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ABSTRACT 

 

The Sultanate of Oman growth in population and infrastructure expansion in recent years 

resulted in increased energy consumption. As a solution to meet the increasing energy 

demand, energy management strategies and renewable energy-driven technologies are the 

most viable alternatives. Among these technologies solar photovoltaics (PV) are the most 

promising technology due to the strong support from the Omani government. This study 

introduces a Heat Pipe Heat Exchanger (HPHE) technology as a passive cooling mechanism 

to be integrated within PV terminals. The aim of this research is to increase the energy 

capacity of rooftop PV modules in hot and arid climates like the Sultanate of Oman. The 

performance of the existing grid photovoltaic system was benchmarked using a thermal 

collector and data loggers which monitored the PV modules temperature. The experimental 

investigation resulted in the establishment of the site solar irradiation of 911.11 ± 143.43 

W/m2  and the Nominal Operating Cell Temperature (NOCT) of 61.4 ℃ which produced 

the Peak PV Power efficiency of 54.8 %. The recorded findings of 63.8 ℃ in the NOCT had 

reduced the PV Power efficiency by 2.19%. The Computational Fluid Dynamics (CFD) 

modelling of the HPHE using a single independent PV panel and its analysis was made using 

different methodology of investigation to specify the optimum configuration. The CFD 

modelling results were used to identify that the efficient physical set up is made of PV-

HPHE-DSCD (Double Sided Condenser) orientation with screen mesh wick. The optimum 

configuration was made of 20 units HPHE arranged on 50 mm on centers at an angle of 

inclination of 3 degree in the middle installation of the PV back surface. Water was used as 

a refrigerant with a fill ratio of 65% which equates to 59 ml loaded into the evaporator section. 

The results of the final stage of the experimental set up had an average PV-HPHE power 

performance of 29.03 ± 0.047 % and an average power generation of 71.94 ± 2.41 W that 

comprised of 23.98 % of the rated PV power capacity. The validation of the CFD model 

using experimental testing was carried out by determining the error which was found to be 

within the accepted range with a mass flow rate of 2.07e-05 kg/s equivalent to an average 

flow rate of 8.13 e-05 m/s (Al-Mabsali et al., 2021) in the evaporator to condenser flow 

direction. The significance of the research data indicates that if the heat pipe technology is 

incorporated in typical outdoor conditions and the power efficiency of the device can be 

improved to a maximum of 7.94% from an average power efficiency of 5.09%. 
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CHAPTER ONE 

Introduction to the Research 

 

1 Challenges surrounding photovoltaic operation in hot and arid climates 

This work is an investigation undertaken using a Heat Pipe Heat Exchanger (HPHE) 

system as a retrofit mechanism for passively cooling PV panels. Computational Fluid 

Dynamics (CFD) is used to determine the optimum arrangement of heat pipes integrated with 

PV panels. The HPHE mechanism was arranged to a series of possible span wise installations 

to discover the most functional design. The study used the existing Eco house, University of 

Technology and Applied Sciences (UTAS), Sultanate of Oman as a case study where PV 

panels installation were made of uniform system of configuration having seventy-six (76) 

single PV panel size of 1956 mm x 992 mm, with a total PV array area of 147.44 m2 and 

delivering a direct current rating maximum power capacity of 22800 Watts. This research 

focused in the photovoltaic operation in hot and arid climates by increasing the power 

generation performance through installation of heat pipe heat exchangers as passive cooling 

systems.  The study will contribute to new knowledge and technological innovations that will 

support the Omani Renewable Energy Strategic Research Program’s policy and strategy in 

renewable energy development. The use of the recent innovations in the field of heat transfer 

to reduce the solar photovoltaic temperature is the main interest of achieving the vision of 

Oman Sustainability 2040 program of the government.    

The temperature increase of PV panels is one of the most captious issues affecting their 

efficiency when working in hot and arid climates. Passive cooling of PV modules during 

operation is essential in order for the module to be sustainable and consistent with renewable 

energy specifications, particularly in warm and arid conditions. In order to improve the power 

generation performance of PV panels, cell surface temperatures must be decreased to ambient 

conditions. Therefore, this study introduces a Heat Pipe Heat Exchanger (HPHE) technology 

as a passive cooling mechanism to be integrated within PV terminals so as to ensure 
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improvement in operational efficiency. Previous research carried out by Chaudhry (2011) 

revealed that heat pipes incorporated with sorption phenomenon display greater heat transfer 

capacity and tubular heat pipes have the highest working range on average with the maximum 

operating temperature of 180 ℃ (453 K). To maintain a sustainable operational mode, it is 

imperative that heat pipes use water as a natural refrigerant in comparison to artificial 

refrigerants. 

Energy demand in the Sultanate of Oman is on the increase, and the country has witnessed a 

5% energy consumption rise from 2015 according to the Authority of Public Services 

Regulation as presented in the Oman Annual Report for (2016). This increase in energy 

demand is a challenge that the present study aims to provide a renewable energy technology 

solution. Nasir and Al-Jabri (2017) cited the Oman policy document “Vision 2020” which 

stated that industrial diversification can achieve the development targets which included the 

increase in the contribution of the non-oil sectors and non-oil exports to 13% of the GDP by 

2020. 

The main point of interest of most PV designers in any given service installation was the 

appropriate sizing that produced the required electrical energy demand. To deliver a 

proximate estimation of the energy demand, the PV standard test condition (STC) report of 

the manufacturer should be determined. Subsequently, the calibration of the PV energy 

performance in the field needs to be determined. The STC rating which was formulated in a 

laboratory has less capability of predicting the exact energy produce from modules in the 

actual site location. The study of Bardhi, Grandi and Tina (2012), using an experimental 

model with the aim to obtain a mono-dimensional module operating temperature and had 

experienced similar problem in the lack of information to evaluate the PV performances in 

actual site installation. The specified data of their PV module under investigation were 

determined in indoor tests with standard conditions like STC and NOCT, but the values were 

never obtained from outdoor applications. The site factors of incident solar radiation, heat 

flows, temperatures, the generated electric power, the solar angle of incidence and the 

module tilt angle were uncertain and subject to investigation. They formulated a 

methodology which was applied in their study. The methodology used had identified the 

power balance which allowed the calculation of the operating temperature of PV module(s) 
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and evaluated in advance the performance with real working condition. Their findings in the 

efficiency of electric conversion depended on the actual temperature of the module. The main 

comparison of variables analysed from five different simplified thermal balances were 

focused between temperatures variations as a function of incident solar radiation intensity 

and observed that models have a temperature difference of about 1 ℃ for low solar irradiance 

intensity, whilst a difference of 100 W/m2 was necessary. Their study concluded the 

importance of temperature contributions that strongly influenced heat dissipation to achieve 

increased electricity generation. 

The variations of temperature derived from solar energy contributes as a key factor in the 

photovoltaic (PV) conversion process of producing electrical energy. Kurnik et al.,(2011), 

findings on outdoor performance of photovoltaic (PV) modules primarily depended on the 

instantaneous plane-of array irradiance (GPOA) and PV module temperature which can be 

estimated from the ambient temperature. The difference in PV module temperature compared 

to ambient temperature between open rack and roof integrated modules amounted to 21.8 ℃ 

(GPOA =1000 W/m2, v=0 m/s) and had a + 69% relative increase in the case of roof 

integrated modules, in comparison to the open rack mounted modules. Their simulations 

demonstrated that the module’s relative temperature difference was almost equal to the 

conversion efficiency, regardless of the given irradiance, wind speed and mounting 

conditions 

Siah Chehreh Ghadikolaei (2021), review on the improvement of solar PV cells identified 

that high temperatures impacted cell surfaces that lowered electrical efficiency and caused 

corrosion in greater effect than exceeding operational safety limits. The excessive 

temperature increases on PV cells reduced the normal life expectancy to less than 20 years 

which decreased the power generation efficiency relative to cost and identified the cooling 

of PV cells as the most critical element that determined life expectancy and power generation 

efficiency. One methodology identified by the author was the heat pipe cooling method and 

subsequent reviews reaffirmed the simultaneous improvement in the strength of thermal and 

electrical energy generation including the management of PV cells temperature without the 

requirement of using an external energy source for cooling. The conclusion of the review 

focused on identifying an optimal design and operating condition in the achievement of a 

https://www-sciencedirect-com.ezproxy1.hw.ac.uk/topics/engineering/photovoltaics
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minimum temperature rise in PV cells and increasing electrical efficiency. Two major points 

were cited from the summary review of the results. Firstly, the results showed that passive 

cooling was more economical than active cooling because of the lower cost in terms of 

operation but the temperature reduction of PV cells in active cooling was more than passive 

cooling. Secondly, the investigation showed that the electrical efficiency of PV cells using 

the water cooling method was greater than the air cooling method. The coolant mass flow 

rate directly resulted in the reduction of temperature of the PV cell which consequentially 

led to the increase in efficiency.  

 

1.1 The use of heat pipes for photovoltaic panels 

The heat pipe is a device of very high thermal conductance and was first suggested as an idea 

in 1942 by Gaugler (1944). According to Reay (2006), the operations of the heat pipe is fixed 

from an inside surface and capillary forces return the condensate through centripetal force, 

osmosis or electro-hydrodynamic to the evaporator. If the evaporator happens to be in the 

lowest position, gravitational forces will assist the capillary forces. 

Efficiency of passive cooling systems improved by the use of a heat pipe heat exchanger 

(HPHE) when installed in photovoltaic thermoelectric (PV/T). According to Al-Waeli et al., 

(2017), PV module efficiency was influenced by an important factor which is the 

temperature. The increase in PV cell temperature have two consequences: The reduction of 

the generated electrical energy and the thermal fatigue due to the significant temperature rise 

of the PV panel during the day. The PV electrical efficiency ranged from 6% to 15% for 

standard operating conditions and the passive cooling of the PV module enhanced its 

effectiveness.  

The Computational Fluid Dynamics (CFD) theory was used in assessing the performance of 

Photovoltaic Heat Pipe Heat Exchanger (PV-HPHE). Al-Mabsali et al., (2019) conducted a 

simulation of the heat pipe liquid flow with the use of CFD, ANSYS R14.5. This approach 

had allowed the relative properties which have been applied as boundary conditions. 

However, the HPHE system and liquid medium as controlled variables focused on the 
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decrease in temperature of working fluid stimulating the heat transfer from the photovoltaic 

panel to the evaporator section of the heat pipe, that went through the condenser section. This 

was achieved through passive cooling. The integration of heat pipes decreased the PV panel 

temperature from 2 to 5 ℃. This expected temperature reduction of the photovoltaic panel 

resulted in the restoration of the otherwise lost energy efficiency of 2.19%, which 

consequentially resulted in the regaining of maximum reliable power generation. 

 

1.2 Research significance and justification 

The broad rationale behind this study is to optimise solar photovoltaic technology in order to 

meet the rising energy demand  of the Sultanate of Oman which experienced a 5% energy 

consumption surge as per the Authority for Public Services Regulation, (2016). The research 

is also consistent with the vision of UTAS in the contribution to the national socio – economic 

development of the country. The study will also aid the government’s commitment to harness 

renewables as a source of energy and meet at least 10% of total domestic demand  (Prabhu, 

2017). The work will also contribute to new knowledge that will supplement the Omani 

Renewable Energy Strategic Research Program’s policy and strategy in renewable energy 

development of various projects and capacity building programs that mentioned “solar 

cooling” under their research and development plan presented by Al-Busaidi, (2015).  

 

This study cited the previous works of Chaudhry, Calautit and Hughes (2017) who optimised 

the arrangement of heat pipes in natural ventilation airstreams using CFD. Experimental tools 

and the establishment of a transient thermal profile for the PV embedded HPHE systems 

determined the responsive behaviour of heat pipes in relation to rapid variations in external 

temperatures.  

 

1.3 Research aims and objectives 

The aim of this research is to increase the energy capacity of rooftop PV modules in hot and 

arid climates like the Sultanate of Oman using the Eco house, UTAS as the case-study for 
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the experimental site. The work was focused on reducing the PV cell temperatures passively 

with the use of heat pipes attached to the back of the panel, facilitating the continual 

absorption of heat from the panel surface. The full system has displayed the capabilities of 

working as a continuous passive energy production unit for the residential sector.  

The work investigates and identifies a HPHE system as a retrofit mechanism for passively 

cooling the photovoltaic panels, thereby increasing its power capacity. Computational Fluid 

Dynamics (CFD) was used as the primary research instrument to validate the experimental 

field findings. Through the use of photovoltaic (PV) modules from the existing installation 

and the introduction of the HPHE as an additional mechanism, an optimum heat pipe 

arrangement was determined by carrying out a parametric numerical study. This research 

provides a novel heat pipe arrangement which aims to enhance the energy generation 

potential of PV systems in order to meet the operational demands of operating in extreme 

temperatures. The objectives of this work are as follows: 

1.3.1 To use various heat pipe geometry as heat exchanger for passive cooling in 

investigation of power generation performance of photovoltaic panels (PV). 

1.3.2 To compare the power generation efficiency and thermal performance of a bare PV 

module versus a PV integrated with heat pipe heat exchanger (PV-HPHE). 

1.3.3 To determine the optimum spanwise and streamwise spacing of the heat pipe when 

embedded within PV modules 

1.3.4 To establish a temperature profile for the PV-HPHE systems and to determine the 

responsive behaviour of heat pipes in relation to rapid variations in external 

temperatures.  

1.3.5 Validation of the CFD model using experimental testing by determining the error 

within the accepted range of 10.7 % decrease in thermal cooling capacity when the 

distance-to-pipe diameter ratio was doubled from 1.0 to 2.0 as cited in the previous 

works conducted by Chaudhry, Calautit and Hughes (2017).  
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1.4 Research methodology 

This section represents the research methodology and design utilized in this study and their 

corresponding justification. The evaluation of the implementation and use of statistical tools 

in a research study requires classification, adequate specifications and processes to achieve 

the desired objectives. There were three (3) research methodologies used in this study. These 

were comprised of comprised of experimental, simulation and derived methodologies. 

Experimental research design is focused with constructing research that is giving emphasis 

in internal validity. Internal validity concerns the accuracy of results regarding cause and 

effect relationships of variables under observation. The methodology involving computer 

simulation, network analysis and regression analysis provided alternative procedures which 

strengthen the investigations conducted to be clear and better to understand. The impact of 

these systems on workflow, cost, function, and accuracy of data results were effective in the 

accomplishment of the objectives.  

The approaches described in Table 1.1 below focus on different methodologies and was 

grouped into work packages which provided the clear direction in the achievement of the 

simulation and physical experimental set up, precision of data collection, use of effective 

statistical tools, accurate interpretation of results and effective comparison and 

benchmarking to the related literature of the actual findings observed.  

Table 1.1. Summary of research methodology used in the study 

Research Methodology Type of research design Justification 

Experimental 

Experimental and Empirical 

type of research design 

were based on collection of 

data which led to 

generation of novel 

schemes, findings and 

experiments or by using 

scientific instruments. 

Experimental theoretical data were 

collected from the CFD simulation 

applied to the geometric configuration 

drafted. Through active intervention 

by the researcher to the characteristics 

of factors as produced by the CFD 

results and published peer reviewed 

articles in distinguished journals to 

ascertain the assumptions. The 
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 experimental data were used in the 

physical set up to measure and verify 

the change or to create a difference 

when a variable is altered. This type 

of data observation was often 

reproducible, but it often can be 

expensive to be implemented. 

Simulation 

Mixed design used in the 

simulation methodology 

has the advantage in the 

research priority which can 

be determined through 

exploratory design. The 

doubts on What, Why, and 

How a researcher can 

achieve through data 

collection from simulation. 

This research design can 

provide benchmarked data 

collected and encoded to 

explore the desired results 

of a particular study. 

Mixed design was effective involving 

CFD simulations, Physical set-up and 

a validation of the feasibility of the 

proposed geometric configuration 

used for research where no design 

study is done before. Updated 

investigation can be best establish to 

acquire accurate knowledge through 

this design. The method used in this 

study provided explanation whether a 

follow up research is possible or not 

and the existing data can be archived 

for possible development of further 

research. 

Derived. 

Mixed design applied in the 

derived methodology 

contributes to realize the 

following purposes; 

▪ Clarification of concepts 

and expound problem 

statements. 

Derived data involve using existing 

data points, often from different data 

sources, to create new data through 

some sort of transformation, such as a 

mathematical formula or model 

variable regression. 

For example, combining Chaterjee, 

2018 and Sinott, 2020 equations to 
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▪ Map out the problem for 

more precise 

investigation. 

▪ Motivation and 

familiarity of the 

researcher with the 

problem. 

▪ Developing assumptions 

and establish priorities 

to proceed the 

investigations and 

analyse the results. 

verify the mass flow rate of refrigerant 

encoded in the CFD simulation. While 

this type of data can usually be 

replaced if lost, it may be very time-

consuming (and possibly expensive) 

to do so. The utilization of the Ross-

Anderssen equation to achieved the 

average solar irradiation. This 

equation was derived from the 

previous studies done by Al Busaidi, 

2016 and Reich, 2012. The 

formulation of the HPHE novel 

equation to determine the PV-HPHE 

thermal performance was derived 

from (Al Mabsali, et. al, 2021). 
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The work program for the current research is indicated in Figure 1.1. 

 

Figure 1.1. Flow chart of individual work programs 
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The study has been split into three distinct work programs, each clearly outlined to undertake 

a specific task. The Work Programs (WP) will undertake design, installation, testing and field 

trials of a HPHE system as a retrofit mechanism for passively cooling the photovoltaic panels 

in the Eco house, to increase the power capacity. Details of WP 1, WP 2 and WP 3 are 

mentioned below. 

WP 1 – Benchmarking the performance of the existing photovoltaic system used at the 

Eco house, UTAS.  

The aim of this work program was to conduct an experiment and analyse the existing 

photovoltaic system through benchmarking its power production. An experiment was 

conducted by using a solar collector to determine the on-site solar irradiation. Data loggers 

were used to determine the ambient and PV cell temperature. Analysis and findings of the 

experiment were prepared and concluded in terms of its power capacity (W), overall 

efficiency (%) and cell temperature (℃) with the results shown in Table 5.3 and Figure 5.2 

in chapter 5. 

WP 2 – CFD modelling of the HPHE and its analysis.  

This work program involved the numerical modeling of the heat pipes embedded within PV 

panels. The ANSYS 14.5 version was used for the numerical investigation. A spanwise and 

streamwise arrangement of HPHE in the PV cell panel was theoretically tested and 

optimised. Phase 1 of the experiment was the baseline data observation and resulted in the 

findings as shown in Table 5.3 and Figure 5.2. The streamwise arrangement design was not 

possible because this will extend the installation along the longer side of the PV panels, and 

will cause a disproportion of the length to width ratio when installed. This will require a 

larger coverage in the area of site installation than the spanwise arrangement. The spanwise 

arrangement resulted to feasible outcomes and this is discussed in section 5.1. The 

determination of the optimal configuration of the heat pipe to ensure the continuous cyclic 

operation within a given temperature range was done as shown in Table 5.3 and Figure 5.2.  
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WP3 – Validation of CFD results  

This work program included the actual experiment undertaken during summer of 2019 when 

temperatures were at a maximum. HPHE optimal configuration was identified, designed, 

manufactured, and analysed in order to arrive at the findings of the experiment. The 

experiment validated the CFD results and provided a robust assessment of the efficiency of 

heat pipe technology and its effect on the overall performance of the PV panels. The 

experiments also help to establish a transient temperature profile for the PV embedded HPHE 

systems and determine the responsive behaviour of heat pipes in relation to rapid variations 

in external temperatures. The analysis was undertaken and the recommendation has been 

finalised based on the findings and the conclusion of this research study. 
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1.5 Research project timeline 

 

Figure 1.2. Project timeline with detailed objectives on individual tasks 
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1.6 Overview of thesis structure 

The thesis is divided into 8 chapters and the summary of each chapter is listed below:  

Chapter 1 lays out the introduction of the challenges surrounding photovoltaic operation in 

hot and arid climates. The chapter discusses the efficiency of passive cooling systems by the 

use of HPHE in photovoltaic panels.  The study will contribute to new knowledge that will 

supplement the Omani Renewable Energy Strategic Research Program’s policy and strategy 

in renewable energy development. The chapter concludes with the summary of the research 

methodology divided into work packages. 

Chapter 2 is the presentation of the broad review of previous studies on heat pipes, its 

development and integration within various energy applications. The history and 

development of the heat pipe including its applications for renewable technologies is 

discussed. Recent innovations such as passive cooling systems using solar photovoltaic 

thermal technologies are mentioned. The last section of this chapter focuses on the 

identification of the research gaps of the study. 

Chapter 3 provides a description of  the experimental methodology used in this study. The 

attestation of benchmark of climatic data of the site and existing photovoltaic array 

installation is conducted. The adoption of mathematical formulation used to verify the solar 

irradiation was thoroughly specified approximate to the site conditions. In this chapter, the 

establishment of the methods of experimental set up in the collection and interpretation of 

the data using various monitoring apparatus and the numerical domain is developed. Describe 

in this chapter are the identification of boundary conditions application to the experiments to 

anticipate the experimental results in the succeeding chapters. 

Chapter 4 describes the CFD theoretical design and modelling of the selected orientations 

of HPHE installation in the PV panel array. The Data verification used a series of 

computational studies  in the determination of controlled factors such as pipe diameter, pipe 

thickness and liquid medium. The establishment of the controlled factors using the 

approximate range of dependent variables of PV temperature and energy efficiency is set 

within specified boundary conditions. This chapter adequately satisfies to the objectives of 
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the study through rigorous computational trial and error in order to achieve the desired results 

in the selection of the cooling model. 

Chapter 5 organises the experimental results of the study in accordance with the research 

objectives and methodology. The presentation of the experiment physical set up and CFD 

validation results of different geometric configurations are discussed. Consistency of the data 

results in temperature and power performance measurements are obtained. In addition, an 

introduction of the use of Thermal Infrared Images as an alternative measuring device 

replacing the PICOlog with thermocouples and Watch Power is introduced in the final 

section of this chapter. 

Chapter 6 illustrates the CFD results of the numerical study using theoretical models 

established within the methodology. The validation of the data observations to determine the 

optimum configuration of the HPHE embedded within PV panels focuses on the materials, 

manufacturing and CFD theoretical set up of single sided condenser direction HPHE. The 

theoretical design in the determination of the optimum performance of the HPHE on PV 

cooling system of double sided condenser direction experimental set up, the CFD modelling 

set up of optimum spanwise arrangement of HPHE, its’ effect on cell temperature and the 

angle of inclination of HPHE and fill ratio due to the effect of wick installation are dissected 

and explained in this chapter.  

Chapter 7 demonstrates the comparison of temperature cooling, power generation efficiency 

and power generation performance from CFD modelling and the physical experimental set 

up. The main discussions in this chapter are the determination of the errors between the 

various techniques utilising the temperatures, mass flow rates, PV power generation and PV 

power performance on different geometric set ups and heat pipe arrangements. The chapter 

presents the findings using comparative results from the various types of geometry and set 

up arrangement.  

Chapter 8 presents the conclusion of the findings of this research in comparison with the 

stated objectives in order for the significant aim of the study to be met. 
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CHAPTER TWO 

Literature Review 

 

2 Introduction 

The purpose of this chapter is to review the previous studies on heat pipes, its development 

and its integration within various energy applications. The history and development of the 

heat pipe including its applications for renewable technologies is also discussed. The recent 

innovation on the typical building using Wall Implanted Heat Pipes (WIHP) is introduced. 

Other technologies such as passive cooling systems using solar photovoltaic thermal (PV/T), 

the Seebeck effect and thermoelectric generators are also mentioned. The final section of this 

chapter focuses on the research gaps of the study and its’ importance is discussed in 

succeeding chapters. 

2.1 Theoretical background and basic characteristics of heat pipes 

2.1.1 Review and history of heat pipe systems 

A standard heat pipe comprises of an evaporator section, a condenser section and an adiabatic 

section that can be included to separate the evaporator and condenser if external geometrical 

requirements are necessary. The cross-section of the heat pipe consists of the pipe wall, the 

screen mesh wick and the vapour space. This is shown in Figure 2.1.  

 

Figure 2.1.Structural function of a heat pipe, Reay (2006) 
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Initially Grover (1963), was interested in the development of high-temperature heat pipes, 

employing liquid metal working fluids that were suitable for supplying heat to the emitters of 

thermionic electrical generators and dissipating heat from the collectors of these devices. The 

manner in which the interest on heat pipe work grew can be observed by the growth in the 

number of publications following Grover’s first paper in 1964.  

The power handling capability of a heat pipe depended on a suitable choice of working fluid 

and container materials; it is possible to construct a heat pipe for use at temperatures ranging 

from 4 K to temperatures in excess of 2300 K. For most applications the cylindrical geometry 

heat pipes is suitable, but other geometries can also be adopted to meet special requirements. 

Heat pipes are devices used for efficient transport of heat over large distances. Under typical 

operation, a metal container such as aluminium or copper contains a small amount working 

fluid pressurised to its saturation point. The heat transfer system is based on the continuous 

cycle of evaporation and condensation process. When heat is applied to the outer area of the 

tube, the liquid inside the tube boils and vaporises into a gas that moves through the tube 

seeking a cooler location where it condenses, giving off its latent heat. Using capillary action, 

the wick transports the condensed liquid back to the evaporation section according to Faghri 

(1986). For gravity-assisted heat pipes, the liquid is condensed back to the evaporator section 

by means of gravity undertaken by Hagens et al., (2007). The appropriate choice of working 

fluid along with the inclination angle is therefore a major factor in heat transfer obtainable 

from heat pipes by Song, Ewing and Ching (2008). 

 

2.1.2  Applications of the heat pipe for renewable energy technologies 

According to Reay (2006), the heat pipe continues to be studied for a wide variety of 

applications, compassing the complete spectrum of temperatures encountered in the heat 

transfer processes. These applications range from the use of liquid helium heat pipes to aid 

target cooling in particle accelerators, to cooling systems for state – of – the art nuclear 

reactors including potential developments aimed at new measuring techniques for the 

temperature range between 2,000 ℃ to 3,000 ℃.  
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Over the last two decades, heat pipe has witnessed mass production of this technology on a 

scale not envisioned before – millions of units being fabricated each month for thermal 

management (general cooling) of processors in desktop and notebook computers. The position 

of heat pipes in spacecraft has been challenged by developments in lightweight mechanical 

pumps (for fluid pumping) and by some thermal storage technologies.  

A study by Azad, Bahar and Moztarzadeh (1987) established that heat pipes absorbs heat 

energy and transfer it to water either static or flowing. According to Caruso et al. (1989), heat 

pipes charged with dry sand or pebbles to capture solar heat proved to be effective for heat 

transfer during both charge and discharge processes. According to Sodha (1986), heat pipes 

“thermal diode aspect” through its ability to transfer heat in only one direction that minimize 

losses. Heat pipes can accommodate heat discharge over a 24 to 48 hour period, as highlighted 

by Vasiliev et al. (1992). Using “off peak” electricity by employing electric heating elements 

to raise the temperature of storage bricks within the unit to 500 ℃. 

 

According to Ali, Yilbas and Al-Sharafi (2017), the efficiency of the Absorption Heat 

Transformer (AHT) can be improved based on the concept of the Coefficient of Performance 

by up to 20%. Their study explores the feasibility of using heat pipes as heat exchangers inside 

an absorption heat pump type II (Absorption Heat Transformer) of a thermal capacity of 0.7 

kW. A heat exchanger with heat pipes can be integrated between the condensation and 

evaporation processes of an AHT. Their study has demonstrated that seven commercial heat 

pipes are required to condense 0.714 kW and to reuse 0.177 kW at 60 ℃ in the evaporator, 

representing almost one third part of the total heat supplied without heat pipes, provided that 

the generator temperature is over 55 ℃ as illustrated in Figure 2.2. 



19 

 

 

Figure 2.2 The efficiency of the Absorption Heat Transformer (AHT), (Ali, Yilbas and Al-

Sharafi, 2017) 

 

Further work by Reay (2006), in thermal storage systems imitations of heat pipes will occur 

due to corrosion or exposure to toxic substances that may require special encapsulation 

materials. On one hand low cost materials tend to require the largest storage volume per watt 

– hour of heat stored, whereas more expensive materials tend to have the smallest storage 

volumes that can undergo a phase change to release latent heat. Limitations may also be 

inherent due to the poor thermal conductivity of material. The health and safety factor requires 

of a compact modular unit to ensure separation of reactive storage media from occupied 

spaces. 

 

A comprehensive review of the state-of-the-art applications, materials, performance of current 

heat pipe devices and future developments in the field were discussed in the study conducted 

by Jouhara et al. (2017). Some sections focused on industrial applications that presented solar, 

nanoparticles, Rankine cycles, nuclear, thermoelectric modules and ceramics, in which heat 

pipe technologies offered many key advantages over conventional practices. A thorough 

analysis of the thermal modelling aspect of heat pipes, internal and external thermal modelling 

techniques, theories and methodologies are presented, including various applications such as 

non-Newtonian fluids, nano-fluids, solar, geothermal, and automotive, hybrid storage and 

nuclear systems. Also discussed in their paper were the current limitations of heat pipes and 
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the reasons that it cannot be implemented in wider aspects of our lives due to its operational 

limitations, high cost and the lack of available detailed theoretical and simulation analysis. 

These limitations from their study will provide the opportunity to other researchers to delve 

deeper into finding new solutions that will unlock and open the possibilities of adopting the 

heat pipe technology by making it feasible and effective in its utilisation. 

Rassamakin et al. (2013) applied aluminium heat pipes in solar collectors in their study. They 

found that the majority of thermal solar collectors have not met the requirements such as light 

weight, easy assembly and installation, versatility, scalability, and adaptability of the design, 

which were of particular importance when they were integrated with the façade.   

Their study identified the problems to be solved in the development of heat pipes applied in 

solar collectors that were caused by the very high hydraulic resistance that ranged from 2 KPa 

to 20 KPa on liquid solar collectors which led to low thermal efficiency including less than 

0.5 KPa in certain cases. In order to eliminate the above-mentioned drawbacks in liquid 

thermal collectors, the application of extruded aluminium alloy made heat pipes of original 

cross-sectional profile with wide fins and longitudinal grooves was proposed. Absorber plate 

of flat collectors could be composed of several fins. Fins at the opposite end of the heat pipe 

serve as a heat sink surface. The multiple tests conducted proved that the new lightweight and 

inexpensive heat pipes resulted in high thermal performances. Maximum heat transfer power 

of one heat pipe was up to 210 W; and its thermal resistance was very low, from 0.02 to 

0.07 ℃/W. Flat plate solar collector and the evacuated one, utilised an aluminium profiled 

heat pipes that reduced the hydraulic resistance to less than 0.1 KPa and yielded a high thermal 

efficiency of up to 0.72 KPa. The development of aluminium profiled heat pipes application 

to thermal solar collectors was found to be feasible and can be integrated to building façades 

and roofs as shown in Figure 2.3. 
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Figure 2.3. Aluminium heat pipes in solar collectors as an element of building façade coating, 

(Rassamakin et al., 2013) 

Gautam and Andresen (2017) presented a study that evaluated the potential of unglazed 

building-integrated combined photovoltaic thermal solar collectors (BiPVT) for electricity 

production and domestic hot water heating application for multi-family apartment buildings. 

The study was undertaken to compare the energy output and the cost savings of building-

integrated photovoltaic (BiPV), solar thermal and BiPVT systems of different sizes but with 

the same initial investment cost. Their evaluation was formulated and have defined sets of 

conditions such as investment price ratios, utility rates and weather conditions required for 

the BiPVT system to function better than other similar building-integrated solar technologies. 

Their study found that the BiPVT system in cold climates was competitive with traditional 

technologies under certain limited conditions, such as favourable electricity to heat price ratio 

or a particular range of collector areas. They implemented another similar system in warmer 

climates and the outcome fared well against both solar thermal and BiPV technologies. This 

can possibly contribute to beneficial results among countries situated in the Middle East. 

Tripathy et al.(2017) introduced a study on building integrated photovoltaic (BIPV) thermal 

technology using air duct that was provided below the PV panels that served as structural 

elements. The contribution of the air flow was to increase both electrical and thermal 

efficiencies. The study utilised energy equilibrium equation for developing mathematical 
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model of BIPV thermal system using the HDKR (Hay, Davies, Klucher, Reindl) model based 

on insolation corresponding to optimum tilt angle of the panel. Room temperature of BIPV 

thermal system having a mass flow rate of 1 kg/s through the duct on respective optimum tilt 

angle is detailed in Figure 2.4. 

 

Figure 2.4. BIPV thermal system with air duct below the semi-transparent PV module, 

(Tripathy et al., 2017) 

Different mass flow rate of air through the duct with a series combination was taken in the 

evaluation of the electrical and thermal performance of both semi-transparent and opaque 

BIPV thermal system installed at optimum tilt angle. Both electrical and thermal output 

proportionally increased with mass flow rate and the output converged at a certain value. The 

results also indicated that the semi-transparent BIPV thermal systems were more efficient than 

opaque BIPV thermal system for all values of tilt angle of the PV panel.  

Rounis, Athienitis and Stathopoulos (2016) introduced multiple intakes of air along the PV 

string of an air-based, open-loop Building Integrated Photovoltaic/Thermal (BIPV/T) systems 

as presented in Figure 2.5. The goal of the study was to improve the heat extraction from all 

PV panels, while achieving lower and more uniform PV temperatures. It also provided 

solutions to issues such as the occurrence of low heat exchange efficiency of air and 

overheating that affected durability and reduced the electrical production of the system.  
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Figure 2.5. Single and multiple-inlet BIPV/T systems for a possible retrofit, (Rounis, 

Athienitis and Stathopoulos, 2016) 

A numerical investigation on the comparison of the performance of single and multiple-inlet 

BIPV/T system for a possible retrofit or new buildings, such as a potential large scale 

installation on an office building was undertaken. The comparison was carried out considering 

a cold winter and a hot summer day, under varying wind conditions, in terms of electrical and 

thermal performance, and PV temperature distributions. For the modelling of a multiple-inlet 

BIPV/T system, a flow distribution model was developed utilising pressure drop and flow 

correlations. A wind tunnel pressure measurement represented the wind effects on the flow 

distributions, and a modified energy balance model for the multiple-inlet system. 

The findings of the study concluded that a multiple-inlet BIPV/T system may have up to 1% 

higher electrical efficiency corresponding to 7% additional power to the total output of a 

120 kW system and up to 24% higher thermal efficiency, whilst resulting in the lowest and 

most uniform PV temperatures. 

Sharifi et al.(2018) studied the influence of coiled wire inserts on the Nusselt number, friction 

coefficient and overall efficiency in double pipe heat-exchangers and employed the 

computational fluid dynamics (CFD) technique. CFD softwares of Gambit and Fluent were 

utilised on some coiled wire inserts fitted inside heat-exchangers that were meshed and 

simulated at various Reynolds numbers. Serious effort was made in the generation of 

structural hexahedral meshes as applied to all of the heat-exchanger geometries in the precise 

fulfilment of the validity and reliability of the results. 
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The validated models had clear objectives including the conditions that accurately facilitated 

the heat transfer throughout the double pipe heat-exchangers. The outcome of this work 

indicated that in consideration of the advantage of proper coiled wire had improved the 

Nusselt values by 1.77 times. Recommendations were proposed on various coiled wire 

installations with different geometry arrangements under the laminar flow after the numerical 

simulation, proper friction coefficient and Nusselt number correlations. The assumptions of 

this work were based on the occupied spaces where helical wires were taken up inside tubes 

and resulted in two modified correlations that can both be used for non-uniform helical wire 

insert geometries. 

Chaudhry, Calautit and Hughes (2017) research was attempted by incorporating heat pipes to 

improve the cooling performance of wind catchers. Utilising the numerical and experimental 

tools, their works’ objective is to encompass the existing research through the optimisation of 

arrangement of heat pipes in natural ventilation airstreams using wind tunnel experimentation. 

They quantitatively validated the findings of the airflow and temperature profiles that was 

numerically predicted ahead of using the Computational Fluid Dynamics (CFD) as illustrated 

in Figure 2.6 that showed the passive cooling wind catcher with heat pipes to optimise cooling 

performance. 

 

Figure 2.6. A passive cooling wind catcher with heat pipes to optimise cooling performance, 

(Chaudhry, Calautit and Hughes, 2017) 
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Using a source temperature of 314 K or 41℃ and an inlet velocity of 2.3 m/s, the streamwise 

distance-to-pipe diameter ratio was varied from 1.0 to 2.0 and the emergent cooling capacities 

were established to comprehend the optimal arrangement. The results of this experiment 

indicated that the heat pipes operate at their maximum efficiency when the streamwise 

distance is identical to the diameter of the pipe as this formation allows the incoming airstream 

to achieve the maximum contact time with the surface of the pipes. 

The study quantified that the optimal streamwise distance was 20 mm at which the Sd/D 

(streamwise distance-to-pipe diameter) ratio was 1.0. The thermal cooling capacity was 

subsequently found and decreased by 10.7% from 768 W to 686 W when the streamwise 

distance was increased to 40 mm (Sd/D ratio of 2.0). The technology presented was subjected 

to an international patent application (PCT/GB2014/052263).  

Peng, Herfatmanesh and Liu (2017) investigated the practical effects of solar PV surface 

temperature efficiency based on output performance. Experimental works were carried out 

under different radiation conditions that explored the variation of the output voltage, current, 

output power and efficiency.  

A cooling test was conducted and resulted in the efficiency of solar PV experiencing an 

increase in rate of 47% with the cooled condition. This was therefore a possible system set up 

of residential solar PV application. The system performance and life cycle assessment 

suggested that the annual PV electric output efficiencies can increase up to 35%, and the 

annual total system energy efficiency including electric output and hot water energy output 

can increase up to 107%. The payback period can be reduced to 12.1 years in comparison to 

15 years of the baseline of a similar system that does not incorporate a cooling sub-system. 

 

2.1.3 Typical building using Wall Implanted Heat Pipes (WIHP).  

According Tan and Zhang (2016), there is an approximate linear relationship between the 

average equivalent heat transfer coefficient (EHTC) and the diameter of heat pipe. Their study 

focuses on the energy saving potential of a typical building where the wall is implanted with 

heat pipes (WIHP) in Tianjin, China, which showed that the WIHP has a great energy saving 
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potential during the heating season. In their paper, the influence factors of heat pipe structure 

on heat transfer coefficient were analysed to enhance the heat transfer performance of the 

WIHP, such as the working temperature, the ratio of the evaporating section length (RESL) 

and the diameter of the heat pipe. The WIHP's structure in Figure 2.7 presents the working 

principle of their study and the results showed that the average equivalent heat transfer 

coefficient (EHTC) of the WIHP reaches the maximum of 1.24 𝑊/(𝑚2 ℃) at a RESL of 75%, 

and the RESL should be optimised based on the working-hours-weighted mean temperature. 

If this linear relationship theory between EHTC and heat pipe diameter in WIHP will be 

applied in contrast by utilising the condenser section, there will be a possibility that a cooling 

effect can be achieved and thus, applied in hot and arid climate regions. 

 

Figure 2.7. The WIHP's structure and working principle, (Tan and Zhang, 2016) 

 

Amp et al.(2017) used precast concrete cladding systems that can be converted into concrete 

solar collectors by embedding pipes within the exposed concrete as shown in Figure 2.8, 

providing a unique building integrated solar thermal solution. Their study varied from the past 

researches of non-integrated, roof-attached concrete solar collectors that largely focused on 

experimental studies in high temperature climates and/or simulation studies using simplified 

1D and 2D models.  
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The work experimentally investigated the performance of a façade integrated concrete solar 

collector in a mid-latitude European climate (Dublin) and through the development and 

validation of a 3D numerical model which was then used to predict the performance of other 

façade integrated concrete solar collectors in other European climates. The study quantified 

the performance in relation to the energy output and the solar fraction.  

 

Figure 2.8.  Conceptual connection details for the installation of a modular system with 

flexible connection pipes, (Amp et al., 2017) 

 

The experimental set up of the concrete solar collector was designed and represented a south 

facing façade installation. The experimental results showed that one quarter of the annual hot 

water demand of a single occupant dwelling was provided with the use of one (1) m2 of 

concrete solar collectors. It was identified that the highest daily energy outputs were produced 

during the spring and autumn months, attributable to the vertical orientation of the concrete 

solar collectors. A 3D numerical model of the vertically installed concrete solar collector was 

developed in COMSOL Multiphysics and validated against the experimentally measured 

results. The validated model was used to expand the study to different collectors and systems, 
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as well as two additional contrasting Northern and Southern European climates where precast 

concrete was a popular cladding material.  

The simulation results showed that the solar absorptance, flow rate, collector area and pipe 

length have a significant influence on the performance of the concrete solar collector system. 

Annual solar fractions of 20% (Helsinki, Finland), 24% (Dublin, Ireland) and 30% (Sofia, 

Bulgaria) were identified for a small apartment building using a façade integrated concrete 

solar collector. The concrete solar collectors presented a negligible influence on the interior 

environment provided sufficient insulation was located behind the concrete absorber, as 

would be typical of a precast concrete sandwich panel construction. 

 

2.1.4 Passive cooling systems using Solar Photovoltaic Thermal (PV/T) 

According to Al-Waeli et al., (2017), PV module efficiency is influenced by an important 

factor which is temperature. The PV cell temperature increase has two consequences: the 

reduction of the generated electrical energy and the thermal fatigue due to the increase in 

temperature of the PV panel during the day. The PV electrical efficiency ranges from 6% to 

15% for standard operating conditions. Then, cooling the PV module enhances its 

effectiveness. 

Hou et al. (2016) developed a micro heat pipe array (MHPA) technology that regulated the 

working temperature using a retrofitted PV panel into the PV-thermal (MHPA-PV/T) 

collector. The accuracy of the model was verified by validating the experimental data. The 

performance of the collector was studied and analysed through a series of experiment and 

simulation using a mathematical model of the MHPA-PV/T collector that was developed 

based on the heat transfer process.  

Results showed that the thermal efficiency of the collector was significantly impacted by 

seasonal temperature, increasing by 40% in summer and reducing by more than 20% in winter. 

When the initial temperature in the water tank was equal to the average ambient temperature, 

the thermal efficiency was approximately 30%. However, the electrical efficiency was 

relatively stable at approximately 13% when compared with thermal efficiency. The total 
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efficiency of the MHPA-PV/T collector for the entire year fluctuated between 30% and 50%. 

The authors’ conceptual theory that an increase in temperature dramatically decreases the 

performance of photovoltaic (PV) panel was affirmed. 

Exergy is defined as the maximum amount of work that can be produced by a system or a 

flow of mass or energy as it comes to equilibrium with a reference environment. According 

to Sobhnamayan et al.(2014), Exergy concept can be carried out in the optimisation of a solar 

photovoltaic thermal (PV/T) water collector in order to determine its optimum operating mode 

and parametric studies were undertaken in order to identify the effect of climatic parameters 

on its efficiency. Analytical expressions for thermal parameters (i.e., solar cells temperature, 

outlet water temperature, useful absorbed heat rate, average water temperature, thermal 

efficiency, etc.) can be obtained by considering energy balance for different components of 

PV/T collector. 

A five-parameter current–voltage (I–V) model was used to obtain electrical parameters (i.e. 

open-circuit voltage, short-circuit current, voltage and current at the point which has 

maximum electrical power, electrical efficiency, etc.) that the thermal analysis of PV/T 

collector will depend on. A computer simulation program was developed in order to obtain 

the amount of thermal and electrical parameters. The simulation results are in good agreement 

with the experimental data of previous observations. Genetic algorithm (GA) has been used 

to optimise the exergy efficiency of PV/T water collector. Optimum inlet water velocity and 

pipe diameter are 0.09 m s−1, 4.8 mm, respectively. Maximum exergy efficiency was obtained 

at 11.36%. Additional parametric studies were undertaken in order to identify the effect of 

climatic parameters on exergy efficiency by these authors, Duran Sahin, Dincer and Rosen 

(2007), (Joshi, Dincer and Reddy (2009), Sobhnamayan et al.(2014), Saitoh et al. (2003). 

 

2.1.5 Seebeck effect and thermoelectric generators 

The Seebeck effect principle is used to generate electric power for special applications. The 

discovery was made by German physicist Thomas Johann Seebeck in 1821. The principle of 

the Seebeck effect proves that an electric current in a loop of material consisting of a minimum 
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of two distinct conductors when two junctions are maintained at different temperatures can 

produce an Electric magnetic force (Emf). Metal conductors are preferably utilised in the 

process, but in complex installations it can be through other state of matter.  

According to Champier (2017), thermos-electric generators allow lost thermal energy to be 

recovered, energy to be produced in extreme environments, electric power to be generated in 

remote areas and micro sensors to be powered. Direct solar thermal energy can also be used 

to produce electricity. The advantages of Thermo Electric Generators (TEGs) are the 

following: direct energy conversion unlike many heat engines that first convert thermal energy 

into mechanical energy and then convert this mechanical energy into electricity using an 

alternator. It has no moving parts and no working fluids inside the TEG, hence no maintenance 

and no extra costs. It has a long lifespan, especially when working with constant heat sources. 

It has no scale effect. TEG can be used for micro generation in very limited spaces or to 

produce kilowatts. It is noiseless to operate and it makes any working position possible, 

making TEGs well suited for embedded systems. 

Ma, Fang and Zhang (2017) applied the advantages of thermoelectric generators (TEGs) in 

power supply engineering and identified the limitations through its low generation power and 

large thickness that restricted their application. They studied the influences of the common 

parameters that included the working temperature, area-to-length ratio of n/p type 

semiconductors and thickness of electrical conducting plate, on the performance of 

thermoelectric unit using theoretical and numerical methods. The result of their analysis was 

that the thermoelectric components can be redesigned to obtain optimal power output and 

efficiency of the generator as shown in Figure 2.9. This is a newly designed thermoelectric 

unit that comprised of n/p type semiconductors in a cuboid shape made of functionally graded 

materials, and upper/left/right electrical conducting plates with optimal thickness. The 

proposed generator has minimal thickness, high efficiency and enhanced power output that 

resulted in the volume and cost of the generator to be reduced. The volume reduction also 

made it suitable for applications in special circumstances, such as low-grade heat sources, 

narrow working spaces and large rated power outputs. 
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Figure 2.9. Thermoelectric unit, (Ma, Fang and Zhang, 2017) 

Manikandan and Kaushik (2016) introduced the Thomson effect in conjunction with Peltier, 

Joule and Fourier heat conduction has been considered in the energy and exergy analysis of 

the solar annular thermoelectric generator (SATEG). The Thomson effect is the absorption of 

heat when electric current passes through a circuit composed of a single material that has a 

temperature difference along its length.  

In utilising the cross-sectional area of an annular thermoelectric generator that increase along 

the radial direction it results in a higher total heat transfer area when compared with flat plate 

thermoelectric generator. The solar energy to operate the SATEG was supplied from the 

irradiation absorption by the solar heat pipe and resulted in the provision of electrical power 

and hot water outputs. The results of this study show that the power output and overall exergy 

efficiency of the SATEG are 1.92 W and 5.02% respectively and are 0.52% and 0.40% higher 

than that of solar flat plate thermoelectric generator (SFTEG). The SATEG system has 

advantages such as better thermal insulation, improved heat transfer characteristics, easy 

installation and maintenance when compared with the solar flat plate thermoelectric generator 

primarily because of its cylindrical structure. This may also be helpful in designing of actual 

solar annular thermoelectric generation systems. 

Sun et al.(2017) proposed a real-time simulation model and its optimization for the objective 

of simplifying the researches to be conducted in order to predict the daily performance of a 

practical flat-panel solar thermoelectric generator under real condition. It will be a step 

forward to advance the present methodologies used that were focused on mathematical 

building models and experimental devices development.  
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An experiment was designed that validated and modified the real-time simulation model. This 

was utilised to optimise the daily performance of solar thermoelectric generator under real 

meteorological conditions including the daily power generation and daily power generation 

efficiency. A proposal on the approaches of obtaining the optimal daily performance were 

discussed. Sensitivity analysis of operating conditions for the solar thermoelectric generator 

was conducted and showed the results of the daily power generation varied in a range of [- 

69.2%, 0.6%] over the electrical load. The analysis concluded that the maximum daily power 

generation (i.e., 6.588 kW h/day) and maximum daily power generation efficiency (i.e., 

2.657%) resulted from the electrical load were both equal to 5.8 Ω (Ohms). 

Ali, Yilbas and Al-Sharafi (2017) introduced the new innovative design of the thermoelectric 

generator that allowed the device to operate at two different cold junction temperatures by 

incorporating an extended pin with segmented pin configuration.The performance of the 

thermoelectric device was evaluated using the operating parameters such as the hot and cold 

junction temperatures in terms of temperature ratio, and external load resistance ratio and 

resulted in the improvement of efficiency and output power of the innovative design. 

Increasing the cold junction temperature difference enhanced efficiency of the device by 3.5% 

to 6.2%. The maximum device output power and maximum thermal efficiency occurred at 

different values of external load parameter. The reduction in the efficiency was considerably 

small for the external load parameter that results in maximising the output of the device. 

Xi, Luo and Fraisse (2007) presented the results of a survey conducted for a solar-driven 

thermoelectric technologies and their applications. A brief analysis of the environmental 

problems related to the use of conventional technologies and energy sources is presented and 

the benefits offered by thermoelectric technologies and renewable energy systems are outlined 

initially. The methodology was conceptualized through the introduction of the historical 

development of solar-based thermoelectric technologies with the discussion of the problems 

relating to the feasibility in the implementation of the current systems. The extent of the 

typical applications of the solar-driven thermoelectric refrigeration and the solar-driven 

thermoelectric power generation are presented and this shows that it could be used in a wide 

variety of fields of engineering specialisations. These are feasible technologies that does not 

limit its capabilities in meeting the needs for refrigeration, air-conditioning applications and 
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power generation. Furthermore, this can also adequately complement the demand for energy 

conservation and environment protection. 

Lv et al.(2017) developed and investigated a high-performance solar thermoelectric system 

for combined heat and power. A mathematical model was built and analysed under different 

environmental conditions and operating parameters. The results were evaluated and indicated 

that this new system achieved a higher performance by considering its simplified structure, 

lower contact thermal resistance, lower heat convection loss, and better heat transfer 

performance as functional features. These models are verified via the experimental prototype 

test.  

The results demonstrated that the proposed system can be used for cogeneration of hot water 

and electric power. And when the solar irradiation is larger than 700 W/m2, and water 

temperature of 13 ℃, the maximum instantaneous electrical power output was found to be 

0.659 W at the load resistance 4.2 Ω. Furthermore, the power generation efficiency of the 

thermoelectric generator (TEG) amounted to 1.956%, which is close to that of a low 

temperature organic Rankine cycle system. These results indicate the feasibility of the 

proposed high-performance solar thermoelectric system and provide hints for future 

improvement of the solar thermoelectric system for combined heat and power. 

 

2.2 Experimental investigations using heat pipe systems 

Bahaidarah, Baloch and Gandhidasan (2016) presented a review paper that highlighted the 

importance of uniform PV cooling. An experimental case study was presented for comparison 

between uniform and non-uniform cooling methods. They explored and analysed the possible 

causes and effects of non-uniformity using the cooling techniques with low average cell 

temperature and uniform temperature distribution. One of these techniques was the utilisation 

of heat pipes on PV systems that resulted in the reduction of the temperature down to 32 ℃ 

with the best-case temperature non-uniformity of 3 ℃ as shown in Figure 2.10. 
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Figure 2.10. Behavior of electrical efficiency and cell temperature for a typical summer 

day,(Bahaidarah, Baloch and Gandhidasan, 2016)  

Jouhara et al. (2016) designed and examined a novel flat heat pipe combined with a PV/T 

system. The study results revealed that the maximum thermal energy efficiency reached was 

64% for the collector with no PV. When the PV/T system was examined, the maximum 

thermal efficiency achieved was 50%. 

Hu et al. (2016) proposed two kinds of wickless heat pipes and wire-meshed heat pipes 

integrated with a PV/T system as illustrated in Figure 2.11. The study investigated the thermal 

performances at different inclination angles of the two systems. The simulation results 

indicated that the heat thermal performance of the wire-meshed heat pipes is not influenced 

by the inclination angle. In contrast, the wickless heat pipe is highly sensitive to tilt angle. The 

study results showed that the wickless heat pipe PV/T system's maximum achieved thermal 

efficiency of 52.8% in contrast to 51.5% in the wire-meshed heat pipe PV/T. 

 

Figure 2.11. Heat pipe PV/T collector, (Hu et al., 2016) 
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The studies reviewed indicate that most of the research on heat pipes originated from China 

and the UK, both regions that experience a mild climate, and indicates that there is a gap in 

the use of this technique in comparison to regions near the equator which requires additional 

investigation. This can be considered as a starting point for many studies. The electrical 

efficiency of PV/T systems with heat pipes is moderate and does not amount to 10% in most 

cases. Moreover, the thermal efficiency does not exceed 60% according to the studies 

conducted by Wang et al. (2016), Hou et al. (2016), Jouhara et al. (2016), Hu et al. (2016). 

Therefore, more work on such systems needs to be conducted. 

Bahaidarah et al.(2013) conducted an experimental investigation of PV back surface water 

cooling effect on its efficiency. A numerical model was developed using EES (Engineering 

Equation Solver) software that predicted various electrical and thermal parameters impacting 

its performance. A heat exchanger as a cooling panel was incorporated in the rear surface of 

the PV module as an experiment. The results of the numerical model were found in 

satisfactory agreement with the experimental measurements performed for the climate of 

Dhahran, Saudi Arabia. With active water cooling, the module temperature dropped 

significantly to about 20% and  increased the PV panel efficiency by 9%. 

An experimental work carried out in the summer of 2015 at Istanbul, Turkey by Saygin et al. 

(2017), on a modified photovoltaic/thermal (PV/T) solar collector shown in Figure 2.12.The 

experimental set up functions when air enters the collector through a 3 cm × 66.6 cm slot at 

the middle of the glass cover. As the air flows over and below the PV panel in opposite 

directions, it dissipates the excess heat produced by panel and cools it. The measurements 

repeated by changing the position of PV module inside the collector which is mounted on a 

steel base with the feasibility to adjust its tilt angle resulted in the calculation of thermal and 

electrical performances of the solar collector for each configuration. Three sets of experiments 

were performed. In the first set, the distance between the cover and panel was chosen as 3 cm. 

In the second and third sets of experiments, this distance was increased to 5 cm and 7 cm, 

respectively. All the different configurations of the PV/T collector were tested for various air 

mass flow rates. For comparison purposes, side by side tests were carried out to compare the 

electrical performances of PV modules without cooling and the modified PV/T collector. 
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Figure 2.12. PV/T solar collector, (Saygin et al., 2017) 

The solar intensity and ambient temperature were measured hourly for 10 h on each day of 

the experiment beginning at 8:00 am. The average solar intensity and inlet (ambient) 

temperature for all days was 660.6 W/m2 and 32.2 ℃, respectively. The thermal 

performances of the proposed PV/T solar collector with various configurations at different 

mass flow rates ranging from 0.011 to 0.037 kg/s were presented. The higher thermal 

efficiencies were obtained from the PV/T collector with a distance of 3 cm between the PV 

panel and glass cover. The system showed its lowest performance when there is 5 cm distance 

between panel and cover. This indicated that the thermal performance of the collector will 

also increase by increasing the air velocity above or below the absorber plate. The maximum 

thermal efficiency was approximately 48% at 0.037 kg/s mass flow rate with 3 cm gap 

between the cover and panel. 

Analysis of the results from the experiment on the performance of PV/T solar collector with 

various configurations were compared with that of the PV module using Analysis of Variance 

(ANOVA) method. The analysis was divided into two parts; in the first part the thermal 

efficiency of PV/T collector at different configurations was studied to suggest the optimal 

configuration. In the second part of analysis, the electrical efficiencies of two systems (PV/T 

collector and PV panel) were considered. In both parts two factors were taken in to account, 

PV to cover distance with three levels (3 cm, 5 cm and 7 cm); mass flow rate with four levels; 

(0.011 kg/s, 0.021 kg/s, 0.030 kg/s and 0.037 kg/s). 
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The findings indicated that increasing the mass flow rate increases the thermal efficiency but 

does not improve the electrical efficiency appreciably. The PV/T solar collector shows higher 

thermal performance when the gap between the glass cover and PV module is 3 cm. While 

PV/T solar collector with a 7 cm gap exhibits second highest thermal performance among the 

three configurations, the lowest thermal performance was obtained for the configuration with 

a 5 cm gap. However, the system with a configuration of 5 cm distance between the PV and 

glass cover revealed a higher electrical performance compared with the other two 

configurations. Due to the climatic conditions of Istanbul (high wind speeds), a slight 

difference was observed between the electrical performance of the proposed PV/T model and 

the PV module without cooling. 

It was identified that increasing the mass flow rate increases the pressure drop through the 

collector but this increment was not significant when the PV panel was placed 3 cm below the 

cover. This means that the pumping power consumed to circulate the air in this configuration 

was lower when compared with the other two systems. The ANOVA analysis results show 

that, at 3 cm distance between panel and cover, the PV/T collector yields a higher thermal 

performance in comparison to the other two configurations. There was a strong correlation 

between the theoretical and experimental findings because of the consistent results that were 

obtained.  

ANOVA analysis results revealed that the distance between the PV panel and glass cover was 

the most significant factor considering electrical efficiency, whilst also establishing 

significant interaction between distance and mass flow rate. When both factors (distance and 

mass flow rate) are considered, it is found that the PV/T system with 5 cm distance between 

PV panel and cover and 0.021 kg/s of mass flow rate yielded the highest electrical efficiency 

when compared with the PV module with no cooling. 
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2.3 Review of PVHP technologies 

According to Khelifa et al.(2016), the system of Photovoltaic conversion and thermal 

collectors using solar radiation in producing renewable energy can achieve the desired result 

of adopting a hybrid design that allows the use of both techniques, thermal and electrical, in 

the process called (PV/T).  

 

 

Figure 2.13. Collector hybrid PV/T, (Khelifa et al., 2016) 

 

An experiment was conducted by using a system that consisted of a photovoltaic panel to 

produce electricity, with a thermal system for water heating as illustrated in Figure 2.13. It 

comprises of a sheet and tube placed below the surface on which the solar cells are assembled 

to extract heat from the photovoltaic module, in order to cool the cells, thereby increasing 

their electrical efficiency. 

A theoretical equation was presented by Khelifa et al.(2016) through a mathematical model 

based on the equations of the energy balances written for the various nodes of the system, and 

the coupled differential equations obtained are solved by using the finite difference method. 

The temperatures of the various layers of solar PV/T Collector and the coolant temperature 

are thus predicted.  
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The fluid flow and heat transfer in the module were studied using the ANSYS14. The heat 

transfer phenomenon conjugate between the photovoltaic cells and the coolant is modeled 

using the FLUENT Software. The transfer of heat by the solar radiation is not modeled; 

however, the effects of radiation were taken into consideration when calculating the 

conditions for heat flux limit for the collector layers. The conclusion of their study indicated 

that the PV/T hybrid systems can enhanced the electrical efficiency of the PV panel. This was 

based on the result that indicated a significant reduction in PV panel temperature by 15 – 20% 

due to the flow of water through the manifold to the rear of the PV panel that normally 

experienced 60 ℃ to 80 ℃ in its conventional state. 

Sekavčnik, Ogorevc and Škerget (2006) utilised ANSYS-CFX Navier-Stokes code as a means 

of their study of unsteady flow of viscous-compressible fluid through a pipe system induced 

by a transient disturbance at the pipe intake. The disturbance is predefined as a time-dependent 

boundary condition at the pipe inlet.  

The flow through the pipe is calculated using a system of RANS equations combined with 

various turbulence models. Single straight, circular pipe, advanced systems of three and seven 

pipes were modelled and served as a basis in the analysis of the system. A criterion was 

considered in the evaluation of system operation. Under various boundary conditions, the 

pressure responses of complex, periodically excited systems were observed. The time-domain 

results were transformed into the frequency-domain in the determination of the frequency. An 

original diagram of such parameters was proposed that can allow convenient evaluation of the 

performance of various pipe systems. 

The integration of PV panel and heat pipes as thermal collector into a common unit and used 

in the built environment can generate electrical energy efficiently. The integrated PVHP can 

function by reducing the required space and the initial cost because a frame and bracket are 

used in the set up and can be installed commonly in any available deck area of the building 

structure. According to Weerasinghe et al., (2021) building-integrated photovoltaic 

technology (BIPV) functioned as a decentralised renewable energy source with the building 

material function. They proposed the need to review the real economic value of recent BIPV 

projects to dismiss the common perception of the high cost of BIPV. They presented a paper 

that reviewed forty-five (45) BIPV projects attached to non-domestic buildings located in 
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twelve (12) western countries between 2009 and 2018 and analysed their real economic value. 

Their analysis and calculations estimated the levelized cost energy, net present value and 

discounted payback periods which identified both direct and indirect benefits of BIPV. The 

economic assessment revealed that projects were economically feasible when both direct and 

indirect were measured. The outcome of their conclusion assisted policymakers in decision 

making strategies of BIPV implementation. 

Tang et al., (2010) used a novel micro heat pipe array for cooling the solar panel. They 

investigated both air and water cooling under natural convection condition. They concluded 

the following from the test results. For water cooling, when the daily radiation value of 

21.9 MJ, the maximum temperature reduction was 8 °C and average temperature reduction 

was 2.7 °C, the maximum increase in conversion efficiency was 3% and the average increase 

in conversion efficiency was 0.5%. Using the air cooling when the daily radiation value of 

26.3 MJ, the maximum temperature reduction was 4.7 °C and average temperature reduction 

was 1.5 °C. The maximum increase in conversion efficiency was 2.6% and the average 

increase in conversion efficiency was 0.4%. The average increase in power output was 6.3% 

as compared to without cooling, the average decrease in power output was 9%, as compared 

to water cooling. 

Yang and Athienitis (2016) presented an article on a comprehensive review of the BIPV/T 

technology that included major developments of various BIPV/T systems, experimental and 

numerical studies, and the impact of BIPV/T system on building performance. The BIPV/T 

systems reviewed were air-based systems, water-based systems, concentrating systems and 

systems involving a phase change working medium such as BIPV/T with either heat pipe or 

heat pump evaporator. The article provided an overview of the research, development, 

application and status of BIPV/T systems and led to new ideas and opportunities to utilise the 

use of heat pipes to increase the PV energy performance when both concepts are integrated. 

Wang et al.(2016) conducted an experimental investigation of the heat pipe BIPV/T system 

and proposed the filling of metal wires into the space between the finned heat pipes and 

insulation. The measurement of the thermal performance of the system, the variations of the 

temperatures, flat-plate glass cover, PV panel, filling space, heat pipe, and tank water, as well 

as the ambient temperature were performed. Using different simulated solar radiations and 
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water flow rates, the system’s thermal efficiency was calculated and studied. The experiment 

conducted enhanced the heat transfer and improved the electrical generation of the system. It 

was found that the maximum thermal efficiency was 44.04% with the simulated solar radiation 

of 300 W/m2 and water flow rate of 200 l/h, and 7.9% for the maximum electrical efficiency. 

Wu et al., (2011) provided a solution to the non-uniform cooling of solar PV cells and 

controlled the operating temperature of solar PV cells. They used a heat pipe 

photovoltaic/thermal (PV/T) hybrid system (collector) which was reinforced with a wick heat 

pipe to absorb isothermally the excessive heat from solar PV cells. The theoretical model was 

conceptualised in terms of heat transfer process analysis in PV module panel. The introduction 

of the effectiveness–number of transfer unit (ε–NTU) method in heat exchanger design was 

developed in the prediction of the overall thermal–electrical conversion performances of the 

heat pipe PV/T system. A detailed parametric investigation was carried out on the basis of the 

first and second laws of thermodynamics. The relevant variations of parameters of inlet water 

temperature, water mass flow rate, packing factor of solar cell and heat loss coefficient were 

analysed. Under the operating conditions presented, the results showed that the overall 

thermal, electrical and exergy efficiencies of the heat pipe PV/T hybrid system have 

corresponded to 63.65%, 8.45% and 10.26%, respectively. The varying range of operating 

temperature for solar cell on the absorber plate was less than 2.5 ℃ and was viable and 

exhibited the potential and competitiveness over other conventional BIPV/T systems. 

Hughes et.al., (2011) study utilised the Computational Fluid Dynamics (CFD)  to model the 

heat transfer from a standard PV panel and determined the rate of dissipation of heat. They 

presented a case study of a newly built green building in Dubai, United Arab Emirates (UAE) 

and accurately modelled the specific climatic conditions of the site. They proposed and 

analyzed a finned heat pipe arrangement which improved heat dissipation and performance 

efficiency of the PV panel. A prototype of the arrangement was built for experimental testing 

which validated the CFD modeling and proved the function of the experiment 

conceptualisation. 
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2.4 Heat pipe range of applications  

This section is to present the wide range of applications of the heat pipe in the field of 

renewable energy technologies, utilization as passive cooling systems of Solar Photovoltaic 

Thermal (PV/T), the cooling effect in thermoelectric generators, and the compatibility of its 

application in built environment. The comparison of various applications of heat pipe is 

presented in Table 2.1 below. 

Table 2.1. Comparison of heat pipe range of applications 

Cooling mechanism Results Authors 

Heat Pipes heat pipes absorb heat energy and transfer it to water 

either static or flowing 

Azad, Bahar and 

Moztarzadeh 

(1987) 

Heat Pipes heat pipes charged with dry sand or pebbles to capture 

solar heat proved to be effective for heat transfer 

during both charge and discharge processes 

Caruso et al. 

(1989) 

Heat Pipes its ability to transfer heat in only one direction that 

minimize losses 

Sodha (1986) 

Heat Pipes  Heat pipes can accommodate heat discharge over a 24 

to 48 hour period. Using “off peak” electricity by 

employing electric heating elements to raise the 

temperature of storage bricks within the unit to 500 ℃ 

Vasiliev et al. 

(1992) 

Absorption Heat 

Transformer (AHT) 

The efficiency of the Absorption Heat Transformer 

(AHT) can be improved based on the concept of the 

Coefficient of Performance by up to 20%. 

Ali, Yilbas and 

Al-Sharafi 

(2017) 

Heat Pipes In thermal storage systems imitations of heat pipes 

will occur due to corrosion or exposure to toxic 

substances that may require special encapsulation 

materials. 

Reay (2006) 

Heat Pipes A comprehensive review of the state-of-the-art 

applications, materials, performance of current heat 

pipe devices and future developments in the field 

Jouhara et al. 

(2017) 
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Aluminium Heat 

Pipes In Solar 

Collectors 

development of heat pipes applied in solar collectors 

that were caused by the very high hydraulic resistance 

that ranged from 2 KPa to 20 KPa on liquid solar 

collectors which led to low thermal efficiency 

including less than 0.5 KPa in certain cases 

Rassamakin et al. 

(2013) 

Photovoltaic Thermal 

Solar Collectors 

(BiPVT) 

evaluated the potential of unglazed building-

integrated combined photovoltaic thermal solar 

collectors (BiPVT) for electricity production and 

domestic hot water heating application for multi-

family apartment buildings 

Gautam and 

Andresen (2017) 

Photovoltaic (BIPV) 

Thermal 

Integrated photovoltaic (BIPV) thermal technology 

using air duct that was provided below the PV panels 

that served as structural elements. The contribution of 

the air flow was to increase both electrical and 

thermal efficiencies 

Tripathy et 

al.(2017) 

Photovoltaic/Thermal 

(BIPV/T) Systems 

multiple intakes of air along the PV string of an air-

based, open-loop Building Integrated 

Photovoltaic/Thermal (BIPV/T) systems. The goal of 

the study was to improve the heat extraction from all 

PV panels, while achieving lower and more uniform 

PV temperatures. It also provided solutions to issues 

such as the occurrence of low heat exchange 

efficiency of air and overheating that affected 

durability and reduced the electrical production of the 

system 

Rounis, 

Athienitis and 

Stathopoulos 

(2016) 

Double Pipe Heat-

Exchangers 

Influence of coiled wire inserts on the Nusselt 

number, friction coefficient and overall efficiency in 

double pipe heat-exchangers and employed the 

computational fluid dynamics (CFD) technique 

Sharifi et 

al.(2018) 

Heat Pipes  Utilising the numerical and experimental tools, their 

works’ objective is to encompass the existing 

research through the optimisation of arrangement of 

Chaudhry, 

Calautit and 

Hughes (2017) 
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heat pipes in natural ventilation airstreams using wind 

tunnel experimentation. The thermal cooling capacity 

was subsequently found and decreased by 10.7% 

from 768 W to 686 W when the streamwise distance 

was increased to 40 mm (Sd/D ratio of 2.0) 

Solar PV A cooling test was conducted and resulted in the 

efficiency of solar PV experiencing an increase in rate 

of 47% with the cooled condition. This was therefore 

a possible system set up of residential solar PV 

application 

Peng, 

Herfatmanesh 

and Liu (2017) 

Wall Implanted Heat 

Pipes (WIHP) 

linear relationship between the average equivalent 

heat transfer coefficient (EHTC) and the diameter of 

heat pipe. the WIHP has a great energy saving 

potential during the heating season 

Tan and Zhang 

(2016) 

Solar Photovoltaic 

Thermal (PV/T) 

The study varied from the past researches of non-

integrated, roof-attached concrete solar collectors that 

largely focused on experimental studies in high 

temperature climates and/or simulation studies using 

simplified 1D and 2D models 

Amp et al.(2017) 

PV-thermal (MHPA-

PV/T) collector 

The thermal efficiency of the collector was 

significantly impacted by seasonal temperature, 

increasing by 40% in summer and reducing by more 

than 20% in winter. 

Hou et al. (2016) 

Solar Photovoltaic 

Thermal (PV/T) 

Analytical expressions for thermal parameters (i.e., 

solar cells temperature, outlet water temperature, 

useful absorbed heat rate, average water temperature, 

thermal efficiency, etc.) can be obtained by 

considering energy balance for different components 

of PV/T collector 

Sobhnamayan et 

al.(2014) 
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2.5 Summary  

In this chapter, a review of literature on PV/T and HPHE has been introduced, analysed and 

classified. Previous researches involved computational and experimental investigation on the 

development of PV-HPHE in terms of temperature and time dependent power efficiency 

analysis. Furthermore, it was discovered that studies on PV-HPHE applied in the built 

environment are disorganized despite the convincing probability and suitability of the 

mechanisms to deliver a significant contribution in producing renewable energy. The various 

PV and HPHE systems, when integrated showed potential to produce results which can 

contribute to formulate innovations in their design, performance and application. A thorough 

analysis of these researches was carried out and various specifications of PV-HPHE 

technologies were classified.  

The relationship of factors from temperature, time and power capacity was found to exist. 

Time factor boundary conditions has a large influence on PV tilt angle in power production. 

This power production can be affected by the variation of ambient temperature in a specified 

degree. The specifications concerning the pipe arrangement and pipe cross-sections can 

influence the power efficiency. The review findings of Jouhara et al. and Tan and Zhang 

(Jouhara et al., 2017; Tan and Zhang, 2016), which included controlled factors such as pipe 

diameter, pipe thickness and liquid medium were adopted in this study. The independent 

variables were identified as flow rate, heat pipe (HP) spacing and design installations. All heat 

pipe parameters, which include diameter, working fluid and operating temperature were taken 

from the previous works of Chaudhry (2016) and Chaudhry et al., (2017) as part of the 

research team’s earlier works. The relationships of the variables such as pipe spacing to 

temperature, flow rate to temperature, HP spanwise and streamwise arrangement to 

temperature were reviewed.  
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2.6 Research gaps  

The existing literature has addressed the importance of PV panels in the production of 

renewable energy, but its adoption in the hot and arid regions like the Sultanate of Oman has 

made installation less efficient when exposed to higher temperatures. Various innovations 

presented in literature have the capabilities to enhance the energy production of the PV panels 

but the HPHE is the most potent technology reviewed that has the maximum potential to 

increase the efficiency of PV panels by passive cooling. Due to the limitations of research 

studies conducted in the utilisation of HPHE in the enhancement of the efficiency of PV panels 

in the GCC region, a number of issues will be investigated and resolved such as but not limited 

to the following: 

1. There is no data obtained from the installation of HPHE to achieve an increase in 

efficiency of PV panels in Oman’s hot climate 

2. There is no action to provide passive cooling solutions by installing HPHE to the existing 

PV panels using a residential case-study. 

3. There is no work that involves validation of CFD techniques using far-field experiments 

on a bespoke and novel HPHE system. 

This work will use numerical and experimental techniques to determine PV panel efficiency 

when integrated with a HPHE system. It will also involve the CFD modelling of HPHE 

through a series of heat pipe arrangements to obtain an optimal configuration. Validation will 

be carried out through far-field testing to determine the accuracy of the modelling carried out 

in the study, thereby providing extensive recommendation on the use of HPHE systems for 

PV panels. 
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CHAPTER THREE 

Experimental Methodology 

 

3 Introduction 

This chapter describes the experimental methodology that was used in this study. The 

benchmarking of the climatic data of the site and existing photovoltaic array installation was 

initially investigated. A verification study of the PV panel tilt angle was carried out. A 

Computer Aided Design (CAD) software was then used to design the physical geometries and 

they were modelled true to scale. Citation from literature reviews in the adoption of 

mathematical formulation, used to verify the solar irradiation was thoroughly specified 

approximate to the site conditions.  

The methods of experimental set up in the collection and interpretation of the data of the solar 

irradiation incident flux, E were done using various monitoring apparatus. The numerical 

domain was established and developed. The methodology and design application were 

specified to be compatible in the function of the actual set up. These boundary conditions that 

were applied to the experimental model are described in this chapter, prior to publishing the 

results of the experiment in Chapter 5. 

 

3.1 Site location of the field testing and physical experiment 

In line with the long-term plan of the Sultanate of Oman in energy conservation, development 

of renewable energy and environment sustainability. The Research Council (TRC) of Oman 

challenges the creativity, talents and skills of the youth. This was the rationale of holding the 

first ever Oman Eco house Design Competition in 2013 that received participation from 

various colleges and universities in the country and was won by the University of Technology 

and Applied Sciences (UTAS) - GreenNest Team. The UTAS team aims to showcase the 

conceptual and theoretical knowledge of the various field of engineering and sciences 
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specialisations in the respective programs studied by the students and applied in the actual 

construction of the project for competition. In the design stage of the Eco house project in 

UTAS, a conceptual energy analysis of the building was performed by the GreenNest team 

that included the building site layout, building construction materials, building services 

installation, optimum HVAC equipment capacity and photovoltaic size with the aid of 

'Thermal Analysis Simulation software” (TAS) developed by Environmental Design 

Solutions Limited (EDSL). The UTAS Eco house was used in this research, and its site 

location is shown in Figures 3.1 and 3.2 along with its geographic coordinates at latitude 23.6 

˚ and longitude -58.3˚ displayed in Table 3.1.  Table 3.2 shows the maximum annual solar 

gains derived from data obtained by UTAS weather research. 

 

Figure 3.1. University of Technology and Applied Sciences Eco house site location 

 

Figure 3.2. Eco house perspective view 
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3.1.1 Climatic data of the site 

This section aims to update the data of maximum weather temperature and average solar 

irradiation determined by the UTAS greenest team. The previous data obtained was 48 ℃ . A 

verification using a different experimental set up was undertaken to compare the latest results 

from the temperature data taken by the UTAS greenest team.  

Table 3.1. Design weather parameters and geographic location, (UTASGreenNest, 2015) 

Variable Value Units 

City Name Muscat  

Location Oman  

Latitude 23.6 Deg. 

Longitude -58.3 Deg. 

Elevation 14.9 M 

Summer Design Dry-Bulb 48 ℃ 

Summer Coincident Wet-Bulb 33 ℃ 

Summer Daily Range 8.3 K 

Winter Design Dry-Bulb 16.1 ℃ 

Winter Design Wet-Bulb 10.6 ℃ 

Atmospheric Clearness Number 1  

Average Ground Reflectance 0.2  

Soil Conductivity 1.385 W/(m-K) 

Local Time Zone (GMT+/- N hours) -3 hours 

Consider Daylight Savings Time No  

Simulation Weather Data Muscat (Avg)  

Current Data is User Modified  

Design Cooling Months January to December   

 

Table 3.2. Design Day Maximum Solar Heat Gains – 𝑊/𝑚2, (UTASGreenNest, 2015) 

Month N NNE NE ENE E ESE SE SSE S SSW SW WSW W WNW NW NNW 

January 85.7 85.7 121 408 620 748 802 757 712 755 791 762.5 615 396.5 141 85.7 

February 95.8 95.8 243 521 702 773 764 668 599 670 765 778.4 686 522.1 264 95.8 

March 106 143 397 604 737 757 665 519 424 526 674 747.2 728 616 406 127.2 

April 116 283 509 649 707 670 532 336 227 337 534 664 706 659.6 513 277.6 

May 133 381 569 671 673 594 424 210 143 211 424 590 678 675.9 572 379.3 

June 174 414 583 664 657 560 374 169 135 170 373 549.8 662 676.2 588 412.5 

July 142 379 554 653 667 582 409 203 143 204 409 571 669 666.4 564 376 

August 123 283 490 627 688 646 509 322 221 324 514 638.9 681 638.3 500 277.3 

September 109 133 385 568 694 724 644 510 413 509 642 724.4 696 564.1 384 134.3 
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October 97.9 97.9 263 488 666 758 733 648 581 646 736 753.7 677 495.8 252 97.9 

November 86.3 86.3 141 381 614 748 782 739 700 744 788 736.1 616 395.9 131 86.3 

December 80.5 80.5 88.8 353 586 721 802 777 741 774 798 735 587 339.8 98.2 80.5 

 

3.1.2 Photovoltaic array 

The PV panels array used as a benchmark in this study are made up of uniform configuration 

and includes seventy-six (76) single PV panels with a dimension measuring 1956 mm x 992 

mm, totalling a PV array area of 147.44 m2 and delivering a direct current rating maximum 

power capacity of 22,800 Watts. For a uniform system configuration, only a single PV array 

area was considered because of the limited availability of the Data loggers. Two units of Data 

loggers were installed on the top and bottom of the PV surface. The PV panel under 

observation was installed in the middle of the array in east side of the building. The objective 

of this experiment was to proportionately estimate the actual PV power production to the 

change in PV cell temperature. Further specifications are displayed in Table 3.3, PV Panel 

specifications and Table 3.4, Inverter specifications (UTASGreenNest, 2015). 

Table 3.3. PV Panel specifications, (UTASGreenNest, 2015) 

Module 

Manufacturer 
Short Description of Array 

DC Rating of Array  

(sum of the DC 

ratings) 

Blue Oracle 

76 polycrystalline silicone PV module Max. Power: 300WVMP; 36V; 

22800 Watts Imp: 7.65A PV Arrays - Typical (Combiner1-5) 12 PV panels each. 

PV Arrays Typical (Combiner 6-7) 8 PV panels each. 

 

Table 3.4. Inverter specifications, (UTASGreenNest, 2015) 

Inverter 

Manufacturer 
Model Number Voltage Rating (kW) Quantity 

Growatt 5000MTL 240 5 5 
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3.1.3 Process to determine the PV panel tilt angle 

There are two possibilities to consider in the tilt angle of the array. One is if the roof was 

existing where the PV arrays are to be fixed, then the angle of the roof must be measured. If 

the site has ample space for the installation of PV arrays, it is recommended to check the 

effective tilt angle that will maximise the energy output. An actual measurement was 

undertaken on the PV panels of Eco house, UTAS, Muscat, Oman. The upper measurement 

difference with the lower end of one PV panel and the horizontal level measurement was 

performed as shown in Figures 3.3 and 3.4 respectively. The tilt angle used for the current 

investigation was calculated in order to facilitate the proximate time of solar radiation to be 

perpendicular to the PV panels. This is the period when the PV panel gains maximum power 

production. 

In the actual determination of the PV array tilt angle, plumb bobs were set up on the opposite 

edge of the longer side of the PV panel in Figures 3.3 and 3.4. This was to ascertain the true 

alignment of the vertical measurement. A horizontal level line made of galvanized iron wire 

perpendicular to the strings of the plumb bobs was set up. This galvanized iron wire was 

subjected to tension so as to prevent sag. A 45° x 45° triangle drafting tool was used to ensure 

that the horizontal wire was truly perpendicular with the vertical string of the plumb bob. A 

measuring tape was used to measure the height of the upper and lower edges of the PV panel 

from the horizontal wire. The difference between the upper and lower edges equated to the 

vertical distance of the inclined PV panel from the horizontal wire. The horizontal distance of 

the inclined PV panel was measured from the vertical string of plumb bobs that were set up 

on the opposite edge of the longer side of the PV panel. Basic trigonometric function was used 

taking into consideration the measured vertical and horizontal distances from the inclined PV 

panel in order to determine the angle of inclination. 
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Figure 3.3. Plumb measurement of the PV panel, Eco house, UTAS 

 

Figure 3.4. Horizontal level measurement of the PV panel, Eco house, UTAS 

 

The actual measurement undertaken on the PV panels of Eco house, UTAS, Muscat, Oman 

has an upper plumb difference, with the lower end of one PV panel being 12.9 cm. The 

horizontal level measurement was 195.5 cm as shown in Figure 3.5. The tilt angle used for 

the current investigation was 3.78 degrees and served as a evidence that it was before 12 noon 

that the solar radiation will be perpendicular to the solar panels to gain the maximum power 

production. 
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Figure 3.5. Horizontal level measurement Plumb measurement of the PV panel, Eco house, 

UTAS 

 

According to Topić, Knežević and Fekete (2017), the positioning and tilt angle of PV modules 

in PV systems also influence electricity production. Chang (2009) obtained the duration of 

sunshine and the optimal tilt angle of fixed PV modules (solar collector) for different time 

periods and different latitudes in the northern hemisphere along the longitude of 120o east 

whilst simultaneously taking into account both the extra terrestrial and global radiation. 

Sulaiman et al., (2012) developed an intelligent sizing technique for sizing a grid-connected 

photovoltaic system using evolutionary programming.  
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3.1.4 Data verification of existing PV installation 

Energy consumption analysis involved electrical fixtures such as lightings, electrical plug in 

devices and air conditioning units as shown in Table 3.5. Load analysis was 

performed for envelope, internal gains, solar gains, and electrical loads of the building 

with the help of Hourly Analysis Program (HAP) software. The U values of materials that 

were not available in the HAP software during the preparation of the calculation was 

supplemented from references researched by the Green Nest Team. UTAS GreenNest, (2015). 

Table 3.5. Annual coil load, (UTASGreenNest, 2015) 

Component  Load (KW-h) KWh/𝒎𝟐 

Cooling coil loads  38,055 164,954 

Heating coil loads  83 0.36 

Total  38,138 165.314 

 

Table 3.6. Energy budget by system component, (UTASGreenNest, 2015) 

Component 
Site Energy 

KWh 

Site Energy 

KWh/𝒎𝟐 

Source Energy 

KWh 

Source Energy 

KWh/ 𝒎𝟐 

Air System Fans 1,460 6.328 5214 22.601 

Cooling 11,464 49.464 40943 177.741 

Heating 83 0.360 297 1.287 

Pumps 0 0.000 0 0.000 

Cooling Towers 0 0.000 0 0.000 

HVAC Sub-Total 13,007 56.381 46,454 201.359 

Lights 1,431 6.202 5,110 22.149 

Electric Equipment 5,678 24.614 20,280 87.906 

Misc. Electric 0 0.000 0 0.000 

Misc. Fuel Use 0 0.000 0 0.000 

Non-HVAC Dub-Total 7,109 30.816 25,390 110.056 

Grand Total 20,116 87.196 71,843 311.415 

 

The energy budget by system component of the Eco house is presented in Table 3.6. This 

suggests that “the cooling and the heating” coil loads as the sum of all air system cooling coil 

loads and the sum of all air system heating coil loads respectively. The site energy was the 

total power rating of all electrical services and fixtures installed in the building in KWh.  The 
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source energy is the site energy divided by the electric generating efficiency of 28.0%, (e.g., 

20,116/0.28 = 71,843 KWh). Energy per unit floor area is based on the gross building floor 

area that is also equal to conditional floor area of 230.7 𝑚2. (e.g., 20,116/230.7 = 87.196 

KWh/𝑚2). 

3.1.5 Mathematical formulation used to verify the solar irradiation  

An experiment using a simple solar collector was carried out to obtain the solar irradiation of 

the site between June 2016 to July, 2017. This was to verify the accuracy of the data as advised 

by the Green Nest consultant in relation to the analysis of cooling load with 

design temperature of 42.8 ℃. Dry and wet bulbs designed to withstand maximum 

design temperatures of 48 ℃ and 33 ℃ respectively were utilised to handle the extreme 

conditions during very humid periods and the solar irradiation results were based on the 

mathematical equation as shown in Eq. 3.1 

𝐸𝑠 = 𝐴 × 𝛈 × 𝐇 × 𝐏𝐑 Eq. 3.1 

Es is the solar irradiation, A is the actual total area of PV panels, η is the solar efficiency ratio 

that is equal to the capacity of a single PV panel and the product of E, solar irradiation flux 

incident and APV, area of a single PV panel. H, is the annual average solar radiation on tilted 

panels which according to Al-Busaidi  (Al-Busaidi, 2015) is approximately between 1640 to 

2200 KW-hr/𝑚2 – yr in the Sultanate of Oman. In a study made by Reich et al. (2012) in 

Germany, the Performance ratio, PR for 100 panels was measured and was found to be 

between approximately 70% and 90% with a median PR of approximately 84%. 

3.1.6 Experimental process in the determination of solar irradiation 

Experimental set up was undertaken in the Eco house project, UTAS, Muscat, Oman in order 

to determine the performance and efficiency of the PV panels under actual weather conditions. 

The average solar irradiation, E in the 27 days experiment was obtained using an improvised 

solar collector shown in Figure 3.6.   
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Figure 3.6. (a) Improvised Solar Collector in Shade and (b & c) Solar Collector expose to 

Solar Radiation 

The improvised solar collector comprised of a test tube containing 40 grams of water, a 

thermometer and a 15 mm x 140 mm metal heat conductor painted black so as to maximize 

the attraction of sunlight as shown in Figure 3.7. A similar test tube of the same content rested 

on a glass unexposed to sunlight in order to record the ambient temperature as shown in 

Figure 3.6. The period of exposure of the solar collectors was 900 seconds and the energy 

conversion was taken as equal to 4.2 Joules/gm/℃. The values were utilised in the 

computation of the PV cell temperature together with the data loggers as an experimental 

apparatus. 
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Figure 3.7. Schematic representation of the Solar Collector exposed to Solar Radiation 

 

3.1.7 Interpretation of the data to determine the solar irradiation flux incident, E. 

From the initial observation of the data gathered from June, 2017 the solar irradiation flux 

incident, E was obtained by the computation of the quotient from the total product of energy 

conversion, the weight of water in gms, the difference in the change of temperature of the 

collector and the wet bulb thermometer readings from the exposed location, in relation to the 

combined product of the time and the area of the metal heat conductor as shown in Eq. 3.2. 

E = (4.2 WH2O × ∆T) (t × AMetal)⁄  Eq. 3.2 

Table 3.7. Solar collector experiment data 

Duration, t   900 seconds 

Wt. H20   40 gms 
Aluminium: AMETAL  

Length   140 mm 

Width   15 mm 

Energy, E = 4.2 Joules/gm/˚C 
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3.1.8 Validation of the ambient and PV cell temperature experimental observation 

using data loggers 

Furthermore, an experiment was conducted in the Eco house, University of Technology and 

Applied Sciences at Muscat, Sultanate of Oman in order to determine the ambient and roof 

top PV cell temperature using data loggers with the schematic diagram shown in Figure 3.8 

 

Figure 3.8. Schematic diagram of the experimental set up 

 

The actual PV array installation is shown in Figure 3.9. The objective of this experiment was 

to proportionately estimate the actual PV power production to the change in PV cell 

temperature.  
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Figure 3.9. (a &b) Data Logger in Shade and (c) Data Logger Exposed to Solar Radiation 

 

The Ross R.G. (1980) approximation in Eq. 3.3 was utilised to calculate the cell temperature. 

The approximation indicated the efficiency in performance of the PV panels in providing 

actual power production at higher temperatures over its rated capacity.  

Tcell = Tair + (NOCT − 20) S 800⁄  Eq. 3.3 

  

3.2 Numerical model of physical domain 

Two methodologies were considered - streamwise and spanwise design arrangement of heat 

pipe spacing embedded with the PV array as shown in the flow chart in Figure 3.10. The 

design installation in the streamwise arrangement was found to be inefficient due to the length 

of the condenser pipe which led to a space restriction at the site. The spanwise heat pipe 

installation was therefore selected to be studied. The HPHE waw installed inside a duct with 

the same length of the PV panel. There were two HPHE design directions which was classified 
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into the single side condenser direction shown in Figures 3.11 and 3.12 and double side 

condenser direction of the PV panel shown in Figures 3.14 to 3.17. 

 

Figure 3.10. Revised flow chart of individual work programs 2 and 3 

The utilisation of the CFD analysis as a tool to assess the HPHE cooling performance such as 

pipe spacing to temperature correlation, flow rate to temperature correlation, HPHE spanwise 

and streamwise arrangement to temperature correlation and HPHE design directions. The 

implementation of various arrangements of the heat pipe assembly in order to establish the 

functional thermal performance of the PV module used the previous study of (Chaudhry, 
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2011) experimental results. In order to establish the thermal performance of the PV module, 

experimental testing of the passive cooling characteristics observed from various positions of 

the HPHE installed in the top, middle and bottom of the PV panel was analysed. To achieve 

the specification of optimal configuration, the theoretical and experimental set up’s data 

results of two HPHE directions which involved the SSCD and DSCD installed in the PV panel 

back surface was verified and validated. The HPHE embedded in a junction box regardless of 

material composition shown in Figures 3.11 and 3.12 below was installed below the PV panel 

to collect the high temperature to be absorbed by the evaporator section of the HPHE and also 

has absorbed the warm effect cause by the temperature as proven by Amp et al.,(2017) solar 

collectors. 

 

Figure 3.11. PV-HPHE-SSCD spanwise arrangement with 50mm Spacing on middle 

installation, Isometric view (a) and PV back surface plan modelling (b), resource: CFD, ANSYS 

R14.5 
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Figure 3.12. PV-HPHE-SSCD spanwise arrangement with 50mm spacing on middle 

installation, cross-section B-B modelling (a) and PV top surface Modelling (b), resource: CFD, 

ANSYS R14.5 

In determining the optimal configuration of the HPHE, it is imperative to ensure the 

continuous cyclical operation within a given temperature range. The two methodologies in the 

CFD modelling for HPHE undertaken in the study were selected between the streamwise and 

spanwise design arrangement. Because of the lengthy evaporator pipe that consumed a larger 

space in the site installation, the design installation in the streamwise arrangement was found 

to be inefficient and was thus not specified. The spanwise heat pipe arrangement was selected 

to be studied and was set up into two HPHE condenser directions and classified into the SSCD 

as shown in Figures 3.11 and 3.12 and DSCD as shown in Figures 3.14 to 3.15. 

 

3.3 Methodology of the determination HPHE continuous cyclic operation in a given 

temperature range without screen mesh wick installation.  

Five sections in this chapter were used to present the numerical studies pertaining to dependent 

variables investigation. Actual experimental set ups were performed to investigate the Heat 

Pipe Heat Exchanger – Double Sided Condenser Direction (HPHE – DSCD) dependent 

variables to achieve the PV cooling temperature. The process of the experimental 
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investigation is presented in Section 3.3 to Section 3.7 of this chapter. The flow chart shown 

in Figure 3.13 below served as a guide to understand the process and to achieve the results 

presented in Chapter 5 and 6. Comparison of the results in the application to the built 

environment is presented in Chapter 7.  

 

Figure 3.13. Flow chart of numerical studies pertaining to dependent variables investigation  

The experimental set up was observed during July 02 to August 22, 2019 using HPHE without 

screen mesh wick in three (3) different angles of inclinations with each charged by a 

refrigerant using three (3) different fill ratios. The aim of the experimental set up is to monitor 

the characteristics of the PV panel power generation performance when exposed to varying 

temperatures. The HPHE set up comprised of 0⁰, 3⁰ and 6⁰ HPHE angle of inclinations in the 
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PV panel spanwise direction and 50%, 65% and 100% fill ratios loaded inside the copper heat 

pipes using water as a refrigerant as illustrated in Figures 3.14 and 3.15.   

 

Figure 3.14. PV-HPHE with thermocouples installed 

 

Figure 3.15. Plan view of the experimental set up of PV-HPHE indicating the spanwise 

distance and spacing with condenser and evaporator sections 
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The monitoring of the PV panel temperature was determined by the use of PICOlog 

thermocouple sensors. J1 sensor recorded the PVHP panel temperature on the top surface. J2 

sensor monitored the PVHP panel temperature on the bottom surface. J5 sensor numerated 

the outside surface temperature of the HPHE condenser section. J6 sensor measured the 

outside surface temperature of the HPHE evaporator section as shown in Figure 3.16. 

 

Figure 3.16. Schematic diagram of the experimental set up of PV-HPHE spanwise 

arrangement with 50mm spacing on middle installation 

 

The monitoring of the PV panel temperature as an independent variable and the baseline 

power generation was undertaken at the same time as with the PV-HPHE. The PICOlog 

thermocouple sensors J3 installed on the top surface and J4 monitored the temperature on the 

top and bottom of the PV Panel surfaces respectively as shown in Figure 3.17. 
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Figure 3.17. Schematic diagram of the experimental set up of PV panel for as independent 

variable used as baseline data 

The data collected by the PICOlog thermocouple sensors were recorded in the duration of the 

experimental set up by the monitoring work stations as shown in Figure 3.18. The work 

station to the right of Figure 3.18 recorded the results of the group of sensors installed on the 

PV-HPHE which involved the J1 sensor on the top surface, J2 sensor on the bottom surface, 

J5 sensor on the condenser section and the J6 sensor on the evaporator section. The same work 

station recorded the results of the group of sensors installed on the PV panel which involved 

the J3 sensor on the top surface and J4 sensor on the bottom surface as shown in Figure 3.18. 

This work station was also involved the data collection of the Watchpower software which 

was used to monitor the PV-HPHE power generation. The work station in the left of Figure 

3.18 recorded the results of the PV panel power generation collected by the Watchpower 

software and the monitoring of the 72 units PV panel On Grid power generation of the Eco 

house.  
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Figure 3.18. PICOlog 6 – J Type Thermocouples connected to data monitoring work stations 

The power generated by the 2 units, 300 watt PV panel in the experimental set up were each 

connected to the 2000V/A -1600 Watt power inverter with EURONET Deep Cycle Gel Solar 

batteries 12V 65Ah as shown in Figure 3.19. The 2 units PV panel power generation stored 

in the solar batteries were utilised by the work stations during the daytime until these drained 

out at which time they switched to the grid power supply from the electrical sockets. 

 

Figure 3.19. 2 unit - 2000V/A -1600 Watt power inverter with 4 unit- EURONET Deep 

Cycle Gel Solar batteries 12V 65Ah 
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3.4 Methodology in the determination of HPHE angle of inclination and fill ratio effect 

to working temperature due to the screen mesh wick installation  

An experimental set up was made during September 11, 2019 to October 6, 2019 as shown in 

Figures 3.20 and 3.21 to the PV-HPHE with screen mesh wick installation using four (4) 

HPHE angles of inclination and three (3) fill ratios. The purpose of the experimental set up 

was to observe the change of the PV panel power generation performance when exposed to 

varying temperatures. The HPHE set up were made of 1.5⁰, 3⁰, 4.5⁰ and 6⁰ HPHE angle of 

inclinations in the PV panel spanwise arrangement and 50%, 65% and 100% fill ratios using 

water as refrigerant infused inside the copper heat pipes.  

 

Figure 3.20. Detail of PV-HPHE condenser section with screen mesh wick installation 

 

To determine the HPHE continuous cyclic operation in a given temperature range to be 

encoded in the CFD simulation, the inside evaporator temperature data should be taken from 

the internal section of the heat pipe. An experiment was undertaken between 16 September – 

22 September, 2020 in order to observe the inside evaporator temperature of the HPHE. The 

PV-HPHE configuration set up was made of 3⁰ angle of inclination at 65% fill ratio using 

water as refrigerant but with screen wire the mesh wick in Figures 3.18 and 3.19.  
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Figure 3.21. Locations of PICOlog6 J Type thermocouples measurement points on the 

experimental set up at the inlet and outlet of the evaporator and condenser physical domain of 

the heat pipe configuration 

 

The PICOlog6 J Type thermocouples (exposed wire, Polytetrafluoroethylene (PTFE) 

insulated) with a tip diameter of 1.5 mm and a tip temperature range between −270 ℃ to 1820 

℃ were used to measure temperature. Discrete points were located at the inlet and outlet of 

the evaporator and condenser physical domain in order to quantify the performance of the heat 

pipe system at specific measurement locations as shown in Figures 3.18 and 3.19.   
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A second experimental investigation was undertaken between July 14, 2020 to August 12, 

2020 as shown in Figures 3.22 and 3.23. The follow up observation took a year to implement 

for the simple reason that the high ambient temperature readings can only be achieved during 

peak summer season. The two highest results of controlled variables from the period July to 

August, 2019 experiment were considered. An additive material using an HPHE with screen 

mesh wick installation citing the recent research works was developed. The effective results 

from the previous set up was used as basis to observed the angle of inclinations between 6° 

and 3° using the fill ratio of 65%. The observations covered 15 days on each angle of 

inclination with similar FR. 

 

Figure 3.22. Schematic diagram of the experimental set up of PV-HPHE spanwise 

arrangement with 50mm spacing on middle installation 
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Figure 3.23. Detail of PV-HPHE with thermocouples installed at the inlet and outlet of the 

evaporator and condenser physical domain 

 

The thermocouple points were located 0.248 m in the evaporator (J6 and J7) as origin and 

0.496 m (J3 and J5) of the heat pipe condenser section (X – direction), spaced 0.009 m apart 

and was kept constant in the Y – direction and Z – direction as shown in Figures 3.24.   

 

 

Figure 3.24. Detail of PV-HPHE condenser section with screen mesh wick installation and 

thermocouples located at the inlet and outlet of the evaporator and condenser physical domain 

 

3.5 Methodology in the application of Thermal Infrared Imagery on the built 

environment  

The installation of the PV-HPHE apparatus in the Eco house to achieve the optimal 

performance commenced in the solar orientation as baseline. The benchmark data 

specifications were followed by the establishment of the solar irradiation value on site, the 

CFD modelling simulation results, PV-HPHE design, arrangement, direction and installation 
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of the physical set up, calibration and standardisation of operating variables, selection of the 

optimum configuration of variables involving HPHE angle of inclination and refrigerant fill 

ratio. The methodology of identifying the desired outcomes was tedious. The existing 

monitoring process of PV-HPHE power performance during the operational phase is not 

feasible for a long period of time. As a result, an alternative and efficient method of monitoring 

the PV-HPHE in the application on the built environment needed to be formulated and 

standardised. This was undertaken by the utilisation of Cat61Thermal Infrared Imager (TIR) 

on the built environment. 

Random observations and data collection was undertaken between July to September, 2020 

as shown in Figure 3.25 and 3.26. The data was taken on separate days using the optimum 

geometric configuration of 3⁰ angle of inclination and 65% FR. The establishment of the 

standard errors and uncertainties to serve as a benchmark in the calibration of the infrared 

measuring device was accomplished and the results were plotted and analysed.  

 

 

Figure 3.25. PV-HPHE top surface of TIR using the optimum geometric configuration 
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Figure 3.26. PV-HPHE bottom surface of TIR using the optimum geometric configuration 

 

In a built environment, buildings rank as the largest energy consumer in Europe and are 

responsible for approximately 40% of energy consumption according to the report by the 

European Commission (2019). In 2017, the global building section is responsible for around 

30% of the world’s final energy consumption as per Zhu et al., (2021). Actual energy 

consumption in buildings can be monitored and analysed using the thermal infrared images 

(TIR). TIR has the capability to reveal the thermal radiance of buildings and was proven to be 

an effective tool to provide accurate data. Distinct from optical cameras, thermographic 

sensors detect radiation in the long-infrared range of the electromagnetic spectrum (9–14 μm). 

In comparison to the near-infrared images, whose wavelength span around 0.75–1.4 μm, 

thermal cameras has the capability to reflect the image temperature of objects from between 

−80 ℃ to ± 80 ℃. Almost all objects with a temperature above the absolute zero emit infrared 

radiation to the environment. Utilising TIR images enables users to view the thermal 

appearance, moving process, and thermal properties without visible illumination, Zhu et 

al.,(2021), Weinmann et al.,(2014) and Christiansen et al., (2014).  

According to Glass (2013) most of the early scanners comprised of heat sensitive material 

about the size of the head of a pin at the end of a wire. Such type of scanning apparatus can 

be inexpensively cooled. Photons of TIR energy strike the heat sensitive material and induce 

a current to flow in the wire. The amount of current generated is proportional to the number 

of photons which strike the sensor. The current is measured as a number and recorded in the 
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form of a digital image. The numbers were used to modulate a light beam and exposed to a 

standard film for interpretation. Atmospheric absorption dominated the TIR with the 

exception of a window from approximately 2.5 to 5 µm, and from between 8 to 14 µm. The 

2.5 to 5µm window contained approximately equal portions of reflected sunlight and earth 

radiometric temperature. This combination made attempts to correlate radiometric 

temperature often called amplitude or brightness on an image, with thermometric temperature 

difficult. The 8 to 14 µm window corresponded to the peak of the earth’s radiant exitance with 

little solar interference and these temperature correlations were more reasonable range values. 

Calibrating thermal sensors was exceedingly difficult earlier. The best approach for 

calibrating thermal images involved a grid of thermometric measurements on the ground with 

a proximity to the observed surface so as to attain reliable data results. 

Robust camera calibration was a critical step in 3D reconstructions in order to extract precise 

quantitative measurements from 2D images. Zwierzak, Stoddart and Hitchens,(2017), project 

was the reconstruction of the 3D model from the images obtained underwater. The 

observations were undertaken in a high vibration manufacturing environment obtaining high 

accuracy 3D data using stereo-rig calibration. Two AV 6600 monochrome 29 Megapixels 

GigE cameras were calibrated at four different angles and this ensured that the angle of the 

stereo rig and variation in image contrast did not significantly influence the final results. Based 

on their set up which provided imaging solutions for harsh environments, the results 

showed that calibration of the cameras set at the angle of 15⁰ reduced significantly the 

accuracy of the 3D reconstruction. In contrary, their set up had not influenced re-projection 

error, which was less than 0.5 pixels. The cameras were synchronised to less than a 

millisecond. This delay was not significant in the imaging of the rigid body translation. The 

results of the stereo calibration for 90⁰ angle set up were presented. The results provided the 

extrinsic parameters describing the grid orientations in relation to both cameras. Precise 

calibration resulted in the accurate representation of the physical stereo system. There was a 

high accuracy of 97.5% (± 0.5%) for the extrinsic parameters of all angle set ups within the 

manual measurements. 
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3.5.1 Features of Cat S61 thermal imaging camera as alternative measuring device 

An experimental set up that utilised Cat S61 thermal imaging camera was used to monitor the 

thermal contours of the PV and PV-HPHE. The objective of using this measuring device was 

to observe the characteristics of the PV surface temperature and correlate the data results to 

the PV power generation. The significance of the results and findings using the Cat S61 

thermal imaging camera will be used in the periodic monitoring of the PV-HPHE. The use of 

an alternative measuring device should not require the utilisation of the PICOlog with 

thermocouples, CFD simulation and a data central station so as to make the application of the 

PV-HPHE in the built environment feasible. The Features of integrated FLIR® thermal 

imaging camera on the Cat S61 smartphones can detect and monitor heat energy. This 

device can capture and measure any changes in temperature as a thermal image or video 

up to 33 meters afar and can be used to diagnose problems quickly. The upgrades on the 

Cat S61 include an expanded measurable temperature range to 400 ℃. This measuring 

device passed military specifications with the following features; MIL SPEC 810G, 

Thermal Shock: ability to handle low to high temperature differences between -25 ℃ (-

13 ℉) – 55 ℃ (131℉) for up to 24hrs, Resistant to vibration: Category 4 resistant to 

humidity and salt mist. Sensors installed can function as Accelerometer, Proximity 

Sensor, Ambient Light Sensor, Compass, Gyroscope, Location, Barometer, Thermal, 

Indoor Air Quality Sensor (humidity & temperature). A noted feature of CatS61 thermal 

imaging camera was its ability to self-calibrate as per user specification and requirement. 

 

3.6 Summary 

This chapter introduced the experimental methodology of the various instrumentation 

processes in maximising PV power performance efficiency through passive cooling using heat 

pipes. The experimental theory and mathematical formulation were complemented by the 

application methods of simple solar collector apparatus, digital sensors and TIR. The 

recapitulation of this chapter was divided into the stages which commenced from the 

background of the physical domain, the development of the various methodologies to achieve 

the optimal performance of the experimental set up and the application of thermal imagery 
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technology as an innovative approach to monitor the PV performance in real time efficiently. 

The first stage of the experimental set up used a single PV array area from the grid of seventy 

six (76) PV panels with a total PV array area of 147.44 𝑚2. The tilt angle used for the current 

investigation was calculated to establish the proximate time of solar radiation to be 

perpendicular in the PV panels. This is the period when the PV panels gain the maximum 

power production. The second stage was an experiment comprising a simple solar collector to 

obtain the solar irradiation of the site to determine the performance and efficiency of the PV 

panels under actual weather conditions (temperature). The average solar irradiation, E in the 

27 days experiment was obtained. Furthermore, the experimental observation to determine the 

ambient and roof top PV cell temperature using data loggers was done as validation of the 

ambient and PV cell temperature. The innovations from recent research in the use of heat 

pipes in decreasing heat to mechanisms exposed to solar irradiation had accelerated due to 

effective experimentation techniques and the use of accurate instrumentation. In this premise 

the third stage of the study was introduced and involved the numerical model of physical 

domain using two methodologies. The streamwise and spanwise heat pipe spacing embedded 

with the PV array. The design installation in the streamwise arrangement was inefficient 

because of the length of the evaporator pipe which resulted in a space restriction at the site. 

The spanwise heat pipe arrangement and double side condenser direction of the PV panel was 

thus selected to be studied. 

The fourth stage involved the methodology in the determination of HPHE continuous cyclical 

operation in a given temperature range without screen mesh wick installation. Actual 

experimental set ups were performed to investigate the HPHE – DSCD dependent variables 

in order to achieve the PV cooling temperature. This stage was followed up by the 

determination of HPHE angle of inclination and fill ratio effect to working temperature due 

to the screen mesh wick installation. The PV-HPHE experiment used three (4) HPHE angles 

of inclination and four (3) fill ratios. The purpose of the experimental set up was to observe 

the change of the PV panel power generation performance when exposed to varying 

temperatures. The HPHE set ups were made of 1.5°, 3°, 4.5° and 6° HPHE angle of 

inclinations in the PV panel spanwise arrangement and 50%, 65% and 100% fill ratios using 

water as refrigerant inside the copper heat pipes. The continuation study of this stage took a 

year to complete in the determination of the HPHE continuous cyclic operation due to the 
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seasonal occurrence of peak temperatures. The PV-HPHE configuration set up was made of 

3° angle of inclination at 65% fill ratio using water as refrigerant but with a screen wire mesh 

wick. Additional observation of the inside evaporator temperature of the HPHE was done. 

The final stage of the methodology was the application of Thermal Infrared Imagery in PV 

panel of the built environment. This involved the calibration of Thermal Infrared Images 

consistent with the features of Cat S61 thermal imaging camera as alternative measuring 

device.  
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CHAPTER FOUR 

CFD Theory and Modelling 

 

4 Introduction 

The numerical methodology relating to the design and modelling of HPHE integrated with the 

PV panel array is described in this chapter. A series of computational studies that have been 

conducted  in the determination of controlled factors such as pipe diameter, pipe thickness 

and liquid medium were verified. The establishment of these controlled factors resulted in the 

approximate range of dependent variables such as the PV temperature and energy efficiency 

within specified boundary conditions. Rigorous computational trial and error were undertaken 

to achieve the desired results in the selection of the cooling model to adequately respond to 

the objectives of the study. 

The CFD analysis was utilised as a tool to visualise the heat pipe (HP) cooling performance 

such as pipe spacing to temperature correlation, flow rate to temperature correlation, and HP 

spanwise and streamwise arrangement to temperature correlation. The theoretical set up of 

HP design direction which involved the single side and double side of the PV panel was 

undertaken. The verification of the HPHE which were arranged on the top, middle and bottom 

installations of the PV panel was analysed. The design arrangement yielded results that are 

further discussed in Chapter 6 using ANSYS 14.5 and 19.2 software. The validation process 

was derived from an in depth and thorough analysis of various design models as shown in 

Figures 6.1 to 6.7 (Chapter 6). 

The default mathematical principles of the CFD modelling using ANSYS 14.5 and 19.2 

software are presented in the following sections of this chapter. These were the governing 

equations which are difficult to manage by manual and electronic computation in the selection 

of an optimum configuration of the modelling. In the use of ANSYS 14.5 software in CFD 

modelling, the determination of the mesh generation and boundary conditions needs to be 
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established. To complement the mathematical principles, this chapter includes geometric 

dissections in the derivation of the continuity equation and mesh generation.  

4.1 Governing Equations 

The governing equations refer to equations that describe fluid flow and heat transfer. They 

represent the laws of conservation of physics as follows (Versteeg and Malaskera, 1995). The 

three primary governing equations are listed below 

▪ The mass of a fluid is conserved  

▪ The rate in change of momentum is equal to the sum of all forces on a fluid particle – 

Newton’s 2nd Law  

▪ The rate of change of energy is equal to the sum of the rate of work done on and the addition 

of heat to a fluid particle – 1st law of Thermodynamics  

 

4.2 Mass conservation or continuity equation 

The mass conservation equation is also known as the continuity equation. The law of mass 

conservation equation is that the mass of a controlled volume will remain constant, regardless 

of any process acting inside the system. The controlled system can change form, but cannot 

be destroyed. The general form (Eq. 4.1) of the partial differential equation of the continuity 

equation can be written as follows (ANSYS, 2011), (ANSYS Fluent User's Guide, 2011) 

𝜕𝜌

𝜕𝑡
+ ∇(𝜌 �⃗�) = 𝑆𝑚 

Eq. 4.1 

Where: 

∇=
𝜕

𝜕𝑥
+

𝜕

𝜕𝑦
+

𝜕

𝜕𝑧
 

Eq. 4.2 

The source 𝑆𝑚 is the mass added to the continuous phase from the dispersed second phase and 

any user defined sources. 
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4.3 Momentum conservation equation 

Newton's second law states that the rate of change of momentum of a fluid particle equals the 

sum of forces acting on it. In this case, there are two types of forces acting on fluid particles 

including body forces (gravity, centrifugal and electromagnetic) and surface forces (pressure, 

viscous, shear and normal). The rate of increase of (x, y, z) momentum per unit volume of a 

fluid particle is given by: 

𝜌
𝐷𝑢

𝐷𝑡
 , 𝜌

𝐷𝑣

𝐷𝑡
, 𝜌

𝐷𝑤

𝐷𝑡
 

Eq. 4.3 

The body forces overall effect is by the source terms SMx, SMy, SMz of the χ -component, y-

component and z-components of the momentum equation. Based on this principle, the 

momentum conservation equation can be written as follows (Versteeg, 2007), 

The χ-component of the momentum equation is found by setting the rate of change χ -

momentum of the fluid particle equal to the total force in the χ -direction on the element due 

to surface stresses and the rate of increase of χ -momentum due to sources as formulated in 

Eq. 4.4. 

𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝑆𝑀𝑋 

Eq. 4.4 

Similarly, the y-component of the momentum equation is formulated in Eq. 4.5. 

𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑦
+

𝜕𝜏𝑥𝑦

𝜕𝑥
+

𝜕𝜏𝑦𝑦

𝜕𝑦
+

𝜕𝜏𝑧𝑦

𝜕𝑧
+ 𝑆𝑀𝑦 

Eq. 4.5 

While the z-component of the momentum equation is formulated in Eq. 4.6. 

𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑧
+

𝜕𝜏𝑥𝑧

𝜕𝑥
+

𝜕𝜏𝑦𝑧

𝜕𝑦
+

𝜕𝜏𝑧𝑧

𝜕𝑧
+ 𝑆𝑀𝑧 

Eq. 4.6 
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4.4 Energy equation 

The energy equation is derived from Newton's first law which states that the rate of change of 

energy inside a fluid element is equal to the rate of heat added to the fluid element and the 

work done on fluid element (ANSYS 2011). The energy equation used in this study can be 

written as formulated in Eq. 4.7. 

𝜕

𝜕𝑡
(𝜌𝐸) + [�⃗�(𝜌𝐸 + 𝑝)] = ∇[𝑘𝑒𝑓𝑓𝛻𝑇 − ∑𝑗ℎ𝑗𝐽𝐽

⃗⃗⃗ + (𝜏𝑒𝑓𝑓̿̿ ̿̿ ̿ × �⃗�)] + 𝑆ℎ 
Eq. 4.7 

 

Where: 𝑘𝑒𝑓𝑓 is the effective conductivity, 𝐽𝐽 is the diffusion heat flux of species j, 𝑆ℎ includes 

the heat of chemical reaction and other volumetric heat sources that are user defined. In the 

above equation: 

𝐸 = ℎ −
𝑝

𝜌
+

𝑣2

2
 

Eq. 4.8 

 

Where sensible enthalpy ℎ is defined for an ideal gas as: 

ℎ = ∑ 𝑗𝑌𝑗ℎ𝑗 Eq. 4.9 

 

And for incompressible as: 

ℎ = ∑ 𝑗 𝑌𝑗ℎ𝑗 +
𝑝

𝜌
   Eq. 4.10 

 

4.5 Navier-Stokes equations for a Newtonian fluid 

The Navier-Stokes equations are used to define the fluid flow viscous stress. In many fluid 

flows, the viscous stresses can be expressed as functions of local deformation rate (or strain 

rate). In three-dimensional flows, the local rate of deformation is composed of the linear 

deformation rate and the volumetric deformation rate. In a Newtonian fluid, the viscous 
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stresses are proportional to the rates of deformation (Versteeg, 2007). The three linear 

elongating deformation components are:  

𝑒𝑥𝑥 =
𝜕𝑢

𝜕𝑥
, 𝑒𝑦𝑦 =

𝜕𝑣

𝜕𝑦
, 𝑒𝑧𝑧 =

𝜕𝑤

𝜕𝑧
, Eq. 4.11 

The six shearing linear deformation components are: 

𝑒𝑥𝑦 = 𝑒𝑦𝑥 =
1

2
(

𝜕𝑢

𝜕𝑦
+

𝜕𝑣

𝜕𝑥
), 𝑒𝑥𝑧 = 𝑒𝑧𝑥 =

1

2
(

𝜕𝑢

𝜕𝑧
+

𝜕𝑤

𝜕𝑥
), 𝑒𝑦𝑧 = 𝑒𝑧𝑦 =

1

2
(

𝜕𝑣

𝜕𝑦𝑧
+

𝜕𝑤

𝜕𝑦
) 

Eq. 4.12 

The volumetric deformation is given by Eq. 4.13. 

𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= ∇V 

Eq. 4.13 

 

Where the -component of Navier-Stokes equation is formulated in Eq. 4.14. 

𝜌
𝐷𝑢

𝐷𝑡
= −

𝜕𝑝

𝜕𝑥
+ ∇(𝜇𝑔𝑟𝑎𝑑𝑢) + 𝑆𝑀𝑋 

Eq. 4.14 

The -component of Navier-Stokes equation is formulated in Eq. 4.15. 

𝜌
𝐷𝑣

𝐷𝑡
= −

𝜕𝑝

𝜕𝑦
+ ∇(𝜇𝑔𝑟𝑎𝑑𝑣) + 𝑆𝑀𝑦 

Eq. 4.15 

The -component of Navier-Stokes equation is formulated in Eq. 4.16. 

𝜌
𝐷𝑤

𝐷𝑡
= −

𝜕𝑝

𝜕𝑧
+ ∇(𝜇𝑔𝑟𝑎𝑑𝑤) + 𝑆𝑀𝑧 

Eq. 4.16 

 

4.6 Derivation of Continuity equation from Eulerian and Lagrangian view 

Joshi et al.,(2019) presented the two views as shown in Figure 4.1 A and B. The Lagrangian 

view in Figure 4.1 A, describes an arbitrary material volume V, the bounding surface of 

which can be considered as impenetrable to materials. But this material volume V moves in 
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space with a velocity v (t). However, stresses can act on the surface as identified by 
𝑣
→ on an 

elemental surface dA, with a normal vector ή. These stresses are molecular in origin and short 

range in nature. The Eulerian view in Figure 4.1 B, in the middle shows a control volume 

fixed in space through which material can enter and exit as indicated by Nx on the yz surface 

with similar entrance and exit occurring on all other surfaces. Such control volumes can be 

constructed in any coordinate frame such as cylindrical or spherical coordinates. The laws of 

physics should be independent of such choices of inertial reference frames and should lead to 

the same description of underlying phenomena.  

Using the Reynolds transport theorem which is a transformation from Lagranian to Eularian 

description to utilise the basic equation of mechanics developed in the Lagranian frame, in 

which the rate of Change = Rate of (in – out + generation) equation are applied in a control 

volume.  

 

Figure 4.1. Derivation of Continuity equation  

(A) Lagrangian view in which a material volume is defined as one which contains the same 

materials all the time. Nothing enters or leaves the shaded arbitrary volume V. External stress 

can act on a surface identified by its local normal. (B) Eulerian view in which a fixed control 

volume is identified with well-defined control surfaces through which material can enter or 

leave. Stresses can also act on such surfaces, components of which are shown as example on 

the top surface. (C) Using the variable N as any extensive property to pass through a system 

from region I to region III. 

https://www-sciencedirect-com.ezproxy1.hw.ac.uk/topics/engineering/control-surfaces
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𝑁𝑡 = (𝑁I) 𝑡 + (𝑁II) 𝑡 Eq. 4.17 

𝑁𝑡 + 𝑁∆𝑡 = (𝑁II) 𝑡 + ∆𝑡 + (𝑁III) 𝑡 + ∆𝑡 Eq. 4.18 

𝑑𝑁

𝑑𝑡
|𝑠𝑦𝑠𝑡𝑒𝑚 = lim

∆𝑡→0
[(𝑁II) 𝑡 + ∆𝑡 −

(𝑁II) 𝑡

∆𝑡
]

+ rate of outflow –  inflow of property across  

Eq. 4.19 

 

Where: 
 

lim
∆𝑡→0

[(𝑁II) 𝑡 + ∆𝑡 −
(𝑁II) 𝑡

∆𝑡
] =

𝜕𝑁

𝜕𝑡
| CV Eq. 4.20 

                                                                                      

With the variables n as N per unit mass, v as velocity in the control volume, ή as the normal 

vector to the area, dA as differential surface area, ρ as the density, volume flow rate is (v ● ή) 

dA, mass flow rate is the product of density and volume flow rate and the total transport 

property can be presented by the product of n and mass flow rate to be expressed by the 

equations;  

Total transport property = n x ρ x (v ● ή) dA and the Reynold’s Transport Property, RTT 

RTT = dN/dt |system = ꝺN/ ꝺt|CV   + ∫cs n ρ (v● ή) dA Eq. 4.21 

Conservation of mass, N =m and n = 1 for non-deformable and stationary control volume 

which does change in a period of time. Relative velocity, v is the same as absolute velocity, ṽ 

when the control volume is stationary and arbitrary. 

RTT = dm/dt |system = ꝺm/ ꝺt|CV + ∫cv ρ (ṽ● ή) dA Eq. 4.22 

dm/dt |system = 0; when system has fixed mass and does not change with time. 

ꝺm/ ꝺt|CV   = ꝺ/ ꝺt ∫cv ρ dV = ∫cv ꝺ/ ꝺt (ρ)dV Eq. 4.23 

therefore,  

dm/dt |system = 0 = ∫cv ꝺ/ ꝺt (ρ)dV + ∫cv ρ (ṽ ● ή) dA Eq. 4.24 

Transformation of the surface to volume integral using the divergence theorem, 

0 = ∫cv ꝺ/ ꝺt (ρ)dV + ∫cv ∇ (ρ ṽ) dV Eq. 4.25 
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0 = ∫cv [ꝺ/ ꝺt (ρ) + ∇ (ρ ṽ)] dV Eq. 4.26 

To track the interface between phases, the solution for the volume fraction is; 

 ꝺ/ ꝺt (ρ) + ∇ (ρ ṽ) = 0 which is called the continuity equation. 

For the primary phase (liquid phase) of the VOF model, the equation is; 

𝜕

𝜕𝑡
(𝛼𝑙𝜌𝑙) + 𝛻(𝛼𝑙𝜌𝑙�̃�) = 𝑆𝛼𝑚 Eq. 4.27 

where Sαm is the mass source term that can be used to find the mass transport from one phase 

to another during the evaporation and condensation processes and α is the phase volume 

fraction. The above equation solves for the primary phase (l) only and Sαm = 0 when T< boiling 

point of water. The volume fraction for the secondary phase (v) can be calculated when T > 

boiling point of water which is unlikely to occur in an experimental set up. 

 

4.7 Mesh generation and boundary conditions 

Mesh generation refers to the discretisation of the computational domain. This is when the 

computational domain of any case in the numerical solver is divided in a discrete number of 

connecting cells in 2D or 3D (see Figure 4.2) depending on the geometry of the domain. The 

equations as defined by the numerical model are solved through each of the cells in the domain 

with information being passed across the boundary of each cell. The number of iterations 

confirms the number of times the calculations based on the numerical model are applied 

through each cell. When a solution has been reached by the solver, the case comes to a 

convergence. The mesh holds particular importance in the solving process whereby the shape, 

size and progression of the cells in the domain affect the way in which the solver processes 

the calculations based on the defined model. 
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Figure 4.2. Schematic representation of a mesh:  a) 2D and b) 3D (Versteeg, 2007) 

A tetrahedral mesh was applied across all computational domains. A tetrahedron has four 

vertices and six edges and when discretising, this is the 3D version of the triangle mesh applied 

in 2D. In the options for patch conforming over the surface areas of each computational 

domain, a program-controlled triangle surface mesh was employed. All meshes used were 

unstructured with the assembly meshing kept at none. This refers to the way in which the 

mesh is applied across the computational domain at a part-level according to the number of 

bodies and parts defined (ANSYS 2011). 

In conversion of the tetrahedron to hexahedron, Uemura (1993) presented one basic procedure 

possible. Dividing one tetrahedron into 4 hexahedra tends to create distorted hexahedral 

elements. However, this method seems to be the only possible way currently available to 

generate unstructured hexahedral mesh with arbitrary density control with fully automatic 

procedure. If the designing of the solver secures that it is not severely affected by element 

distortion, advantage of this method will be significant. 

CFD codes applied in a single sided condenser direction (SSCD) was a hexahedral mesh with 

nodes ranging between 703,507 - 1,135,505 and a maximum of 992,612 elements was applied 

to the different models in this simulation. The mesh orthogonal quality ranged from 0 to 1 

with a minimum orthogonal quality equal to 7.12915 e-02 and a minimum aspect ratio 

(evaporator diameter/length) equal to 9.59399 e+01 for a middle installation with spacing 

equal to 50 mm. The standard wall function was used to determine the laminar or turbulent 

flow of fluid material in the near wall using boundary conditions. Water was used as the 

working fluid inside the heat pipes. The mesh details are shown in Figure 4.3. The mesh 

quality results are shown in Table 6.7 in Chapter 6. 
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Figure 4.3. Mesh quality for the physical domain. 

The solution was a simple pressure velocity coupling scheme. The spatial discretization was 

set to the following conditions; a gradient used the least square cell based, a standard pressure 

on fluid material, a momentum used second order upwind, a turbulent kinetic energy used first 

order upwind, a turbulent dissipation rate of first order upwind and an energy was set using 

second order upwind. The reference values are shown in Table 4.1. 

Table 4.1. Solution control variables 

Factors Value Units of measurement 

Area 20x0.05x0.992 = 1 m2    

Density 1.225 Kg/m3 

Enthalpy 0 j/Kg 

Length 1 m 

Pressure 0 Pa 

Temperature 288.16 K 

Velocity 0.25 m/s 

Viscosity 1.7894e-05 Kg/m-s 

Ratio of Specific Heats 1.4  
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The findings of Jouhara et al. (2017) and Tan & Zhang (2016), which included controlled 

factors such as pipe diameter, pipe thickness and liquid medium were adopted in this study. 

The independent variables were identified as flow rate, heat pipe (HP) spacing and design 

installations are shown in Table 4.2. All heat pipe parameters, which include diameter, 

working fluid and operating temperatures were taken from the previous works of Chaudhry et 

al., (2016) and Chaudhry, Calautit and Hughes (2017) as part of the research team’s earlier 

works. The dependent variables were PV temperature and energy efficiency. The relationships 

of the variables such as pipe spacing to temperature, flow rate to temperature, HPHE spanwise 

and streamwise arrangement to temperature were analysed using CFD. The HPHE single side 

arrangement was made through the top, middle and bottom installations of the PV panel. The 

HPHE double side direction CFD analysis was undertaken after the optimum spacing and 

directions were identified from the single side arrangement.  

A duct regardless of material composition was installed below the PV panel that collected the 

high temperature to be absorbed by the evaporator section of the HPHE and had negligible 

effect in the temperature as proven by Amp et al. (2017) solar collectors. 

Table 4.2. Summary of the recommended HPHE system specifications and liquid medium as 

controlled variables 

Specification Value 

No. of units 20 

Spacing 1D - 4D 

Pipe Material Copper 

Pipe Diameter 20 mm 

Evaporator Length 992 mm 

Condenser Length 992 mm 

Total Length 1959 mm 

Working Fluid H2O 

Mass flow Rate 0.25 X10−5 kg/s 

H2O Operating Temperature 218 – 453 K 

Orientation Span/Stream Wise – 90° 
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4.8 Theoretical design of Single Sided Condenser Direction – Heat Pipe Heat 

Exchanger (SSCD – HPHE) and CFD validation of PV cooling system 

Two methodologies in the CFD modelling for HPHE were carried out in this study. The design 

installation in the streamwise arrangement was inefficient due to the length of the long 

evaporator pipe that resulted in a space restriction in the site installation. The spanwise heat 

pipe installation was therefore preferred to be investigated. There were two HPHE designs 

which was classified into the single side and double side condenser direction of the PV panel. 

The HPHE was installed inside a duct with the same length of the PV panel. The HPHE single 

side condenser design was inserted in a duct that covered a half section of the PV panel shown 

in Figures 6.1 to 6.7 in Chapter 6. CFD modelling was done in various HPHE spacing of 1D 

to 4D and was placed at the top, middle and bottom installations of the duct attached to the 

PV panel as shown in Table 6.1 in Chapter 6 using the theoretical ambient temperature of 

45.0℃ (318.15 K) which was used as the initial temperature encoded in the ANSYS software 

and nominal operating cell temperature of 64.50 ℃ (337.65 K) as shown in Table 5.3. 

The first numerical modeling set up of the HPHE was carried out using an 80 mm spacing on 

centers. 20 units of HP were installed in a rectangular duct with a length of 1959 mm. The 

HPHE covered the whole section of the PV panel hence the top, middle and bottom sections 

yielded similar temperature results as shown in Figure 6.1. 

The second and third numerical modelling set up of the HPHE was undertaken using a 70 mm 

and 60 mm spacing on centers with the same 20 units of HP installed in a rectangular duct. 

The installation caused to shrink slightly the coverage of the cooling area of PV panel which 

resulted in varying results when installed at the top, middle and at the bottom of the 70 mm 

spacing as shown in Figure 6.2 and the 60 mm spacing as shown in Figure 6.3. 

The fourth and fifth numerical modelling set up of the same HPHE installation involved using 

50 mm and 40 mm spacing on centers. The results of the 50 mm and 40 mm spacing at the 

top, middle and at the bottom are shown in Figures 6.4 and 6.5. The sixth and seventh were 

the last set up of the same HPHE modelling. Using 30 mm and 20 mm a similar HPHE design 

installation, the results for 30 mm were at the top, in middle and at the bottom is shown in 

Figures 6.6. The result in the 20 mm spacing of HPHE at the top, in middle and at the bottom 
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are as shown in Figures 6.7. The findings from the seven modelling set ups made for the 

HPHE inside the duct that resulted in a minimum temperature formed the baseline model for 

the actual HPHE double sided condenser section as shown in Figures 3.11 to 3.14 in Chapter 

3. 

4.9 Theoretical design of the Double Sided Condenser Direction – Heat Pipe Heat 

Exchanger (DSCD – HPHE) and CFD validation of PV cooling system. 

In addition, CFD modelling was done through the preparation of the geometry design and 

mesh quality of the HPHE using the double sided condenser direction. This was the pre-

process procedure of the CFD simulation that determined the optimal performance. The 

specification and assignment of values of nodes and elements of the mesh quality shown in 

Table 4.3 was classified according to the HPHE arrangement and the designated spacing of 

50 mm.  

The validation of the values, the HPHE arrangement and HPHE geometry detail shown in 

Figures 4.4 (A) and (B) were derived from the best design installation results of the SSCD 

arrangement in Section 6.1 and 6.2. The validation of geometry specifications of the mesh 

quality was divided into hexahedral quality domain and orthogonal mesh quality domain of 

the HPHE. The tetrahedral quality domain was utilised in the CFD validation of the 

refrigerant. 

Table 4.3. Mesh quality according to HP arrangement and spacing shown in Figure 4.4 (B) 

Mesh Quality HP Installation 
Heat Pipe (HP) 50 mm 

Spacing 

Nodes HP Middle 869517 

Elements HP Middle 762670 
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Figure 4.4. Theoretical CFD modelling of HPHE – DSCD without screen mesh wick at 0 

degrees angle of inclination using optimum values within the accepted range (A) Geometry 

and (B) Mesh 

 

4.10 CFD validation of optimum spanwise arrangement of Heat Pipe Heat Exchanger 

(HPHE) effect on the cell temperature. 

CFD modelling was also carried out to validate the result against experimental readings that 

were taken between July 22, 2019 and August 20, 2019. The validation of CFD model using 

PV-HPHE spanwise arrangement, double sided condenser direction was focused to the point 

of modelling errors/uncertainties. The boundary conditions were established prior to the CFD 

modelling results. The CFD errors that were analysed were within the range of the boundary 

conditions to minimise the number of simulations. The system of solver side revisions need 

not always revert back to the geometry or meshing to change the grid and reduced the period 

of test simulations. The extrusion of the 3D domain and separation of the face or cell zones of 

the CFD model were performed. Adapting grid independence, deactivating/activating and 
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deleting/appending cell zones, mesh swapping and appending case/data were implemented in 

most of the simulation testing. 

There were two groups of design values encoded in CFD simulation in the validation of the 

optimum results taken from the experimental set up using flow rate, inner evaporator 

temperature by interpolation, outer evaporator temperature, PV surface temperature and 

ambient temperature.  

The CFD modelling of solution method set the activation of the energy code. The fluid 

materials used air and water. Solution initialisation was standard in the computation of HPHE 

internal cooling from evaporator to condenser section. Reference frame was relative to the 

cell zone. The initial value of gauge pressure was zero, velocity coordinates (x, y, z) have 

assigned values (0, 0, 8.13e-05) in m/s. The first group used the following values and 

specifications in a 3⁰ angle of inclination and a 65% FR of refrigerant in laminar flow. The 

temperature readings were the peak values which occurred at a specific time of 1:22 p.m. of 

August 2, 2019. The mesh geometry settings used the fluent solver preference, element order 

is linear with element size of 140.42 mm. The values of nodes and elements were set at 

1882148 and 1793802 respectively. Verification of the solver side of the mesh quality used 

the following conditions of pressure over density based but temperature driven, velocity 

formulation was absolute and time was at steady state. Coordinates of domain (x, y, z) extents 

resulted to a minimum (-5.08e-01, -6.98e-02, -1.96e+00,) and a maximum (1.50e+00, 7.00e-

02,1.88e-04) in m. Volume statistics in m3 yield a minimum of 3.66e-09, a maximum of 1.62e-

04 and a total volume of 2.24e-01. Face area statistics have a minimum of 1.76e-06 and 

maximum 5.24e-03. The mesh quality simulation gave a minimum orthogonal quality of 

2.31e-01, cell 440533 on zone 10 (ID:417079 on partition:0) at location (9.91e-01, 1.11e-02, 

-1.52e+00) as shown in Figure 4.5.  
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Figure 4.5. 3D view of HPHE at 3 degree angle of inclination 

 

The second group of design values encoded in CFD simulation to validate the optimum results 

used a 6⁰ angle of inclination at a 65% FR of refrigerant in laminar flow shown in Figures 

4.6. The same temperature readings from the peak values which occurred at a specific time of 

1:22 p.m. of August 2, 2019 were encoded. The same settings from a 3⁰ angle of inclination 

configuration were used to the fluent solver preference, element order as linear with element 

size of 140.42 mm. Verification of the solver side of the mesh quality used similar conditions 

of pressure over density based but temperature driven, velocity formulation was absolute and 

time was at steady state. The distinct codes applied in a 6 degree angle of inclination involved 

values of nodes and elements in mesh geometry which were set at 1822533 and 1731593 

respectively.  Coordinates of domain extents resulted to a minimum (-5.09e-01, -9.43e-02, -

1.96e+00) and a maximum (1.50e+00, 7.00e-02, 1.88e+00) in m. Volume statistics in m3 yield 

a minimum of 2.52e-09, a maximum of 2.28e-04 and a total volume of 2.24e-02. Face area 

statistics have a minimum of 8.11e-07 and a maximum 5.70e-03. The mesh quality simulation 

gave a minimum orthogonal quality of 3.19e-01, cell 254313 on zone 10(ID:841979 on 

partition:1) at location (5.84e-01, -5.84e-02, -1.46e+00). as shown in Figure 4.6.   
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Figure 4.6. 3D view of HPHE at 6 degree angle of inclination  

 

Identical CFD modelling of solution method were set. The same energy code activated, fluid 

materials still used air and water and similar solution initialisation coded as standard in the 

computation of HPHE internal cooling from evaporator to condenser section. Same reference 

frame was relative to cell zone, the initial value of gauge pressure was zero and velocity 

coordinates at (0, 0, 8.13e-05) in m/s. 

 

4.11  Heat Pipe Heat Exchanger (HPHE) angle of inclination and fill ratio study due to 

the effect of Screen Mesh wick installation 

In this section, the CFD model is described which was set up and simulated using optimal 

values from the geometric configuration of PV-HPHE spanwise arrangement, double sided 

condenser direction, at a 3 degree angle of inclination and a 65% FR using water as refrigerant 

with screen mesh wick.  

Application areas of heat pipes in PV temperature cooling and electronics thermal control 

were often exposed to challenges of space limitations. Data acquisition of the validity of 

models under investigation when exposed to multiple and non-uniform temperature required 

repetitive tests. Another challenge is the attainment of the value of actual peak temperature as 
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a maximum baseline of the CFD modelling code. Most of the time, actual peak temperature 

observations were mainly dependent on the summer period of the year. Uncertainties to 

acquire the desired data is probable even the projected occurrence was based on previous 

weather projection statistics. 

Boo and Kim (2017), used uniform thermal loads which were assumed over heat transfer 

surfaces applied on a simple model to predict heat pipe performance. The working fluid and 

the container wall were water and copper respectively, and a wire mesh screen was inserted 

as a capillary structure. The fluid charge ratios tested were 100% and 120% based on the wick 

void volume. The heat pipe was in gravity-assisted mode with an inclination angle of 45° to 

extend the range of thermal input. The results were compared from the viewpoints of thermal 

resistance and effective thermal conductance. The thermal resistance of the heat pipe with a 

100% fluid charge exhibited excellent values from 0.16 K/W (at 50 W) to 0.03 K/W (at 

300 W) for a uniform heat load. However, those with multiple thermal loads resulted in almost 

a 100% increase for the lower thermal load, and up to a 40% increase for the higher thermal 

loads, depending on the configuration. The behaviour of the heat pipe with a fluid charge of 

120% exhibited little difference. The results herein can be employed to estimate the 

performance deviation of a heat pipe due to thermal load distribution. 

Jafari, Wits and Geurts (2020), fabricated and examined a wick for flat heat pipes. The 

additively manufactured wick was made of sintered powder on the surface which enhanced 

heat transfer performance due to multi-scale features. The evaluation and discussion of the 

optimal operation of the examined system were undertaken and predicted accurately the 

operating temperature using the thermal network model. In comparison to conventional wick 

structures, additively manufactured wick design exhibits improved thermal performance at 

higher heat fluxes. The experimental results suggested that additive manufacturing is a 

promising technology to fabricate freeform porous structures for heat pipes in general. 

De Schampheleire et al.(2015), investigated water/copper heat pipes with a novel wick 

material consisting of metal fibres with a small diameter of 12 μm. The experiments were 

performed in a carefully designed test rig, where the heat pipes were tested in a vertical 

orientation, both gravity-opposed and gravity-assisted. Water/copper heat pipes with a novel 

wick material consisting of metal fibres (12 μm) were tested as new wick material in capillary-
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driven heat pipes. Comparison was made with a screen mesh and a sintered wick. Two 

orientations were tested: gravity-assisted and gravity opposed. The thermal resistance and the 

temperature difference between evaporator and condenser were used as performance 

indicators. The screen mesh out performed both other wicks in the gravity-assisted case.  

4.12  Imputation of missing data 

Real-world datasets frequently contain missing values as indicated by Pardoe, I., Simon, L., 

and Young, D., (2021). Such values may be missing because they were not possible to obtain 

during data collection. Missing data has the potential to affect an analysis due to the 

unavailability of the required information. When there were missing values that were 

unavailable, the solution is to assign the missing values with reasonable quantities referred to 

as imputation. 

Fluid flows can be modelled using Euler equations in relation to high-speed internal and 

external flows. More restrictive than the Navier–Stokes equations, Euler equations were very 

important in modern engineering, but their solution required the use of numerical methods. In 

most computational processes, the probability of numerical errors omnipresent and affect the 

desired results. The most common approaches in numerical analysis to reduce the numerical 

error are grid refinement and the use of higher-order numerical schemes, to which Completed 

Repeated Richardson Extrapolation (CRRE) procedure is an alternative. 

CRRE has been used in distinct contexts involving but not limited to step size control, error 

approximation, and error reduction. The applications of CRRE to reduce numerical errors 

range from simple computational fluid dynamics (CFD) problems to complex ones. There 

have been two recent modifications of CRRE to reduce numerical errors. The first 

modification was for secondary variables (e.g., average temperature) and used polynomials to 

achieve higher accuracy orders. The second modification was made in the CRRE procedure 

to achieve higher accuracy in the entire property field. 

Xing and Stern (2010) developed a factor of safety (FS) method for quantitative estimates of 

grid-spacing and time-step uncertainties for solution verification. The FS removed the two 

deficiencies of the grid convergence index and correction factor methods. (1) The 
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unreasonably small uncertainty when the estimated order of accuracy using the Richardson 

extrapolation method is greater than the theoretical order of accuracy and (2) lack of statistical 

evidence that the interval of uncertainty at the 95% confidence level bounds the comparison 

error. The ratio of the estimated order of accuracy and theoretical order of accuracy, P instead 

of the correction factor was used as the distance metric to the asymptotic range. This 

conclusion was true for different studies, variables, ranges of P values, and single P values 

where multiple actual factors of safety were available. The number of samples was large and 

the range of P values was wide such that the factor of safety method was also valid for other 

applications including results not in the asymptotic range. This made the FS method typical 

in industrial and fluid engineering applications.  

This section presents the use of Richardson extrapolation to improve the approximations 

found using the centered divided-difference (CDD) formula. In the imputation of the missing 

data of the internal temperature evaporative section, Te. 

Differentiation of continuous functions using Richardson’s Extrapolation. 

𝑓′(𝑥) =
𝑓(𝑥 + ℎ) − 𝑓(𝑥 − ℎ)

2ℎ
+ 𝑂(ℎ2) 

Eq. 4.28 

The fibre and screen mesh wick have the same performance in the gravity opposed case. As 

this was an initial test, without any prior optimisation of the screen mesh wick, metal fibres 

showed great potential as a future wick material for high performance heat pipes. In this CFD 

modelling set up, utmost concern of modelling errors/uncertainties in a specified accepted 

temperature and flow rate ranges were established. The controlled variables result of HPHE 

evaporator peak internal temperature, Te  derived from CRRE calculation and flow rate (Al-

Mabsali et al., 2021) mathematical equation of the x direction in steady laminar flow taken 

was verified. Some identical CFD codes in Section 6.4 in Chapter 6 were encoded in the 

system of solver side revisions including the mesh geometry settings of fluent solver 

preference and element order as linear with element size. Optimum values of the PV-HPHE 

geometric configuration were encoded in CFD simulation using outer evaporator temperature, 

PV surface temperature and ambient temperature. Similar peak value of temperature reading 
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which occurred at a specific time of 1:22 p.m. in August 2, 2019 was used. The mesh geometry 

settings values of nodes and elements were set at 2275536 and 1942941 respectively. 

Coordinates of domain (x, y, z) extents resulted to a minimum (-1.02e+00, -2.48e-02, -3.62e-

17,) and a maximum (9.84e-01, 1.15e-01,1.96e+00) in m. Volume statistics in m3 yield a 

minimum of -1.44e-10, a maximum of 9.25e-05 and a total volume of 2.26e-01. Face area 

statistics has a minimum of 2.51e-08 and a maximum 2.31e-03. The mesh quality simulation 

resulted in a minimum orthogonal quality of 4.21e-02, cell 150276 on zone 8 (ID:427943 on 

partition:1) at location (4.44e-01, 7.07e-02, -1.79e-03) shown in Figures 4.7. 

 

Figure 4.7. Theoretical CFD modelling of HPHE – DSCD with screen mesh wick at 3 degree 

angle of inclination using optimum values within the accepted range (A) Geometry (B) Mesh 

 

4.13  Summary 

The purpose of Chapter 4 was to highlight the numerical methodology used in this research. 

The first step was aimed in the verification and validation of the numerical methodology and 
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to ascertain the performance gap between SSCD and DSCD. The ultimate objective in the 

conduct of these CFD simulations was to realise the performance of an optimised SSCD and 

DSCD in a built environment. The specified heat pipe parameters, which include diameter, 

working fluid and operating temperature were taken from the previous works of Chaudhry et 

al., (2016) and Chaudhry, Calautit and Hughes (2017). The dependent variables were PV 

temperature and energy efficiency. A rational and broad methodology was commissioned in 

the design of the recommended SSCD as an initial HPHE system specification to be verified. 

The relationships of the variables such as pipe spacing to temperature, flow rate to 

temperature, HPHE spanwise and streamwise arrangement to temperature were analysed 

using CFD. The HPHE - SSCD were made through the top, middle and bottom installations 

of the PV panel. The HPHE - DSCD CFD analysis was done after the optimal spacing and 

directions were identified from the SSCD arrangement. 

Development of the design and set up of the model was discovered through the progress of 

the CFD simulations. The revision of the original methodology on HPHE angle of inclination 

and fill ratio was carried out. The introduction of the improved design set up of screen mesh 

wick installation due to the positive effect in the PV power performance efficiency was 

simulated. CFD models were further set up and investigated using optimum values from the 

geometric configuration of PV-HPHE spanwise spacing, double sided condenser direction, 3 

degree angle of inclination and 65% FR using water as refrigerant with screen mesh wick. 
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CHAPTER FIVE 

Experimental Results 

 

5 Introduction 

This chapter describes the experimental results in this study. The phases of the experiment 

research undertaken are presented in the following sections of this chapter and performed in 

accordance with the research objectives 1.3.1 to 1.3.3 as stated in Chapter 1 Section 1.3. In 

Chapter 3 detailed the set up for each experimental process and is consistent with the 

organisation flow of implementation as shown in Figure 3.10, Chapter 3, the results of the 

experimental investigation have been presented. The validation studies involved 

investigations on Single Sided Condenser Direction (SSCD) of the PV-HPHE and using the 

Double-Sided Condenser Direction (DSCD). Furthermore, the geometric configurations of 

HPHE such as the angle of inclination and refrigerant fill ratio were studied. Also, included 

in the study are the introduction and testing of screen mesh wick installation in the HPHE 

using the optimum configuration. The Double-Sided Condenser Direction (DSCD) without 

screen mesh wick and the Double-Sided Condenser Direction (DSCD) with screen mesh wick 

to identify the operating temperature distribution of both the evaporator and condenser inlets 

and outlets was performed and analysed. These experimental results were compared in all 

HPHE geometric configurations set with the use of corresponding numerical studies. The data 

for temperature and power performance measurements were consistent based on the 

observation findings.  

Prior to conducting the experimental validation study, the Double Sided Condenser Direction 

(DSCD) optimum configuration of 3 degree angle of inclination and 65% fill ratio was 

subjected to a comparative independent data observation apparatus as baseline monitoring. 

The installation of separate PV panel and the observation of power performance reading were 

set up. The purpose of this was to use the data observation as a comparison in order to verify 

the effect of the intervening variables set in the PV-HPHE as a controlled observation 

apparatus. 
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In order to ensure the numerical results from this study achieve the meaningful outcomes with 

relevance according to the desired objectives, the testing of experimental set up according to 

the specified geometric configurations was accorded high priority. The purpose of 

experimental testing of the PV-HPHE using the Double Sided Condenser Direction (DSCD) 

optimum configuration was to verify the passive cooling ability to achieve maximum power 

performance efficiency conditions.   

The specification and details of the PV-HPHE in relation to the manufacture, assembly and 

set up of far field testing can be viewed in Chapter 3, Section 3.3 and Section 3.4. The 

recorded data taken during far field testing was examined and analysed to understand the 

steady operating conditions of the benchmark PV panel and the optimum geometric 

configuration of the PV-HPHE. Utilising the observed data, various theoretical and 

experimental methods were devised for the analysis of the responsive characteristics of both 

the benchmark PV Panel and the optimum geometric configuration of the PV-HPHE in terms 

of output power with respect to the reduction of temperature due to passive cooling.  

 

5.1 Experimental results 

5.1.1 Solar collector apparatus findings 

The average solar irradiation, E in the 27 days experiment was obtained at 911.11 watts/m2. 

The values were utilised in the computation of the PV cell temperature together with the data 

loggers as an experimental apparatus. The actual number of PV panels of 76 units have a total 

area equal to 147.44 m2. The power capacity per PV panel of 0.30 KW/m2 as specified by the 

manufacturer was used. The annual average solar radiation of H = 0.44 KW-hr /  m2 – hr 

taken from Al-Busaidi (2015) resulted in the solar efficiency ratio, η =  0.16975.  

The determination of the cumulative peak Es of 22.63 KW-hr that was probable to occur 

between 11 to 12 noon of the day when the sun’s position was almost perpendicular with the 

PV panels. The estimated value of Es was almost similar to the DC rating of array equal to 

22.8 KW-hr of the PV panels in Table 3.3 in Chapter 3 as recommended by the Blue Oracle 

manufacturer. 
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Table 5.1. Eco house daily solar irradiation 

Date 
Start Wet bulb temp., ℃ End Collector temp., ℃ ΔT 

    ℃ 

Power, ΔE/t Irradiation 

Time Expose Shade Time Expose Shade Watts Watts/m2 

13/6/2017 01:20 34.00 34.00 01:35 48.00 36.00 12 2.24 1066.67 
15/6/2017 12:00 33.00 33.00 12:15 43.00 34.00 9 1.68 800.00 
18/6/2017 12:17 33.00 31.50 12:32 48.00 37.00 11 2.05 977.78 
19/6/2017 12:37 32.50 32.50 12:52 47.00 36.00 11 2.05 977.78 
20/6/2017 02:00 27.50 27.00 02:15 45.00 31.00 14 2.61 1244.44 
21/6/2017 12:20 32.00 32.00 12:35 43.00 33.50 9.5 1.77 844.44 
22/6/2017 12:38 32.00 32.00 12:53 43.00 34.50 8.5 1.59 755.56 
23/6/2017 01:07 30.00 29.50 12:22 46.00 35.00 11 2.05 977.78 
26/6/2017 12:45 34.50 34.00 01:00 52.00 37.00 15 2.80 1333.33 
27/6/2017 12:40 33.50 34.00 12:55 44.00 35.00 9 1.68 800.00 
30/6/2017 12:38 32.00 31.50 12:53 46.00 35.00 11 2.05 977.78 
1/7/2017 01:15 32.50 32.50 01:30 46.00 35.50 10.5 1.96 933.33 
2/7/2017 12:25 35.00 35.00 01:40 47.00 36.00 11 2.05 977.78 
3/7/2017 12:34 33.00 32.50 12:49 46.00 35.00 11 2.05 977.78 
5/7/2017 12:45 32.00 31.50 01:00 46.50 35.00 11.5 2.15 1022.22 
6/7/2017 12:20 33.00 33.00 12:35 46.00 36.00 10 1.87 888.89 
9/7/2017 01:28 33.00 32.50 01:43 43.00 35.00 8 1.49 711.11 
10/7/2017 01:19 33.00 33.00 01:43 44.00 36.00 8 1.49 711.11 
11/7/2017 12:56 31.00 30.50 01:11 44.00 33.50 10.5 1.96 933.33 
12/7/2017 12:20 32.00 32.00 12:35 45.50 35.00 10.5 1.96 933.33 
13/7/2017 12:12 33.00 33.00 12:27 45.50 36.00 9.5 1.77 844.44 
14/7/2017 01:30 31.00 30.50 01:45 43.00 34.00 9 1.68 800.00 
17/7/2017 12:42 38.50 28.50 12:57 42.50 32.50 10 1.87 888.89 
18/7/2017 01:00 35.00 35.00 01:15 50.00 37.00 13 2.43 1155.56 
19/7/2017 12:08 31.00 31.00 12:23 45.00 34.00 11 2.05 977.78 
21/7/2017 01:45 31.00 30.00 02:00 45.00 33.50 11.5 2.15 1022.22 
23/7/2017 12:45 31.00 31.00 01:00 46.00 35.00 11 2.05 977.78 

 

Figure 5.1. Eco house Daily and Average Solar Irradiation 
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5.1.2 Determination of the solar irradiation incident flux, Es. 

An experiment involving a simple solar collector was utilised to obtain the solar irradiation of 

the site during the period June to July, 2017. The solar irradiation result based in Eq. 3.1 and 

substituted to Eq. 3.2 with the results shown in Table 5.1. The result of the daily solar 

irradiation flux incident in Table 5.1 is then plotted in the graph of Figure 5.1 shown. The 

maximum solar irradiation of 1333.33 watts/ m2 occurred on Day 9 with a difference of 

expose to shade temperatures, ΔT equal to 15 ℃. The minimum solar irradiation of 711.11 

watts/ m2 occurred on Day 17 and Day 18 with a difference of expose to shade temperatures, 

ΔT equal to 8 ℃. The average solar irradiation, E over the 27 days experiment is 911.11 

±143.43 watts/ m2, this value will be utilised in the computation of the PV cell temperature 

using data loggers as an experimental apparatus. 

In the determination of the solar irradiation incident flux, Es, the average E of 0.911 KW/ m2 

is adopted. The actual number of PV panels of 76 units and the area of each PV panel of 1.94 

 m2 are considered that will results in the total area of PV panels equal to 147.44  m2. The 

power capacity per PV panel of 0.30 KW/ m2 as specified by the manufacturer is used. The 

annual average solar radiation of H = 0.44 KW-hr /  m2 – hr is taken from Al-Busaidi (2015). 

Using the numerical values given resulted in the solar efficiency ratio, η = 0.16975. 

Table 5.2. Estimated incident performance of PV panels using Eq. 3.1. 

Time Peak Duration PR Es, KW-hr Peak Es, KW Cum. Peak Es, KW-hr 

06:00 - 07:00 6 0.70 7.68 1.28 1.28 

07:00 - 08:00 5 0.74 8.12 1.62 2.90 

08:00 - 09:00 4 0.78 8.56 2.14 5.04 

09:00 - 10:00 3 0.82 9.00 3.00 8.04 

10:00 - 11:00 2 0.86 9.44 4.72 12.76 

11:00 - 12:00 1 0.90 9.87 9.87 22.63 

12:00 - 01:00 -1 0.90 9.87 -9.87 12.76 

01:00 - 02:00 -2 0.86 9.44 -4.72 8.04 

02:00 - 03:00 -3 0.82 9.00 -3.00 5.04 

03:00 - 04:00 -4 0.78 8.56 -2.14 2.90 

04:00 - 05:00 -5 0.74 8.12 -1.62 1.28 

05:00 - 06:00 -6 0.70 7.68 -1.28 0.00 

Table 5.2 displays the estimated incident performance of PV panels using Eq. 3.1 and the 

determination of the cumulative peak Es of 22.63 KW-hr that is probable to occur between 11 
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to 12 noon of the day when the sun’s position is almost perpendicular with the PV panels.The 

estimated value of Es is almost similar to the DC rating of array equal to 22.8 KW-hr of the 

PV panels in Table 5.2 as recommended by the Blue Oracle manufacturer. 

 

5.1.3 Ambient and PV cell temperature experimental results using data loggers. 

Furthermore, an experiment was conducted in the Eco house, University of Technology and 

Applied Sciences at Muscat, Sultanate of Oman in the determination of the ambient and roof 

top PV cell temperature using data loggers as shown in Figure 3.8 and 3.9. The data logger 

results of the temperature of PV panels conducted direct from the site location during October 

15 to 21, 2017 were recorded. Using Ross R.G. (1980) approximation the cell temperature as 

formulated in Eq. 3.3, and shown in Table 5.3 was calculated. The result of the experiment 

showed that the actual PV power production slowly decelerated from 164.47 watts and was 

inversely proportional to the rise of PV cell temperature when it reaches 83.65 ℃ to 89.19 ℃ 

as shown in the graph in Figure 5.2. This indicates that the efficiency of the performance of 

PV panels in providing actual power production is decreasing at a certain higher temperature 

over its rated capacity. The main finding of the experiment is that when the data logger 

temperature reads 61.4 ℃ the cell temperature using Eq. 3.3 was 83.65 that resulted in the 

maximum efficiency of the PV panels as 54.82 %. On the first 2 days of the experiment the 

nominal operating cell temperatures read 64.5 ℃ and 63.8 ℃. The ambient temperatures were 

38.5 ℃ and 38 ℃ which was also one of the major contributing factors that resulted in an 

increase in cell temperature but a drop in efficiency of PV panel to 2.19%. The key finding of 

the experiment conducted is that when the cell temperature is greater than 83.65 ℃ the 

efficiency of the PV panel reduces.     

             

 

                                  



105 

 

Table 5.3. Experimental observation using data loggers 

 

Figure 5.2. Actual PV power production at various Daily peak PV cell and Ambient 

temperature 

5.1.4 Determination of HPHE - DSCD continuous cyclic operation in a given 

temperature range.  

The experimental set up observed on August 2, 2019 resulted in the peak temperature range 

of 70.33 ℃, ambient temperature of 46.33 ℃, outside evaporator temperature reading of 

47.75⁰C, and power generation of 64 Watts. The HPHE set up was made of 3⁰ angle of 

inclination at 65% fill ratio using water as refrigerant and without screen mesh wick as shown 

in Figure 3.14 and the results in Table 5.4. The overall recorded observation results from 8 

a.m. to 6 p.m. of the period July 22, 2019 to August 20, 2019 are presented in the Appendixes 

A.1 and A.2. 

Date Ambient 

Temp.,  NOCT  S  

Data Logger 

Temp. 

Readings, 

℃ 

PV 

Cell 

Temp.,   

Actual 

Total 

Power 

Production 

Actual 

Power 

Production 

per panel 

Rated 

Power 

Production 

per panel 

Efficiency      

% 

℃ ℃ w/m2 Upper Lower ℃ watts watts watts 

15/10/2017 38.5 64.5 911.11 64.5 46.9 89.18 12000 157.89 300 52.63 

16/10/2017 38 63.8 911.11 63.8 47.8 87.88 12000 157.89 300 52.63 

17/10/2017 36.5 61.4 911.11 61.4 48 83.65 12500 164.47 300 54.82 

18/10/2017 33.7 59.2 911.11 59.2 44.9 78.34 12000 157.89 300 52.63 

19/10/2017 32.2 57 911.11 57 42.8 74.34 12000 157.89 300 52.63 

20/10/2017 32.3 58.5 911.11 58.5 43.3 76.15 9500 125.00 300 41.67 

21/10/2017 31.5 57 911.11 57 44.9 73.64 8500 111.84 300 37.28 
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Table 5.4. Experimental results of HPHE - DSCD without mesh screen wick installation 

The experimental findings showed that the 3⁰ angle of inclination and 65% FR resulted in 

29.03% average power performance when compared to the 6⁰ angle of inclination and 65% 

FR which resulted to 9.23%. Using the new findings from the July to August 2020 experiment, 

the determination of optimum HPHE angle of inclination equal to 3⁰ and refrigerant fill ratio 

of 65% was specified.  

5.1.5 Results of Heat Pipe Heat Exchanger (HPHE) angle of inclination and fill ratio 

due to the effect of screen mesh wick installation. 

An experimental set up was made between September 11, 2019 to October 6, 2019 as shown 

in Figures 3.20 and 3.21 and the results in Table 5.5 to the PV-HPHE with screen mesh wick 

installation using three (3) HPHE - DSCD angle of inclinations and four (4) fill ratios The 

purpose of the experimental set up was to observe the change of the PV panel power 

generation performance when exposed to varying temperatures. The HPHE - DSCD set ups 

were made of 1.5°, 3°, 4.5°  and 6°  HPHE - DSCD angle of inclinations in the PV panel 

spanwise arrangement and 50%, 65% and 100% fill ratios using water as refrigerant infused 

inside the copper heat pipes were are presented in the Appendix A.3. 

Date  
Fill 

ratio 

Angle of 

inclination 

Ave. 

Amb. 

Temp.           

(10 -13 

hrs),℃ 

PV-HPHE PV 
Daily PV-

HPHE 

Power 

Efficiency 

(10 -13 hrs) 

Daily PV 

Power 

Efficiency 

(10 -13 hrs) 

Daily Power 

Performance 

(10 -13 hrs) 

Ave. PV-

HPHE 

power 

performance 

in 3 days 

Ave. Temp.       

(10 -13 hrs),  
℃ 

Ave. PV-

HPHE 

Generated  

Power, 

Watt 

Ave. Temp.      

(10 -13 hrs),  
℃ 

Ave. PV 

Generated 

 Power, 

Watt Top Bottom Top Bottom 

22-Jul-19 

50% 6° 

42.17 60.45 63.56 66.33 59.80 60.32 56.67 22.11% 18.89% 17.06% 

19.68% 23-Jul-19 42.28 61.09 61.09 65.67 59.80 60.45 55.33 21.89% 18.44% 18.67% 

24-Jul-19 42.30 65.70 65.70 72.33 58.10 57.91 58.67 24.11% 19.56% 23.30% 

25-Jul-19 

65% 6° 

45.39 54.69 54.69 66.33 54.37 66.57 58.00 22.11% 19.33% 14.37% 

17.93% 26-Jul-19 34.91 64.82 64.82 70.00 53.17 79.46 57.33 23.33% 19.11% 22.09% 

27-Jul-19 37.71 61.51 61.51 70.00 45.18 81.89 59.67 23.33% 19.89% 17.32% 

28-Jul-19 

65% 3° 

38.46 60.24 60.24 72.33 63.19 74.48 60.33 24.11% 20.11% 19.89% 

18.55% 29-Jul-19 35.08 57.87 57.87 70.33 62.46 74.43 59.67 23.44% 19.89% 17.88% 

30-Jul-19 37.52 45.12 45.12 70.33 44.32 42.85 59.67 23.44% 19.89% 17.88% 

1-Aug-19 

50% 3° 

43.99 62.65 62.65 70.00 63.61 76.02 58.67 23.33% 19.56% 19.32% 

10.40% 2-Aug-19 42.11 64.09 64.09 65.00 62.99 76.48 65.67 21.67% 21.89% -1.02% 

3-Aug-19 43.22 64.22 64.22 70.00 63.45 76.79 62.00 23.33% 20.67% 12.90% 

4-Aug-19 

100% 3° 

40.78 60.75 60.75 68.33 61.51 74.27 60.00 22.78% 20.00% 13.89% 

12.58% 5-Aug-19 38.04 56.06 56.06 68.67 57.60 71.79 61.67 22.89% 20.56% 11.35% 

6-Aug-19 40.18 60.49 60.49 69.00 61.21 74.58 61.33 23.00% 20.44% 12.50% 

7-Aug-19 

100% 6° 

44.69 65.00 65.00 69.00 64.88 77.34 58.67 23.00% 19.56% 17.61% 

10.02% 8-Aug-19 42.64 60.45 60.45 70.67 60.49 75.95 64.00 23.56% 21.33% 10.42% 

9-Aug-19 40.67 61.98 61.98 67.33 58.86 74.35 66.00 22.44% 22.00% 2.02% 

10-Aug-19 

100% 0° 

38.97 59.06 59.06 65.67 58.48 75.12 65.67 21.89% 21.89% 0.00% 

2.87% 11-Aug-19 41.90 60.70 60.70 68.33 60.11 75.52 60.67 22.78% 20.22% 12.64% 

12-Aug-19 37.45 45.76 45.76 68.67 45.30 55.85 60.67 22.89% 20.22% 13.19% 

13-Aug-19 

65% 0° 

39.53 57.16 57.16 69.00 57.97 72.77 59.67 23.00% 19.89% 15.64% 

3.59% 14-Aug-19 40.60 61.30 61.30 68.67 61.67 74.65 59.33 22.89% 19.78% 15.73% 

15-Aug-19 40.76 58.77 58.77 71.33 58.53 72.70 70.67 23.78% 23.56% 0.94% 

18-Aug-19 

50% 0° 

39.68 61.51 61.51 68.33 60.73 69.50 61.33 22.78% 20.44% 11.41% 

4.82% 19-Aug-19 37.70 57.85 57.85 69.00 59.30 73.02 60.33 23.00% 20.11% 14.36% 

20-Aug-19 37.49 57.78 57.78 69.00 58.99 72.58 58.67 23.00% 19.56% 17.61% 
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Table 5.5. Experimental results HPHE - DSCD with mesh screen wick installation 

Date  

Angle of 

inclinatio

n  

Fill 

ratio 

Ave. 

Amb. 

Temp.           

(10 -13) 

hrs, ℃ 

PV-HPHE PV 
Daily PV-

HPHE 

Power 

Efficiency 

(10 -13 hrs) 

Daily PV 

Power 

Efficiency 

(10 -13 hrs) 

Daily Power 

Performance 

(10 -13 hrs) 

Ave. PV-

HPHE power 

performance 

in 2 days 

Ave. Temp.                     

(10 -13 hrs), ℃ 

Ave. PV-

HPHE 

Ave. Temp.                                

(10 -13 hrs), ℃ 
Ave. PV 

Top Bottom 

Generated 

Powerm 

Watts 

Top Bottom 
Generated Power, 

Watts  

11-Sep-19 
1.5° 

50% 

29.52 33.45 32.59 64.75 36.25 33.98 62.81 21.58% 20.94% 3.08% 
4.16% 

12-Sep-19 29.81 33.60 32.68 64.00 36.62 34.56 60.81 21.33% 20.27% 5.24% 

13-Sep-19 
3° 

28.54 32.78 31.77 63.44 35.91 33.63 60.13 21.15% 20.04% 5.51% 
3.90% 

14-Sep-19 27.62 31.66 30.68 67.19 34.72 32.67 65.69 22.40% 21.90% 2.28% 

15-Sep-19 
4.5° 

28.91 32.84 31.89 64.75 35.79 33.62 61.31 21.58% 20.44% 5.61% 
3.24% 

16-Sep-19 29.47 33.37 32.38 65.06 36.21 34.42 64.50 21.69% 21.50% 0.87% 

5-Oct-19 
6° 

28.85 29.84 29.40 67.00 32.49 30.43 66.56 22.33% 22.19% 0.66% 
-2.50% 

6-Oct-19 30.18 34.02 33.68 63.63 36.95 33.61 67.44 21.21% 22.48% -5.65% 

19-Sep-19 
1.5° 

65% 

28.54 32.47 31.49 63.31 35.62 33.16 63.25 21.10% 21.08% 0.10% 
8.77% 

20-Sep-19 28.40 32.46 31.44 64.00 35.42 32.95 54.50 21.33% 18.17% 17.43% 

21-Sep-19 
3° 

29.20 33.28 32.21 66.00 36.39 34.16 61.50 22.00% 20.50% 7.32% 
11.08% 

22-Sep-19 29.59 33.75 32.76 64.25 36.48 34.27 55.94 21.42% 18.65% 14.85% 

23-Sep-19 
4.5° 

29.69 33.57 32.53 64.63 36.51 34.31 61.81 21.54% 20.60% 4.55% 
5.72% 

24-Sep-19 28.83 31.63 30.83 64.00 33.94 31.86 59.88 21.33% 19.96% 6.89% 

25-Sep-19 
6° 

28.83 32.96 32.09 65.69 35.26 32.78 60.94 21.90% 20.31% 7.79% 
5.69% 

26-Sep-19 29.56 33.32 32.27 63.31 33.32 32.27 61.13 21.10% 20.38% 3.58% 

27-Sep-19 
6° 

100

% 

29.79 33.70 32.86 64.00 36.21 33.61 64.13 21.33% 21.38% -0.19% 
-0.05% 

28-Sep-19 30.12 34.00 32.99 63.06 37.04 34.83 63.00 21.02% 21.00% 0.10% 

29-Sep-19 
4.5° 

32.13 35.87 34.93 63.25 38.95 36.75 64.19 21.08% 21.40% -1.46% 
-0.24% 

30-Sep-19 31.94 35.67 34.67 63.94 38.62 36.39 63.31 21.31% 21.10% 0.99% 

1-Oct-19 
3° 

32.46 36.14 35.14 64.63 39.20 37.06 60.25 21.54% 20.08% 7.26% 
6.00% 

2-Oct-19 31.93 35.67 34.68 63.56 38.66 36.33 60.69 21.19% 20.23% 4.74% 

3-Oct-19 
1.5° 

29.09 32.69 31.66 64.31 35.74 33.53 57.88 21.44% 19.29% 11.12% 
5.66% 

4-Oct-19 31.23 34.74 33.71 63.00 37.71 35.53 62.88 21.00% 20.96% 0.20% 

A second experimental investigation was carried out between July 14, 2020 to August 12, 

2020 as shown in Figures 3.22. The follow up observation took a year to implement for the 

reason that the high ambient temperature readings can only be achieved during the summer 

season. The two highest results of controlled variables from the July to August, 2019 

experiment were used. An additive material using a HPHE - DSCD with wick installation 

citing the recent research works was developed. The efficient results from previous set up was 

used as a basis to observe the angle of inclinations between 6⁰ and 3⁰ using the fill ratio of 

65%. The observations covered 15 days on each angle of inclination with similar FR as shown 

in Table 5.6. The overall daily recorded observation results from 8 a.m. to 6 p.m. during the 

period July 14, 2020 to August 12, 2020 were are presented in the Appendixes A.4 and A.5. 
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Table 5.6. Detail of HPHE- DSCD condenser section with screen mesh wick installation 

Date  
Fill 

ratio 

Angle of 

inclination 

Ave. 

Amb.

Temp.           

(10 -

13 

hrs),℃ 

PV-HPHE PV 
Daily PV-

HPHE 

Power 

Efficiency    

(10 -13 hrs) 

Daily PV 

Power 

Efficiency    

(10 -13 hrs) 

Daily Power 

Performance    

(10 -13 hrs) 

Ave. PV-

HPHE power 

performance  

Ave. Temp.  

 (10 -13 hrs), ℃ 

Ave. PV-

HPHE 

Generated 

Power, 

Watts 

Ave. Temp.  

 (10 -13 hrs), ℃ 
Ave. PV 

Generated 

Power, 

Watts  
Top Bottom Top Bottom 

14-Jul-20 

65% 6° 

29.91 33.73 33.04 76.25 36.44 34.20 67.63 25.42% 22.54% 12.75% 

9.23% 

15-Jul-20 27.94 33.35 32.71 70.88 36.18 33.96 59.69 23.63% 19.90% 18.74% 

16-Jul-20 30.04 34.62 33.97 73.88 37.31 35.09 66.63 24.63% 22.21% 10.88% 

17-Jul-20 27.72 30.72 30.56 74.50 31.67 30.51 64.63 24.83% 21.54% 15.28% 

18-Jul-20 27.00 31.16 30.90 73.38 33.14 31.35 66.06 24.46% 22.02% 11.07% 

19-Jul-20 31.21 35.11 34.65 72.44 37.11 35.03 71.56 24.15% 23.85% 1.22% 

20-Jul-20 33.03 37.27 36.67 72.69 39.73 37.74 68.38 24.23% 22.79% 6.31% 

21-Jul-20 27.26 32.50 31.77 71.13 35.24 33.00 69.50 23.71% 23.17% 2.34% 

22-Jul-20 27.30 32.07 31.34 71.63 34.91 32.57 69.56 23.88% 23.19% 2.96% 

23-Jul-20 29.84 33.93 33.24 73.06 36.52 34.33 66.81 24.35% 22.27% 9.35% 

24-Jul-20 27.57 31.76 30.97 72.06 34.50 32.21 74.38 24.02% 24.79% -3.11% 

25-Jul-20 27.28 31.92 31.25 73.44 34.68 32.39 65.88 24.48% 21.96% 11.48% 

26-Jul-20 27.66 31.42 30.90 75.94 33.88 31.91 64.31 25.31% 21.44% 18.08% 

27-Jul-20 27.43 30.24 29.97 74.38 31.55 30.24 66.19 24.79% 22.06% 12.37% 

28-Jul-20 34.09 37.55 37.08 74.69 40.19 38.30 68.69 24.90% 22.90% 8.74% 

29-Jul-20 

65% 3° 

32.19 34.98 35.72 73.31 36.90 36.36 55.50 24.44% 18.50% 32.09% 

29.03% 

30-Jul-20 32.44 35.15 36.04 71.69 37.45 36.94 55.38 23.90% 18.46% 29.46% 

31-Jul-20 29.52 32.18 33.13 70.19 34.59 34.06 55.31 23.40% 18.44% 26.89% 

1-Aug-20 28.98 31.84 32.83 70.50 34.16 33.59 53.19 23.50% 17.73% 32.55% 

2-Aug-20 29.08 32.15 33.08 70.44 34.44 33.81 55.31 23.48% 18.44% 27.34% 

3-Aug-20 29.32 32.27 33.03 71.13 34.53 33.83 57.19 23.71% 19.06% 24.37% 

4-Aug-20 31.25 34.10 34.73 71.25 36.38 35.63 56.13 23.75% 18.71% 26.95% 

5-Aug-20 31.23 33.86 34.66 70.81 36.20 35.46 57.88 23.60% 19.29% 22.35% 

6-Aug-20 31.08 33.64 34.26 71.38 35.95 35.13 56.19 23.79% 18.73% 27.03% 

7-Aug-20 31.12 33.82 34.34 72.06 35.97 35.02 56.31 24.02% 18.77% 27.97% 

8-Aug-20 30.25 31.16 31.28 72.00 31.97 31.35 55.94 24.00% 18.65% 28.72% 

9-Aug-20 31.55 33.70 33.94 71.63 35.52 34.53 55.06 23.88% 18.35% 30.08% 

10-Aug-20 34.06 36.36 36.90 70.63 37.99 37.73 56.50 23.54% 18.83% 25.00% 

11-Aug-20 33.33 37.06 36.67 80.50 39.52 37.74 56.19 26.83% 18.73% 43.27% 

12-Aug-20 31.23 35.13 34.89 71.63 37.25 35.49 54.50 23.88% 18.17% 31.42% 

To determine the HPHE continuous cyclical operation in a given temperature range to be 

encoded in the CFD simulation, the inside evaporator temperature data should be taken from 

the internal section of the heat pipe. An experiment was undertaken between September 14 – 

22, 2020 in order to observe the inside evaporator temperature of the HPHE - DSCD as shown 
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Figures 3.14 and 3.15. The PV-HPHE configuration set up was made of 3° angle of 

inclination at 65% fill ratio using water as refrigerant but with a screen wire mesh wick in 

Section 4.11 and Figure 4.7 in Chapter 4. The experimental results are shown in Table 5.7 

and Figure 5.3 below as well as presented in the Appendix A.6. 

Table 5.7. HPHE - DSCD evaporator section outside and inside temperature readings 

Date  

 PVHP Ave. Temperature, 

℃ 
HPHE Evaporator, 

℃ 
HPHE 

Condenser, ℃ 
Ave 

Ambient 

Temp, ℃ 
Top Bottom Out In Out In 

14 Sep 20 37.58 37.11 35.40 28.74 33.79 37.69 36.08 

16 Sep 20 36.92 36.52 35.04 28.06 33.21 37.20 35.69 

17 Sep 20 37.14 36.77 35.33 28.32 33.43 37.50 35.91 

18 Sep 20 36.65 36.27 34.73 27.68 32.74 36.92 35.32 

19 Sep 20 36.78 36.39 34.81 27.65 32.69 36.99 35.36 

20 Sep 20 37.92 37.57 36.07 28.94 34.02 38.28 36.58 

21 Sep 20 39.65 39.24 37.40 30.38 35.57 39.58 37.83 

22 Sep 20 38.56 38.24 36.51 29.61 34.84 38.74 37.06 

 

Figure 5.3. HPHE evaporator section outside and inside temperature readings plotted in 

ordered pairs 

To analyse the experimental findings, data was arranged in ordered pairs. The outside 

evaporator temperature reading, Te,out,2020 as independent variables were plotted in the vertical 

axis.  The inside evaporator temperature, Te,in,2020 reading as dependent variables were plotted 
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in the horizontal axis. The data of the ordered pairs in the graph were plotted based from 

minimum to maximum temperature recorded and not in the order of date of observation. The 

results in Table 5.7 and plotted in Figure 5.3 showed the temperature recorded on Sep 21, 

2020 at the top surface as 39.13 ℃ with ambient temperature of 37.48℃ resulting in the 

maximum ordered pair of (30.38 ℃, 37.40 ℃) for HPHE - DSCD evaporator temperature. 

The temperature recorded on Sep 19, 2020 at the top surface of 36.75 ℃ with ambient 

temperature of 35.32 ℃ resulting in the minimum ordered pair of (27.65 ℃, 34.81 ℃). In the 

analysis of the results, there was an evident pattern of proportionality in the linear relationship. 

The increase/decrease in ambient temperatures caused the increase/decreased in PV surface 

and HPHE - DSCD evaporator temperatures. The linear characteristic of plotted ordered pairs 

possessed positive gradient in proportion to increase of ambient temperature. Calculation of 

the equation of the temperature gradient line using the maximum and minimum values of 

ordered pair resulted to y – 0.95 x – 8.54 = 0. 

Determination of the HPHE - DSCD continuous cyclical operation in the peak temperature 

range to be encoded in the CFD simulation can be initially performed using the data and results 

in Table 5.7 and Figure 5.3. The findings showed that the peak temperature of 70.33 ℃ 

observed in August 2, 2019 which caused the outside evaporator temperature reading of 

47.75 ℃ has exceeded the maximum values in Table 5.7 and Figure 5.3. Because temperature 

data observations are random by nature, the peak inside evaporator temperature data to be 

taken from the internal section of the heat pipe was not achieved during the September 14 – 

22, 2020 experimental set up and treated as missing data. 

 

5.2 Results in the imputation of missing data 

In the imputation of the missing data of the internal temperature evaporative section, Te. The 

Richardson extrapolation was used to develop the required value approximations. The missing 

data of the HPHE - DSCD evaporator peak internal temperature, Te,In has a value of 41.27 ℃. 

This was determined using the equation of the temperature gradient line of y – 0.95 x – 8.54 

= 0. Te,In was the horizontal coordinate of HPHE - DSCD evaporator peak external 
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temperature, Te,Out of 47.75 ℃ in the ordered pair. The use of Richardson extrapolation in Eq. 

3.4 to improve the approximations identified using the centered divided-difference (CDD) 

formula. 

Using a step size of h = 0.25, 

𝑓’ (41.27) = [ 𝑓 (41.27+0.25) – 𝑓 (41.27-0.25)]/2(0.25) = 0.95 

Using a step size of h = 0.125, 

𝑓’ (41.27) = [ 𝑓 (41.27+0.125) – 𝑓 (41.27-0.125)]/2(0.125) = 0.95 

CRRE or True value = AV(h/2) - (1/3) [AV(h) +AV(h/2)] = 0.95; AV = approximate value 

Error = CRRE – AV = 0 

The adoption of Completed Repeated Richardson Extrapolation (CRRE) procedure proved 

that missing data of the HPHE-DSCD evaporator peak internal temperature, Te, In with a value 

of 41.27 ℃ has no error. The imputation of the ordered pair (41.27 ℃, 47.75 ℃) as given 

temperature range was used to simulate the CFD modelling in the determination of HPHE-

DSCD continuous cyclical operation. Some of the CFD code settings were undertaken to be 

erroneous after verification. CFD simulation code correction was done in the revised 

experimental set up as illustrated in Section 5.1.6 using HPHE - DSCD with screen mesh wick 

installation.  

5.3 Results in the application of TIR  

The results of random observations and data collection undertaken between July to September, 

2020 were recorded, plotted and analysed. The data taken from separate days using the 

optimum geometric configuration of 3⁰ angle of inclination and 65% FR. The observations 

were made by utilising the Cat61Thermal Imager and presented in Table 5.8. 

Table 5.8. Cat61Thermal Imager temperature data of PV and HPHE-DSCD optimum 

configuration of 3° angle of inclination and 65%FR with wire mesh screen wick. 

Date Time 
Ambient 

Temperature,  
PVHP (HPHE-DSCD), K PV, K 

 hr Picolog, K Top surface Condenser Evaporator Top surface 

02-Jul, 20 10:00 – 10:05 301.67 321.5 314.50 316.70 329.90 

29-Jul, 20 11:55 –12:05 305.75 328.9 322.10 320.00 330.00 

04-Aug, 20 01:11 – 01:17 305.67 329.6 321.70 320.30 330.00 
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The characteristics of the curve using the data recorded in the Table 5.8 are plotted in Figure 

5.4. The curve relationship showed uniform agreement to all factors under observation except 

for one data. This was the temperature result of the PVHP condenser observed in July 2, 2020 

at 10:00 to 10:05 a.m. The PVHP condenser temperature in this period was 314.50 K which 

was lower than the PVHP evaporator temperature of 316.70 K. The ratio of difference in the 

results was 0.7% and within the acceptable range of 2.5% set by Zwierzak, Stoddart and 

Hitchens,(2017) in an experiment undertaken from the images obtained underwater to extract 

precise quantitative measurements from 2D images to 3D reconstructions. They undertook 

precise calibration which resulted in accurate representation of the physical stereo system. 

The result was a good agreement of 97.5% (± 0.5%) for the extrinsic parameters of all angle 

set ups within the manual measurements. 

 

 

Figure 5.4. Curve relationship of Cat61Thermal Imager temperature data of PV and PV-

HPHE optimum configuration of 3⁰ angle of inclination and 65%FR with wire mesh screen 

wick. 

In addition to the observations made by utilising the Cat61Thermal Imager, the Picolog 

temperature data of both PV and PV-HPHE were recorded simultaneously as shown in Table 

5.9 below. 
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Table 5.9. Picolog temperature data of both PV and PV-HPHE optimum configuration of 3⁰ 

angle of inclination and 65%FR with wire mesh screen wick 

Date Time 
Ambient 

Temperature 
PVHP(HPHE-DSCD), K PV, K 

 hr K Top surface Condenser Evaporator Top surface 

02-Jul, 20 10:00 – 10:05 301.67 305.27 302.69 298.23 307.42 

29-Jul, 20 11:55 – 12:05 305.75 308.79 305.93 301.59 310.98 

04-Aug, 20 01:11 – 01:17 305.67 308.07 305.64 301.17 310.54 

 

The characteristics of the curve using the data recorded in the Table 5.9 are plotted in Figure 

5.5. The curve relationship showed uniform agreement to all factors under observation. The 

results showed that the heat absorption of the heat pipes in the evaporator commenced the 

transfer of heat to the condenser section. The 3 day results were consistent from the data 

collected in previous experiments which showed that the duration when the solar orientation 

is in the peak temperature range between the 11 a.m. to 1:00 p.m. period.  

 

Figure 5.5. Curve relationship of Picolog temperature data of both PV and PV-HPHE 

optimum configuration of 3⁰ angle of inclination and 65%FR with wire mesh screen wick. 
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5.4 Experimental uncertainties  

Careful consideration was taken in the installation of the experimental set up and in measuring 

the temperatures and PV power generation to control the inaccuracies. Some individual 

parameters showed limited possible inaccuracies in certain case where it was used. The 

accuracy of the J-type thermocouples was 0.5 ℃ at the minimum to 5.0 ℃ maximum. The 

USB TC-08 thermocouple data logger used in the measurement of the air temperature has an 

accuracy in the range of the sum of ±0.2% of reading and ±0.5 ℃. The 1 KVA capacity 

Inverter/Charger Watch Power used to complement the measurement of the power capacity 

in the PV panels has a DC voltage accuracy of ±3%. The EURONET Battery 12V50AH - 

Deep Cycle Gel Solar Battery has the energy efficiency >96 %. The FLIR C3 Compact 

Thermal Imaging Camera used to measure the Infrared Images has an accuracy of ±2 ℃ 

(±3.6°F), at 25 ℃ (77°F) nominal. The integrated FLIR® thermal imaging camera on the Cat® 

S61 smartphones used to measure the Infrared Images has the accuracy of ±5 ℃ or 5% 

(typically 3 ℃ or 3%) from - 20 ℃ to 400 ℃. The summary of the data acquisition devices 

used along with their measuring parameters and accuracies are tabulated in Table 5.10 and 

presented in the Appendix B. 

Table 5.10. Summary of the accuracies associated with the data acquisition devices 

Illustration 
Data acquisition 

device 

Measuring 

parameter 

Accuracy / Standard 

Deviation 

 

Solar Collector 
Solar 

Irradiation 

911.11 ±143.43 

watts/ m2 

 

USB data logger 
Air 

temperature 
±1.0 ℃ under 0 - 5 ℃ 

 

USB TC-08 

thermocouple data 

logger 

Air 

temperature 

Sum of ±0.2% of 

reading and ±0.5 ℃ 
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Type J IEC 

Thermocouple 

Air 

temperature 
0.5 to 5.0 ℃ 

 

1 KVA 

Inverter/Charger - 

WatchPower 

Power 

Capacity 
DC Voltage ±3% 

 

EURONET Battery 

12V65AH - Deep 

Cycle Gel Solar 

Battery 

Power 

Capacity 

Energy Efficiency > 96 

% 

 

FLIR C3 Compact 

Thermal Imaging 

Camera 

 

Infrared images 
±2 ℃ (±3.6°F), at 25 ℃ 

(77°F) nominal 

 

The integrated FLIR® 

thermal imaging 

camera on the Cat® 

S61 smartphones  

Thermal 

Imaging 

Camera 

 

±5 ℃ or 5% (typically 

3 ℃ or 3%) from - 20 ℃ 

to 400 ℃ 

 

Despite great attention being provided in ensuring the Far field-testing conditions remained 

within the allowable range of accuracy for the duration of the experimentation. There was 

variability in ambient temperatures observed during experimentation which caused the PV 

power generation efficiency to differ in results. The PV and PV-HPHE power generation 

efficiency was influenced by the Far Field-testing conditions and ambient temperatures during 

the conduct of the experiment in the calibration of baseline temperature. Limitations in the 

number of the thermocouples used to monitor the optimum configuration performance 

resulted in the application of interpolation and extrapolation of the missing temperature data 

required. 
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To supplement the experimental uncertainties of parameters of the optimum configuration of 

HPHE-DSCD, parallel experimental works was cited from (Al-Mabsali et al., 2021) where 

the calculation used the standard uncertainty equation. The significance of the value of 

uncertainty established the boundary limitations of the variables of PV-HPHE under 

investigation. The standard uncertainty of different parameters used in the experimental 

measurement are shown in Table 5.11 below. 

Table 5.11. Experimental uncertainties of the optimum geometric configuration (Al-Mabsali 

et al., 2021) 

Parameter 

Standard uncertainty 

Average 
Standard 

Deviation 
Standard Error 

Mean bulk temperature, ℃ 33.137 1.02 0.385 

Mass flow rate, kg/s 2.057 × 10−5 6.467 × 10−7 2.444 × 10−7 

Heat flow, W 0.791 0.024 0.0109 

Heat Transfer Coefficient, W/ m2 k 2.346 0.015 0.006 

Flow Reynolds number 1.534 0.078 0.3 

Nusselt number, Nu 0.936 0.006 0.002 

Rayleigh number, Re 1.112 × 109 6.518 × 107 2.464 × 107 

Prandtl number, Pr 5.014 0.107 0.040 

Grashof number, Gr 2.22 × 108 1.707 × 107 6.452 × 106 

PV- HPHE Power generation efficiency 0.289 0.054 0.015 

HPHE Power generation, watts (Eq. 25) 18.577 1.599 0.604 

HPHE Thermal performance 0.761 0.008 0.003 

 

5.5 Summary  

This chapter illustrates the experimental results obtained from the current study. Prior to the 

experimental testing, calibration of the physical set up of apparatus was carried out. This was 

to ensure the accuracy and precision of all data recording measuring devices. An independent 

PV panel installation was set up as a baseline data recording that was used in the field testing. 
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The observed measurements taken from this PV panel installation was compared to the 

controlled data recorded from HPHE-DSCD installation. Calibrated devices were used that 

comprised of solar collectors, data loggers, PICOlog6 J Type thermocouples and Cat S61 

thermal imaging camera. The PICOlog6 J Type thermocouples which is made of exposed wire 

(Polytetrafluoroethylene (PTFE) insulated) with a tip diameter of 1.5 mm and a tip 

temperature range between −270 ℃ to 1820 ℃ were used to measure temperature recorded in 

separate period of observations. 

The physical set ups for the HPHE - DSCD without and with screen mesh wick installations 

and the validation studies are presented. A significant part of experimental testing in this 

research was the establishment of the full-scale PV-HPHE physical set up specified from the 

optimum geometric configuration of 65% FR and a 3° angle of inclination. The recent study 

conducted involved the use of Cat S61 thermal imaging camera that produced temperature 

readings from PV surface and HPHE - DSCD surface thermal images that were determined 

from the results of numerical studies.  

The HPHE - DSCD with screen mesh wick with specified optimum configuration was 

identified and its design and manufacture were achieved. The experimental set up for the 

benchmark using PV Panel has been detailed and installed. Three random days of observations 

were allocated using the Thermal Infrared Images field test with data recorded for a specified 

period. The purpose of using the Cat S61 thermal imaging camera measuring device was to 

observe the characteristics of the PV surface temperature and correlate the data results to the 

PV power generation. The significance of the results and findings using Cat S61 thermal 

imaging camera will be used in any periodic monitoring of the PV-HPHE. The use of Thermal 

Infrared Images as an alternative measuring device should not require the utilisation of the 

PICOlog with thermocouples, CFD simulation and a data central station. Using TIR as the 

temperature monitoring device will make the application of the PV-HPHE in the built 

environment efficiently feasible. The comparison of results for the field experiments can be 

found in Chapter 7. 
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CHAPTER SIX 

CFD Results 

 

6 Introduction 

This chapter illustrates the results of the numerical study, carried out using CFD. The 

theoretical models established in Chapter 4 was used on the basis of the data observations in 

order to determine the optimum configuration of the HPHE embedded within PV panels. Four 

numerical studies were performed in this research as below:  

1. Materials, manufacturing process and CFD theoretical set up of single sided condenser 

direction for the HPHE. 

2. Parametric design in the determination of the optimal performance of the HPHE on PV 

cooling system of double-sided condenser direction experimental set up 

3. CFD modelling set up of optimum spanwise arrangement of HPHE and its’ effect on cell 

temperature 

4. The methodology on HPHE angle of inclination and fill ratio study due to the effect of 

screen mesh wick installation 

The results of these studies presented in this chapter are dissected into specific sections. The 

observation and comparison of the variations of both PV and PV-HPHE surface temperature 

characteristics computed for each numerical case and the simultaneous evaluation of its effect 

to the PV power performance efficiency. The main observation of data for analysis involved 

the collection and interpretation of the temperature and power performance profiles. These 

profiles were utilised in the geometric comparison of temperature characteristics and then 

used to carefully obtain prudent data in the computation of various performance factors and 

boundary conditions. The resulting optimum geometric configuration with its building-

integrated version was then subjected to testing in the built environment and a new 

performance gap (or validation) was evaluated using a Cat61 Thermal imaging device (TIR). 

The TIR findings are presented in Chapter 7.  
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6.1 Single Sided Condenser Direction – Heat Pipe Heat Exchanger (SSCD –HPHE) 

models 

In the CFD model, 20 units of HPHE were installed in a rectangular duct arrangement as a 

thermal cooling junction box in the evaporator section measuring at a length of 1959 mm, and 

with the condenser section on one side. There were seven (7) various HPHE spacing used in 

the modelling. The minimal HPHE spacing was 20 mm and was expanded at an interval of 10 

mm per model. The HPHE was installed at the top, middle and bottom sections of the PV 

panel back surface for each specified spacing as shown in Figures 6.1 to 6.7. The theoretical 

ambient temperature of 45.0℃ (318.15 K) was used as initial temperature encoded in the 

ANSYS software and nominal operating cell temperature of 64.50℃ (337.65 K). 

The largest interval of the HPHE was 80 mm which covered the entire back surface of the PV 

panel, and as a result the top, middle and bottom sections yielded similar temperature results. 

The first model incorporated an 80 mm spacing on centers using 20 units of HPHE installed 

in a rectangular duct with a length of 1959 mm. The HPHE covered the whole section of the 

PV panel back surface hence the top, middle and bottom sections yielded similar temperature 

results of 329.97 K (56.82 ℃) as shown in Figure 6.1. 

 

Figure 6.1. One sided condenser direction HPHE model, spacing = 80mm covers the whole 

PV panel 
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Using the 70 mm spacing as shown in Figure 6.2, the installation marginally reduced the 

coverage of the cooling area of PV Panel which resulted in varying results when installed at 

the top 56.34 ℃ (329.45 K), in the middle 55.99℃ (329.14 K) and at the bottom 56.7℃ 

(329.85K). For the 60 mm spacing, it resulted in (328.49 K, 55.34 ℃) at the top, 55.5℃ 

(328.65 K) in middle and 55.37 ℃ (328.5 K) at the bottom as shown in Figure 6.3. 

 

Figure 6.2. One sided condenser direction HPHE model, spacing = 70 mm, installation on 

PV panel. 

 

 

Figure 6.3. One sided condenser direction HPHE model, spacing = 60 mm, installation on 

PV panel 

The fourth and fifth models used 50 mm and 40 mm spacing on centres respectively. The 

results of the 50 mm spacing were 55.52 ℃ (328.67 K) at the top, 55.32℃ (328.47 K) in the 
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middle and 55.51℃ (328.66 K) at the bottom as shown in Figures 6.4. For the 40 mm spacing 

the results were 56.22 ℃ (329.37 K) at the top, 55.78 ℃ (328.93 K) in the middle and 55.25℃ 

(328.40 K) at the bottom as shown in Figure 6.5. 

 

Figure 6.4. One sided condenser direction HPHE model, spacing = 50 mm, installation on 

PV panel 

 

Figure 6.5. One sided condenser direction HPHE model, spacing = 40 mm, installation on 

PV panel 

 

The sixth and seventh were the final set ups of the same HPHE models. Using 30 mm and 20 

mm, the results for 30 mm were 56.96 ℃ (330.11 K) at the top, 56.37 ℃ (329.52 K) in the 

middle and 56.97 ℃ (330.12 K) at the bottom. The results in the 20 mm spacing of HPHE 
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were (330.77 K, 57.62 ℃) at the top, 57.29 ℃ (330.44 K) in the middle and 57.55 ℃ (330.70 

K) at the bottom as shown in Figures 6.6 and 6.7. 

 

Figure 6.6. One sided condenser direction HPHE model, spacing = 30, installation on PV 

panel 

 

Figure 6.7. One sided condenser direction HPHE model, spacing = 20, installation on PV 

panel 

 

The summary of the temperature results of the HPHE Junction box model based on various 

spacing are shown in Table 6.1 and Appendix C.1. The optimum configuration of the HPHE 

Junction box model was at a spacing of 50 mm with a lowest temperature of 55.32 ℃ (328.47 

K) recorded from the PV panel middle installation with a temperature contour profile shown 

in Figure 6.4. 
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Table 6.1. Summary of the temperature results of HPHE Junction box model Single Sided 

Condenser Direction (SSCD). 

 Temperature results in HPHE junction box installation on PV panel, K 

Spacing Top Middle Bottom 
20 330.77 330.44 330.70 
30 330.11 329.52 330.12 
40 329.37 328.93 329.40 
50 328.67 328.47 328.66 
60 328.49 328.65 328.52 
70 329.49 329.14 329.85 
80  329.97  

 

The optimum configuration of the HPHE Junction box model spaced at 50 mm was listed to 

undergo a thorough verification using well defined experimentation in order establish the 

reliability of the results and findings for conclusion. Another distinct CFD model test 

consideration in evaluating of the optimum configuration was set up and focused on the HPHE 

installation analysed in detail detached from the PV back surface junction box. The first 

involved cutting the section A-A parallel to the length of the HPHE from the evaporator to 

the condenser as shown in Figure 6.8, Figure 6.9, and Figure 6.10. and the second involved 

cutting the section B-B in perpendicular with Section A-A as shown in Figure 6.12, Figure 

6.13, and Figure 6.14.   

The HPHE installed were positioned in the top, middle and bottom of the PV back surface 

and were modelled to the various HPHE spacings from 80 mm to 20 mm. Similar temperature 

of 45 ℃ (318.15 k) was set in ANSYS as the start up temperature in the HPHE evaporator 

section which was encoded from the top to the bottom positions of the PV back surface in 

both cross-sections. The results of the HPHE temperature at cross-section A-A in Z – direction 

are shown in Table 6.2 and that of crosssection B-B in X – direction are shown in Table 6.3. 
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Table 6.2. Results of HPHE temperature at Cross-section A-A parallel to evaporator and 

condenser in Z – Direction. 

 

Spacing 80 70 60 50 

HPHE 

Section 
Z - Axis [m]  

Full Coverage Top Middle Bottom Top Middle Bottom Top Middle Bottom 

Temperature [ K] 

Evaporator 0 - 0.48 318.15 318.15 318.15 318.15 318.15 318.15 318.15 318.15 318.15 318.15 

Evaporator 

- Duct 

0.51 318.16 318.19 318.24 318.19 318.19 318.18 318.22 318.27 318.16 318.26 

0.53 318.24 318.32 318.52 318.32 318.27 318.28 318.37 318.52 318.21 318.46 

0.55 318.38 318.53 318.89 318.55 318.44 318.43 318.59 318.79 318.31 318.72 

0.57 318.57 318.83 319.27 318.86 318.65 318.63 318.84 319.11 318.46 319.03 

0.59 318.79 319.19 319.63 319.22 318.91 318.88 319.12 319.44 318.65 319.37 

0.61 319.02 319.56 319.97 319.60 319.18 319.14 319.41 319.77 318.85 319.72 

0.63 319.26 319.95 320.30 319.98 319.46 319.40 319.70 320.10 319.05 320.06 

0.65 319.49 320.32 320.64 320.36 319.74 319.65 319.98 320.39 319.26 320.38 

0.67 319.73 320.69 320.96 320.72 320.00 319.89 320.26 320.67 319.47 320.68 

0.69 319.96 321.03 321.28 321.07 320.26 320.13 320.53 320.92 319.68 320.94 

0.71 320.20 321.37 321.59 321.41 320.52 320.36 320.79 321.16 319.89 321.20 

0.73 320.42 321.69 321.88 321.75 320.77 320.58 321.04 321.37 320.09 321.42 

0.75 320.64 322.01 322.17 322.07 321.02 320.81 321.29 321.58 320.30 321.65 

0.77 320.86 322.32 322.45 322.38 321.26 321.03 321.53 321.78 320.51 321.86 

0.79 321.08 322.62 322.71 322.68 321.50 321.25 321.77 321.98 320.72 322.07 

0.81 321.30 322.91 322.97 322.96 321.74 321.46 322.00 322.17 320.93 322.27 

0.83 321.52 323.18 323.22 323.22 321.98 321.66 322.24 322.36 321.13 322.47 

0.85 321.74 323.44 323.45 323.47 322.21 321.86 322.46 322.55 321.33 322.67 

0.87 321.96 323.68 323.67 323.70 322.44 322.07 322.69 322.74 321.53 322.87 

0.89 322.18 323.91 323.88 323.93 322.66 322.28 322.91 322.92 321.72 323.05 

0.91 322.40 324.13 324.08 324.14 322.88 322.49 323.12 323.10 321.90 323.24 

0.93 322.62 324.33 324.27 324.34 323.10 322.70 323.33 323.30 322.08 323.43 

0.95 322.83 324.52 324.45 324.53 323.31 322.90 323.54 323.49 322.26 323.63 

0.97 323.04 324.69 324.61 324.71 323.52 323.09 323.75 323.69 322.42 323.83 

0.99 323.23 324.86 324.75 324.89 323.72 323.26 323.96 323.89 322.59 324.02 

1.01 323.41 325.01 324.83 325.05 323.92 323.40 324.15 324.09 322.74 324.23 

1.03 323.52 325.12 324.87 325.16 324.08 323.49 324.27 324.22 322.85 324.39 

1.05 323.60 325.18 324.89 325.22 324.18 323.55 324.34 324.30 322.92 324.49 

1.07 323.65 325.22 324.91 325.26 324.23 323.59 324.38 324.34 322.96 324.55 

1.09 323.68 325.25 324.91 325.28 324.26 323.61 324.40 324.37 322.98 324.58 

1.11 323.69 325.26 324.92 325.29 324.27 323.63 324.41 324.38 322.99 324.60 

1.13 323.70 325.27 324.93 325.30 324.28 323.64 324.42 324.39 323.00 324.61 

1.15 323.71 325.28 324.93 325.30 324.29 323.64 324.42 324.39 323.00 324.62 

Condenser 1.17 - 1.98 323.73 325.29 324.96 325.30 324.29 323.66 324.42 324.39 323.01 324.63 

 

 

Below is the continuation of Table 6.2 showing temperature results of HPHE at s = 40, 30 

and 20 mm respectively. 
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Spacing 40 30 20 

HPHE 

Section 
Z - Axis [m]  

Top Middle Bottom Top Middle Bottom Top Middle Bottom 

Temperature [ K] 

Evaporator 0 - 0.48 318.15 318.15 318.15 318.15 318.15 318.15 318.15 318.15 318.15 

Evaporator 

- Duct 

0.51 318.33 318.17 318.31 318.34 318.22 318.32 318.20 318.17 318.20 

0.53 318.67 318.22 318.63 318.72 318.36 318.66 318.32 318.21 318.32 

0.55 319.01 318.31 318.95 319.09 318.51 318.99 318.54 318.30 318.52 

0.57 319.43 318.44 319.42 319.58 318.68 319.46 318.87 318.41 318.83 

0.59 319.84 318.61 319.89 320.07 318.86 319.92 319.25 318.58 319.17 

0.61 320.25 318.81 320.38 320.57 319.06 320.40 319.64 318.77 319.52 

0.63 320.65 319.01 320.88 321.08 319.25 320.89 320.04 318.98 319.88 

0.65 321.04 319.22 321.37 321.59 319.45 321.37 320.43 319.21 320.23 

0.67 321.35 319.43 321.80 322.03 319.65 321.79 320.79 319.45 320.55 

0.69 321.67 319.64 322.22 322.48 319.86 322.22 321.12 319.69 320.86 

0.71 321.93 319.84 322.58 322.87 320.06 322.59 321.44 319.93 321.16 

0.73 322.17 320.04 322.91 323.24 320.26 322.93 321.75 320.17 321.45 

0.75 322.40 320.24 323.22 323.59 320.47 323.25 322.04 320.39 321.73 

0.77 322.60 320.43 323.48 323.89 320.67 323.53 322.32 320.61 322.00 

0.79 322.80 320.63 323.73 324.19 320.88 323.81 322.59 320.81 322.27 

0.81 322.99 320.82 323.96 324.46 321.08 324.06 322.85 321.01 322.53 

0.83 323.17 321.02 324.18 324.72 321.28 324.31 323.11 321.20 322.79 

0.85 323.35 321.22 324.39 324.97 321.47 324.56 323.35 321.38 323.04 

0.87 323.52 321.42 324.58 325.19 321.67 324.80 323.59 321.55 323.29 

0.89 323.69 321.62 324.77 325.42 321.85 325.04 323.82 321.72 323.52 

0.91 323.87 321.82 324.97 325.63 322.03 325.30 324.03 321.89 323.74 

0.93 324.05 322.02 325.17 325.83 322.21 325.56 324.23 322.06 323.94 

0.95 324.24 322.22 325.36 326.04 322.37 325.82 324.43 322.22 324.14 

0.97 324.43 322.41 325.54 326.23 322.53 326.08 324.64 322.39 324.34 

0.99 324.62 322.60 325.73 326.43 322.68 326.33 324.85 322.55 324.54 

1.01 324.81 322.77 325.93 326.61 322.76 326.60 325.05 322.71 324.73 

1.03 324.94 322.90 326.11 326.74 322.80 326.79 325.21 322.84 324.88 

1.05 325.03 322.98 326.21 326.82 322.82 326.90 325.31 322.92 324.96 

1.07 325.08 323.03 326.27 326.87 322.83 326.97 325.37 322.96 325.01 

1.09 325.11 323.06 326.31 326.90 322.84 327.00 325.40 322.99 325.04 

1.11 325.13 323.07 326.32 326.92 322.84 327.03 325.41 323.00 325.06 

1.13 325.14 323.08 326.33 326.93 322.84 327.04 325.42 323.01 325.07 

1.15 325.15 323.09 326.34 326.94 322.84 327.04 325.43 323.02 325.07 

Condenser 1.17 - 1.98 325.17 323.10 326.34 326.95 322.83 327.05 325.44 323.03 325.07 

 

The temperature results of the HPHE positioned on the top installation of the PV back surface 

in Table 6.1 is plotted in a graph shown in Figure 6.8a to 6.8g. The data showed that the 

HPHE spacing of 60 mm and 50 mm were yielding lower temperatures of 51.14℃ (324.29 K) 

and 51.24℃ (324.39 K) respectively in the condenser section. 
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Figure 6.8. Temperature results from the cross-section A-A of the HPHE evaporator to 

condenser duct positioned on the top installation of PV back surface 

The HPHE positioned in the middle installation of the PV back surface in the same range of 

spacing in Table 6.1 with the temperature results plotted in a graph as shown in Figure 6.9a 

to 6.9g. The data from the CFD modelling resulted in the HPHE spacing of 60 mm down to 
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20 mm resulted in lower temperatures in the condenser section ranging from 50.51 ℃ (323.66 

K) to 49.68 ℃ (322.83 K) respectively. The decrease in the temperature was due to the 

proximity of the heat pipe spacing in the cross-section under observation. 

 

Figure 6.9. Temperature results taken from the cross-section A-A of the HPHE evaporator to condenser duct 

positioned on the middle installation of PV back surface 
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With the HPHE positioned at the bottom installation of the PV back surface, the temperature 

results in Table 6.1 are plotted in a graph as shown in Figure 6.10a to 6.10g. The data of the 

CFD modelling showed that the HPHE spacing of 60 mm and 50 mm resulted in lower 

temperatures of 51.26 ℃ (324.41 K) and 51.48 ℃ (324.63 K) respectively in the condenser 

section. 

 

Figure 6.10. Temperature results taken from the cross-section A-A of the HPHE evaporator to condenser duct positioned on 

the bottom installation of PV back surface. 
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The HPHE evaporator section inside the pipes experienced a gradual increase in temperature 

as the heated liquid medium was transferred to the condenser section for cooling. The set up 

of the HPHE modelling using this design position of installations achieved the optimum 

configuration in the middle installation. But based on the HPHE spacing, the temperature 

results between 60 mm, 50 mm and 40 mm have proximate outcomes of 50.51 ℃ (323.66 K), 

49.86 ℃ (323.01 K) and 49.95 ℃ (323.10 K) respectively. These respective temperature 

results of HPHE spacing required a series of model experimentation and data gathering that 

achieved the selection of the optimum configuration. The design specification of s = 50 mm 

and temperature profile of the optimum configuration selected from the various spacing is 

evaluated from cross-section A-A with other detailed information as shown in Figure 6.11.  

 

 

Figure 6.11. Temperature profile and Isometric view in cross-section A-A of the HPHE 

evaporator to condenser cut section with spacing = 50 mm in the middle installation 

 

The second consideration in the verification of the optimum configuration using this distinct 

CFD model set up was made by cutting the section B-B in the intersection of HPHE evaporator 

section and represented by the PV back surface length from zero at the top and 1.96 m at the 

bottom with the results shown in Table 6.3.  
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Table 6.3. Results of HPHE temperature at Cross-section B-B in the intersection of HPHE 

evaporator duct in X – Direction at s = 80 to 50 mm respectively 

Spacing 80 70 60 50 

X-axis                        

[m]  

Full  

Coverage 
Top Mid. Bot. Top Mid. Bot. Top Mid. Bot. 

Temperature [ K] 

0.00 325.31 329.53 333.67 334.95 326.69 335.25 335.14 324.32 334.52 335.96 

0.02 321.42 323.19 333.92 334.99 321.98 335.92 335.18 320.34 334.49 335.95 

0.04 322.11 325.10 333.73 335.04 322.63 336.37 335.22 326.47 334.46 335.94 

0.06 328.10 333.27 331.82 335.10 329.24 336.30 335.25 326.19 334.42 335.92 

0.08 330.00 332.98 330.50 335.17 327.99 336.31 335.29 320.51 334.44 335.91 

0.10 329.76 330.37 329.03 335.32 322.51 336.38 335.43 324.55 334.47 335.90 

0.12 323.63 321.64 324.33 335.51 322.73 336.40 335.59 326.82 334.56 335.88 

0.14 322.16 330.75 330.87 335.72 330.01 336.35 335.76 322.78 334.82 335.86 

0.16 329.78 333.63 333.05 335.79 328.88 335.95 335.99 321.35 335.08 335.84 

0.18 332.12 332.62 331.23 334.99 323.16 335.02 336.29 327.49 335.26 335.83 

0.20 330.48 326.10 326.88 331.79 322.54 334.69 336.59 325.50 335.38 335.83 

0.22 324.29 323.81 322.67 323.10 329.60 336.02 336.81 320.32 335.41 335.91 

0.24 321.66 333.26 332.59 332.21 328.55 336.40 337.02 326.43 335.37 336.01 

0.26 328.44 333.32 333.39 334.27 323.58 335.57 337.15 326.70 334.96 336.15 

0.28 330.68 330.80 330.95 333.88 321.99 334.50 337.24 321.22 333.69 336.29 

0.30 329.57 321.81 323.69 328.73 329.93 335.54 337.24 323.20 328.76 336.43 

0.32 324.17 330.71 327.61 323.38 329.34 336.38 337.11 326.02 323.30 336.56 

0.34 321.17 333.31 332.71 331.84 324.30 335.90 336.64 323.64 332.17 336.69 

0.36 328.92 332.27 332.51 333.05 321.48 334.28 335.40 321.01 330.57 336.82 

0.38 330.79 326.65 329.00 331.89 329.79 334.65 332.85 326.88 324.71 336.95 

0.40 329.47 322.78 322.14 322.35 329.28 335.72 327.48 325.80 327.47 337.08 

0.42 324.46 332.75 330.60 329.65 324.50 335.51 324.25 320.66 332.01 337.12 

0.44 320.73 333.02 333.10 332.95 321.27 333.77 333.10 325.49 329.60 337.10 

0.46 327.74 330.85 331.70 333.16 329.47 333.88 333.32 326.66 322.45 336.87 

0.48 330.22 322.08 324.09 329.82 328.91 335.58 329.44 322.38 329.37 336.44 

0.49 329.43 330.12 325.01 322.83 324.65 335.34 323.22 322.52 330.78 335.33 

0.51 324.76 333.09 330.99 331.92 321.18 333.32 330.82 327.27 324.84 333.47 

0.53 320.74 331.95 331.31 333.52 329.71 333.37 330.84 325.06 323.60 331.14 

0.55 328.07 327.76 328.93 333.04 329.46 334.87 327.19 321.08 328.60 324.35 

0.57 330.84 322.22 321.29 322.75 325.16 335.08 322.56 325.98 327.51 329.39 

0.59 330.39 332.30 328.71 328.04 321.37 334.19 330.31 326.05 320.61 332.72 

0.61 325.74 332.75 330.99 332.84 329.71 333.30 330.94 321.15 325.06 329.94 

0.63 320.64 330.87 330.56 333.70 329.34 334.55 327.37 325.25 327.29 323.20 

0.65 328.48 322.44 325.58 331.17 325.60 335.47 322.26 327.64 323.01 330.22 

0.67 331.14 329.05 323.42 322.07 321.23 334.39 330.13 323.96 321.42 329.35 

0.69 330.36 333.19 330.20 330.88 329.38 333.46 331.43 322.08 327.80 322.42 

0.71 325.46 332.35 331.29 333.14 329.24 334.85 328.70 326.59 327.55 328.53 

0.73 320.53 328.82 329.81 333.26 325.82 335.09 321.78 325.47 320.18 329.98 

0.75 328.10 321.87 321.70 323.88 321.02 334.39 329.58 320.95 325.55 324.74 

0.77 331.00 332.47 328.52 326.72 329.36 333.43 331.43 327.14 328.50 323.96 

0.79 330.57 333.15 331.54 332.27 329.80 335.02 329.09 327.52 324.10 329.19 

0.81 327.08 331.57 331.06 333.54 326.33 335.33 321.53 322.17 320.86 327.20 

0.83 320.58 323.57 326.26 331.60 320.81 334.76 328.15 324.28 327.66 321.71 

0.85 328.90 327.76 322.39 321.82 329.27 333.41 330.58 327.15 327.75 327.41 

0.87 331.54 333.21 330.05 330.58 329.89 334.80 329.01 324.91 320.39 328.39 

0.89 330.56 332.51 331.07 333.04 326.87 335.11 321.17 321.74 325.30 322.11 

0.91 326.36 328.94 329.54 333.50 320.83 334.51 327.85 327.74 328.72 324.86 

0.93 320.47 321.79 321.83 325.36 328.92 333.28 330.71 327.06 324.84 328.05 

0.95 326.92 332.20 327.96 325.03 329.90 334.65 329.14 321.64 320.54 325.17 

0.97 330.08 333.00 331.24 331.87 326.92 335.20 321.07 326.82 326.48 321.65 

0.99 330.29 331.46 330.79 333.32 320.91 334.55 327.29 328.39 326.37 327.22 

1.01 327.11 324.57 327.02 332.04 329.44 333.17 330.26 324.12 320.44 327.10 

1.03 320.65 325.50 321.79 321.72 330.94 334.16 329.16 323.65 324.93 320.91 

1.05 326.25 333.12 329.90 330.03 327.90 334.87 320.84 329.22 328.90 325.57 

1.07 329.60 332.96 330.89 332.98 321.18 334.61 326.84 327.81 324.90 327.09 

1.09 330.63 330.19 329.90 333.62 329.44 333.27 329.88 322.29 320.37 322.27 

1.11 328.08 321.87 321.96 327.16 331.28 334.66 328.74 328.62 327.83 323.36 

1.13 320.62 331.96 326.60 323.66 328.82 335.47 320.81 329.67 327.83 327.15 

1.15 328.52 333.49 330.74 331.89 321.55 334.66 326.33 323.27 320.66 325.51 

1.17 331.73 332.26 331.06 333.44 329.08 333.23 329.40 326.95 324.67 320.91 

1.19 330.80 326.49 328.19 332.65 331.15 334.27 329.14 330.88 328.70 326.51 

1.21 326.94 324.33 321.49 321.86 329.16 335.06 320.96 328.52 325.44 327.06 
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1.23 320.52 333.22 329.69 328.95 321.86 334.29 326.08 324.16 320.19 321.18 

1.25 326.05 333.26 331.69 332.82 329.08 333.46 330.01 332.58 326.94 324.73 

1.27 330.13 331.18 330.85 333.52 331.40 334.22 329.84 332.35 327.12 326.82 

1.29 330.70 322.13 323.16 328.35 329.93 335.02 321.06 323.03 321.09 323.66 

1.31 327.73 331.02 326.06 322.81 322.13 334.69 325.99 329.73 323.59 321.99 

1.33 320.73 333.23 330.52 331.84 327.90 333.16 329.86 332.57 328.47 326.29 

1.35 325.83 332.35 330.46 333.63 331.02 333.51 329.47 334.50 325.49 325.54 

1.37 329.89 327.39 328.26 332.54 330.12 334.70 321.05 336.11 320.51 320.45 

1.39 330.59 322.96 321.50 322.20 322.52 334.46 325.74 336.96 328.14 326.34 

1.41 328.50 332.38 329.50 328.83 327.48 333.34 329.63 337.19 328.84 328.23 

1.43 320.63 332.90 331.67 332.96 330.88 333.47 330.05 337.23 323.36 321.33 

1.45 324.88 331.22 331.31 333.74 330.63 334.99 321.18 337.16 324.88 323.71 

1.47 329.15 322.51 324.63 329.89 322.89 335.03 325.10 337.05 330.42 326.74 

1.48 330.64 329.29 324.39 322.19 329.89 333.97 329.28 336.92 328.99 324.36 

1.50 328.57 333.04 331.20 331.05 333.55 333.67 330.10 336.76 322.61 321.38 

1.52 320.75 332.69 332.35 333.09 333.22 335.46 321.20 336.56 330.23 325.49 

1.54 326.64 329.37 330.55 332.00 323.86 335.89 324.85 336.37 332.18 325.48 

1.56 330.95 322.40 322.32 322.40 328.20 335.03 329.17 336.20 326.67 320.48 

1.58 330.22 331.66 330.02 327.14 333.16 334.16 329.52 336.05 324.91 324.60 

1.60 327.25 332.62 333.22 332.40 335.43 335.75 321.44 335.98 330.53 326.73 

1.62 320.99 331.41 332.77 333.30 336.44 336.46 324.12 335.91 331.91 321.88 

1.64 325.07 323.17 326.81 330.49 337.00 335.77 329.15 335.83 323.21 322.49 

1.66 330.24 329.16 324.15 321.86 337.12 334.58 329.98 335.78 328.89 327.46 

1.68 330.93 333.96 331.48 331.12 337.15 335.52 321.67 335.78 333.56 325.66 

1.70 328.71 334.29 333.53 333.41 337.07 336.29 324.01 335.78 334.97 320.34 

1.72 321.52 332.57 332.34 333.35 336.93 336.15 329.40 335.77 335.36 326.56 

1.74 324.01 323.18 322.28 323.36 336.70 334.94 330.49 335.77 335.40 327.08 

1.76 329.29 331.85 327.59 326.75 336.46 335.02 322.21 335.78 335.35 320.53 

1.78 330.69 334.81 331.89 332.78 336.17 335.70 323.58 335.79 335.22 324.29 

1.80 329.57 335.51 333.15 333.95 335.88 336.09 329.05 335.80 335.03 327.67 

1.82 322.33 335.51 329.53 331.81 335.67 336.19 330.14 335.81 334.78 323.56 

1.84 323.77 335.37 324.76 321.71 335.53 336.23 322.46 335.83 334.51 321.01 

1.86 328.74 335.18 329.62 331.10 335.38 336.30 323.39 335.84 334.46 325.69 

1.88 331.41 335.01 331.60 333.50 335.27 336.28 329.31 336.18 334.45 322.39 

1.90 331.13 334.95 332.42 333.44 335.24 336.34 329.92 336.20 334.45 326.20 

1.92 323.01 334.90 333.71 324.69 335.21 336.34 322.46 336.23 334.51 322.08 

1.94 321.90 334.86 333.84 323.64 335.18 335.88 322.09 336.25 334.57 322.24 

1.96 325.03 334.82 333.61 328.50 335.14 335.26 326.20 336.27 334.61 325.49 

 

Below is the continuation of Table 6.2 showing results of HPHE temperature at Cross-section 

B-B in the intersection of HPHE evaporator duct in X – Direction at s = 40, 30 and 20 mm 

respectively. 

Spacing 40 30 20 

X-axis                        

[m]  

Top Mid. Bot. Top Mid. Bot. Top Mid. Bot. 

Temperature [ K] 

0.00 326.60 334.96 336.41 326.87 335.30 337.17 326.20 335.76 338.14 

0.02 321.71 334.92 336.40 321.96 335.26 337.14 321.45 335.76 338.13 

0.04 321.74 334.89 336.37 321.56 335.25 337.10 320.88 335.74 338.13 

0.06 326.05 334.85 336.35 324.50 335.23 337.05 320.85 335.73 338.13 

0.08 321.93 334.82 336.33 319.91 335.21 337.01 320.54 335.72 338.12 

0.10 321.53 334.79 336.30 323.56 335.19 336.97 320.90 335.70 338.11 

0.12 325.81 334.77 336.28 321.90 335.17 336.93 320.45 335.69 338.11 

0.14 322.06 334.75 336.25 320.72 335.16 336.89 320.94 335.66 338.10 

0.16 321.33 334.79 336.21 323.33 335.14 336.84 320.35 335.63 338.09 

0.18 325.31 334.91 336.17 320.49 335.12 336.78 320.97 335.60 338.08 

0.20 322.22 335.02 336.12 323.71 335.13 336.71 320.29 335.57 338.07 

0.22 321.14 335.13 336.08 322.75 335.14 336.64 321.14 335.54 338.06 

0.24 324.91 335.25 336.03 320.44 335.15 336.57 320.19 335.59 338.05 

0.26 322.44 335.34 335.99 323.31 335.20 336.51 321.13 335.64 338.03 

0.28 321.17 335.43 335.96 320.47 335.31 336.44 319.92 335.68 338.01 

0.30 325.92 335.50 335.96 322.67 335.47 336.37 321.17 335.73 337.99 

0.32 322.81 335.52 335.97 322.61 335.64 336.33 319.92 335.83 337.96 

0.34 320.77 335.50 335.97 320.26 335.75 336.29 321.21 335.92 337.92 

0.36 324.92 335.50 335.97 323.60 335.84 336.26 319.89 336.01 337.87 

0.38 322.78 334.36 335.98 320.83 335.93 336.22 321.31 336.10 337.82 
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0.40 320.91 328.11 336.04 322.33 336.00 336.18 319.90 336.18 337.76 

0.42 325.28 323.76 336.09 323.18 336.03 336.15 321.32 336.29 337.71 

0.44 323.27 330.24 336.15 320.70 336.04 336.12 319.87 336.41 337.61 

0.46 321.06 327.93 336.21 324.13 336.09 336.11 321.53 336.48 337.50 

0.48 325.53 324.27 336.25 321.65 335.29 336.11 319.98 336.23 337.39 

0.49 323.41 332.54 336.28 321.97 326.86 336.10 321.86 335.62 337.36 

0.51 320.83 329.43 336.31 323.69 323.80 336.10 320.22 333.69 337.30 

0.53 325.60 323.32 336.37 320.51 326.66 336.09 322.09 332.49 337.23 

0.55 323.62 330.67 336.44 324.29 322.70 336.11 320.33 330.71 337.17 

0.57 320.96 329.04 336.61 322.48 331.10 336.14 322.62 328.38 337.11 

0.59 325.01 322.15 336.77 322.00 327.02 336.17 320.65 323.23 337.05 

0.61 324.17 328.08 336.89 324.69 324.82 336.20 323.32 325.31 336.98 

0.63 321.85 326.34 336.99 321.32 329.27 336.24 320.94 323.88 336.92 

0.65 325.80 320.17 337.04 325.03 322.34 336.32 324.66 327.65 336.85 

0.67 324.68 325.71 337.06 323.98 325.99 336.42 321.38 324.51 336.78 

0.69 321.52 325.55 336.76 322.58 323.65 336.56 325.86 326.25 336.74 

0.71 325.59 320.22 335.71 325.65 320.81 336.71 321.66 323.79 336.74 

0.73 324.69 325.66 333.93 322.30 325.89 336.86 325.03 325.97 336.73 

0.75 321.68 325.46 331.86 325.47 319.87 337.01 321.32 322.83 336.73 

0.77 325.80 320.20 328.66 325.34 323.78 337.14 324.33 325.05 336.78 

0.79 325.03 325.53 323.06 322.66 323.07 337.26 322.05 322.38 336.86 

0.81 321.79 325.55 330.40 326.89 320.53 337.36 332.08 323.58 336.94 

0.83 326.20 320.14 329.96 323.38 324.94 337.45 334.81 321.92 337.03 

0.85 325.69 325.39 323.57 325.95 320.14 337.47 336.66 322.60 337.15 

0.87 321.98 325.24 330.17 327.16 324.07 337.42 337.50 321.57 337.27 

0.89 326.52 320.09 328.74 323.01 323.42 336.98 337.81 322.36 337.40 

0.91 326.17 324.98 322.98 328.79 320.50 335.48 337.83 321.60 337.53 

0.93 322.24 324.72 328.90 325.39 325.20 333.84 337.78 322.33 337.65 

0.95 327.29 320.07 328.07 326.41 320.26 331.42 337.69 321.83 337.77 

0.97 327.24 325.02 322.76 328.08 323.94 325.60 337.59 322.21 337.87 

0.99 322.68 324.75 327.37 323.08 323.67 325.62 337.48 321.94 337.97 

1.01 328.53 320.08 327.26 330.37 320.32 328.36 337.35 321.98 338.06 

1.03 329.12 324.78 322.08 333.13 324.75 323.57 337.21 322.07 338.13 

1.05 323.01 325.03 326.22 334.77 320.32 329.61 337.08 322.01 338.14 

1.07 328.83 320.18 326.51 335.82 323.49 326.20 336.95 322.10 338.01 

1.09 330.25 325.95 321.70 336.51 323.82 324.50 336.82 322.18 337.43 

1.11 323.53 325.82 325.68 336.89 320.20 327.19 336.70 322.58 336.45 

1.13 330.29 320.26 326.08 337.17 324.86 322.54 336.60 322.12 334.74 

1.15 330.67 325.54 321.29 337.18 320.36 326.39 336.55 323.46 331.68 

1.17 323.20 325.47 325.08 337.16 323.77 324.81 336.51 322.44 321.71 

1.19 329.24 320.30 325.77 337.10 323.84 323.54 336.47 324.76 324.36 

1.21 332.30 325.99 321.37 337.04 319.89 326.57 336.47 323.27 320.99 

1.23 333.84 325.61 324.45 336.96 326.08 322.32 336.52 325.74 324.28 

1.25 335.30 320.05 325.41 336.87 320.80 325.55 336.57 324.18 321.18 

1.27 336.41 326.21 321.44 336.78 324.29 324.49 336.62 326.39 324.91 

1.29 337.06 325.90 324.42 336.68 326.20 322.11 336.69 324.78 320.94 

1.31 337.17 320.15 325.64 336.58 322.44 325.74 336.79 327.70 323.80 

1.33 337.20 326.99 321.25 336.51 329.27 321.54 336.88 324.06 320.54 

1.35 337.14 327.94 324.21 336.44 324.39 324.15 336.98 325.48 322.79 

1.37 337.06 322.09 325.31 336.37 327.37 323.82 337.09 323.36 320.25 

1.39 336.94 328.92 321.03 336.30 330.43 321.55 337.20 328.67 322.18 

1.41 336.83 330.17 323.85 336.25 322.45 324.63 337.31 330.78 320.06 

1.43 336.69 323.05 325.19 336.21 326.67 321.35 337.42 332.63 321.88 

1.45 336.56 329.51 320.95 336.16 323.66 323.39 337.49 334.15 319.83 

1.47 336.43 332.42 323.54 336.12 327.58 323.23 337.56 335.43 321.62 

1.48 336.34 323.98 325.36 336.08 335.53 320.77 337.62 336.54 319.74 

1.50 336.25 328.01 321.34 336.06 336.10 324.03 337.68 336.98 321.36 

1.52 336.17 330.38 323.42 336.05 335.99 320.62 337.73 336.97 319.76 

1.54 336.09 323.61 324.73 336.05 335.88 322.48 337.78 336.83 321.33 

1.56 336.03 328.04 320.88 336.08 335.86 322.96 337.82 336.65 319.76 

1.58 335.98 333.73 323.02 336.12 335.82 320.18 337.86 336.47 321.40 

1.60 335.92 335.53 325.28 336.16 335.75 323.86 337.90 336.31 319.83 

1.62 335.87 335.62 320.75 336.20 335.65 320.48 337.94 336.15 321.35 

1.64 335.82 335.50 323.26 336.23 335.53 322.35 337.97 336.00 319.81 

1.66 335.80 335.41 326.14 336.27 335.36 323.43 337.99 335.87 321.43 

1.68 335.79 335.41 321.00 336.31 335.19 320.31 338.01 335.73 319.90 

1.70 335.82 335.37 323.17 336.37 335.07 323.55 338.02 335.59 321.24 

1.72 335.87 335.30 326.15 336.43 335.03 320.70 338.04 335.50 320.03 

1.74 335.91 335.19 321.52 336.49 335.04 321.97 338.05 335.40 321.26 

1.76 335.96 335.07 322.73 336.54 335.05 322.92 338.05 335.45 320.11 
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1.78 336.01 334.96 324.72 336.60 335.07 320.08 338.06 335.50 321.24 

1.80 336.06 334.84 321.73 336.66 335.10 323.66 338.06 335.54 320.17 

1.82 336.10 334.80 322.69 336.72 335.13 320.84 338.07 335.59 321.11 

1.84 336.13 334.81 324.73 336.76 335.16 322.11 338.08 335.64 320.34 

1.86 336.15 334.82 321.36 336.80 335.19 324.10 338.09 335.66 321.08 

1.88 336.18 334.84 322.39 336.83 335.21 319.95 338.10 335.68 320.40 

1.90 336.20 334.87 326.20 336.86 335.23 324.41 338.11 335.70 320.92 

1.92 336.23 334.89 322.08 336.90 335.26 321.38 338.11 335.72 320.51 

1.94 336.25 334.92 322.24 336.93 335.28 322.16 338.12 335.75 321.59 

1.96 336.27 334.96 325.49 336.97 335.32 325.50 338.12 335.76 324.49 

 

Under this cross-section B-B orientation in the X – direction as the next alternative step of 

temperature result verification, the consideration to ascertain the optimum configuration of 

the HPHE model was analysed using the three previous similar positions of the HPHE set ups 

undertaken in the Z – direction. The data gathered was derived from the HPHE spacing 

between 80 mm to 20mm, but the analysis was focused specifically in the temperature results 

of 60 mm, 50 mm and 40 mm which yielded the efficient thermal cooling of the theoretical 

modelling. The cross-section B-B orientation of HPHE set ups installed in the top, middle and 

bottom installations as observed in the X – direction were made by cutting the intersection of 

the evaporator duct as shown in Figures 6.12, 6.13 and 6.14. The HPHE set ups varied in 

proportion to the spacing with the width constant at 992 mm, which affected the cooling 

coverage on the PV back surface in the top, middle and bottom installations as shown in 

Tables 6.4 and 6.5. This caused the increase in temperatures of the PV back surface not 

covered by the cooling of the HPHE when the spacing between the heat pipes decreased 

because the uncooled surface increased. 

In Figure 6.12a to g, the temperature results from the cross-section B-B taken from the 

evaporator duct were analysed. The average temperature results were taken in the PV back 

surface cooled by the HPHE from the Z – direction. These average temperature results varied 

with the spacing of 60 mm, 50 mm and 40 mm as the most probable geometric set up to 

achieve the optimum configuration. The basis in the selection of these HPHE spacing was 

taken into consideration from the analysis of the HPHE temperature results in the X – direction 

from the previous CFD modelling set up. 
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Figure 6.12. Temperature results taken from the cross-section B-B of the HPHE evaporator 

duct positioned on the top installation of PV back surface 

The result in the spacing of 60 mm resulted in an average temperature of 53.53 ℃  (326.68 K) 

on the PV panel back surface that was covered by the HPHE cooling as shown in Figure 

6.12c. The length of coverage of the HPHE cooling is 1.32 m with a surface area of 1.308 m2. 
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The spacing of 50 mm as shown in Figure 6.12d resulted in the average temperature 

distribution of 51.83 ℃ (324.98 K) as the HPHE were proximate in the top installation cooling 

of the PV panel back surface. The length of coverage of the HPHE cooling is 1.10 m with a 

surface area of 1.090 m2. The HPHE spacing of 40 mm resulted in an average temperature of 

50.55 ℃ (323.70 K) on the PV panel back surface covered by the cooling mechanism as shown 

in Figure 6.12e with 0.88 m length of coverage and a surface area of 0.872 m2.  

The spacing of 60 mm resulted in an average temperature of 59.57 ℃ (332.72 K) which 

occurred on the PV panel back surface not covered by the cooling mechanism as shown in 

Figure 6.12c. The average temperature results were taken on the uncooled PV back surface 

with length of coverage of the HPHE uncooled surface as 1.08 m and surface area of 1.074 

 m2. The length of the coverage of the uncooled surface is 0.64 m with a surface area of 0.636 

m2. In the HPHE spacing of 50 mm has resulted in the average temperature distribution of 

60.45℃ (333.60 K) of the uncooled PV panel back surface as shown in Figure 6.12d. The 

length of coverage and surface area of the HPHE uncooled surface is 0.64 m with a surface 

area of 0.636 m2.  For the 40 mm spacing, the average temperature resulted in 60.04℃ (333.19 

K) and was observed on the PV panel back surface not covered by the HPHE set up as shown 

in Figure 6.12e.  

The next HP arrangement of the designed model was installed in the middle location of the 

evaporator duct. Using a similar spacing of 60 mm, 50 mm and 40 mm on centres, the lengths 

and the cooled PV back surface area coverages of the HPHE cooling mechanism relative to 

the spacing remained the same in all positions of installation as shown in Figure 6.13c to e. 

The results were the average temperatures of 61.40 ℃ (334.55 K), 52.25℃ (325.40 K) and 

51.24 ℃ (324.39 K) respectively which occurred on the PV panel back surface covered by the 

cooling mechanism. On the PV back surface not covered by the HPHE cooling the average 

temperatures amounted to 62.67 ℃ (335.82 K) in 60 mm spacing, 59.57 ℃ (332.72 K) in 50 

mm spacing and 59.89 ℃ (333.04 K) in 40 mm spacing. The dimensions of the length and PV 

back surface area which were uncooled by the HPHE mechanism proportional to the spacing 

remained the same in all three positions. 
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Figure 6.13. Temperature results taken from the cross-section B-B of the HPHE evaporator 

duct positioned on the middle installation of PV back surface 

The final HP arrangement of the designed model of cross-section B-B in the X – direction 

was installed in the bottom location of the evaporator duct. This used the same HPHE spacing 

of 60 mm, 50 mm and 40 mm on centres as shown in Figure 6.14c to e. The average 
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temperature results were verified on the PV panel back surface covered by the cooling 

mechanism as 53.65  ℃ (326.80 K), 51.49  ℃ (324.64 K) and 50.56  ℃ (323.71 K) respectively. 

In the PV back surface not cooled by the HPHE the maximum temperature results amounted 

to 59.69 ℃ (332.84 K), 59.36 ℃ (332.51 K) and 60.02 ℃ (333.17 K) for the same order of 

spacing.  

 
Figure 6.14. Temperature results taken from the cross-section B-B of the HPHE evaporator 

duct positioned on the bottom installation of PV back surface 
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Presented in Table 6.4 is the detailed additional information of HPHE cooled PV back surface 

area affected by the temperature profile as shown in Figures 6.12a to g, Figures 6.13a to g 

and Figures 6.14a to g.  

Table 6.4. Average temperature of HPHE cooled PV back surface in Section B-B. 

Spacing  
Ave. Temperature, K 

HPHE cooled PV 

back surface 

PV back 

surface 

width 

HPHE cooled 

PV back 

surface area 
 Top Middle Bottom Z =(2n-1) + nD, m m m2 

80 327.07 327.07 327.07 1.76  0.992 1.745 
70 329.38 328.38 329.60 1.54  0.992 1.527 
60 326.68 334.55 326.80 1.32  0.992 1.308 
50 324.98 325.40 324.64 1.10  0.992 1.090 
40 323.70 324.39 323.71 0.88  0.992 0.872 
30 322.61 323.37 322.70 0.66  0.992 0.654 
20 320.72 322.52 320.68 0.44  0.992 0.436 

 

 

Presented in Table 6.5 are the average temperature results of the uncooled PV back surface 

area and relevant information of the temperature profile as shown in Figures 6.12a to g, 

Figures 6.13a to g and Figures 6.14a to g.  

Table 6.5. Average temperature of HPHE uncooled PV back surface 

Spacing  
Ave. Temperature, K 

HPHE cooled PV 

back surface 

PV back 

surface 

width 

HPHE 

uncooled PV 

back surface 

area 
 Top Middle Bottom 1.96 - Z, m m m2 

80 325.94 325.94 325.94 0.20  0.992 0.199 
70 332.38 330.94 332.40 0.42  0.992 0.418 
60 332.72 335.82 332.84 0.64  0.992 0.636 
50 333.60 332.72 332.51 0.86  0.992 0.854 
40 333.19 333.04 333.17 1.08  0.992 1.072 
30 333.33 333.79 333.44 1.30  0.992 1.291 
20 333.85 333.03 333.81 1.52  0.992 1.508 

 

The HPHE evaporator section inside the duct has varied temperatures which occurred across-

section B-B. The CFD modelling set up using the verified HPHE geometric positions which 

achieved the optimum configuration for passive cooling was specified. The efficient average 



139 

 

temperature results were consistent in the middle installation as shown in Figure 6.15 and 

Table 6.6.  

 

Figure 6.15. Temperature profile and Isometric view in cross-section B-B of the HPHE 

evaporator duct with spacing = 50 mm in the middle installation 

 

The spacing of 50 mm resulted in an average temperature of 52.84℃ (325.99 K) in the cooled 

and 62.26℃ (335.41 K) in the uncooled PV back surface was specified. For a 40 mm spacing, 

this resulted in an average temperature of 52.06℃ (325.21 K) in the cooled and 62.47℃ 

(335.62 K) and uncooled PV back surface. The justification in the selection of the 50 mm 

spacing in comparison to the 40 mm spacing is the difference of 0.21℃ in the increase of 

temperature on the uncooled PV back surface. This was caused by an increase of the HPHE 

uncooled PV back surface area of 0.218 m2 when the HPHE spacing was reduced from 50 to 

40 mm as shown in Table 6.6.  

Table 6.6. Summary of average temperature results in the HPHE cooled and uncooled PV 

back surface in cross-section B-B on X – direction, K 

 Average temperature results in cross-section B-B on X – direction, K 

Spacing  
Top Middle Bottom 

Cooled  Uncooled  Cooled  Uncooled  Cooled  Uncooled  

60 326.93 337.15 334.68 336.40 327.00 337.24 

50 325.27 337.23 325.99 335.41 324.91 337.12 

40 324.33 337.20 325.21 335.62 324.33 337.06 

 

Using the 40 mm rather than the 50 mm HPHE spacing, the probability in the increase of 

temperature on the uncooled PV back surface to surpass the critical boundary would lead to 
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the decrease in power generation performance as cited from the literature review of this study 

recently published. Al-Mabsali et al., (2018) work undertaken in the UTAS Eco house in 

Oman which was usually exposed to a maximum temperature of 61.50 ℃ (334.65 K) and 

exceeding this boundary led to the decrease in power generation efficiency. The work has 

analysed the temperature formations on the PV panels using a range of heat pipe spacing 

combinations. Citing Al-Mabsali et al., (2019) study which had a major finding indicating 

that the 50mm HPHE spacing (2.5D or 2.5 times the diameter of the pipe) had the greatest 

potential to decrease panel temperature, with a maximum reduction down to 55.32 ℃ (328.47 

K) or approximately 9 ℃. 

6.2 The HPHE effect of passive cooling on PV panels 

An additional consideration in the verification of the optimum configuration under the SSCD 

geometric modelling set up was the utilisation of variable flow rate which ranged from 0.05 

m/s to 0.25 m/s applied to the HPHE - SSCD spaced between 80 to 20 mm. The Mesh quality 

specified to the HPHE installation and spacing were used in the CFD modelling and the results 

are shown in Table 6.7 below. 

Table 6.7. Mesh quality according to HPHE arrangement and spacing 

Mesh 

Quality 

HP 

installation 

Heat Pipe (HP) Spacing   - mm 

80 70 60 50 40 30 20 

Nodes 

HP Top  795712 748166 715756 726183 703507 716984 

HP Middle 1135505 864779 836655 788890 731874 704420 707050 

HP Bottom  825063 714460 727844 808531 754412 688898 

Elements 

HP Top  676937 634257 603092 614900 594312 604465 

HP Middle 992612 745573 722906 676522 621685 593749 598695 

HP Bottom  705884 601094 616130 697026 644068 688898 

 

As derived from the verification of results of the various geometric configurations in Section 

6.1, the HPHE spacing of 50 mm on centres positioned in the middle installation was the 

designed model with an optimum configuration that specified and examined to an alternative 

verification in this section. The summary of the CFD modelling results of the PV junction box 
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undertaken with the HPHE - SSCD model was verified using the correlation of the flow rates 

with their respective temperature results as shown in Table 6.8 below. 

Table 6.8. Variations of temperature in the PV junction box in relation to mass flow rate 

Flow rate, m/sec 
Average temp. - K 

HP Middle installation 

0.250 328.47 

0.200 328.75 

0.175 328.92 

0.150 329.15 

0.100 329.98 

0.075 330.69 

0.050 331.83 

 

The results of the temperature variations in the PV junction box as shown in Table 6.8 resulted 

in an inverse proportionality between the two variables. The decrease in mass flow rate caused 

an increased in temperature absorption in the PV junction box as plotted in Figure 6.16 below. 

 

Figure 6.16. Variations of temperature results in relation to flow rate 
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Figure 6.17. Variable flow rates assigned to a HPHE single sided condenser direction with 

50 mm spacing on centre 

 

The optimum design was specified and established from a series of theoretical tests conducted 

using ANSYS 14.5 software. This occurred in the design installation at the middle with 50 

mm spacing on centres. The outcome of the CFD modelling using the various HPHE spacing 

and top to bottom installation set ups made for the HPHE within the junction box resulted in 

a minimum temperature of 55.32 ℃ (328.47 K) from the temperature encoded in the CFD 

simulation of 45 ℃ (318.15K). The mesh geometry settings used the fluent solver preference, 

element order was linear with element size of 139 mm. The feedback at the end of the CFD 

simulation to improve the orthogonal quality used the inverse orthogonal quality function in 

fluent meshing. Maximum aspect ratio was 9.59e+01, cell 378 on zone 6 (ID:50420 on 

partition:1) at location (1.66e+0, 3.30e-02, 3.81e-01). The CFD simulated has spent 359 

iterations in a period of 13 minutes and 45 seconds to converge on the solution. The results 

showed the continuity of 1.01e-03, energy of 3.68e-07 and velocity coordinates of (3.88e-05, 

2.48e-05, 1.69e-04) in m/s.  
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A flow rate of 1.69e-04 in the evaporator to condenser at cross-section A-A in Z – direction 

was achieved but the theoretical flow rate value of 0.25 m/s was subject to another verification 

in the physical experimental set up in the subsequent sections of this chapter. The temperature 

contour of the various flow rates within a designed range of 0.05 m/s is shown in Figures 

6.17. This result from the HPHE - SSCD was used as the baseline in the CFD modelling and 

analysis applied in the HPHE double sided condenser section as shown in Figures 3.14 to 

3.16, Chapter 3 and Figure 6.17. 

6.3 Determination of the optimal performance of the Heat Pipe Heat Exchanger - 

Double Sided Condenser Direction (HPHE - DSCD) experimental set up on PV 

cooling system 

The HPHE Double Sided Condenser Direction were the next set of models to be simulated. 

The specification and assignment of values of nodes with 869,517 and elements as 762,670 

of the mesh quality as shown in Table 4.3 was classified according to the HPHE arrangement 

and the designated spacing of 50 mm. The validation of the values of the HPHE arrangement 

and HPHE geometry detail as shown in Figures 4.4 (A) and (B) were derived from the best 

design installation results of the SSCD modelling in Sections 6.1 and 6.2. The flow rate of the 

refrigerant used was 0.25 m/s. A hexahedral mesh was used with and orthogonal quality within 

the domain of the HPHE. The tetrahedral quality domain was utilised in the CFD validation 

of the refrigerant.  

It is important to note that there was a revision in the utilisation of HPHE directional axes in 

the verification of optimum configuration from the SSCD model to the DSCD. The section 

A-A cut parallel to the HPHE evaporator to condenser in SSCD and assigned as X – direction 

of the temperature profile was rotated on its axis in DSCD and assigned as the Z – direction. 

The section B-B cut across or perpendicular to the HPHE evaporator section in SSCD and 

assigned as Z – direction of the temperature profile was rotated on its axis in DSCD and 

assigned as the X – direction.  

The post processing results of the CFD simulation presents the temperature contour range and 

the isometric view of the temperature contour profile of the PV back surface junction box as 

shown in Figure 6.18. Also, to be discussed in this section are the post processing results of 
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the CFD simulation detailing the temperature profile of cross-section B-B and cross-section 

A-A of the HPHE as shown in Figure 6.19 and 6.21 respectively. The results of the minimum 

temperature of the PV junction box and the HPHE taken in the middle installation attached to 

the PV back surface panel are as shown in Figures 3.14 to 3.15 in Chapter 3. The results of 

the optimum configuration yielded an average temperature of 54 ℃ (327.15 K) within the PV 

junction box cut in the whole span of the cross-section B-B covering the cooled and uncooled 

PV back surface as shown in the temperature contour of Figure 6.18.  

 

Figure 6.18. Details of the HPHE – DSCD Junction box with a temperature of 54℃ (327.15 

K) in the middle installation of the evaporator section attached to the PV panel, resource: CFD, 

ANSYS R14.5. 

CFD results are presented in the temperature profile and contour taken from cross-section B - 

B in X – direction of the HPHE and shown in Figure 6.19 and 6.20 which was taken in the 

middle installation of the evaporator section. The temperature profile detailed in Figure 6.19 

are the results of the HPHE internal section inserted inside the junction box taken in the X – 

direction. A similar maximum temperature of 65.00℃  (338.15 K) resulted at the point 0.04 

and 1.90 m of cross-section B-B in the uncooled PV back surface section. An average 

temperature of 49.42℃ (322.57 K) at the range of 0.43 to 1.53 m of the cross-section B-B was 

recorded in the HPHE cooled PV back surface section. 
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Figure 6.19. Temperature profile and Isometric view in cross-section B-B of the HPHE- 

DSCD evaporator duct with spacing = 50 mm from the middle installation 

 

The cross-section B-B details of the temperature contour results of the PV back surface 

sections which were cooled by the HPHE middle installation with a range of 0.43 m to 1.53 

m and the uncooled PV back surface temperature recorded 65 ℃ that exceeded the critical 

temperature observed by Al-Mabsali et al., (2018) experimental results is shown in Figure 

6.20 below. 

 

Figure 6.20. Temperature results of HPHE middle installation at spacing = 50 mm in the X – 

direction cut in cross-section B-B of the evaporator section. resource: CFD, ANSYS R14.5. 

The details shown in Figure 6.21 and 6.22 are the HPHE temperature profile and contour 

CFD results in Z – direction. The results were observed from cross-section A – A cut from 

evaporator to condenser section. The temperature results of the HPHE internal section inserted 

inside the junction box taken in the Z – direction resulted in a maximum temperature of 47.19 

℃ (320.34 K) at 1.0 m of the left condenser section and a minimum temperature of 45.00℃ 

(318.15 K) at 0.22 m of the left evaporator section were recorded as the range in temperature 
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variations of the heat pipes which contain water and were inserted in the junction box. At the 

same period, the maximum temperature of 47.19 ℃ (320.34 K) at 1.0 m of the right condenser 

section and a minimum of 45.01℃ (318.16 K) at 0.22 m of the right evaporator section was 

also recorded. The temperature results of both HPHE in DSCD arrangement from the CFD 

modelling produced almost identical results.  

 

Figure 6.21. Temperature profile results taken from the cross-section A-A of the HPHE 

evaporator to condenser internal cooling positioned on the middle installation of PV back 

surface 

  

The isometric and plan view illustrating the details of the HPHE internal cooling temperature 

contour results taken from the evaporator to condenser in cross-section A-A on Z – direction 

is shown below in Figure 6.22. 

 

Figure 6.22. Temperature contour results of HPHE middle installation at spacing = 50 mm in 

the Z – direction cut in cross-section A-A of the evaporator to the condenser section, resource: 

CFD, ANSYS R14.5. 
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 The CFD validation results using the optimum configuration proved that the water inside the 

heat pipes functioned as a conductor which was circulating quickly the warm temperature 

difference of more or less 2.15 to 2.18 ℃ from the evaporator to the condenser section of the 

HPHE. The result of the internal cooling of the HPHE – DSCD findings was lower by 6.81 

℃ in comparison to the junction box in the evaporator duct section of the PV back surface as 

shown in Figure 6.18 which was 54 ℃ (327.15 K) and did not contain water.    

The outcome from the CFD modelling using the various HPHE spacing and top to bottom 

installation set ups made for the HPHE within the junction box resulted in a minimum 

temperature of 55.32 ℃ (328.47 K) from the temperature encoded in the CFD simulation of 

45 ℃ (318.15K). The mesh geometry settings used the fluent solver preference, and the 

element order was linear with element size of 142 mm. The feedback at the end of the CFD 

simulation to improve the orthogonal quality made use of the inverse orthogonal quality 

function in fluent meshing. Maximum aspect ratio was 1.21e+02, cell 205 on zone 6 

(ID:52805 on partition:0) at location (1.44e-01, 4.31e-02, 6.16e-01). The results showed the 

continuity of 1.01e-03, energy of 6.71e-07 and velocity coordinates of (3.88e-05, 3.19e-05, 

2.57e-04) in m/s. The findings taken from the temperature contour of the junction box, the 

HPHE temperature contour and temperature profile results from the internal cooling of the 

HPHE set ups made are presented in Figures 6.19 to 6.22 and served as the basis in the 

selection of the best theoretical design which was concluded and presented in items 1 to 17 of 

Table 6.9 below.  

Table 6.9. Theoretical results of HPHE – DSCD without mesh screen wick optimum 

configuration from CFD Analysis 

Item No.1 Specification Theoretical design 

1 HPHE Arrangement Double Sided Condenser Direction 

2 HPHE Installation Middle Section 

3 Orientation Spanwise – 90° 

4 HPHE inlet temperature 45 ℃ (318.15 K) 

5 Axial Direction Range 0.43 m – 1.53 m 

6 No. of units 20 

7 HPHE Junction box Length 1959 mm 

8 HPHE Junction box Width 496 mm 

9 HPHE Junction box Thickness 30 mm 

10 Pipes Spacing 2.5 D, s = 50 mm 
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6.4 Validation of the optimum spanwise arrangement of HPHE – DSCD without 

screen mesh wick effect on the cell temperature. 

The aim of the CFD modelling was the validation of the results of the experimental set up 

which produced the characteristics of the PV panel power generation performance when 

exposed to varying temperatures as presented in Chapter 5. Under this section, results from 

CFD modelling are presented to validate the variables taken from a 3 - day interval 

observations in the experimental set up done from July 22, 2019 to August 20, 2019 presented 

in Table 5.4, Chapter 5. The CFD modelling used the PV-HPHE without mesh screen wick 

installation. The validation of the CFD model using PV-HPHE spanwise, double sided 

condenser direction was focused to the point of modelling the proximity of theoretical results 

in comparison to the physical experimental set up. The HPHE geometric configuration was 

evaluated using the variable factor of angle of inclinations with similar fill ratio of 65%. The 

boundary conditions were established in the CFD modelling to determine the optimum 

configuration result under this geometric set up. There were three groups of design values 

encoded in CFD simulation in the validation of the optimum results taken from the 

experimental set up presented in Section 5.1.6, Chapter 5. Some of the items in the theoretical 

results in Table 6.9 were overridden by the experimental results taken from the actual physical 

installation as stated in Section 5.1.6, Chapter 5. These items which serve as variables 

encoded in the CFD validation were the flow rate of 8.13e-05 m/s instead of 0.25 m/s, internal 

evaporator temperature of 40.95 ℃ (314.10 K) that came from interpolation instead of 45 ℃ 

(318.15 K), outer evaporator temperature of 47.75 ℃ (320.90 K), PV surface temperature of 

70.33 ℃ (343.48 K) and ambient temperature of 47.17 ℃ (320.32 K).  

11 Pipe Material Copper 

12 Pipe Diameter 20 mm 

13 Evaporator Length 496 mm 

14 Condenser Length 496 mm 

15 Working Fluid H2O 

16 Flow Rate 0.25 m/s 

17 H2O Operating Temperature 218 – 453 K 
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The first CFD validation of the HPHE set up was made at 0° angle of inclination in the PV 

panel spanwise direction and 65% fill ratio loaded inside the copper heat pipes using water as 

a refrigerant. The temperature readings encoded in the CFD simulation were the peak values 

which occurred in a specific time at 1:22 p.m. of August 2, 2019. The mesh geometry settings 

used the fluent solver preference, element order was linear with element size of 140.42 mm. 

The feedback at the end of the CFD simulation to improve the orthogonal quality used the 

inverse orthogonal quality function in fluent meshing. Maximum aspect ratio was 6.75e+01, 

cell 87598 on zone 7 (ID:585036 on partition:0) at location (5.33e-01, -1.02e-02, -6.61e-01). 

The CFD simulated underwent 645 iterations in a period of 25 minutes and 22 seconds to 

converge on the solution. The results showed the continuity of 1.00e-06, energy of 1.59e-013 

and velocity coordinates of (1.00e-06, 5.57e-09, 6.33e-09) in m/s. The CFD simulation was 

undertaken with the start-up outside temperature of 47.75 ℃ (320.90 K) in the HPHE 

evaporator section transmitted from the heating of the PV back surface. This start up 

temperature was cooled down by the refrigerant resulting in the HPHE internal evaporator 

temperature of 40.95 ℃ (314.10 K) in the actual physical set up. The temperature profile and 

contour results are shown in Figures 6.23 to 6.24 at 0 degree angle of inclination in cross-

section A-A in X – direction resulting in a maximum temperature of 69.65 ℃ (342.80 K) at 

0.20 m in the left evaporator section and a minimum temperature of 59.87 ℃ (333.02 K) at 

1.00 m in the left condenser section. The right evaporator section resulting in a maximum 

temperature of 69.65 ℃ (342.80 K) at 0.20 m and the right condenser section resulting in a 

minimum temperature of 59.85 ℃ (333.00 K) at 1.00 m. 

 

Figure 6.23. Temperature profile and isometric section view at 0 degree angle of inclination 

in X – direction 



150 

 

The isometric view of the temperature contour results is shown in Figures 6.24 at 0 degrees 

angle of inclination of cross-section A-A in X – direction. The isometric view showed the 

exact location where the maximum temperature of 69.65 ℃ (342.80 K) and the minimum 

temperature of 59.85 ℃ (333.00 K) occurred at designated points of the HPHE – DSCD in 

both directions. 

 

Figure 6.24. Isometric view of temperature contour results of HPHE at 0 degree angle of inclination 

in X – direction 

The temperature profile results at 0 degrees angle of inclination of cross-section B-B in Z –

direction are shown below in Figure 6.25 with the average temperature in the cooled PV back 

surface amounting to 66.10 ℃ (339.25 K) and the maximum temperature amounting to 66.77 

℃ (339.92 K) in the left condenser section and a minimum temperature of 61.33 ℃ (334.48 

K) resulting in the right condenser section of the uncooled PV back surface.  
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Figure 6.25. Temperature profile and isometric section view at 0 degree angle of inclination 

in Z – direction 

The cross-section B-B view of the temperature contour results is shown in Figures 6.26 at 0 

degrees angle of inclination in Z – direction with the average temperatures result of 66.10 ℃ 

(339.25 K) at the range of 0.43 to 1.53 m in the cooled PV back surface and a maximum 

temperature of 66.77 ℃ (339.92 K) at 0.38 m of the left HPHE condenser section in the 

uncooled PV back surfaces.  

 

Figure 6.26. Temperature contour of HPHE at 0 degree angle of inclination in Z – direction 

 

The plan view of the temperature contour results is shown in Figures 6.27 at 0 degrees angle 

of inclination of Z – direction with the average temperatures amounting to 66.10 ℃ (339.25 

K) at a coverage area of 1.10 x 0.992 (1.09 m2)  of the cooled PV back surface and a maximum 

temperature of 66.77 ℃ (339.92 K) and decreasing to a minimum temperature of  61.77 ℃ 
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(334.92 K) at a coverage area of 0.43 x 0.992 (0.427 𝑚2)  in the range of 0 to 0.43 m with 

slightly identical temperature results in the 1.53 to 1.96 m range of the uncooled PV back 

surface. 

 
Figure 6.27. Plan view of temperature contour results of HPHE at 0 degree angle of inclination in Z 

– direction 

The second group used the following values and specifications in a 3⁰ angle of inclination and 

65% FR of refrigerant in laminar flow. The mesh geometry settings used the fluent solver 

preference, element order was linear with element size of 140.42 mm. The feedback at the end 

of the CFD simulation to improve the orthogonal quality used the inverse orthogonal quality 

function in fluent meshing. Maximum aspect ratio was 3.61e+01, cell 228895 on zone 11 

(ID:1778523 on partition:1) at location (6.14e-02, 9.28e-03, 1.92e+00). The CFD simulated 

underwent 778 iterations in a period of 10 minutes and 28 seconds to converge on the solution. 

The results showed the continuity of 6.73e-08, energy of 5.93e-014 and velocity coordinates 

of (1.00e-06, 5.32e-08, 7.64-09) in m/s which were in contrast from the encoded values shown 

in Figure 6.21. The temperature contour view and temperature profile of x and z directions 

are shown in Figures 6.28 to 6.32 from the results of CFD simulation. 

The temperature profile and contour results are shown in Figures 6.28 to 6.29 at 3 degrees 

angle of inclination in cross-section A-A in X – direction amounting to a maximum 
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temperature of 66.35 ℃ (339.50 K) at 0.35 m in the left evaporator section and a minimum 

temperature of 62.21 ℃ (335.36 K) at 1.00 m in the left condenser section. The right 

evaporator section showed identical results and point of occurrence in the maximum 

temperature and minimum temperature in the right condenser section. 

 

Figure 6.28. Temperature profile and isometric section view at 3 degree angle of inclination 

in X – direction 

An isometric view of the temperature contour results is shown in Figures 6.29 at 3 degrees 

angle of inclination of cross-section A-A in X – direction with a maximum temperatures which 

occurred at designated points amounting to 66.35 ℃ (339.50 K) at 0.35 m in the left evaporator 

section and a minimum temperature of 62.21 ℃ (335.36 K) at 1.00 m in the left condenser 

section of the HPHE – DSCD having identical temperature results in both directions. 
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Figure 6.29. Isometric view of temperature contour results of HPHE at 3 degree angle of 

inclination in X – direction 

The temperature profile results at 3 degrees angle of inclination of cross-section B-B in Z – 

direction shown below in Figure 6.30 with the average temperature in the cooled PV back 

surface amounting to 66.23 ℃ (339.38 K) and a maximum temperature amounting to 66.21 ℃ 

(339.36 K) in the left condenser section and a minimum temperature of 61.50 ℃ (334.65 K) 

observed in the right condenser section of the uncooled PV back surface.  

 

Figure 6.30. Temperature profile and isometric section view at 3 degree angle of inclination 

in Z – direction 
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The cross-section B-B view of the temperature contour results is displayed in Figures 6.31 at 

3 degrees angle of inclination in Z – direction with the average temperatures amounting to 

66.23 ℃ (339.38 K) at the range of 0.43 to 1.53 m in the cooled PV back surface and a 

maximum temperature of 66.21 ℃ (339.36 K) at 0.41 m of the left HPHE condenser section 

in the uncooled PV back surfaces.  

 

 

Figure 6.31. Temperature contour of HPHE at 3 degree angle of inclination in Z – direction 

 

The plan view of the temperature contour results is shown in Figures 6.32 at 3 degree angle 

of inclination of Z – direction with the average temperatures amounting to 66.23 ℃ (339.38 

K) at a coverage area of 1.10 x 0.992 (1.09 m2) of the cooled PV back surface and a maximum 

temperature of 66.21 ℃ (339.36 K) and decreasing to a minimum temperature of  61.66 ℃ 

(334.81 K) at a coverage area of 0.43 x 0.992 (0.427 m2)  in the range of 0 to 0.43 m with 

slightly approximate temperature results in the 1.53 to 1.96 m range of the uncooled PV back 

surface.  
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Figure 6.32. Plan view of temperature contour results of HPHE at 3 degree angle of 

inclination in X – direction 

 

The third and last group used the following values and specifications in 6⁰ angle of inclination 

and 65% FR of refrigerant in laminar flow. The mesh geometry settings used the fluent solver 

preference, element order was linear with element size of 140.42 mm. The feedback at the end 

of the CFD simulation to improve the orthogonal quality used the inverse orthogonal quality 

function in fluent meshing. The same feedback from the 6-degree angle of inclination 

configuration at the end of the CFD simulation in improving the orthogonal quality to use the 

inverse orthogonal quality function in fluent meshing. Maximum aspect ratio was 3.64e+01, 

cell 231247 on zone 10 (ID:835666 on partition:0) at location (5.91e-02, -1.23e-02, -

1.92e+00) 

The CFD simulated underwent 597 iterations in a period of 88 minutes and 48 seconds left to 

converge on the solution. The results showed the continuity of 4.72e-08, energy of 1.89e-015 

and velocity coordinates of (1.00e-06, 1.05e-07, 8.42e-09) in m/s. The temperature contour 

view and temperature profile of x and z directions are shown in Figures 6.33 to 6.37 from the 

results of CFD simulation.   
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The temperature profile and contour results shown in Figures 6.33 to 6.34 at 6 degree angle 

of inclination in cross-section A-A in X – direction amounting to a maximum temperature of 

62.63℃ (335.78 K) at 0.41 m in the left evaporator section and a minimum temperature of 

60.70 ℃ (333.85 K) at 1.00 m in the left condenser section. The right evaporator section 

resulted in a maximum temperature of 62.63 ℃ (335.78 K) at 0.41 m and the right condenser 

section observed a similar minimum temperature of 59.53 ℃ (335.85 K) at 1.00 m in relation 

to the left condenser section. 

 

 

Figure 6.33. Temperature profile and isometric section view at 6 degrees angle of inclination 

in X – direction 

 

The isometric view of the temperature contour results is shown in Figures 6.34 at 6 degrees 

angle of inclination of cross-section A-A in X – direction with the maximum temperatures 

62.63℃ (335.78 K) which occurred at designated point of 0.41 m in the left evaporator section 

and a minimum temperature of 60.70 ℃ (333.85 K) at 1.00 m in the condenser section of the 

HPHE – DSCD having identical temperature results in both directions. 
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Figure 6.34. Isometric view of temperature contour results of HPHE at 6 degree angle of 

inclination in X – direction 

The temperature profile results at 6 degrees angle of inclination of cross-section B-B in Z – 

direction shown below in Figure 6.35 with the average temperature in the cooled PV back 

surface amounting to 62.69 ℃ (335.84 K) and a maximum temperature amounting to 62.54 

℃ (335.69 K) in the left condenser section and a minimum temperature of 59.90 ℃ (333.05 

K) observed in the left condenser section of the uncooled PV back surface.  

 

Figure 6.35. Temperature profile and isometric section view at 6 degree angle of inclination 

in Z – direction 
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The cross-section B-B view of the temperature contour results is shown in Figures 6.36 at 6 

degrees angle of inclination in Z – direction with the average temperatures amounting to 

62.69 ℃ (335.84 K) at the range of 0.43 to 1.53 m in the cooled PV back surface and maximum 

temperature was amounting to 62.54 ℃ (335.69 K) at 0.38 m of the left of HPHE condenser 

section in the uncooled PV back surface.  

 

 

Figure 6.36. Temperature contour of HPHE at 6 degree angle of inclination in Z – direction 

 

The plan view of the temperature contour results is indicated in Figures 6.37 at 6 degrees 

angle of inclination of Z – direction with the average temperatures amounting to 62.69 ℃ 

(335.84 K)at a coverage area of 1.10 x 0.992 (1.09  m2)  of the cooled PV back surface and 

maximum temperature amounting to 62.54 ℃ (335.69 K)  and decreasing to a minimum 

temperature of  59.90 ℃ (333.05 K)  at a coverage area of 0.43 x 0.992 (0.427 m2)  in the 

range of 0 to 0.43 m with slightly identical temperature results of  59.94 ℃ (333.09 K)in the 

1.53 to 1.96 m range of the uncooled PV back surface.  
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Figure 6.37. Plan view of temperature contour results of HPHE at 6 degree angle of 

inclination in Z – direction 

 

The CFD modelling simulation results in the HPHE – DSCD validation using the cell 

temperature of 70.33 ℃ (343.48 K) and outside evaporator temperature reading of 47.75 ℃ 

(320.90 K) of the experimental set up done between July 22, 2019 to August 20, 2019 were 

evaluated, analysed and confirmed. The systematic organisation of the temperature profile 

and contour results of the findings on both the X and Z directions as shown in Figures 6.23 

to 6.37 in relation to the HPHE – DSCD without screen mesh wick was detailed accordingly. 

The CFD validation results of maximum and minimum temperature of HPHE – DSCD on PV 

back surface of cross-section A-A in X – direction is presented in Table 6.10.  
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Table 6.10. CFD validation of maximum and minimum temperature results of HPHE - DSCD 

model with 50 mm spacing and middle installation on PV back surface of cross-section A-A 

in X – direction 

Angle of 

inclination 

in degrees 

Max. temperature in 

evaporator section 

Min. temperature in 

condenser section 

Ave. PV-HPHE 

power performance, 

Table 5.4, Chapter 

5 

HPHE- DSCD 

heat absorption 

in % 

0 69.65 ℃ (342.80 K) 59.87 ℃ (333.02 K) 17.93% 99.03 % 

3 66.35 ℃ (339.50 K) 62.210 ℃ (335.36 K) 18.55% 94.34% 

6 62.63 ℃ (335.78 K) 60.70 ℃ (333.85 K) 3.59% 89.05% 

Based on the cell temperature of 70.33 ℃ (343.48 K), the heat absorption of the HPHE – 

DSCD evaporator section at a 0 degree angle of inclination was 69.65/70.33 = 99.03 %, at a 

3 degree angle of inclination absorbed the cell temperature at 66.35/70.33 = 94.34% and at a 

6 degree angle of inclination absorbed the cell temperature at 62.63/70.33 = 89.05%. The 0 

degrees angle of inclination provided the best heat absorption in the function of cooling the 

cell temperature. This was due to the distance of proximity of the HPHE – DSCD was near 

from the PV back surface to absorb the heat transfer. The basic effect of radiative heat transfers 

can be calculated by measuring the depth of proximity of HPHE - DSCD from the PV back 

surface and can be verified by simple trigonometric calculation using the angle of inclination 

and length of the HPHE evaporator section. The CFD validation results of average 

temperature on cooled PV back surface section taken from cross-section B-B in Z – direction 

are shown in Table 6.11.   

Table 6.11. CFD validation of the average temperature results of HPHE - DSCD model with 

50 mm spacing and middle installation on cooled PV back surface of cross-section B-B in Z 

– direction 

Angle of inclination 

in degrees 

Average temperature on cooled 

PV back surface section 

HPHE- DSCD heat 

absorption in % 

0 66.10 ℃ (339.25 K) 93.98 % 

3 66.23 ℃ (339.38 K) 94.17 % 

6 62.69 ℃ (335.84 K) 89.14 % 

 



162 

 

Based on the cell temperature of 70.33 ℃ (343.48 K), the heat absorption of the HPHE – 

DSCD cut in the cross-section B-B of evaporator section in the 0 degree angle of inclination 

was 66.10/70.33 = 93.98 %, in the 3 degree angle of inclination was 66.23/70.33 = 94.26% 

and in the 6 degree angle of inclination was 62.69/70.33 = 89.14%. The 3 degrees angle of 

inclination provided the best heat absorption in the function of cooling the cell temperature in 

cross-section B-B of the cooled PV back surface. The CFD validation results of average 

temperature on cooled PV back surface section taken from cross-section B-B in Z – direction 

are shown in Table 6.12.   

Table 6.12. CFD validation of the maximum temperature results of HPHE - DSCD model 

with 50 mm spacing and middle installation on uncooled PV back surface of cross-section B-

B in Z – direction 

Angle of inclination 

in degrees 

Maximum temperature on 

uncooled PV back surface 

section 

HPHE- DSCD heat absorption in 

% 

0 66.77 ℃ (339.92 K) 94.94 % 

3 66.21 ℃ (339.36 K) 94.14 % 

6 62.54 ℃ (335.69 K) 88.92 % 

Based on the cell temperature of 70.33 ℃ (343.48 K), the heat absorption of the HPHE – 

DSCD cut in the cross-section B-B of evaporator section in the 0 degree angle of inclination 

was 66.77/70.33 = 94.94 %, in the 3 degree angle of inclination was 66.21/70.33 = 94.14 % 

and in the 6 degree angle of inclination was 62.54/70.33 = 88.92 %. The 3 degree angle of 

inclination provided the best heat absorption in the function of cooling the cell temperature in 

cross-section B-B of the uncooled PV back surface. In addition to the justification in the 

selection of optimum configuration based on the angle of inclination by using the 

experimental results of the average PV-HPHE power performance in 3 days presented in 

Table 6.10 taken from the results of Table 5.4, Chapter 5, the 0 degree angle of inclination 

produced 17.93%, the 3 degree angle of inclination produced the highest at 18.55% and the 6 

degree angle of inclination produced the least at 3.59%. The 3 degree angle of inclination 

provided the best power generation than that of the 0 degree angle of inclinations and showed 

the optimum configuration to be specified and revalidated in another CFD simulation to 

reaffirm the findings using data taken from a different period of experimental observation. 
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6.5 Validation of the optimum configuration of HPHE – DSCD with screen mesh wick 

and effect on the cell temperature using experimental testing by determining the 

error within the accepted range 

In this section, findings from the CFD model validation using optimum values from the 

geometric configuration of PV-HPHE spanwise, double sided condenser direction, 3 degree 

angle of inclination and 65% FR using water as a refrigerant is indicated. Utmost concern of 

modelling errors/uncertainties in a specified accepted temperature and flow rate ranges was 

established. The controlled variables result of HPHE evaporator peak internal temperature, Te 

equal to 41.27 ℃ (314.42 K) from CRRE calculation in Section 5.2, Chapter 5 and flow rate 

of 8.13e-05 m/s (Al-Mabsali et al., 2021) mathematical equation of the X – direction in steady 

laminar flow taken in Section 5.1.6, Chapter 5 was verified. Optimum values of the PV-

HPHE geometric configuration encoded in CFD simulation using outer evaporator 

temperature of 47.75 ℃ (320.90 K), PV surface temperature of 70.33 ℃ (343.48 K) and 

ambient temperature of 47.17 ℃ (320.32 K) were used. Similar peak value of temperature 

reading which occurred at a specific time of 1:22 p.m. on August 2, 2019 was used.  

Similar feedback at the end of the CFD simulation to improve the orthogonal quality to use 

the inverse orthogonal quality function in fluent meshing. Maximum aspect ratio was 

1.53e+02, cell 67535 on zone 8 (ID:428533 on partition:0) at location (-6.39e-02, -9.11e-03, 

4.59e-05). The same status of condition set in CFD modelling of solution method in the energy 

code activated and fluid materials used. Also unchanged was the solution initialisation that 

was standard in the computation of HPHE-DSCD, reference frame was relative to cell zone 

and initial value of gauge pressure was zero. Adjustment in velocity coordinates values was 

(8.13e-06, 0, 0) in m/s. The CFD simulation underwent 60 iterations in a period of 46 minutes 

and 42 seconds left to converged the solution. The results showed a continuity of 1.10e-06, 

energy of 4.35e-07 and velocity coordinates of (8.78e-07, 3.89e-07, 3.66e-07)  in m/s. 

Additional CFD modelling results of the temperature contour view and temperature profile of 

x and z directions are presented in Figures 6.38 to 6.42.The temperature profile and contour 

results as shown in Figures 6.38 to 6.39 of cross-section A-A in X – direction amounted to a 

maximum temperature of 58.99 ℃ (332.04 K) at 0.10 to 0.37 m in the left evaporator section 

and a minimum temperature of 57.46 ℃ (330.61 K) at 1.00 m in the left condenser section. 
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The right evaporator section amounted to maximum temperature of 59.12 ℃ (332.27 K) at 

0.10 m and the right condenser section showed a minimum temperature of 57.53 ℃ (330.68 

K) at 1.00 m in the right condenser section. 

 

 

Figure 6.38. Temperature profile and isometric section view of 3 degree angle of inclination 

with screen mesh wick and 65% FR using optimum configuration values within the accepted 

range of cross-section A-A in X – direction. 

 

The isometric view of the temperature contour results is shown in Figures 6.39 of cross-

section A-A in X – direction on the PV back surface with a maximum temperature of 59.61 

℃ (332.76 K) that occurred at designated points at 0.10 to 0.37 m in the left evaporator section 

and the minimum temperature of 57.46 ℃ (330.61 K) at 1.00 m in the left condenser section. 

The right evaporator section amounted to a maximum temperature of 60.17 ℃ (333.32 K) at 

0.10 m and the right condenser section amounted to a minimum temperature of 57.53 ℃ 

(330.68 K) at 1.00 m in the right condenser section. 
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Figure 6.39. Isometric view of temperature contour results of HPHE at 3 degree angle of 

inclination in X – direction with screen mesh wick and 65% FR 

The temperature profile results across-section B-B in Z – direction are shown below in Figure 

6.40 with the average temperature in the cooled PV back surface amounting to 59.32 ℃ 

(332.47 K) and a maximum temperature of 59.04℃ (332.19 K) and a minimum temperature 

of 57.46 ℃ (330.61 K) which existed in the left condenser section of the uncooled PV back 

surface.  

 

Figure 6.40. Temperature profile and isometric section view at 3 degree angle of inclination 

with screen mesh wick and 65% FR using optimum values within the accepted range in Z – 

direction 
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The cross-section B-B view of the temperature contour results is shown in Figure 6.41 in Z – 

direction with the average temperatures results of 59.32 ℃ (332.47 K) in the range of 0.43 to 

1.53 m in the cooled PV back surface and a maximum temperature of 59.04 ℃ (332.19 K) at 

0.41 m of the left HPHE condenser section in the uncooled PV back surfaces.  

 

 

Figure 6.41. Temperature contour of HPHE at 3 degree angle of inclination and 65% FR in 

Z – direction 

 

The plan view of the temperature contour results is shown in Figure 6.42 in Z – direction with 

the average temperatures results of 59.32 ℃ (332.47 K) at a coverage area of 1.10 x 0.992 

(1.09 m2) of the cooled PV back surface and a maximum temperature of 59.04 ℃ (332.19 K) 

decreasing to a minimum temperature of  57.46 ℃ (330.61 K) at a coverage area of 0.43 x 

0.992 (0.427 m2)  in the range of 0 to 0.43 m with slightly identical temperature results in the 

1.53 to 1.96 m range of the uncooled PV back surface.  
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Figure 6.42. Plan view of temperature contour results of HPHE at 3 degree angle of 

inclination and 65% FR using optimum values within the accepted range in Z – direction. 

 

Important observations were noted in the process of evaluation of optimum spanwise 

arrangement of HPHE effect on the cell temperature. Some of the CFD code settings were 

found to be erroneous after verification. CFD simulation code correction was undertaken in 

the revised experimental set up made in Section 5.1.6 using HPHE with screen mesh wick 

installation. Adjustment was done to the flow rate by 0.25m/s from single sided condenser 

direction to 8.16e-06 m/s in the X – direction of double sided condenser with steady laminar 

flow. The findings taken from the temperature contour and temperature profile results 

discussed in this section in relation to the internal cooling of the HPHE – DSCD with screen 

mesh wick experimental and CFD modelling set ups were analysed, calculated and discussed 

thoroughly. The summary of results and findings presented in Tables 6.10 – 6.12 serve as the 

basis of selection of the optimum configuration design which was specified and presented in 

items 1 to 22 of Table 6.13 below for validation.  
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Table 6.13. Theoretical results of HPHE – DSCD with mesh screen wick optimum 

configuration from CFD Analysis 

 

6.6 Summary 

This study involved a series of numerical modelling which were performed to determine the 

optimum PV-HPHE geometric configuration. The numerical methodology was first validated 

following the set up of HPHE-SSCD. The benchmark performance gap was identified among 

seven (7) various pipes spacing at an interval of 10 mm per model. The HPHE-SSCD was 

installed at the top, middle and bottom sections of the PV panel for each specified spacing as 

shown in Figures 6.1 to 6.7. The optimum configuration of the HPHE-SSCD Junction box 

model was at a spacing of 50 mm with the lowest temperature recorded at 55.32℃ (328.47 K) 

in the PV panel middle installation as shown in Table 6.1. Based on the temperature profile 

and contour CFD verification, the justification in the selection of the HPHE-SSCD spacing of 

Item No.1 Specification Theoretical design 

1 HPHE Arrangement Double Sided Condenser Direction 

2 HPHE Installation Middle Section 

3 Orientation Spanwise – 90° 

4 HPHE inlet temperature 40.95 ℃ (314.10 K) 

5 Axial Direction Range 0.34 m – 1.53 m 

6 No. of units 20 

7 HPHE Junction box Length 1959 mm 

8 HPHE Junction box Width 496 mm 

9 HPHE Junction box Thickness 30 mm 

10 Pipes Spacing 2.5 D, s = 50 mm 

11 Pipe Material Copper 

12 Pipe Diameter 20 mm 

13 Evaporator Length 496 mm 

14 Condenser Length 496 mm 

15 Working Fluid H2O 

16 Flow Rate 8.13e-05 m/s  

17 H2O Operating Temperature 218 – 453 K 

18 Wire mesh sieve size 1.18 mm 

19 Wire mesh rolled diameter 18 mm 

20 Copper wire helix mandrel size 16 mm 

21 HPHE spanwise angle 3 degree 

22 Working fluid fill ratio 65%  
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50 mm in comparison to the 40 mm spacing was a difference of 0.21 ℃ in the increase of 

temperature on the uncooled PV back surface as presented in Tables 6.4 and 6.5. The selection 

of proximate HPHE spacing caused an increase of the HPHE uncooled PV back surface area 

of 0.218 m2 that can increase the surface temperature to a critical level. The results from the 

validation showed satisfactory correlation with the results of the geometric configuration in 

the reference cited from Chaudhry, Calautit and Hughes (2017). The geometric configuration 

of HPHE-SSCD shown in Figure 6.15 was used in the theoretical design of the CFD 

modelling to determine the optimal performance of the HPHE - DSCD on PV cooling system 

to fabricate the physical experimental set up.  

Two major investigations were then performed in order to identify the PV-HPHE design using 

the DSCD. The first study was the CFD modelling set up of optimum spanwise arrangement 

of HPHE effect on the cell temperature. The validation of the average result of controlled 

variables taken from the 3-day interval observations of experimental set up from July 22, 

2019, to August 20, 2019 was identified. The focus of the validation centered on the concerns 

of modelling errors/uncertainties and the boundary conditions which were established from 

the verification of the CFD modelling results. The comparison of temperature profile and 

contour results of HPHE – DSCD using the three different angles of inclination with same fill 

ratio of 65% are shown in Figures 6.23 to 6.37. The results and findings presented by the 

temperature profile in Table 6.10 showed that at cross-section A-A in X – direction at 0 degree 

angle of inclination has greater heat absorption at + 4.45 % in the evaporator section than at 3 

degree and + 9.73 % over 6 degree angle of inclination. But the temperature profile results in 

Table 6.11 shows that at 3 degree angle of inclination, the heat absorption is greater at cross-

section B-B in Z – direction at + 0.53 % on cooled PV back surface than at 0 degree and +4.87 

% over 6 degree angle of inclination. Another temperature profile results on the uncooled PV 

back surface presented in Table 6.12 shows that at 3 degree angle of inclination, the heat 

absorption is greater at cross-section B-B in Z – direction at + 0.40 % than at 0 degree and + 

4.97 % over 6 degrees angle of inclination. From the temperature profiles results in Table 

6.10, a temperature difference between the evaporator to condenser section on cross-section 

A-A in X – direction showed 10.16 ℃ , 4.65 ℃  and 2.30 ℃ for the 0, 3 and 6 degrees angle 

of inclination respectively identified. The differences of temperature results was inversely 

proportional to the distance of proximity of the HPHE-DSCD on the PV back surface. The 
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physical occurrence of the basic effect of radiative heat transfers due to the proximity of HPHE 

to the PV back surface caused high temperature absorptions. Another follow up study involved 

the investigation of the optimum configuration results of Section 6.5 using the HPHE-DSCD 

angle of inclination and fill ratio in relation to the effect of screen mesh wick installation. The 

controlled variables result of HPHE evaporator peak internal temperature, Te equal to 41.27℃ 

(314.42 K) from the CRRE calculation in Section 5.2, Chapter 5 and flow rate of 8.13e-05 

m/s (Al-Mabsali et al., 2021) mathematical equation of the X – direction in steady laminar 

flow taken in Section 5.1.6, Chapter 5 was verified. Using the optimum configuration, a 

difference of 3.13 ℃  in heat transfer absorption between the HPHE-DSCD with screen mesh 

wick installation exposed to extrapolated values of peak temperature of 66.55 ℃ (339.70 K) 

and HPHE-DSCD without screen mesh wick installation exposed to actual values of peak 

temperature of 69.68 ℃ (342.83 K). Both temperatures were taken from the temperature 

profile of cross-section A-A in X– direction in the evaporator section. 

In the analysis of the CFD simulation results between HPHE –DSCD with and without screen 

mesh wick. The CFD simulation result in HPHE –DSCD without screen mesh wick has a 

continuity of 9.70e-08 and energy of 2.05e-015, while the HPHE –DSCD with screen mesh 

wick, a continuity of 1.06e-06 and energy of 6.42e-07. The results show that the refrigerant 

energy flow transfer was stronger in the HPHE –DSCD with screen mesh wick. The HPHE –

DSCD without screen mesh wick had velocity coordinates of (1.01e-06, 5.61e-08, 4.80e-09) 

in m/s. In comparison, HPHE –DSCD with screen mesh wick has velocity coordinates of 

(8.78e-07, 3.89e-07, 3.66e-07) in m/s. The results show that the heated refrigerant velocity 

coordinates of the HPHE –DSCD with screen mesh wick flowed uniformly closer at e-07 on 

x, y and z directions resulting in the control volume of fluid particles to integrate during the 

heat transfer. 
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CHAPTER SEVEN 

Comparison of results and findings from CFD modelling and experimental 

set up 

 

7 Introduction 

This chapter demonstrates the comparison of air temperature for cooling, power generation 

and efficiency from the CFD modelling and the experimental set up. The determination of the 

errors between the varied techniques on different geometric set ups and heat pipe 

arrangements were presented. The justification of conducting the comparative study on 

different heat pipe configurations was to investigate the error characteristics associated with 

each controlled factor. The findings are discussed on whether there was a varied response 

from the type of geometry and arrangement set up in which each variable had was subject to 

examination.  

Also incorporated in this chapter as conclusion are the TIR results taken in random periods of 

observation which displayed the temperature trends obtained in the PV back surfaces and heat 

pipe arrangements to determine the consistency of error variations at ambient temperature 

conditions. The optimal configuration arrangement of HPHE-DSCD with screen mesh wick 

using the three (3) degree angle of inclination and 65% FR of water as refrigerant was used in 

the gathering of TIR data to investigate the comparative trends with CFD validation 

temperature contour results. 

7.1 Comparison of the Theoretical CFD results verified in temperature contour profile 

within the PV junction box cut in the evaporator duct section between SSCD and 

DSCD without screen mesh wick on baseline temperature of 45 ℃ (318.15 K) 

The SSCD results of the optimum configuration verified in the HPHE Junction box model 

with the use of 50 mm spacing achieved the lowest temperature at 55.32 ℃ (328.47 K) taken 

from the PV panel back surface middle installation with temperature contour profile as shown 
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in Figure 6.4 in Chapter 6. Whilst that of the DSCD without screen mesh wick, the 

temperature contour levels on the HPHE are shown in Figure 6.18 in Chapter 6 which was 

taken in the middle installation of the evaporator section attached to the PV panel in Z - axis 

as shown in Figures 3.14 to 3.16 in Chapter 3 and Figure 6.19 in Chapter 6. The results of 

the optimum configuration yielded an average temperature of 54 ℃ (327.15 K) taken within 

the PV junction box on the whole span of the cross-section B-B covering the cooled and 

uncooled PV back surface. The improvement of the HPHE arrangement from SSCD to DSCD 

without screen mesh wick resulted in the decrease of temperature by 1.32 ℃ and according to 

the desired objectives of this study to provide the required passive cooling of PV panels within 

the allowable range.  

7.2 Comparison of CFD theoretical modelling results of HPHE – SSCD spacing effect in 

the thermal cooling capacity when the distance-to-pipe diameter ratio was doubled 

This section presents the effect of increasing the spacing from 20 mm to 40 mm to balance 

the distribution of heat absorption and thermal cooling capacity of 20 units of HPHE – SSCD 

and achieved one of the main objectives as stated in Section 1.3.5, Chapter 1. From The 

temperature profile results taken in the HPHE – SSCD middle installation presented in Table 

6.4 and 6.5, Chapter 6, the spacing of 20 mm recorded a temperature of 49.37 ℃ (322.52 K) 

in the cooled and 59.88 ℃ (333.03 K) in the uncooled PV back surface.  The 40 mm spacing 

recorded a temperature of 52.06 ℃ (325.21 K) in the cooled and 62.47 ℃ (335.62 K) and 

uncooled PV back surface. The difference amounted to a 2.69/49.37 = 5.45 % decrease in 

thermal cooling of the cooled PV back surface under this range of distance-to-pipe diameter 

ratio. In the uncooled PV back surface comparison, this resulted in a 2.59/59.88 = 4.33% 

decrease in thermal cooling. The CFD validation results using the HPHE – SSCD was lower 

in comparison to the results cited in the previous works conducted by Chaudhry, Calautit and 

Hughes (2017) of 10.7 % decrease in thermal cooling capacity when the distance-to-pipe 

diameter ratio was doubled from 1.0 to 2.0. 

Using the optimum configuration of 50 mm as specified in Section 6.2, Chapter 6, the 

temperatures of 52.25 ℃ (325.40 K) in the cooled and 59.57 ℃ (332.72 K) in the uncooled 

PV back surface were recorded. The difference amounted to a 2.88/49.37 = 5.83% decrease 
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in thermal cooling of the cooled PV back surface under this range of distance-to-pipe diameter 

ratio. In the uncooled PV back surface temperature profile results comparison, this amounted 

to a - 0.31/49.37 = - 0.63% decrease or an increase of 0.63% in thermal cooling. The CFD 

modelling verification results shows that the justification in the selection of the 50 mm spacing 

as the optimum configuration in comparison to the 40 mm spacing was the difference of 

temperature results on the uncooled PV back surface. 

 

7.3 Comparison of the Theoretical CFD results verified in temperature profile between 

HPHE- SSCD and HPHE-DSCD without screen mesh wick using encoded theoretical 

flow rate of 0.25 m/s (Al-Mabsali et al., (2018) 

The temperature profile results as shown in Figure 7.1 below used the encoded theoretical 

flow rate of 0.25 m/s (Al-Mabsali et al., (2018) to analyse the difference in temperatures in 

the cooled and uncooled PV back surface in cross-section B-B of both the HPHE - SSCD and 

HPHE - DSCD without screen mesh wick geometric set up.  

 

Figure 7.1. Comparison of the temperature profile of SSCD and DSCD without screen mesh 

wick in cross-section B-B using encoded theoretical flow rate of 0.25 m/s (Al-Mabsali et al., 

(2018) 
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The SSCD thermal absorption was 2.85℃  higher than the DSCD in the HPHE cooled PV 

back surface. The higher temperature was due to the single condenser exhausting the 

accumulated heat transferred from the PV panel through a single direction shown in Figure 

7.2 (b).  

 

Figure 7.2. Isometric view showing the refrigerant velocity flowing to the condenser on cross-

section A-A from the HPHE- SSCD evaporator duct (b) and HPHE- DSCD evaporator duct 

(a) with spacing = 50 mm from the middle installation 

Using an SSCD to exhaust the temperature from the evaporator section in z coordinate delayed 

the heat transfer cycle through passive cooling by 0.88 m/s in comparison with the DSCD 

without screen mesh wick as shown in Figure 7.2 (a). The velocity difference was verified 

using the CFD results of the SSCD and DSCD without screen mesh wick presented in Table 

7.1. 

Table 7.1. CFD results of the SSCD and DSCD without screen mesh wick 

Geometry Continuity Energy Velocity coordinates 

   x y z 

SSCD 1.01e-03 3.68e-07 3.88e-05 2.48e-05 1.69e-04 

DSCD without 

screen mesh 

wick 

1.01e-03 6.71e-07 3.79e-05 3.19e-05 2.57e-04 

 



175 

 

7.4 Comparison of the CFD results verified in temperature profile and velocity 

components of DSCD without Screen Mesh wick of 0 degree angle of inclination and 

FR = 65% between theoretical flow rate of 0.25 m/s (Al-Mabsali et al., (2018) and 

calculated flow rate of 8.13e-05 (Al-Mabsali et al., 2021) 

The HPHE temperature profile representing at a 0 degree angle of inclination cut in cross-

section A-A using the theoretical flow rate of 0.25 m/s is shown in Figure 7.3 below. The 

flow of the refrigerant was analysed from the point of 0.65% of the evaporator length (0.65 

*0.5*0.992 = 0.322 or 0.33 m) to the end point of the condenser section. The amount of heat 

transferred from evaporator to condenser was the difference in temperature from 0.33 m to 

0.992 m which was equated to 45.54 ℃ (318.69 K) – 47.19 ℃  (320.34 K) = 1.65 ℃  higher 

as shown in the temperature profile in Figure 7.3.  

 

Figure 7.3. Temperature profile results taken from the cross-section A-A of the HPHE 

evaporator to condenser internal cooling positioned on the middle installation of PV back 

surface using DSCD without screen mesh wick of 0 degree angle of inclination, FR = 65% 

and encoded theoretical flow rate of 0.25 m/s (Al-Mabsali et al., (2018) 

 

In comparison to the results presented in Figure 7.3, the HPHE temperature profile using the 

calculated flow rate of 8.13e-05 represented the same geometric configuration of 0 degree 
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angle of inclination cut in cross-section A-A. The purpose in the selection of the stated 

configuration was the similarity of the criteria that were matched in addition to differentiating 

the target variables under observation as comparative results. The same point of observations 

was used from 0.33 m to 0.992 m on the temperature results to determine the amount of heat 

transferred. The difference in temperature from evaporator to condenser equated to 68.63 ℃ 

(341.78 K) – 58.87 ℃ (332.02 K) = 9.76 ℃  cooler based on the temperature profile as shown 

in Figure 7.4.  

 

Figure 7.4. Temperature profile results taken from the cross-section A-A of the HPHE 

evaporator to condenser internal cooling positioned on the middle installation of PV back 

surface using DSCD without screen mesh wick of 0 degree angle of inclination, FR = 65% 

and encoded theoretical flow rate of 8.13e-05 m/s (Al-Mabsali et al., 2021) 

 

The CFD validation results of the mass flow rates are presented in Table 7.2. The velocity of 

2.57e-04 m/s transferred the heat as shown in the temperature profile of cross-section A-A in 

Figure 7.3 referred to in the Z – direction. Because of the rotation of axes in the conduct of 

the CFD simulation, the velocity of 1.00e-06 m/s transferred the heat as shown from the 

temperature profile of cross-section A-A in Figure 7.4 taken from the X– direction.    
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Table 7.2. CFD validation results of mass flow rates in cross-section A-A using 0 degree 

angle of inclination at FR =65% of DSCD without screen mesh wick 

Encoded mass 

flow rate, m/s 
Continuity Energy Velocity coordinates 

   x y z 

0.25 1.01e-03 6.71e-07 3.79e-05 3.19e-05 2.57e-04 

8.13e-05 1.00e-06 1.60e-013 1.00e-06 5.57e-09 6.33e-09 

 

Using the HPHE mass flow rate of 0.25 m/s in the 0 degrees angle of inclination with CFD 

velocity results in x, y, and z flow as presented in Table 7.2 with the details shown in Figure 

7.5. The transfer of the heated refrigerant from the evaporator using a velocity of 2.57e-04 

m/s resulted in the rapid displacement of the warm temperature from 0.33 m to 0.992 m in 

0.716 hours or 42 minutes and 55.8 sec.  

 

Figure 7.5. HPHE encoded theoretical flow rate of 0.25 m/s representing the 0 degree angle 

of inclination with CFD velocity results in x, y, and z flow in detail 

In comparison, the HPHE calculated flow rate of 8.13e-05 m/s was used in the similar 

configuration of 0 degrees angle of inclination with CFD velocity results in x, y, and z flow 

as presented in Table 7.2. The transfer of the heated refrigerant from the evaporator using a 

velocity of 1.00e-06 resulted in the gradual displacement of the warm temperature from 0.33 

m to 0.992 m in 183 hours and 54 minutes. The details of this CFD validation results are 

shown in Figure 7.6. 
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Figure 7.6. HPHE calculated flow rate of 8.13e-05 representing the 0 degree angle of 

inclination with CFD velocity results in x, y, and z flow in detail 

 

The temperature profile in Figure 7.3 of cross-section A-A has a reverse effect in comparison 

to both the evaporator and condenser sections of the HPHE-DSCD in Figure 7.4. The major 

cause in the reversal of temperature results was that the transfer of the heated refrigerant from 

the evaporator through a brisk velocity of 2.57e-04 m/s as shown in Table 7.2 resulted in the 

rapid displacement of the warm temperature from 0.33 m to 0.992 m in 0.716 hour or 42 

minutes and 55.8 sec. In comparison the CFD results equal to 1.00e-07 m/s using the 

calculated flow rate of 8.13e-05 m/s in Table 7.2 was slow to transport the heated refrigerant 

in a significantly longer period of 183 hours and 54 minutes to reach the point of 0.992 m in 

the condenser section.  

In the comparison, the temperature profile of the mass flow rates under investigation using 

the cross-section B-B as shown in Figure 7.7, shows similar characteristics in the reversal of 

temperatures that occurred in the cooled section of the PV back surface with a difference of 

16.70 ℃ and a similar reversal of temperature in the uncooled section of the PV back surface 

with a difference of 4.22  ℃ . The CFD validation results showed that the heat absorption was 

higher in the mass flow rate of the cooled evaporator section of the PV back surface. 
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Figure 7.7. Temperature profile results taken from the cross-section B-B of the HPHE 

evaporator to condenser internal cooling positioned on the middle installation of PV back 

surface using DSCD without screen mesh wick with 0 degree angle of inclination and FR = 

65%, encoded theoretical flow rate of 0.25 m/s (Al-Mabsali et al., (2018) and calculated flow 

rate of 8.13e-05 m/s  (Al-Mabsali et al., 2021) 

 

Using the CFD results of 1.00e-06 m/s which was applied to the time interval between 10 a.m. 

to 1 p.m. in the PV panel to achieve the maximum power generation, the distance of heat 

transfer from the evaporator to the condenser which achieved passive cooling was equal to 

1.00e-06 m/s *(1000 mm/m) * (3600 s/hour) * (3 hours) = 10.8 mm. The minimal probable 

heat transfer distance of the refrigerant experiencing passive cooling was due to a single 

source of driving force that was reliant on the absorption of thermal energy. This result proved 

that the surface temperature calefaction from the PV panel had stayed in the evaporator and 

continued to be absorbed by the refrigerant and gradually transferred towards the condenser 

direction covering a short span in the HPHE-DSCD.  
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7.5 CFD validation results using the calculated flow rate of 8.13e-05 m/s in relation with 

velocity X component of 0, 3 and 6 degrees at FR =65% in DSCD without screen 

mesh wick 

This section presents the CFD validation results with the used of optimum flow rate of 8.13e-

05 m/s in the modelling simulation which determined the refrigerant flowing from evaporator 

to condenser section in cross-section B-B. The theoretical velocity was observed in the X 

component of 0, 3 and 6 degrees angle of inclinations at FR =65% in DSCD without screen 

mesh wick. The CFD validation results are presented in the Table 7.3 below. 

Table 7.3. CFD validation results using the mass flow rate of 8.13e-05 m/s at the velocity X 

component of 0, 3 and 6 degrees angle of inclination at FR =65% in DSCD without screen 

mesh wick 

 

 

 

Figure 7.8. Physical set ups of (a) 3 degree and (b) 6 degree at FR =65% in DSCD without 

screen mesh wick 

Angle of 

inclination 
Continuity Energy Velocity coordinates 

   x y z 

0 degree 1.00e-06 1.59e-013 1.00e-06 5.57e-09 6.33e-09 

3 degree 6.73e-08 5.93e-014 1.00e-06 5.32e-08 7.64e-09 

6 degree 4.72e-08 1.89e-014 1.00e-06 1.06e-07 8.42e-09 
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The 3 and 6 degrees angle of inclination with isometric view in detail as shown in Figure 7.8 

produced identical results of 1.01e-06 m/s. The velocity difference of the experimental 

observations in relation to the theoretical modelling was 8.13e-05 - 1.01e-06 = 8.03 e-05   m/s 

based on data presented in the Table 7.3 between the 3 and 6 degrees angle of inclinations. 

The main cause that produced the difference in this comparison was due to the energy results. 

In reference to the 0-degree angle of inclination with the physical set up as shown in Figure 

7.6, the principle of mass flow rate as a basis was not consistent to the exclusive distribution 

of the refrigerant fill ratio in the evaporator section. When the angle of inclination was set to 

zero, the geometry installation was levelled in both the evaporator and condenser section. The 

effect of the levelled set up has allowed the refrigerant flow distribution to be equal to both 

sections of the HPHE-DSCD and did not maintain the quantity of the designed fill ratio of 

65% in the evaporator section. The CFD validation results in the 0 degree angle of inclination 

was nullified based on the obvious justification as shown by the physical set up. The energy 

factor results as presented in Table 7.3, resulted in 2.05e-015 at a 3 degree angle of inclination 

and 1.53e-015 for the 6 degree angle of inclination. The difference of 0.52e-015 in energy 

results was small and negligible but can provide possible relevance in the application of 

nanotechnology specialisation. The presentation of the comparison in the stated geometric 

configurations under this section specified the 3 degree angle of inclination of the HPHE – 

DSCD model which resulted as the optimum configuration based on the CFD validation of 

flow rate equal to 8.13e-05 m/s. 

 

7.6 Comparison of CFD results of junction box installed on PV back surface at 3 degrees 

angle of inclination 

This section presents the comparison of CFD validation results in the PV Junction box which 

was analysed using the HPHE – DSCD with screen mesh wick and HPHE - DSCD without 

screen mesh wick at 3 degrees angle of inclination. The results provide additional evidence in 

the selection of the optimum configuration through a distinct geometric set up which was 

validated using the CFD theoretical analysis. The first CFD validation result is presented using 

the contour profile in the junction box of HPHE – DSCD with screen mesh wick installation 

as shown in Figure 7.9(b). The simulation used the extrapolated values of peak temperature 
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equal to 41.27℃ (314.42 K) based from the 2020 data observation. The CFD validation results 

in the junction box had yielded an average temperature of 58.88 ℃ (332.03 K) at cross-section 

B-B in Z – direction as presented in Table 7.4. 

 

Figure 7.9. 3D view of the contour profile from the CFD validation results of HPHE -DSCD 

optimum configuration 

Another geometric configuration was validated using a similar CFD simulation which was 

undertaken in the junction box of the HPHE-DSCD without screen mesh wick installation 

exposed to actual values of peak temperature equal to 40.95℃ (314.10K) based from the 2019 

data observation as shown in Figure 7.9(a). The CFD validation results in the junction box 

had yielded an average temperature of 65.54 ℃ (338.69 K) at cross-section B-B in Z – 

direction as presented in Table 7.4. 

Table 7.4. CFD validation results of HPHE-DSCD optimum configuration using extrapolated 

and actual values within the accepted range 

Temperature contour 

observed from 

evaporator section 

HPHE – DSCD with 

screen mesh wick 

installation exposed 

to extrapolated values 

of peak temperature –

K (2020 data) 

HPHE – DSCD 

without screen mesh 

wick installation 

exposed to actual 

values of peak 

temperature –K 

(2019 data) 

Difference in 

average 

temperature, ℃ 

Cross-section B – B 

(Z – direction) 
332.03 338.69 6.66 
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The findings from the CFD validation results of the presented geometric configurations under 

this section showed a decrease in temperature in the junction box of 6.66 ℃ in the cross-

section B-B in the HPHE – DSCD with screen mesh wick in comparison to HPHE – DSCD 

without screen mesh wick. The establishment of the specifications of optimum configuration 

based on the analysis and findings undertaken in this section was finalised. The specified 

optimum configuration was made of HPHE – DSCD with screen mesh wick and used in the 

experimental set up in the investigation of the power generation as performance discussed in 

Section 7.7 of this chapter. 

 

7.7 Investigation of power generation efficiency of HPHE – DSCD using experimental 

model 

In this section the investigation of power generation performance of HPHE – DSCD from far 

field testing is to be discussed. The selection of the possible optimum configuration under 

investigation was evaluated and specified using the experimental results undertaken from the 

ordered pair of angles of inclination and fill ratio as dependent variables. The period of 

observations was performed in three stages. The first stage was between July 22 to August 20, 

2019 using the experimental set up of HPHE – DSCD without screen mesh wick. The second 

stage was performed between September 11 to October 4, 2019 using the experimental set up 

of HPHE – DSCD with screen mesh wick. The last stage was performed between July 14 to 

August 12, 2020 as validation of the optimum configuration from the experimental set up of 

HPHE – DSCD with screen mesh wick between the two efficient performing geometric design 

and specification of the passive cooling apparatus. The comparison of data evaluated in this 

section used the PV-HPHE power generation performance efficiency as a dependent variable 

which was controlled and PV power generation performance efficiency as an independent 

variable. The moderating variable in the investigation was the mean ambient temperature.   

The results of the first stage of the experimental set up was achieved during July 22 to August 

20, 2019 and the results are presented in Table 5.4, Chapter 5. The specified data focusing 

on the 3 and 6 degrees angle of inclinations derived and dissected from Table 5.4, Chapter 5 

are presented in Table 7.5 and plotted in the graphs as shown in Figures 7.10 and 7.11. The 
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data was recorded from the three (3) day duration of random experimental set up. The PV and 

PVHP power generation efficiencies were based from the 300W PV power rating of the 

manufacturer. The period of data observation was in the range between 10:00 a.m. to1:00 p.m. 

when the solar orientation had achieved an approximate perpendicular orientation towards the 

PV surface. The first investigation conducted in the determination of the optimum 

configuration based on power generation performance due to thermal cooling was between 3 

and 6 degrees angle of inclination using HPHE - DSCD without screen mesh wick with FR 

equal to 65%.  

Table 7.5. Specified data under investigation using 3 and 6 degrees angle of inclination 

derived and dissected from Table 5.4, Chapter 5 

Date 
Fill 

ratio 

Angle of 

inclination 
Type 

Ave. 

Ambient 

Temp.           

(10-13hrs), 

℃ 

PV-

HPHE 
PV 

PV-

HPHE 
PV PV-HPHE 

Power 

Efficiency 

(10 -13hrs),  

 Watts 

PV Power 

Efficiency   

(10 -13 hrs),  

 

Watts 

Ave. Temp.      

(10 -13 hrs) Tcell, 

℃ 

Tcell, 

℃ Top Top 

NOCT, ℃ 

28-Jul-2019 

65% 3° 

Without 

Screen 

Mesh 

Wick 

38.46 60.24 63.19 84.29 87.65 24.11% 20.11% 

29-Jul-2019 35.08 57.87 62.46 78.21 83.44 23.44% 19.89% 

30-Jul-2019 37.52 45.12 44.32 66.12 65.21 23.44% 19.89% 

25 July 2019 

65% 6° 

Without 

Screen 

Mesh 

Wick 

45.39 54.69 54.37 84.89 84.53 22.11% 19.33% 

26 July 2019 34.91 64.82 53.17 85.95 72.68 23.33% 19.11% 

27 July 2019 37.71 61.51 45.18 84.99 66.39 23.33% 19.89% 

 

With the use of a 6 degree angle of inclination, the experimental result of the PV-HPHE 

average power generation efficiency was compared to the PV average power generation 

efficiency as the baseline and mean ambient temperature as the moderator are plotted in the 

graph as shown in Figure 7.10. The data on efficiencies and temperature variations in are 

plotted in the vertical axis in 15 minute intervals forms the horizontal axis. 
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Figure 7.10. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 6 degree angle of 

inclination observed in July 25 to 27, 2019 

 

The 3-day average of PV average power generation efficiency curve characteristic graph is 

shown in Figure 7.10 which functioned as the baseline data and was unstable with an Average 

Power Efficiency (APE) of 19.47% and had not reacted uniformly in relation to the moderator 

curve with an average ambient temperature of 39.37  ℃ in the period of observation from July 

25 to July 27, 2019. In comparison, the PV-HPHE average power generation efficiency curve 

characteristic in the graph functioning as a dependent variable with an APE of 22.92% follows 

in proportion to the curve characteristic of the moderating variable. Utilising the data obtained 

from a 3 degree angle of inclination, the same method of analysis was undertaken from Figure 

7.11 on the experimental results of the PV-HPHE and PV average power generation efficiency 

and mean ambient temperature as the moderator as plotted in the graph shown in Figure 7. 

11.  
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Figure 7.11. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 3 degree angle of 

inclination observed in July 28 to 30, 2019 

The 3-day average in the PV efficiency curve characteristic on the graph shown on Figure 

7.11 functioning as a baseline data was stable and resulted in an APE of 19.96 % in the period 

of observation from July 28 to July 30, 2019 and reacted uniformly in relation to the moderator 

curve with an average ambient temperature of 37.02 ℃ and the PV-HPHE efficiency curve 

results of APE equal to 23.66 %.The presentation of the analysis and findings of the calculated 

APE of PV and PV-HPHE in the 3-day period experimental observation resulted in an 

average. PV-HPHE power performance of 17.93% in the 6 degrees angle of inclination and 

18.55% for 3 degrees angle of inclination as presented in Table 5.4, Chapter 5. The next 

investigation was undertaken in the period between September 25 to October 4, 2019 using 

the experimental set up of HPHE – DSCD with screen mesh wick. The investigation was the 

second stage conducted in the determination of the optimum configuration based on power 

generation performance due to thermal cooling with the specified efficient results derived and 

dissected in Table 5.5, Chapter 5 and presented in Table 7.6. The possible optimum 

configuration was observed on similar angle of inclinations investigated between 3 and 6 

degrees using HPHE - DSCD with screen mesh wick with FR = 65%. Similar methods of 

experimental set up, analysis and calculations of results were maintained in the conduct of the 

investigation which validated the specified physical set up.  
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Table 7.6. Specified data under investigation using 3 and 6 degrees angle of inclination 

derived and dissected from Table 5.5, Chapter 5 

Date 
Fill 

ratio 

Angle of 

inclination 
Type 

Ave. 

Ambient 

Temp.           

(10 -13hrs), 

         ℃ 

PV-

HPHE 
PV 

PV-

HPHE 
PV PV-HPHE 

Power 

Efficiency 

(10 -13hrs), 

  Watts 

PV Power 

Efficiency   

(10 -13 hrs), 

 

 Watts 

Ave. Temp.   

(10 -13 hrs) Tcell, 

℃ 

Tcell, 

℃ Top Top 

NOCT, ℃ 

21-Sep-2019 

65% 3 

With 

Screen 

Mesh 

Wick 

29.20 33.28 36.39 44.32 47.87 22.00% 20.50% 

22-Sep-2019 29.59 33.75 36.48 45.26 48.36 21.42% 18.65% 

25-Sep-2019 

65% 6 

With 

Screen 

Mesh 

Wick 

28.83 32.96 35.26 43.59 46.21 21.90% 20.31% 

26-Sep-2019 29.56 33.32 33.32 44.73 44.73 21.10% 20.38% 

With the use of 6 degree angle of inclination, the same methods of analysing experimental 

results of the PV-HPHE average power generation efficiency was compared to the PV average 

power generation efficiency as the baseline and mean ambient temperature as the moderator. 

The experimental results of 6 degrees angle of inclination observed between September 25 

and 26 2019 are presented in Table 7.6, and the data plotted as a graph is shown in Figure 

7.12 below.   

 

Figure 7.12. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 6 degree angle of 

inclination observed between September 25 to 26, 2019 
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The two (2) day average in the PV power generation efficiency functioning as baseline data 

was unstable and resulted in an APE of 20.35% and presented a distinct curve characteristic 

in relation to the moderator curve with average ambient temperature of 29.20 ℃ and the PV-

HPHE efficiency curve results of APE equal to 21.50%. 

The next investigation of the second stage was conducted between September 21 and 22, 2019 

using the 3 degree angle of inclination. A similar process of set up was performed and 

observed in the determination of the optimum configuration based on power generation 

performance due to thermal cooling with the results presented in Table 5.5, Chapter 5 and 

the dissected results shown in Table 7.6. As a basis of comparison of the 3 degree angle of 

inclination results to the 6 degree angle of inclination, the same methods of analysing 

experimental results of the PV-HPHE average power generation efficiency was compared to 

the PV average power generation efficiency as the baseline and mean ambient temperature as 

the moderator.  

 

Figure 7.13. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 3 degree angle of 

inclination observed between September 21 to 22, 2019 
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The results plotted in the graph as shown in Figure 7.13 was the experimental results of the 

two (2) day average observed between September 21 to 22, 2019. The PV power generation 

efficiency functioning as baseline data was unstable and resulted in an APE of 19.58 % and 

curve characteristic reacted differently in relation to the moderator curve with average ambient 

temperature of 29.40 ℃ and the PV-HPHE efficiency curve results of APE equal to 21.71%. 

The presentation of the analysis and findings of the calculated APE of PV and PV-HPHE in 

the two (2) day period experimental observation resulted in an average PV-HPHE power 

performance of 5.69% in the 6 degrees angle of inclination and 11.08% for 3 degrees angle 

of inclination as presented in Table 5.5, Chapter 5. 

The third stage of investigation was undertaken in the period of July 14 to August 12, 2020 

using the experimental set up of HPHE – DSCD with screen mesh wick. The investigation 

was the final stage conducted in the validation of the optimum configuration based on power 

generation performance due to thermal cooling with the results derived and dissected from 

Table 5.6, Chapter 5 and presented in Table 7.7. The validation of possible optimum 

configuration was observed on similar angle of inclinations investigated between 3 and 6 

degrees using HPHE - DSCD screen mesh wick with FR = 65%. Similar methods of 

experimental set up, analysis and calculations of results were maintained in the conduct of the 

investigation which validated the specified physical set up.  

Table 7.7. Specified data under investigation using 3 and 6 degrees angle of inclination 

derived and dissected from Table 5.6, Chapter 5 

Date 
Fill 

ratio 

Angle of 

inclination 
Type 

Ave. 

Ambient 

Temp.           

(10 -13hrs), 

℃ 

PV-

HPHE 
PV 

PV-

HPHE 
PV PV-HPHE 

Power 

Efficiency 

(10 -13hrs),  

 Watts 

PV Power 

Efficiency   

(10 -13 hrs), 

 

 Watts 

Ave. Temp.   

(10 -13 hrs) Tcell, 

℃ 

Tcell, 

℃ Top Top 

NOCT, ℃ 

29-Jul-2020 

65% 3 

With 

Screen 

Mesh 

Wick 

32.19 34.98 36.90 49.25 51.44 24.44% 18.50% 

30-Jul-2020 32.44 35.15 37.45 49.70 52.31 23.90% 18.46% 

31-Jul-2020 29.52 32.18 34.59 43.39 46.14 23.40% 18.44% 

1-Aug-2020 28.98 31.84 34.16 42.46 45.11 23.50% 17.73% 

2-Aug-2020 29.08 32.15 34.44 42.91 45.52 23.48% 18.44% 

3-Aug-2020 29.32 32.27 34.53 43.29 45.86 23.71% 19.06% 

4-Aug-2020 31.25 34.10 36.38 47.30 49.90 23.75% 18.71% 

5-Aug-2020 31.23 33.86 36.20 47.01 49.68 23.60% 19.29% 

6-Aug-2020 31.08 33.64 35.95 46.61 49.24 23.79% 18.73% 

7-Aug-2020 31.12 33.82 35.97 46.86 49.31 24.02% 18.77% 

8-Aug-2020 30.25 31.16 31.97 42.96 43.88 24.00% 18.65% 

9-Aug-2020 31.55 33.70 35.52 47.15 49.23 23.88% 18.35% 

10-Aug-2020 34.06 36.36 37.99 52.69 54.55 23.54% 18.83% 

11-Aug-2020 33.33 37.06 39.52 52.76 55.55 26.83% 18.73% 

12-Aug-2020 31.23 35.13 37.25 48.46 50.88 23.88% 18.17% 
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14-Jul-2020 

65% 6 

With 

Screen 

Mesh 

Wick 

29.91 33.73 36.44 45.54 48.63 25.42% 22.54% 

15-Jul-2020 27.94 33.35 36.18 43.14 46.37 23.63% 19.90% 

16-Jul-2020 30.04 34.62 37.31 46.69 49.76 24.63% 22.21% 

17-Jul-2020 27.72 30.72 31.67 39.92 41.01 24.83% 21.54% 

18-Jul-2020 27.00 31.16 33.14 39.70 41.96 24.46% 22.02% 

19-Jul-2020 31.21 35.11 37.11 48.42 50.70 24.15% 23.85% 

20-Jul-2020 33.03 37.27 39.73 52.69 55.50 24.23% 22.79% 

21-Jul-2020 27.26 32.50 35.24 41.50 44.61 23.71% 23.17% 

22-Jul-2020 27.30 32.07 34.91 41.05 44.28 23.88% 23.19% 

23-Jul-2020 29.84 33.93 36.52 45.71 48.66 24.35% 22.27% 

24-Jul-2020 27.57 31.76 34.50 40.97 44.09 24.02% 24.79% 

25-Jul-2020 27.28 31.92 34.68 40.85 43.99 24.48% 21.96% 

26-Jul-2020 27.66 31.42 33.88 40.67 43.47 25.31% 21.44% 

27-Jul-2020 27.43 30.24 31.55 39.08 40.58 24.79% 22.06% 

28-Jul-2020 34.09 37.55 40.19 54.07 57.08 24.90% 22.90% 

 

With the use of 6 degree angle of inclination, a follow up investigation was undertaken to 

record the experimental results of the fifteen (15) day average recorded between July 14 to 

28, 2020. Using the same methods of analysing experimental results of the PV-HPHE average 

power generation efficiency was compared to the PV average power generation efficiency as 

the baseline and mean ambient temperature as the moderator. The power generation validation 

results are plotted in the graph as shown in Figure 7.14. 

 

Figure 7.14. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 6 degree angle of 

inclination observed between July 14 to 28, 2020 



191 

 

The validation results are presented in Figure 7.14 illustrating that the PV power generation 

efficiency functioning as baseline data was stable and resulted in an APE of 22.44 % and curve 

characteristic reacted proportionally in relation to the moderator curve with average ambient 

temperature of 29.02℃ and the PV-HPHE efficiency curve results of APE equal to 24.45%. 

One important finding to examine thoroughly during future studies was the surge in APE of 

PV-HPHE which occurred frequently in 11:07 a.m. and 1:07 p.m. of the fifteen (15) day 

observation. 

The last investigation of the third stage conducted between July 29 and August 12, 2020 used 

the 3 degree angle of inclination. The validation was performed in a similar process of set up. 

The experimental observations were performed and analysed in the determination of the 

optimum configuration based on power generation performance due to thermal cooling with 

the results presented in Table 5.6, Chapter 5 and the dissected results as shown in Table 7.7. 

As a basis of comparison of 3 degree angle of inclination validation results to the 6 degree 

angle of inclination, the same methods of analysing experimental results of the PV-HPHE 

average power generation efficiency was compared to the PV average power generation 

efficiency as the baseline and mean ambient temperature as the moderator.  

 

Figure 7.15. Experimental results of the PV-HPHE average power generation efficiency, PV 

average power generation efficiency and mean ambient temperature using 3 degree angle of 

inclination observed between July 29 to August 12, 2020 
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The validation results presented in Figure 7.15 highlighted that the PV power generation 

efficiency functioning as baseline data was stable and resulted in an APE of 18.59 % and curve 

characteristic reacted proportionally in relation to the moderator curve with average ambient 

temperature of 31.11℃ and the PV-HPHE efficiency curve results of APE equal to 23.98%. 

The presentation of the analysis and findings of the calculated APE of PV and PV-HPHE over 

the fifteen (15) day period experimental observation resulted in an average PV-HPHE power 

performance of 9.23% in the 6 degrees angle of inclination and 29.03% for 3 degrees angle 

of inclination as presented in Table 5.6, Chapter 5. 

As a summary of the comparison of experimental results undertaken from the three (3) stages 

in separate time frames of observations, the scatter plots of the data were encoded in ordered 

pairs as shown in Figures 7.16 to 7.18. The average PV power efficiency was taken from the 

overall experimental results of the three (3) separate period of observations commencing from 

the first stage during July 22 to August 20, 2019 using the experimental set up of HPHE – 

DSCD without screen mesh wick, the second stage between September 11 to October 4, 2019 

using the experimental set up of HPHE – DSCD with screen mesh wick and the third and final 

stage between July 14 to August 12, 2020. 

 

Figure 7.16. Comparison of experimental results from 3 stages of the PV-HPHE power 

generation efficiency in relation to ambient temperature 
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The data plotted in Figure 7.16 are the experimental results from the three (3) stages of 

experimental set up. The ordered pairs consisted of mean ambient temperature in the 

horizontal axis and the PV-HPHE power efficiency in the vertical axis. There are three large 

points in the graph which represents the average increase of PV-HPHE power efficiency 

calculated separately with respect to the period of the experimental results when these were 

recorded. These average increase of PV-HPHE power efficiency was compared to the average 

increase of PV power efficiency. The results of the experimental set up observed in the period 

of the second stage showed less ambient temperature of 29.40 ℃ and least average increase 

of PV-HPHE power efficiency of 2.82%. The results in the period of the first stage showed 

the highest ambient temperature 37.07 ℃ and less in average increase of PV-HPHE power 

efficiency of 4.78%. The results in the period of the third stage showed a moderate ambient 

temperature of 31.11 ℃ and recorded a higher average increase of PV-HPHE power efficiency 

of 5.09%. The single day experimental observation was recorded at 33.33 ℃ with the highest 

increase of PV-HPHE power efficiency of 7.94%. 

The next data observation was plotted in Figure 7.17 which comprised of similar experimental 

results from the three (3) stages of experimental set up. The ordered pairs consisted of nominal 

operating cell temperature (NOCT) in the horizontal axis and the PV-HPHE power efficiency 

in the vertical axis. There are three large points shown in the graph which represents the 

average increase of PV-HPHE power efficiency calculated separately with respect to the 

period of the experimental results when these were recorded. 
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Figure 7.17. Comparison of experimental results from 3 stages of the PV-HPHE power 

generation efficiency in relation to Nominal Operating Cell Temperature (NOCT) 

 

The results of the experimental set up observed in the period of the second stage showed a 

lower NOCT of 33.52 ℃. The results in the period of the first stage showed the NOCT at 

54.41 ℃. The results in the period of the third stage showed a moderate NOCT of 33.83℃. 

The average increase of PV-HPHE power efficiency remained the same in all stages of 

observation. The single day experimental observation recorded at NOCT of 52.76 ℃ with the 

highest increase of PV-HPHE power efficiency amounting to 7.94%. 

The data plotted in Figure 7.18 is the combined experimental results from the three (3) stages 

of experimental set up. The ordered pairs consist of the cell temperature calculated using the 

Ross R.G. (1980) approximation plotted in the horizontal axis and the PV-HPHE power 

efficiency is plotted on the vertical axis. Similar average increase of PV-HPHE power 

efficiency was compared to the average increase of PV power efficiency which are shown in 

the three large points in the graph.  
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Figure 7.18. Experimental results from 3 stages of the PV-HPHE power generation efficiency 

in relation to calculated cell temperature using Ross R.G. (1980) approximation 

 

The results of the experimental set up observed in the period of the second stage showed a 

lower cell temperature of 44.79 ℃. The results in the period of the first stage showed the 

highest cell temperature of 76.21 ℃. The results in the period of the third stage showed 

moderate cell temperature of 46.85 ℃. The single day experimental observation recorded a 

temperate of 52.76 ℃ with the consistent highest increase of PV-HPHE power efficiency of 

7.94%. The summary of the findings presented in this section shows the increase of PV-HPHE 

power efficiency from the baseline data PV power efficiency from the three (3) stages of 

experimental set ups maintaining the consistent results when compared to the change in 

ambient temperature and NOCT. The optimum configuration which produced the reliable 

power generation efficiency was made of PV-HPHE – DSCD with screen mesh wick 

installation at 3 degrees angle of inclination and FR of 65%. 
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7.8 Comparison of TIR calibration application of Temperature with CFD temperature 

contour in 3 days. (CFD vs Experimental model) 

In this section a comparison of the function of the TIR application in the monitoring of the 

PV back surface that produced the experimental temperature results was investigated. The 

accuracy of the TIR application was assessed from the CFD analysis of the temperature 

contour validation results. The investigation of data results was derived from random 

observations and data collection undertaken between July to September, 2020. The random 

data was taken from three (3) separate days using the optimum geometric configuration of 

HPHE-DSCD with screen mesh wick installation, 3⁰ angle of inclination and FR of 65%. The 

observations were made by utilizing the Cat61 Thermal Imager and are presented in Table 

5.8, Chapter 5. The analysis of the findings and results was divided into two set ups. The first 

set up was through the comparison of the CFD validation results from the cross-section A-A 

along the evaporator to condenser section with the TIR results captured in a similar location 

where the temperature readings were taken from the experimental data results encoded in the 

CFD validation as presented in Figures 7.19 to 21. The second set up was through the 

comparison of the CFD validation results from the cross-section B-B showing the average 

temperature in the HPHE – DSCD cooled PV back surface section and the maximum 

temperature in the HPHE – DSCD uncooled PV back surface. The CFD validation results of 

the second set up was compared with the TIR results captured in similar location as presented 

in Figures 7.22 to 24. 

The CFD validation results of July 2, 2020 taken in cross-section A-A that showed the 

temperature contour of 45.31 ℃ (318.46 K) in the evaporator section and 44.90 ℃ (318.05 K) 

in the condenser section are presented in Figure 7.19(a). The TIR experimental result 

amounting to a temperate of 43.55 ℃ (316.70 K) in the evaporator section and a temperate of 

41.35 ℃  (314.50 K) in the condenser section are presented in Figure 7.19(b). The difference 

in temperature results of 1.76 ℃ and 3.55 ℃ were calculated from the evaporator and 

condenser section respectively which showed lower temperature readings taken by the thermal 

imagery in comparison to the CFD validation results. 
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Figure 7.19. CFD temperature contour and TIR experimental results of evaporator to 

condenser in cross-section A-A on July 2, 2020 

Likewise, for cross-section B-B which showed a temperature contour of 45.34 ℃ (318.49 K) 

average temperature in the HPHE – DSCD cooled PV back surface and a maximum 

temperature of 45.28 ℃ (318.43 K) in the HPHE – DSCD uncooled PV back surface are 

presented in Figure 7.20(a). The TIR experimental temperature results of 48.95 ℃ (322.10 

K) in the HPHE – DSCD cooled PV back surface and the temperature results of 52.75 ℃ 

(325.90 K) in the HPHE – DSCD uncooled PV back surface are presented in Figure 7.20(b). 

The difference in temperature results of - 3.61 ℃ and -7.47 ℃ were calculated from the HPHE 

– DSCD cooled and uncooled PV back surface respectively which showed higher positive 

temperature readings taken by thermal imagery in comparison to the CFD validation results. 

 
Figure 7.20. CFD temperature contour and TIR experimental results of average temperature 

in the HPHE – DSCD cooled and the maximum temperature in the HPHE – DSCD uncooled 

PV back surface in cross-section B-B on July 2, 2020 
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The CFD validation results on July 29, 2020 taken in cross-section A-A which showed a 

temperature contour of 50.07 ℃ (323.22 K) in the evaporator section and of 49.14 ℃ (322.29 

K) in the condenser section are presented in Figure 7.21(a). The TIR experimental results of 

46.85 ℃ (320.00 K) in the evaporator section and 48.95 ℃ (322.10 K) in the condenser section 

were presented in Figure 7.21(b). The difference in temperature results of 3.22 ℃ and 0.19 

℃ were calculated from the evaporator and condenser section respectively, which showed 

lower temperature readings taken by thermal imagery in comparison to the CFD validation 

results.  

 

Figure 7.21. CFD temperature contour and TIR experimental results of evaporator to 

condenser in cross-section A-A on July 29, 2020 

In cross-section B-B the average temperature of 50.09 ℃ (323.24 K) in the HPHE – DSCD 

cooled PV back surface and in the HPHE – DSCD uncooled PV back surface maximum 

temperature of temperature of 49.94 ℃ (323.09 K) was determined Figure 7.22(a). The TIR 

experimental temperature results of 57.85 ℃ (331.00 K) in the HPHE – DSCD cooled PV 

back surface and the temperature results of 64.45 ℃ (337.60 K) in the HPHE – DSCD 

uncooled PV back surface are presented in Figure 7.22(b). The difference in temperature 

results of -7.76 ℃ and -14.39 ℃ were calculated from the HPHE – DSCD cooled and uncooled 

PV back surface respectively which showed lower temperature readings taken by thermal 

imagery in comparison to the CFD validation results. 
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Figure 7.22. CFD temperature contour and TIR experimental results of average temperature 

in the HPHE – DSCD cooled and the maximum temperature in the HPHE – DSCD uncooled 

PV back surface in cross-section B-B on July 29, 2020 

 

The CFD validation results on August 04, 2020 taken in cross-section A-A showed a 

temperature contour of 50.52 ℃ (323.67 K) in the evaporator section and of 49.54 ℃ (322.69 

K) in the condenser section as presented in Figure 7.23(a). The TIR experimental results of 

47.15 ℃ (320.30 K) in the evaporator section and 48.55 ℃ (321.70 K) in the condenser section 

are presented in Figure 7.23(b). The difference in temperature results of 3.37 ℃ and 0.99 ℃ 

were calculated from the evaporator and condenser section respectively which showed lower 

temperature readings taken by thermal imagery in comparison to the CFD validation results. 

 

Figure 7.23. CFD temperature contour and TIR experimental results of evaporator to 

condenser in cross-section A-A on August 4, 2020 
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In cross-section B-B, the findings showed the temperature contour of 50.53 ℃ (323.68 K) 

average temperature in the HPHE – DSCD cooled PV back surface and the maximum 

temperature of 50.38 ℃ (323.53 K) in the HPHE – DSCD uncooled PV back surface (Figure 

7.22(a). The TIR experimental temperature results of 58.05 ℃ (331.20 K) in the HPHE – 

DSCD cooled PV back surface and the temperature results of 60.55 ℃ (333.70 K) in the HPHE 

– DSCD uncooled PV back surface are presented in Figure 7.22(b). The difference in 

temperature results of -7.52 ℃ and -10.17 ℃ were calculated from the HPHE – DSCD cooled 

and uncooled PV back surface respectively which showed lower temperature readings taken 

by thermal imagery in comparison to the CFD validation results. 

 

Figure 7.24. CFD temperature contour and TIR experimental results of average temperature 

in the HPHE – DSCD cooled and the maximum temperature in the HPHE – DSCD uncooled 

PV back surface in cross-section B-B on August 4, 2020 

In summary, the results and findings investigated in this section a comparison of the function 

of TIR application in the monitoring of the PV back surface experimental temperature with 

the CFD validation results of the PV-HPHE – DSCD optimum configuration was utilised. The 

accuracy of TIR application was assessed from the CFD analysis of the temperature contour 

validation results. The variation of standard error of the mean recorded from the point of PV 

back surface location in cross-section B-B and the HPHE – DSCD evaporator to condenser 

midpoint locations in cross-section A-A were determined. The findings showed lower 

temperature results of TIR in comparison with CFD validation results in cross-section A-A. 

Reverse data results were achieved from the findings which showed higher temperature results 
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of TIR in comparison with CFD validation results in cross-section B-B as shown in Table 7.8 

and Appendix C.2. 

Table 7.8. CFD validation results and TIR experimental data results of the PV-HPHE – DSCD 

optimum configuration 

Date 

PV-HPHE – 

DSCD location 

of temperature 

readings 

CFD 

validation 

results 

TIR 

experimental 

data results 

Difference in 

Temperature 

Standard error 

of the mean 

℃ ℃ ΔT, ℃ ℃ 

July 2, 2020 

Evaporator 45.31 43.55 1.76 2.78 ± 0.73 

Condenser 44.9 41.35 3.55 1.58 ± 1.43 

Cooled 45.34 48.95 -3.61 -6.30 ± 1.90 

Uncooled 45.28 52.75 -7.47 -10.72 ± 2.90 

July 29,2020 

Evaporator 50.07 46.85 3.22 2.78 ± 0.73 

Condenser 49.14 48.95 0.19 1.58 ± 1.43 

Cooled 50.09 57.85 -7.76 -6.30 ± 1.90 

Uncooled 49.94 64.45 -14.51 -10.72 ± 2.90 

August 4,2020 

Evaporator 50.52 47.15 3.37 2.78 ± 0.73 

Condenser 49.54 48.55 0.99 1.58 ± 1.43 

Cooled 50.53 58.05 -7.52 -6.30 ± 1.90 

Uncooled 50.38 60.55 -10.17 -10.72 ± 2.90 

 

7.9 Summary   

This chapter carried out series of comparative studies on the optimum HPHE configuration 

using the two models, namely, SSCD and DSCD without screen mesh wick based on (45 C, 

318.15 K) The results yielded a minimum temperature of 54 ℃ (327.15 K) within the 

evaporator section. The improvement of the HPHE arrangement from SSCD to DSCD without 

screen mesh wick resulted in a decrease in temperature of 1.32 ℃ . The study used water as 

refrigerant with a 65% fill ratio in the mass flow rate to validate the velocity in the HPHE-

DSCD evaporator to condenser section and temperature variation between the CFD simulation 

and experimentally generated values recorded at the measurement location points where the 

observations were analysed and measured. 

An analysis in the comparison of the theoretical CFD results verified in temperature profile 

between HPHE- SSCD and HPHE-DSCD without screen mesh wick using encoded 

theoretical flow rate of 0.25 m/s (Al-Mabsali et al., (2018) was undertaken. The CFD results 
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of using an SSCD to exhaust the temperature from the evaporator section delayed the heat 

transfer cycle through passive cooling by 0.88 m/s in comparison with the DSCD without 

screen mesh wick which disposed the heated temperature in two directions. The CFD results 

of junction box installed on PV back surface at 3 degrees angle of inclination was examined 

between the geometric set up of HPHE – DSCD with screen mesh wick in comparison to 

HPHE – DSCD without screen mesh wick. The findings from the CFD validation results of 

the specified geometric configurations in Table 7.4 showed a decrease in temperature in the 

junction box of 6.66 ℃ in the cross-section B-B of the HPHE – DSCD with screen mesh wick 

in relation to HPHE – DSCD without screen mesh wick. The final analysis undertaken in this 

section related to the TIR application of temperature monitoring of the PV panel surfaces and 

HPHE-DSCD in comparison with CFD temperature contour results in a random period of 3 

days. The CFD results therefore served as a baseline in the calibration and validation of the 

experimental data recorded by the TIR device.  
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CHAPTER EIGHT 

Conclusions and Future Work 

 

8.1 Introduction 

This chapter draws the conclusions from the current study. The objective of this research was 

to innovate a new approach and add knowledge in the field of passive cooling. This was done 

by investigating the integration of heat pipe technology into photovoltaic panels to increase 

its operative efficiency in areas of hot and arid climate conditions. The conclusions were made 

in the analytical sequence to establish a single-minded comparison with the objectives of this 

research (as presented in Chapter 1, Section 1.3). The study involved numerical and 

experimental procedures in order to present a thorough analysis of the internal refrigerant flow 

and thermal characteristics of heat pipes operating under the required range of operating 

temperatures and mass flow rates.  

1. The study investigated the use of the complete heat pipe geometry in the evaporator and 

condenser operation and analysing its performance as a heat exchanger for passive cooling. 

The results and findings from CFD modelling and physical experimental set up specified 

the optimum configuration that produced an efficient power generation, which was 

attributable to the PV-HPHE – DSCD with screen mesh wick installation at 3 degrees angle 

of inclination and FR of 65%.  

2. The validation results of the CFD model using experimental testing by determining the 

error within the accepted range has decreased 10.7% in thermal cooling capacity when the 

distance-to-pipe diameter ratio doubled from 1.0 to 2.0 as cited in the previous works 

conducted by Chaudhry, Calautit and Hughes (2017). Investigation of the diameter to 

spacing ratio of 1.0 is to 2.0 using the heat pipe diameter of 20 mm yielded the spacing as 

40 mm. The CFD validation results using the 40 mm spacing has an average temperature 

of 52.06℃ (325.21 K) in the cooled and 62.47℃ (335.62 K) and in the uncooled PV back 

surface. Using the optimum configuration of 50 mm as specified in Section 6.2, Chapter 6 
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which resulted in the average temperature of 52.84℃ (325.99 K) in the cooled and 62.26℃ 

(335.41 K) in the uncooled PV back surface was selected and specified over the 40 mm 

spacing. The justification in the selection of the 50 mm spacing (1.0 to 2.5 ratio) was the 

0.21℃ reduction in decrease of temperature on the uncooled PV back surface in 

comparison to the 40 mm spacing (1.0 to 2.0 ratio). 

A difference resulted in a 52.84℃ - 52.06℃ /52.06℃  = 1.5% increase in the temperature 

of the cooled PV back surface in this range between 1.0 to 2.5 distance-to-pipe diameter 

ratio. This increase in temperature not exceeding the NOCT of 61.40℃ (Al Mabsali, et al, 

2018) was not critical but favourable to the increase in PV efficiency. In the uncooled PV 

back surface temperature profile results comparison, 62.26℃ - 62.47℃ /62.47℃  = - 

0.34% decreased in temperature proximate to the NOCT of 61.40℃. 

3. The determination of the optimum spanwise and streamwise spacing of the heat pipe when 

embedded within PV modules was examined theoretically. The actual site investigation of 

the feasibility of the two methodologies was considered. The design installation in the 

streamwise arrangement was inefficient because of the length of the long condenser pipe 

that led to a space restriction on the site. The streamwise orientation was on the same 

inclination with the PV panel and the distribution of the refrigerant fill ratio covered the 

lower section of the PV back surface. The spanwise heat pipe arrangement was therefore 

selected to be studied. In the CFD modelling results, the 40 mm spacing was not specified 

than the 50 mm HPHE spacing. The interval of 40 mm spacing can cause the probability 

in the increase of temperature on the uncooled PV back surface to surpass the critical 

boundary which led to the decrease in power generation performance cited from the 

literature review of this study recently published (Al-Mabsali et al., (2018). The 

experimental work undertaken in the Eco house, UTAS, Oman which were usually exposed 

to a maximum NOCT of 61.40 ℃ (334.55 k) and exceeding this critical boundary led to 

the decrease in power generation efficiency.   

4. The establishment of the temperature profile for the PV embedded HPHE systems which 

determined the responsive behaviour of heat pipes in relation to rapid variations in external 

temperatures was accomplished.  Using the maximum temperature of 70.33℃ (343.48 K) 
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taken from the August 2, 2019 data result,  a comparison of CFD results was verified in 

the temperature profile and velocity components of DSCD without screen mesh wick of 0 

degree angle of inclination and FR = 65% between theoretical flow rate of 0.25 m/s (Al-

Mabsali et al., (2018)  and the calculated flow rate of 8.13e-05 m/s (Al-Mabsali et al., 

2021). The CFD result of 1.00e-06 m/s in the HPHE-DSCD was used. The maximum 

temperature was observed simultaneously between the time range of 10 a.m. to 1 p.m. to 

achieve the maximum PV power generation based on the solar radiation orientation. The 

heat transfer distance from the evaporator to the condenser which achieved passive cooling 

was equal to 1.00e-06 m/s *(1000 mm/m) * (3600 s/hour) * (3 hours) = 10.8 mm. A follow 

up CFD validation was performed using the specified optimum configuration from the 

calculated flow rate of 8.13e-05 m/s in relation with velocity X component of 0, 3 and 6 

degrees angles of inclination at FR =65% in DSCD without screen mesh wick. The results 

showed that the 3 degrees angle of inclination resulted in 2.05e-015 and the 6 degrees angle 

of inclination was at 1.53e-015. The difference of 0.52e-015 in energy results was small 

and negligible but can provide possible relevance in the application of nanotechnology 

specialisation. 

5. The comparison of the efficiency of a bare PV module against a HPHE-DSCD integrated 

PV module and determining the increase in efficiency and power generation capacity was 

accomplished. The selection of the possible optimum configuration under investigation 

was evaluated and specified using the experimental results undertaken from the ordered 

pair of angles of inclination and fill ratio as dependent variables. The period of observations 

was performed in three stages. The first stage was during July 22 to August 20, 2019 using 

the experimental set up of HPHE – DSCD without screen mesh wick and the results showed 

the highest cell temperature 76.21 ℃ and an increased in PV power efficiency of 4.78% 

from the baseline of 18.89% ± 0.009.  The second stage was performed between September 

11 to October 4, 2019 using the experimental set up of HPHE – DSCD with screen mesh 

wick. The results of the experimental set up observed in this period showed a lower cell 

temperature of 44.79℃ and an increase of 2.82% from the baseline PV power efficiency.  

The final stage was performed during July 14 to August 12, 2020 as validation of the 

optimum configuration from the experimental set up of HPHE – DSCD with screen mesh 

wick between the 3 and 6 degrees angle of inclination. The experiment resulted in a 
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moderate cell temperature of 46.85 ℃ and the highest increase of PV power efficiency 

5.09% from the baseline. The single day experimental observation had recorded a 

temperature of 52.76 ℃ with the consistent highest increase of PV-HPHE power efficiency 

of 7.94% from the three stages of experimentation. 

In conclusion, the aim of this study is the integration of heat pipe technology into photovoltaic 

panels in order to increase its operative efficiency. In the achievement of this aim, one of the 

main objectives of this study was the investigation of power generation performance of HPHE 

– DSCD from far field testing. The experimental results recorded from the PICOlog presented 

in Table 5.6, Chapter 5, using the specified optimum configuration of HPHE- DSCD with 

screen mesh wick installation, 3 degrees angle of inclination with 65% fill ratio resulted in an 

average PV-HPHE power performance of 29.03% ± 0.047 and an average power generation 

of 71.94 ± 2.41 watts comprising 23.98 % of the rated PV power capacity observed during the 

period between July 29 to August 12, 2020. The significance of this data indicates that if the 

heat pipe technology is applied under typical outdoor conditions and incorporating the flow 

rate of 8.13e-05 m/s (Al-Mabsali et al., 2021), the power efficiency of the device can be 

improved to a maximum of 7.94% from an average power efficiency of 5.09%. This is due to 

the gradual refrigerant flow in the cross-section A-A of the HPHE-DSCD that occurred in the 

temperature absorption caused by heat transfer from the PV back surface, thereby providing 

a higher cooling performance whenever the solar orientation is almost perpendicular to the 

PV top surface between 10:00 a.m. to 1:00 p.m. of the day.  

8.2 Contribution to knowledge 

This study used various theoretical and experimental approaches in solving an identified 

problem of reduction in power generation efficiency of the photovoltaic panel when exposed 

to extreme temperatures (Al-Mabsali et al., (2018) to fill the research gap.  The following 

findings represent a synopsis of the contributions from the results and analysis in the field of 

passive cooling, mass flow rate, heat transfer, PV power performance and the efficacy of heat 

pipe heat exchanger exposure to dry and arid climatic conditions. 

▪ Substantial experimental data has provided the characteristics of heat pipe reaction to 

unfavourable temperature conditions relative to its geometry arrangement and installation. 
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The CFD simulation was used in the verification and validation of the heat pipe theoretical 

and physical geometric configurations.  

▪ The heat absorption potential of heat pipes was investigated with water utilised as 

refrigerant and tested to variable fill ratios. Assumption of the initial mass flow rate from 

literature review of 0.25 m/s (Al-Mabsali et al., (2018) and 8.13 e-05 m/s (Al-Mabsali et 

al., 2021) was used in the theoretical CFD verification and validation. The approximate 

refrigerant velocity and fill ratio were determined and applied to the physical set up.  

▪ The investigation presented the results of the HPHE interval arrangements on the 

effectiveness of heat pipes in the uniform temperature absorption. The study analysed a 

wide range of spacing with the perceived optimum arrangement from the literature review 

of spacing = twice the pipe diameter and 20 units HPHE installation (Chaudhry, Calautit 

and Hughes, 2017). The effective spacing application in the passive cooling of PV panels 

based from the CFD temperature contour results is 2.5 diameter of the pipe equivalent to 

50 mm.  

▪ The CFD validation of numerical models from HPHE-DSCD without screen mesh wick 

random results taken from between 10:00 a.m. to 1:00 p.m. proved the legitimacy of the 

specified refrigerant fill ratio of 65% and the probable angle of inclinations between 3 and 

6 degrees (Chapter 5). The dynamic response of heat pipes working under average cell 

temperatures of 76.21 ℃ (349.36 K) taken from between July 28 to 30, 2019 using the 

HPHE-DSCD without screen mesh wick yielded a + 4.78 % increase in average power 

efficiency from the uncontrolled variable as baseline with an average PV power efficiency 

of 18.89 % ±0.007.  

▪ The experimental set ups established a level of accuracy in using PV-HPHE-DSCD testing 

techniques to validate the CFD models using quantitative data analysis. The breakthrough 

from the findings of CFD validation results led to the upgrade of the geometric set up in 

the installation of HPHE-DSCD with screen mesh wick tested in the last two (2) stages of 

the experimental set up which resulted in a +5.09 % increase in the average power 

efficiency from the uncontrolled variable as baseline with an average PV power efficiency 

of 18.89 % ±0.007. An increase of + 7.94 % in maximum power efficiency from a single 
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day observation (Figure 7.18, Chapter 7) occurred on August 11, 2020. The average power 

generation performance of the specified optimum configuration resulted in 29.03 % with 

average generated power of 71.94 ± 2.496 watts taken from the experimental observation 

during the period between July 29 to August 12, 2020. 

8.3 Scope for future work 

The following scope of future work was identified during the course of the study in 

accomplishing the aims and objectives of this research. 

▪ This research highlighted the efficiency of heat pipes using the specified copper tubing 

available and embedded in the aluminium junction box. As an extension of the study, 

specified design arrangement and installation of heat pipes could be manufactured in 

varying profiles including length of the condenser customised from the characteristics of 

temperature profile results. This could enhance the efficiency in the revised geometry of 

the heat pipe on the overall PV generation performance of the system.  

▪ The integrated FLIR® thermal imaging camera on the Cat® S61 smartphones technology 

was used in the present study with an objective of reducing the duration of data monitoring 

process. The standard error of the mean showed consistent range of precision in its 

application to the point of each cross-section, however the comparison of accuracy of 

results taken from the cooled evaporation section (Table 7.8, Chapter 7) requires further 

investigation. The difference in the range of the results of -2.98 ± 0.74 in the evaporator of 

cross-section A-A was far from the results of 6.37 ± 1.95 in the cooled back surface of 

cross-section B-B which is on the proximate surface location. 

▪ Performing a detailed analysis on the inclusion of the effect of solar radiation on the 

temperature profile of the working refrigerant in order to determine its impact in the 

condenser section cooling capacity of HPHE - DSCD. This will substantiate further 

theoretical knowledge and experimental set up activities in the specialisation area of fluid 

properties not covered by the present study.  
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APPENDIX A  

Experimental Set Up and Data Sheets 

 

Appendix A.1 – Experimental Set Up of HPHE - DSCD without mesh screen wick 

installation between July 22, 2019 to October 6, 2019  
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Appendix A.2 – Experimental results of HPHE - DSCD without mesh screen wick 

installation Data Sheets between July 22, 2019 to August 20, 2019 
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Appendix A.3 – Experimental results of HPHE - DSCD with mesh screen wick 

installation Data Sheets between September 11, 2019 to October 6, 2019 
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Appendix A.4 – Experimental Set Up of HPHE - DSCD with mesh screen wick 

installation Data Sheets between July 14, 2020 to September 22, 2020 
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Appendix A.5 – Experimental results of HPHE - DSCD with mesh screen wick 

installation Data Sheets between July 14, 2020 to August 12, 2020 
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Appendix A.6 – Experimental results of HPHE - DSCD evaporator section outside and 

inside temperature readings Data Sheets between September 14, 2020 to September 22, 

2020 
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APPENDIX B 

Data Sheets for the Data Acquisition Devices 

 

B.1 J-type thermocouples calibration certificate 
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B.2 USB TC-08 thermocouple data logger 
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B.3 J - Type thermocouple 
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B.4 USB Temperature data logger 

 



286 

 

B.5 1 KVA Inverter/Charger – WatchPower 
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B.6 FLIR C3 Compact Thermal Imaging Camera 
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B.7 The integrated FLIR® thermal imaging camera on the Cat® S61 smartphones 
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APPENDIX C 

 

C.1 Summary of the temperature results of HPHE Junction box model Single Sided 

Condenser Direction (SSCD). 
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C.2 TIR experimental data results of the PV-HPHE – DSCD optimum configuration 
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