,
1977, Mbewe et al., 19835, Sala, 198%). According to Cui
et al (2009), a single solar cell can reach extremely high
temperature up to 12060 9C with the absence of cooling sys-
tem at 400 suns whilst the temperatume can be dramatically

* Cormesponding anthor. Tel: +60 3 41005E0E; iy 40 3 4007580,
Email addressen: chongh kifhnar sdnmy, kakkeang ofiwhoncom
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reduced by attaching it to a metal panel as cooling panel
Therefore, a reliable heat dissipation system is necessary
in HCPY system to continuowsly cool the solar cells effec-
tively in order to maintain their best performance in al
times (Royne et al, 20035), To achieve this goal, themr are
many cooling techniques have been invented and devel-
apead with different cooling performances. Mot all cooling
techniques are applicable for dense-army HCPY system
in which a very rapid cooling is mecessary for densely
packed CPV cells ina melatively small area.

Inthe current HCPY system, there are two types of heat
rejection systems namely passive and active cooling sys-
tems. For passive cooling system, Araki et al. (2002) devel-
opad a passive heat dissipation device to dissipate solar
cells’ heat operating at 500 suns; Fork and Home {2007)
patented cooling system that iz able to cool the solar celk
passively under multi-reflective concentrations with large
thermal radiation surface area; Aes and Hansen (2008) pat-
ented a cooling apparatus for photovoltaic panels in which
the hasiz layer of the cooling appamtus was designed with
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Momenclature

A omrec e the total surface area involved in the heat
transfer via forced convection {m”)
A pgizen  the total surface area for heat transfer via radi-
ation tmlj
A, eross-sectional ara (m®)
total area of mimrors which reflect the solar flux
to the target of NIPC (m*
heat capacity of water (T kg™' K5
hydraulic diameter {m)
direct normal imadiance, W m—*
heat transfer coefficient (W m™" K™
short circuit curment {A)
turbulent kinetic energy (m* s
themal conductivity of air (Wm™" K™%
8 Cckmne thermal conductivity of alumina layer in di-
rect bond copper (DBC) substrate (W m™" K="
Eoprsse rainer thermal conductivity of anctic slver thermal
adhesive (Wm™' K™
kepy  themmal conductivity of CPY cell (W m—" K1)
ke themual conductivity of copper conling hlock
Wm=" K™
krader  themal conductivity of solder (Wm™" K™
EpBe coprer thermal conductivity of copper layer in di-
rect bond copper (DBC) substrate (W m~" K-

nh-ha-w.‘-r-ggh .

i

K themal conductivity of water (Wm~" K5

L kength parallel to the water flow direction in
cooling hlock

I mass flow rate of water (kgs™")

Niiz Musselt number of forced convection within
madiator and air

N, Musselt nmumber of forced convection within
cooling Block and water

F perimeter {m)

e pressure (M m—%

P, solar power input (W)

Reciier  thermal resigtance of solder (K/W)
Rostcopper thermal resistance of substrate copper layer in
Diirect Bond Copper (K/W)

Ricn total thermal resistance (K, W)

Rep Reynolds number of forced convection within
mdiator and air

Reg Reynolds number of forced convection within
cooling block and water

T tempe rature (O]

Towe  ambient temperature (C)

T et cooling hlock's tempemture in calulation (*C)
Tepw  CPV cell temperature (*C)

T, average surface temperature of radiator (*C)

Tow  cooling block’s tempemture in dmulation (*C)
w, by velocity components (m s
iy laminar dynamic viscosity (Ns m™~)

1y turbulent dynamic viscosity | Msm™%
wind speed fms™")

e water flow speed (ms~5)
¥V voltage (V)

V.. open cincuit voltage (V)

X, % coondinates (m)

iz

Gireek symbols

AT tempe rature difference (*C)

£ turbulent energy dissipation rate (m*s™%)

£ surface emissivity

I’ dynamic viscosity of air (Msm™)

B dynamic viscosity of water (Ns m™)

'l the efficiency of direct converson from solar en-
ergy to thermal energy

@ fluid density (kg m™)

e air&nsit_','n:kgm';]

Fi water density (kg m™%

& Stefan-Boltzmann constant (W m—> K%

Py, o solar power input to single o]l module (W) gy, a,  turbulent constant

Popy, e chectricity power output by single cell module o laminar Prandt]l number
W) a, turbulent Prandtl number

Fra Prandtl number (hased on air temperature)

FPre. Prandtl number (hased on water tempe rature) Subseripts

Fr, Prandtl mumber (based on mdiator suface tem- o ar
peratume) anih ambient

eoreosc s COMVECHON heat transfer rate (W) [ Cri6s- S0Ction

- heat rejection rate (W) cal caleulation

O tiesr mdiation heat tramsfer rate (W) i) diameter

P s thermmal resistance of substrate ahiming in Direct & turbulent energy dissipation rate
Bond Copper (K/W) ] hydraulic

PRopciic riimer thermal mesistance of arctic silver adhesive | i-direction
(K W) I J-direction

Repy  themal resistance of CPY cell (K/W) E turbulent kinetic energy

Roppe themal messtance of copper cooling hlock Kf L parallel length
Wi i laminar
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r reflective amea
& surface
sl simmalation

1 turbulent
W water

many protruding structure fixed to hack side of the panels.
Mlost of the passve cooling systems are only applied to a
single solar cell or a linearly array solar cell geometries,
bt them is no repont on any passve cooling system applied
to dense array solar cell grometries at very high solar illu-
mination yet.

Densely packed solar cell grometries always encounter
high input of heat flux and most of the passive cooling sys-
tems with Jow heat rejection rate would not be good
enough to dissipate the heat flux with its Imited surface
area. Thus, active cooling system with mpid heat disipa-
tion capahility provides the only solution for the dense
array solar cell geometries, Lasich (2002) patented an
active cooling system with water circulation for densely
array solar celk under high solar concentrations that is
capahle to dissipate heat flux 500 kW m™* from the solar
cells and to maintain the solar cells” temperature at around
40 *C. The concept is based on the water flow in many
amall and pamlle] channels having good thermal contact
with solar cells. Royne and Dey { XM7) proposed a cooling
device for dense array photovolaic cells under high solar
concentation uwsing jet impingement. An array of jets con-
stitutes the cooling device wheme the cooling fluid & then
drained around the sides in the direction normal to the
jet impingad surface. Extensive studies of jet impingement
methods were carried out by several mseach groups, ie.
Martin (1977), Webb and Ma (1995), Jambunathan et al.
{1992), Royne (20035). Conversely, Zhu et al. {X649%) pro-
posed an efficient liquid-immerson cooling method for
dissipating heat from dense army solar cells at high solar
concentrmtion level In their study, the direct-contact heat
transfer performance was inwestigated at different solar
concentration level, liquid temperatures and fluid flow
velocities

In this paper, a cost effective and off-the-shelf active
cooling device for dense-army concentrator photovoliaic
(CPY) aystem iz explored, wsing an automotive radiator
as the main component of heat rejection in the cooling sys-
tem. Automotive radiator has high heat dissipation profile
and does not consume high power like other cooling
devices such as indwstrial cooling tower and chiller, The
automotive mdiator is easly available, light weight and
compact, and hence the proposed setup of cooling system
is easy to establish. In this system, water is used as the ser-
vice fluid and not as complex as dielectric water reguired by
Fhu et al, (20010, The novelty of our study & to integrate
an automotive radiator as part of the cooling system in
the dense-army CPV system. Theoretical analyss and on-
site data collection have boen accomplished for the auto-
motive mdiator cooling system to verify the feasibility of

our proposal. Furthemuore, the comversion efficiency of
concentrator photovoltaic module has been measured for
difierent operating temperatures to justify the significance
of conling system in maintaining the good performance
aof CPY system.

2. Theoreticsl study

The theomtical modeling of the awtomotive radiator
cooling gystem had been camried out before the experimen-
tal result was acquired in the on-gte testing. A three-
dimensional {3-D) modeling was established to simulate
the temperature at the central point (the hottest point) of
the cooling block by varying solar heat flux input, water
mass flow rate and water inlet temperature to the cooling
hlock. Moreover, the heat rejection by the automotive radi-
ator was computed by applying the formulas of heat trans-
ferat different wind speads created by the fan and different
surface areas of cooling fins in the radiator. The ohjective
of theoretical modeling for both the automotive radiator
and cooling block is to help w in optimizing the designed
parameters of the prototype cooling system such as wind
spoed and water flow mte. The detailed theometical study
and simulation result are presented in the following
SOCLIONE,

2.1 Theoretical stwdy of sutomotive radiaior

In this section, the heat rejection rate of automaotive
radiator i studied wing analytical methods based on the
case of forced convection by air and heat dissipation via
radiation. The automotive mdiator has a total surface area
of 38 m” inwhich only 22 m” of the surface area is covered
by a fan. In our analysis of heat mejection, convection i
considered only on the mgons of the mdiator coverad by
the air-flow created by the fan while radiation & consdered
on the whaole surface area of radiator. The heat transfer
rate of the automotive radiator through conduetion is neg-
ligible and can be ignored. Since the forced convection and
radiation are the main factors of heat transfer in the auto-
maotive mdiator, the total heat removed by the automotive
radiator is a summation of heat removed by hoth forced
convection and radiation.

The heat transfer rate by forced convection is described
as

[ 5 . ¥ 1]
whem A e 15 the total surface area involved in the

heat transfer via forced conversion, AT i the temperature
difference betwoen heat transfer area and fluid.
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The heat transfer coefficient of forced convection
occurred between radiator and air & computed as
Nk,

= 2)

'
where Ez is the thermal conductivity of air which depends
on the ambient temperature, Nw, is Musselt number in
the case of forced convection between the radiator surface
and air.

The hydraulic diameter Dy, which is defined as the effsc-
tive diameter of a non-circular tubes in the first approxima-
tion, can be obtained as
o=

a4,
=> (3)

where A and P are the cross-sectional area, 6914 = 10
~*m? and the perimeter, 0073 m, of the radiator tubes
mspectively. It is the diameter that should be wsed in caleu-
lating the parameters such as Reynolds number, Regp and
Musselt number, Nu

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 & to flow acmoss the parallel
tubes, it is treated as a case of cross flow on a non-circular
tube. Henoe, the Reynolds number can be obtained as
RN

Hy
where o is the air density, o, & the wind speed and g is the
dynamic viscosity of air. The density and dynamic viscosity
can vary dependent on the ambient temperature. Accord-
ing to Zukawskas (1972), the Musselt number of automo-

tive radiator for the case of cross flow on non-circular
tubes can be expressed as

k=

Rey = [4)

Wi, = crespr(2) (5)
[n.’.rs; Pro = sm]
| % Rey, = 10F

where all the properties (p, u., Pr., k)are evaluated hased
on the air temperature flowed across the radiator (same as
ambient temperatum) except Pr, & evaluated based on
mdiators suface temperature and given that ® = 037 for
FPr. = 10 and m =035, C=035] for Rey in the range of
401 (ale.

For the heat transfer rate by radiation,

D ion = £ A e o [ 17 — Ty ) (6]
where & & the emisivity of the mdiator surface with values
mnging from 0 to | depending on different surface finishing
and material. Incropera etal. (2007) provided alist of emis-
avity for varous materials Since the automotive radiation
i painted in black, therefore the surface emissivity of the
whole radiator is stated as 098 (Incropera et al., 2007). o
i the Stefan-Boltzmann constant, 67 = 10~ Wm™ K
™ Audisin i the total surface area for heat transfer via

:

—— 1w, W
=l 22
Ly, Ldm'

—imf. 2m

radaitar (W]

-sBEEEEEEE

—imf, L2m'

o Je, LA '

Mext rejection rate of automat
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sre difference bety

%

il
Temp y radistorand ambéent |"C)

Fig. 1. The graphs of heat rejcton rate of aniomotive radiador versus
temperaiure diflerence between radiaior and ambient for diflerent wind
spesds and the heat transfer areas of radiatar.

radiation. T, is the avermge temperature of radiative surface
and T is the ambient temperature,

Fig. | shows the change of heat mjection rate by auto-
motive radiator in the function of temperature difference
between the radiator and ambient for wind spesds at
Zms~" and 3 ms~! across the mdiator provided that the
heat transfer surface area are 20 m%, 2.2m® and 2.4m>.
From the chan, the heat rejection rate by the radiator
has a linear relationship with the temperature difference
between mdiator and ambient. A higher temperature differ-
ence leading to a higher heat rejection mte fulfills the
expression in Egs. (1) and (6). From Fig. 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 transfier co-efficient will be.

22 Simudation of cooling block

A Computational Fluid Dywnamic (CFIY) program is
employed to perform a flow and heat transfer analysis to
a specially dedgned cooling block for the dense array
CPY system. In the CFD modeling of the cooling block
as illustmted in Fig. 2, its domains comprises of three
meajor parts including cooling block with slot fing, cooling

Fig. 2 Drawing to show the CFD modsling for the conling bleck where
it domains compriss of thre major pans ncdoding conling hlack with
slot fing, cooling hloack cover and water adting as conling fimd .
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block cover and water acting as cooling fluid. These thres
parts ame meshed vsing tetrahedral meshing method into
a total of 83,835 finite elements with spacing of 5 mm in
size wherein 34,783 elements for the cooling block, 21,578
elements for the cover and 27,460 elements for the fluid.
Al the surfaces in contact between these thmee parts must
be well defined. To stant the itemtion of simulation, the
fluid imside the cooling block & assumed to have incom-
pressble flow at the steady-state. The 3-I} governing equa-
tions of mass, momentum, energy, turbulent kinetic energy
and turbulent kinetic energy dissipation mte in the seady-
state are listed as follow (Versteeg and Malalasckera,
1995):
Continuity equation:

g _

=" (7)
el it g uation

g __8p B[ (0 &G

P, = "By B, ["‘(ﬂ:, o) ®
Energy equation:

A R
'p"Jﬂn:_,_ﬂx_, (d'] d',)ﬂJ:J (9

Turbulent kinetic energy (&) squation:

_dk 8 (e 8k [ Y i
R e o) R (e o
Turbulent kinetic energy dissipation (£) equation:
P o DR Y i
P e = Bx, \ 5, e\, T &,
g
_C*‘pT (11)

In the 3-D modeling of cooling block, the k-epedon tur-
bulent model & employed which iz expresed based on Egs.
{Ti={11). The empirizal constants in the above eguations
are given as: Oy =14, C;=192, Cu=00%, a,=1.0
and #.= 1.3, which are constants for the Standand k-eps-
Tow mode]. Full deseription and caleulation for these entire
empirical constants were provided by Rodi (1980). With
every change of each parameter, 0 computational smul-
tions were executed to obtain the tempemture at the center
of cooling hlock that is the same location where the mea-
sureneent iz made in our experiment.

In addition to the CFD simulation, the study on cooling
block using the analytical formulas similar to that of study
on automative radiator is also cared out but the forced
convection in the cooling block & initiated by water instead
of air. Thus, BEg. (1) for the forced convection is ako
applied in this section too. The calcwlated mesults using
the analytical method am then compared with the CFI»
simulated results. The flow characteristic of water in the
cooling block is similar to that of a finite plate flow with

a finite length. In this case, the Reynolds number for finite
plate flow & expressed as
Rey = ﬁ (12
Hy

whem L is the length pamllel to the water flow direction in
cooling block, po i the demsity of water, v, & the water
speed, g i the dynamic viscosity of water.

The MNusseh number in the case of forced convection
between cooling block and water is

Nig, = 0.453Re 2 Al (13

whem Pr,,is the Prandt] number dependent on the temper-
ature of water.

Heat transfer coefficient for forced convection betwoen
cooling hlock and water is
_ Mk
L
whem ky iz thermal conductivity of water.

Fig. 3 shows the change of temperatume at the center of
cooling hlock as the function of solar heat flux input for
difierent water inlet temperatures to the cooling block,
e, 30°C, 40°C, 30°C and different mass flow rates, ie.
D4 ke s, 0,53 kgs~". From the graphs, the mise in the
water inlet temperature to the cooling block can cause
the temperatume of cooling block to rse for any particular
vahle of solar heat flux input. | i becawse water with a
higher mlet temperature carries more themal energy than
that of lower inlet temperature and hence reduces the tem-
perature diference between cooling hlock and water, It has
subsequently increased the thermal resistance for the heat
diszipation from cooling block to water. From the graphs,
the temperature of cooling block can be decrased hy
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 subseguently
imcreases the heat transfer coefficient of convection between
cooling hlock and water for dissipating more heat.

Fig. 3 ako shows a comparion between the simulated
and calculated msults. From the comparison, the simulated
results are always slightly higher in the temperature of
cooling block compared to that of the caleulated mesuls
The average emor between the calculated and simulated
results is about 1.86% based on the following equation
error = T —Teat o 1057 (15)

Feal
whem T, & the temperature of cooling hlock obtained
from the CFD simulated result and T, is the tempeature
aof cooling hlack obtained from the calculated result.

k (14)

1. Experimental setup

The experimental setup consists of two major parts,
which are non-imaging planar concentrator (NIPC) and
automaotive radiator cooling system.

system. Sol. Energy (2012),

Please cite this arcle m press as: Chong, KK, Tan, W.-C. Sindy of auiamative radiator coaling system for dense-array tiom i
hitpeffdx dodor g0, 100650l ener. 2012 05,033

90



6 KK Chang, W.C. Tan/Soler Energy oo (2002) xxx-xxx

{
3

~+—0.4 kg5, 30 °C=im)
~=-0.4 kijs, 30 'Claal)
0.4 kg4, 40 °C {sim)
04 kg/s, 80 'C (cal)
~——0.4 kg/'s, 50 'C (sim)
~o—0.4 kg/s, 50 °C (cal)
~»=0.533 ky/s, 30°C Jsim|
=== 0.583 hg/s, 30°C feal)
- 0583 kg/fv, 40 °C {siml|
~+-0.581 bg/s, 40 °C [cal)

Temperature st the centre of cooling block
-
&

150 w00 150
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(Sabd fne represents mass flow rate of 0.4 kgs™' and dot ine represents mass flow rate of 058 kgs™')

Fig. 4. Picture to show the pro®otype of nonmagng planar concentrator
that s located at latitnde of 3.2°N and longitude of 107.7°E, in the campus
of Universiti Tunku Abdul Rahman (UTAR), Kuala Lumpur, Malaysia

3.1. Non-imaging plana concentrator (NIPC)

A prototype of NIPC has been designed and constructed
to serve the purpose of performing sun-tracking and focus-
ing sunlight onto a copper cooling block at focal distance
of 1.7 m(Chong et al., 2009a, 2010). The prototype capable
of producing a good uniformity of solar illumination con-
asts of 416 flat mirrors with 10cm x 10 cm each to form a
total reflective area of 4.16 m*, Fig. 4 shows a picture of the
NIPC prototype located at latitude 3.2°N and longitude
107.7°E, in the campus of Universiti Tunku Abdul Rah-
man (UTAR), Kuala Lumpur, Malaysia. The azimuth-cle-
vation sun-tracking method has been adapted to the NIPC
prototype and each of the axes is driven by a stepper motor

connected to worm gearbox reducer with gear ratio of 60.
The mirror frames and the receiver holder frame are made
of Aluminum 661 due to its light weight and low acting
torque required for dnving the concentrator. A Win-
dows-based program implemented using Microsoft Visual
Basic.net was dewveloped to control the sun-tracking mech-
anism according to the day number of the year, the local
time, time zone, latitude and longtude of the prototype
installation. The program acquires the aforementioned
information for cakulating the azimuth and elevation
angles of the sun 50 that the stepper motors will be trig-
geredto drive the concentrator frame to the required orien-
tation (Chong and Wong, X09bc, 2011). As the apparent
position of the sun changes with time throughout the day,
the computer continuously send signals via the pamalkel

Fig. 5. The concentrated sunkight 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 am x 11cmand a darkercarbonzed buntarea
wasmeasured as S8 cm x $2am.
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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 i com-
manded 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.

The solar flux distribution at the cooling block was
investigated by exposing a sand paper to the concentrated
sunlight for a few seconds. The concentrated sunlight had
generated diflferent degrees of burnt marks on the sand
paper as shown in Fig. 5. The total area of the burnt mark
on the sand paper was measured as Ilem x llcmand a
darker burnt area was measured as 88cm x 8.8cm. On
the other hand, the solar flux distribution profile has been
simulated based on the specification of NIPC prototype
using ray-tracing method (Chong et al, 2010). Fig. 6a
and b displays the simulated result in 3-D and 2-D plots

(a)

377 suns

N5

Solar concentration ratio (surs)

Y-Axs (cm)

(b)

X-Axis (cm)

3

Y-Axis (em)

X-Axe (em)

Pig. 6. The smulited results of solar ux distibuton for the nonemaging
planar concentrator prototype that consists of 420 flat marrors in (a) 3D
and (b} 2D plots with a focal distance of 1Mem.

accordingly in which the solar flux profile consists of a flat
top area in the central region with maximum solar concen-
tration ratio of 377 suns named as uniform illumination
area. The dimension of simulated result is reasonably close
to the actual measurement, which is 118 cm x 11.8cm in
total area and 8.83 cm x 883 cm in the uniform illumina-
tion area.

3.2 Autamotive radiator cooling system

The automotive radiator cooling system can be divided
into four components, which are automotive radiator,
cooling block, water pump, and reservoir tank, Fig. 7
depicts the automotive radiator taken from a “Proton Wira
1500 c.c.” automobile. This automotive radiator has a
capacity of 1.5-liter that & used as a key device for the heat
rejection in the cooling system. The matenals of both the
automotive radiator casing and tubes are aluminum aloy
with high heat conductivity and light weight. It is easy to
be installed to the NIPC prototype with minimum load
added to the driving system. The external fins sandwiched
between the ducts in the mdiator are made of copper in
order to have higher heat conductivity for increased heat
dissipation rate. The total heat transfer area of the radiator
is reasonably large, which includes the surface areas of
radiator ducts and of copper fins. From our measurement,
the total surface area of radiator ducts & 0.8 m” and the
total surface area of copper fins is 3m”® to result in
3.8m” for the total surface area of the radiator. A
280 mm diameter DC fan with rated power of 506 W &
attached to the automotive radiator which can create a sig-
nificant air flow with wind speads up to 3 ms™". The Rey-
nolds number for air flow across the mdiator Re p, Nusselt
number N, and heat transfer coefficient & are obtained as
730, 12 and 80 Wm™? K~ respectively.

The cooling block for mounting the dense-amray CPV
panel is the major component for absorbing and transfer-
ring the extra heat rejected by the dense-array CPV panel

Fig. 7. Piture to show the amomotive radator from 2 commercal
amomohsle with maodel “Proton Wira 1500 c.c.” with the capaaty of 1.5
Iter msed as the key device for the haat rejacton i the cooling sysem.
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naultiple water channel pattern

180 v« 146 rmm x 20 mm
Fig. & Drawing to show the cooling block made of a copper with a

dimerion 180 mm « 146 mm = Xmm machined o 2 patiern of
ol tiple water channels

to the cooling water. In this context, the preferred material
of the cooling block is copper for its high thermal conduc-
tivity. To ensure a high heat transfer rate, the cooling block
must also have sufficient surface area and themrefore a cop-
per hlock measuring 180 mm x« 146 mm = 20 mm  was
machined with a cavity containing multiple water channels
as illustrated in Fig. 8. The muliplk water dn.rm:ﬂs have
contributed to a large surface area of 119220 cm” for the
heat transfer between cooling block and water. Besides,
thiz pattern also allow water to pass through it with high
spoed by making wse of the stmight and narrow guides that
imerease the heat transfer coefficient. This cooling hlock is
then covered and shiglded with an aluminum plate with a
dimension of 204 mm = 1446 mm 10 mm.

In the experimental setup, a “Tsunami Pump Memdo-
1A™ AC submersible water pump with a mted power
of 100 W has been utilized for circulating water between
the mdiator and the cooling block. Its mle & to create a
constant water speed within the automotive mdiator cool-
ing system at mass flow rate of 0583 kgs™". The Reynolds
mumber for water flow in the cooling block Rep, Nusselt
mumber Nie, and heat transfer coefficient k are obtained
as 31,270, 192 and 1967 W m~ K~ respectively.

Cooling Block

Fig. 9. The schematic diagram o show all the components of the
amtomnotive radiator conling systam and the flow direction of waber in the
expermmental s

The last component isa eservoir tank which acts as the
start pointand end point of the water circulation, and stor-
age tank For the subme mible water pump in the automaot ive
radiator conling system.

Fig. 9 is the schematic diagram of the automative mdi-
ator cooling system to ilustmte the flow direction of water
in the experimental setup, After the water pump i switched
omn, the water from reservoir tank will be directed to the
copper cooling block located at the target of the solar con-
centrator with a distance 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 water will fseafter the heat absorption
and the water will then be headed to the amtomotive radi-
ator. Inside the automotive mdiator, the water is forced to
flow through the parallel aluminum ducts evenly in such a
way that heat rejection can effectively take part during the
process, In the radiator, the thermal energy carried by the
water will be rejocted to surrounding via foneed convection
cmated by the fan, The temperature of water will be lower
down in the process of the heat rejection and then be chan-
neled hack to the reservoir tank so that a pew circulation
can be started again. Tahle | summarizes the specification
of the whale experimental setup.

4. Result and discusson

To verify the theomtical modeling of the automaotive
radiator cooling system, realtime data collection was con-
ducted at the site and the measured results were comparad
with the results attaimed from the theoretical study. The
experiments for collecting data were carried out in two ses-
sions on two different days. During the progresion of this
process, all the measumed parameters were closely moni-
tored and recorded, such as dimect nomal irradiamoe
(DM ranging from 300 W m™ to 930 Wm™, an ambient
temperature mogng from 30°C to 36 °C, and air relative
humidity ranging from 45% to 72%. Other pammeters in
the setting were ascertained to be the same in both experi-
ments, ie. wind speed of the fan, 3ms~", and mass flow
rate of water, 0,583 kg s~'. First experiment was only con-
ducted for 20 min whenein the data was collected for every
minute. Second experiment was conducted for & h from
1030 a.m. to 430 p.m. where each output from the setup
is taken at an interval of 13min apart. The collected data
werme then wsed to caleulate the solar power input into the
automotive radiator cooling system and heat rejection rate
of the radiator. The DMI was measured by pyrheliometer
and the solar power input can be calculated usng the fol-
lowing formula:

Po = 5% DNT 4, (16)

where 5 (=0.8) iz the efficiency of direct conversion from
solar energy to thermal energy considering the reflection
loss of mirror and absorptivity of cooling block, 4, & the
total reflective ama of the NIPC prototype. The ambient
temperature and humidity were measumed wing an air
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quality meter and the beat rejection rate of mdiator can be
computed from the following formula:

Oo=smwe AT

(17

where AT is the water temperature difference between inlet
and owtlet of radiator; m is mas flow rate of water
{583 kgs'lj and ¢ is heat capacity of water (42007 kg

'I'K'I':I.

In Fig. 10, solar power input, heat rejection rate and the
temperature at the cemter of cooling block are plotted
versus time (minutes) for the first experiment. From the
graphs, the solar power imput is reasonably constant
throughowut the experiment ranging from 2300W to
270 W, whilst the heat rejection rate of the radiator
increases  gradwally over time until it meaches about
2400 W, The heat rejection rate saturates in betwesn
2400%W and 2700 W after 14 min of operation. Alema-
tively, the tempermture at the center of cooling block
increases gradually in the beginning and then saturates at
about 50°C after l4min. From the observation, the
automotive radiator & capable of removing the equal
amount of heat as that of being absorbed by the cooling
block and hence reaching thermal equilibrium in the same
period of time, In principle, it & plawsible that the radiator
has the capacity to remove heat at the rate of 2640 W or
higher, which 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 30°C and the ambient temperature of
30-35°C) given that k= 80Wm— K" and 4 =2.2m".

Fig. 11 shows the meorded results of the second experi-
ment for & period of 6 h at an interval of 15 min. Referring
to Fig. 11, the changes of the graphs can be viewed in four
diferent periods of time, which are 1030-1200 h, 12X
1345h, 1345-1515 h, and 15151630 h. From 1030 h to
|20 b, the solar power input increasd from 2133W to
2TOEW in the fist 15min and then maintained within
the range from 2544 W to 2749 W, In this perdod of time,
the heat rejection mte 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 2693W untl
|20 . The tempermture at the center of cooling hlack
maintained in the range from 47 *C to 51 °C throughout
this pericd which & quite stable. From 1200 h to 1345 h,
the solar power imput fluctuated drastically within the
range from 1023W to 3118 W caused by the intermittent
sunlight. Consequently, the heat rejection rate and temper-
atume at the center of cooling hlock also followed to fluctu-
ate accordingly in the range of 146802693 W and 3549°C
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Fig. 12 The graphs o show a comparison for the heat repection rate of
radiator hetween sxpermenal and thearetical resulis.

Fig. 13, The bt photo shows how the CPV module & attachad to coaling
hiock for onsie dat eollcton and the right photn shows the CFY
moduk expomsd mnder high solar concemiration during  omesie
measnrament.

mespectively. From 1345 h to 1515 h, the solar power input
was mturned hack to astable condition again, which was in
the range from 2208 W to 30TTW. Forthis period of time,
the heat rejection mte and the temperature of cooling hlock
were maintained stably in the mnge of 2693-2938 W and
4550 *C respectively. From 1515h to 1630 h, the solar
power input again had dramatic fluctuation within the
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Fig. 14. Graph o show the mesured result of sectrical conwersion
efficiency of CFY module versns CFV cell tem perature.

range from [313W to 2954 W in a decreasing trend. The
resulied heat rejection rate and temperature of cooling
block were then decreased ranging from 2938 W to
1714% and from 49°C to 40°C respectively to follow
the decreasing trend of solar power input. From the obser-
wvation, the automotive radiator is capable to remove the
absorbed heat and to maintain the maximum temperature
of cooling block well helow 50 °C even though the experi-
ment was contimsed for 6 h.

Com paring the heat rejection of mdiator betwesn exper-
imental and theomtical results as shown in Fig. 12, the heat
rejection mte of experimental result i slightly higher than
that of theoretical result becawse there are other sources
for the heat lost inchuding conduction, natural convection
and radiation. The heat rejection rate for the theopetical
result & 91% of the experimental result.

Apart From the study in the heat rejection of automot ive
radiator, it is also important to understand its effect to the
ekectrical conversion efficiency of the CPY module. As a
result, a commercially available single CPY cell receiver
module (Emcore, 20000 has been attached to the cooling
block of the WIPC prototype. In Fig. 13, the kft photo
shows how the CPY module & attached to cooling hlock
for on-zite data collection and the right photo shows the
CPY module exposed under high solar concentration dur-
ing on-site measurement.
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The electrical conversion efficiency of CPY module can
he caculated wing the formulas sated as follow:

gy = [Porv,ae (Pomw,a) x 1 (18)

where Pepy, s is the solar power input received by the CPFV
module and Prpy, .o, is the electrical power output pener-
ated by CPV module

Powv =t % DNT 3 4, % (doy  dimape) (19)
Poy e = Vo2 I, x 087 (20)

where Aqpy B the total active area of CPY cell (1 = 10
~*m), 4 i the total image area of the concentrated
sunlight on the cooling block (0,01 mlJ. Vo i the measured
open circuit voltage of CPV module and T, is the measured
short circuit current of CPY module and 087 is the Fill
Factor of CPY module provided by Emcore data sheet
{20100

To caleulate the temperature of CPY cell, the following
formula iz wsed:

Tow =Pov m® B % (1 fdav]) % (1 — o)+ Tee  (21)

where Tirg is the temperatumre of cooling block, R i the
total thermal resistance from cooling block to CPY cell
consisted of the following materials: copper (cooling
block), arctic silver thermal adhesive, copper layer in direct
hond copper (DBC) substrate, alumina layer in DBC aub-
strate, copper layer in DBC substrate, solder material and
CPV cell that can be calculated as

B = Ry + Boniier + RM.-_W + R e ol mina
+ R b coper + Rorcetrior + Rooppar (22)
where
R = Lo (ki
R_.,jb= l[lu.hrflk.lﬂﬁ
B copper = 000 copper [ K 18007 — oo e
Rigeabmima = Tope b Kines_lumina

Recsintioer = larestrsiver &
Fonpper = Leopper [k copper

where lopy, lubler, IDBCcpper: 1D8C-chmine lorciic siloer, and
leopper were the thicknesses of different material measured
as 0. 12mm, 005 mm, 003 mm, 0635 mm, 0.1 mm and
Fmm repectively; ke, Kpbte: o8 e KBk
k apctic sitner, AN Keopper are refermed as the thermal conduc-
tivity of different materisls with the values 55 Wm~ K-',
W W K, AW m™ K MW m K
TAWm VK, 400Wm 'K respectively, which are
provided by Lugue and Andreey (2007).

Fig. 14 shows the measured result of electrical conver-
sion efficiency of CPY module versus CPV cell tempera-
tures, The conversion efficiency is of a linear relationship
to the cell temperature where the slope of the graph is
—0014 which means the conversion efficiency meduced
by 0. 14% for every increment of 1°C. Refering to the
graph, the maximum converson efficiency is 2685% at

the temperature 47.7 °C, whereas the lowest conversion
efficiency is 22.39% at the temperature 58.3 °C.

There are two possible cases (1) both water pump and
fan are switched on in which the CPY cell temperature i
475 *C and the resultant converson efficiency is 26, 16%;
{2) water pump i switched on but the fan iz off in which
the CPY cell temperature is raised to 5808 *C while the
resultant conversion efficiency & reduced to 22.51%. For
the case (1), the electrical output power produced by CPY
at conversion tﬂkim:;'_','oflﬁ 16%G is 6045 W provided that
the DM is 800 W m™ and the resulted solar power input is
26624 W, The net electrical power output will be 5459 W
after subtracting by 1306 W consumed by both the fan
and water pump. For the case (2), the electrical output
power produced by CPV at converson efficiency of
2251% & 599.3'W provided that the DNI i 800 W m™*
and the resulied solar power input is 2662.4 W, The net elec-
trical power output will be 4993 W after subtracting by
100 W comsumed by the water pump only. Comparing the
two cases, the first case with the fan on can produce
465 Wmaore net power output than the second case without
the fan. Hence, we can conclude that efficient cooling sys-
tem is very significant for CPY system to produce more
net electrical power output. From Fig 11, the highest solar
power input iz 31187 W and therefore the net electrical
power output can be as high as 8653 W provided that the
conversion efficiency is 26, 16%.

£, Concluslon

Theoretical study on the automotive radiator has been
carried out to analyze the heat rejection mte in the function
of temperature difference between mdiator and ambient for
different water flow rates and wind speeds created by fan.
Moreover, the performance of specialy designed cooling
block has been studied separately wing different methods
CFD program and analytical formulas. To verify the theo-
retical modeling on the automaotive radiator cooling system,
experiments were carried owut for on-site data m]]u:tic-r:
wsing NIPC prototype with total reflactive amea of 4. 16 m”
and solar concentration of 377 suns. The heat ejection rate
obtained in the theoretical result iz as high as %1% of the
experimental result. Finally, the experiment was also con-
ducted to obtain the relationship between the electrical con-
version efficiency of CPY module and the cell temperature,
From the on-site data collection, the electrical comversion
efficiency of CPY module is of a linear relationship to the
CPV cell temperature in which the conversion efficiency
raduces 0.14% for every | *Cincrement in the cell tempera-
tume. For the MIPC prototype, the highest net electrical
power output is 6653 W provided that solar power input
i 3118.7TW and conversion efficiency is 26.16%.
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APPENDIX B
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Vil 1ol
your preferred water booster

Low Mainterance
Energy Saving
304 Anti-Rust
Pump Shell
o) 316L Anti-Corrosive
Stalness Steel
Motor Shaft
Over Heating
Protection

HA0 L\ F1T7 Tokyo UP) New Technology

1 Year
Warranty
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your preferred water booster

SEWAGE
SUBMERSIBLE

PUMP

» Italian dual mechanical seal

= Imported thermal protection device
* 316L Stainless Steel Shaft

= Pump shell can be AISI304 or Plastic

= Suitable for fish pond and
household uses

Perfor Table
ey Power Voltage Max Flow Max Heod Outlet
w HP v m'/h " e
NEMO 100 100 118 | 220/230/240 6.5 6.3 11185
NEMO 100A 100 118 | 220/230/240 6.5 6.3 11185
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APPENDIX C

Hurricane Pumps

QB60 Booster Pump 220V 370W

<<click here>> or o the oclirs DEOw (o an irstat, prrtade aring quitdtion
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Operating Limits
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Washor Washer

20" ring
Drops guard
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Technical Data Hurricane Pumps Submersable Pump 220V 370W
Cescription Data
Model QEB&0
Pump Booster Pump
Voltage 220V
Powrer 370W
Head Height 35m
Maxinoam Cutpuat 2100L/Hour
Size "= 1"
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