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ABSTRACT 

The use of solar energy as a global energy source has increased over the past 

two decades. Photovoltaic cells, which utilise the sun to generate electricity, are 

a promising alternative to fossil fuels that contribute to climate change. However, 

the high intensity of concentrated solar radiation can cause overheating in 

photovoltaic cells, reducing their efficiency and power output. Researchers 

worldwide are improving cooling in concentrated photovoltaic cells (CPV) to 

enhance temperature uniformity and improve power output. Previous studies 

have demonstrated that pulsating flow can effectively enhance heat transfer in 

various fields, including electronics, mechanical engineering, and medicine. 

In this research, three flow patterns (continuous flow, uniform pulsating flow, and 

bio-inspired pulsating flow) were studied in both simulation and experimental 

designs. Two cooling designs were considered: the conventional design (C-

Design) and the parallel design with baffles (W-B) and without baffles (Wout-B). 

With the implementation of 30 pulses per minute bio-inspired pulsating flow a 

reduction of 1.96% in solar cell temperature was observed when compared to 

continuous flow. This reduction in temperature was consistently observed across 

a range of flow rates from 0.5 to 2.5 L/m, employing the parallel Wout-B design. 

Notably, the bio-inspired pulsating flow shows better performance in comparison 

to uniform pulsating flow, as well as the conventional designs with continuous 

flow and uniform pulsating flow, resulting in notable improvements in cooling 

efficiency of 1.22%, 2.14%, and 4.00%, respectively. 

In terms of a direct comparison, the implementation of uniform pulsating flow in 

the parallel Wout-B design exhibited a maximum cooling improvement of 0.74% 

when contrasted with continuous flow. Furthermore, when assessing uniform 

pulsating flow against the C-design with uniform pulsating flow in the parallel 

Wout-B design, a noteworthy enhancement of 0.93% was observed. Remarkably, 

the C-design with uniform pulsating flow demonstrated a superior effectiveness 

of 1.90% when compared to the C-design with continuous flow. 
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1 CHAPTER ONE 

1.1 General Introduction 

Global energy consumption is continuing to rise, resulting in the emission of 

pollutants from burning fossil fuels. To decrease carbon emissions and secure 

future energy sources to meet the demand, various renewable energy 

technologies are being used [1]. Non-conventional energy is becoming 

increasingly popular, and more countries are investing in it [1,2]. Solar cells are 

among the most significant renewable energy sources because they directly 

convert the sun's rays into electricity. Both external and internal factors impact 

the performance of photovoltaic panels. Uncontrollable external factors include 

dust accumulation, ambient temperature, incident radiation rate, and wind 

velocity, while internal factors, such as PV average temperature, are controllable 

[3]. 

The energy from the sun's light appears white because it is made up of several 

different colours that, when blended, produce white light. The quantity of energy 

in each direct and indirect radiation in the sun's spectrum varies greatly. To 

increase the efficiency and energy utilization of the solar spectrum, solar cells 

can be concentrated or a multijunction solar cell can be used [3–5]. However, 

when sunlight is focused onto solar cells, some energy is converted to electricity, 

while the rest is converted to thermal energy, causing overheating within the cell. 

As a result, a drastic drop in efficiency or even damage to the solar cell can occur, 

depending on the concentration level and how high the cell area temperatures 

build up [6–10]. 

Advances and innovations in photovoltaic technology have allowed the 

development of smaller and more efficient solar cells, such as multiple junction 

solar cells (MJSC). MJSC with absorbers of varying band gaps can be utilized to 

increase the energy utilization of the solar spectrum [5,11–13]. The lost access 

energy of absorbed photons can be reduced in a concentrated multi-junction solar 

cell (C-MJSC) with a lens or mirrors [3,4,14–16]. However, the temperature of the 

solar cell increases to an extent where cooling the cell is mandatory to keep its 
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performance at its best and prevent the cell from permanent damage [17]. The 

cooling mechanism must be carefully designed and studied for optimum 

performance. Cooling photovoltaic (PV) cells is a critical design and operational 

consideration in concentrated PV (CPV) technology. High cell temperature and 

uneven temperature distribution result in current mismatching and hot spots on 

the solar cell, resulting in either decreased efficiency or severe damage due to 

thermal stresses. The uniformity of temperature across the surface of 

photovoltaic panels significantly influences the effectiveness of CPV systems, 

directly increasing cell temperature and series resistance. 

Researchers have been investigating the significance of uniform cooling in CPV. 

Several studies have highlighted various types of uniform cooling mechanisms 

for solar PV panels, including liquid immersion cooling, heat pipe cooling, 

microchannel cooling, impending jet cooling, phase change material cooling, 

heatsink cooling, and better heat exchanger design cooling. However, the 

suitability of a cooling method is contingent on the Sun concentration, location, 

installation, and system output requirements. A CPV's cooling system can be 

classified as passive or active, depending on the geometry, coolant, and level of 

sun concentration [18]. 

In the passive cooling technique, a heat pipe can dissipate flux, and it has been 

demonstrated that CPV can be cooled using fins/plates. However, the 

disadvantage of passive cooling is that the heatsink area increases 

proportionately to the CPV sun concentration [19–21]. Much research has 

highlighted that passive cooling is unsuitable for higher sun concentration 

[15,22,23], say above 20 suns. Active cooling to achieve temperature uniformity 

has been studied. It has been reported that the active cooling system works 

based on continuous flow [23,24] and is a better option for CPV cooling. Jet 

impingement and heat pipe systems exhibit significant temperature variations, 

posing the challenge of temperature non-uniformity. Additionally, jet impingement 

requires a large volume of coolant and presents design complexities such as 

diameter spacing, nozzle pitch and number, and spent flow or drainage design 

problems (liquid drain, leakage, clogging) [26]. The liquid immersion cooling 
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technique is suitable for high solar concentration ratios; however, it challenges 

performance degradation due to coolant interaction with CPV. Another challenge 

is the selection of coolant type to avoid short circuiting of electronic components 

[27]. Moreover, the overall architecture leads to an increase in weight and 

requires considerable pumping power. 

CPV cooling is essential for achieving more energy-efficient concentrated solar 

cells with maximum power output. There is a need for an optimal cooling system, 

and further investigation of techniques is required to increase the efficient power 

output of a CPV [28]. This research aims to develop and investigate a 

concentrated, multijunction solar cell cooling system to increase thermal 

efficiency. To achieve this goal, the current cooling system, including CPV, 

garments, and human body cooling systems, was reviewed. Simulations using 

computational fluid dynamics and experimental approaches will be adapted to 

achieve the objectives highlighted in section 1.2. Two publications have been 

compiled from this research and will be submitted to two journals. 

1.2 Research Gap 

Several research studies have highlighted the advantages of pulsating flow in 

cooling and enhancing heat transfer. It has been applied in various fields such as 

electronics, data centres, and mechanical and thermal energy engineering. 

However, to the best of our knowledge, pulsating flow has not been directly 

applied to CPV cooling. Instead of a continuous flow, which is the basis of current 

CPV cooling, this research focuses on the performance of CPV cooling with 

unsteady flow (pulsatile flow). The technique is achieved by integrating solenoid 

valves with controls and sensors to introduce bio-inspired cooling, mimic human 

thermoregulation, and improve cooling capabilities.  

1.3 Aim and Objectives 

This research aims to model and investigate the cooling system performance of 

a concentrated multijunction solar cell while considering all the factors that affect 

cooling system performance, including design parameters.  

1. Comprehensive Review of CPV cooling techniques. 
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2. Design a cooling system using computer-aided design (CAD) that will be 

applicable in continuous and pulsating flow. 

3. Simulate the performance and investigate the applicability of pulsating flow 

in cooling using computational fluid dynamics (CFD). 

4. Build the prototype design and develop a pulsating flow system 

experimentally.  

5. Investigate and validate the prototype with the pulsating flow, bio-inspired 

pulsating flow and continuous flow experimentally with the simulated 

design. 

1.4 Motivation 

The motivation for this work is to increase the power output of concentrated solar 

cells, specifically with regards to cooling demands. The need for efficient cooling 

is inevitable in CPV, and more researchers are becoming interested in this area. 

Currently, CPV's cooling technologies are almost exclusively based on 

continuous flow. The first motivation is related to the efficiency of operation 

compared to conventional cooling technologies. There is a need to have a system 

that is comparable and efficient when compared to existing technologies. 

Secondly, the aim is to maximize the solar cell's power output to enable it to 

operate at its full potential. Finally, it is essential to consider whether pulsating 

flow can provide an alternative to existing cooling approaches. 

1.5 Report Section Layout  

This research thesis report comprises sections as indicated in figure 1-1. Each 

section is designated a chapter, followed by a discussion, recommendations, and 

references. 
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Figure 1-1 Research and report layout. 
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2 CHAPTER TWO 

2.1 Literature Review  

This chapter provides a literature review that includes information about the types 

of solar cells, concentrated solar cells (CPV), and the types and classification of 

CPV cooling. Based on the available literature, detailed information on the 

challenges, advantages, and research gaps was discussed. Additionally, a brief 

insight into the novelty of this research presents an innovative approach to CPV 

for researchers, using discontinuous flow as a bio-inspired cooling idea 

(mimicking human thermoregulation) to explore a better solution in CPV cooling 

systems. 

2.2 Introduction 

The use of solar energy has significantly increased over the past two decades, 

becoming a major component of the world's total energy mix [1,2,28]. 

Photovoltaic cells are capable of producing electricity from the sun, and represent 

a promising alternative to the use of fossil fuels, which contribute to global 

warming [29–31]. Solar energy is the most abundant and readily accessible 

source of energy on our planet [32,33], with silicon - sourced from sand - being 

the primary material used to convert this energy into a usable form [34]. Despite 

these advantages, current cooling techniques for concentrated solar cells are 

based on continuous flow, which results in non-uniform temperature distribution 

throughout the cell and other issues. Photovoltaics are commonly classified into 

first-generation (1stG), second-generation (2ndG), and third-generation (3rd G), 

as illustrated in Figure 2-1.  

 

Figure 2-1 Classification of photovoltaic 
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The first generation (1stG) includes monocrystalline panels, polycrystalline 

panels, and amorphous solar cells. These photovoltaics were the first commercial 

photovoltaic cells introduced in 1954. In the 21st century, they are the most 

commonly used solar cells in residential areas, accounting for about 80% of solar 

cells sold. 1stG can have an efficiency of up to 26% for monocrystalline and 21% 

for polycrystalline, according to Green MA and Emery K in 2016. They are made 

of silicon and have a bandgap of 1.1 eV [34,35]. 

The 2ndG, with an efficiency of 21.4%, came into existence after 20 years of 

research and development aimed at achieving lower costs and inherently higher 

efficiency [34]. However, a disadvantage is that the majority of the components 

of these cells are becoming increasingly rare and expensive (indium), and some 

are toxic (cadmium). 

The 3rdG is a recent generation that has emerged due to the high costs of 1stG 

solar cells, material availability limitations, and the toxicity of 2ndG solar cells. 

Solar cells are made from various new materials in addition to silicon, such as 

nanomaterials, silicon wires, solar inks created with conventional printing press 

technology, conductive plastics, and organic dyes [34,36]. In [36], the new 

generation of solar cell technology is classified as the fourth generation (4thG). It 

uses a combination of organic and inorganic materials for manufacturing. The 

advantage of 4thG is the combination of inorganic and organic materials to 

maintain cost and increase solar to electrical energy conversion efficiency. Figure 

2 shows the maximum efficiency in photovoltaics according to the National 

Renewable Energy Laboratory (NREL) 2020, as cited in [31]. 
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Figure 2-2 Trend of maximum efficiency in photovoltaics. 

Concentrated Photovoltaic (CPV) technologies are advanced PV systems that 

operate by focusing the sun's rays onto a solar cell using reflectors, such as 

mirrors or an optical prism [7,15,23]. The reflector, which is typically a mirror or 

lens, concentrates the primary solar radiation onto a solar cell located at the 

reflector's focal point. CPV systems require sun tracking to maintain the 

radiation's concentration on the solar panel [9]. It has been estimated that with a 

1000 Suns solar concentration ratio, the temperature of an uncooled solar cell 

could rise to 1,360ºC [7]. The solar energy falling onto the solar cell's surface is 

converted into electricity, while the rest is absorbed thermally within the solar cell, 

increasing its temperature [8]. Over time, an increase in panel temperature leads 

to decreased conversion efficiency and reduced panel reliability. Consequently, 

numerous cooling systems have been developed and studied to prevent 

excessive temperature increases and improve efficiency [32]. Concentrated 

multijunction solar cells are crucial to realizing a more efficient photovoltaic 

system. However, cooling CPV systems remains a challenge for researchers [25]. 

Substantial research on concentrated photovoltaic cooling (CPVC) is ongoing 

globally, and statistics over the previous decade (2012–2022) demonstrate the 

increasing interest and relevance of CPV cooling technology. In the past decade, 

a large number of research publications have been released. According to 

Scopus and Web of Science, with a search titled "Concentrated Photovoltaic 
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Cooling," over 288 and 438 papers were published on CPVC from 2012 to May 

2022, respectively. Figure 2-3 displays the statistical number of Scopus and Web 

of Science research released each year (Figure 2-3a), comprehensive 

information on the first ten nations with the most significant proportion of research 

papers (Figure 2-3b), and the first five countries with the most funding investment 

(Figure 2-3c) on the current topic. 

 

Figure 2-3 Statistical charts of articles published and funding countries on CPV 

cooling. 

Research by [9] experimented and reported that the output of a concentration 

solar panel is between 4.7 and 5.2 times that of a non-concentrated cell. The 

results demonstrate that the solar cell temperature was reduced to below 60°C, 

generating more electrical output. Research using parabolic concentrators to 

analyse heat transfer in photovoltaics has been conducted by [37]. It was found 

that the higher the intensity of incident solar energy, the higher the temperature 

of the concentrator aperture and the PV cell. A comparative analysis between the 

most commercially available photovoltaic with a concentrated multijunction solar 

cell is presented in Table 2-1 based on the following references [3,38–42].  
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Table 2-1 A Comparative between conventional solar cell with concentrated 

multijunction solar cell 

 

2.3 Types and Classification of Cooling Techniques in solar cell 

Research and development in concentrated photovoltaics have heightened the 

requirement for effective cooling. The essence of an effective cooling system in 

concentrated solar cells is to ensure that the PV cell operates within its optimal 

temperature. CPV cooling design should have reduced thermal resistance 

coefficients with good cell temperature uniformity for maximum efficiency [25]. 

Additionally, it is vital to consider the cooling system's power consumption, ease 

of installation, and high level of dependability. The selection of a cooling 

technique depends on the objective and need situation at hand [25]. However, 

the suitability of a cooling method is contingent on the Sun concentration, 

location, installation, and system output requirements [20]. CPV cooling can be 

classified as passive or active, depending on the geometry, coolant, and level of 

sun concentration [20]. Furthermore, CPV cooling can be classified based on the 

nature of heat transfer, such as natural circulation and forced circulation, or the 

type of coolant, such as passive cooling and active cooling [21,32,43]. [44] 

reported that passive cooling is suitable for concentrations of less than 20 suns, 

and active cooling is necessary for high concentrations. 
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Natural circulation and forced circulation can be air-based cooling and water-

based cooling. Air-based cooling is simple and cheaper [43]. However, it has a 

lower heat transfer coefficient, which varies from 1-10W/m2. K for natural 

circulation to 20-100W/m2. K for forced circulation [25]. Water-based cooling has 

a better heat transfer coefficient of 200-1000W/m2. K for natural circulation and 

1000-1500W/m2. K for forced circulation [37,45,46]. According to [9], the 

efficiency of a Concentrated solar cell is primarily affected by the amount of heat 

removal rate, which aids in the PV temperature management. The heat removal 

rate is primarily determined by the coolant flow rate [9]. Table II provides the 

advantages and disadvantages of CPV cooling based on classifications. 

Table 2-2 A Classification of photovoltaic cooling advantages and disadvantages 
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In passive cooling (PC), no external force or energy is used for coolant circulation. 

The PC technique has been studied through experimental investigation, and it 

has been reported by [47] that the heat pipe and heat sink have the capacity to 

dissipate flux in CPV. Both the heat pipe and heat sink were found to be able to 

cool CPV to 37.8ºC and 54.16ºC under 25 suns, respectively. Researchers have 

highlighted that it is a cost-effective cooling method because of its low energy 

consumption. However, the disadvantage of passive cooling is the size of the 

heatsink area, which is not economically viable due to the large amount of 

material required, consisting of larger fins and plate areas depending on the 

concentration ratio [19,20,48]. In other words, the greater the concentration ratio 

of the CPV, the larger the area of the heatsink required. Consequently, the 

feasibility and attractiveness of utilising a passive cooling system to mitigate the 

temperature of a concentrated photovoltaic system have been significantly 

diminished. 

Active cooling (AC) has been studied to achieve temperature uniformity. In AC, 

coolant circulates through the cooling system using an active cooling system 

pump. It collects the heat from the PV and dissipates it using a convector or heat 

sink. Several researchers have highlighted that active cooling is more efficient 

and suitable for high concentrations [7,27,47,49]. However, one of the limitations 

posed by AC includes temperature non-uniformity. A variety of solar cell cooling 

techniques are discussed in the following sections. 

2.3.1 Heat Pipes  

Heat pipes are closed evaporator-condenser systems with high heat flux 

transport capacity, as shown in Figure 2-4. Heat pipes consist of an evaporator, 

a conduction section, and a condenser section [50]. The working fluid is vaporized 

in the evaporator section due to the conducted heat to the pipe wall, and vapor 

pressure forces it through the pipe section into the condenser section, where it 

condenses and releases its latent heat of vaporization into the provided heatsink. 

Capillary pressure pumps fluid back to the evaporator section [50,51]. The heat 

pipe continuously transports the latent heat from the evaporator to the condenser.  
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Figure 2-4 Heat pipe basic working concept adapted and edited from [50]  

 Heat pipes are cost-effective and versatile, suitable for various applications. 

Different working fluids can be used in heat pipes to transport heat energy from 

the heat source to the condenser section. The heat transport capability of the pipe 

depends on the type of working fluid used, and this determines their suitability for 

various applications such as heatsinks in laptop computers, embedded heat 

pipes for single-board computers, CPUs [52,53], military applications, RF 

telecommunications applications, lithium batteries, and server cloud computing 

[54–56]. 

Heat pipes come in various shapes and sizes and can be fabricated from various 

materials compatible with the working fluids used. They can be closed or open 

with refrigerant or water as the working fluid [50]. Open heat pipes are classified 

as an active cooling type because the coolant circulates using a pump. Proper 

material choices can reduce the chance of working fluid and material interaction, 

heat pipe degradation, and failure. Material types include copper, aluminum, and 

stainless steel. The most common shape is round flat heat pipes. Heat pipes can 

be bent based on system requirements and generally transfer heat energy from 

one point to another. 

Research reported by [57] shows that a flat-structured plate heat pipe has a 

higher conversion efficiency of about 3.1% than aluminum substrates. Their 

results demonstrated that heat pipes could cool a high-concentration CPV 

system. Another research by [58] shows that the electrical efficiency of a CPV 

increases from 13% to 20% using heat pipes with 400 concentrations. They 

stated that as the sun's concentration increases, the outlet temperature of the 
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coolant increases. Their cost analysis study concluded that heat pipes are a more 

economical and realistic form of cooling. An experiment using a heat pipe was 

conducted by [59] to improve photovoltaic performance. Three modules were 

studied: PV, PV with thermoelectric, and PV with thermoelectric/heat pipe, as 

shown in Figure 2-5. They reported an efficiency of 1.47% and 61.01% for the 

module coupled with a heat pipe and the first and second modules, respectively.  

 

Figure 2-5 (a) PV no cooling, (b) Integrated PV-TE, (c) Hybrid PV-TE-Heat pipe 

Adapted from [59] 

A CPV cooling method that uses aluminium as a thermal absorber and heat pipes 

has been reported by [60] using a triple-junction solar cell. Research by [61] 

applied a heat pipe at the back of solar panels to extract the heat, as shown in 

Figure 2-6. The results indicated that the PV surface temperature could reach 

41.2 ºC, 37.2 ºC, 33.3ºC, and 29.3ºC when the concentration ratio was 800 suns, 

700 suns, 600 suns, and 500 suns, respectively. The CPV system's electrical 

efficiency was 20%, and its thermal efficiency was 77% using distilled water. The 

results indicate that the solar panels integrated with heat pipes have roughly 18% 

higher electrical efficiency than PV without a cooling system.  

 

Figure 2-6 Heat pipe attached to PV adapted from [61]  
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Heat pipe utilization for cooling CPV systems has received little attention based 

on available literature. This may be due to the passive nature of heat pipes, which 

are suitable for low-concentration ratios. Further investigation into the capability 

of using heat pipes to cool CPV systems is necessary [25]. Heat pipe cooling has 

been reported to maintain a cell temperature between 32ºC and 36ºC, with a 

degree of non-uniformity of approximately 3ºC for concentrated systems. 

Research has also shown that heat spreader heatsink techniques can reduce cell 

temperatures to 37ºC using passive cooling methods [20]. Several review articles 

and researchers have highlighted the cost-effectiveness of heat pipe cooling 

[58,62]. 

Stabilizing nanofluids for long-term use is essential, as highlighted by many 

researchers. An increasing number of studies show that introducing additives 

such as nanoparticles slightly enhances thermal performance. However, using 

nanoparticles has some disadvantages, including corrosion problems [63], high 

cost [64], stability issues [65,66], sedimentation, agglomeration, and pressure 

drop [67,68]. Researchers are currently studying homogenizing methods, 

surfactants, pH, nanoparticle-base fluid combinations, and particle morphology 

to improve stability. Additionally, further work is needed to prevent agglomeration 

and sedimentation, reduce pump power, and improve stability [67]. 

Challenges for heat pipe cooling systems include overheating, oscillatory and 

reverse thermal flows, and the area-dependent cooling capacity for concentration 

[20,62]. Additionally, heat pipes work based on a continuous flow, and the 

problem of solar cell temperature non-uniformity leading to hot and cooling spots 

remains an area for exploration. 

2.3.2 Phase Change Materials 

A phase change material (PCM) is capable of storing energy in a hotter 

environment and releasing it over an extended period [69]. When PCMs are 

activated and installed, their maximum energy turns solid. As they release their 

cooling energy, they become liquid. PCM packs can be reactivated repeatedly by 

simply placing them in the fridge, freezer, or a lower environment. A large amount 

of heat can be absorbed by phase change material without causing it to become 
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hotter. The heat stored in PCM can be released later when the surrounding 

conditions shift or become colder. They are easily used, cost-effective, and have 

various applications [70]. Currently, PCM is used in electronics [71], waste heat 

recovery, automobiles, and thermal energy conversion applications [72–74]. The 

heat fades at night. Packets of PCM can be placed underneath solar panels to 

prevent heat build-up during the day and release it at night when the panels are 

not in use [8,75–78]. A wide selection of PCM products is available, each with its 

temperature range [79]. 

Cooling with PCM is a more advanced heat management system for photovoltaic 

(PV) systems [79]. One of PCM's primary advantages is that it can regulate 

temperature depending on its latent heat, which results in near-form temperature 

cooling. The thickness (PCM area) and melting point are used to determine the 

suitability and stability of sustained PCM cooling. The main limitation of PCM 

passive cooling is that the PCM materials are toxic and corrosive. Another 

concern is safety and disposal issues at the end of the PCM product's life cycle 

[20]. Experimental research by [80] demonstrated that PCM could passively cool 

a CPV. However, they reported limited effectiveness due to low thermal 

conductivity, crystallisation segregation, and solidification duration. Their results 

show that adding fins can enhance the control of the PV temperature. The PCM 

cooling system is a promising future solar cell cooling technique [8,75–78]. 

However, this technique provides only a modest improvement due to its low 

thermal conductivity. The heat transfer of the PCM should be enhanced by adding 

a component to improve its cooling efficiency [32]. 

Several pieces of research show that introducing fins adjacent to PCM or 

introducing additives such as nanoparticles slightly enhances the performance of 

the PCM cooling technique. However, there are limitations including high cost, 

and stabilising nanofluids for long-term use is essential, as highlighted by many 

researchers [64], stability [65,67], sedimentation and agglomeration, among 

others [67]. Studies on homogenising methods, surfactants, pH, nanoparticle-

base fluid combinations, and particle morphology are ongoing to improve stability 

[67]. Figure 2-7 shows PCM attached to PV for an experimental study conducted 
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by [81]. Using Al2O3 nanoparticles and PCM, their results show a 13.2% and 

5.7% increase in efficiency. 

 

Figure 2-7 (a) PCM (b) PCM attached to PV (c) PV  adapted from [81] 

Adding nanoparticles to PCM is an advanced approach to increase the heat 

transfer of the PCM, more so than adding fins to PCM. However, due to the high 

cost of nanoparticles, this approach was deemed uneconomical. Introducing 

porous metal to PCM improves its cooling capability and is more cost-effective 

than adding nanoparticles [21,32]. Several researchers are debating combining 

carbon-based materials such as graphite, expanded graphite, and carbon 

nanotubes to enhance the thermal conductivity of PCM [82–84]. According to 

experimental results by [85], combining paraffin wax with CuO nanoparticles can 

increase thermal conductivity and enhance thermal performance. However, they 

stressed that nanoparticles are not cost-effective compared to a mixture of 

paraffin wax and nanoparticle. Research by [86] compared the performance of 

pure PCM and PCM with an aluminium matrix using a serpentine-based tube, as 

shown in Figure 2-8. Their results showed that the electrical efficiency of the solar 

cell with pure PCM increased by 3.5%, while the PV with the combined 

PCM/aluminium had an 8% increase. 
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Figure 2-8 PV Model of PCM with and without aluminium matrix with reference PV 

adapted from [86]. 

Research conducted by [27] investigated the impact of various cooling methods 

on reducing the operating temperature of photovoltaic panels in Saudi Arabia. 

Specifically, their research examined how the performance of solar panels was 

affected by configurations that included heat sink passive cooling and a heat sink 

surrounded by PCM (Figure 2-9). Based on their results, a lower temperature was 

achieved for two hours, but as the PCM lost its cooling capacity after melting, the 

solar cell cooled using just a heat sink became more effective, as seen in Figure 

2-10. After two hours, they reported an average of 10ºC cooler for the heat sink 

configuration than the uncooled panel. They concluded that this cooling method 

is ineffective in locations such as Dammam, where the surrounding temperature 

could exceed 35ºC throughout the year. Different cooling designs could 

overcome this limitation. However, the method might seem workable and 

convenient in moderate temperatures. 

 

Figure 2-9 PCM integrated with heat sinks adapted from [27]  



 

19 

 

Figure 2-10 Temperature variation of photovoltaic (PV), PV- heat sink, and PV-heat 

sink-PCM based on experimental results from [27]  

An article by [20] has stated that the cell temperature can be maintained between 

28ºC and 65ºC by using PCM in combination with other forms of passive cooling. 

However, the main limitation of PCM passive cooling is that the PCM materials 

are toxic and corrosive, which is a cause for concern. Additionally, there are 

safety and disposal issues to consider at the end of the PCM product's life cycle. 

The amount of energy that can be stored by PCM thermal energy storage is 

usually limited by the material's specific heat capacity. To store large amounts of 

energy, either a large mass or a specific temperature interval is required. The 

system can complete the entire phase change in a short temperature interval, 

which means that it can use low-quality heat sources. When using PCM for 

cooling demands, it is necessary to consider the temperature interval of the 

material. 

2.3.3 Jet impingement  

Impinging jets are a cooling method whereby coolant jets directly strike the 

surface and enhance coefficients for convective heat transfer. It has been 

reported that jet impingement is a promising technique for cooling CPV [7]. 

Impinging jet cooling is suitable for high sun concentration and high flux 

extraction. It can extract a high amount of heat and is used for an extended period 

in different fields. Researchers have stated that this is due to a decreased thermal 

boundary layer at the stagnation point. However, there is a decrease in the heat 
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transfer coefficient as the impinged liquid leaves the injected zone. In this type of 

cooling, the fluid is injected directly into the heat source utilizing nozzles. The 

cooling capability depends on the number of nozzles [87,88]. The spent fluid can 

be extracted at the edges of Figure 11a or using interspersed ports in Figure 2-

11b [89]. The complex geometric features include the type of nozzle (rectangular 

or round nozzle), the nozzle's width, and the number of nozzles.  

 

Figure 2-11 Jet impingement cooling adapted from [89] 

Several studies have investigated the use of active cooling methods, such as jet 

impingements. For example, a study conducted by [90] used a dummy solar cell 

and found consistent cell temperatures at a flow rate of 0.049kg/s, with 

concentration ratios of 373 and 537 and a thermal resistance of 6.2x10−5 𝑚2/W. 

Another study by [91] examined the electrical and thermal performance of using 

SiC, SiO_2, and TiO_2 nanoparticles with water as the base fluid in a system 

comprising four tubes and 36 injection nozzles that inject fluid directly into the 

back of the panel collector (Figure 2-12). The average temperature of the solar 

panel absorber plate was used to determine the power conversion efficiency of 

the PVT collector. The study reported that water/SiC nanofluid demonstrated 

85% thermal and 12.75% electrical efficiencies. The experiment was conducted 

at a solar irradiance of 1000 W/m2, a flow rate of 0.167kg/s, and a surrounding 

temperature of 30°C. 
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Figure 2-12 Jet impingement cooling skitch of a side view and experiment set-up 

adapted from [91] 

Another study by [7] developed a model to investigate jet impingement heat sinks 

using a triple-junction solar cell with a thermo-fluid. The findings demonstrated 

that the solar cell's efficiency improved with increasing coolant flow rate and that 

jet impingement configurations could achieve sufficient temperature uniformity. 

They highlighted that jet impingement configurations required only 1% pumping 

power from the solar cell's generated power. Based on their model, the single jet 

configuration (Figure 2-13) reduced the total local temperature to approximately 

65°C from a projected temperature of 1360°C. The single jet design exhibited the 

highest total exergy efficiency of 53.25%, as determined by energetic analysis.  

 

Figure 2-13  Jet impingement cooling model adapted from [7]  
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Research conducted by [92] modelled a micro-channel heat sink and jet 

impingement integrated with a heat spreader that was designed for a CPV system 

(refer to Figure 2-14). The model was solved numerically, and the results were 

validated. At a sun concentration (SC) of 20, the integrated cooling system 

achieved uniform silicon wafer temperature distribution with the lowest average 

temperature compared to other designs. This study demonstrates the efficacy of 

integrating CPV passive and active cooling techniques. 

 

Figure 2-14 Diagram of CPV, microchannel integrated with Jet impingement heat 

and spreader adapted from [92]  

An analytical investigation by [93] has been reported, analysing the efficiency of 

a photovoltaic-thermal air heater with a jet plate reflector featuring 36 holes. A 

hybrid bifacial PV system with a jet plate reflector was presented as a novel 

design. The study reported a packing factor of 0.5 and 0.66 for 12 PV cells. The 

maximum thermal efficiency obtained was 51.09%, and the highest possible 

electrical efficiency was reported as 10.73% [93]. When using impinging jets, 

there are complex geometric considerations to consider, such as determining the 

appropriate geometric features, such as the type of nozzle (rectangular or round 

nozzle), the nozzle width, the height from the nozzle exit to the surface, and the 

impingement area of the cell. 
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2.3.4 Liquid Immersion 

An innovative way to cool down CPV systems is by immersing them in a 

stationary or circulating electrically nonconductive liquid, such as deionised or 

dielectric liquids. This type of cooling has been applied in different fields, including 

electronics and data centres. The advantages of immersion cooling (IC) are that 

the liquid is directly in contact with the CPV, offering a simple way to increase 

computing capacity and lower equipment, operating and maintenance costs by 

submerging the CPV entirely in a fluid tank [94]. The fluids remove heat through 

direct contact with the heat source, raising the fluid to its boiling point. Wang et 

al. reported that when PV is submerged in water, it improves performance and 

efficiency [95]. The vapour generated condenses and then falls back into the 

bath. Emerging two-phase cooling can reduce energy costs compared to 

conventional air cooling and has been suggested as a viable method to achieve 

high heat removal rates. 

An experiment was performed by [96] to determine the optimal water depth for 

inserting the PV cell to attain the required level of cooling, as depicted in Figure 

2-15. The findings demonstrated that the deeper the water depth, the lower the 

temperature of the photovoltaic cell and the higher the electrical efficiency of the 

PV cell. At a depth of 1cm, the PV achieved its highest level of electrical efficiency 

at 4.76%. This represents a 17.8% improvement in electrical efficiency compared 

to the PV operating at the water's surface. 

 

Figure 2-15 Immersed PV panel in water according to [96]  
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Several studies have been conducted on immersion cooling (IC). One study by 

[97] investigated the performance of submerged PV panels in water and found 

that the PV's surface temperature decreased, improving its electrical efficiency. 

In another study by [98], PV cells were immersed in deionised water using a two-

axis dish concentrator tracking system. The results showed that the CPV was 

cooled to 45°C and 30°C at an irradiance of 920 W/m2, respectively. The 

performance of submerged PV panels was studied at various submersion depths 

by [99], and the results indicated that electrical efficiency decreased as the depth 

of the water increased. [100] reported temperature non-uniformity for immersion 

cooling on PV, and cooling using four different liquids was studied. The non-

uniform temperature was observed to be 4°C, 17°C, 12°C, and 32°C using DI 

water, IPA, ethyl acetate, and dimethyl silicone oil, respectively. Under certain 

operating conditions, using these liquids for immersion cooling led to a low-

temperature profile, increasing CPV output power. 

[101] reported using dimethyl silicone oil as an immersion liquid to directly cool 

CPV. To minimize the build-up of liquid, a receiver with a narrow rectangular 

channel was developed, as shown in Figure 2-16, and its thermal properties were 

studied under 9.1 suns concentration. Using real-time weather conditions, the 

results showed temperatures ranging from 20°C to 31°C at an irradiance of 

920 W/m2. The cell temperature rose linearly with a 0–35°C silicon oil 

temperature change. Temperature variation along axial and lateral directions was 

less than 3°C, resulting in a consistent temperature distribution across the cell 

array. They reported that the configuration was stable for up to 270 days. 

 

Figure 2-16 Rectangular channel (a) Receiver model of the channel (b) Receiver on 

sun under actual conduction adapted from [101] 
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In another study, [102] tested silicon PV cells in DI water, dimethyl silicone oil, 

ethyl acetate, and isopropyl alcohol (IPA). Higher concentration ratios produced 

higher power output in experiments with 10, 20, and 30 suns, and a 1.5mm liquid 

film increased cell efficiency by 8.5% to 15.2%. However, the PV cell performance 

was unstable when submerged at a depth of 9mm in deionised water. The study 

also highlighted that silicon CPV degradation was observed at 1.5mm, possibly 

due to silicone sealant, IPA, and ethyl acetate interaction. 

[103] conducted research using a triple-junction PV cell submerged in dimethyl 

silicone oil at 500 suns. The experiments showed that cell electrical performance 

decreases with oil thickness, as depicted in Figure 2-17. Oil thickness of 1.0-

30mm was studied, and the maximum output power and conversion efficiency of 

20.083W and 40.572% were observed at an oil thickness of 1.0mm, respectively. 

Conversely, 39.567% and 19.556W were recorded when the oil thickness was 

greater than 6.3mm, indicating lower cell efficiency and output power. 

 

Figure 2-17 Experimental results showing the effect of liquid thickness adapted 

from [103] 

An investigation into a high-concentrating photovoltaic system cooled using 

ethanol as an immersion liquid has been conducted [104]. Ethanol acts as a 

phase-change liquid immersion coolant. It was reported that the cooling system 

modulates and operates autonomously without consuming additional energy 

under concentration ratios ranging from 219.8 to 398.4 suns. The experimental 

results demonstrated that the surface heat transfer coefficient of the PV cell was 
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as high as 46.98 kW/m2. K under 398.4 suns. However, it was highlighted that a 

decline in electrical performance was observed due to the formation of bubbles, 

resulting in light loss within the ethanol, as depicted in Figure 2-18. The current 

and maximum power of the triple-junction PV cells dropped by 10.2% and 7.3%, 

respectively. 

 

Figure 2-18 A model bubble demonstration effect due to light-adapted from [104]. 

Research conducted by [105] investigates the impact of continuous water flow-

cooling using a lab test rig under 87.38 to 359.17 W/m2 solar radiation. Results 

demonstrate that the use of different coolant flow rates (3, 5.3, and 6.2 L/min) in 

the cooled PV system increases energy production by 18% compared to the 

uncooled system. In continuous feeding, 0.6 L/min resulted in a 29% power 

increase. 

Research in [27] examines the impact of various immersion cooling approaches 

on decreasing the operating temperature of photovoltaic panels in Saudi Arabia. 

Specifically, the research investigates how the performance of solar panels is 

affected by various configurations (both immersed and non-immersed). Four 

panels were utilized to test the use of ethylene glycol, water, and engine oil as 

immersion fluids. The paper reported that the maximum average temperature 

decreased by approximately 13ºC without immersion fluid; however, red-hot 

spots were discovered on the solar panel surface, as depicted in Figure 2-19a-d. 

This obstacle was overcome using an immersion fluid mechanism, resulting in a 

consistent temperature distribution. Compared to the cooling performance 

without cooling, active cooling with heat pipes reduced the solar panel 

temperature by approximately 53%, 48%, 25%, or 21%, with water, ethylene 
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glycol, engine oil, and without immersion, respectively. In addition, the voltage 

increases of the solar cell cooled with combined heat pipes immersed in normal 

water improved by 13% relative to the uncooled panel. At the same time, there 

were 12.4%, 7.5%, and 5.9% increments for ethylene glycol, engine oil, and no 

immersion, respectively. The best temperature uniformity was observed with 

water as an immersion fluid, as depicted in Figure 2-19d. 

 

Figure 2-19 Solar panel temperature distributions adapted from [27] (a) Uncooled 

(b) Non-immersed heat pipes with active cooling (c) Immersed heat pipes in 

ethylene glycol (d) Immersed heat pipes in normal water  

The liquid immersion cooling technique is suitable for high solar concentration 

ratios. However, in CPV cooling, its research potential is limited by a salt 

deposition issue. Other challenges must be resolved [25]. [20] states that the 

stable performance of photovoltaic strings when connected to electricity using 

immersion cooling is a future challenge. In general, limitations of immersion 

cooling include cell performance degradation, pressure drop, type of liquids, 

increase in weight, and design architecture.  

2.3.5 Micro-Channel Cooling 

The use of microchannel (MC) cooling is an innovative approach to cooling 

concentrated photovoltaic systems to achieve a higher heat transfer rate. 
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Microchannel technology has applications in various fields, including electronics, 

industrial heat exchangers [110–112]. and solar cell cooling [113–115]. 

Microchannels can be open (for passive cooling) or closed (for active cooling), 

circular or rectangular, parallel, or a manifold (see Figure 2-20). The terms 

"microchannel" and "micro tube" are used interchangeably in heat transfer 

literature to refer to any flow channel with a hydraulic diameter of 1mm or less 

[116–118]. According to some studies, the microchannel cooling method can 

significantly and feasibly reduce the temperature of photovoltaic cells compared 

to other cooling technologies [114]. 

 

Figure 2-20 Microchannel (a) Noncircular straight channel with noncircular 

manifold channel [62] (b) Circular channel [116] 

A numerical analysis of micro-channel cooling has been reported by [113]. A 

model of parallel microchannels was developed and optimized. Results show that 

microchannels provide high heat transfer, and the parallel flow configuration 

produces low-pressure drops along the channel. A temperature rise was 

observed along the micro-channel. Research shows that nanoparticles can 

enhance heat transfer and PV electrical efficiency in a parallel microchannel 

[119]. 

Research by [120] investigated CPV cooling techniques incorporating multi-layer 

manifold microchannels to improve surface temperature dispersion. The 

microchannel multi-layer manifold was tested with three solar cells in series. 

Under 28 suns, the CPV temperature dropped from 44.1ºC to 20.4ºC with a flow 

rate of 0.00535kg/s to 0.0232kg/s. A minimal surface cell temperature difference 

was reported to be less than 6.3ºC. Microchannel cooling using water-Al_2O_3 
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and water-SiC nanofluids have been reported using 10, 20, and 40 suns 

concentration. It was found that water-SiC nanofluid reduced CPV temperature 

more than water-Al_2O_3 nanofluid. The experiments showed that CPV/T 

systems could perform better using nanofluids than pure water, with PV 

temperature dropping to 38ºC and 19% electrical efficiency [114]. 

Research by [121] has been reported using seven parallel microchannels 

attached to CPV module cells. Optical flux map analysis and thermal modeling 

were used to predict the cooling system's performance. The module's 

performance attached to the cooling system was tested experimentally under 

different conditions. Results show that at 157 suns, the peak temperature of the 

cell was obtained to be 69°C (way below the maximum of 110°C). Their prediction 

shows that at 550 suns without active cooling, the cell temperature can reach up 

to 665°C (see Figure 2-21). A 13psi pressure drop across the microchannels with 

a maximum flow rate of 16.7 g/s, 4.3 m/s (Re=953) maximum microfluidic fluid 

speed, and 1.7x104 W/m2K (Nu = 5.36) convection coefficient was reported. 

 

Figure 2-21 (a) Drawing of CPV module attached Microchannel (b) module flux 

pattern microfluidic cooling and (c) module flux pattern passive convection 

cooling adapted from [121] 

Findings from [122] suggest that microchannel multi-layered (MML) cooling is 

more thermally efficient than a single-layered system. The thermal behavior of a 

multi-layered microchannel was examined experimentally and numerically using 

a triple-junction solar cell. The results showed that increasing the number of 

layers from one to four reduced the temperature from 88.55°C to 73.57°C with a 
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30 W/cm2 heating load and 30 mL/min coolant flow rate. The MML heat sink with 

a single layer had the most non-uniformity in temperature compared to those with 

a larger number of layers. An increase in the number of layers from one to four 

resulted in a decrease in pressure drop from 162.79 Pa to 32.75 Pa. The diagram 

of the MML is shown in Figure 2-22. 

 

Figure 2-22 CPV and multi-layer microchannel diagram adapted from [122] 

As highlighted by many researchers, clogging and photoresist residue formation 

are one of the primary causes of poor cooling performance in MC [123]. To 

address this, a proposed approach involves integrating microchannels into PV-

device backside metallization. The approach includes evaporating a titanium and 

copper seed layer, and selectively electroplating copper around a photoresist 

microchannel pattern to avoid clogging and photoresist residues. In [124], it was 

reported that using nanofluids with carbon nanotubes can improve heat transfer, 

and it was suggested that they be used as working substances in a microchannel 

CPV/T system. 

In [125], studies were conducted for CPV cooling with a microchannel-porous 

layer and CPV with fins using numerical simulation for four cases (Figure 2-23). 

The results show that the CPV-microsystem temperature of the CPV with a 

porous layer is much lower than in a CPV system with fins, which leads to about 

10% of the CPV electrical efficiency. The effect of adding nanoparticles to the 

base fluid shows that the CPV temperature is lowered in the microchannel in all 

the cases considered. An increase in the nanofluid volume lowered the cell 

temperature by 1%-52% with an intensity 100-1000W/m2. 
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Figure 2-23 Porous media and microchannel diagram for different cases adapted 

from [125] 

[126] investigated a microchannel double-layered heat sink to cool a CPV using 

a three-dimensional (3D) simulation model. The cooling orientations of parallel 

flow (PF) and counterflow were studied, as shown in Figure 2-24. Different sun 

concentration (SC) levels of 5, 10, 15, and 20 were considered using ethanol as 

a coolant. It was reported that an increase in the inlet flow rate lowered cell 

temperatures. The temperature uniformity index was best for the counterflow 

operation. The temperature uniformity index reported at 1200 ml/hr was 99.87% 

at SC 5 suns. At an SC of 20 suns, the average temperature of the silicon layer 

was reported to be 369.76 K at 200 ml/hr. This average temperature decreased 

by about 3.9% with a 1200 ml/hr increase in flow rate. Similarly, under SC 15, 10, 

and 5 suns, the average temperature drop in the silicon layer was reported to be 

3.1%, 2.13%, and 1.9%, respectively. As such, 13.38% to 16.90% electrical 



 

32 

efficiency for PF operation and 13.19% to 16.86% for counterflow operation were 

achieved.   

 

Figure 2-24 CPV and multi-layer microchannel diagram adapted from [126]  

[127] investigated the effects of heat flux on transient two-phase flow in a 

microchannel. Numerical simulations were used to analyse the flow 

characteristics of deionized (DI) water in the microchannel under flow boiling 

conditions. The study reported that different heat fluxes resulted in variations in 

the flow patterns (refer to Figure 2-25). The results showed that as the heat flux 

increased from 97.96 kW/m2to 580 kW/m2, the vapour volume fraction increased 

from 0.104 to 0.8064, and the length of bubbles in the dry zone increased from 

0.3 mm to 1.5 mm. At the same heat flux, the development period increased from 

0.03 s to 0.066 s, and there was an increase in pressure drop from 2.43 kPa to 

14.51 kPa, and the vapour volume fraction within the microchannel increased 

from 3.3 times to 25.6 times. 
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Figure 2-25 CPV and multi-layer microchannel diagram adapted from [127] 

The one of the primary limitations of microchannel cooling for concentrated solar 

cells is its tendency to cause pressure drop, corrosion, temperature non-

uniformity, higher manufacturing costs, and increased power requirement due to 

the coolant's larger pressure drop [20,25]. Specifically, pressure drop is the most 

significant challenge associated with using microchannels for CPV cooling [127]. 

2.4 Novel Approach to CPV Cooling 

The literature review indicates that concentrator photovoltaic (CPV) systems face 

the challenging task of maintaining cell temperature. Concentrating solar energy 

on a solar cell can increase its electrical and thermal output, but the thermal 

stresses caused by the concentration can also raise the cell temperature to levels 

that could damage the whole system. Thus, an efficient cooling mechanism is 

required for CPV to achieve higher net output power and run safely. 

CPV cooling remains a challenging area for researchers to explore. Several 

studies have highlighted the non-uniformity of concentrated solar cell 

temperatures resulting in hot regions and cooled spots that need further 

investigation. Immersion cooling is limited by cell performance degradation, 

pressure drop, liquid type, weight, and design. Impingement jets pose challenges 

of temperature non-uniformity, spent fluid, and design complexity. Heat pipe 

cooling systems encounter overheating, reverse thermal flows, and area-

dependent cooling issues. Phase change cooling has limits on storing energy, 

mass weight dependent on cooling capacity, and utilization of low-quality heat 

sources. Microchannel cooling faces fundamental limitations such as pressure 

drops, corrosion, temperature non-uniformity along the channel, higher 

manufacturing costs, and power consumption. 

The current conventional cooling method for CPV works based on continuous 

flow, which increases the likelihood of non-uniform temperature distribution. 

Another challenge is the continuous fluctuation of solar radiation intensity due to 

uncontrollable conditions such as clouds, making it a significant obstacle since 

our environment is subject to changes depending on the weather. 
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This review proposes a novel approach to cooling CPV based on discontinuous 

flow inspired by human thermoregulation as a new research direction. To achieve 

this, the concept of the most sophisticated cooling system, the human body, is 

discussed in the following section to provide insight into the concepts. 

2.4.1 Human Thermoregulation 

The human body actively controls its temperature. Even when inactive, the body's 

system loses heat due to basal metabolism [128,129]. A faster metabolism 

produces more body heat [130]. However, it has been reported that the maximum 

body temperature is 40°C [130,131]. According to an article published by the 

Centre for Health and Social Care Research, Sheffield Hallam University UK, the 

hypothalamus regulates body temperature to maintain the whole body function. 

It is a brain processing center that regulates the body's temperature [129]. This 

is achieved by causing changes in the body's systems, such as the skin and 

muscles, and controlling hair. The four mechanisms responsible for transferring 

heat to the environment are radiation, conduction, convection, and evaporation 

of sweat [132]. Figure 2-26 shows the active human thermoregulation system 

adapted from the literature. However, the process involves much more than the 

cooling operation of CPV. 

 

Figure 2-26 Human thermoregulatory system model diagram according to [133–

135] 
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As shown in Figure 2-26, if a person's internal temperature is too high or too low, 

the processing center will send nerve impulses to the skin. The skin can increase 

or decrease the heat lost from the body surface in two ways. First, the hairs found 

on the skin are better at retaining heat. Second, the minuscule muscles found in 

the skin could quickly pull the hairs upright to reduce the heat lost or lay them 

down flat to increase the heat lost. In addition, if the body's internal temperature 

is too high, glands in the skin will produce sweat, which will then be secreted onto 

the surface to increase the heat lost through evaporation [132–135]. This cools 

the body. 

As the body temperature normalizes, sweating slows. When the environment is 

warm, blood vessels dilate or swell to maintain the supply of warm blood to the 

skin. This allows blood to flow nearer or farther away from the skin's surface, 

depending on the environmental condition. In addition, rapid muscle contraction 

causes heat to be produced during shivering in a cold environment. It warms 

surrounding tissues, giving the body a comfortable temperature [129,133–135]. 

It has been reported that the blood temperature in the human body continually 

changes as it flows [136]. The heart is responsible for circulating the blood with 

continuous fluctuation in velocity and blood pressure at regular intervals 

[137,138]. Pulsatile blood from the heart changes speed and pressure [137]. This 

means that the time-varying velocity, blood flow pressure, and circulation of the 

body depend on environmental conditions. Research shows that pulsating flow 

enhances heat transfer [139–143]. 

The hypothalamus appears to be a key temperature sensor that integrates 

information from other body parts in the form of sensors. The hypothalamus 

happens to be the body's thermostat. The body's metabolic rate and temperature 

rise when exposed to cool air. The body increases its metabolic rate in a cooled 

environment to produce an elevated body temperature. On the contrary, when 

the body is exposed to a warm environment, the hypothalamus triggers 

responses to maintain the body temperature. The heart circulates blood at 

varying speeds and pressures in a pulsating flow. The blood flows and 

temperature are reportedly time-varying depending on environmental conditions. 
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Several research studies have shown that pulsating flow increases heat transfer. 

These concepts can be applied to CPV cooling using solenoid valves and controls 

to improve thermal transfer. These will bring about some control to tackle solar 

radiation intensity fluctuation since the CPV temperature changes depending on 

the environmental weather or cloud. The following section provides a discussion 

on pulsation flow. 

2.4.2 Pulsating Flow 

Blood flow is crucial for maintaining human life, and the body's biology is based 

on pulsatile flow, which is determined by the heartbeat [144]. The heart's beating 

action generates a pulse flow, and the flow speed varies significantly throughout 

a single heartbeat. The lining of the arteries contains receptors that are sensitive 

to the pulse's strength and respond to changes in pulse strength by signalling for 

the constriction or dilation of capillaries, thus achieving proper blood distribution 

within the body. Research reported by [145], using a corrugated tube to enhance 

heat transfer inspired by a fish vascular heat exchanger, has been reported. The 

corrugated tube's cross-section varies with a constant hydraulic diameter to 

mimic flow-changing behavior in fish. Improvement in heat transmission at a 

minimal pressure drop has been observed. Figure 2-27 shows the heat flux plot 

for straight and corrugated pipe flow. Experimental results have shown that 

corrugated tubes increase the Nusselt number by 500% compared to straight 

tubes. The corrugated tubes' thermo-hydraulic performance is 160% higher than 

that of straight tubes. 

 

Figure 2-27 Heat flux in a straight pipe and corrugated tube adapted from [145] 
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Pulsating heat pipe technology has been used in electronic devices and electrical 

components to enhance heat transfer using two-phase liquid. It was introduced 

in the 1990s as an oscillating heat pipe [146]. [50] reported that pulsating heat 

pipes are applied for cooling electronic equipment within a short distance or 

where space is relatively compact. Researchers suggested that the heat pipe is 

filled with a fraction of 40-60% of the heat transfer working liquid in a small 

capillary tube diameter [50,147,148]. The phase change liquid boils or 

evaporates, causing pressure increase in the section where heat is applied. Due 

to the pressure difference, the vapor in the heating section moves to the cooling 

liquid section, and the liquid cooling moves to the heating section (Figure 2-28). 

These processes continue to happen, making the liquid in the tube continuously 

oscillate. This process forms a pulsating flow within the two sections of the tube. 

The advantages of heat pipe pulsating flow include less weight since it requires 

a fraction of liquid and air within the tube and works with a smaller diameter [50]. 

Pulsating heat pipes (PHP) are an emerging subject of study for researchers, with 

dozens of articles published each year. However, limited knowledge of their 

performance and a lack of scientific modelling tools restrict practical application 

[147]. 

 

Figure 2-28 Looped pulsating heat pipe (a) Glass showing fluid and air [149] (b) 

Process diagram adapted from [147] 

It has been demonstrated that the flow pattern within PHPs switches from an 

oscillatory pattern to a circulation pattern, ultimately enhancing overall thermal 

performance [150]. An experiment was carried out using a high-speed camera to 
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visualize PHP flow. It was reported that an increase in the channel's inner 

diameter shifted the flow pattern from an oscillatory pattern to a circular form, 

which correlated with an increase in thermal performance [151]. Several 

researchers have reported that shifting pulsating flow to circular flow increases 

the base and helps vapour plugs from the evaporation section to recirculate more, 

enhancing thermal performance [151–155]. 

2.5 Summary  

Continuous flow in cooling creates a boundary layer that hinders heat transfer 

[156]. Pulsating flow may boost heat transfer by disrupting the boundary layer 

and mixing the fluid [157]. Pulsation flow is transient, adding complexity to 

analytical investigation [158,159]. Many modelling and computational fluid 

dynamics studies are available in the literature. However, experimental work is 

limited due to inadequate technology to measure pulsating properties. Velocity 

measurement is more challenging in pulsed flow than in continuous steady flow. 

However, with research and development over the years, technology has 

improved to address these challenges [159]. Another challenge is that flowmeters 

cannot record exact results at high frequencies due to their weak reaction time. 

Temperature prediction is also highlighted as a challenging task [159]. Important 

parameters to consider in pulsating flow include frequency, amplitude, axial 

position, relaxation time, pulsation source, Womersley number, Reynolds 

number, distance, and Nusselt and Prandtl number all impact heat transfer in 

pulsating flow [160]. [127] reported that transient heat flux in CPVs leads to flow 

regularly boiling in microchannels; therefore, more work needs to be done to have 

some control technology [127]. Lack of control parameters in boiling and irregular 

oscillation is still a challenge in boiling and PHPs. With current research and 

development, using valves to control the nature of the oscillation is an area to 

explore. 

Based on the literature search, cooling with pulsations has not been applied to 

CPV cooling. Based on the articles reviewed in this paper, bio-inspired fluid flow, 

like human thermoregulation, increases heat transfer. Researchers working on 

CPV cooling can consider integrating pulsating flow into the existing CPC cooling 
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techniques to enhance heat transfer. Some articles that provide detailed 

information on pulsation flow include [61,137,144,148–150,152,161]. 

The most critical problem to solve in concentrated PV to boost photoelectric 

efficiency and protect the solar cell is the cooling problem. Concentrated 

photovoltaic (CPV) increases efficiency and power output, which comes with an 

overheating problem due to the high intensity of concentrated radiation. A cooling 

mechanism to get rid of heat efficiently needs to be developed to encourage more 

people to use CPV technology. Many CPV cooling techniques are available, 

classified as active or passive, using air or water cooling. Passive cooling is 

simple, with zero or low energy requirements. However, this type of cooling is 

suitable only for low to medium concentrations. Active cooling is best for high-

concentration systems. However, temperature non-uniformity and other 

challenges have made it hard to stick to existing cooling methods. As such, CPV 

cooling has been receiving more and more attention from researchers in recent 

years. Reverse thermal flows and area-dependent cooling capacity are all 

concerns in heat pipe cooling systems. 

In PCM cooling, the specific heat capacity of PCM thermal energy storage limits 

how much energy it can store. As a result, it can operate on low-quality heat 

sources. When it comes to impinging jet cooling, there are many complex 

geometric considerations, such as the type of nozzle (rectangular or round) and 

the nozzle width. For high solar concentration ratios, liquid immersion cooling is 

a good option. Cell performance degradation, pressure drop, type of liquids, 

increased weight, and design architecture are all associated with immersion 

cooling limitations. Pressure drops, corrosion, temperature non-uniformity along 

the channel, higher manufacturing costs, and more power requirements due to 

coolant pressure drops are the main limitations of microchannel cooling on 

concentrated solar cells. More research is required on the economic viability of 

CPV cooling. Table 2-3 summarizes research availability limitations and current 

challenges of CPV cooling. 
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Table 2-3 Challenges in CPV cooling 

Limitations and Challenges in the Existing method of CPV cooling 

Cooling  
Technique 

Method of  
Study 

Concentration Main Challenges 

 
Heat Pipe 
and Fins 

Experiment    ▒     

Theoretical     ▓     

Numerically   ▓     

Simulation      ▓     

 
Lower 

Medium 
High* 

Overheating, uncontrollable 
oscillatory thermal flows, reverse 
thermal flows, area-dependent 

cooling capacity, temperature non-
uniformity 

 
PCM 

Experiment    ▓   

Theoretical    ▓ 

Numerically   ▓ 

Simulation     ▓      

 
Lower 

Medium  
High* 

 

Limited cooling capacity at higher 
concentrations, limited amounts of 
heat energy storage, acidic nature, 
issue of disposal after lifetime used, 

mass/weight cooling capacity 
dependant 

 
Jet  

Impingement 

Experiment    ▒     

Theoretical    ▒       

Numerically   ▒   

Simulation     ▓   

 
Lower  

Medium 
High 

  
System design complexity, draining 

spent flow, temperature non-
uniformity, manufacturing costs 

 
Immersion 

Liquid 

Experiment    ▓    

Theoretical    ▒   

Numerically   ▒    

Simulation     ▒       

 
Lower 

 Medium  
High 

Salt deposition issue, 
cell performance degression, 
pressure drop, type of liquid, 

increased weight, design 
architecture 

 
 

Microchannel  

Experiment    ▒     

Theoretical    ▒     

Numerically   ▓   

Simulation     ▓     

 
Lower  

Medium  
High 

Pressure drops, corrosion, 
temperature non-uniformity, higher 
manufacturing costs, more power 
requirements, more studies are 

needed to commercialise 

Level of Research Reported in CPV cooling: -  

▓ = Good number of study available          ▒ = Limited number of study available 
Level of Concentration ©: 

Lower: - C < 20 suns, Medium: - 20<C<100, High: - C> 100.        *With a hybrid system 

configuration 

 

One promising method to enhance thermal performance is by using nanofluids. 

However, there are limitations, such as high cost, corrosion problems, pressure 



 

41 

drop, sedimentation, and agglomeration. Researchers have been studying hybrid 

CPV technology to improve electrical and thermal performance. A hybrid system, 

such as jet impingement cooling, microchannels, or impingement cooling, and 

heat pipes, facilitates a high heat dissipation rate in concentrated systems. 

Integrating a heat recovery system into a CPV thermal system can also increase 

the capabilities of CPV cooling. Using the Organic Rankine Cycle (ORC), 

maximum waste heat utilisation can create a win-win situation between cell 

temperature reduction and system output enhancement. Several restrictions exist 

on concentrated photovoltaic/thermal (CPV/T) hybrid systems. Design complexity 

in incorporating two or more methods remains a challenge for researchers. The 

initial cost of installing the proposed system's components is greater than that of 

conventional power systems, limiting the system's economic viability. The 

compatibility of components within a single system is another challenge. The 

availability of platforms and integrated model packages to investigate different 

hybrid systems to minimise experiment costs and errors is also a challenge. Table 

2-4 summarises the research gap and limitations of the current CPV heat transfer 

enhancement approach. 

Table 2-4 Heat transfer enhancement approach in thermal energy management 

MHTE  

Approach 

Area of  

Approach 

 

Current 
State of 

Art 

 

Research Gap and Limitations 

Use of 
Nanofluid 

Type coolant ▓ Corrosion problems, stability 
issues, sedimentation issues, 

agglomeration issues, pressure 
drop, high cost 

Hybrid Cooling Overall system ▓* Compatibility issues, cost 
economic viability, integrating 

components within a single system 

Boiling Heat 
Pipes 

 (PHP) 

Phase change 

 liquids 

▒ Limited modelling tools, no flow 
pattern control, little experimental 

work, and availability of 
components to measure flow. 
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Magneto  

hydrodynamics 
(MHD) 

Type coolant 
and overall 

system 

▒ Limited experimental work, more 
numerical models and simulations 

research are required, and 
additional cost 

Electro 
Osmotic Flow  

(EOF) 

Porous 
material under 
the influence of 
an electric field 

░ Limited modelling tools, effects of 

channel geometries on the EOF, 

design optimisation 

Pulsating  

Flow 

Flow and 
overall system 

░ Limited theoretical study, more 
research is needed combined with 

porous media, contradicting 
results, additional cost due to using 
of solenoid valves, other means to 
provide pulsation can be explored, 

may lead to system complexity 

Level of Research Reported: -  

▓ = Applied to CPV cooling, and a good number of studies are available 

▓* = Good number of studies available with limited research in a ground couple/ 
ORC systems 

▒ = Limited number of studies are available and have been in the field of 
electronics 

░ = Study is available mainly in the field of medicine, electronics, and mechanical 
engineering but has not been applied to CPV cooling  
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3 CHAPTER THREE 

3.1 Methodology 

This section discussed the model design, including its specifications and 

dimensions. The model used for simulation was fabricated and used for the 

experiment. Both simulation and experiment methodology adapted in this 

research are discussed. 

3.1.1 Design And Specifications 

Three cooling block model channel designs were considered (Figure 3). A 3D 

model design was developed using computational fluid dynamics to investigate 

pulsing flow into CPV. The model design was created using SOLIDWORKS, and 

Ansys Fluent software was used for the analysis. 

 

Figure 3-1 Model chanel view (A) Conventional snake-type channel design (B) 

Parallel channel design without baffles and (C) Parallel channel design with baffles  
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The conventional snake-type channel design (Figure 3-1A Top), parallel channel 

design without baffles (Figure 3-1B Top), and parallel channel design with baffles 

(Figure 3-1C Top) were considered for the simulation. While the conventional 

snake-type channel design (Figure 3-1A bottom) and the parallel channel design 

without baffles (Figure 3-1B bottom) were built and used for the experiment. The 

design dimension was the same for all three designs considered. The cooling 

block skitch design and dimensions adapted for both simulation and experiment 

is shown in Figure 3-2 below (all dimensions are in millimetre). 

 

Figure 3-2 Model sketch and dimensions. 

Figure 3-3 shows the skitch and dimension of the model cover (Figure 3-3 Left) 

and the multijunction solar cell (Figure 3-3 Right). 
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Figure 3-3 Model cover and 5-multijunction solar cell sketch with dimensions. 

The complete coupled 3D model is shown in Top-Figure 3-4A (Parallel channel 

designs used for simulation) and Top-Figure 3-4B (Conventional snake-type 

channel design used for simulation). Bottom-Figure 3-4A and Bottom-Figure 3-

4B shows the actual coupled model built using a three-axis Computer Numerical 

Control (CNC) machine. An aluminium 6082T6 flat plate material was used 

because it is compatible with the CNC machine. Six 4mm bolts and 4mm nuts 

were used in each model to couple the cover and the cooling pad (cooling block). 

Eight 8mm barbed were used as fittings for the inlet and outlet in the Parallel 

design and conventional design. 
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Figure 3-4 Complete coupled simulation 3D model (A and B top) and experimental 

coupled built model (A and B bottom) 

The complete cooling pad design, detailed specification, and solar cell 

dimensions considered for both simulation and experiment are shown in table 3-

1. Moving from bottom to top in Figure 3-5, a detailed channel view is shown 

based on the design considered. The Inlet/outlet is circular to provide provision 

of using inlet/outlet fittings in the actual builts model during the experiment. The 

flow from the Inlet having a circular area A would flow through the first rectangular 

section having a rectangular area A1 and then proceed to the actual straight 

rectangular channel with area A2. In each section with constant flow rate Q, as 

shown in equation 3-1, the velocity and Reynolds number will change due to the 
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change in the area, like the hydraulic diameter. As such, a flow rate of Q with inlet 

area A and velocity V_inlet will change to A1 V1 along rectangular section 1 and 

A2 V2 along the straight rectangular section 2 (Figure 3-5). 

𝐹𝑙𝑜𝑤 𝑅𝑎𝑡𝑒 (𝑄) =
𝑉𝑜𝑙𝑢𝑚𝑒

𝑇𝑖𝑚𝑒

𝐴𝑑

𝑡
= 𝐴𝑣 

(3-1) 

Since, 𝑄𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟_𝐼𝑛𝑙𝑒𝑡 = 𝑄𝑅𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟_𝐶ℎ𝑎𝑛𝑛𝑛𝑒𝑙1 = 𝑄𝑅𝑒𝑐𝑡𝑎𝑛𝑔𝑢𝑙𝑎𝑟_𝐶ℎ𝑎𝑛𝑛𝑒𝑙2  

then, 𝑄𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟_𝐼𝑛𝑙𝑒𝑡 (𝐴𝑣𝐼𝑛𝑙𝑒𝑡) = 𝐴1𝐶ℎ𝑎𝑛𝑛𝑒𝑙  𝑣1_𝑐ℎ𝑎𝑛𝑛𝑒𝑙 = 𝐴2_𝑐ℎ𝑎𝑛𝑛𝑒𝑙 𝑣2_𝑐ℎ𝑎𝑛𝑛𝑒𝑙 

 

 

 

 

Figure 3-5 Detailed model channel view 
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Table 3-1 Model specifications 

Parameter Parameter Design 

Specifications 

Hydraulic 
Diameter (Dh) 

 

 

Circular Inlet Section  

Circular Inlet 

Diameter (m) 

0.0085   

 

0.0085 

  

Inlet radius 

(m) 

0.0043 

Cross section 

Area (𝑚2) 

× 10−5 

5.67 

 

Rectangular Channel  

Section 

Inlet channel 

Area (𝑚2) 

 × 10−5 

7.22   

 

0.0054 

Actual 

Channel area 

(𝑚2) × 10−5 

 

3.4  

Channel length (m) 0.4 

Single Solar cell length (m)  0.01 

Single Solar cell width (m)  0.0103 

Single Solar cell Area (𝑚2) × 10−4 1.03 

Heat flux Area (𝑚2) × 10−4 8.22 

Model Cover thickness (m) 0.0058 

Aluminium thermal conductivity (w/m. K) 180 

Thermal Resistance (K/W) 0.039 

The hydraulic diameter (𝐷ℎ) is given by equation 3-1 below, where P is the 

perimeter, and A is the area. 

𝐷ℎ =  
4A

P
 

(3-2) 

For a circular inlet, the perimeter is given by P =  2𝜋𝑟, and the area is 

given by A= (𝜋𝑟2). Where 𝑟 is the radius. Therefore, equation 3-1 

becomes; 

 

 𝐷ℎ =
4(𝜋𝑟2)

2𝜋𝑟
= 2𝑟 = 𝑑 

(3-3) 

For a rectangular inlet, the perimeter is given by P =  2(𝑎 + 𝑏), and the 

area is given by 𝐴 = (𝑎𝑏), where 𝑎 and 𝑏 are the length and width, 

respectively. Therefore, equation 3-1 becomes; 
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𝐷ℎ =
4(𝑎𝑏)

2(𝑎 + 𝑏)
=

2𝑎𝑏

𝑎 + 𝑏
 

(3-4) 

While for a square inlet, the perimeter is given by 𝑃 =  4𝑎 , and the area 

is given by 𝐴 = (𝑎2) Where 𝑎 is the side. Therefore, equation 3-1 

becomes; 

 

 𝐷ℎ =
4(𝑎2)

4𝑎
= 𝑎 

(3-5) 

The model thermal resistance was calculated using equation 3-6, 

where 𝑡 is the thickness of the model cover, and k is the thermal 

conductivity of the material, which in this research is 180w/m. K for 

Aluminium 6082T6, and A is the area of the heat source, which in this 

research is the solar cell. 

 

 𝑅𝑚𝑜𝑑𝑒𝑙 =
𝑡

𝑘𝐴
 

(3-6) 

3.2 Simulation 

The 3D model was created with SOLIDWORKS. Computational fluid dynamics 

(CFD) codes are used to solve the Navier-Stokes equations for mass, 

momentum, and energy. Ansys meshing and FLUENT 2021R1 software were 

used for the analysis. The model was validated experimentally using the 

conventional continuous flow of CPV cooling, and a user-defined function (UDF) 

was used to generate the pulsation for the simulation. Germanium material was 

used as the solar cell, while aluminium was used as the cooling pad material in 

the fluent. The Reynolds averaged Navier Stokes (RANS) problem was solved 

numerically by dividing it into many equations and solving the dominant equation. 

Lamina model corresponding to 1482.41 Reynolds number (Re) at 0.5L/m was 

used, and the k-ε model with enhanced wall function corresponding to 1-2.5L/m 

with Re increase from 1482.41 to 8372.26 was used for the simulation as adapted 

in [162–166]. A residual of 10−6 coupled with the SIMPLE method, was 

considered a converged solution. A total of 150000W/𝑚2 heat flux was used in 

the simulation, equivalent to 150suns concentration of the sun’s simulator used 
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for the experiment. A mesh sensitivity analysis was conducted by increasing the 

number of cells until the y+ value was less than one (Figure 3-6). The mesh with 

a y+ value less than 1 was considered a fine mesh for all three model designs 

and therefore was used for the simulation analysis. 

 

Figure 3-6 Model mesh sensitivity analysis  

3.2.1 Simulation Assumption 

The numerical simulation analysis was conducted based on the following 

assumptions:  

1. Flow is single phase, incompressible, and flow with Reynolds number (Re) 

≤ 2100 was associated as laminar; above was considered turbulent flow. 

2. Fluid coolant thermo-physical properties are considered constant.  

3. No radiation heat transfer. 

3.2.2 Generating Simulation Pulsating Flow 

A Simulation was conducted with the continuous and pulsating flow. A frequency 

of 0.5Hz and a period of 2s were used to generate the pulsation. In other to 

generate pulsating flow at the inlet, a user-defined function (UDF) was created 

for a 0.5l/m (0.0085kg/s) to 2.5l/m (0.0425kg/s) flow rate. The equivalent velocity 

was used in the UDF, which was imported to FLUENT software. Then boundary 

conditions at the walls, inlet, and outlet were defined. Table 3-2 shows each 
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flowrate considered, and velocity calculated using equation 3-1 and design 

specification in table 3-1. Figures 3-7 and 3-8 show the conventional and parallel 

designs file, respectively. 

Table 3-2 Flow rates and velocity calculations for UDF 

Flow 
Rate 

(L/min) 

Flow Rate 

(𝒎𝟑/s) (×10-5) 

Flow Rate  

(kg/s) (×10-2) 

Velocity (m/s) 

Conventional 
Design 

Parallel Design  

2.5  4.17 4.25 0.734 0.184 

2 3.33 3.40 0.587 0.147 

1.5  2.50 2.55 0.441 0.110 

1 1.67 1.70 0.294 0.0734 

0.5 0.833 0.85 0.147 0.0367 

 

Table 3-3 Simulation settings and initial conditions 

Parameter Value/Properties 

 
 
 

Fluid 

Type Water 

Density (kg/m3) 998.2 

Viscosity (kg/m3) 0.001 

Energy ON 

Gravity m/s2 -9.8 along Y-axis 

Specific heat Cp (j/kgK) 4182 

Thermal conductivity (w/mK) 0.6 

 
 

Boundary 
conditions 

Inlet Velocity inlet 

Outlet Pressure outlet 

Walls Aluminium 

Solar cell material Germanium 

Cooling pad material Aluminium 

 
Time 

Timestep size, 0.1 

Number of time steps, 100 

Maximum iteration/time step 5 

 
Initialization 

Type Standard  

Reference Temperature (K) 298 

Turbulence 
model 

Pressure-based, transient, k-epsilon, realizable enhance wall 
treatment 
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Figure 3-7 Generating pulsating flow parallel design UDF (both without and with 

baffles) for 0.5l/m to 2.5l/m 
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Figure 3-8 Generating pulsating flow conventional design UDF for 0.5l/m to 2.5l/m  

3.3 Experiment 

An experiment using a high-flux sun simulator was conducted with both 

continuous and pulsating flow. Figure 3-9 and Figure 3-10. shows the 

experimental process flow of the piping and Instrumentation diagram adopted for 

both conventional and parallel design. The complete 3D model and channels 

were built using three-axis Computer Numerical Control (CNC) machine with 

Aluminium 6082T6 flat plate material. The pulsating flow was generated using a 

coding programme with an Arduino microcontroller integrated with solenoid 

valves. A 5-multijunction solar cell was coupled to the built model (referred to as 

a cooling pad in this research). The solar cell more information is available in 

Appendix A. 

 

Figure 3-9 Experimental process flow diagram for conventional design 
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Figure 3-10 Experimental process flow diagram for the parallel design 

Figure 3-11 Shows the actual experimental setup built using a high flux 

concentrated sun simulator with complete piping and Instrumentation. The sun 

simulator was ON for 10 minutes based on the recommendation highlighted in 

the sun simulator user manual, after which the shutter was opened to concentrate 

the light unto the cell. The cooling starts to run for 5 minutes to stabilise the cell's 

concentration. The experiment data was run for 25 minutes and an interval of 5 

minutes on a single flow rate. The flow rate is from 0.5L/m to 2.5L/m, the same 

as the simulation. Data are recorded after every minute, and the average after 5 

minutes was used. An adequate heat sink would affect the coolant (water) inlet 

temperature working in circulation. The maximum cooling capacity theoretically 

required by the solar cell was 823W. Two large radiators connected in series 

integrated with a fan were used as the heat sink (Figure 3-11). 
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Figure 3-11 Experimental set up 

A holder to fix the sun simulator's cooling design was designed and 3D printed 

using an Anycubic Vyper 3D Printer with PLA filament (Figure 3-12). The printer 

has an operational nozzle temperature of ≤260°C and an operational hot bed 

temperature of up to ≤110°C, making it suitable. Ultimaker Cura version 5.1.0 

was used as slicing software to generate the G-Code. Figure 3-12A shows the 

computer-aided design, Figure 3-12B shows the printed design, and Figure 3-

12C shows the mounted holder on the sun simulator. 

 

Figure 3-12 Cooling pad design holder  
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A temperature sensor holder suitable with the cooling pad design was designed 

and printed for both conventional and parallel design Figure 3-13. Anycubic 

Photon Mono X 3D printer was used with white resin. The Anycubic UV 3d resin 

has good hardness and toughness, making it suitable. Moving from top to bottom 

of Figure 3-13 top shows the computer-aided design, and the bottom shows the 

actual printed design. 

 

Figure 3-13 Temperature sensor holder 

3.3.1 Generating Experiment Pulsating Flow  

The pulsating flow was generated during the experiment using an Arduino 

microcontroller integrated with solenoid valves SV1 and SV2 in Figure 3-9 and 

SV1 and SV2-5 in Figure 3-10. The solenoid valve was operated with a frequency 

of 0.5Hz and a period of 2s (the same as the simulation). A 5-multijunction solar 

cell was coupled to the built model. The location of thermocouples used in the 

experimental set-up are shown with red arrow in Figure 3-14, which include Inlet, 

outlet, cooling pad, solar cell ambient, and sun simulator. A 25-litre water tank 
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was used as coolant. Thermal paste with thermal conductivity of 8.5 W/mK was 

used between the back of the solar cell and the cooling pad design to make good 

contact. A complete technical specification of the components used in the 

experiment is available in Appendix B. 

 

Figure 3-14 Location of thermocouples on experimental set-up 

The solenoid valve was used to generate the pulsating flow. Two were used in 

the conventional design, while five were used for the parallel design. The control 

valve used with model number 390-7667 was produced by RS PRO. The Pico 

TC-08 thermocouple temperature data logger can measure temperatures from -

270°C to +1820°C, making it suitable for this research. The metal-oxide-

semiconductor field-effect transistors and resistors was used in constructing the 

electrical circuit that controls the solenoid valves. Which serves as a switch that 

opens and closes the solenoid valves to generate pulsation. Arduino Mega 2560 

R3 was chosen for the experiment because of its features. It is a microcontroller 

suitable for controlling solenoid valves and collecting data from the flow sensor. 

A 8mm barbed brass and nylon 1/8 male thread fitting manufactured by Legris 

was used in the cooling pad design. Both 4 mm and 8 mm inner diameter piping 

tube was used to connect the solenoid valve and pump, water flow sensor, and 

temperature sensor, respectively. A 25-litre water tank used as the cooling fluid. 

A thermal paste with thermal conductivity of 8.5 W/m K used between the back 
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of the solar cell and the cooling pad design to make good contact. A female thread 

8mm barber 1/2 manufactured by Sourcing Map was used as the flow sensor 

fitting. A 0.5-30L/m water flow sensor was used to measure the flow rate at the 

inlet and outlet. It’s a Lieve brand with model number FS200A, 1.2Mpa and G1/2 

thread available with grandado UK. A Type-K thermocouples temperature sensor 

with a 1.5mm diameter and -75 to +250 °C temperature range was used. A hose 

clip was used to tighten the tube piping connections. Two large radiators 

integrated with a fan was used as the heatsink. A complete technical specification 

of all the components are available in Appendix B. Figure 3-15 shows the wiring 

circuit of the Arduino with MOSFET, resistor and diode on the breadboard where 

control is established, and data was collected. 

 

Figure 3-15 Wiring connection set up 

Figure 3-16 shows the pulsating flow signal generated for the experiment using 

a programme developed by an Arduino microcontroller. A rectangular profile 

signal was recorded. A MOSFET was used as an ON/OFF switch to switch the 

solenoid valve ON (for 1 second) uniformly and OFF (for 1 second) uniformly to 

generate a uniform pulsating flow in the channel. The uniform pulsating flow splits 

the total flow ON/OFF into four at a time in the case of Parallel design because it 

has four inlets/outlets. At the same time, the total flow was ON/OFF for 



 

59 

conventional design without any splitting because of a single inlet/outlet. The 

code is available in Appendix C.  

 

Figure 3-16 Uniform pulsating flow signal for flow rate 0.5l/m to 2.5l/m, with a 

frequency of 0.5Hz, and period of 2s 

Figure 3-17 shows the bio-inspired pulsating flow signal generated for the 

experiment using a programme developed by an Arduino microcontroller. In this 

approach, two solenoid valves (V) are switched ON (for 1 second) uniformly and 

OFF (for 1 second) uniformly to generate a Bioinspired pulsating flow. A MOSFET 

was used as an ON/OFF switch; therefore, a rectangular profile signal was 
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recorded. It is bioinspired because, unlike uniform pulsating flow, the total flow 

was split into two (two valves open at a time) and passed through two channels 

simultaneously. The code is available in Appendix C.  

 

 

 

Figure 3-17 Bio-inspired pulsating flow signal for flow fate 1.0l/m, frequency of 

0.5Hz, and period of 2s 

3.4 Correlations In Continuous and Pulsating Flow 

The correlations for both continuous [120,167–169] and pulsating flow 

[61,137,170–173] are as follows. 
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In continuous flow, the Reynolds number (𝑅𝑒) is a parameter that differentiates 

between turbulent flow and laminar flow. For a continuous flow, it’s given by 

equation 3-7 where 𝐷ℎ is the hydraulic diameter, 𝜌 is the density, µ is the dynamic 

viscosity, 𝑣 is the velocity, 𝜐 represents kinematic viscosity.  

𝑅𝑒 =
𝜌 𝑣𝐷ℎ

µ
=

𝑣𝐷ℎ

𝜐
 

(3-7) 

Nusselt number (𝑁𝑢) is the ratio of the amount of heat transferred by 

convection and the hydraulic diameter to the thermal conductivity of the 

coolant, in this case, water. ℎ is the heat transfer coefficient, 𝑘 is the thermal 

conductivity. 

 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
 

(3-8) 

The heat transfer coefficient was calculated using equation 3-9 

according to [167,174], where 𝑚 is the mass flow rate, 𝑐𝑝 is the specific 

heat capacity, 𝑇𝑜𝑢𝑡 and 𝑇𝑖𝑛 is the fluid inlet and outlet temperature, 𝑇𝑠 

and 𝑇𝑓 Are the cooling pad temperature and average fluid temperature, 

respectively. 

 

ℎ =
𝑚𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)

𝐴(𝑇𝑠 − 𝑇𝑓)
 

(3-9) 

 

Pressure Drops as a function of friction factor were calculated using 

equation 3-10, where for a smooth rectangular channel, the friction 

function 𝑓 = 68.34/𝑅𝑒 for lamina flow, and 𝑓 = 0.31/𝑅𝑒0.25 for turbulent 

flow, according to [169]. 

 

𝛥𝑃 = 𝑓 ×
𝑙

𝐷ℎ
×

𝑣2

2
× 𝜌 

(3-10) 

In pulsating flow, the pulsating velocity (instantaneous velocity) is given by 𝑢𝑝 =

𝑣(1 + 𝑠𝑖𝑛𝜔𝑡), 𝜔 = 2𝜋𝑓 refers to the angular velocity of the pulsation, and 𝑣 is the 

average velocity [170]. Were 𝑓 = 1/𝑇 is the frequency of pulsation and 𝑇 = 𝑇1 +

𝑇2 is the period where 𝑇1 and 𝑇2 are the first and second half periods of pulsating 
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[175]. Equations 3-11 and 3-12 are given the pulsating velocity for a rectangular 

and triangular profile.  

𝑢𝑝 =
sin [−K sin 𝜔𝑡]

𝑆𝑖𝑛−1(−𝐾)
 

(3-11) 

𝑢𝑝 =
tanh [K sin 𝜔𝑡]

tanh 𝐾
 

(3-12) 

The Reynolds number in pulsating flow is associated with the oscillating 

Reynolds number (𝑅𝑒𝜔), and stable components Reynolds number ( 

𝑅𝑒𝑠) given by equations 3-13 and 4-14, respectively [171]. The 

dimensionless amplitude of pulsation is given by 𝐴𝑜 = 𝑈𝐷ℎ/𝜐 [176]. 

 

𝑅𝑒𝜔 =
𝐴𝑜

2

𝜐𝜔
 

(3-13) 

𝑅𝑒𝑠 =
𝑢𝑝 𝐷ℎ

𝜐
 

(3-14) 

In pulsating flow, the Nusselt number is considered a time average 

Nusselt number used to determine the heat transmission properties. 

Equation 3-15 and Equation 3-16 gives the expression according to 

[171] and [140], respectively. ℎ̅ is the time average heat transfer. 

 

𝑁𝑢̅̅ ̅̅ = ∫ ∫ 𝑁𝑢(𝑥, 𝑡) 𝑑𝑡𝑑𝑥
𝑇

0

𝐿

0

 

(3-15) 

 

𝑁𝑢̅̅ ̅̅ =  
ℎ̅𝐷ℎ

𝑘𝑓
 

(3-16) 

 

The average heat transfer coefficient is given by equation 3-17 as a 

function of the log mean temperature where 𝑄 = 𝑚𝑐𝑝(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛), and 

𝐴𝑠 It is the heat transfer area. 
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ℎ̅ =
𝑄

𝐴(𝑇𝑠 − 𝑇𝑓)
 

In the context of an oscillating flow, the Womersley number is an 

expression of the influence of frequency on which force, inertia, or 

viscosity will dominate. It’s given by equation 3-18 according to [171]. 

(3-17) 

𝛼 = (2𝜋𝑅𝑒𝑆𝑡)1/2 (3-18) 

𝛼 = 𝐿 (
𝜔

𝜐
)

1/2

 
(3-19) 

 

The Strouhal number is another dimensionless number used in a 

pulsating flow, according to [171]. It expresses the frequency divided by 

the velocity as equation 3-20. 

 

𝑆𝑡 =
𝑓𝐿

𝑢
 

(3-20) 

The pressure drops can be expressed as equation 3-21 for 𝛼 < 1 or 

equation 3-22. 

 

𝛥𝑃 =  
8µ 𝐿 𝑄

𝜋𝑅4
 

(3-21) 

 

𝛥𝑃 = 𝑓𝜌 (
𝑙

𝐷ℎ
) (

𝑣2

2
) 

(3-22) 

 

The following correlations are used for calculating thermodynamic 

properties adapted in this research as a function of fluid temperature T 

(K) reported by [122,177–179]. 

 

𝑫𝒆𝒏𝒔𝒊𝒕𝒚 𝝆(𝑻) = 8338.46 + 1.40𝑇 − 3.01 × 10−3𝑇2 + 3.01 × 10−3𝑇2 (3-23) 
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𝑺𝒑𝒆𝒄𝒊𝒇𝒊𝒄 𝑯𝒆𝒂𝒕 𝑪𝒑(𝑻) = 12010.14 − 80.40𝑇 + 30.98 × 10−2𝑇2 − 5.38 × 

10−4𝑇3 + 3.62 × 10−7𝑇4 

(3-24) 

𝑻𝒉𝒆𝒓𝒎𝒂𝒍 𝒄𝒐𝒏𝒅𝒖𝒄𝒕𝒊𝒗𝒊𝒕𝒚 𝑲(𝑻) = −86.90 × 10−2 +  8.94 × 10−2𝑇 − 

1.58 × 10−5𝑇2 + 7.97 × 10−9𝑇3 

(3-25) 

𝐃𝐲𝐧𝐚𝐦𝐢𝐜 𝐯𝐢𝐬𝐜𝐨𝐬𝐢𝐭𝐲 µ (𝐓) = 1.37 − 21.22 × 10−3𝑇 + 1.36 × 10−4𝑇2 − 

4.64 × 10−7𝑇3 + 8.90 × 10−10𝑇4 − 89.07 × 10−13𝑇5 + 3.84 × 10−16𝑇6 

(3-26) 

The thermal resistance of the model designs was calculated as a 

function of the thickness (𝑡) of the model cover, thermal conductivity 

(𝐾) of the material (aluminium), and total heat flux (𝑞) from surface 

contact using equation 3-27. 

 

𝑅𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 =
𝑡

𝐾𝑞
 

(3-27) 

The heat transfer enhancement (E) can be obtained by equations 3-28, 

were 𝑁𝑝 Is the pulsating average Nusselt number and 𝑁𝑛𝑝 Is the non-

pulsating Nusselt number [170].  

 

𝐸 =
𝑁𝑝

𝑁𝑛𝑝
 

(3-28) 
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4 CHAPTER FOUR 

4.1 Simulation Results 

4.1.1 Effect of Coolant Inlet Temperature  

Sunlight on a solar cell change continually. The continuous fluctuation of solar 

radiation intensity due to uncontrollable conditions, such as clouds, is inevitable. 

This leads to fluctuations in the ambient and coolant temperatures at the inlet of 

a cooling system. Therefore, we study the effect of the coolant (working fluid) inlet 

temperature on cooling using continuous flow. Figure 4-1 shows the effect of the 

coolant inlet temperature on the model design. With an increase in the inlet 

temperature of the coolant from 298K to 318K, the solar cell and cooling pad 

temperatures increased from 301.93K to 321.91K and 305.88K to 325.87K, 

respectively. This shows that the coolant temperature directly affects the system's 

cooling performance. Hence, a well-suited heat sink must be used during the 

experiment. Furthermore, it was observed that the temperature of the solar cell 

and cooling pad was lower in the parallel channel model design with and without 

baffles (WB-Design and WoutB-Design) compared to the conventional design 

model (C-Design). To visualize the impact, temperature contours of the solar cell 

and cooling block channel were plotted at 1L/m (Figure 4-3 and Figure 4-4). 

 

Figure 4-1 Effect of coolant inlet temperature on solar cell temperature 
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Figure 4-2 Effect of coolant inlet temperature on cooling pad temperature 

The temperature contours of the solar cell and channel view at a flow rate of 

1L/m, a flux of 150,000W/m2 (150 suns), and a water inlet temperature of 305K 

were shown in Figures 4-3 and 4-4, respectively. The parallel design exhibits 

lower temperatures with equal maximum and minimum temperature intervals. 

The cooling block demonstrates lower temperatures compared to the solar cell 

due to the cooling water's initial contact with the block. Consequently, the 

temperature of the solar cell relies on the effectiveness of the cooling block's 

cooling, aligning with Newton's law of cooling. 

Figure 4-3 Effect of coolant inlet temperature on solar cell temperature contours 

at 1L/m, 150suns concentration and 305K water inlet temperature (a) Conventional 

design, (b) Parallel design without baffles, (c) Parallel design with baffles 
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Figure 4-4 Effect of coolant Inlet temperature on cooling block temperature 

contours at 1L/m, 150suns concentration, and 305K water inlet temperature (a) 

Conventional design, (b) Parallel design without baffles, (c) Parallel design with 

baffles 

4.1.2 Conventional Design (Con-Design) 

Research has reported that an increase in flow rate leads to a decrease in cell 

temperature [120]. Similarly, in this research, the temperature of the solar cell 

decreases for both continuous and pulsating flow with an increase in flow rate. 

Figure 4-5 illustrates the solar cell temperature against flow rate for both 

continuous and pulsating flow It was observed that as the flow rate increased 

from 0.0085kg/s to 0.0425kg/s (5L/m-2.5L/m), the solar cell temperature dropped 

from 304.08K to 303.70K with pulsating flow at 30 pulse/min, and from 306.15K 

to 305.76K with continuous flow. The solar cell temperature with pulsating flow is 

lower by 3.2% compared to continuous flow. The difference between the 

temperatures of the solar cell from an initial temperature of 298K was found to be 

7.76k and 5.70K for continuous and pulsating flow, respectively. Therefore, the 

pulsating flow exhibits greater uniformity in cell temperature. The average cooling 

enhancement of pulsating flow (𝐸𝑝𝑢𝑙𝑠−𝑎𝑣𝑔 = 𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡/𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠) was calculated 

to be 1.01, where  𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡 and 𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠 represent the average temperatures of 

the solar cell under continuous and pulsating flow, respectively. Additionally, a 

temperature contour map of the solar cell and cooling block was generated to 

gain a better understanding of the enhancement. 
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Figure 4-5 Con-design solar cell temperature with continuous flow and pulsating 

flow at T = 2 s, f = 0.5Hz, 30puls/minutes, Pr = 5.72 and Pr = 5.62, respectively 

A temperature contour of the solar cell and cooling pad for both continuous flow 

and pulsating flow at a flow rate of 1L/m is depicted in Figures 4-6 and 4-7, 

respectively. Within an equal maximum and minimum temperature interval of 

298K to 308K, the pulsating flow with a period of 2s and a frequency of 0.5Hz 

(Figure 4-6b) demonstrates superior cooling compared to continuous flow (Figure 

4-6a). 

 

Figure 4-6 Solar cell temperature contours at 1L/m, 150suns concentration (a) 

Continuous flow, (b) Pulsating flow 
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A complete 3D view of the temperature contour of the model for both continuous 

and pulsating flow at a flow rate of 1L/m is displayed in Figure 4-7a. Additionally, 

Figure 4-7b presents the 2D x-y center cut-view temperature contour of the model 

for continuous and pulsating flow at 1L/m. Figure 4-7c illustrates the 2D z-y center 

channel cut-view temperature contour of the cooling pad model for both 

continuous and pulsating flow at 1L/m. Within equal maximum and minimum 

temperature intervals of 298K to 308K, it is evident from the temperature contour 

that the pulsating flow with a period of 2s and a frequency of 0.5Hz, equivalent to 

30 pulses per minute (Figure 4-7, right), exhibits superior cooling compared to 

continuous flow (Figure 4-7, left).  

 

Figure 4-7 Temperature contours at 1L/m, 150suns concentration conventional 

design (a) Complete 3D view (b) 2D x-y centre cut-view (c) 2D z-y centre channel 

cut-view 

The Nusselt number is a crucial dimensionless parameter in heat transfer. 

Therefore, the Nusselt number was calculated using equation 3-9 for both 

continuous and pulsating flow using. In both flow regimes, an increase in the 

Nusselt number was observed. Figure 4-8 illustrates the variation of the Nusselt 

number with an increased flow rate from 0.5L/m to 2.5L/m for continuous steady 
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and pulsating flow at 30 pulses per minute. The Nusselt number ranges from 9.0 

to 17.61 with continuous flow and from 10.66 to 44.62 with pulsating flow. This 

indicates that the pulsating flow exhibits higher convection compared to the 

continuous flow. 

 

Figure 4-8 Variation of Nusselt number with flow rate 

The Strouhal number describes the dynamics of oscillating flow in dimensionless 

analysis. An increase in the Strouhal number leads to a decrease in the Nusselt 

number at a frequency of 0.5 Hz and 0.05 ≤ A_o ≤ 0.27 pulsating amplitude. This 

finding aligns with the results reported in [180]. Figures 4-9 depict the variation in 

the Nusselt number with the Strouhal number, which was calculated using 

equations 3-20.  

 

Figure 4-9 Variation of Nusselt number against Strouhal number 
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Figure 4-10 Shows the variation of heat transfer enhancement and Womersley 

number (α) with Instantaneous velocity (𝑢_𝑝). The Womersley number indicates 

whether the uneven nature of fluid flow in pulsating flow is quasi-steady. With an 

increase in Instantaneous velocity (𝑢_𝑝) from 0.14m/s to 0.73m/s, the Womersley 

number increase from 10.25 to 10.43. This means that the pulsating flow is 

associated with the plug-like flow. as such, the velocity profile is lower than the 

pulsating frequency. The heat transfer enhancement increased from 1.18 to 2.53. 

However, enhancement was observed from 0.5L/m to 2.5L/m (Figure 4-8). 

Maximum enhancement was recorded at 0.73m/s instantaneous velocity. Hence, 

the cooling was more effective with the pulsating flow and enhanced the cooling 

by 37.95%. 

 

Figure 4-10 Pulsating velocity against heat transfer enhancement and Womersley 

number 

The oscillating Reynolds number (𝑅𝑒𝜔) and stable components Reynolds number 

( 𝑅𝑒𝑠) plot against velocity oscillating amplitude (A_o) is displayed in Figure 4-11. 

With an increase in velocity oscillating amplitude from 0.05 to 0.27, the oscillating 

Reynolds number and stable components Reynolds number increases.  
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Figure 4-11 Conventional design variation of oscillating Reynolds number (𝑹𝒆𝝎), 

and stable components Reynolds number ( 𝑹𝒆𝒔) against velocity oscillating 

amplitude at f = 0.5      

In Figure 4-12, the relationship between the heat transfer coefficient and flow rate 

is depicted. Consistent with previous research [171], an increase in flow rate 

correlates with an increase in the heat transfer coefficient. The convective heat 

transfer is enhanced by promoting better fluid mixing and reducing the thickness 

of the thermal boundary layer. The pulsating flow shows higher flow turbulence 

and improved fluid mixing. Turbulent flow promotes greater fluid mixing and 

turbulence-induced fluctuations, which enhance heat transfer by facilitating better 

thermal contact between the fluid and the solid surface. Consequently, the 

convective heat transfer coefficient is further augmented. 

 

Figure 4-12 Relationship of flow rate and heat transfer coefficient  
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4.1.3 Parallel Design Without Baffles (Wout-B Design) 

According to research, an increase in flow rate reduces cell temperature [120]. In 

this study, the solar cell temperature of both continuous and pulsing flows 

decreases as the flow rate increases. Figure 4–13 depicts the temperature of a 

solar cell versus the flow rate for both continuous and pulsing flow. It was 

discovered that the flow rate increased from 0.0085kg/s to 0.0425kg/s (5L/m to 

2.5L/m). With uniform pulsing flow at 30 pulse/min, the temperature of the solar 

cell decreases from 303.40K to 303.12K and from 307.04K to 304.79K with 

continuous flow. The cell temperature is lower by 87.46% with pulsating flow 

compared to continuous flow. A comparison was made between the temperatures 

of a solar cell under continuous and pulsating flow conditions. Starting from an 

initial temperature of 298K, the temperature difference was found to be 6.79K for 

continuous flow and 5.12K for pulsating flow. Thus, more cell temperature 

uniformity was with the pulsating flow. 

 

Figure 4-13 Parallel Wout-B design solar cell temperature with continuous flow 

and pulsating flow at T = 2s, f = 0.5Hz, 30puls/minutes, Pr = 5.70 and Pr = 5.40 

respectively 

Comparing pulsating flow to continuous flow, the cell temperature is lower with 

the pulsing flow. The pulsating flow average cooling temperature enhancement 

(𝐸𝑝𝑢𝑙𝑠−𝑎𝑣𝑔 = 𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡/𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠) was determined to be 1.01, where were 

𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡 and 𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠 represent the average temperatures of the solar cell under 
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continuous and pulsating flow, respectively. A temperature contour map of the 

solar cell and cooling block was generated to understand the improvement better. 

Figures 4-14 and 4-15 display a temperature contour of a solar cell and a cooling 

pad for both continuous and pulsing flow at a rate of 1L/m, respectively. 

Compared to continuous flow, pulsing flow with a period of 2 seconds and a 

frequency of 0.5Hz (Figure 4-14b) provides enhanced cooling at an equal 

maximum and lowest temperature range of 298K to 306K (Figure 4-14a). 

 

Figure 4-14 Solar cell temperature contours at 1L/m, 150suns concentration (a) 

Continuous flow, (b) Pulsating flow 

Figure 4-15(a) depicts a 3D map of the temperature along the contour of the 

model for both continuous flow and pulsing flow at a rate of 1L/m. Figure 4-15(b) 

depicts the model's two-dimensional x-y centre cut-view temperature contour for 

both continuous and pulsing flow at a volumetric flow rate of one litre per minute. 

Figure 4-15(c) is a cutaway image of the centre channel in two dimensions 

showing the temperature contour of the cooling pad model for both continuous 

flow and pulsing. In comparison to continuous flow at equal maximum and lowest 

temperatures of 298K to 306K. The pulsing flow with a period of 2s and a 

frequency of 0.5hz, equal to 30 pulses per minute shown on the right of Figure 4-

15, provides more effective cooling. This can be seen when compared with the 

temperature contour of Figure 4-15 on the left. 
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Figure 4-15 Temperature contours at 1L/m, 150suns concentration parallel design 

without baffles (a) Complete 3D view, (b) 2D x-y centre cut-view (c) 2D z-y centre 

channel cut-view 

The Nusselt number was determined for continuous and uniform pulsing flows 

using equations 3-9. Figure 4-16 illustrates the Nusselt number as the flow rate 

increases from 5L/m to 2.5L/m for continuous steady flow and pulsating flow at 

30 pulses/minute. In both flows, there was an increase in the Nusselt number. It 

ranges between 11.01 and 17.14 for continuous flow and between 10.66 to 36.66 

for pulsing flow. This indicates that pulsing flow has more cooling effect than 

continuous flow. 

 

Figure 4-16 Variation of Nusselt number with flow rate  
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The dynamics of oscillating flow can be described using the Strouhal number in 

dimensionless analysis. Therefore, equation 3-20 was utilized to calculate the 

average Nusselt number, and a plot against the Strouhal number is presented in 

Figure 4-17. With a frequency of 0.5 Hz and a pulsing amplitude ranging from 

0.05 to 0.27, a reduction in the Nusselt number is observed as the Strouhal 

number increases from 0.0037 to 0.0046, in agreement with [180]. These findings 

suggest the existence of an optimum Strouhal number that corresponds to an 

optimum Nusselt number. 

 

Figure 4-17 Variation of Nusselt number against Strouhal number 

Variation of heat transfer enhancement (E) and Womersley number (α) with 

Instantaneous velocity (𝑢_𝑝) is seen in Figure 4-18. The Womersley number 

indicates whether the irregular profile of fluid flow in pulsing flow is constant. With 

an increase in instantaneous velocity from 0.14m/s to 0.73m/s, the Womersley 

number rises from 10.46 to 10.65. This indicates that the velocity profile is below 

the pulsing frequency. The enhancement (E) of heat transfer with uniform 

pulsating (UP) flow in parallel design without baffles is 0.84 times lower the 

enhancement in conventional design. The enhancement varies from 0.96 to 2.14 

with a velocity increase in parallel design without baffles. While a rise from 1.18 

to 2.53 in the conventional design was obtained. 

0

5

10

15

20

25

30

35

40

0 0.005 0.01 0.015 0.02

N
u

St



 

77 

 

Figure 4-18 Pulsating velocity against heat transfer enhancement and Womersley 

number 

Figure 4-19 depicts the plot of the oscillating Reynolds number (𝑅𝑒𝜔)  and stable 

components Reynolds number (𝑅𝑒𝑠) plot against velocity oscillating amplitude 

(A_o). The oscillating Reynolds number and the stable components' Reynolds 

number increase when the velocity oscillation amplitude goes from 0.05 to 0.27. 

 

Figure 4-19 Parallel design without baffles variation of oscillating Reynolds 

number (𝑹𝒆𝝎), and stable components Reynolds number ( 𝑹𝒆𝒔) against velocity 

oscillating amplitude at f = 0.5  

Figure 4-20 illustrates that an increase in flow rate is accompanied by an increase 

in the heat transfer coefficient, in line with previous research [171]. This 

relationship is attributed to improved fluid mixing, reduction in the thermal 
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boundary layer thickness, and enhanced convective heat transfer. The 

introduction of pulsating flow further augments the convective heat transfer 

coefficient by promoting turbulence and facilitating better thermal contact 

between the fluid and the solid surface. These findings provide valuable insights 

into optimizing heat transfer performance in various engineering applications. 

 

Figure 4-20 Relationship of flow rate and heat transfer coefficient 

4.1.4 Parallel Design With Baffles (WB-Design) 

As the flow rate increases in this study, the solar cell temperature decreases for 

both continuous and pulsed flows. Previous research [120] also indicates that the 

cell's temperature decreases with an increase in flow rate. Figure 4-20 presents 

the relationship between the temperature of a solar cell and flow rate under both 

continuous and pulsed flow conditions. The study revealed that the flow rate 

increased from 0.0085kg/s to 0.0425kg/s (equivalent to 5L/m to 2.5L/m). With 

pulsed flow at 30 pulses per minute, the solar cell's temperature decreased from 

302.86K to 302.71K, while during continuous flow, it decreased from 307.02K to 

304.73K. Comparing the two flow conditions, the temperature of the cell was 

found to be 93.09% lower during pulsating flow than during continuous flow. 

Moreover, the temperature difference between the maximum and minimum 

recorded values for pulsating and continuous flow was determined to be 0.16 and 

2.28, respectively. A lower cell temperature difference means that the cell 
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temperature uniformity. As such, pulsating flow is more effective.  𝐸𝑝𝑢𝑙𝑠−𝑎𝑣𝑔 =

𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡/𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠 It was calculated and found to be 14.49, where 𝐸𝑝𝑢𝑙𝑠−𝑎𝑣𝑔 is 

the pulsating flow average cooling enhancement, 𝑇𝑐𝑒𝑙𝑙−𝑐𝑜𝑛𝑡 and 𝑇𝑐𝑒𝑙𝑙−𝑝𝑢𝑙𝑠 the 

maximum and minimum values of the solar cell is lower with pulsating flow 

compared to continuous flow. This improvement is demonstrated in Figures 4-22 

and 4-23, which depict temperature contour maps of the solar cell and cooling 

block, respectively 

 

Figure 4-21 Parallel WB-Design solar cell temperature with continuous flow and 

pulsating flow at T = 2s, f = 0.5Hz, 30puls/minutes, Pr = 5.70 and Pr = 5.40, 

respectively 

Figures 4-22 and 4-23 illustrate the temperature contour of a solar cell and 

cooling pad for both continuous and pulsed flow at a rate of 1L/m. These figures 

display the temperature contour ranging from 298K to 306K, representing equal 

maximum and minimum temperatures. When comparing continuous flow (Figure 

4-22a) to pulsed flow with a duration of 2s and a frequency of 0.5 hertz (Figure 

4-22b), it is evident that the latter offers improved cooling within the temperature 

range of 298K to 306K. 
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Figure 4-22 Solar cell temperature contours at 1L/m, 150suns concentration (a) 

Continuous flow, (b) Pulsating flow 

The temperature contour along the complete coupled models is shown in 3D in 

Figure 4-23(a) for both continuous and pulsed flow at a rate of 1L/m. Figure 4-

23(b) shows the model's 2D x-y centre cut-view temperature contour for both 

continuous flow and pulsing flow, while a cut-view of the centre channel in 2D is 

shown in Figure 4-33c. Continuous flow is less efficient in cooling (Figure 4-23 

left) than pulsed flow at the period of 2s and pulsating frequency of 0.5hertz (30 

pulses per minute) seen on the right in Figure 4-23.  

 

Figure 4-23 Temperature contours at 1L/m, 150suns concentration parallel design 

(a) Complete 3D view, (b) 2D x-y centre cut-view (c) 2D z-y centre channel cut-view 
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The Nusselt number is an essential dimensionless quantity in heat transfer. 

Equations 3-9 and 3-16 were thus used to get the Nusselt number for continuous 

and pulsating flows, respectively. Figure 4-24 shows how the Nusselt number 

varies when the flow rate drops from 0.5L/m to 2.5L/m for continuous steady flow 

and 30 pulses/minute for pulsating flow. The Nusselt number rose in each of the 

two flows. It varies from 10.95 to 15.36 for constant flow and from 13.38 to 28.21 

for pulsating flow. Constant Nu was observed between 1L/m to 2L/m, then raise 

to a maximum at 2.5L/m. This shows that more convection occurs when the flow 

was pulsed than when the flow was continuous.  

 

Figure 4-24 Variation of Nusselt number with flow rate parallel WB-design 

The oscillating flow dynamics may be described using the Strouhal number in 

dimensionless analysis. Equation 3-20 was used to compute the average Nusselt 

number, and a plot against the Strouhal number is shown in Figure 4-25, with a 

pulsing dimensionless amplitude range of 0.05 ≤ A_o ≤ 0.27  and frequency of 

0.5Hz, a reduction in the Nusselt number occurs with an increase in the Strouhal 

number from 0.0037 to 0.0046, which agrees with [180]. However, a constant 

Nusselt number was observed with the Strouhal number increased between 

0.0046 to 0.0061, and a sudden drop in the Nusselt number was observed with 

a further increase in the Strouhal number from 0.0080 to 0.0185. This result of 

Nusselt number fluctuation is compatible with [173,183]. The fluctuation could be 

the effect of baffles and pulsating nature of the flow. In addition, it also indicates 

that there exists an optimum  Strouhal number to have an optimum Nusselt 

number. 

0

5

10

15

20

25

30

0 0.5 1 1.5 2 2.5 3

N
u

Flow Rate (L/m)

Nu_UP

Nu_Cont



 

82 

 

Figure 4-25 Variation of Nusselt number with Strouhal number parallel WB-design 

Variation of heat transfer enhancement E and Womersley number (α) with 

Instantaneous velocity (𝑢_𝑝) is displayed in Figure 4-26. The Womersley number 

indicates whether the distinctive character of fluid flow in pulsing flow is constant. 

With an increase in instantaneous velocity from 0.14m/s to 0.73m/s, the 

Womersley number rises from 10.77 to 10.91. This indicates that the velocity 

profile is below the pulsing frequency. The enhancement (E) of heat transfer with 

uniform pulsating (UP) flow in parallel design with baffles is 5.3 times the 

enhancement in conventional design. The enhancement varies from 1.22 to 1.83, 

with maximum recorded at 0.29m/s instantaneous pulsating velocity in parallel 

design without baffles. 

 

Figure 4-26 Parallel WB-design pulsating velocity against enhancement and 

Womersley number  
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Figure 4-27 depicts the plot of the oscillating Reynolds number (𝑅𝑒𝜔)  and stable 

components Reynolds number ( 𝑅𝑒𝑠) plot against velocity oscillating amplitude 

(A_o). The oscillating Reynolds number and the stable components' Reynolds 

number increase when the velocity oscillation value amplitude goes from 0.05 to 

0.27. This result agrees with the parallel design without baffles of this study. 

 

Figure 4-27 Parallel WB-design pulsating amplitude at f = 0.5 against oscillating 

Reynolds number (𝑹𝒆𝝎), and stable components Reynolds number ( 𝑹𝒆𝒔) plot 

against velocity oscillating amplitude 

To validate the parallel design with baffles, a plot of both parallel designs a plot 

of the flow rate against oscillating Reynolds number (𝑅𝑒𝜔)  and stable 

components Reynolds number ( 𝑅𝑒𝑠) is shown in Figure 4-28. In both situations, 

an increase in flow rate causes the Reynolds numbers to rise. Reynolds number 

increases with flow rate, according to research [181,182]. The stable components 

Reynolds number is a function of instantaneous pulsing velocity, while the 

oscillating Reynolds number depends on the dimensionless amplitude of the 

pulsation. Both designs agree.  
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Figure 4-28 Variations of flow rate versus Reynolds number parallel WB-design 

4.1.5 Design Cross Comparison  

Increasing flow rate decreases cell temperature, a study shows [120]. Both 

continuous and pulsed flow lower solar cell temperature in this investigation. 

Figure 4–29 shows solar cell temperature against flow rate for the three designs 

considered in this research with the pulsed flow. With flow increased from 

0.0085kg/s to 0.0425kg/s (5L/m to 2.5L/m). Solar cell temperature drops with 

30puls/min pulsing flow from 304.07K to 303.70K, 303.40K to 303.12K and 

302.86K to 302.70K for conventional design (C-Design), parallel design without 

baffles (WoutB-Design) and parallel design with baffles (WB-Design) 

respectively. To see the performance, a solar cell temperature contour map was 

displayed (figure 4-30). The solar cell temperature with the pulsating flow was 

cooled 52.65% more efficiently with WoutB-Design than with conventional 

design. The cell temperature was cooling with pulsating flow 57.08% more 

efficiently with the parallel WB-Design than conventional design. 
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Figure 4-29 Design cross-comparison with pulsating flow variations of flow rate 

versus solar cell temperature 

The temperature contour of the solar cell as a design cross-comparison with the 

pulsating flow at 1L/m, period of 2s and frequency of 0.5hertz is displayed in 

Figures 4-30. At equal temperature intervals, the parallel design shows more 

temperature uniformity and lower solar cell temperature than the conventional 

design. This is compatible with the result plotted in Figure 4-29. 

 

Figure 4-30 Solar cell temperature contours at 1L/m, 150suns concentration, and 

30puls/minutes and (a) Conventional design, (b) Parallel design without baffles 

and (c) Parallel design with baffles 
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4.2 Experimental Results 

The experiment investigated both continuous and pulsating flow using a high-flux 

sun simulator considering the conventional design and parallel design without 

baffles. Three mode of flow was investigated continuous flow, uniform pulsating 

flow and bio-inspired pulsating flow. The bio-inspired cooling approach presented 

in this study is specifically applicable to the parallel design, unlike the constant 

pulsation method where all valves are simultaneously opened and closed, 

resulting in a complete flow pump to all channels simultaneously. In contrast, the 

bio-inspired pulsation concept involves pumping the total flow to two channels 

simultaneously, with two valves open and the other two closed. 

4.2.1 Conventional Design Experimental Result 

Figures 4-31 depict the relationship between solar cell temperature and flow rate 

for experiments conducted with both conventional and parallel design without 

baffles. [107] reported that an increase in flow rate results in a decrease in cell 

temperature. The results reveal that, in the C-design, the temperature of the solar 

cell is lower during pulsating flow compared to continuous flow. The with flow rate 

increases from 0.5L/m to 2.5L/m and uncertainty of ±0.2%, the cell temperature 

decreases from 337.09K to 335.33K under continuous flow with uncertainty 2%. 

In contrast, the cell temperature decreases from 331.98K to 329.92K under 

uniform pulsating flow at a rate of 30 pulses per minute. The error bars indicated 

the uncertainty of the temperature sensor and flow meter. These findings 

demonstrate that the cell's temperature is lower with pulsating flow compared to 

continuous flow.  
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Figure 4-31 Solar cell temperature with continuous flow and pulsating flow 

at T = 2s, f = 0.5Hz, 30puls/minutes, Pr = 5.70 and Pr = 5.40, respectively 

The Strouhal number is a dimensionless parameter that characterizes the 

dynamics of oscillating flow. In the context of this analysis, an increase in the 

Strouhal number corresponds to a decrease in the Nusselt number within the 

frequency range of 0.5 Hz and 0.05 ≤ A_o ≤ 0.27, as supported by the findings 

reported in [180]. Figure 4-32 illustrates the relationship between the Nusselt 

number and the calculated Strouhal number, obtained using equations 3-20. 

 

Figure 4-32 Variation of Nusselt number against Strouhal number 
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defined as  𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = ΔT/q, where q is the heat flux, ΔT represents the 

temperature difference between the maximum cell temperature (as indicated by 

the thermocouple reading in the solar cell) and the fluid inlet temperature. The 

𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 lower from 0.36K/W to 0.13K/W with an increase in flow rate from 

0.5 to 2.5L/m with the pulsating flow. While 𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 lower from 0.52K/W to 

0.16K/W. The lower thermal resistance justified the enhances cooling with 

pulsating flow. 

 

Figure 4-33 Performance thermal resistance versus flow rate 

Figure 4-34 shows that the Womersley number (α) increases from 10.13 to 11.37 

as the instantaneous velocity (u_p) increases from 0.14 m/s to 0.73 m/s. This 

suggests that the velocity profile is below the pulsing frequency. The 

enhancement fluctuates between minimum value of 0.97 to a maximum of 1.32. 

These means that an optimum enhancement exist with increase in instantaneous 

velocity. Although, the pulsating flow demonstrates a greater reduction in solar 

cell temperature compared to non-pulsating flow.  
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Figure 4-34 Pulsating velocity variation with cooling enhancement and 

Womersley number 

Figure 4-35 shows that the oscillating Reynolds number (Re_ω) and the stable 

components Reynolds number (Re_s) increase with flow rate. This is in line with 

[181,182] research, which has shown that the Reynolds number increases with 

flow rate. The stable components Reynolds number is a function of the 

instantaneous pulsing velocity, while the oscillating Reynolds number depends 

on the dimensionless amplitude of the pulsation. 

 

Figure 4-35 Variations of Reynolds number versus pulsating amplitude 
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The overall heat transfer coefficient tends to increase with higher coolant flow 

rates as shown in Figure 4-36. Increased flow rates enhance convective heat 

transfer through better fluid mixing and reduced thermal boundary layer 

thickness. With the pulsating flow, the turbulent flow enhances fluid mixing, 

promoting better thermal contact and heat transfer, enabling more efficient 

thermal energy exchange. However, continuous flow irregular pattern can be 

attributed to several factors. According to [3], this is an uncontrollable external 

factor. Their research stated that ambient temperature, dust accumulation, 

incident radiation rate, and wind velocity are uncontrollable factors. In contrast, 

the solar cell temperature is categorised controllable factor. The heat transfer 

coefficient is a function of both fluid and cooling pad temperatures. As such, there 

was a slight decrease in the experimental heat transfer coefficient at 2.5L/m, 

which is associated with increased ambient temperature.  Optimal design should 

consider balancing flow rate to maximize heat transfer efficiency. Understanding 

this relationship is crucial for optimizing heat transfer systems in diverse 

engineering applications. 

 

Figure 4-36 Variations of flow rate versus heat transfer coefficient 
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4.2.2 Parallel Design Without Baffles Experimental Result 

In this study, we introduced a bio-inspired cooling approach specifically 

applicable to the parallel design. Figure 4-29 shows the relationship between 

solar cell temperature and flow rate for experiments conducted with both 

conventional and parallel design without baffles. As reported in [107] , an increase 

in flow rate results in a decrease in cell temperature. 

Figure 4-37 shows the results in the WoutB-design, the temperature of the solar 

cell is lower during pulsating flow compared to continuous flow. With a flow rate 

increase from 0.5L/m to 2.5L/m and uncertainty of ±0.2%, the cell temperature 

decreases from 331.38K to 328.15K under continuous flow, with uncertainty of 

2%. In contrast, at a rate of 30 pulses per minute the cell temperature decreases 

from 332.06K to 325.71K under uniform pulsating flow, and 325.76K and 321.72 

with the bio-inspired pulsating flow. The error bars indicate the uncertainty of the 

temperature sensor and flow meter. These findings demonstrate that the cell's 

temperature is lower with pulsating flow compared to continuous flow. 

 

Figure 4-37 Solar cell temperature at 1L/m, 150suns concentration, and 

30puls/minutes  
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continuous flow and pulsating flow at 30 pulses per minute. Notably, in both flow 

conditions, an increase in the Nusselt number was observed. The Nusselt 

number ranged from 5.08 to 31.96 for continuous flow, 9.70 to 49.51 for uniform 

pulsating flow, while it ranged from 11.94 to 40.03 with bio-inspired flow. These 

results demonstrate that pulsating flow has a more pronounced cooling effect 

compared to continuous flow. Pulsating flow vibration was observed with uniform 

pulsation. At 2L/m, these vibration leads to cracks which have effect on the 

system integrating and may affect the result. 

 

Figure 4-38 Variation of Nusselt number against flow rate 
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presented in [180]. This relationship is depicted in Figure 4-39, where the Nusselt 

number is plotted against the calculated Strouhal number, obtained through 

equations 3-20. 
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Figure 4-39 Variation of Nusselt number against Strouhal number 

Figure 4-40 illustrates that the Womersley number (α) increases from 9.98 to 

10.93 with uniform pulsating flow, and from 10.62 to 12.25 with bio-inspired 

pulsating flow, as the instantaneous velocity (𝑢_𝑝) rises from 0.14m/s to 0.73m/s. 

This observation suggests that the velocity profile operates below the pulsing 

frequency. The heat transfer enhancement drops from a maximum of 1.55 to a 

minimum value of 1.91 with uniform pulsating flow, while it varies between a 

minimum value of 1.25 and a maximum of 2.35 with bio-inspired pulsating flow. 

Between 0.59m/s to 0.73m/s instantaneous velocity the bio-inspired pulsating 

flow enhancement was lower than the uniform pulsating flow. These means that 

the Womersley number (α) has effect in the colling enhancement. A higher 

Womersley number in the bio-inspired flow leads to the lower enhancement. 

These findings indicate the existence of an optimum enhancement with an 

increase in Womersley number and instantaneous velocity. Moreover, the 

pulsating flow demonstrates a greater reduction in solar cell temperature 

compared to non-pulsating flow. 
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Figure 4-40 Pulsating velocity variation with cooling enhancement and 

Womersley number 

Figure 4-41 provides valuable insights into the behaviours of oscillating Reynolds 

number (Re_ω) and stable components Reynolds number (Re_s) in uniform and 

bio-inspired pulsating flow conditions. The results indicate a consistent rise in 

both Re_ω and Re_s with increasing flow rate, in line with similar research 

[181,182]. Notably, the stable components Reynolds number is influenced by 

instantaneous pulsing velocity, reflecting the impact of stable flow components 

on overall flow dynamics. Conversely, the oscillating Reynolds number is 

dependent on the dimensionless amplitude of pulsation, indicating its influence 

on flow oscillations. Understanding the relationship between Reynolds numbers 

and flow rate is crucial for characterizing flow dynamics and predicting fluid 

behaviours in various pulsating flow scenarios. These insights contribute to the 

broader understanding of flow characteristics and assist in the design and 

optimization of systems involving pulsating flows. 
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Figure 4-41 Variations of Reynolds number versus pulsating amplitude  

Figure 4-42 illustrates that an increase in flow rate is accompanied by an increase 

in the heat transfer coefficient, in line with previous research [171]. This 

relationship is attributed to improved fluid mixing, reduction in the thermal 

boundary layer thickness, and enhanced convective heat transfer. The 

introduction of pulsating flow further augments the convective heat transfer 

coefficient by promoting turbulence and facilitating better thermal contact 

between the fluid and the solid surface. These findings provide valuable insights 

into optimizing heat transfer performance in various engineering applications. 

 

Figure 4-42 Variations of flow rate versus heat transfer coefficient parallel 
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A further measure of the system's thermal performance is provided by the overall 

thermal resistance, known as 𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 = ΔT/q. This measures the 

relationship between the temperature difference ΔT and the heat flux (q), where 

ΔT represents the variation between the maximum cell temperature (determined 

by the thermocouple reading in the solar cell) and the fluid inlet temperature. 

Figure 4-43 shows that uniform pulsating flow leads to a reduction in 𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 

from 0.43K/W to 0.21K/W as the flow rate increases from 0.5 L/m to 2.5 L/m. 

While, a reduction in 𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 from 0.446K/W to 0.25K/W was observed with 

bio-inspired pulsating flow. Similarly, with continuous flow, 𝑅𝑝𝑒𝑟𝑓𝑜𝑟𝑚𝑎𝑛𝑐𝑒 

decreases from 0.99K/W to 0.28K/W. These lower thermal resistances justify the 

enhanced cooling achieved with pulsating flow. The presence of error bars in the 

serves to indicate the level of uncertainty associated with measurements.  

 

Figure 4-43 Performance thermal resistance versus flow rate 
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design. Similarly, the uniform pulsating flow with the parallel design exhibits a 

18.44% higher efficiency compared to uniform pulsating flow with the 

conventional design. Notably, the bio-inspired pulsating flow with the parallel 

design proves to be 10.37% more effective than uniform pulsating flow with the 

parallel design. However, at instantaneous velocity of 0.59m/s to 0.73m/s the bio-

inspired pulsating flow enhancement was lower than the uniform pulsating flow 

parallel design. These is due to the higher Womersley number (α) obtained with 

the bio-inspired at higher flow rate. These means that the Womersley number (α) 

has effect in the colling enhancement.  

 

Figure 4-44 Pulsating velocity variation with cooling enhancement and 

Womersley number 
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Wout-B design result shows that the solar cell temperature is higher with the 

uniform pulsating flow at 0.5L/m, slightly lower at 1L/m and then lower from 1L/m 

to 2.5L/m compared with continuous flow. In addition, the uniform pulsating flow 

with parallel Wout-B design cell temperature is lower than both continuous and 

uniform pulsating flow C-design. Parallel Wout-B design cell temperature drops 

from 331.37K to 335.33K and 332.06K to 325.71K with continuous flow and 

uniform pulsating flow, respectively. However, with the bio-inspired pulsating 

flow, the cell temperature drops 325.76K to 321.72K with an increase in flow rate 

from 0.5L/m to 2.5L/m. This means that the bio-inspired pulsating flow is more 

cooling efficient by 2.48% and 1.22% compared to uniform pulsating flow with C-

design and parallel Wout-B design, respectively. The error bars along x-axis 

convey the level of uncertainty in the measured flow rates. This uncertainty can 

arise from factors such as meter calibration, flow disturbances, and measurement 

inaccuracies. Similarly, in the context of the temperature sensor. The error bars 

signify the potential deviation or variability in temperature readings due to factors 

such as sensor accuracy, calibration errors, and environmental conditions. 

 

Figure 4-45 Solar cell temperature conventional and parallel design without baffles 

experiment result. 
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constant from 1.5L/m to 1.75L/m flow rate (Figure 4-47). The increase in cell 

temperature is due to extensive vibration experienced during the pulsating flow 

experiment approach adopted in this research. The vibration became more 

intense as the flow rate increased from 0.5-2.5L/m. In addition, between 1.5L/m 

to 2.5L/m, the vibration becomes intense, leading to cracks on the temperature 

sensor holders, as seen in Figure 4-46. That results in leakage and affects the 

pulsating flow's cooling capability during the experiment between 2L/m to 5L/m. 

The system's vibration has been highlighted as a challenge in applying pulsating 

flow [171,173]. This challenge was negligible with the parallel design of uniform 

pulsating flow and was not experienced with the bioinspired flow.  

  

Figure 4-46 Cracks on temperature sensor holder due to pulsating flow vibration 

of uniform pulsation at 30puls/minutes 

Figure 4-43 shows the solar cell output power versus flow rate, with an increase 

in flow rate from 0.5 to 2.5L/m, the solar cell power output increase for both 

continuous and pulsating flow, which agrees with [120]. The solar cell output 

power increase from 1.81W to 1.99W with bio-inspired cooling, 1.78W to 1.84W 

with parallel Wout-B design, and 1.78W to 1.79W with conventional design 

uniform pulsation flow, while 1.76W to 1.84W parallel Wout-B design and 1.74W 

to 1.81W C-design continuous flow. From 0.5-2.5L/m, the solar cell temperature 

decreased by 7.55% with 30pulse/minutes bio-Inspired pulsating flow compared 

to continuous flow using the parallel Wout-B design. In addition, the bio-Inspired 

pulsating flow was also more efficient by 7.39%, 8.68%, and 9.86% compared to 

parallel Wout-B design uniform pulsating flow, conventional design continuous 
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flow, and conventional design uniform pulsating flow, respectively. A 1.5% 

maximum cooling increase was recorded with uniform pulsating flow compared 

to continuous flow with the parallel Wout-B design. At the same time, a 2.67% 

maximum was obtained with parallel Wout-B design uniform pulsating flow 

compared to uniform pulsating flow C-design. The uniform pulsating flow C-

design was 2.77% maximum efficient in cooling compared to C-design 

continuous flow.  

 

Figure 4-47 Solar cell power output 

Figure 4-28 and Figure 4-29 shows the solar cell current and voltage versus flow 

rate, respectively. The error bars displayed in relation to the Multimeter readings 

indicate the level of uncertainty associated with these measurements. The error 

bars represent the potential deviation or variability in the measured values, 

considering factors such as the resolution and precision of the Multimeter, 

calibration errors, and possible environmental influences. The larger the error 

bars represent the uncertainty of the Multimeter, the greater the uncertainty in the 

recorded values, indicating a wider range of possible values. These error bars 

provide an indication of the range of values that could exist around the recorded 

data points. Furthermore, evaluating the uncertainties associated with Multimeter 

readings allows for an assessment of measurement accuracy and provides 
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insights into potential sources of error that may need to be addressed or 

minimized in future experimental setups. A maximum power point approach 

should be adapted not the Multimeter device. Another way could be connecting 

a load to the solar cell before measuring the current and voltages. 

 

Figure 4-48 Solar cell current versus flow rate  

 

Figure 4-49 Solar cell voltage versus flow rate 
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4.2.3 Error Analysis 

The error analysis considers the measurement accuracy of the temperature 

logger, and the error of the flow sensor for each data point provided. Error 

analysis for each parameter as to be considered as follows:  

1. Flow rate (L/min): The flow sensor has an error of 2%. Therefore, the 

maximum possible error in flow rate can be calculated as,  

Maximum flow rate error = 2% of flow rate.  

For each flow measurement the error can be calculated as:  

Flow rate error = maximum flow rate error  

 2. Flow Rate (kg/s): Flow rate is given in l/min and must be converted to kg/s 

using the given conversion factor. The conversion factor is given as 1 l/min = 

0.017 kg/s.  To calculate the flow rate error (kg/s), we need to consider the flow 

rate error (l/min) and the conversion factor. The error can be calculated as  

Flow rate error = Flow rate error (L/min) * Conversion factor  

The error analysis assumes that the errors are independent and randomly 

distributed. The calculated error for each of the data points are as follows, and 

the error has been reflected as error bars on the flow rate for each data:   

Data point 1: 

Flow rate error (l/min) = 2% of 2.5 = 0.05 l/min 

Flow Error (kg/s) = 0.05 L/min * 0.017 kg/s = 0.00085 kg/s  

 Data point 2: 

 Flow rate error (l/min) = 2% of 2 = 0.04 l/min 

 Flow Error (kg/s) = 0.04 L/min * 0.017 kg/s = 0.00068 kg/s  

 Data point 3: 

 Flow rate error (l/min) = 2% of 1.5 = 0.03 l/min 

 Flow Error (kg/s) = 0.03 L/min * 0.017 kg/s = 0.00051 kg/s  

 Data point 4: 
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 Flow rate error (l/min) = 2% of 1 = 0.02 l/min 

 Flow Error (kg/s) = 0.02 L/min * 0.017 kg/s = 0.00034 kg/s 

 Data point 5: 

 Flow rate error (l/min) = 2% of 0.5 = 0.01 l/min 

 Flow Error (kg/s) = 0.01 L/min * 0.017 kg/s = 0.00017 kg/s 

3. The measurement accuracy of the temperature logger is ±0.2%. To calculate 

the error, we must consider the accuracy of the measurement as a percentage of 

the measured temperature.  

 Temperature error = (Measured temperature * Measurement accuracy) / 100  

The calculated error for each of the data points are as follows for the first set of 

data from the conventional design:   

Data point 1: 

 Fluid inlet temperature error (K) = (296.0734 * 0.2) / 100 = 0.59 K 

 Liquid outlet temperature error (K) = (297.4996 * 0.2) / 100 = 0.59 K 

 Solar cell temperature error (K) = (329.9168 * 0.2) / 100 = 0.66 K 

 Cooling pad temperature error (K) = (304.0738 * 0.2) / 100 = 0.61 K 

 Data point 2: 

 Fluid inlet temperature error (K) = (296.4286 * 0.2) / 100 = 0.59 K 

 Liquid outlet temperature error (K) = (298.1432 * 0.2) / 100 = 0.59 K 

 Solar cell temperature error (K) = (328.9348 * 0.2) / 100 = 0.65 K 

 Cooling pad temperature error (K) = (304.9088 * 0.2) / 100 = 0.61 K 

 Data point 3: 

 Fluid inlet temperature error (K) = (296.6718 * 0.2) / 100 = 0.59 K 

 Liquid outlet temperature error (K) = (298.6114 * 0.2) / 100 = 0.60 K 

 Solar cell temperature error (K) = (328.7624 * 0.2) / 100 = 0.65 K 

 Cooling pad temperature error (K) = (305.4294 * 0.2) / 100 = 0.61 K 

 Data point 4: 

 Fluid inlet temperature error (K) = (296.8746 * 0.2) / 100 = 0.59 K 

 Liquid outlet temperature error (K) = (299.108 * 0.2) / 100 = 0.59 K 
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 Solar cell temperature error (K) = (330.0638 * 0.2) / 100 = 0.66 K 

 Cooling pad temperature error (K) = (305.8748 * 0.2) / 100 = 0.61 K 

 Data point 5: 

 Fluid inlet temperature error (K) = (297.0572 * 0.2) / 100 = 0.59 K 

 Liquid outlet temperature error (K) = (299.7244 * 0.2) / 100 = 0.60 K 

 Solar cell temperature error (K) = (331.9864 * 0.2) / 100 = 0.66 K 

Cooling pad temperature error (K) = (306.48 * 0.2) / 100 = 0.61 K 

The same procedure was considered for each data to mitigate the errors. This 

has been reflected as error bars in the plot of temperature against flow rate for 

each component. 

4. To perform the error analysis of the measurement taken with the Multimeter, 

we consider the accuracy specifications as highlighted in Appendix B, Table B7, 

which are ±1.5% for DC current and ±0.5% for DC voltage. Therefore, for a given 

data, the maximum potential error for each voltage (Voc) and current (Isc) 

measurement are Voc [V] error = ±0.5% of Voc value, and Isc [mA] error = ±1.5% 

of Isc value in all measurements. 

To calculate the maximum potential error for each measurement for the first 

measurement of continuous flow:  

Voltage  

Voc = 4.97 V, Voc error = ±0.5% of 4.97 = ±0.025 V accurate in all data 

Current  

Isc = 348.2 mA Isc error = ±1.5% of 348.2 = ±5.22 mA accurate in all data 

The error analysis assumes the maximum potential error based on the given 

accuracy specifications. Actual errors may be lower depending on the specific 

measurement values. The same calculations were applied to the rest of the 

measurements to determine the maximum potential errors for each voltage and 

current value in the data. This has been reflected as error bars in the plot of power 

against flow rate. 
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4.3 Validation 

4.3.1 Conventional Validation 

A further comparison between the simulation and experiment was conducted to 

obtain more validation. Figure 4-50 and Figure 4-51 show the pressure drops for 

both the continuous and pulsating flow, respectively; pressure drop was 

calculated using equation 3-10. With an increase in flow rate from 0.0085kg/s to 

0.0425kg/s (0.5L/m to 2.5L/m), the pressure drops increase for simulation and 

experiment, respectively. This agrees with [120], where it was reported that an 

increase in flow rate pressure drop increase. It was observed that both simulation 

and experiments agree. 

 

Figure 4-50 Pressure drops against flow rate continuous flow 
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Figure 4-51 Pressure drops against flow rate pulsating flow 

Figure 4-52. Shows relationship flow rate versus oscillating Reynolds number 

(𝑅𝑒𝜔)  and stable components Reynolds number ( 𝑅𝑒𝑠) for both simulation and 

experiment. In both cases, the Reynolds number increases with the flow rate 

increase. Research shows that an increase in flow rate increase Reynolds 

number [181,182]. The oscillating Reynolds number (𝑅𝑒𝜔) is a function of the 

dimensionless amplitude of pulsation, while the stable components Reynolds 

number is a function of instantaneous pulsating velocity. 

  

Figure 4-52 Variations of flow rate versus Reynolds number 
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4.3.2 Parallel Design Validation 

Figure 4-53 and Figure 4-54 show the pressure drops for the experiment and 

simulation with continuous and pulsating flow, respectively. The pressure drop 

was calculated using equation 6, both simulation and experiments agree with an 

increase in flow rate from 0.5L/m to 2.5L/m. The resulting profile is consistent with 

the result reported in [120]. 

  

Figure 4-53 Pressure drops variation against flow rate continuous flow 

 

Figure 4-54 Pressure drops variation against flow rate pulsating flow 
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In both simulation and experiment, the connection between flow rate against 

oscillating Reynolds number (𝑅𝑒𝜔)  and stable components Reynolds number ( 

𝑅𝑒𝑠) is shown in Figure 4-55. An increase in flow rate increase the Reynolds 

numbers to rise as reported by [181, 182]. The stable components Reynolds 

number is a function of instantaneous pulsing velocity, while the oscillating 

Reynolds number depends on the dimensionless amplitude of the pulsation. Both 

simulation and experiment agree.  

   

Figure 4-55 Variations of flow rate versus Reynolds number 
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5 CHAPTER FIVE 

5.1 Discussion, Future work, Recommendations and 

Conclusion 

5.1.1  Discussion 

CPV cooling remains a challenging area of exploration for researchers. Multiple 

studies have highlighted the nonuniformity of concentrated solar cell 

temperatures, which lead to hot regions and cooled spots, necessitating further 

investigation. Generally, the current conventional cooling method relies on 

continuous flow, which increases the likelihood of nonuniform temperature 

distribution in CPV systems. Given the continuous changes in solar cell exposure 

to concentrated sunlight and the corresponding fluctuation in heat flux, there is a 

need for a more efficient CPV cooling approach that mitigates nonuniform 

temperature effects. 

Despite the extensive research in this field, the application of bio-inspired cooling 

techniques, inspired by human thermoregulation, in a pulsating flow approach for 

CPV cooling has not been thoroughly studied. In this research, a similar approach 

utilizing control valves connected with Arduino was employed to regulate the 

pulsating flow. This offers researchers in the field of CPV cooling an opportunity 

to explore additional control parameters such as frequency, period, Womersley 

number, and Strouhal number to enhance cooling beyond just flow rate. 

Implementing sensors in specific areas of the solar cell allows for targeted 

cooling, concentrating the coolant flow in regions with higher temperatures. This 

approach ensures that coolant is not wasted in areas where cooling is not 

required while effectively channelling it to areas that require cooling within the 

cell, thereby improving temperature uniformity. Moreover, this method reduces 

the amount of coolant used in CPV cooling, leading to enhanced performance as 

the coolant is utilized more efficiently in areas that require cooling the most, 

further enhancing uniformity. 

Through the implementation of bio-inspired pulsating flow at a rate of 30 pulses 

per minute, the solar cell temperature was reduced by 1.96% compared to 
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continuous flow when utilizing the parallel Wout-B design. This reduction in 

temperature was observed across a flow rate range of 0.5 to 2.5 L/m. 

Furthermore, the bio-inspired pulsating flow outperformed uniform pulsating flow 

with the parallel Wout-B design, conventional design with continuous flow, and 

conventional design with uniform pulsating flow by 1.22%, 2.14%, and 4.00% in 

terms of cooling efficiency, respectively. 

Comparing uniform pulsating flow to continuous flow using the parallel Wout-B 

design, a maximum cooling improvement of 0.74% was achieved. Additionally, 

when comparing uniform pulsating flow with the C-design with uniform pulsating 

flow parallel Wout-B design, a maximum improvement of 0.93% was observed. 

The C-design uniform pulsating flow was 1.90% more effective than the C-design 

continuous flow. 

5.1.2 Future work and Recommendations  

Solar cells are recognized as one of the most significant sources of renewable 

energy due to their ability to directly convert sunlight into electricity. 

Consequently, concentrated solar cells (CPV) have garnered considerable 

attention in the literature surveyed in this research. The following 

recommendations, scale-up plans, and areas for future exploration are 

presented: 

1. The current design employed in this research exhibits a thermal resistance 

of 0.039K/W, which is deemed excessive considering the size of the solar 

cell and the concentration area. Subsequent research should focus on 

reducing the thermal resistance by decreasing the thickness of the cooling 

pad cover from 10mm to 5mm or even lower. Reducing the distance 

between the concentrated solar cell and the cooling fluid passing through 

the cooling block enhances cooling efficiency. 

2. Future research should explore different frequencies and periods using 

Computational Fluid Dynamics (CFD) to determine the optimum frequency 

and period for experimentation. The constant frequency of 0.5Hz and a 

period of 2s utilized in this study should serve as a starting point. 
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3. The parallel design with bio-inspired pulsating flow, which has 

demonstrated superior efficiency and exhibited no vibration in this 

research, should be employed. The use of uniform pulsation should be 

avoided as it is prone to vibration, which can adversely affect system 

stability and overall performance. 

4. With a simulation set up of 200-time steps, 0.04s time step size (s) and 

100 maximum iteration per time steps, the simulation time was 

approximately 3 days for every single trial) with 7cores processors PC. 

There was a challenge using Cranfield University high performance 

computer (HPC) to implement with the pulsating flow. Future work should 

consider limiting the simulation time by exploring how to employ pulsating 

simulation on HPC. The effect of simulation time on over all results can be 

studied to clearly understand the variation in the results comparison in 

Appendix E.  

5. In CFD simulations, the use of the Shear Stress Transport (SST) k-ω 

model is another method to explore. It has been reported to be more 

suitable for near-wall simulations than the k-ε model employed in this 

research. 

6. If the current high-flux sun simulator is utilized, the experiment should be 

conducted in a well-ventilated area to prevent sudden increases in 

ambient temperature due to prolonged concentration. The heat sinks 

dissipate heat from the cooling water, and their effectiveness is dependent 

on ambient temperature. Therefore, it is crucial to ensure that the heat sink 

is not compromised by ambient temperature fluctuations resulting from 

concentration. 

7. Enhancing experimental accuracy can be achieved by placing a flow 

sensor at the inlet of each channel rather than using a collective flow 

sensor, as implemented in this research. 

8. Exploring the use of nanofluids as coolants instead of water in conjunction 

with pulsating flow represents an area worth investigating. Previous 
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research has reported the advantages of utilizing nanofluids and 

ferrofluids, suggesting that solar cell cooling could be more efficient with 

their implementation. 

9. Investigating CPV cooling integrated with Phase Change Materials 

(PCMs) or porous media in conjunction with pulsating flow is worthwhile. 

The effectiveness of cooling is influenced by environmental conditions 

surrounding the PCM and the positioning of the porous media along the 

channel. 

10. Optimizing the position and number of baffles in the parallel design with 

baffles can enhance system effectiveness. 

11. To improve the operational efficiency, a switch breaker should be utilized 

to connect the pump and solenoid valve. The current solenoid valve, which 

is off-to-closed, could be replaced with an off-to-open solenoid valve as an 

alternative solution. 

12. Instead of relying solely on Multimeter readings, future research should 

consider adopting a Maximum Power Point approach for accurate 

measurement of solar cell performance. The MPP approach allows for 

determining the optimal operating conditions of the solar cell where 

maximum power output is achieved. By implementing this approach, 

researchers can obtain more precise and reliable measurements of 

voltage, current, and power output. 

13. The economic aspect of introducing pulsating valves and electronic 

hardware to generate pulsating flow is another area of research to explore. 

5.1.3 Conclusion  

The existing techniques employed for the cooling of concentrated photovoltaic 

(CPV) systems are predominantly based on continuous flow, which has been 

found to result in nonuniform temperature distribution issues across the solar cell. 

In light of this, the present review article puts forth an innovative approach 

cantered around the utilization of pulsating flow for CPV cooling. The research 



 

113 

findings strongly support the viability of employing pulsating flow in the context of 

CPV cooling, aligning with the existing body of literature that underscores the 

superior cooling efficacy associated with pulsating flow as compared to the 

conventional continuous flow. The introduction of pulsating flow in CPV cooling 

not only addresses the aforementioned temperature nonuniformity concerns but 

also offers the potential for regulating additional parameters such as the 

frequency, period, and amplitude to optimise the cooling process, thus presenting 

promising avenues for future research and development. 

The uniform pulsation approach implemented within the scope of this study 

demonstrates enhanced cooling performance in comparison to continuous flow. 

Conversely, bio-inspired cooling emerges as an even more effective cooling 

methodology when contrasted against uniform pulsation and continuous flow. 

Notably, the uniform pulsation approach is associated with significant vibrations 

during experimental operations, whereas the bio-inspired pulsation system 

experiences no such vibrations. This finding holds considerable significance for 

researchers exploring the realm of pulsating flow, as system vibrations have been 

recognized as a notable challenge encountered in pulsation flow studies. The 

integration of pulsating flow in CPV cooling thus presents a promising avenue for 

further advancements in the realm of cooling capability control and optimization 

within the context of CPV systems, warranting further investigation and 

exploration in future research pursuits. 
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Appendix A Specification of Multijunction Solar cell 

The multijunction solar cell has 8 cells arranged and wired on a DBC in groups A 

and B, with 4 cells on each. The total active area of the cell is about 830mm2 

(10mm x 83mm) having a wiring of 5V, 10V and 5V+5V connections with four pots 

A+, A-, B+ and B-. 
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Appendix B Components Specifications  

B.1 Solenoids Valve 

 

B.2 Control Valve 

 

B.3 Arduino 
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B.4 Water Flow Sensor 

 

B.5 Temperature Logger 
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B.6 Thermocouple 

 

B.7 Handheld Digital Multimeter 

Attribute Value 

Multimeter Type Handheld 

True RMS Yes 

Functions Measured AC Current, AC Voltage, Continuity, DC Current, 

DC Voltage, Diode, Resistance 
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Absolute Maximum DC Voltage 

Measurement 

600V dc 

Absolute Maximum Resistance 

Measurement 

2MΩ 

Absolute Maximum DC Current 

Measurement 

10A dc 

Absolute Maximum AC Voltage 

Measurement 

600V ac 

Absolute Maximum AC Current 

Measurement 

10A ac 

Dimensions 67 x 46 x 120mm 

Length 67mm 

Width 46mm 

Best AC Current Accuracy ±2% 

Best DC Current Accuracy ±1.5% 

Best AC Voltage Accuracy ±1% 

Best DC Voltage Accuracy ±0.5% 

Best Resistance Measurement 

Accuracy 

±1% 

Safety Category Voltage 600V 

Battery Type 1.5 V AAA 

 

Appendix C Pulsating Programme Arduino Code  
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Appendix D Inlet Temperature Effect and Temperature 

Contours 
Temperature contours and the effect of cooling water inlet temperature increase 

for the three designs. 

D.1 Conventional Design 
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D.2 Parallel Design Without Baffles 
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D.3 Parallel Design with Baffles  
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Appendix E Simulation Rerun Comparison  

Rerun results comparison based on Number of time steps/ Time step size (s)/ 

Maximum  iteration per time steps per. Where 200/0.04/100 stands for Number 

of time steps/ Time step size (s)/ Maximum  iteration per time steps per. 
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