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ABSTRACT 

 

Photovoltaic (PV) systems have witnessed exceptional development in the last two decades, 
where it has been shown that PVs may absorb more than 75% of the insolation, however, 
only limited percentage can be transformed into electricity (7-24%). The remaining energy 
is released mostly as waste heat in the cells. Overheating may also cause damage to adhesive 
seals, delamination and non-homogeneous temperatures. Therefore, PV/Thermal (PV/T) 
systems are a mechanism that can address these issues by keeping the PV cell temperature 
at the operating range improving efficiency to acceptable levels, as well as producing heat 
and electricity simultaneously. In this study, PV/T air systems are considered. 

There are three main challenges to overcome with PV/T air systems; 1) the fan power 
requirement, 2) extreme weather temperature, 3), and the poor heat capacity of air, which 
leads to poor thermal performance, compared to other coolants such as water. The aim of 
this research is to address these challenges developing an efficient and affordable PV/T air 
system. To achieve this, eleven objectives have been suggested where appropriate several 
different solution methods are utilised. The CFD software of COMSOL Multiphysics and 
Matlab are used in this study.  

The main findings of this research can be divided into three parts. The first part evaluates 
the performance of the standard PV system utilising theoretical and numerical methods. 
This system is considered as a reference for subsequent models. The results shows that the 
convection currents in inclined and horizontal surfaces are weaker relative to the vertical 
surface. The increase of the PV length enhances heat transfer rate up to length (2𝐿 ). 
However, after this length, the PV temperature increases and convective heat transfer 
coefficients are reduced regardless of the inclination of the PV system. In the case of the 
horizontal surface, the convective heat transfer rate is lower, especially at the bottom 
surface of the PV system. It can also be concluded that the effect of inclination appears in 
the laminar region (short length) and dissipates after this region.  

The second part numerically and experimentally evaluates the performance of the multi-
pass solar air heaters. The impacts of flow configurations on the thermal performance of a 
solar heater system are investigated. Recycled aluminium cans (RAC) have been utilised as 
turbulators with a double pass single duct solar air collector. CFD results of the models A, B, 
and C reveal that model C offers a greater thermal performance of 5.4% and 6.5%, 
respectively, compared to A and B. Furthermore, an outdoor experiment is performed based 
on these results. The experimental setup is examined for three configurations of model C, 
namely, solar air heater (SAH) without RAC model C-I, model C-II and model C-III. A good 
agreement between model C and the experimental data and model C-III has the best thermal 
efficiency of 60.2%. 

The third part, the combination of the two systems from these two parts are evaluated. 
Firstly, a design optimisation process is performed for different multi-pass PV/T air 
collectors considering three steps to obtain optimal design. The steps are the selection of 
design parameters, preliminary parametric studies for the five models (model 1, 2, 3, 4 and 
5) and employ model 4 in the optimisation process. The key results from this optimisation 
demonstrate explicitly the compromise that must be accepted between the conflicting 
objectives of thermal and electrical efficiencies or the fan power consumption and electrical 
power generation. It can be concluded that the use of optimisation has contributed clearly 
in improving both the electrical and thermal performance for finned and plain mode
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 INTRODUCTION  

 

 

The Earth is currently encountering a lot of environmental concerns and issues such as 

global warming and air pollution, mainly as a result of fossil fuel consumption. Energy 

researchers and utility companies have therefore conducted a wide range of research to find 

a sustainable and clean alternative approach to replace the dependence on fossil fuels. One 

key solution is renewable energy sources, such as solar, wind, biomass, tidal and geothermal 

energies. To compare the availability of fossil fuels with renewable energy sources, Fig. 1.1 

shows that solar energy has the highest magnitude among all energy sources available on 

Earth. The power from the Sun received by the earth is approximately 1.8 × 1011 MW. This 

power is many thousand-folds larger than the present consumption rate on the Earth of all 

conventional energy sources.  

 
 

  
 

Fig. 1.1. Comparing finite and renewable planetary energy reserves (TW-yr)[1]. 
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The applications of solar energy can be mainly divided into three categories: 

 Solar energy collection systems (i.e. solar thermal collectors) which convert sunlight into 

thermal energy, for example, solar air/water heaters. 

 Photovoltaic systems (PVs) which produce only electrical energy.  

 PV/thermal (PV/T) collectors, which convert sunlight into electrical and thermal 

energies by coupling two systems into one hybrid PV/T solar collector. In this work, the 

emphasis is on PV/T air collectors in hot and cold weather conditions, see Fig. 1.2.  

 
 

 
 

Fig. 1.2. Schematic of PV/T air collector  
 

 

Photovoltaic systems (PVs) have witnessed exceptional development in the last two 

decades. PV, however, still suffer from the inherent drawback of low efficiency of between 

7% and 24% at Standard Test Conditions (STC) (temperature and irradiance 25 C and 1000 

W m-2) compared to other solar systems, 30-75%.  

The PV panel temperature is the main parameter affecting PV module efficiency. 

Overheating of the PV module leads to a reduction in its efficiency. This reduction can be 

attributed to a decline in the open-circuit voltage despite a slight increase in open-circuit 

current. Accordingly, reducing the temperature of the cell is necessary to enhance the 

electrical efficiency of PV cells.  
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The hybrid photovoltaic thermal (PV/T) collectors are used to control the PV cell 

temperature. Vast applications of PV/T technologies including solar thermal collector 

water/air or others coolants such as refrigerant, solar architecture technologies and 

integrated PV/T air systems.  

Building-integrated PV/T air design is one of the most efficient techniques used to reduce 

the PV module temperature. This design is more efficient in low and moderate weather 

conditions where the ambient temperature is less than 25 °C compared to hotter weather. 

However, three challenges have faced PV/T air collectors. The first challenge is the fan 

power requirement which could consume the whole electrical generated from the PV 

module. The second challenge is extreme weather temperature, when well exceeding 25 C 

in several parts of the world (e.g., temperature can reach 50 C in the Middle East and South 

Asia,). Finally, the poor heat capacity of air, which leads to poor thermal performance, 

compared to other coolants such as water.  

 

This research aims to develop an efficient and affordable PV/T air collector design.  

The optimisation of the PV/T air designs is first taken into consideration to minimise the 

fan power consumption and maximise both thermal and electrical efficiencies. Secondly, to 

overcome the extreme weather conditions, where the temperature reach 50 °C, by using 

exhausted air (precooled air) from building instead of using ambient air (hotter air). Thirdly 

to enhance the convective heat transfer rate of PV/T air system by suggesting a novel fin 

with minimum pressure penalty for PV/T air system. Consequently, the following objectives 

are set as milestones to achieve the research aim: 

1. Develop a mathematical model to evaluate the thermal and electrical performance of a 

standard PV system without active cooling (model 1) using numerical methods under 

worst-case scenarios. 

2. Develop a computational fluid dynamic (CFD) model to evaluate the thermal and 

electrical performance of a standard PV system without active cooling (model 1) under 

steady-state and transient conditions. 

3. The mathematical model in point (1) is compared with the CFD models in point 2 for 

verification. 

4. Once the CFD model is valid, this model is considered as a reference system PV/Ref (base 

data) to compare with the PV/T air models. 
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5. Develop mathematical models to evaluate the thermal, hydrodynamic and electrical 

performance of two PV/T air collector (models 2 and 3), in comparison with the CFD 

models. Analytical and numerical solution methods are used to model these two models. 

6. Develop a mathematical model to estimate the weather conditions (solar radiation and 

ambient temperature) and validate it with commonly cited sets of data. 

7. The mathematical models are solved using a script written in Matlab software. 

8. Examine experimentally and numerically the effects of multi-pass configurations on the 

thermal and hydrodynamic performance of solar air collectors. This examination is used 

to ensure the accuracy of CFD solutions. 

9. Examine experimentally the effect of staggered and in-line arrangements of extended 

surfaces to ascertain the optimum arrangement to be used in subsequent models. 

10. The optimisation strategy is applied to design the best thermal, electrical and 

hydrodynamic PV/T air design among five models using the following steps: 

a) Careful selection for design parameters. 

b) Applying parametric study for five PV/T configurations.  

c)  The best PV/T air configuration in point (b) is employed in the optimisation 

process to maximise both thermal and electrical efficiencies and minimise the 

fan power consumption. 

11. The optimisation model is integrated with offset strip fin in staggered arrangements 

to evaluate thermal and electrical performance using the optimal design parameters 

in point 10. 

 

The specific contributions of this thesis can be summarised as: 

1. Reduction in the computational time of CFD models using appropriate assumptions 

(Chapter 5). 

2. Evaluate an accurate PV panel temperature for standard model without active cooling 

(model 1) using implicit mathematical model and steady -state and dynamic CFD models. 

Also, in this evaluation, include different criteria and conditions that have not been 

studied intensively (Chapter 6). 

3. Examine the thermal performance of multipass solar air heater model including the 

recycle aluminium cans (RAC) with one pass double duct which has never been used 

before (Chapter 7). 

4. Design optimisation of PV/T air collector (double pass double duct) model has never 

been achieved before, specifically using CFD modelling (Chapter 8). 
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5. Investigate the use the off-set strip fins with optimal design (model) in staggered 

arrangements (Chapter 8). 

6. The use of precooled air from the building (exhausting air) instead of using ambient air 

particularly in extreme weather conditions can be considered the most significant 

contribution in this work, which has never exploited this technique with this type of 

design (Chapter 8). 

7. Comparison between analytical, numerical and CFD models could contribute to 

enhancing the accuracy of the solution (Chapter 5). 

8. Develop a novel mathematical model to estimate the free convective heat transfer 

coefficient and air gap temperature in the enclosure (Chapter 4). 

 

This thesis consists of nine chapters. An overview of photovoltaic, solar thermal and 

photovoltaic/thermal (PV/T) systems is presented in Chapter 2. This includes various 

categories of PV and PV/T systems. For each category, the basic concepts, advantages and 

limitations are discussed. The motivation of the thesis is built upon the findings of this 

chapter.  

In Chapter 3, the mathematical formulation for two PV/T air collectors are first derived 

using simple heat balance technique. The first model is a single duct single pass (unglazed) 

PV/T air collector (model 2) while the second one is similar to model 2 but glazed (model 

3). Two methods are used to solve the heat balance equations. The methods are semi-

analytical and Predictor-Corrector methods. After that, the heat transfer and fluid flow 

equations are presented. These equations are used to estimate the heat losses and 

convective heat transfer coefficients to solve the heat balance equations of models 2 and 3. 

Mathematical formulation is then carried out to examine the free convection in the 

enclosure using different approaches, such as empirical and CFD approaches. While in 

Chapter 4, the CFD methodology used to solve the proposed PV/T air systems using 

COMSOL Multiphysics, including the mesh generation, comparison between two mesh 

types, assumptions and boundary conditions. Also, the methods used to reduce computation 

time are introduced. Finally, the validation and verification of different models are carried 

out in this chapter.  

In Chapter 5, the performance evaluation of standard PV module using different approaches, 

including mathematical and numerical models is performed. The seasonal weather 

conditions, including incident solar radiation and ambient temperature are estimated and 
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validated. The numerical results are validated with experimental observations and verified 

with the current mathematical model. In Chapter 6, the numerical and experimental 

methods are used to examine the performance of the multi-pass solar air heaters (SAH) with 

and without turbulators. The CFD model has been developed using COMSOL Multiphysics 

v5.3a software to examine the thermal performance of three types of SAH (models A, B and 

C). The experimental measurement is conducted for the validation of model C. based on this 

examination, model C is chosen and has three design modifications, namely, model C-I, 

model C-II and model C-III for evaluating the different arrangements of this turbulators. The 

evaluation of PV/T air systems is conducted in Chapter 7. This evaluation is based on CFD 

design optimization of multi-pass PV/T air systems to investigate the optimum PV/T design. 

This optimization studies the significance of the temperature operating conditions at low 

and high temperatures in the geographical regions. After that, the examination of the best 

optimum model is coupling with off-set strip fins in staggered arrangements. The thesis 

findings are summarised in Chapter 8. Outlook resulting from this study and offers of 

recommendations for future work are also presented in this chapter. 
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CHAPTER 2 LITERATURE REVIEW 

 

 

Solar panels are amongst key innovations in renewable energy research during the last 

century [2]. Charles Fritts was the first researcher to create a PV cell in 1883 with up to 1% 

electrical efficiency [2]. Modern-day solar cell efficiencies reach 22%.  

In recent years, there has been increasing interest in using solar PV systems [3], see 

Fig. 2.1. It is clear from the figure that the use of PV technology in the UK rose significantly 

between 2011 and 2014, where installed capacity has approximately doubled each year. 

Before 2000, the installed capacity was virtually non-existent, owing to the relatively low 

efficiency and prohibitively high cost. One reason for the low efficiency was owing to the PV 

cells being operated at a temperature above the design or standard conditions (STC). 

 
 

  
Fig. 2.1. Electricity generation capacity of renewable energy plant since 2000 [3]. 

 
 

In this chapter, a comprehensive review of PV and PV/thermal (PV/T) systems are 

presented. This includes various categories of PV and PV/T systems. For each type of PV/T 

system, the basic concepts, design, cooling techniques, applications, advantages and 

limitations of PV/T are discussed. The comparison between different PV/T types under the 
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same conditions is presented. After that, the emphasis on PV/T air collectors by reviewing 

the early work of PV/T air collector. In addition, the design parameters affecting the 

performance of PV/T are reviewed. Then, approaches that can be typically used to solve 

heat transfer problems are detailed. Furthermore, each category is discussed in detail as 

sub-sections using available published literature. Thus the motivation of this research is 

built on the findings of this chapter. 

 

Solar panels are formed of photovoltaic cells. Simply broken down “Photo” implies light and 

“voltaic” relates to the production of electricity. Photovoltaic technology enables the 

production of electricity using light. PV cells typically consist of two layers of 

semiconductors. The layers are P-type semiconductor which has available electron-holes 

(+), and the N-type semiconductor has free electrons (-). When the two semiconductors are 

placed back-to-back, a potential difference is created in a region called the P-N junction. 

When the insolation or light falls on the semiconductor, the electric field across the junction 

between these two layers causes current to flow (see Fig. 2.2). The electricity created is 

multiplied by a number of cells to build panel or module. PV array comprises a number of 

panels, and each panel almost consists of six layers, as shown in Fig. 2.3 [4]. In the next 

section, the examination of different PV cell types is discussed, including the temperature 

coefficient and cell efficiency. Based on this examination, the PV cell type is chosen to 

integrate with PV/T systems in this study. 
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Fig. 2.2. Schematic diagram of the principle of PV cells. 
 
 

 
 

Fig. 2.3. Schematic of the standard PV module [4]. 
 

 

 

In the last three decades, there has been a rapid improvement in the field of solar PV 

technology. Many sorts of PV panels are available today. In this section, the general 

overview of the current types of PV panels is considered. The PV systems can be classified 

into four groups based on the type of material [5], as presented in Fig. 2.4. 
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Fig. 2.4. Classification of photovoltaic technologies. 

 
 

In this study, the emphasis is given to crystalline silicon cells because its temperature 

coefficients are higher than other types, see Table 2.1. For example, the c-Si and pc-Si, the 

electrical efficiencies are decreased by about 0.45 % C-1 while the a-Si, the electrical 

efficiency decreases about 0.25 % °C-1. According to this, it is valuable to find a way to 

improve the Si cell efficiency by reducing the PV cell temperature, which is the bulk of the 

attention in this study. 

Table 2.1. Temperature coefficient of the maximum output power for a different type of 
solar cell types [6, 7]. 

cell type c-Si c-Si c-Si pc-Si pc-Si CIS CdTe 

% °C-1 -0.469 -0.388 -0.427 -0.401 -0.431 -0.484 -0.035 
        
        

 

These can be divided into two main types. These types are as follows:  

 

Polycrystalline silicon, also called polysilicon or pc-Si or multi-crystalline silicon as well, or 

m-Si for short. The poly-Si PV is relatively cheaper product than monocrystalline silicon; 

owing to more straightforward manufacturing process required (see Fig. 2.5a). They are 

with average efficiencies about 18.5 % ± 0.4 [5, 8]. 

 

It is also called single-crystal silicon, or c-Si for short. Mono c-Si cells are made from pure 

monocrystalline Silicon. The principal advantage is that it has relatively high efficiency. This 

efficiency is typically around 22.9 ± 0.6 [8]. However, the manufacturing process of these 
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cells needs to be more complicated compared with other technologies such as 

polycrystalline silicon cells; resulting slightly in a higher cost in comparison to others. 

Moreover, C-Si has a higher temperature coefficient, and its efficiency drops to about  

0.45% C-1, which means that the efficiency drops with higher temperatures more than 

polycrystalline silicon [5-8] (see Fig. 2.5b).  

 

The thin-film technology with the most significant potential for efficiency improvement and, 

concerning Building-Integrated Photovoltaics (BIPV), offers attractive fields of future 

application [9]. Thin-film cells can be divided into four categories: Cadmium Telluride 

(CdTe), Amorphous Silicon (a-Si), Microcrystalline Silicon layer above the amorphous layer 

(a-Si/µ-Si) and Copper Indium Gallium Selenide (CIGS) (see Fig. 2.5c) [9]. The efficiency is 

typically around 11.0% [10]. The temperature coefficient is lower than  

pc-Si and c-Si. 

 

Concentrator photovoltaics (CPV) is a photovoltaic technology that produces electricity 

from sunlight. In contrast to traditional PVs, it utilises lenses and curved mirrors to 

concentrate insolation onto small, but highly efficient [11]. Two main types of CPV are high 

concentrator photovoltaics (HCPV) and low concentration PV (LCPV) [12]. This kind of solar 

technology can be thus used in smaller areas. 

 

Third-generation photovoltaic cells are solar cells that are potentially able to overcome 

the Shockley–Queisser (SQ) limit of 31–41% power efficiency for single bandgap solar cells. 

SQ limit refers to “the maximum theoretical efficiency of a solar cell using a P-N junction to 

collect power from the cell” [13]. Dye-Sensitised Solar Cells (DSSC), Organic solar cell (OPV) 

and Quantum dots are the main types of third-generation PVs. 

 
 

https://en.wikipedia.org/wiki/Solar_cell
https://en.wikipedia.org/wiki/Shockley%E2%80%93Queisser_limit
https://en.wikipedia.org/wiki/Bandgap
https://en.wikipedia.org/wiki/Solar_cell
https://en.wikipedia.org/wiki/P-n_junction
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Fig. 2.5. Types of PV modules, in (a) Mono c-Si, (b) Poly-Si and (c) Thin-film [14]. 

 
 

According to Ling et al. [15], the maximum output power of PV modules under 1000 W m-2 

declined from 240 to 196 W when the temperature increase from 0 to 75 °C. It is usually 

assumed that when the PV module temperature is above 25 C, the efficiency of crystalline 

silicon drops by roughly 0.4–0.65 % [16, 17]. The utilising of the PV/T technology is used to 

maintain the temperature at an optimal range [18, 19].  

Before proceeding to review the hybrid PV/T systems, in the next sections, firstly the 

examination of main methods that are used to assess the performance of standard PV 

module without active cooling which is subjected to ambient conditions (Section 2.4). 

Secondly, solar thermal air collectors are discussed, including the effect of multipass 

configurations and extended surfaces to the best of our knowledge (Section 2.5). 

 

The temperature of the PV module is the main parameter influencing PV efficiency. Increase 

the temperature of the PV module more than the standard conditions (STC, 1000 W m-2 and 

25 °C) leads to a reduction in PV efficiency. This reduction can be attributed to a decline in 

the open-circuit voltage despite a slight increase in open-circuit current [20]. For a free-

standing PV module (FSPM), in which the PV module is subjected to ambient conditions 

without active cooling, such as in a crystalline PV system, the increase in temperature is 

about 1.8 C for every 100 W m-2. For every 1 C rise in temperature, the power yield 

decreases by around 0.5% [21]. Overheating may also cause damage to adhesive seals, 

delamination and non-homogeneous temperatures (hot spots)[22].  

(a) (b) (c)
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Prediction of PV cell temperature of FSPM (𝑇𝑚𝑝𝑣) is essential, because this is the main 

parameter in Eq. 2.1used to estimate the performance of the module [19, 23-29].  

  
𝜂𝑃𝑉 = 𝜂ref [1  𝛽ref ( 𝑇𝑚𝑝𝑣  𝑇ref)], Eq. 2.1 

  

where 𝜂ref is reference efficiency and 𝛽ref is the temperature coefficient of power (K-1) and 

these are provided by the P  manufacturer at STC. This predictive equation can also be used 

as a reference system PV/Ref (base data) to compare with the hybrid PV/T performance.  

However, STC rarely occurs in real outdoor conditions. To study behaviour under real 

conditions, experimental work can be employed. However, limitations of this method are 

that it can be complex and time-consuming particularly when undertaking for an entire 

year. Nevertheless, experimental work is indispensable for validation purposes. 

Mathematical and CFD modelling methods are therefore considered in this study, since they 

are affordable, feasible and less complex than experimental work. A considerable amount 

of literature has been published to estimate the PV cell/module temperature using these 

methods [30-47].  

In terms of mathematical methods, explicit and implicit numerical methods are presented 

here. In the explicit method, the direct solution for the dependent variable can be directly 

calculated using known variables. Numerous studies have attempted to formulate the PV 

cell temperature using this method, a list of explicit methods were reviewed by Skoplaki 

and Palyvos [30] to estimate the PV temperature. As an example from this list, Ingersoll [48] 

theoretically developed an expression to estimate module temperature under steady state 

conditions. The results indicated that even though the measured data used in the validation 

was relatively limited, a good agreement has been found under wind speed of 1 m s-1. 

However, the main weakness of this study is that it does not consider the heat transfer 

which takes place in the various layers of the PV module. Another example, King et al. [49] 

provided new testing approaches for characterising the electrical performance of PV panels 

and arrays. The authors’ utilise these tests to estimate the cell/ module temperature. 

However, this correlation does not capture some parameters such as the effect of mounting 

configuration, wind direction, thermal radiation and the analysis of heat transfer modes.  

The implicit method is used if the dependent variables are specified by involving the 

unknown variable, in the left and right sides of the sets of equations. The solution, in this 

case, needs an iterative technique, which increases complexity, but is more accurate. A list 

of implicit methods was also given in Skoplaki and Palyvos [30]. For example, a simple 

energy balance on a unit area of a PV module is employed to implicitly predict the 
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temperature of the PV module [6]. The correlation is a function of local wind and ambient 

weather including insolation and ambient temperature under real and Nominal Operating 

Conditions (NOCT). These conditions occur when solar radiation of 800 W m-2, ambient 

temperature of 20C, tilt angle of 45, wind speed of 1 m s-1 and zero electrical load [30, 33]. 

In design practice, the local wind speed varies and is seldom known with any certainty. 

Therefore, if the actual mounting is not the same as the one used in the nominal operating 

cell temperature test (𝑇NOCT), then estimates given by [50] are likely to be inaccurate. Also, 

a major problem with this kind of method is that the authors do not consider the influence 

of the multiple layers of the PV module. 

Other methods are based on empirical correlations [51-53]. These correlations are 

functions of the ambient temperature (𝑇𝑎𝑚𝑏), type of semiconductor material and incident 

solar radiation (𝐺). For example, Lasnier [52] created a formula, which is used for standard 

polycrystalline silicon (pc-Si) PV cell. Kalogirou and Tripanagnostopoulos [53] developed 

an expression for amorphous silicon (a-Si) PV cell. It should be noted that some parameters 

are not captured in these correlations such as wind effect and the heat loss coefficient. In 

terms of CFD modelling, several studies have been carried out to evaluate the PV panel 

performance as reported in [21, 31-33, 54-61]. 

 

In contrast to PV technology, solar thermal systems do not produce electricity. Instead, they 

absorb solar radiation and produce heat. Solar air heaters (SAH) have been utilised in many 

industrial and domestic applications; for example, space heating and in drying processes for 

agricultural products, herbal medicines, and clothing [62, 63]. The performance of a SAH is 

influenced by the collector geometry (depth flow and length of collector), type of absorber 

surface (colour, roughness and material), glass cover plate (thickness, material and 

transparency) [64], and kind of flow regime (turbulent or laminar) [65-69]. Increasing the 

heat transfer rate of the SAH can be achieved by either increasing the absorber surface area 

or increasing the airflow [70]. While the latter will increase the heat transfer losses to the 

surroundings [71], they will also increase the pressure drop across the collector. A 

compromise approach is to use heat transfer augmentation techniques to the flat plate solar 

air collector, such as introducing turbulators into the air channel duct [72]. 

Many attempts were made to improve the performance of a double pass solar air heater by 

integration with extended surfaces (obstacles, fins, or turbulators) [73-75]. For example, 

some attempts were made to cause air turbulence in the channels using baffles or ribs [76-
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78]. The presence of obstacles in the air channels had significant enhancement of the 

convective [79-82] heat transfers. This was attributed to the increase of heat transfer 

surface area along with the airflow around the fin absorbing plates. In [83], a double pass 

SAH with a thermal storage system was investigated, where paraffin wax was used as a 

thermal storage medium, resulting in higher thermal efficiency. Karwa and Srivastava [84] 

presented a comparison between the thermal efficiencies of a roughened and smooth duct 

SAH. It was found that the roughness on the airflow side of the absorber plate improved the 

thermal performance of the SAH by 26% higher than that of a smooth duct air heater, with 

the highest gain found at the lowest mass flux of 0.01 kg s-1 m-2. 

In [85] a single pass SAH design was presented for improving the thermal efficiency of the 

system by increasing the solar intensity and flowrate and created maximum efficiencies of 

40.02% and 51.50% for the flowrates 0.012 and 0.016 kg s-1, respectively. Paraschiv et al. 

[86] tested various configurations of the absorber and airflow rates through the collector. 

They found that thermal efficiency increased with greater airflow rate and solar radiation. 

The average thermal efficiencies for typical airflow rates 0.025 and 0.045 kg s-1 were 47% 

and 63%, respectively. Chabane et al. [87] experimentally investigated the effect of 

longitudinally arranged fins on the thermal performance of a single pass SAH. The thermal 

efficiency was studied at two airflow rates, 0.012 and 0.016 kg s-1, giving maximum 

efficiencies of 51.50% and 43.94%, respectively. Tyagi et al. [88] experimentally evaluated 

the performance of a flat plate SAH subject to various flow pathways (over flow, under flow 

and double pass) at different airflow rates of 0.014, 0.0279 and 0.042 kg s-1. For a double 

pass flow pattern at high flowrates, a higher thermal efficiency and heat gain by air were 

recorded, compared with the other two flow patterns.  

In [89], a new approach was introduced for a SAH with conical springs placed on the 

absorber plate for airflow rates of 0.06 and 0.07 kg s-1. The maximum thermal efficiencies 

attained were 50.4 and 65.9%, respectively, for both Type I (without conical springs) and 

Type II (with conical springs). The conical springs worked as turbulators, contributing to 

the heat transfer enhancement for Type II compared to Type I. Ramani et al. [90] carried 

out experimental and theoretical studies to analyse the effect of a double pass SAH with and 

without a porous material. The findings of this study revealed that the thermal efficiency of 

the system with a porous medium is up to 25% higher than that of the same system without 

the porous medium, and up to 35% higher than that of the system using a single pass solar 

air collector. Further studies used an extended surface area (ribs or a wavy configuration) 

with different arrangements positioned under the absorber for heat transfer enhancement 

[91, 92]. 
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The comprehensive study of Alvarez et al. [93] was the first of its type for utilizing recycled 

aluminium cans (RAC). A comparison was made among six configurations of solar air 

systems, where RAC showed the highest efficiency [94-98]. Ozgen et al. [99] experimentally 

investigated the performance of a double pass solar air collector using RAC with different 

arrangements, namely: flat (without cans), corrugated (staggered) pattern and longitudinal. 

The authors found that the corrugated arrangement had the optimum performance among 

all collectors at airflow rate of 0.05 kg s-1. Based on the latter study, Esen et al. [100] 

modelled the performance of a double pass solar air collector including RAC using 

dimensionless methods, called ‘artificial neural network’ and ‘wavelet neural network’ 

models, with fairly consistent findings [99]. It can be concluded that the thermal efficiency 

of multipass solar air heater is generally improved compared to the single pass, which is 

attributed to increasing the surface area without adding extra costs. In particular, the 

thermal performance of a single duct double pass solar air heater (U-flow shape) shows 

higher efficiency than other multi-pass types [101], particularly with staggered finned 

arrangements [102]. 

To the best of our knowledge, only limited studies are available in the literature for the 

impact of RAC on the SAH performance. Also, the influence of RAC with a single duct double 

pass solar air collector (U-flow shape) on the system performance has not been given 

enough attention in the past, which has motivated this study. Thus, the current study is 

focused on the impact of increasing turbulence in the airflow on the thermal performance 

of a single duct double pass solar air collector (U-flow shape) using RAC as air-flow 

obstacles. 

 

PV/T system is a solar thermal collector which allows producing heat as well as electricity 

simultaneously. The main purpose of using PV/T is to collect waste energy from the PV 

module and to reduce the PV cell temperature. The waste heat can be utilised for many 

applications. For example, Fig. 2.6 shows a solar PV/T water collector, placed beside to a 

commercially available solar thermal collector and a solar photovoltaic module. The solar 

PV/T collector combines the solar thermal and solar photovoltaic technology in a single 

unit, thereby producing overall higher efficiency with less roof-space [18]. Thus, the main 

function of PV/T system is to keep the temperature of PV panel in the range of optimal 

conditions which in turn, retain the electrical efficiency an acceptable level [103, 104]. It is 

worth mentioning that the solar cells can withstand temperatures around 220 C [105]. The 

PV panel is therefore considered as a good thermal absorber plate. 
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Fig. 2.6. Flat plate PV/T water collector with the same sized separate flat plate water 
heater and PV module [18]. 

 
 

Several techniques of PV/T systems can be used to reduce the PV panel temperature. Each 

technique has different applications, advantages, drawbacks and range of delivery 

temperatures. It is crucial to assess the significance of each type of PV/T system in terms of 

cooling capability. For example, Farahat [106] implemented experimental tests to evaluate 

the cooling capability of two techniques for concentrator PV cells using water and heat pipe 

cooling. This comparison examined the significance of real cell temperature on the 

performance of PV cells by monitoring the electrical characteristics of PV cells when both 

cooling techniques are working at the same time and conditions. The results revealed that 

the impact of temperature on the open-circuit voltage, which tends to drop, whereas the 

short circuit current increased slightly with the rise in temperature. A comparison of the 

annual yield of different configurations also reported that reducing the temperature of PV 

cells provided a more reliable thermal performance when heat pipe cooling is applied [106]. 

Comparatively, in the case of a standard PV panel where the PV module subject to ambient 

conditions without active cooling, the increase in temperature will be 1.8 C for every  

100 W m-2 consequently, the range of PV panel efficiency could be only 8 to 9% [21]. 

Concerning the PV module, which is actively cooled, then the module temperature increases 

only 1.4 C for every 100 W m-2, leading to an increase in efficiency between 12% and 14%. 

This increases the complexity and cost of the completed product. 

Nevertheless, the energy payback period and the annual energy output per unit area have 

substantial improvement [21]. For a moderate insolation value 749 W m-2, and an ambient 



 

- 18 - 

 

temperature of 8 to 9 C, the average cell temperature was reduced from 52 C to 18 C, by 

cooling with cold water at 10 C to 12 C [107]. Another example, P /  air system is usually 

used because it is less weight and design requirements and also affordable. However, the 

more effective is the PV/T water method because the heat capacity and density of water are 

thousandfold greater magnitude [18, 62, 108]. 

The general merits of PV/T systems can be listed as [109-113]:  

1. Dual-use: the hybrid (combined) system can be used to generate electricity and heat 

power. 

2. Efficient and practical: the overall efficiency is always higher than utilising two separate 

systems and is especially desired in building coupled P  (B P ) when roof-panel spacing 

is finite. 

3. Widespread application: the heat generated can be employed both for heating and 

cooling (desiccant cooling) applications which depend on of the season and substantially 

being convenient for domestic applications. 

4. Affordable and flexible: it can be modified/installed to building without the need for any 

amendments. This leads to reducing the payback period. As an example, an investigation 

has been carried out in an Italian climate proving that the payback time for P /  

collectors is significantly lower than for individual systems [112, 114, 115].  

5. Owing to the fact that merely one type of system has to be installed instead of two, a 

reduction of installation costs is possible [116]. Although the combined PV/T system 

reduces the overall efficiency because of the high solar reflectance and high infrared 

emission, this system saves area in roof building as well as increase the overall energy 

efficiency [18, 107, 117, 118].  

Moreover, the comparison showed that the reduced thermal efficiency of the PV/T system 

was also attributed to [107].  

 The available solar energy reduced by the fraction converted to electricity by the P  

cells. 

  Lower optical absorption of P  compared to the black thermal absorber. 

  Increased heat transfer resistance introduced between the cell and absorber [18]. 

 

PV/T systems can be categorised basically on two main aspects. The first aspect is the 

structure, and the second aspect is heat removal fluid (HRF). In terms of structure, the units 

could be subdivided as a flat plate, concentrated and building integrated types. According 
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to the HRF, the PV/T systems can be classified as air, water, refrigerant and heat-pipe [119]. 

The classification of PV/T systems depend on the HRF is discussed in the next section, as 

shown in Fig. 2.7.  

 

PV/T air collectors are similar to solar air collectors except that the thermal absorber plate 

is replaced with a solar PV module, as shown in Fig. 2.8. The use of PV/T air collectors can 

deliver different ranges of temperature through using either forced or natural technique  

30-55 C [62, 120-122]. Also, better thermal performance can offer with forced circulation 

than natural ones since it can enhance the convective and conductive heat transfer. 

However, fan power consumption decreases the net electricity output [123]. PV/T air 

system is not convenient and efficient if the environment temperature is above 20 C 

because air could not work as a coolant but as heater and the temperature of PV panel will 

increase significantly [18, 53, 124]. Different design concepts have been demonstrated by 

researchers concerning air flow patterns, glazed and unglazed to attain high efficiency of PV 

modules (Fig. 2.9)[24, 27, 119, 120, 125, 126].  
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Fig. 2.7. Classification of the PV/T systems adapted from [127]. 
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Fig. 2.8. Common parts of the flat plate PV/T collector. 
 
 

 

Fig. 2.9. Cross-sections of PV/T air systems, (a) Unglazed PV/T air collector, (b) Single 
glazed PV/T air collector, (c) Double glazed PV/T air collector, (d) Glazed PV/T air 
collector double pass, inferred from [119, 122, 128]. 

 
 

 

In comparison with P /  water systems. It can be highlighted a number of significant points 

as presented below [112, 129]:  
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1. The corrosion problems are serious in solar water heaters while are virtually non-

existent with a solar air heater. 

2. The leakage of air from the ducts or the heater connection does not present a serious 

problem. 

3. No chemicals for antifreeze are needed, and in case of damage, they do not cause a 

significant loss for the building. 

4. The complexity and weight are considered less than other systems such as water and 

refrigerant PV/T systems. This reduces the inherently high cost of systems if solar 

collectors are integrated into a building structure. 

Besides the advantages of the solar air systems, the following limitations can be considered 

and should be carefully studied [62, 108, 111, 130, 131]: 

1. Air has minimal heat capacity (𝜌 𝑐𝑝) in comparison with water (air ≅ 1.044 kJ m-3 K-1, 

water ≅ 4200 kJ m-3 K-1) [132]. 

2. It has a relatively high power requirement and, without accurate design, the duct costs 

can also be high.  

3. Storage of energy with solar air heating systems faces problems that are different from 

the storage of solar water heating  

4. The cost of maintenance and noise levels are higher than natural systems 

5. In low latitude regions such as Thailand, Laos, Vietnam and Indonesia with latitude 

between the range of 15 – 23 N, the use of P /  air collectors in terms of effective 

electrical production is limited as the temperature is more than 20 °C during six months 

of a year. In contrast to the UK with latitude 50 – 57 N and ambient air temperature of 

6 – 19 C making the use effective. However, the intensity of solar radiation values is low 

such as UK [133] (The UK's annual insolation is in the range of 750–1100 kWh m-2). 

 

PV/T water module is a solar water collector with a new PV layer installed on the top of 

water heat exchanger utilising either naturally (thermosyphon operation or gravity-

assisted circulation) or mechanically (gravity-circulation pumps). Fig. 2.10 presents the 

main types and components of the PV/T water. A wealth research has been achieved in 

different designs of the PV/T waters [116]. These systems are recognised from each other 

by differing piping systems (sheet and tube or channels), type of absorbers and number of 

glass covers. 
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Fig. 2.10. Types of water PV/T collectors adapted [110, 116, 119]. 
 
 

 

It can be listed some advantages and disadvantage of water PV/T system, as shown below: 

in term of advantages [111, 119, 120, 126, 134]: 

 PV thermal water produces comparatively high heat transfer coefficients than natural 

and forced circulation of air operation. 

 Higher mass flow rates compared to natural and forced circulation of air. 

 Higher thermal conductivity and heat capacity of water compared to air. 

 Higher temperature reduction. 

 PV/T water collectors provide lower temperature fluctuations compared to PV/T air 

system making them more advantageous since this fluctuation offers unequal surface 

temperature distribution leading to an extra drop in electrical efficiency of PV panel 

[135]. 

Along with the advantages of the P  thermal water, the following can be regarded as 

drawbacks and should be considerably studied:  

 Higher initial cost due to pumps and complexity in fabrication.  

 Higher maintenance cost compared to forced air circulation. 

 Higher electricity consumption compared to forced air circulation  

 Leakage and pressurisation issues. 
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In recent years, refrigerant-based PV/T heat pump systems have been investigated 

considerably [119] and have become a promising technology. The typical PV/T collector 

based refrigerant uses a PV/T evaporator in PV/T solar-assisted heat pumps (PV/T SAHP) 

as shown in which consists of four main parts as presented below: 

 Compressor.  

 Condenser. 

 Evaporator. 

 Refrigerant (coolant).  

 

 
 

Fig. 2.11. Schematic diagram of the PV solar-assisted heat pump [136]. 
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The basic concept is that the PV panel serves as an evaporator, where the coolant 

(refrigerant) absorbs thermal energy from incident solar radiation [137-139]. Also, the 

evaporator refrigeration effect is used to cool the solar cells, thus enhancing the 

performance of the PV panel. In addition, the portion of incident solar radiation is converted 

into electric energy by the photovoltaic effect. While, the remainder of insolation could be 

absorbed by the refrigerant fluid, which in turn increases the values of pressure and 

temperature of the coolant during the day leading to enhancement of the heat pump 

performance. Another function of the PV panel is to protect the evaporator from frosting at 

low-temperature climate. 

The electrical power generated from photovoltaic units can supply to a compression vapour 

cycle machine achieving a direct conversion of sunlight into direct current [140]. The PV 

system is most appropriate for small capacity refrigeration plants used for food or medical 

applications in areas far from conventional energy sources [141], where a high level of solar 

radiation is present. 

 

The devices that merge the principles of both thermal conductivity and phase transition are 

called heat pipes. A standard heat pipe is shown in Fig. 2.12 and Fig. 2.13. Heat pipes offer 

an excellent solution for heat removal and transmission. The fundamental of design consists 

of two ends, the first one working as a thermal energy collector and the other end as a 

thermal energy discharger [120, 142]. Heat pipes consist of three sections [111, 143]. 

 The evaporated section (evaporator). 

 The adiabatic section. 

 The condensed section (condenser). 
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Fig. 2.12. Side view of conventional heat pipes adapted from [144]. 

 
 

Fig. 2.13. Cross-section of a conventional heat pipe [145]. 
 
 

Heat pipes have been regarded for thermal management (electronic) applications 

specifically in a personal computer (PC) and PV technology. This is owing to the fact that 

heat pipes technique provides uniform temperature distribution, which, in turn, efficiently 

enhances the performance of PV cells [120, 144]. Avoidance of freezing that thermosyphon 

tube can also face from in higher latitudes, in addition to resistance to corrosion.  

An example was patented by Zhao [146], this model consists of a PV layer and a flat plate 

heat pipe, including various microchannel arrays serving as the evaporation part of the heat 
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pipes. The other end of the heat pipe is the condensation part, which releases heat to the 

passing fluid, and the fluid within the section is condensed owing to the heat discharge 

[146]. The results revealed that the flat-plate design is more efficient owing to the excellent 

thermal contact between the PV panel and heat extraction devices, which results in a 

smaller thermal resistance and higher overall solar conversion efficiency. In this way, the 

PV efficiency could increase by 15–30% compared to the standard PVs if its surface 

temperature is regulated to around (40–50 C). The overall solar conversion efficiency of 

the module was approximately 40% [146]. However, the design of efficient heat pipes 

requires a careful choice of container material, working fluid, and wick structure [120]. 

 

Phase change materials (PCMs) latent heat storage can be obtained via four modes: liquid 

to solid, solid-to-liquid, solid to gas and liquid-to-gas phase change. However, only the solid-

to-liquid change mode can be applied practically. Liquid to gas phase changes is unfeasible 

for use as thermal storage as the large volumes or high pressures needed when they are in 

the gas phase. Another example, liquid-to-gas changes has a higher heat of conversion than 

solid to liquid transitions. Finally, solid to solid phase mode is characteristically very slow 

and have a relatively low heat of conversion [147]. 

At first, the solid-to-liquid PCMs work as sensible heat storage (SHS) materials; absorbing 

heat will lead to an increase in temperature. Unlike typical SHS, however, when PCMs reach 

the temperature at which they change phase (melting points), they absorb considerable 

quantities of heat at an almost constant temperature. The PCM continues to absorb heat 

without a significant rise in temperature until all the material is transformed into the liquid 

phase (Fig. 2.14) [148].  
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Fig. 2.14. Working of PCM adapted from [149] 
 
 

Principally, to secure active and uniform cooling for P  systems and thermal management 

technologies, the following requirements should be taken into account [15, 150]. 

 Phase change temperature (PCT) (melting points) falling within the optimal range of 

standard operating temperature for PV thermal management technologies. Large latent 

heat, specific heat and thermal conductivity.  

 Low volume expansion and low/no supercooling during freezing. 

 Non-poisonous, non-corrosive, non-flammable, non-explosive and chemically stable.  

 Low cost. 

The main advantages of using this type of method are that [15, 120, 134, 142]: 

 Higher heat transfer rates compared to both forced air circulation and forced water 

circulation. 

 Higher heat absorption due to latent heating. 

 Uniform cooling. 

 Do not need a fan or pump in the case of the passive system while active cooling works 

to reduce the fan or pump consumption [15]. 

 Passive heat exchange.  

 No maintenance cost. 

The most common drawbacks of this method are that: 

 High P Ms cost. 

PCM

PCM

When environmental temperature falls:

PCM becomes liquid as it absorbs 
excessive heat from PV module

PV module
temperature rises:

Helps in keeping 
PV module temperature

When environmental temperature rises:

PCM becomes solid as it releases
excessive heat from PV module

PV module
temperature falls:

Helps in keeping 
PV module temperature



 

- 29 - 

 

 Some P Ms are toxic. 

 Some P Ms have fire safety concerns. 

 Some P Ms are strongly corrosive.  

 PCMs may have a disposal problem after their life cycle is complete. 

 Low thermal conductivity. 

 

A specific comparison was made for four different types of PV/T systems by Zhang et al. 

[119] in terms of their technical characteristics, as demonstrated in Table 2.2. However, this 

comparison does not discuss PCM systems. The cooling methods are listed as follows:  

1. PV/T air collectors.  

2. PV/T water collectors.  

3. Solar assisted heat pump (PV-SAHP). 

4. Heat-pipe-based PV/T. 

Four criteria are considered in this comparison, application, average efficiency, heat 

capacity and uniform cooling effect. 

The combined efficiency for these types was evaluated based on the similar external 

conditions such as solar/weather conditions (i.e. typical weather condition on 22nd 

December in mid-east area of UK) and operational conditions (i.e. 0.01 kg m-2 s-1 of mass 

flow rate, 10% of initial PV efficiency). The models used in this comparison as follows:  

 Indoor-simulator (IS) model for PV/T air design [151]. 

 Integrated PV/T system (IPVTS) model for PV/T water design [152]. 

 PV solar assisted heat pump (PV-SAHP) model for refrigerant-based PV/T [153]. 

 PV/ flat-plate heat pipe (PV/FPHP) model for heat-pipe-based PV/T [153]. 

It is thought that the PV/T air/water systems are more reliable and economical and 

therefore, considered to be more workable systems for the application. However, 

conventional thermal management technologies that use air or water are restricted because 

they have relatively low heat transfer coefficients. Thus, there is a PV temperature gradient 

(non-homogenous of temperature distribution) compared with PCMs and heat pipes 

circulation medium methods. Also, they have comparatively high capital and maintenance 

cost and intricacy of equipment. Moreover, Active forced air/water cooling need blowers or 

pumps and heat sinks, which may make the system complex and impractical [153]. 
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The PV-SAHP systems have the advantage of lower working temperature and a more stable 

system which could considerably enhance the system’s solar conversion efficiency. 

Whereas a heat pipe photovoltaic/thermal hybrid system can obtain heat from PV cells 

instantly and if the working temperature of the heat pipe fluid can be efficiently managed, 

the solar efficiency of the system could be significantly improved. While PCM principally 

using latent heat storage has seen much applications in thermal management technologies 

such as semiconductor chips. Yin et al. [154] set up PCM heat storage at the condensation 

section of the two heat pipes. In addition, compared with the conventional heatsink without 

PCM, the combination between a heatsink with PCM was capable of diminishing the peak 

temperature of the chip and improving the heat dissipation rate by 1.36–2.98 times [154]. 

Regarding applications of PV/T collectors, PV/T water system consumes 39%, and PV/T air 

design consumes 45%. The remaining types of PV/T collectors such as solar cooling (7%), 

industrial heating (6%), drying (3%) and pool heating (0.2%) [18]. The proportion 

aforementioned is based on mainly in the residential area with low energy (LEH) and high 

solar fraction SF houses, where PV/T can be coupled with a heat pump and multi-family 

buildings, with a restricted available roof area [18].  

To conclude, these five techniques have their drawbacks that are identified in each 

associated sections. As referred to in earlier sections, there are various types of PV/T 

systems, including these materials, but more emphasis will be placed on PV/T air collectors 

in Section 2.8 Accordingly, this type is considered in more detail as it is the focus of this 

research work. 
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Table 2.2. Characteristics comparison of different circulation medium methods [119]. 
PV/T type Average efficiency (%) Advantage Disadvantage 

PV/T air collector 24–47 Low cost Low heat capacity 
  Plain design and construction large air volume 
   Poor thermal removal performance 
   High heat loss 
   Non- uniform temperature distribution 

PV/T water collector 33–59 Relatively low cost Still-high PV temperature 
  Direct contribution Non- uniformity temperature distribution 
  High thermal capacitance Relatively complicated design 
  Low flow volume Possible piping freezing 

PV/T refrigerant collector 56–74 High reduction in PV temperature Leakage problem 

  Performance stability Unbalanced liquid distribution 
  High efficiency Unfeasible for domestic application 
  High heat removal factor (FR) Difficult to operate 

 
A promising system for thermal management 

technologies specifically using miniature 

compressors 

Uniformity temperature distribution 

PV/T heat pipe collectors 42–68 Homogeneous temperature distribution Difficult to operate 
  High reduction in PV temperature High cost 
  Stable performance Risk of damage 
  High solar efficiency  Complex structure 

  Effective heat removal Uniform temperature distribution 
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Several works emphasised on the importance of the applications of PV/T air collectors. 

Therefore, the need to review some works that relate to the subject of interest. In this 

section, the early work of PV/T air collectors discussed. The purpose of presenting this 

section is to state the significance of the PV/T air system in previous decades. The initial 

research for the PV/T air system began in the 1970s [62, 113, 155-157]. For example, the 

first design of air PV/T system was created in 1978 by Wolf [113] who assessed the design 

and performance of PV/T air collector for a two floor structure, single family residence in 

Boston, U.S.A. This construction comprised a silicon solar array which merged and set up 

with non-concentrating thermal collector as one system. The total area was 50 m2. For 

electricity storage purposes, a lead-acid type battery was used. For thermal storage 

purposes, a water tank was used [113]. Also, the author observed that although each part in 

hybrid system worked at an efficiency 10-20% less than which can be obtained in the case 

of running individually, the total output is significantly higher than a single system. 

Following Wolf [113], Raghuraman in 1979 [158] and also Florschuetz [159] included PV/T 

modelling in their works.  

A relevant example, Hottel–Whillier model was modified by Florschuetz [159] to evaluate 

the performance of the hybrid system. The main purpose of establishing this modified 

system is to increase cell efficiency by decreasing the cell temperature using active and non-

active cooling (free and forced convection) methods. It is found out that the use of a low 

thermal conductivity material such as glass in a back plate for the cells leads to reduce the 

heat transfer rate between the working fluid and the back surface of PV absorber; 

consequently, the panel is not considered as an effective fin [159]. 

Throughout the 1980s and 1990s, theoretical studies almost always have been a 

fundamental part of several investigations focused on the improvement of PV/T air 

collectors [160-174]. For instance, Cox and Raghuraman [175] employing modelling found 

a suitable combination of materials working to reduce heat emittance and enhance the solar 

absorptance in PV/T air systems. Bhargava et al. [161] studied the method that can be used 

to choose the required area to operate the fan. In other words, what is the adequate area of 

PV panel can provide to run the fan.  

In the first years of the 2000s, Sopian et al. [128] and Hegazy [122] conducted theoretically 

different PV/T air collector configurations. Hegazy suggested that the model (III) exhibited 

better thermal and electrical efficiency than the other three models (Fig. 2.15). This is owing 
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to the enhanced heat removal factor from the PV panel. However, the model (IV) showed 

less electrical efficiency. This is because of the length of the collector is doubling, leading to 

an increase in the accumulation of heat and pressure drop. It can be seen that in the early 

work (before the 2000s), the parameters taken into considerations were limited compared 

to research work in PV/T systems after 2000s. Before the 2000s, the available facilities such 

as simulation programs and measurement devices were of limited capabilities.  

 
 

 
 

Fig. 2.15. Schematics of the different PV/T air designs side by side with heat transfer 
coefficients [122]. 

 

After the 2000s, impressive developments have introduced better facilities to the 

researchers and professionals, for example, high-performance computers and computer 

simulation programs such as MATLAB, EES, Comsol and ANSYS-FLUENT. As a result of the 

above, the research work has been specified in studying the parameters and performance. 
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Therefore, in the next sections, the review of air PV/T systems are based on the parameters 

influencing their performance. 

 

The impact of design parameters on the performance of PV/T air collectors is presented in 

this section. Examining these parameters provide an understanding of how they influence 

the design and in turn, the performance of a PV/T system. Also, this is useful for simple and 

optimised PV/T collectors. Several parameters have been adopted and studied over the last 

two decades in order to enhance the electrical and thermal performance for PV/T systems 

such as the geometry and operational parameters. This section will focus on the relevant 

parameters to the subject of interest 

The design parameters can be divided into four main groups, as shown below: 

 Geometry parameters, for example, duct length and depth of flow. 

 Electrical parameters, such as short-circuit current and open-circuit voltage. 

 Climate parameters such as ambient temperature (𝑇𝑎𝑚𝑏) and insolation (𝐺). 

 Operational parameters such as mass flow rate. 

 

 

The impact of air duct length on the performance of the PV/T air collectors is one of the vital 

design factors. Typically, the selection of the length of duct is affected by many factors such 

as mass rate, duct depth and incident solar radiation. For the specific conditions, the 

increase of the length of the duct means that the air takes more time to travel through the 

duct and subjected to hotter absorber surfaces (i.e. PV panel and lower absorber plate). 

Thus, this would be anticipated to a dramatic increase in the temperature at the end 

(saturation region). 

Several studies have revealed that the effect of duct length is a crucial factor. For example, 

Joshi et al. [26] investigated the impact of length by comparing two PV/T air designs. The 

first design is glass-to-Tedlar, and the second is glass-to-glass, see Fig. 2.16. The authors 

deduced that thermal performance declines with increasing channel length and the increase 

of mass flux could enhance the thermal efficiency but only up to a certain length when 

saturation is attained. There is an acceptable agreement between this result and Sarhaddi 

et al. [25].  
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Fig. 2.16. Variation of overall thermal efficiency with the length of the collector [26]. 
 
 

Sopian et al. [128] revealed that there is an increase in outlet air temperatures for the given 

conditions (mass flux 0.028 kg s-1 m-2, insolation 1000 W m-2, ambient temperature 22 C). 

The outlet fluid temperature was 44 °C when the length was 1 m, and it was 48 °C when the 

length was 2 m. However, this rise in fluid temperature means that the PV panels were 

operating at a higher temperature, and consequently, a decline in electrical efficiency was 

obtained for longer length [128]. A qualitative agreement is between these results and 

[176]. 

Tonui and Tripanagnostopoulos [176] theoretically examined the influence of various duct 

lengths on both electrical and thermal efficiency, as presented in Fig. 2.17. At specific 

conditions (channel depth of 0.05 m and mass flux of 0.02 kg s-1 m-2), there is a definite trend 

of increasing thermal efficiency. After a certain length, however, the effect of increasing the 

channel length is negligible. Besides, a decline in electrical efficiency occurs with increasing 

the channel length. These results agreed with the findings of other studies in [25, 26, 108, 

172, 176-179].  

In contrast, in another study, a numerical model was conducted by Garg and Adhikari [172] 

to evaluate the overall efficiency of PV/T air system basis on variation collector length and 

cell density. The results of this variation indicate that the overall efficiency and electrical 

efficiency increase with increasing collector length, mass rate and cell density. There is a 

conflict in the results shown between Garg and Adhikari [172] and other authors. Other 

authors kept the mass flow rate constant, while Garg and Adhikari [172] used a different 

approach in which varied the mass flow rate with geometry design parameters.  
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To conclude, a compromise should be considered between the length of duct and fan power 

consumption. The hydraulic fan power consumption is almost linear proportional with the 

duct length since the dominating parameter is the duct length. This can be seen clearly in 

Eq. 3.101and Eq. 3.103 in Section 4.4.3.1.  

 
 

 
 

Fig. 2.17. Impact of duct length on the performance of collector for specific conditions,   
channel depth of 0.05 m and mass flux of 0.02 kg s-1 m-2 [176]. 

 
 

 

The depth of flow is considered as one of the main parameters in evaluating the forced 

convective heat transfer coefficient and the Reynolds number. This is precisely when the 

width  duct depth, the effect of width almost disappears, and thus, the duct depth 

becomes the dominating factor such as the air flows between two parallel plates [180]. An 

inverse proportional between the convective heat transfer coefficient and the duct of flow, 

meaning that if the duct flow is thinner, the heat transfer coefficient increase and the 

pressure drop increases. 

From an experimental point of view, it is tricky to vary the duct depth or length, such as 

mass flow rates. Consequently, theoretical approaches are mainly used for evaluating the 

impact of changing the duct depth and length [181]. For example, Tonui and 

Tripanagnostopoulos theoretically studied the effect of depth flow on the performance of 

PV/T air system. The results revealed that by varying the duct depth over the range 0.05-

0.5 m, the PV module temperature rises from 36 to 59 C and the outlet fluid temperature 

reduces from 26 to 21 C. The study was performed under the following conditions;  

800 W m-2 insolation, an inlet air temperature of 20 C, a wind speed of 1.5 m s-1 and mass 

flux of 0.05 kg s-1 m-2. 
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Also, there is a drop in the thermal efficiency of the PV/T air system from 30 to 5% and from 

11.8 to 10.6% for electrical efficiency. The reasons behind this drop were the air velocity 

decrease with increasing the duct depth at the same mass rate. It can be concluded that in 

design PV/T air system, the depth of flow should be thinner as possible when the mass rate 

is constant while considering the effect of the pressure drop penalty. 

Hegazy [131] and Garg and Adhikari [172] also showed that a declining of outlet fluid 

temperature and thermal efficiency as a function of increasing duct depth for different mass 

rates in a glazed solar air collector. The results of Hegazy [131] presented in Fig. 2.18. The 

author reported that an optimal ratio of the length of the collector to duct depth (𝐿/𝛿𝐷) was 

400 for various mass rate values [131]. Thus, a compromise should be considered when 

determining (𝐿/𝛿𝐷). This compromise is between the maximizing the heat transfer rate 

from the PV panel to the heat transfer fluid from side minimizing the fan power needed from 

other side as will be considered in chapter 7. 

 
 

 
Fig. 2.18. Effect of duct depth on the air temperature rise and the thermal efficiency for a 
solar air heater with a glass cover [131]. 

 
 

In Fig. 2.18, 𝛿 the channel depth parameter as in Eq. 2.2. 

  
 𝛿 =  𝑀0.25 Pr0.83 , Eq. 2.2 

  

where 𝑀 is air mass flow parameter. 

Recently, the design of PV/T systems has been based on multi-objective design optimisation 

techniques. Many researchers have evaluated the performance of PV/T air systems using 
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optimisation process such as in [66, 67, 182-185]. The results showed that the optimisation 

contributed to thermal and electrical enhancement with reducing the pump or fan power 

consumption as a compromise action. However, few studies have examined the double duct 

double passes co-current flow using the optimisation process simultaneously with CFD 

modelling. To the best of author knowledge, only few references in the literature 

systematically describe the effect of design optimisation process on the performance of 

double duct double passes co-current flow (model 4). This was the motivation behind the 

present study. 

To conclude, the selection of geometry parameters, i.e. depth flow and duct length rely on 

different conditions and criteria such as the mass rate and the weather conditions. 

Accordingly, in this study, the optimisation procedure is employed to choose the most 

compatible dimensions with specific requirements. This design optimisation is based on 

multi-objectives to maximise both thermal and electrical efficiencies of PV/T air collector 

and minimise fan power required as possible. 

 

 

The collector frame must be insulated to minimise the losses resulting from heat transferred 

by conduction and convection to the surrounding as these losses decrease the thermal 

efficiency of PV/T unit. In the last two decades, insulation is usually of polyurethane foam 

or mineral wool, though sometimes mineral fibre insulating materials like glass wool, rock 

wool, glass fibre or fibreglass are used [6, 18]. Recently, the structure of collectors is now 

made from wood which has thicknesses ranging from 18-25 mm [26, 121], because it is 

lighter, more durable and affordable as well as versatile. 

 

The main function of the PV panel is to absorb the incident solar radiation in which the heat 

exchanges between the absorber and the working fluid by convection, conduction and 

radiation. PV panel usually comprises three layers; glass cover, cells and Tedlar film. In case 

of installing or suspending fins in hybrid air PV/T collectors, it is necessary to install a sheet 

plate in the back surface of the PV module such as aluminium as a fin. This sheet also helps 

to install extended surfaces such as fins in PV/T air collectors [24]. Zakharchenko et al. [114] 

studied the importance of retaining better thermal conductivity between the PV panel and 

the absorber plate. They suggested that it should not directly use a PV module in combining 
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with the PV/T system without modifying using a 2 mm aluminium plate installed in the back 

of the PV module. 

 

The Tedlar film is the back sheet installing in the back surface of the PV panel as one part to 

dissipate the waste heat and protect the PV panel from any water or bad conditions. The 

effect of Tedlar material has been evaluated by several investigations [186-188]. For 

instance, Tiwari and Sodha [189] studied the Tedlar-thermal conductivity in different 

configurations constituted by Tedlar. The results revealed that models without Tedlar are 

the best choice in improving system performance compared to the other designs. Koech et 

al. [186] tested the performance of PV/T systems utilising Tedlar layer with different values 

of thermal conductivity 0.0005-0.1 W m-1 K-1. They conclude that it is possible to create 

systems with higher energy yield, which in turn, allows for the released heat rapidly to the 

air (reduction in cell temperature).  

 

The glazing has three functions; the first is avoiding the part of heat losses resulting from 

wind and breezes. The second one is the inherent glazing which permits the short-wave 

light spectrum (ultraviolet or high frequency) for entering the device and noticeably 

preventing infrared energy losses (low frequency and inactive) through re-radiation 

(greenhouse effect concept). The quality of glass should be high regarding transmissivity to 

the solar spectrum and extensively non-transmissivity to long-wavelength solar radiation 

(infrared) [62, 190]. Thirdly, the cover with the frame protects the absorber from adverse 

weather conditions. 

Regarding of collector type, thermal losses may be minimised in P /  collectors with the 

aid of a glass cover, and such collectors are termed “glazed” whereas unglazed [110, 191, 

192] collectors do not possess glass covers. The glazed collectors possess smaller thermal 

losses practically at higher collection fluid temperatures, which leads to an increase in 

annual thermal yield [124, 193]. The coverless P /  systems could provide 8% more 

electrical energy than a standard P  module [110, 191, 192]. It seems that there are some 

drawbacks of glazed PV/T collectors include overheating of bypass diodes as a result of 

extra insulation. Such elevated temperatures also decrease electrical yield (stagnation 

effect). To clarify, PV module sensitivity to hot spots and a reduction in electrical 

performance due to additional absorption and reflection losses which leads to reduce the 

total of absorbed energy by about 10% compared to glazing [124, 193]. These observations 

https://en.wikipedia.org/wiki/Ultraviolet
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suggest that it is essential to evaluate the benefits of glazing in terms of enhanced thermal 

yield as well as its disadvantage in terms of decreased electrical yield and collector quality. 

 

In this section, the relationship between the electrical parameters, including voltage and 

current and the PV temperature, is discussed. The increase in the temperature of the P  

panel is the essential parameter influencing its performance. Theoretically, the short-circuit 

current (𝐼𝑠𝑐)  and the open-circuit voltage (𝑉𝑜𝑐)  are proportional to the incident solar 

irradiance (𝐺) and the ambient air temperature (𝑇𝑎𝑚𝑏) [194]. In reality, the open-circuit 

voltage is logarithmically proportional to the incident solar irradiance, and the short-circuit 

current increases just a little when the solar irradiance increases [19]. In other words, the 

parameter most influenced by a rise in temperature is 𝑉𝑜𝑐 . The effect of rising temperature 

is presented in Fig. 2.19 [6, 16]. It can be seen that when the temperature module increases 

above standard conditions (25 C), there is a noticeable reduction in electrical power. 

 
 

 

 
Fig. 2.19. Output power of single-crystalline silicon PV cells under different operating 
temperatures (left) temperature dependence of the maximum output power (right) 
[195]. 

 
 

Expressions, for the open-circuit voltage and the short-circuit current as functions of the PV 

module temperature, can be obtained in the literature, based on various proposed electrical 

models [196, 197]. Skoplaki et al. [197] studied mathematically the effect of rising of P  

module temperature on open-circuit voltage and short-circuit current as shown in the set 

of the following equations: 

  
𝑃𝑃𝑉 = 𝐼𝑚𝑉𝑚 = 𝐹𝐹 𝐼𝑠𝑐 𝑉𝑜𝑐 . Eq. 2.3 
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In this equation, the subscript 𝑚 denotes to the maximum power point of the PV module 

power, while subscripts 𝑠𝑐  and 𝑜𝑐  refer to short circuit and open circuit values, 

respectively. “The fill factor is a measure of how much series resistance and how little shunt 

resistance there is in a solar cell and its circuit.” 

  

𝐼𝑠𝑐 = 
𝐺

𝐺𝑆𝑇𝐶𝑠
 𝐼sc−STC [1 + 𝛼𝑠𝑐  𝑇𝑚𝑝𝑣  𝑇ref)] [197, 198], Eq. 2.4 

  

𝑉oc = 𝑉oc−STC [1 +  𝛽(𝐺) ( 𝑇𝑚𝑝𝑣  𝑇ref)] [1 + 𝛿(𝑇) ln
𝐺

𝐺STC
] [197, 198], Eq. 2.5 

  

where 𝛼𝑠𝑐  is short-circuit current correction coefficient for temperature, 𝛽(𝐺)  is open-

circuit voltage correction coefficient for temperature as a function of insolation, 𝛿(𝑇) is an 

open-circuit voltage correction coefficient for insolation as a function of the PV module 

temperature. The subscript STC refers to standard conditions [197].  

 

Several configurations have been proposed in the literature regarding heat transfer 

augmentations. Many investigators have examined the effects of extended surfaces on 

improving the overall (hybrid) efficiency of P /  systems. Extended surfaces may be 

divided into three main classes: 1) conventional fins [37, 67, 112, 118, 176, 190, 199-209]; 

2) interposition of a thin metallic sheet ( M ) [118, 176, 210-212]; 3) obstacles (ribs) [118, 

210, 213, 214] such as in Fig. 2.20. 

Conventional fins can be defined as heat extraction devices attached to the PV back surface 

towards or against the air channel flow. Since low thermal capacity and density of air, 

however, this leads to the values of conductive transfer coefficients are also low. Thus, the 

employing of fins with PV/T air systems could enhance the performance. However, a major 

problem with this kind of application is that increasing the fan power consumption result 

in increased pressure drop, which diminishes the total electrical power. Therefore, the 

careful design should be taken when choosing fan in energy required terms to operate the 

fan, in other words, the compatibility between PV module and fan in area and power need 

to be taken into consideration [212, 215-217]. 
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Fig. 2.20. Different designs of extended surfaces of PV/T air collectors [108, 118, 133, 
176]. 

 
 

The second type of air heat extraction is a thin metallic sheet (TMS) suspended at the centre 

of the airflow passage. Thirdly is ribs (obstacles) are fixed to the opposite channel wall and 

also works by roughening the surface. 

Comprehensive studies have been done by Tripanagnostopoulos et al. [118, 176, 211, 212, 

218-220] to improve the heat transfer kinetics in the air duct of a PV/T system. The research 

(a) (b)

(c) (d)

(e)
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team modified the system by utilising two techniques. These techniques are finned rear 

surface or TMS installed in the centre of PV/T air system to enhance the thermal 

performance and to increase the extracted heat from PV panel which in turn reduce the PV 

panel temperature. The cross-sectional views of their models are shown in Fig. 2.20. Under 

specific conditions, air forced convection with volume flow rate 60 m-3 h-1 and 0.15 m 

channel depth. They concluded that the use of fins produces an efficiency of 30% while TMS 

28% and the typical one (without extended surface) 25% [211]. The authors also concluded 

that the amended configurations provide higher thermal efficiency than the conventional 

system, with greater electrical production owing to the achieved PV cooling, see Fig. 2.20a 

[211]. 

The other research [118, 218] have investigated the enhancement of air heat extraction for 

three low-cost air and water modified systems experimentally. The results showed that the 

systems exhibited acceptable thermal performance at steady state test (Fig. 2.20 d and e). 

Another study [118] examined three modified systems utilising three types of extended 

surfaces: 1) fins; 2) tubes work as fins; 3) opposite cavity roughened (ribs). The authors 

conclude that fin and tubes are efficient in enhancing thermal and electrical performance, 

but the additional cost and pressure drop must also be taken into consideration. Whereas, 

opposite cavity roughened surface is an enhancement of minimum cost, which increases the 

total output insignificantly Fig. 2.20b. 

Other studies by Karim [221] and Othman et al. [222] have investigated two different 

designs. The first research team [221] examined the effect of v-groove construction, which 

increases the efficiency of 12% more than the conventional one while the second one [222] 

used ∇-grooved absorber plate. The thickness of the aluminium was 0.7 mm, attached at the 

back of the P  module Fig. 2.21. The experimental results revealed that by including the  

∇-grooved absorber plate, the electrical efficiency had been increased by 1%, and the 

thermal efficiency was increased by 30%. 
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Fig. 2.21. PV/T air system with aluminium ∇-grooved absorber plate [222]. 
 
 

Other amendments that have been proposed for the enhancement of heat extraction in the 

air duct are the utilisation of pins, matrices, porous materials, and perforated plates [118, 

190, 210, 213, 214]. 

To sum up, a considerable effort has been carried out to improve the thermal and electrical 

efficiency PV/T air system by using fins, ribs, TMS, and other types of extended surfaces. 

However, the selection of best fin design is based on five criteria. The criteria are pressure 

drop, heat transfer enhancement, size, weight and cost. Of the many enhanced fin 

geometries described earlier, offset strip fins are widely used [223]. They have a high degree 

of surface compactness, and substantial heat transfer enhancement is obtained as a result 

of the periodic starting and development of laminar boundary layers over uninterrupted 

channels formed by the fins and their dissipation in the fin wakes. There is, of course, an 

associated increase in pressure drop due to increased friction and a form-drag contribution 

from the finite thickness of the fins [223]. Off-set strip fin can be considered as such fins 

with low-pressure drop and high contact area [182, 224-226]. In this study, to the best of 

the author’s knowledge, no report has been found so far using off-set strip fins with multi-

pass solar PV/T air collector in a staggered arrangement. 

 

There are three main approaches used to solve heat transfer problems. The first approach 

is experimental, as presented in Chapter 6 for validation and verification purposes. The 

second approach is analytical, presented in Chapter 3. Finally, CFD modelling presented 

extensively in this thesis as the main approach. The reason behind discussing these 

approaches is to show the significance of each approach. 
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Experimental approaches can be mainly classified as empirical and semi-empirical 

methods. Before 1939, the most general nature in solving the heat and mass transfer 

problems exclusively depended on the empirical methods [227]. After that, strenuous 

endeavours to develop the analytical methods of heat transfer problems. These efforts have 

been contributed now in use the experiments just for validity with theoretical or numerical 

models. The area of complete dependence on direct experimental data has been 

dramatically diminished [227]. However, direct experimental data are still a vital factor in 

engineering design [227]. 

The second approach is semi-empirical (i.e., the analogy between momentum and heat 

transfer (transport analogies)) [228] can also be classified as a part of experimental 

methods [228, 229]. This method is best defined by a statement of Reynolds theory [228]. 

According to this theory, the movement of heat between a surface and a fluid follows the 

same law as the movement of momentum between a surface and a fluid, whether by 

conduction or convection (radiation is neglected). These methods can be used to predict the 

rate of heat transfer from rates of momentum transfer and temperature profile from 

velocity profile in a laminar and turbulent flow. The main drawbacks of the experimental 

methods are:  

 Cost, effort and time-consuming. 

 Error of measurements (could be 20-40 %) [223, 230]. 

 Some experiments cannot be performed, and this includes nuclear reactors.  

 

In analytical approaches, several assumptions are made to simplify and solve the governing 

equations. Owing to the inherent complexity of conjugate heat transfer problems, the 

following reasons made these methods are restricted in use and also attained only for 

limited classes of problem, such as laminar flow cases [227]. When the equations are in 

three-dimensional form; they are strongly coupled and nonlinear. Also, in practical 

engineering problems, the solution domains are almost always complex [231]. Therefore, 

when the calculation procedure becomes insurmountable, it is worthwhile to look for an 

alternative method of solution. As a result, the numerical model or computational fluid 

dynamic (CFD) is crucial for more general and complex problems [227].  
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In the recent decades, both in-house and commercial computational fluid dynamics 

(CFD) codes are becoming key instruments in offering a fast accurate solution at a 

feasible cost compared to developing an experimental setup [232]. In terms of CFD, there 

has been a steady increase in using CFD modelling in both academia (universities and 

research institutes) and industry (consultants and manufacturers). This growth is because 

increased availability of quality CFD models, increasing power and affordability of 

computing power. CFD is a branch of fluid mechanics that utilises numerical methods to 

examine and solve problems that include fluid flows, heat transfer and mass transport 

problems (with or without solid interaction) via computer-based simulation [227].  

Since the 1960s, the aerospace industry has started to use the CFD technique in design 

[233]. This technique is powerful and spans a wide range of industrial and non-industrial 

application areas [233, 234] because of its ability to provide simulations with acceptable 

error compared to the experimental setup. For example, it can easily modify geometry 

design many times. Accordingly, the use of CFD technique can effectively reduce time and 

cost as compared to the manufacturing process [235-237]. Additionally, various 

phenomena can be coupled with heat transfer problems, such as the aerodynamics of 

aircraft, vehicles and biomedical engineering [233, 238]. 

 

The overall goals of this chapter are to provide an overview about, firstly, the significance 

of the study field, then the fundamental concept of PV/T technology and finally to 

understand the gaps in knowledge. A variety of literature showed that many research 

investigations studied the design and applications of PV/T technologies, for instance, PV/T 

air/water systems. The following conclusions can be drawn from this chapter: 

 Care should be taken in the selection of the PV cell type when coupled with a solar 

thermal collector. This is because each PV cell type has a different temperature 

coefficient of power and melt point. In other words, the compatibility of the PV cell with 

solar thermal systems. 

 The variety of methods used in the literature revealed that a necessity to accurately 

estimate the temperature of the standard PV module (PV module without active cooling 

exposed to ambient conditions). The methods used are mathematical, numerical and 

experimental. This necessity is because the temperature of the PV module is the main 
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parameter used to evaluate the performance of the PV panel. Also, to investigate the 

feasibility of hybridisation of PV/T systems. 

 Various studies indicated that each PV/T technology has advantages, drawbacks and 

limitations. Therefore, the selection of PV cooling method is based on the weather 

conditions and whether the application set for industrial or residential purposes.  

 Concerning the performance of solar thermal air collector, several works reported that 

the thermal efficiency of the multipass solar air heater is generally enhanced compared 

to the single pass. This can be attributed to increasing the surface area with minimum 

fan power consumption.  

 Recently, the design of PV/T systems is based on multi-objective design optimisation. 

Many researchers have examined the performance of PV/T air systems using 

optimisation process. The results revealed that the optimisation contributed to 

improving the thermal and electrical efficiencies with reducing the pump or fan power 

consumption as a compromise action.  

 Much research has been carried out to improve the thermal and electrical efficiency PV/T 

air system by using fins, ribs, TMS, and other types of extended surfaces. However, the 

selection of best fin design is based on five criteria. The criteria are; pressure drop, heat 

transfer enhancement, size, weight and cost. 

As presented in the literature, the selection of geometry parameters, i.e. depth flow and duct 

length rely on different conditions and criteria such as the mass flow rate and the weather 

conditions. Accordingly, in this study, the optimisation procedure is employed to choose the 

most compatible dimensions with specific requirements. This design optimisation is based 

on the multi-objective method to maximise both thermal and electrical efficiencies of PV/T 

air collector and minimise fan power required as possible. Also, few studies have examined 

the double duct double passes co-current flow using the optimisation process side by the 

side with CFD modelling. In this study, to the best of the author’s knowledge, no report has 

been found using off-set strip fins with multi-pass solar PV/T air collector in a staggered 

arrangement.  

In the next chapter, the mathematical formulation for two PV/T air systems is carried out 

using energy balance equations. Two numerical techniques are used to solve the energy 

balance equations. The heat transfer and fluid flow equations related to two systems are 

presented. This includes relevant dimensionless numbers, the convective heat transfer 

coefficients in both forced and free convection modes. Moreover, the fluid and electrical 

equations related to evaluating thermal and electrical performance of solar air collectors 

are presented in the next chapter. 
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 MATHEMATICAL MODELLING 

 

 

In this chapter, the mathematical formulation based on the conservation of energy principle 

is used to describe the thermal and electrical behaviour of PV/T air collectors. For example 

in the PV module, which denotes as model 1, the conservation of energy principle states that 

the rate of energy input (i.e. the total heat generated by solar irradiation) (�̇�𝑠) is equal to 

the sum of the rates of useful heat gained from the PV panel (�̇�𝑢) and the heat losses from 

the PV panel (�̇�𝐿), minus the electrical power generation (𝑃𝑃𝑉), which is treated as a heat 

sink, plus heat storage (�̇�𝑠) in the PV. The heat storage is ignored in this analysis, since it is 

assumed to be in the steady state condition and there is no change in the amount of energy 

stored in the system.  

  
�̇�𝑖𝑛 = �̇�out ∓ �̇�𝑔 + �̇�𝑠 . Eq. 3.1 

  
�̇�𝑠 = (�̇�𝑢 + �̇�𝐿)  𝑃𝑃𝑉 + �̇�𝑠 .  Eq. 3.2 

 

 

 
Fig. 3.1. The representation of conservation of energy for the PV cell of model 1. 

 
 

Eq. 3.1 and Eq. 3.2 are equivalent, i.e. 𝐸𝑖𝑛 ≡ �̇�𝑠, 𝐸𝑜𝑢𝑡  ≡  (�̇�𝑢 + �̇�𝐿) and �̇�𝑔 = 𝑃𝑃𝑉 as shown 

in Fig. 3.1. 

PV/T air collectors consist of a certain number of components such as the PV panel device, 

cover glass and lower absorber plate. For each component, a simple energy balance is 

applied to derive the governing equation. 

In this chapter, the mathematical formulation of two flat photovoltaic/thermal (PV/T) 

collectors based air coolant is conducted. The simple energy balance is applied to formulate 

PV cell
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these models and the MATLAB program is used to code these equations. The semi-analytical 

(iterative solution) and numerical methods are used to solve the heat balance equations. 

 

The mathematical model of PV/T air collectors is inferred from Amori and Abd-AlRaheem 

[121] and Al-Damook [239]. Two PV/T air systems have been implemented, model 2 and 

model 3. Model 2 is a single duct single pass PV/T air system (unglazed), while model 3 is 

similar to model 2, but it is glazed. The schematics of the two PV/T air collectors and various 

convective, radiative heat transfer coefficients along the collector surfaces are shown in  

Fig. 3.2 and Fig. 3.3. 

 
 

 

 
Fig. 3.2. Schematic of model 2. 

(a) (b)
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Lower absorber plate
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Fig. 3.3. Schematic of model 3. 

 
 

In Fig. 3.2 and Fig. 3.3, 𝑇𝑔  is the glass cover temperature (C), 𝑇𝑚𝑝𝑣  is the PV panel 

temperature, 𝑇𝑏𝑚  is the temperature of the lower absorber plate (C), 𝑇𝑓𝑖  is the inlet fluid 

temperature (C), 𝑇𝑓𝑜  is the outlet fluid temperature (C), 𝑇𝑎𝑚𝑏  is ambient temperature (C) 

and 𝑇sky is the sky temperature (C). The remainder abbreviations are described in the next 

sections.  

For both models, the simple energy balance method is performed over a differential element 

having a width (𝑤) and infinitesimal length ∆𝑥, resulting in surface area (𝑤 ∆𝑥). In order to 

derive the energy balance equation across each component of these collectors, The 

following assumptions are made:  

 One-Dimension:  

The thickness of the PV absorber plate (𝛿𝑚𝑝𝑣)  is small compared to the other 

dimensions (𝛿𝑚𝑝𝑣 ≪≪ 𝑤 & 𝐿). This means the temperatures at the front and the back of 

the P  modules are assumed to be equal. The distribution of temperature in the width 

direction is symmetrical. It has been experimentally proven by Al-Damook [239] that the 

temperature is quite similar in the width direction. In other words, it is assumed that the 

absorber cooled uniformly across its width. 

 The effect of longitudinal conduction: 

The heat conduction flow along the PV absorber (i.e. in the axial direction) is ignored. 

Several methods are used to evaluate the significance of longitudinal heat conduction term, 

(a) (b)

Inflow direction

Back wall Lower absorber platePV module

x

Free convection 
zone 

y



(C) G (W m-2)(C)
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for example, the Peclet Number  (Pe). The Pe of fluid is the ratio of the convection heat 

transfer rate to the conduction heat transfer rate, i.e.:  

  

Pe =
heat transfer by  onve tion 

heat transfer by  on u tion 
= ReDh  Pr.  Eq. 3.3 

  

Therefore, if Pe is small, the effect of longitudinal conduction is important and vice versa 

[240]. The second approach is that the wall conduction term (heat diffusion) may often be 

neglected since a thin wall of large thermal conductivity is generally used [241]. This is valid 

when the conducted thermal resistance (𝛿𝑚𝑝𝑣 /𝑘𝑝𝑣)  of the PV panel is relatively low 

compared to the value of convected thermal resistance (1/ℎ𝑓 ) [241]. A comprehensive 

study was conducted by Bahnke and Howard [242] suggesting a non-dimensional 

conduction criterion to evaluate the significance of the effect of longitudinal conduction in 

a heat exchanger. This simply determined the results of an approximation of the actual 

effect of this parameter. Also, a simple analytical solution was made by Lund [243] using the 

perturbation technique, the results showed that the effect of longitudinal heat conduction 

could be a negligible, high-order effect for most practical collectors where the length is 

much larger than the duct half-pitch (except where the thickness-conductivity product is 

very high and the flow rate extremely low) [243]. 

However, the axial conduction in the absorber plate causes a flow of heat in the direction 

opposite to the flow of fluid. This results in a reduction of the fluid outlet temperature and 

the overall efficiency of the system. Thus, predictions made by neglecting axial conduction 

are optimistic [240]. In fact, the analysis which is achieved by Phillips [240] revealed that 

neglecting axial conduction in the performance predictions for these collectors would result 

in errors no larger than 12%-30% for all operating conditions [240]. 

 Quasi-steady state:  

The calculations performed at every time step are assumed to have reached steady state. 

This is a valid assumption because, in their experiments, Amori and Abd-AlRaheem [121] 

and Al-Damook [239] found that the response time was approximately 15 minutes to reach 

steady state under new input parameters such as solar radiation, ambient temperature and 

airflow rate [27, 121, 122, 131, 151, 209, 244, 245].  

To clarify, heat transfer is the transfer of thermal energy from a body, at a high temperature, 

to another at a lower temperature. The heat transfer may occur under steady or unsteady 

state conditions. In computational fluid dynamic (CFD), the time resource of unsteady state 

is massive and it is not compatible with some engineering cases [246]. A quasi steady state 
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model is a steady state model used by specified time span such as hour by hour energy 

calculations [121, 247].  

Other assumptions can be summarised as below: 

 Internal convective heat transfer coefficient (ℎ𝑓) between wall collectors (i.e. the PV 

panel and lower absorber plate) and flowing air can be considered to be equal. This is 

because the heat capacity of air is relatively small. Also, the distance between the two 

absorbers is relatively small [121]. 

 It is assumed that the system is perfectly sealed, this means, there is no air leakage from 

the fluid flow through the channels. 

 The solar radiation absorbed by the PV cells is converted into two types, the first one is 

converted to electrical energy while the remainder is converted into thermal energy. 

 All thermo-physical properties of air are considered to be dependent on the temperature 

[122, 248, 249]. These equations work accurately in the temperature range  

(-73 to 127 C).  

 Heat loss from the sides of the duct is very small compared to the other heat losses and 

hence these losses can be neglected [250, 251]. 

 All material properties are supposed to be independent of temperature and equal in all 

directions. This is because the operating conditions of PV/T air systems do not influence 

the microstructural properties of the materials. More precisely, the maximum operating 

temperatures for these systems is around 200 C which does not have an impact on the 

material properties [37]. 

 The thermal capacity or heat capacity (J K-1) of the glass cover, enclosed air, P  panel 

absorber and lower plate are negligible at steady state. In reality, the operation of most 

solar energy systems is inherently transient; there is no such thing as steady state 

operation when one considers the transient nature of the driving forces [50]. To sum up, 

the temperatures of the PV module, glass, lower absorber vary only in the x-direction of 

the air flow [121]. 

 The multiple reflections and transmissions of radiation between the components of the 

PV module, for example, this occurs between the photovoltaic cells and the front glass 

can be considered as negligible. Considering these effects leads to numerous difficult 

terms to determine and to measure [37, 250, 252]. Krauter and Hanitsch [253] 

compressively studied these various effects approving this concept. 

 The thermal exchanges between photovoltaic cells and the layer called encapsulant 

(ethyl vinyl acetate) (EVA) are ignored. This is because of the space or gap between 

neighbouring cells represent a tiny area. Both air fluid and glass cover do not absorb 
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radiant energy. This is because the transparency of these objects is very high, up to 90% 

[254]. 

 homogeneous ambient temperature is assumed [37]. 

 Non-isothermal surface boundary condition (constant heat flux boundary condition) is 

assumed.  

 The thermal resistance magnitude arising from the fouling effect can be assumed as zero. 

This is valid for air system compared with water systems specifically for non-distilled 

water. That is the effect of accumulated dust, dirt and the fouling factor which is 

insignificant [241, 250]. 

 The shading effect is considered to be negligible [250]. 

 The airflow inside the collector has a uniform velocity (�̅�) which can be calculated from 

the known mass rate (�̇�)[255]. 

 Recirculation has not been included in this work [255]. 

 The top glass surface is assumed to be clean. 

 The packing density of solar cells (packing factor) is unity. 

 The flow is fully developed.  

 The fluid is fully mixed over the cross-sectional area of flow. 

 The fluid flow is transparent to thermal radiation. 

 Since ∆𝑥 is very small ∆𝑥 → 0, the temperature does not vary within this interval (∆𝑥) 

such that 𝑇𝑓(𝑥) ≅  𝑇𝑓(𝑥 + ∆𝑥). 

In the next section, the derivation of each energy balance equations is considered.  

 

For model 3, the steady state energy balance equation is applied (Eq. 3.4): 

  
[�̇�𝑔 𝑤 ∆𝑥 ]⏟      

1

+ [ℎ𝑓(𝑔𝑎𝑝 𝑔) 𝑤 𝑑𝑥 (𝑇ga (𝑥)  𝑇𝑔(𝑥))]⏟                    
2

+

[ ℎ𝑟(𝑝𝑣−𝑔) 𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑔(𝑥))]⏟                      
3

 [ℎ𝑤 𝑤 ∆𝑥 (𝑇𝑔 (𝑥)  𝑇𝑎𝑚𝑏)]⏟                
4

 

[ℎ𝑟(𝑔−𝑠𝑘𝑦) 𝑤 ∆𝑥 (𝑇𝑔(𝑥)  𝑇sky)]⏟                    
5

= 0,  
Eq. 3.4 

  

where ℎ𝑓(𝑔𝑎𝑝−𝑔) is the free convective heat transfer coefficient between the bottom surface 

of the glass cover and surrounding air in the enclosure (W m-2 K), ℎ𝑟(𝑝𝑣−𝑔) is the radiative 

heat transfer coefficient between the top surface of the PV module and the bottom surface 

of the glass cover (W m-2 K), ℎ𝑤 is the wind heat transfer coefficient over the glass cover (W 
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m-2 K). The heat loss owing to radiation can be expressed as the radiative heat transfer 

coefficient between the top surface of the glass cover and the sky (ℎ𝑟(𝑔−𝑠𝑘𝑦)).  

  
�̇�𝑔 = 𝛼𝑔  𝐺,  Eq. 3.5 

  

where �̇�𝑔  is the rate of solar radiation absorbed by the top glass cover converting to heat 

(W), 𝛼𝑔 is the absorptivity of the glass cover and 𝐺 is the incident solar radiation per unit 

area (W m-2).  

 
 

 

 
Fig. 3.4. Schematic of the energy balance equation for the top glass cover (model 3). 

 
 

Each term in Eq. 3.4 can be expressed as follows: 

1. The rate of solar radiation absorbed by the top glass cover converting to heat. 

2. The rate of heat transfer by free convection from the air gap to the bottom surface of the 

glass cover. 

3. The rate of heat transfer by radiation between the bottom surface of the glass cover and 

the top surface of the PV panel. 

4. The heat transfer by free or forced convection from the top surface of glass cover to the 

surrounding atmosphere. 

𝑑𝑥
ℎ𝑓(𝑔𝑎𝑝−𝑔)  𝑤 ∆𝑥 𝑇𝑔(𝑥)  𝑇𝑓(𝑥)

𝑤

ℎ𝑟(𝑔−𝑠𝑘𝑦)  𝑤 ∆𝑥 𝑇𝑔(𝑥)  𝑇sky  

�̇�𝑔

ℎ𝑟(𝑝𝑣−𝑔) 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥) 𝑇𝑔(𝑥)  

 

Free convective heat transfer coefficient 

Forced convective heat transfer coefficient 

Radiative heat transfer coefficient 

∆𝑥 

ℎ𝑤  𝑤 ∆𝑥 𝑇𝑔(𝑥)  𝑇𝑎𝑚𝑏

Glass cover 

ℎ𝑓(𝑔𝑎𝑝−𝑔)  𝑤 ∆𝑥 𝑇𝑔(𝑥)  𝑇𝑓(𝑥)
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5. The rate of heat transfer by radiation between the bottom surface of the glass cover and 

the top surface of the PV panel. 

 

For model 2, a mathematical model is developed by applying heat balance on the PV panel. 

Three heat transfer coefficients represented by:  

 ℎ𝑓, the forced convective heat transfer coefficient between the bottom surface of the PV 

panel and the air stream (W m-2 K).  

 ℎ𝑟𝑝𝑏 , the radiative heat transfer coefficient between the two absorbers (W m-2 K). 

 �̇�𝑡ℎ, the solar radiation absorbed by the PV panel converting to heat (W m-2). 

 ℎ𝑟(𝑝𝑣 𝑠𝑘 ) , the radiative heat transfer coefficient between the PV panel and the sky  

(W m-2 K). 

Fig. 3.5 shows the schematic description of the parameters considered here to derive the 

energy balance for the PV panel. Eq. 3.6 defines the energy balance of the PV panel. 

 
 

  
Fig. 3.5. Schematic of the energy balance equation for the PV panel (model 2). 

 
  

[�̇�𝑡ℎ 𝑤 ∆𝑥 ]⏟      
1

 = [ℎ𝑟(𝑝𝑣 𝑠𝑘 ) 𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇sky)]⏟                    
2

+

[ℎ𝑤 𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)   𝑇𝑎𝑚𝑏)]⏟                
3

+ [ℎ𝑓  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥))]⏟                  
4

 +

[ℎ𝑟𝑝𝑏  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥))]⏟                    
5

. 
Eq. 3.6 

  

The terms 2 and 3 in Eq. 3.6 combine to be term 2 in Eq. 3.7.  

  

𝑑𝑥
ℎ𝑓  𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)

ℎ𝑤𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑎𝑚𝑏

𝑤
PV module (model 2) 

ℎ𝑟(𝑝𝑣−𝑠𝑘𝑦) 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇sky  

�̇�𝑡ℎ

 ∆𝑥 

ℎ𝑟𝑝𝑏 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥)  
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[�̇�𝑡ℎ 𝑤 ∆𝑥 ]⏟      
1

 = [𝑈𝑡  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑎𝑚𝑏)]⏟                  
2

+

[ℎ𝑓  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥))]⏟                  
3

 + [ℎ𝑟𝑝𝑏  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥))],⏟                      
4

  
Eq. 3.7 

  

where 𝑈𝑡 is the overall top losses of the collector (W m-2 K).  

�̇�𝑡ℎ = 𝐺 𝛼𝑝𝑣  𝜏𝑔  ( 1  𝜂𝑃𝑉).  Eq. 3.8 

  
𝜂𝑃𝑉 = (𝜂𝑟𝑒𝑓  [1  𝛽𝑟𝑒𝑓  ( 𝑇𝑚𝑝𝑣   𝑇𝑟𝑒𝑓)]).  Eq. 3.9 

  

The physical interpretation of mathematical formulation for each term in Eq. 3.7 is 

explained below: 

1. The rate of solar radiation absorbed by the PV module converting to heat 

2. The overall heat Loss from the top surface of the PV panel to the surrounding atmosphere 

by convection and radiation.  

3. The rate of heat transfer by convection from the bottom surface of the PV module to the 

flowing fluid. 

4. The rate of heat transfer by radiation between the two absorber plates (i.e. the bottom 

surface of the PV panel and the top surface of the lower absorber plate). 

While for model 3, the energy balance equation for the PV panel is: 

  

[�̇�𝑡ℎ 𝑤 ∆𝑥 ]⏟      
1

 = [ℎ𝑟𝑝𝑏  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥))]⏟                      
2

+

[ℎ𝑓  𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥))]⏟                  
3

+

[ ℎ𝑟(𝑝𝑣−𝑔) 𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑔(𝑥))]⏟                        
4

 +

[ ℎ𝑓(𝑝𝑣−𝑔𝑎𝑝) 𝑤 ∆𝑥 (𝑇𝑚𝑝𝑣(𝑥)  𝑇gap(𝑥))]⏟                          
5

, 

Eq. 3.10 
  

where ℎ𝑟(𝑝𝑣−𝑔) is the radiative heat transfer coefficient between the PV panel and the sky 

(W m-2 K) and ℎ𝑓(𝑝𝑣−𝑔𝑎𝑝) is the free convective heat transfer coefficient between the top 

surface of the PV panel and the surrounding (W m-2 K). The following are the interpretation 

of the heat energy balance terms in Eq. 3.10: 

1. The rate of solar radiation absorbed by the PV module converting to heat. 

2. The rate of heat transfer by radiation between the two absorber plates. 

3. The rate of heat transfer by convection from the bottom surface of the PV module to the 

flowing fluid. 
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4. The rate of heat transfer by radiation between the bottom surface of the top glass cover 

and the top surface of the PV panel. 

5. The rate of heat transfer by free convection from the top surface of the PV module to the 

air gap. 

 

  
Fig. 3.6. Schematic of the energy balance equation for the PV module (model 3). 

 
 

 

In this subsection, for models 2 and 3, the energy balance equation for the lower absorber 

plate is developed as shown in Fig. 3.7 and Eq. 3.11. The bottom heat loss coefficient from 

the lower plate represented by 𝑈𝑏  (W m-2 K). 

 
 

  
Fig. 3.7. Schematic of the energy balance equation for the lower absorber plate for  
models 2 and 3. 

 

𝑈𝑏  𝑤 ∆𝑥 𝑇𝑏𝑚(𝑥)  𝑇𝑎𝑚𝑏  

ℎ𝑓  𝑤 ∆𝑥 𝑇𝑏𝑚(𝑥)  𝑇𝑓(𝑥)

𝑤

𝑑𝑥

 ∆𝑥 

ℎ𝑟𝑝𝑏 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥)  

Bottom plate

𝑑𝑥
ℎ𝑓  𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)

ℎ𝑓(𝑝𝑣−𝑔𝑎𝑝) 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇gap(𝑥)

𝑤
PV module (model 3) 

ℎ𝑟(𝑝𝑣−𝑔) 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥) 𝑇𝑔(𝑥)  

�̇�𝑡ℎ

 ∆𝑥 

ℎ𝑟𝑝𝑏 𝑤 ∆𝑥 𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥)  
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ℎ𝑟𝑝𝑏 (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚  (𝑥)) 𝑤 ∆𝑥⏟                    

1

= ℎ𝑓  (𝑇𝑏𝑚(𝑥)  𝑇𝑓(𝑥)) 𝑤 ∆𝑥⏟                
2

+

𝑈𝑏 (𝑇𝑏𝑚(𝑥)  𝑇𝑎𝑚𝑏) 𝑤 ∆𝑥⏟                
3

.  
Eq. 3.11 

  

Again, the physical interpretation of mathematical terms in Eq. 3.11 are expressed as 

follows;  

1. The rate of heat transfer by radiation between the two absorber plates (i.e. the bottom 

surface of the PV panel and the top surface of the lower absorber plate) 

2. The rate of heat transfer from the top surface of the lower absorber plate to the flowing 

fluid. 

3. The rate of heat transfer by convection from the top surface of the lower absorber plate 

to the flowing air. 

4. An overall heat loss from the bottom surface of the lower absorber plate to ambient by 

conduction 

Rearranging Eq. 3.11to express it in terms of the temperature of the lower absorber plate, 

we obtain: 

  

𝑇𝑏𝑚(𝑥) =
ℎ𝑟𝑝𝑏𝑇𝑚𝑝𝑣(𝑥)+ℎ𝑓𝑇𝑓(𝑥)+𝑈𝑏𝑇𝑎𝑚𝑏

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
.  Eq. 3.12 

Simplifying and reformulating Eq. 3.12 by adding 𝑇𝑚𝑝𝑣  for two sides results in:  

  

𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑏𝑚(𝑥) =
ℎ𝑓 (𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑓(𝑥))+𝑈𝑏 (𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑎𝑚𝑏)

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
. Eq. 3.13 

  

Substitute Eq. 3.13 in Eq. 3.7 to eliminate 𝑇𝑏𝑚(𝑥). 

  
𝑆𝑡ℎ = 𝑈𝑡  (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑎𝑚𝑏) + ℎ𝑓  (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)) +

ℎ𝑟𝑝𝑏 [
ℎ𝑓 (𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑓(𝑥))+𝑈𝑏(𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑎𝑚𝑏)

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
].  

Eq. 3.7a 
  

In order to simplify Eq. 3.7a, a rearrangement is carried out to obtain the following 

expression: 

  

𝑆𝑡ℎ = [𝑈𝑡 +
ℎ𝑟𝑝𝑏𝑈𝑏

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
] (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑎𝑚𝑏) + [ℎ𝑓 +

ℎ𝑟𝑝𝑏ℎ𝑓

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
] (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)).  Eq. 3.7b 
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Assuming 𝑈𝐿̅̅ ̅ and ℎ𝑒  terms as presented in Eq. 3.7c and Eq. 3.7d. 

  

𝑈𝐿̅̅ ̅ = 𝑈𝑡 +
𝑈𝑏 ℎ𝑟𝑝𝑏

𝑈𝑏+ℎ𝑟𝑝𝑏+ℎ𝑓
 , Eq. 3.7c 

  

ℎ𝑒 = ℎ𝑓 +
ℎ𝑓 ℎ𝑟𝑝𝑏

𝑈𝑏+ℎ𝑟𝑝𝑏+ℎ𝑓
 , Eq. 3.7d 

  

where 𝑈𝐿̅̅ ̅ is the equivalent heat transfer coefficient between the PV panel and the ambient 

(W m-2 K) and ℎ𝑒 is the equivalent heat transfer coefficient between PV panel and fluid (W 

m-2 K), thus: 

  
𝑆𝑡ℎ = 𝑈𝐿̅̅ ̅ (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑎𝑚𝑏) + ℎ𝑒(𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)).  Eq. 3.7e 

  

From Eq. 3.7e, the mean temperature of the PV panel device is: 

  

𝑇𝑚𝑝𝑣(𝑥) =
𝑆𝑡ℎ+𝑈𝐿̅̅ ̅̅ 𝑇𝑎𝑚𝑏+ℎ𝑒𝑇𝑓(𝑥)

𝑈𝐿̅̅ ̅̅ +ℎ𝑒
.  Eq. 3.7f 

  

 

Once the energy balance equations of the PV/T components have been completed, the 

subsequent step is setting up the models to estimate the amount of heat transferred (useful 

heat gain) by forced convection from the two absorber plates to the flowing air. The 

derivation of the useful heat gain equation is valid for model 2 and model 3.  

The calculation of the useful heat gain is conducted per unit flow length. The fluid enters the 

duct flow at temperature  (𝑇𝑓𝑖)  and the temperature of the coolant fluid increases 

cumulatively until at the exit of the duct (𝑇𝑓𝑜). Referring to Fig. 3.8, enthalpy balance over 

an interval ∆𝑥 and time interval ∆𝑡 of the fluid flowing through a single duct of length, 𝐿 can 

be shown as follows: 

  
�̇�𝑢(𝑥) = �̇�𝑓  𝑐𝑝𝑓  𝑇𝑓(𝑥),  Eq. 3.14 

  
�̇�𝑢(𝑥 + ∆𝑥) = �̇�𝑓  𝑐𝑝𝑓  𝑇𝑓(𝑥 + ∆𝑥),  Eq. 3.15 

  
�̇�𝑢(𝑥)

𝑑𝑥
= �̇�𝑓  𝑐𝑝𝑓

𝑑𝑇𝑓(𝑥)

𝑑𝑥
 , Eq. 3.16 

  

∆𝑡 �̇�𝑓  𝑐𝑝𝑓  
𝑑𝑇𝑓(𝑥)

𝑑𝑥
 ∆𝑥 ⏟            

1

=  ∆𝑡 𝑤 ∆𝑥 ℎ𝑓  (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥))⏟                    
2

+

∆𝑡 𝑤 ∆𝑥 ℎ𝑓  (𝑇𝑏𝑚(𝑥)  𝑇𝑓(𝑥))⏟                  
3

 . 
Eq. 3.17 
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The next is the interpretation for each term of the enthalpy balance equation Eq. 3.17: 

1. The total incremental useful heat transfer (enthalpy term). 

2. The rate of heat transfer by convection from the bottom surface of the P  module to the 

flowing fluid. 

3. The rate of heat transfer by convection from the top surface of the lower absorber plate 

to the flowing air. 

 
 

  
Fig. 3.8. Schematic of the enthalpy balance over an interval ∆𝑥 and time interval ∆𝑡 of the 
fluid flowing. 

 
 

 

Heat transfer is categorised into three main modes: conduction, convection and radiation. 

In order to describe the heat transfer behaviour in PV/T air systems, model 3 is chosen as a 

comprehensive example to describe this behaviour. The incidence of solar radiation on the 

top surface of the glass cover is reflected and is absorbed, but most of it is transmitted as 

illustrated in Fig. 3.9. The air gap between the glass cover and top surface of the PV module 

(i.e. in the upper channel) is considered a free convection zone. The fluid convection motion 

between the glass cover and the PV module is induced by buoyancy forces resulting from 

density gradients in the fluid as well as the temperature gradient between the two surfaces 

(see Fig. 3.9). In the lower channel, air flows by a pump or fan and is considered as forced 

convection. The remainder of insolation is absorbed by the PV to generate partially thermal 
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energy and the rest is released from the PV cells through an external circuit as electrical 

power. Following this, the PV layers experience conduction. 

 
 

 

 
Fig. 3.9. Schematic of heat transfer modes in PV/T air systems (model 3). 

 
 

In this chapter, the relevant convective and radiative heat transfer coefficients used to solve 

the heat balance and the fluid flow equations are presented. The examination of different 

approaches to solve the convection heat transfer rate in the enclosure are investigated. 

Finally, the thermal, hydraulic and electrical equations are introduced.  

 

Free convection heat transfer parameters are usually formulated in terms of three 

dimensionless numbers: Nusslet number  (Nu),  Rayleigh number  (Ra) and Prandtl 

number (Pr). Some authors correlated data in terms of the Grashof number, which is the 

ratio of the Ra to the Pr [250]. Meanwhile, the forced convention parameters are correlated 

in terms of Nusslet number, Prandtl number and Reynolds number. 

 

The Rayleigh number (Ra)  is defined as the product of   r , which explains the relation 

between viscosity and buoyancy within a fluid, and the Pr, which illustrates the relationship 

between thermal diffusivity and momentum diffusivity [27, 121, 122].  

  

Forced convection

PV cells

PV glass

Free convection

Insulation

Wind effect or 
free convection

G ambT

Fan
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Ra =
Buoyant force

Viscous force
. Eq. 3.18 

  

The Rayleigh number is based on the distance between the two heated plates (𝛿𝐷2) which 

is denoted as Ra δD . 

  

Ra δD =  rδDPr =  
 g β𝑓 (𝑇ℎ− 𝑇𝑐) 𝛿𝐷2

3 

𝛼 𝑣𝑓
,  Eq. 3.19 

  

where 𝛽𝑓 is the thermal expansion coefficient is equal to 1/𝑇gap  (K-1), for ideal gases, where 

the temperature is absolute temperature. 𝑇ℎ  is the hot side wall temperature, 𝑇𝑐  is the cold 

side wall temperature, 𝛿𝐷2 is the distance between regions of high temperature and low 

temperature i.e., the distance between the top surface of the PV panel and bottom surface 

of the glass cover for model 3 as shown in Fig. 3.3. 𝛼 is the thermal diffusivity of fluid (m s-

2) which can be defined as a measure of the ability of a material to conduct thermal energy 

relative to its ability to store thermal energy [256]. 

  

𝛼 =
𝑘𝑓

𝜌𝑓 𝑐𝑝𝑓
.   Eq. 3.20 

  

All physical properties are evaluated at the air gap temperature (𝑇gap),  

  

𝑇gap = 
𝑇ℎ+ 𝑇𝑐

2
 . Eq. 3.21 

  

In this case, the Ra formulated based on characteristic length (𝐿𝑐) which is denoted as Ra Lc  

All physical properties are evaluated at the film temperature (𝑇film).  

  

𝑇film =
(𝑇𝑠+𝑇∞)

2
,  Eq. 3.22 

  

𝐿𝑐 =
𝐴𝑠

𝑃𝑒𝑟
= 

𝑤 𝐿

2 (𝑤+𝐿)
, horizontal plate  Eq. 3.23 

  
𝐿𝑐 = 𝐿, vertical and inclined plate Eq. 3.24 

  

RaLc = 
g 𝛽flim(𝑇𝑠−𝑇film) 𝐿𝑐

3

𝜈𝑓𝑙𝑖𝑚
2 ,  Eq. 3.25 

  

where 𝑇∞  is the quiescent temperature (fluid temperature far from the surface of the 

surface), 𝑃𝑒𝑟  is the perimeter of the plate, 𝑤 is the width of the plate, 𝛽film is the thermal 

expansion coefficient is equal to 1/𝑇film, for ideal gases, where the temperature is absolute 
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temperature. In case of the boundary condition is constant heat flux 𝑇𝑠  is the uniform 

surface temperature.  

 

The Reynolds number (Re) can be defined as the ratio of the inertial force to the viscous 

force within the flow. The main function of the Reynolds number is to characterize the 

nature of flow (i.e. laminar, transitional or turbulent). The Reynolds number is universally 

used in the correlation of experimental data on frictional pressure drop and heat and mass 

transfer in convective flow. Re is a function of much physical modelling. For internal flow 

and non-circular tube (channel duct), the Reynolds number is denoted as Re Dh . 

  

ReDh =
Inertia forces

Viscous forces
=
𝜌𝑓 𝑉 𝐷ℎ

𝜇𝑓
=  

4 �̇�

𝜇𝑓𝑃𝑒𝑟
 , Eq. 3.26 

  

where 𝐷ℎ  is the hydraulic diameter or duct equivalent diameter for both circular and non-

circular cross sections is:  

  

𝐷ℎ = 
4 flow area 

wetted perimeter (𝑃𝑒𝑟) 
.  Eq. 3.27 

  

In the current study, parallel plates are considered (duct) having a width (𝑤) and depth of 

flow (𝛿𝐷), the hydraulic diameter becomes: 

  

𝐷ℎ =  
4 𝑤 𝛿𝐷

(𝑤+ 𝛿𝐷)
.  Eq. 3.28 

  

According to [180, 257], the critical laminar value of Reynolds number for this type of design 

(flow between parallel plates) is considered 2550.  

  
For laminar flow ReDh < 2550,  Eq. 3.29 

  
for turbulent flow ReDh > 2550.  Eq. 3.30 

  

 

The key criterion considered in estimating the free and forced convective heat transfer 

coefficients in both laminar and turbulent flow regimes is Nusselt number (Nu). 

Convection heat transfer occurs at the solid-fluid interfaces (see Fig. 3.10). This heat 

transfer rate per unit area is expressed in terms of a heat transfer coefficient (ℎ) and the 
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difference between the interface and surrounding or ambient temperatures (𝑇∞   𝑇𝑓,Γ) 

based on Newton’s law of cooling. 

  
𝑄𝑛 =  ℎ(𝑇∞   𝑇𝑓,Γ).  Eq. 3.31 

  

The heat transfer rate may also be expressed in terms of the thermal conductivity 𝑘𝑓  of the 

fluid, according to the Fourier law of conduction, as; 

  

𝑄𝑛 =   𝑘𝑓
𝜕

𝜕𝑛
 (𝑇  𝑇𝑠,Γ)|

Γ
.  Eq. 3.32 

  

Combining Eq. 3.31 and Eq. 3.32 gives: 

  

  𝑘𝑓
𝜕

𝜕𝑛
 (𝑇  𝑇𝑠,Γ)|

Γ
= ℎ(𝑇𝑓,Γ  𝑇∞).  Eq. 3.33 

  

Rearranging Eq. 3.33 in terms of characteristic length (𝐿𝑐). Thus, Nu can be defined as the 

ratio of the convective to the conductive heat transfer rates across the boundary as shown 

in Eq. 3.34.  

  

ℎ 𝐿𝑐 

𝑘𝑓
=

𝜕

𝜕𝑛
 (𝑇−𝑇𝑠,Γ)|

Γ

(𝑇𝑓,Γ−𝑇∞)
,   Eq. 3.34 

  

where Γ is the interface surface between the solid and fluid. The interface wall temperatures 

have the same temperature magnitude (𝑇𝑠 , 𝛤 =  𝑇𝑓 , 𝛤). 

 

 

Fig. 3.10. Schematic of conjugate heat transfer between solid and fluid domains adapted 
from [258]. 
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In Fig. 3.10, 𝛿 and 𝛿𝑡  are the thicknesses of thermal and hydrodynamic boundary layers 

respectively. Prandtl number is used to identify the ratio of these layers. If the Pr is 1, the 

two boundary layers are the same thickness. 

 

Calculating a convective heat transfer coefficient is the key to measure the heat transfer 

enhancement in heat exchanger devices such as PV/T air systems. This coefficient is 

important in evaluating the convective heat transfer across the system. The radiative heat 

transfer coefficients with the relevant parameters are presented in this section. 

 

In solar air collectors, there are two main heat losses. The major portion is the overall top 

heat loss (𝑈𝑡) while the minor loss is the bottom heat loss (𝑈𝑏). 

For model 2, the overall top loss coefficient from the PV panel to the ambient while for 

model 3, the overall top loss coefficient from the PV panel to ambient via the front glazing. 

This coefficient (𝑈𝑡)  is a function of the wind velocity  (𝑉𝑤) , the emittance of the PV 

panel (휀𝑝𝑣), the emittance of the glass cover (휀𝑔), 𝑇𝑚𝑝𝑣  and  𝑇𝑎𝑚𝑏 . Since the solar cell is thin, 

its heat capacitance is assumed as negligible [27, 122]. For model 2 and model 3, two 

expressions are used to evaluate top heat loss, as shown in Eq.3.35 and Eq.3.36. 

  
For model 2 𝑈𝑡 =  ℎ𝑤 + ℎ𝑟(𝑝𝑣−𝑠𝑘𝑦),  Eq. 3.35 

  

for model 3 𝑈𝑡 =  [
1

ℎ𝑟(𝑝𝑣−𝑔)+ ℎ𝑓(𝑝𝑣−𝑔)
+ 

1

ℎ𝑤+ℎ𝑟(𝑔−𝑠𝑘𝑦)
 ]
−1

,  Eq. 3.36 

  

where ℎ𝑟(𝑝𝑣−𝑠𝑘𝑦) is the radiative heat transfer coefficient between the PV absorber plate 

and the sky [27, 50, 122, 250, 251] which can be evaluated as in Eq. 3.37. ℎ𝑓(𝑝𝑣−𝑔) is the free 

convective heat transfer coefficient for the bottom surface of the glass cover and the top 

surface of the PV module i.e. free convective heat transfer coefficient in the enclosure, see 

Fig. 3.3. For model 3, ℎ𝑟(𝑔−𝑠𝑘𝑦) is the radiative heat transfer coefficient between the glass 

cover and the sky [250, 251] as shown in Eq. 3.38. 

  

for model 2 ℎ𝑟(𝑝𝑣−𝑠𝑘𝑦) =
𝜎 𝑝𝑣 (𝑇𝑚𝑝𝑣

2+𝑇sky
2)(𝑇𝑚𝑝𝑣+𝑇sky)(𝑇𝑚𝑝𝑣−𝑇sky)

(𝑇𝑚𝑝𝑣+𝑇𝑎𝑚𝑏)
, Eq. 3.37 

  

for model 3 ℎ𝑟(𝑔−𝑠𝑘𝑦) =
𝜎 𝑔 (𝑇𝑔

2+𝑇sky
2)(𝑇𝑔+𝑇sky)(𝑇𝑔−𝑇sky)

(𝑇𝑔−𝑇𝑎𝑚𝑏)
.  Eq. 3.38 
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The measurement of the sky temperature  (𝑇sky), which is called the temperature of the 

atmospheric filter, is complex and seldom available, several correlations are in the literature 

to predicting the sky temperature: 

  

𝑇sky = 𝑇𝑎𝑚𝑏 [0.8 + 
𝑇𝑑𝑝 273

250
]
1
4⁄

 [37], Eq. 3.39 

  

𝑇sky = 0.037536 𝑇𝑎𝑚𝑏
1.5 + 0.32 𝑇𝑎𝑚𝑏  [32], Eq. 3.40 

  

 sky = 𝑇𝑎𝑚𝑏  [0.711 + 0.0056 𝑇𝑑𝑝 + 0.000073 𝑇𝑑𝑝
2 + 0.013  os(15t)]0.25 

[50, 259], Eq. 3.41 
  

𝑇sky = 𝑇𝑎𝑚𝑏  6. [260], Eq. 3.42 
  

where 𝑇𝑑𝑝  is the dew point temperature in C and t is the time in hours (h) from midnight. 

𝑇𝑑𝑝  is measured in the range -20 C to -30 C. The range of the difference between the sky 

and air temperatures is from 5 C in a hot-moist climate to 30 C in a cold-dry climate. The 

issue with this equation is that 𝑇𝑑𝑝 is occasionally not available. Finally, a frequently used 

formula is given by Swinbank [261] which is used in this study. This formula has also been 

used by [37, 121, 250, 262]. 

  

𝑇sky = 0.0552 𝑇𝑎𝑚𝑏
1.5.  Eq. 3.43 

  

A common empirical equation widely used in the calculation 𝑈𝑡, which secures sufficient 

accuracy for design purposes. This equation was correlated by Klein [263] which can also 

be employed to compare the results obtaining from Eq.3.35 and Eq.3.36. 

  

𝑈𝑡 = [ 
𝑁 

𝐶𝛽

𝑇𝑚𝑝𝑣
 [
𝑇𝑚𝑝𝑣−𝑇𝑎𝑚𝑏

(𝑁+𝑓)
]
𝑒 +

1

ℎ𝑒𝑥
]

−1

+
𝜎 (𝑇𝑚𝑝𝑣+𝑇𝑎𝑚𝑏)(𝑇𝑚𝑝𝑣

2+ 𝑇𝑎𝑚𝑏
2 )

1

𝑝𝑣+0.00591 𝑁 ℎ𝑒𝑥
+
2𝑛𝑐+𝑓−1+0.133 𝑝𝑣

𝑔
−𝑁 
,  Eq. 3.44 

  

where 𝑛𝑐 is the number of glass covers. 

  
𝑓 =  (1 +  0.089 ℎ𝑒𝑥   0.1166 ℎ𝑒𝑥  휀𝑝𝑣)(1 +  0.07866 𝑁),  Eq. 3.45 

  
𝐶𝛽 =  520 (1   0.000051 𝛽

2),  Eq. 3.46 

  
𝑒 =  0.430 (1  100/𝑇𝑚𝑝𝑣).  Eq. 3.47 

  

For 0o <  𝛽 <  70o; for 70o <  𝛽 <  90o  use 𝛽 =  700 
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where 𝛽 is the collector tilt angle and ℎ𝑒𝑥 is the external heat transfer coefficient either free 

or forced convection condition (W m-2 K-1).  

Assuming that there is no effect of wind or free convection and exchange radiation with 

surrounding from the collector back, the minor loss of the PV/T air collector can be 

represented by: 

  

𝑈𝑏 =  
𝑘𝑖𝑛𝑠  

𝑡𝑖𝑛𝑠
, Eq. 3.48 

  

where 𝑘𝑖𝑛𝑠  is the back insulation and 𝑡𝑖𝑛𝑠  is the thickness of the back insulation. 

Eq. 3.49 estimates the radiative heat transfer coefficients between the PV panel absorber 

and the glass cover ℎ𝑟(𝑝𝑣−𝑔). 

  

ℎ𝑟(𝑝𝑣−𝑔) =  𝜎
(𝑇𝑚𝑝𝑣+𝑇𝑔)(𝑇𝑚𝑝𝑣

2 + 𝑇𝑔
2)

1

𝑝𝑣
+
1

𝑔
−1

.  Eq. 3.49 

  

While Eq. 3.50 estimates the radiative heat transfer coefficients between two 

absorbers (ℎ𝑟𝑝𝑏). 

  

ℎ𝑟𝑝𝑏 =  𝜎
(𝑇𝑚𝑝𝑣+𝑇𝑏𝑚)(𝑇𝑚𝑝𝑣

2 + 𝑇𝑏𝑚
2 )

1

𝑝𝑣
+

1

𝑏𝑚
−1

,  Eq. 3.50 

  

where 𝜎 is the Stefan-Boltzmann’s constant which equals to 5.7 × 10−8 (W m-2 K-4). 

 

The main criteria that govern free convection are: 

 Fluid motion induced by buoyancy forces. 

 Buoyancy forces arise when there are density gradients in the fluid. 

 Density gradients take place owing to temperature gradients. 

 Body force takes place owing to gravity (a function of mass)  

In the solar air collectors, some days there is little or no wind, the free convection mode will, 

therefore, dominate rather than the wind effect. This phenomenon appears clearly in a cold 

climate when there is a significant difference in temperature between the air and solid 

surface [36, 264]. The purpose of assuming the free convection phenomenon is to examine 

the effects of worst-case scenarios for the PV system. In this section, the Nusselt number 
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correlations are presented as a function of the convective heat transfer coefficient for 

different inclinations and conditions. 

An approximated correlation equation developed to estimate the free heat transfer 

coefficient for the top surface of the glass cover [33, 37, 265, 266] is given in Eq. 3.51 and 

Eq. 3.52. 

  
ℎfree = 1.78 (𝑇𝑠  𝑇𝑎𝑚𝑏)

1/3,  Eq. 3.51 
  

ℎfree = 1.31 (𝑇𝑠  𝑇𝑎𝑚𝑏)
1/3,  Eq. 3.52 

  

where  𝑇𝑠  is the top surface temperature exposed to ambient conditions and ℎfree is the 

average convective heat transfer coefficient under free convection conditions. 

Empirical correlations suggested by Bergman et al. [241] to estimate the convective heat 

transfer coefficient depending on the type of inclination and surface temperature. These 

correlations are valid for various engineering applications [241, 267].  

  

ℎfree = (
𝑘𝑓

𝐿𝑐
)𝐶 RaLc

𝑛,  Eq. 3.53 

  

where n is 1/4 for laminar and n is 1/3 for turbulent.  

Eq. 3.53 has been developed to match with a vertical plate and presented in Eq. 3.54 and  

Eq. 3.55. 

  
For laminar flow (104  ≤  RaLc ≤ 10

9) 𝐶 = 0.59 and 𝑛 = 1/4, Eq. 3.54 

  
for turbulent flow (109  ≤  RaLc ≤ 10

13) 𝐶 = 0.1 and 𝑛 = 1/3. Eq. 3.55 

  

Churchill and Chu [267] recommended a correlation equation that may be applied over the 

entire range of RaLc . This is presented in Eq. 3.56, as [241, 267]: 

  

ℎfree = (
𝑘𝑓

𝐿𝑐
)

(

 
 
0.825 + 

0.387 cos(∅) RaLc
1/6

(1+(
0.492 𝑘𝑓

 𝑐𝑝𝑓𝜇𝑓
)

9/16

)

8/27

)

 
 

2

.   Eq. 3.56 

  

However, for the laminar regime, Churchill and Chu [267] recommend the use of Eq. 3.57 

instead of Eq. 3.56 which affords greater accuracy [241, 267].  
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ℎfree = (
𝑘𝑓

𝐿𝑐
)

(

 
 
 
0.68 + 

0.67  os(∅) Ra  

1
4

(1+(
0.492 𝑘𝑓

𝑐𝑝𝑓
𝜇𝑓
)

9
16
)

4
9

)

 
 
 
 if RaLc ≤ 10

9if RaLc ≤ 10
9. Eq. 3.57 

  

These equations are also valid for an inclined plate in which, ∅ is the angle between the P  

module and the vertical direction as shown in Fig. 3.11. These correlations are valid for 

 -60 < ∅ < 60 (-30 <  < 30). 

where: 

for horizontal plate 𝐿𝑐 =
𝐴𝑠

𝑃𝑒𝑟
= 

𝑤 𝐿

2 (𝑤+𝐿)
, Eq. 3.58 

  
for vertical and inclined plate 𝐿𝑐 = 𝐿.  Eq. 3.59 

  

For turbulent flow, Vliet [268] suggested that the experimental results correlated better 

using g instead of 𝑔  os (∅), i.e. heat transfer in turbulent natural convection is not sensitive 

to the inclination angle. 

According to [241, 267], the correlation equations for inclined walls (i.e. Eq. 3.56 and  

Eq. 3.57) are only satisfactory for the top side of a cold plate or the down face of a hot plate. 

Hence, these correlations are not recommended for the bottom side of a cold face nor for 

the top side of a hot plate. Since the application of inclined PV systems is the top and bottom 

sides of a hot plate which does not match the aforementioned literature cases, some 

deviation owing to this is thus expected. In this study, the tilt angle is in the range of  

(30-90) and the horizontal position are both studied. Schematic representations of the free 

convective boundary layers for inclined, vertical and horizontal surfaces are shown in  

Fig. 3.11. 
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Fig. 3.11. Schematic of different positions of hot and cold plates, in (a) Vertical hot plate, 
(b) Inclined (down face of a hot plate), (c) Vertical cold plate (d) Inclined (top side of a 
cold plate) 

 
 

In the case of the horizontal position (hot surface upward and hot surface downward), the 

set of flowing equations can be used: 

1. The top surface of the hot plate or bottom surface of the cold plate [241]. 

Eq. 3.60 is for laminar flow and Eq. 3.61 for turbulent flow. 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.54 RaLc
1/4 ( 104  ≤  RaLc ≤ 10

7), Pr ≥ 0.7,  Eq. 3.60 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.15 RaLc
1/3. ( 107  ≤  RaLc ≤ 10

11), all Pr. Eq. 3.61 

  
 

  
Fig. 3.12. Schematic of buoyancy-driven flows on a horizontal position in (a) End view of 
flow at the top surface of the hot plate and in (b) End view of flow at the bottom surface 
of cold plate adapted from [241]. 

 
 

2. The bottom surface of the hot plate or top surface of the cold plate  
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Either Eq. 3.62 or Eq. 3.63 can be used in case of the bottom surface of the hot plate or top 

surface of the cold plate as shown in Fig. 3.13. 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.52 RaLc
1/5. ( 104  ≤  RaLc ≤ 10

9), Pr ≥ 0.7 [241], Eq. 3.62 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄ 0.52 RaLc
1/5. ( 105  ≤  RaLc ≤ 10

11) [269]. Eq. 3.63 

  
 

  
Fig. 3.13. Schematic of buoyancy-driven flows on the horizontal position in (a) Top 
surface of the cold plate and in (b) Bottom surface of hot plate adapted from [241]. 

 

 

In solar air collectors, one of the major concerns is to minimize the heat losses from the hot 

surfaces to the colder surroundings. These heat losses result from conductive-convective 

and thermal radiative heat exchanges through the top surface of the absorber plate. From 

an energy conservation point of view, designers investigate feasible options to reduce these 

losses [270]. One of these options is to insulate the system by adding one or more 

transparent covers, which also serve as protection from weathering. However, in the case 

of PV/T air systems, a compromise should be considered between the rise of PV panel 

temperature and the reduction in heat losses. In this study, one transparent cover is 

therefore used to avoid this action. The recommended size of the gap between the 

transparent cover and the absorber plate is between 10 mm to 25 mm [270]. Empirical 

correlations and CFD modelling approaches are examined in this section. 
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Hot Surface Downward
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 Empirical correlations  

A wide range of empirical correlations are available in the literature which have been 

selected based on the accuracy and the conditions of the studied systems. The conditions 

considered in this study are, the air gap separates the two heated surfaces. The hotter 

surface is located below the cooled one in the case of horizontal or tilted flat plate solar 

systems (𝛽) as illustrated in Fig. 3.14a [270, 271].  

 

 
Fig. 3.14. Horizontal rectangular enclosure with isothermal surfaces adapted from [272]. 

 
 

For small air gap depth (𝛿𝐷) the heat transfer in the air gap can be purely conductive; this 

could be valid when the Rayleigh number is sufficiently small. In this case, the shape of fluid 

motion appears as one big cell called the base flow; the lighter fluid rises near the hot surface 

while the heavier fluid falls near the cold surface [252, 271]. So, the Nusselt number for the 

air gap becomes negligible, and it approaches unity [252, 271]. The governing equation is: 

For Ra δD < 1708/  os𝛽, 𝛽 ≤ 70  

  
ℎfree =  (𝑘𝑓/𝛿𝐷),  Eq. 3.64 

  

where 𝛽 the tilt angle and the critical value of Ra δD is given by Ra δD= 1708/  os𝛽 [271, 

273]. 

To assume that the regime is purely conductive, the following criteria should be considered: 

1. The Rayleigh number is less than the critical value [271, 273]. 

2. For the Ra δD > critical value, if the depth of the air gap is relatively small, it results in a 

high aspect ratio (𝐿 𝛿𝐷)⁄ . The conductive heat transfer becomes the dominating mode so that 

the Nusselt number of unity represents pure conduction [271]. Catton et al. [274] stated 

that the contribution to heat transfer by the unicellular flow will always be negligible for 

Heavy fluid

Light fluid Hot

Cold

(No fluid motion) 
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aspect ratios (20-200) of interest in solar collector design, however, this is not valid at the 

extreme ends where there is some convective heat transport associated with the fluid 

turning [275].  

3. There are no convection currents induced while the hotter plate is at the top, as the 

direction of heat transfer is downwards by conduction ( Nu = 1) as shown in Fig. 3.14b. 

With increasing values of the 𝛿𝐷, natural convection in the air gap becomes the dominating 

heat transfer mode [252]. In this case, the shape of fluid motion appears as a combination 

of the roll and the cellular structures [241]. The relationship between Ra and Nu is shown 

in Eq. 3.65 [275]. According to the results of measurements reported in [275], Eq. 3.65 is 

recommended for estimating heat transfer coefficient by free convection having 0 < 𝛽 < 60 

degrees and 0 <  Ra <  105 with a maximum error of approx. 5% and 10% for 𝛽 up to 75 

degrees. From analogy with the horizontal layer, Eq. 3.65 is expected to be valid for 

 Ra > 106 . This equation has also been used by [24, 27, 121, 122, 250]. 

  
ℎfree = (𝑘𝑓/𝛿𝐷)[{ 1 + 1.44(1  𝑅)

∗ (1  𝑅 (sin1.8𝛽)1.6 ) +

[0.66416 𝑅−1/3  1]∗}],  
Eq. 3.65 

  

where: 

  

𝑅 =
1708

RaδD  cos𝛽
.  Eq. 3.65a 

  

The meaning of the (*) exponent in Eq. 3.65 is that only positive values of the terms in the 

square brackets are to be used (i.e. use zero if the term is negative). All properties are 

evaluated at the 𝑇gap.  

To afford greater accuracy, a comprehensive review has been carried out by Arnold et al. 

[276]. They have revealed that when the heated surface lies below the cooled one, in either 

horizontal or tilted flat plate solar collectors, a (multi) cellular convection arises 

when  Ra δD  os𝛽 ≫ 1708/  os𝛽. The authors suggest that there are three-region 

correlations as shown in Eq. 3.66 to Eq. 3.68: 

For 1708 < Ra δD   os𝛽 < 5900  

  

ℎfree = (𝑘𝑓/𝛿𝐷) (1 + 1.446 [(1  
1708

Ra δD
 os𝛽 )]

∗

). Eq. 3.66 

  

For 5900 <  Ra δD  os𝛽 <  9.23 × 10
4  
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ℎfree  =  (𝑘𝑓/𝛿𝐷) 0.229 Ra δD
0.252. Eq. 3.67 

  

For 9.23 × 104 <  Ra δD  os𝛽 < 10
6  

  

ℎfree  =  (𝑘𝑓/𝛿𝐷) 0.157 Ra δD
0.285. Eq. 3.68 

  

Also, important correlations for horizontal enclosures are recommended by Jakob [277]. 

For 104 < Ra δD < 4 × 10
5 

  

ℎfree  =  (𝑘𝑓/𝛿𝐷) 0.195 Ra δD
0.25. Eq. 3.69 

  

For 4 × 105 < Ra δD < 10
7 

  

ℎfree  =  (𝑘𝑓/𝛿𝐷) 0.068 Ra δD
1/3. Eq. 3.70 

  

 CFD modelling approaches 

The evaluation of free convection in the enclosure is carried out using two CFD techniques. 

The first technique is 3D CFD modelling under transient conditions. The relevant governing 

equations for the air velocity �⃗⃗� (𝑥,  , 𝑧) = 𝑢, 𝑣, 𝑤  and temperature 𝑇  are based on the 

conservations of mass, momentum, and energy [278]. The conservations of mass and 

momentum are presented in detail in Section 4.3.1. Eq. 3.71 and Eq. 3.72 are the heat 

transfer equations for solid and fluid domains, respectively. 

  
𝐷(𝜌𝑐𝑇)

𝐷𝑡
. 𝛻𝑇 = 𝛻. (𝑘𝑠 𝛻𝑇 )  �̇�,  Eq. 3.71 

  

𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) =
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
) + 

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
), Eq. 3.71a 

  
𝐷(𝜌 𝑐 𝑇)

𝐷𝑡
= 𝜌 𝑐

𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
+ 𝜌 𝑐 𝑢

𝜕𝑇

𝜕𝑥
+ 𝜌 𝑐 𝑣

𝜕𝑇

𝜕𝑦
+ 𝜌 𝑐 𝑤

𝜕𝑇

𝜕𝑧
. Eq. 3.71b 

  

Supposing unsteady state conditions, with internal energy conversion (i.e. electrical power 

generation as a heat sink), three dimensions and non-moving parts (stationary PV panel), 

Eq. 3.71 reduces to the following format, 

  

𝜌 𝑐
𝜕𝑇(𝑥,  , 𝑧)

𝜕𝑡
= 𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 )  �̇�𝑣 , Eq. 3.71c 
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where 𝜌 is the density, 𝑐 is the specific heat, 𝑘𝑠 is the thermal conductivity, �̇�𝑣 is the volume 

heat source or sink. 

  

𝜌𝑐𝑝𝑓 (
𝜕𝑇(𝑥, ,𝑧)

𝜕𝑡
+ 𝑉𝛻𝑇(𝑥,  , 𝑧)) = 𝛻. (𝑘𝑓𝛻𝑇 )+ 𝑄𝑣𝑑 +𝑄𝑝  �̇�𝑣 [278], Eq. 3.72 

  

where 𝑄𝑣𝑑 is the viscous dissipation in the fluid domain, 𝑢 is the velocity vector, 𝑄𝑃 is the 

work done by pressure gradients due to heating under adiabatic compression and a thermo-

acoustical phenomenon, which is relatively minor for a small Mach number.  

  

𝑄𝑝 = 𝛼𝑝 𝑇 (
𝜕𝑝

𝜕𝑡
+  𝑉. 𝛻𝑝),  Eq. 3.73 

  

𝛼𝑝 = 
1

𝜌

𝜕𝜌

𝜕𝑇
,  Eq. 3.74 

  

where 𝑝  is pressure, and for ideal gases, the thermal expansion coefficient 𝛼𝑝  takes the 

simpler form as follows: 

  

𝛼𝑝 = 
1

𝑇
.  Eq. 3.75 

  

This approach is considered to be accurate more than the other methods (empirical 

correlations) because it is more representative of real conditions. However, this method is 

inherently intricate because of the complexity of the transient model. For example, choosing 

the time step, the difficulty of solution convergence and is more expensive in terms of 

running time, and computer memory and RAM. For this reason, the necessity of finding an 

alternative method can contribute to tackling these issues.  

The alternative approach is a 3D CFD model with a temperature-dependent thermal 

conductivity in the enclosure called effective thermal conductivity. It is usually applicable 

to a narrow range of Prandtl and Rayleigh numbers and aspect ratios [279]. This method is 

more appropriate and valid for high aspect ratio geometries, i.e. the length of the cavity 

(duct) to the depth of flow (height of cavity) (𝐿/𝛿𝐷) [279]. 

The technique is, the thermal conductivity is increased by an empirical correlation factor 

that depends on the cavity dimensions and the temperature variation across the cavity. 

This method could be not applicable for nonrectangular geometries[280]. 

The difference between two methods (transient and effect thermal conductivity) is that the 

fluid flow domain is not modelled which implies the velocity term disappears or is 

neglected. The heat transfer in the interface solid-fluid (conjugate heat transfer) however, 

https://www.powerthesaurus.org/for_this_reason
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is still modelled and considered. The increased heat transfer rate in the enclosure depends 

on the value of the product 𝑘Nu as well as the temperature variation across the enclosure 

(cavity) and cavity dimension (depth flow) as shown in Eq. 3.76. Therefore, the 

quantity  𝑘Nu  is called the effective thermal conductivity of the enclosure. The term 

𝛻. (𝑘𝑓𝛻𝑇 ) in Eq. 3.72 becomes 𝛻. (𝑘𝑓 Nu 𝛻𝑇 ) and the velocity term (𝑉 𝛻𝑇(𝑥,  , 𝑧)) in the 

same equation disappears too. 

  

𝜌𝑐𝑝𝑓 (
𝜕𝑇(𝑥, ,𝑧)

𝜕𝑡
) = 𝛻. (𝑘𝑓Nu 𝛻𝑇 )+ 𝑄𝑣𝑑 + 𝑄𝑝  �̇� [278], Eq. 3.76 

  

Nu =  0.068 Ra δD
1/3Pr0.074.  Eq. 3.77 

  

For the special case of this method, the effective thermal conductivity of the enclosure 

becomes equal to the conductivity of the fluid (Nu = 1).  

 Air gap assumption 

To estimate the convective heat transfer coefficient in enclosed surfaces (enclosure), it is 

necessary to evaluate accurate physical air properties. The physical properties of air are 

evaluated at air gap temperature (𝑇gap), as presented in Eq. 3.78.  

  

𝑇gap =
(𝑇𝑚𝑝𝑣+𝑇𝑔)

2
.  Eq. 3.78 

  

𝑇gap  is the air enclosed between the bottom surface of the glass cover and the top surface of 

the PV panel for model 3 as shown in Fig. 3.15. In order to examine the validity of using this 

temperature, an investigation was conducted to justify this assumption [272]. Three 

methods were employed in this investigation as follows:  

1. Empirical correlations (method 1) see Section 3.3.2.3.1.  

2. 3D CFD modelling with a temperature-dependent thermal conductivity in the enclosure 

(effective thermal conductivity) (method 2). This method was explained in detail in  

Section 3.3.2.3.2.  

3. 2D CFD modelling under transient conditions (method 3), see Section 3.3.2.3.2. 
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Fig. 3.15. Schematic of a horizontal rectangular enclosure with isothermal surfaces. 

 
 

In enclosed surfaces, as in model 3, there are two convective heat transfer coefficients. The 

first one is the convective heat transfer coefficient at the top surface of the PV module 

(ℎ𝑝𝑣−𝑔𝑎𝑝) while the second one is at the bottom surface of the glass cover (ℎ𝑔𝑎𝑝−𝑔). Instead 

of using the two separate convective heat transfer coefficients, it is possible to estimate an 

overall heat transfer coefficient in the enclosure (𝑈𝑚𝑝𝑣+𝑔). To define 𝑈𝑚𝑝𝑣+𝑔 , an energy 

balance was applied between the glass cover and the PV panel, as shown in Eq. 3.79 and 

 Fig. 3.15. 

  
�̇�/𝐴𝑠 = ℎ𝑝𝑣−𝑔𝑎𝑝 (𝑇𝑚𝑝𝑣  𝑇gap) = ℎ𝑔𝑎𝑝−𝑔  ( 𝑇gap  𝑇𝑔)

= 𝑈𝑚𝑝𝑣+𝑔  (𝑇𝑚𝑝𝑣  𝑇𝑔), 
Eq. 3.79 

  

where 𝐴𝑠 is the PV surface area (𝐿 𝑤). 

To check the reliability of Eq. 3.79, add ∓𝑇gap  to both sides of Eq. 3.79 which yields Eq. 3.80,  

  
�̇�

𝐴𝑠

𝑈𝑚𝑝𝑣+𝑔
= (𝑇𝑚𝑝𝑣  𝑇𝑔)⏟        

3

= ( 𝑇𝑚𝑝𝑣  𝑇gap)⏟        
1

( 𝑇gap  𝑇𝑔)⏟        
2⏟                

3

=

(�̇�/𝐴𝑠)/ℎ𝑝𝑣−𝑔𝑎𝑝⏟          
1

+ (�̇�/𝐴𝑠)/ℎ𝑔𝑎𝑝−𝑔⏟          
2⏟                      

3

 . 

Eq. 3.80 
  

Re-arrange Eq. 3.80 to yield Eq. 3.81.  

  
�̇�

𝐴𝑠

𝑈𝑝𝑣+𝑔
=

�̇�

𝐴𝑠

ℎ𝑝𝑣−𝑔𝑎𝑝
+

�̇�

𝐴𝑠

ℎ𝑔𝑎𝑝−𝑔
.  Eq. 3.81 

  

Glass over 

Free convection zone

Width is normal to 

paper

PV absorber 
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Thus:  

  
1

𝑈𝑝𝑣+𝑔
=

1

ℎ𝑝𝑣−𝑔𝑎𝑝
+

1

ℎ𝑔𝑎𝑝−𝑔
. Eq. 3.82 

  

Also, from Eq. 3.79, it can be concluded that: 

  

 𝑇gap =
ℎ𝑝𝑣−𝑔𝑎𝑝 𝑇𝑚𝑝𝑣+ℎ𝑔𝑎𝑝−𝑔 𝑇𝑔

ℎ𝑝𝑣−𝑔𝑎𝑝+ ℎ𝑔𝑎𝑝−𝑔 
 . Eq. 3.83 

  

Concerning method 1 (Empirical correlations), two heat transfer coefficients were 

evaluated for the free convective heat transfer coefficients, under the glass cover and over 

PV panel.  

The first one is the convective heat transfer coefficient between the bottom surface of the 

glass and surrounding (ℎ𝑔𝑎𝑝−𝑔). Also, the heat transfer rate (𝑄𝑔𝑎𝑝−𝑔) was estimated. The 

following are the set of equations used to estimate ℎ𝑔𝑎𝑝−𝑔 and 𝑄𝑔𝑎𝑝−𝑔: 

  

 rLc = 
𝑔 𝛽film𝑔( 𝑇gap−𝑇𝑔) 𝐿𝑐

3

𝜈film𝑔
2 ,  Eq. 3.84 

  
RaLc = Pr  rLc ,  Eq. 3.85 

  

ℎ𝑔𝑎𝑝−𝑔 = (𝑘𝑓 𝐿𝑐)⁄  0.54 RaLc
0.25,  Eq. 3.86 

    
𝑄𝑔𝑎𝑝−𝑔 = ℎ𝑔𝑎𝑝−𝑔  𝐴𝑠 (𝑇gap   𝑇𝑔).  Eq. 3.87 

  

To solve the set of non-linear equations, the goal seek method was utilised [281] to estimate 

the air gap temperature and the results compared with the assumed 𝑇gap .  

The second convective heat transfer coefficient is ℎ𝑝𝑣−𝑔𝑎𝑝 . The same steps were used to 

estimate this coefficient using the following equations:  

  
RaLc = Pr  rLc ,  Eq. 3.88 

  

ℎ𝑝𝑣−𝑔𝑎𝑝 = (𝑘𝑓 𝐿𝑐)⁄  0.54 RaLc
0.25 ,  Eq. 3.89 

  
𝑄𝑝𝑣−𝑔𝑎𝑝 = ℎ𝑝𝑣−𝑔𝑎𝑝 𝐴𝑠 (𝑇𝑚𝑝𝑣  𝑇gap),  Eq. 3.90 

  
 𝑄𝑝𝑣+𝑔 = 𝐴𝑠 𝑈𝑝𝑣+𝑔  (𝑇𝑚𝑝𝑣  𝑇𝑔).  Eq. 3.91 
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Table 3.1 shows the estimated results of the two first methods mentioned above. Method 1 

was the empirical method represented by  𝑇gap1 . The results of the empirical analysis 

revealed that there is a slight difference between 𝑇gap1 and 𝑇gap . The second method was 

the CFD method (method 2) denoted by 𝑇gap2a and  gap2b. Referring to Table 3.1, the top 

surface temperatures are between 20 to 95 C while the bottom surface temperature is  

120 C with an air gap space of 0.2 m and 0.025 m. The results obtained from the CFD 

analysis of method 2 ( 𝑇gap2a  and  𝑇gap2b ) are in agreement with assumed air gap 

temperature,  gap . The maximum and minimum temperature differences are 2 C and 0.1C 

for 𝑇gap2a while the maximum and minimum temperature differences are 2.1 C and 0.2C 

for 𝑇gap2b respectively. It can be concluded that there is an insignificant difference between 

the three temperature values (i.e., 𝑇gap1  𝑇gap2𝑎  and 𝑇gap2b) and 𝑇gap . 

In method 2 (effective thermal conductivity), the group of figures from Fig. 3.16 to Fig. 3.19 

present the 3D temperature contour for free convection in the enclosure under steady state 

conditions. The boundary conditions for Fig. 3.16 and Fig. 3.17 are 20 C and 90 C 

respectively, while the bottom surface temperature is 120 C with an air gap space of 0.2 m. 

For Fig. 3.18 and Fig. 3.19, the same boundary conditions but the air space gap is 0.025 m. 

Finally, 2D CFD modelling under transient conditions (method 3) is presented in Fig. 3.20. 

The average value of the air gap temperature agrees with the other two methods.  

It can also be seen in Table 3.1, the correlation results of method 1 indicate that the heat 

transfer rate using individual heat transfer coefficients (ℎ𝑝𝑣−𝑔𝑎𝑝 and ℎ𝑔𝑎𝑝−𝑔) and overall 

heat transfer coefficient (𝑈𝑝𝑣+𝑔) are in good agreement (𝑄𝑔𝑎𝑝−𝑔 , 𝑄𝑝𝑣−𝑔𝑎𝑝 and 𝑄𝑝𝑣+𝑔). 

Table 3.1. Methods 1 and 2 to estimate the air gap temperature and the overall heat transfer 
coefficient in the enclosure. 
𝑇𝑔  𝑇𝑚𝑝𝑣  𝑇gap  𝑇gap1   𝑇gap2a   𝑇gap2b  𝐸𝑃%  𝑄𝑔𝑎𝑝−𝑔  ℎ𝑔𝑎𝑝−𝑔  𝑄𝑝𝑣−𝑔𝑎𝑝   ℎ𝑝𝑣−𝑔𝑎𝑝   𝑈𝑝𝑣+𝑔  𝑄𝑝𝑣+𝑔  

20 120 70 68.9 72.0 72.10 0.30 1605.8 3.64 1605.8 3.50 1.78 1605.8 

30 120 75 74.1 76.6 76.67 0.23 1400.2 3.52 1400.2 3.40 1.73 1400.2 

40 120 80 79.3 81.2 81.3 0.18 1202.2 3.39 1202.2 3.29 1.67 1202.2 

50 120 85 84.5 85.9 85.98 0.13 1012.3 3.26 1012.3 3.17 1.61 1012.3 

60 120 90 89.6 90.6 90.70 0.09 830.7 3.11 830.7 3.04 1.54 830.7 

70 120 95 94.7 95.4 95.48 0.06 658.2 2.95 658.2 2.9 1.46 658.2 

80 120 100 99.8 100.2 100.30 0.04 495.6 2.77 495.6 2.73 1.38 495.6 

90 120 105 104.9 105.1 105.17 0.02 344.3 2.56 344.3 2.54 1.28 344.3 

95 120 107.5 107.4 107.6 107.62 0.01 273.5 2.44 273.5 2.42 1.22 273.5 
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In Table 3.1, 𝑇gap  is the assumed air gap temperature, 𝑇gap1  is the air gap temperature 

estimated using method 1, 𝑇gap2𝑎  is the air gap temperature estimated using method 2 for 

the air gap space is 0.2 m, 𝑇gap2b  is the air gap temperature estimated using method 2 where 

the air gap space is 0.025 m.  𝐸𝑃 is the percentage error which is compared 

between 𝑇gap2a  and 𝑇gap2b 

 

 
Fig. 3.16. 3D temperature contour (C) for free convection in the enclosure under steady 
state conditions, the top surface temperature is 20 C and the bottom surface temperature 
is 120 C while the air gap space is 0.2 m. 
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Fig. 3.17. 3D temperature contour (C) for free convection in the enclosure under steady 
state conditions, the top surface temperature is 90 C and the bottom surface temperature 
is 120 C while the air gap space is 0.2 m. 

 
 

         
 

Fig. 3.18. 3D temperature contour (C) for free convection in the enclosure under steady 
state conditions, the top surface temperature is 20 C and the bottom surface temperature 
is 120 C while the air gap space is 0.025 m. 
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Fig. 3.19. 3D temperature contour (C) for free convection in the enclosure under steady 
state conditions, the top surface temperature is 95 C and the bottom surface temperature 
is 120 C while the air gap space is 0.025 m 
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Fig. 3.20. 2D modelling for free convection in the enclosure under transient conditions for 
two temperature differences, in (a) the lower surface temperature is 20 °C and upper 
surface temperature is 120 °C , Time = 300 s, surface: 2D temperature (C), red arrow 
surface: velocity field, black arrow line: acceleration of gravity, (c) the lower surface 
temperature is 90 °C and upper surface temperature is 120 °C , Time = 300 s, surface: 2D 
temperature (C), red arrow surface: velocity field, black arrow line: acceleration of 
gravity, (b) Time = 300 s, surface: velocity magnitude (m s-1), arrow surface: velocity field, 
black arrow line: acceleration of gravity for temperature counter in (a), and (d) Time = 
300 s, surface: velocity magnitude (m s-1), arrow surface: velocity field, black arrow line: 
acceleration of gravity for temperature counter in (c). 

 
 

 

When the fluid is forced to flow by a pump or fan such as in model 2, evaluation of the 

convective heat transfer coefficients is essential, since they are directly proportional to the 

heat transfer rate as shown in Eq. 3.31. In the PV/T air system, the forced convective heat 

transfer coefficients (ℎ𝑓) between the metal (solid) surfaces and air stream, (i.e. the lower 

and upper absorber plates and flowing air) are assumed to be equal. This is owing to the air 

flow depth is relatively small.  

(a) (b)

(d)(c)
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Several empirical equations have been suggested in the literature for the calculation the 

forced convective heat transfer coefficients in both turbulent and laminar flow regimes. It 

should be noted that every equation is valid for specific conditions such as the critical value 

of Re number and the effect of entrance length and boundary condition (constant heat flux 

or isothermal). 

Duffie and Beckman [250] and Njomo and Daguenet [255] used a common correlation 

equation from the data of Kays and Crawford [282], for fully developed turbulent flow. Kays 

and Crawford evaluated Eq. 3.92 applying three flow situations, 𝐿/𝐷ℎ = 10 with about 16 % 

percentage error and 𝐿/𝐷ℎ = 30 with 5% percentage error and lastly, for the case of 

 𝐿/𝐷ℎ= 100 the effect of the length of the entry region can be neglected.  

  
ℎ𝑓 = (𝑘𝑓/𝛿𝐷) (0.0158 ReDh

0.8 ).  Eq. 3.92 

  

In order to consider the effect of entrance length, Hegazy [122, 131] and Amori and Abd-

AlRaheem [121] use the equation of [283] for predicting the convective heat transfer 

coefficient in the air stream as seen in Eq. 3.93 .  

  

ℎ𝑓 =  (
𝑘𝑓

𝐷ℎ
) (0.0158 ReDh

0.8 + (0.00181 ReDh +  2.92) 𝑒
−0.03795 𝑥

𝐷ℎ ),  Eq. 3.93 
  

where 𝑥 is the distance along the duct from the entrance (m). 

In a different study, Tan and Charters [284] calculated the convective heat transfer 

coefficient in forced convection conditions using Eq. 3.94. This equation includes the effect 

of thermal entrance length of the air duct, which is also used by Tonui and 

Tripanagnostopoulos [176] and Shahsavar and Ameri [27]. 

  

ℎ𝑓 = (
𝑘𝑓

𝐷ℎ
) (0.0182ReDh

0.8 Pr0.4  (1 + 𝑆𝐷
𝐷ℎ

𝐿
)),  Eq. 3.94 

  

where: 

  
𝑆𝐷 =  14.3 𝑙𝑜𝑔(𝐿 𝐷ℎ⁄ )  7.9 for 0 < 𝐿 𝐷ℎ⁄ ≤ 60, Eq. 3.94a 

  
𝑆𝐷 = 17.5 for 𝐿 𝐷ℎ⁄ > 60. Eq. 3.94b 

  

Nu is for fully developed laminar flow, in which the fluid flows between two parallel infinite 

plates and is subjected to constant heat flux, this is obtained by Heaton et al. [285]. The 
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results were formulated in the form of Eq. 3.95. This correlation equation is also confirmed 

by [250, 255, 286]. 

  

Nu =  4.9 + (
0.0606 (ReDh  Pr 𝐷ℎ/𝐿)

1/2
 

1+0.0909 (ReDh  Pr 𝐷ℎ/𝐿)
0.7
Pr0.17 

).  Eq. 3.95 

  

For the same aforementioned conditions, with a high aspect ratio (𝑤/𝛿𝐷), various studies 

assumed constant Nusselt number values. The values of Nusselt number falls in the range 

of Nu = 5.39-8.23 [241, 272]. 

 

In order to assess the thermal and hydrodynamic and electrical parameters of a PV/T air 

collector, a number of criteria are evaluated such as pressure drop, effective thermal 

efficiency and fan power consumption.  

 

Estimating the effective thermal efficiency (𝜂𝑡ℎ) is based on three main variables namely: 

heat benefit, pressure drop and fan power consumption. In order to represent realistic 

conditions in solar PV/T air collectors, the effective thermal efficiency (The first-law 

efficiency) is accounted with 𝐶𝑓 ,  

  

𝜂𝑡ℎ =
�̇�𝑢−(𝑃𝑓/𝐶𝑓)

�̇�𝑠
 .  Eq. 3.96 

  

The following assumptions are used to simplify the energy balance for PV/T air system 

under steady flow condition.  

1.  PV/T air system is assumed as an open system. 

2. The changes in potential and kinetic energies are insignificant. 

3. No work interaction.  

Therefore, the change in enthalpy (∆ℎ) between the inlet and outlet can be used to estimate 

the heat benefit delivered by the PV/T air collectors (�̇�𝑢) [241]. 

  
�̇�𝑢  = ∆ℎ = �̇�𝑓  𝐶𝑝 (𝑇𝑓𝑜  𝑇𝑓𝑖),  Eq. 3.97 

  

where �̇�𝑓  is flowrate kg s-1 given by Eq. 3.98:  

  



 

- 86 - 

 

�̇�𝑓 = 𝜌 �̅� 𝐴𝑐 ,  Eq. 3.98 

  

where 𝜌  is the density of air (kg m-3) and �̅�  is the mean velocity at the inlet boundary  

(m s-1), while 𝐴𝑐  is the channel ducting cross-section area (m2).  

�̇�𝑠 is total incident solar radiation on absorber plate (W): 

  
�̇�𝑠  =  𝐺 𝐴𝑠 ,  Eq. 3.99 

  

where 𝐺 is the incident solar radiation and 𝐴𝑠 is the PV panel surface area. 

The conventional method in evaluating the net thermal energy output of the solar collectors 

is calculated by subtracting theoretical fan power or pump power consumption (see 

 Eq. 3.101) from the thermal output. In reality, the fan power required to drive the air in 

solar air collectors are affected by many factors and this method does not consider that the 

part of the energy will be lost and consumed in conversion and transmission losses. These 

losses are attributed to the efficiency of the fan 𝜂𝑓= 0.65, the efficiency of the electric motor 

used for driving the fan is 𝜂𝑚  = 0.88, the efficiency of electrical transmission from a power 

plant is 𝜂𝑡𝑟 = 0.92 and the thermal conversion efficiency of the power plant is 𝜂𝑡ℎ𝑐 = 0.35. It 

is appropriate to combine these coefficients into one named conversion factor (𝐶𝑓), which 

accounts for the overall efficiency of energy conversion from thermal energy to mechanical 

energy [287]. 

  
𝐶𝑓 =  𝜂𝑓  𝜂𝑚  𝜂𝑡𝑟  𝜂𝑡ℎ𝑐 = 0.18 [288-290]. Eq. 3.100 

  

The instantaneous fan power required of a particular collector is estimated by Eq. 3.101.  

  
𝑃𝑓 = ∆𝑝 𝑉,̇   Eq. 3.101 

  

where ∆𝑝  (N m-2) is the total pressure drop experienced by the air stream in passing 

through a channel at a flowrate, 𝑉,̇  (m3 s-1) owing to flow friction losses (major losses) and 

losses at the channel entrance, exit and various fittings (minor losses).  

In order to estimate accurate pressure drop values, two methods were used. The first 

method was numerical using COMSOL software which has a built-in pressure sub-feature, 

while the second method was empirical correlations as shown below.  

  
∆𝑝 =  ∆𝑝𝑓 + ∆𝑝dynamic. Eq. 3.102 
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where  ∆𝑝𝑓  is the pressure drop owing to friction which is given as: 

  

∆𝑝𝑓 = 
𝜌 𝑓�̅�2 𝐿

2 𝐷ℎ
, Eq. 3.103 

  

where 𝑓 is the Fanning friction factor for turbulent flow is calculated by [122, 291] as: 

  

𝑓 = 0.079 ReDh
−0.25 6000 < ReDh < 100000,  Eq. 3.104 

  

The Fanning friction factor for laminar flow estimated as [292]: 

  

𝑓 =
𝑔𝑓

ReDh
 {ReDh < 2550} [180, 257], Eq. 3.105 

  

where 𝑔𝑓  is the geometry factor which changes depending on the geometry type [292] 

which can be seen in Table 3.2. 

Table 3.2. Geometry factor in case of non- circular pipes under laminar flow regime 
condition 

Geometry 𝑟𝑤  𝑔𝑓  
Square 1 56.91 

Rectangular 2:1 52.19 
Rectangular 5:1 76.28 

Parallel plate ∞ 96.00 
   
   

In Table 3.2,  𝑟𝑤 is the ratio of collector width to depth of flow 𝛿𝐷.  

Dynamic losses [293] (∆𝑝dynamic) in fittings that are referred to as minor losses, which 

result from the effects of channel entrance, exit, elbows, bends, joints, valves etc., are 

determined by the formula:  

  

∆𝑝dynamic = (
1

2
) 𝑘𝐿 𝜌 �̅�

2,  Eq. 3.106 

  
𝑘𝐿 = 𝑘entance + 𝑘exit + 𝑘bend . Eq. 3.107 

  

The coefficients 𝑘entrance  and 𝑘exit are set to the values of 0.5 and 1.0 for the entrance and 

exit losses. In the case of close return bend inside this collector, 𝑘bend  value is taken equal 

to 2.2, [294, 295]. For the sake of accuracy, the entrance and exit coefficients (minor losses) 

are added to the calculation of pressure drop when comparing between the CFD models and 

empirical correlations, since in CFD, the minor losses are not considered.  
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The air properties were evaluated at bulk fluid temperature using the set of equations 

 Eq. 3.111 to Eq. 3.117 [296], verified against those presented in [248]. An analysis was 

performed for the internal flow mechanisms by Cengel [272] to examine a suitable 

expression may be used to estimate fluid properties. The average bulk temperature in the 

thermal fluid is a convenient reference point for evaluating properties related to convective 

heat transfer. This is particularly in applications related to flow in pipes and ducts such as 

average convective heat transfer coefficient in Newton's law of cooling [297].  

Before going into detail of bulk fluid temperature, it is worthy to mention that there are two 

commonly known types of thermal boundary conditions used in heat transfer analyse. The 

first boundary is constant wall temperature (isothermal), this boundary exists in many 

applications, for example, 1) in case of the thickness of the absorber plate is large enough to 

keep its temperature uniform under high incident radiation; 2) heat capacity (�̇� 𝑐𝑝) going 

to infinity [258]; 3) free convection mode such as in [298-300]; 4) phase change (boiling or 

condensation) [258]. The second boundary is constant heat flux which is the most 

commonly used in solar air systems under forced convection [301]. In this study, the heat 

flux boundary condition is assumed to be used, since the incident solar radiation was 

assumed to be uniformly distributed. 

Three main expressions can be used to estimate the bulk fluid temperature under a constant 

surface heat flux boundary condition. The first expression is bulk fluid temperature, 

sometimes called adiabatic mixing cup temperature, which provides a real picture of the 

energy content of the fluid. This is because it characterises the average thermal energy state 

of the liquid. This temperature is simply measured in the lab [297]. Accordingly, in the 

internal flow, the general expression for bulk fluid temperature [27, 297]. 

  

𝑇bulk  =
∫𝜌 𝑉 𝑐𝑝 𝑇 𝑑𝐴𝑐  

∫ 𝜌 𝑉 𝑐𝑝 𝑑𝐴𝑐
.  Eq. 3.108 

  

The numerator of Eq. 3.108 describes axial converted thermal energy whereas the 

denominator computes thermal capacity rate  

The second expression is the average fluid temperature (�̃�): 

  

�̃� =  𝑇bulk = 
1

𝐿
 ∫ 𝑇𝑓(𝑥)
𝐿

0
 𝑑𝑥.  Eq. 3.109 
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Finally, the arithmetic mean temperature expression which calculates the bulk fluid 

temperature by the arithmetic average of the mean temperatures at the inlet and the outlet. 

In analytical solution such as in mathematical modelling (Chapter 3), the use of this 

expression is acceptable [27, 122, 254].  

  

𝑇bulk =
(𝑇𝑓𝑖+ 𝑇𝑓𝑜)

2
 . Eq. 3.110 

  

After identifying the appropriate bulk fluid expression, the set of empirical correlations (i.e. 

Eq. 3.111 to Eq. 3.117) used to estimate air properties which are a function of bulk fluid 

temperature and proportionally non-linear [248, 249]. These correlations may accurately 

work in the temperature range (-73 - 127) °C.  

  

𝜇 =  8.39 𝑒−7 + 8.36 𝑒−8 𝑇𝑓  7.695 𝑒
−11  𝑇𝑓

2 + 4.65𝑒−14  𝑇𝑓
3  

1.07 𝑒−17 𝑇𝑓
4 ,  Eq. 3.111 

  

𝜌 = 3.9147  0.01608  𝑇𝑓 + (2.9013 𝑒
−5  𝑇𝑓

2)  (1.9407 𝑒−5  𝑇𝑓
3),  Eq. 3.112 

  

𝜐 =
𝜇

 𝜌
, Eq. 3.113 

  

𝑘 =  0.0023 + 1.155 𝑒−4  𝑇𝑓  7.91 𝑒
−8  𝑇𝑓

2 + 4.118 𝑒−11  𝑇𝑓
3

 7.44 𝑒−15  𝑇𝑓
4 , Eq. 3.114 

  

𝑐𝑝 = 1047.7  0.373  𝑇𝑓 + 9.46 𝑒
−4  𝑇𝑓

2  6.03 𝑒−7  𝑇𝑓
3 + 1.29 𝑒−10 𝑇𝑓

4,  Eq. 3.115 
  

𝛼 =
𝐾

𝜌 𝐶𝑝
,  Eq. 3.116 

  

Pr = 
𝜐

𝛼
.  Eq. 3.117 

  
  

 

 The electrical power generation in the PV module can be estimated by Eq. 3.118 [32, 67, 

116, 302, 303]. 

  
𝑃𝑃𝑉 = 𝐼𝑚𝑉𝑚 = 𝐹𝐹 𝐼𝑠𝑐 𝑉𝑜𝑐 = 𝜂𝑃𝑉  𝐴𝑠 𝐺 𝛼𝑝𝑣  PF,  Eq. 3.118 

  

where 𝐼𝑚  and 𝑉𝑚  are voltage and current at the max power point, 𝐹𝐹 is the Fill factor, 𝐼𝑠𝑐 is 

the short circuit current and 𝑉𝑜𝑐  the open-circuit voltage [32]. The product (𝐺 𝛼𝑝𝑣) is the 

energy absorbed by the PV laminate, where 𝛼𝑝𝑣 is the absorptivity of the silicon [302].  
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𝐴𝑠 is total surface (aperture surface) area of P  modules (𝐿 𝑤) multiplied by the packing 

factor (PF) or packing density of solar cells which denotes the area of the module that is 

covered with solar cells compared to that which is blank [304]. In this study, the value of 

the packing factor was taken 0.83 (Poly-crystalline) [18, 191, 305]. The shape of solar cells 

is depending on the types of material used. mono-crystalline PV cells are semi-square or 

round, while poly-crystalline types are square [306] (see Fig. 3.21). The typical 

polycrystalline cell efficiencies fall 15–17%, roughly 1% lower than for monocrystalline 

cells fabricated on the same production lines. However, the efficiencies of multi-crystalline 

cell panels, are practically the same as those for single-crystalline cells. This is because of 

the greater packing factor (14%) of the square polycrystalline cells while monocrystalline 

cells have relatively poor packing factors [306]. 

 
 

 

 
Fig. 3.21. Typical mono-crystalline and poly-crystalline silicon solar cells [306]. 

 
 

The electrical efficiency of the PV module,  𝜂𝑃𝑉  [19, 23-29] which represents the 

conventional linear expression for the PV electrical efficiency. 

  

𝜂𝑃𝑉 = 𝜂𝑟𝑒𝑓 (1  𝛽𝑟𝑒𝑓  (𝑇𝑚𝑝𝑣   𝑇𝑟𝑒𝑓)) +  𝛾 𝑙𝑜𝑔10 𝐺.  Eq. 3.119 

  

In which 𝜂𝑇𝑟𝑒𝑓  is the module’s electrical efficiency at standard conditions (𝐺 =1000 W m-2 

and 𝑇𝑟𝑒𝑓 = 25 ) [307]. The temperature coefficient of the power, 𝛽𝑟𝑒𝑓  and the solar 

radiation coefficient, γ, are predominantly material properties which have values of around 

Mono-crystalline silicon 
solar cell

Poly-crystalline silicon 
solar cell
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0.0041 𝐾−1 and 0.12, respectively, for crystalline silicon modules [37]. The latter, however, 

is commonly cancelled (zero) [308], and equation reduces to: 

  

𝜂𝑃𝑉 = 𝜂𝑟𝑒𝑓 (1  𝛽𝑟𝑒𝑓  (𝑇𝑚𝑝𝑣   𝑇𝑟𝑒𝑓)).  Eq. 3.120 

  

 

The total collector efficiency (hybrid or combined efficiency) of the PV/T air collector can 

be expressed using Eq. 3.122 [19, 260]. 

The equivalent electrical efficiency of PV panel can be calculated by, 

  

𝜂𝐸𝑃𝑉 =
𝜂𝑃𝑉

𝐶𝑓𝑓
,  Eq. 3.121 

  
𝜂𝑐𝑜𝑚𝑏 = 𝜂𝑡ℎ + 𝜂𝐸𝑃𝑉 , Eq. 3.122 

  

where 𝐶𝑓𝑓  is the conversion factor of the thermal power plant and lies between 0.29 and 0.4 

[19, 24-28, 260, 309, 310], and is assumed to be 0.36 in this study. 

When comparing electrical and thermal power, an equivalent electrical PV power term (𝑃𝑒𝑞) 

was also used and can be estimated by,  

  

𝑃𝑒𝑞 =  
𝑃𝑃𝑉

𝐶𝑓𝑓
.  Eq. 3.123 

  

A percentage enchantment factor (𝑃𝐸∅) was used in this study such as temperature rise or 

thermal efficiency or electrical efficiency percentage enhancement (𝑃𝐸∅) etc. This factor 

can be defined as [289]. 

  

𝑃𝐸∅ = 
∅finned  ∅plain  

∅plain
 × 100. Eq. 3.124 

  

where ∅ refers to any parameter such as electrical efficiency.  

 

Thermal resistance criterion, 𝑅𝑡ℎ  (K W-1) is exploited here to evaluate the heat transfer 

enhancement of the PV/T air system. 𝑅𝑡ℎ  can be physically defined as the measure of the 

resistance of the PV module layers to dissipating the heat, and in common use criterion 
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within the area of thermal management devices, because both of electronic devices and 

PV/T air system are similar functions. 

Mathematically, it can be defined by the ratio of the temperature difference of the average 

temperature of PV module and the inlet fluid of the PV/T air collector to the heating power 

received by air in the channel duct region, see Eq. 3.125 [311, 312]. 

  

𝑅𝑡ℎ =  
𝑇𝑚𝑝𝑣−𝑇𝑓𝑖

�̇�𝑠 
,  Eq. 3.125 

  

where 𝑇𝑚𝑝𝑣 is the average temperature on PV cells, 𝑇𝑓𝑖  is the inlet air temperature.  

 

In this chapter, the energy balance equations for models 2 and 3 are solved using the semi-

analytical and numerical methods. 

 

In this method, the equations are solved analytically, but the iteration is employed to 

estimate the set of collector temperatures. Before solving these equations, it is necessary to 

re-arrange them into a form which can be integrated easily. For example, referring to 

Section 3.2.3 of model 2, Eq. 3.7f and Eq. 3.12 are rearranged to consider 𝑇𝑓(𝑥) : 

  

𝑇𝑏𝑚(𝑥)  𝑇𝑓(𝑥) =
ℎ𝑟𝑝𝑏(𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑓(𝑥))−𝑈𝑏(𝑇𝑓(𝑥)−𝑇𝑎𝑚𝑏)

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
,  Eq. 3.126 

  

𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥) =
�̇�𝑡ℎ−𝑈𝐿̅̅ ̅̅ (𝑇𝑓(𝑥)−𝑇𝑎𝑚𝑏)

𝑈𝐿̅̅ ̅̅ +ℎ𝑒
 . Eq. 3.127 

  

Substituting Eq. 3.126 in Eq. 3.17 results in: 

  
�̇�𝑢(𝑥)

𝑤 𝑑𝑥
= ℎ𝑓  (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥)) +  ℎ𝑓  [

ℎ𝑟𝑝𝑏 (𝑇𝑚𝑝𝑣(𝑥)−𝑇𝑓(𝑥))−𝑈𝑏(𝑇𝑓(𝑥)−𝑇𝑎𝑚𝑏)

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
].  

Eq. 3.128 
  

Simplifying and re-arranging Eq. 3.128 resulting in: 

  
�̇�𝑢(𝑥)

𝑤 𝑑𝑥
= ℎ𝑒  (𝑇𝑚𝑝𝑣(𝑥)  𝑇𝑓(𝑥))   

ℎ𝑓𝑈𝑏

ℎ𝑟𝑝𝑏 + ℎ𝑓 +𝑈𝑏
 (𝑇𝑓(𝑥)  𝑇𝑎𝑚𝑏). Eq. 3.129 

  

Substituting Eq. 3.127 into Eq. 3.129 resulting in: 
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�̇�𝑢(𝑥)

𝑤 𝑑𝑥
=

ℎ𝑒

𝑈𝐿̅̅ ̅̅ +ℎ𝑒
[�̇�𝑡ℎ  𝑈𝐿̅̅ ̅(𝑇𝑓(𝑥)  𝑇𝑎𝑚𝑏)  

ℎ𝑓𝑈𝑏

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
 
𝑈𝐿̅̅ ̅̅ +ℎ𝑒

ℎ𝑒
 (𝑇𝑓(𝑥)  

𝑇𝑎𝑚𝑏)],  Eq. 3.130 
  

where 𝑈𝐿 is the heat loss transfer coefficient between air and ambient (W m-2 K). 

  

𝑈𝐿 = 𝑈𝐿̅̅ ̅ +
ℎ𝑓 𝑈𝑏

ℎ𝑟𝑝𝑏+ℎ𝑓+𝑈𝑏
 
𝑈𝐿̅̅ ̅̅ +ℎ𝑒

ℎ𝑒
 . Eq. 3.131 

  

Thus: 

  

�̇�𝑢(𝑥) =
ℎ𝑒

𝑈𝐿̅̅ ̅̅ +ℎ𝑒
[�̇�𝑡ℎ  𝑈𝐿(𝑇𝑓(𝑥)  𝑇𝑎𝑚𝑏)] 𝑤 𝑑𝑥.  Eq. 3.132 

  

In order to solve the heat balance equations, two assumptions are considered. The first 

assumption is that 𝑈𝐿  and  �̇�𝑡ℎ  coefficients are distributed uniformly along the flow 

direction. In reality 𝑈𝐿 and �̇�𝑡ℎ  coefficients are local values, however, this could be valid at 

large aspect ratios (the thickness of the channel compared to the length) [251, 254]. The 

second assumption is that the radiative heat transfer coefficients are linear terms even 

though the rate of radiative heat transfer is nonlinear. The rate of solar radiation absorbed 

by an object 𝑞𝑟𝑎𝑑  which is proportional to the fourth power of temperature  𝑞𝑟𝑎𝑑  ∝ 𝑇4 . 

Accordingly, Eq. 3.132 can be easily integrated as a function of (𝑥) under specific boundary 

conditions as shown below. It is worth mentioning that these two assumptions are not used 

in solving the heat balance equations when using the Predictor-Corrector method explained 

in Section 3.4.2. 

  
Let 𝜃 = �̇�𝑡ℎ  𝑈𝐿 (𝑇𝑓(𝑥)  𝑇𝑎𝑚𝑏). Eq. 3.133 

  

The boundary condition is, at 𝜃 = 𝜃𝑖 , 𝑥 = 0 

  

Let �̅� =
ℎ𝑒

𝑈𝐿̅̅ ̅̅ +ℎ𝑒
, Eq. 3.134 

  

𝑑𝜃 =  𝑈𝐿 𝑑𝑇𝑓  (𝑥) ⇒ 𝑑𝑇𝑓 (𝑥) =
𝑑𝜃

−𝑈𝐿
.  Eq. 3.135 

  

Hence: 

  

 
�̇�𝑓 𝑐𝑝𝑓

𝐹 ̅𝑈𝐿  𝑤
𝑑𝜃 = 𝜃 𝑑𝑥,  Eq. 3.136 
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∫
𝑑𝜃

𝜃

𝜃∆𝑥
𝜃𝑖

=
−𝐹 ̅𝑈𝐿  𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓
∫ 𝑑𝑥,
∆𝑥

0
  Eq. 3.137 

  

𝜃𝑜

𝜃𝑖
= 𝑒

−𝐹 ̅𝑈𝐿 𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓 ,  
Eq. 3.138 

  

�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑜−𝑇𝑎𝑚𝑏)

�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)
= 𝑒

−𝐹 ̅𝑈𝐿 𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓  , Eq. 3.139 

  

1  
�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑜−𝑇𝑎𝑚𝑏)

�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)
= 1 𝑒

−𝐹 ̅𝑈𝐿 𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓 ,  Eq. 3.140 

  

𝑈𝐿(𝑇𝑓𝑜−𝑇𝑓𝑖)

�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)
= 1 𝑒

−𝐹 ̅𝑈𝐿 𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓 . Eq. 3.141 

  

Re-arranging Eq. 3.141 to obtain the temperature difference between the inlet and the 

outlet fluid: 

  

𝑇𝑓𝑜  𝑇𝑓𝑖 =
�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)

𝑈𝐿
[1  𝑒

−𝐹 ̅𝑈𝐿 𝐴𝑝𝑣

�̇�𝑓 𝑐𝑝𝑓 ].   Eq. 3.142 

  

The local fluid temperature can be evaluated by using: 

  

𝑇𝑓(𝑥) =
�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)

𝑈𝐿
[1  𝑒

−�̅� 𝑈𝐿 𝑊 𝑥

�̇�𝑓 𝑐𝑝𝑓 ] + 𝑇𝑓𝑖 .  Eq. 3.143 

  

The average fluid temperature can be attained by integrating Eq. 3.143 as shown below: 

  

�̃� =  𝑇𝑓𝑚 =  
1

𝐿
 ∫ 𝑇𝑓  (𝑥)
𝐿

0
 𝑑𝑥,  Eq. 3.144 

  

𝑇𝑓(𝑥) =
�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)

𝑈𝐿
[1  𝑒

−�̅� 𝑈𝐿 𝑊 𝑥

�̇�𝑓 𝑐𝑝𝑓 ] + 𝑇𝑓𝑖 .  Eq. 3.145 

  

Assuming: 

  

𝑎1 =  
−𝐹 𝑈𝐿  𝑊 

�̇�𝑓 𝑐𝑝𝑓
 , Eq. 3.146 

  

𝑎2 = 
�̇�𝑡ℎ−𝑈𝐿(𝑇𝑓𝑖−𝑇𝑎𝑚𝑏)

𝑈𝐿
.  Eq. 3.147 

  

Substituting 𝑎1 and 𝑎2 in Eq. 3.145 yields: 



 

- 95 - 

 

  

𝑇𝑓𝑚 =
𝑎2

𝑎1 𝐿
(1   𝑒𝑎1𝐿) +  𝑎2 + 𝑇𝑓𝑖 .  Eq. 3.148 

  

The useful energy gain can be expressed as: 

  
�̇�𝑢 = �̇�𝑓  𝑐𝑝𝑓  (𝑇𝑓𝑜  𝑇𝑓𝑖).   Eq. 3.149 

  

Two programming codes are developed to solve the set of heat balance equations for model 

2 and model 3. The clarification and program instructions of the Matlab codes of model 2 

are presented in Fig. 3.22. The procedure for solving model 2 is detailed below while the 

procedure for model 3 is the same as model 2.  

The electrical and thermal parameters are dependent on each other. For example, solving 

the thermal model requires electrical efficiency which is directly proportional to the PV cell 

temperature. Under specific input data including ambient, operating and geometrical 

conditions (see step 1 and 2 in Fig. 3.22), the set of collector temperatures are initially 

assumed to be at (𝑇𝑓𝑜 , 𝑇𝑚𝑝𝑣 , 𝑇𝑏𝑚 , 𝑇𝑓𝑥), as indicated in step 3. Using these estimated values to 

calculate the radiative and convective heat transfer coefficients (Eq. 3.35, Eq. 3.48, Eq. 3.50, 

Eq. 3.92 and/or Eq. 3.95), electrical efficiency  (𝜂𝑃𝑉)  (Eq. 3.120) and air properties  

(Eq. 3.111 to Eq. 3.117). These properties are evaluated at the bulk fluid temperature 

(𝑇bulk = (𝑇𝑓𝑖 + 𝑇𝑓𝑜) 2⁄ ) in the duct. After that, the energy balance equations are solved to 

obtain new temperatures (Eq. 3.142, Eq. 3.7f, Eq. 3.12, Eq. 3.145 ). These values are 

compared with the old values. Note that, the comparison is based on the error value which 

is the difference between the old and new values. The program is executed repeatedly until 

all collector temperature values converge. These collector temperatures are used to 

calculate the useful heat gain and collector efficiencies (Eq. 3.149, Eq. 3.96, Eq. 3.118, Eq. 

3.122). The details of the thermal, hydraulic and electrical correlation equations of the PV/T 

air collector can be seen in Section 3.3.3.  
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Fig. 3.22. Flow chart of the algorithm for the semi-analytical solution of model 2. 
 

In Fig. 3.22, i, j and k refer to loop number. 
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This is the second method used to solve the energy balance equation for model 2 and  

model 3. In this method, the equations are solved numerically and the Precedence Ordering 

Techniques are employed in order to reduce the number of computational steps [313]. 

Below are the procedural steps that are used to find the solution for model 2. These 

procedures are the same as for model 3. 

In order to find the solution of the set of temperatures in the first node (𝑇𝑚𝑝𝑣(0), 𝑇𝑏𝑚(0)), 

we apply the boundary condition at the inlet, at 𝑥 =  0 𝑇𝑓(𝑥) = 𝑇𝑓(0) = 𝑇𝑎𝑚𝑏  into  

Eq. 3.6/Eq. 3.7 and results in:  

  
𝑆𝑡ℎ = ℎ𝑟(𝑝𝑣 𝑠𝑘 ) (𝑇𝑚𝑝𝑣(0)  𝑇sky) + ℎfree  𝑤 𝑑𝑥 (𝑇𝑚𝑝𝑣(0)   𝑇𝑎𝑚𝑏)+

ℎ𝑓  (𝑇𝑚𝑝𝑣(0)  𝑇𝑓(0)) + ℎ𝑟𝑝𝑏  (𝑇𝑚𝑝𝑣(0)  𝑇𝑏𝑚(0)),  Eq. 3.150 
 

ℎ𝑟𝑝𝑏 (𝑇𝑚𝑝𝑣(0)  𝑇𝑏𝑚  (0))  = ℎ𝑓  (𝑇𝑏𝑚(0)  𝑇𝑓(0)) + 𝑈𝑏 (𝑇𝑏𝑚(0)  𝑇𝑎𝑚𝑏).  Eq. 3.151 
  

Substituting Eq. 3.8 and Eq. 3.9 yield: 

  

𝑆𝑡ℎ = 𝐺 𝛼𝑝𝑣  (1  (𝜂𝑟𝑒𝑓  [1  𝛽𝑟𝑒𝑓  (𝑇𝑚𝑝𝑣(0)   𝑇𝑟𝑒𝑓)])).  Eq. 3.152 

  

Now, substituting Eq. 3.152, Eq. 3.35, Eq. 3.48, Eq. 3.50, Eq. 3.92/Eq. 3.95 into Eq. 3.150 

results in: 

  

𝐺 𝛼𝑝𝑣  (1  (𝜂𝑟𝑒𝑓  [1  𝛽𝑟𝑒𝑓  (𝑇𝑚𝑝𝑣(0)   𝑇𝑟𝑒𝑓)])) = ℎ𝑓  (𝑇𝑚𝑝𝑣(0)  

𝑇𝑓(0))  + 𝜎 휀𝑝𝑣  (𝑇𝑚𝑝𝑣(0)
4  𝑇sky

4) + ℎfree ( 𝑇𝑚𝑝𝑣(0)   𝑇𝑎𝑚𝑏) +

 𝜎 
(𝑇𝑚𝑝𝑣(0)

4−𝑇𝑏𝑚(0)
4)

1

𝑃𝑉
+

1

𝑏𝑚
−1

 . 
Eq. 3.153 

  

Re-arrange Eq. 3.151 to convert it in terms of 𝑇𝑏𝑚: 

  

𝑇𝑚𝑝𝑣(0) = ([(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
) (

1

𝑃𝑉
+

1

𝑏𝑚
 1)] +

(𝑇𝑏𝑚(0)
4))

1

4

.  
Eq. 3.154 

  

Now, substitute Eq. 3.154 into Eq. 3.153 to find an expression in terms of 𝑇𝑏𝑚: 
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𝐺 𝛼𝑝𝑣 (1  (ηref  [1  𝛽𝑟𝑒𝑓 (([(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
)(

1

𝑃𝑉
+

1

𝑏𝑚
 1)] + (𝑇𝑏𝑚(0)

4))

1

4

  𝑇𝑟𝑒𝑓)])) =

ℎ𝑓  (([(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
)(

1

𝑃𝑉
+

1

𝑏𝑚
 1)] +

(𝑇𝑏𝑚(0)
4))

1

4

 𝑇𝑓𝑖) +

𝜎 휀𝑝𝑣  (([(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
)(

1

𝑃𝑉
+

1

𝑏𝑚
 1)] +

(𝑇𝑏𝑚(0)
4))

4

4

 𝑇sky
4) +

 ℎfree (([(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
)(

1

𝑃𝑉
+

1

𝑏𝑚
 1)] +

(𝑇𝑏𝑚(0)
4))

1

4

  𝑇𝑎𝑚𝑏)+

 𝜎 (

 
 
([(

ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
) (

1

𝑃𝑉
+

1

𝑏𝑚
−1)]+(𝑇𝑏𝑚(0)

4))

4
4

−𝑇𝑏𝑚(0)
4

)

 
 

1

𝑃𝑉
+

1

𝑏𝑚
−1

 . 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Eq. 3.155 

  

To simplify Eq. 3.155 and make it easy to read, the following terms are assumed:  

  

𝐶1 = [[(
ℎ𝑓 (𝑇𝑏𝑚(0)−𝑇𝑓𝑖)+ 𝑈𝑏 (𝑇𝑏𝑚(0)−𝑇𝑎𝑚𝑏)

𝜎
) (

1

𝑃𝑉
+

1

𝑏𝑚
 1)] + (𝑇𝑏𝑚(0)

4)],  Eq. 3.156 

  

𝐶2 = (
1

𝑃𝑉
+

1

𝑏𝑚
 1),  Eq. 3.157 

  

𝐶3 = 𝜂𝑟𝑒𝑓  [1  𝛽𝑟𝑒𝑓 (𝐶1
1
4⁄   𝑇𝑟𝑒𝑓)].  Eq. 3.158 

Substituting 𝐶1 , 𝐶2 and 𝐶3 in Eq. 3.155 yields: 

  

𝐺 𝛼𝑝𝑣  (1  𝐶3)  ℎ𝑓  (𝐶1
1

4  𝑇𝑓𝑖)  𝜎 휀𝑝𝑣  (𝐶1  𝑇sky
4)   ℎfree (𝐶1

1
4⁄  

 𝑇𝑎𝑚𝑏)  (𝜎 
𝐶1

𝐶2
) = 0.  Eq. 3.159 
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Fig. 3.23 shows the detail of the mesh while Fig. 3.24 clarifies the program algorithm for the 

non-linear solution of model 2. Now, using either the goal seek method, which is built-in 

Excel, or the Bisection method, which is built-in Matlab (fzero function), to 

estimate 𝑇𝑚𝑝𝑣(0), 𝑇𝑏𝑚(0). The second step is to calculate the fluid temperature in the node (𝑖) 

by employing Explicit/Implicit Predictor-Corrector 2nd order method. The following are the 

summary of the steps considered in this method: 

1. Referring to Fig. 3.23 and Fig. 3.24, the calculation of fluid temperature in the node (𝑖) 

was achieved using Predictor-Forward Difference as shown in Eq. 3.160. 

  

𝑇𝑝𝑟𝑒𝑑(𝑖) = 𝑇𝑓(𝑖  1) + (
𝑑𝑇

𝑑𝑥
|
(𝑖−1)

)∆𝑥.   Eq. 3.160 

  

2. The Predictor-Central Difference was used to find the corrector fluid temperature 

(𝑇𝑐𝑜𝑟𝑟(𝑖))  in node (𝑖). This was achieved by firstly calculating the Predictor 

temperature (𝑇𝑝𝑟𝑒𝑑(𝑖)) to calculate 
𝑑𝑇

𝑑𝑥
|
(𝑖)

and 𝑇𝑚𝑝𝑣(𝑖), 𝑇𝑏𝑚(𝑖) using the Bisection method 

as shown in Eq. 3.161.  

  

𝑇𝑐𝑜𝑟𝑟(𝑖) = 𝑇𝑓(𝑖  1) +
1

2
(
𝑑𝑇

𝑑𝑥
|
(𝑖)
+
𝑑𝑇

𝑑𝑥
|
(𝑖−1)

)∆𝑥.   Eq. 3.161 

  

3. The error value was set as in Eq. 3.162 and the code is run repeatedly until the solution 

is converged.  

  

|
𝑇𝑝𝑟𝑒𝑑(𝑖)−𝑇𝑐𝑜𝑟𝑟(𝑖) 

𝑇𝑝𝑟𝑒𝑑(𝑖)
| × 100 > 0.001.  Eq. 3.162 

  

It should be noted that the mesh independent study was conducted to ensure the accuracy 

of the solution. The size of the mesh element can be calculated by: 

  

∆𝑥 =
𝐿

𝑛−1
 . Eq. 3.163 
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Fig. 3.23. Schematic of the meshing technique used for model 2.  

 

 

 
Fig. 3.24. Flow chart of the algorithm for the solution of the non-linear model (model 2). 
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In this chapter, two PV/T air systems were successfully derived. The first model is single 

duct single pass (model 2). While the second model is similar to model 2 but it is glazed 

(model 3). The heat balnce method was used to derive the governing equations. Two 

numerical techniques were used to solve the these equations. The first technique was semi-

analytical, and the second was the Predictor-Corrector method. 

The radiative and convective heat transfer coefficients were used to solve the energy 

balance equations for models 2 and 3. The relevant dimensionless numbers were also used 

in this analysis. Moreover, the fluid flow, thermal and electrical equations pertained to 

estimate the thermal and electrical performance of the PV/T air system were discussed. 

Finally, the air gap temperature assumption was justified by employing different 

approaches i.e. empirical, 3D CFD effective thermal conductivity and 3D/CFD approaches. 

The results revealed that the use of the overall heat transfer coefficient in the enclosure was 

valid regardless of the size of the air space gap. 

In Chapter 4, the CFD methodology used to solve the proposed PV/T air collectors, including 

the mesh generation, assumptions and boundary conditions. Also, the methods used to 

reduce computation time are introduced. Finally, to ensure the accuracy of the solution, the 

validation and verification for different models are carried.  
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 COMPUTATIONAL METHOD, VERIFICATION AND 

VALIDATION 

 

 

In this work, numerical simulation is conducted for investigation into the thermal 

performance of photovoltaic (PV) and hybrid photovoltaic/thermal (PV/T) systems. The 

CFD software of COMSOL Multiphysics® is used for the analysis of heat transfer and fluid 

flow. COMSOL Multiphysics® uses the finite element method (FEM) [233]. In comparison 

among other competitive CFD software tools (e.g. STAR CCM, ANSYS Fluent, and ANSYS 

CFX), COMSOL is seen as a more capable of coupling Multiphysics problems of conjugate 

heat transfer [314-316]. The distinctive feature of COMSOL software is that it uses a built-

in solar load model [317]. This model estimates the effective radiation load of the Sun based 

on its position relative to the earth’s surface (latitude and longitude), the orientation with 

respect to North, the time of day, the season, and weather conditions [318]. This software 

also has a built-in heat transfer module that includes the main heat transfer modes 

(conduction, convection and radiation). COMSOL Multiphysics® v5.3a software has 

therefore been adopted to model the proposed PV/T air collectors. 

Many research findings using COMSOL software have been validated against benchmark 

experimental data and numerical simulations in modelling the solar thermal collectors and 

PV modules [32, 237, 318-322]. However, the FEM method, used in COMSOL, is time 

consuming compared with the other two approaches, finite volume and finite difference 

methods. In order to reduce the run time, a number of assumptions are introduced, 

maintaining an acceptable level of accuracy. These assumptions are described in detail in 

Section 4.5.  

In this chapter, the numerical methods used to model six PV/T air systems with different 

configurations are presented here. The models are standard PV (model 1), single duct single 

pass PV/T unglazed air collector (model 2), single duct single pass PV/T glazed air collector 

(model 3), parallel pass double duct with co-current flow (model 4), single duct double pass 

U-flow shape (model 5); and parallel pass double duct with co-current flow with off-set strip 

fins (model 4-A). The models are developed using COMSOL Multiphysics® v5.3a software. 

The governing equations, boundary conditions, and assumptions are discussed. The 
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examination of mesh element type and mesh verification are performed. Furthermore, 

validation with experimental data in literature and verification using mathematical and CFD 

approaches for modes 2 and 3 are examined in this chapter.  

 

Discretisation is a technique that is used to convert partial differential equations (PDEs) 

into algebraic equations. This allows the governing equations to be solved numerically [231, 

323, 324]. This is different from the analytical solutions where the PDEs are converted to 

ordinary ones [231, 323]. The commonly used discretisation methods are three [314, 325-

329], Finite volume method (FVM), Finite element method (FEM), and Finite difference 

method (FDM). 

The FVM and FEM are integral forms, whereas the FDM is a differential form which is based 

on Taylor series [314, 329]. The mesh in FDM is comprised of rows and columns of 

perpendicular lines while in the FEM and FVM; each element is unique and may not 

necessarily be at a right angle to each other. Accordingly, FDM might not be suitable for 

complex geometries, particularly in meshing corners or sharp edges [236, 314]. 

 

The methodology can be typically divided into three stages. These stages are employed to 

solve CFD codes which are as follow: 1) pre-processing, 2) solver and 3) post-processing. 

The first stage (i.e. pre-processing) includes the following procedures: 

 Geometry creation 

 Fluid properties definition 

 Mesh generation 

 Physical and chemical phenomena selection 

 Boundary conditions identification 

Numerical solution of the computational model involves solving the governing equations of 

fluid flow and heat transfer (continuity and energy equations). Also, the selection of the 

solver (iterative or direct) and monitor the convergence. Finally, the post-processing step 

presents the results, graphics, animations, analyses and plots (see Fig. 4.1).  
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Fig. 4.1. Overview of the different stages of a general modelling process [330, 331]. 

 
 

 

Several criteria are considered in order to improve the convergence and accuracy of the 

solution. In brief, the criteria are: 

 Examining the effect of using a structured and unstructured mesh (uniform and non-

uniform mesh). 
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 Care should be taking in meshing the steep regions (i.e. edge or corner) where the 

solution needs to be precise, a dense mesh is required. While a lesser accuracy is required, 

a coarse mesh can be used.  

 Inspecting the relative tolerance criteria. 

 Studying the influence of the order of discretisation method in case of flow (transport) 

such as velocity and pressure and heat such as temperature. 

 In the case of the transient condition, the inspection of the time step is crucial.  

 Validation and verification. 

 

Applying a good mesh is a key to accurate computational results. Engineering judgment and 

experience have to be employed to generate a proper mesh since generating a mesh is not 

governed by an exact theoretical basis [314].  

Fundamentally, the finite element method (FEM) splits the geometry into smaller sub-

regions which are referred to as elements. An element comprises of a set of nodes. Over each 

finite element, the unknown variables (e.g., temperature, velocity, etc.) are approximated 

using known functions [332, 333].  

Mesh elements can be classified into three types by their shape, one dimensional (lines), 

two dimensional (rectangles or triangles), and three dimensional (tetrahedral, hexahedral 

cuboid/brick, triangular prisms (prisms), and pyramids). 

In this study, the 3D brick/hexahedral element type is used for meshing the PV/T air 

systems instead of the default option of the tetrahedral, as shown in Fig. 4.2. In Section 4.6.1, 

a comprehensive study was performed to examine the structured and unstructured mesh 

types for the proposed PV/T air model with fins. 

 
 

 

 
Fig. 4.2. Mesh of PV/T air system without fins for one of the case studies: in (a) Structured 
mesh and in (b) Unstructured mesh. 

 

(a) (b)
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In this section, several processes are discussed. Firstly, a numerical model of three-

dimensional (3D) flow and heat transfer for five PV/T air models are developed. Secondly, 

the governing equations for air velocity and temperature are discussed. Thirdly, different 

assumptions and boundary conditions for these models are extensively explained. Then, a 

number of computational assumptions are used to reduce computation time. Finally, a 

comparison is drawn between different methods to evaluate the free convection in the 

enclosure.  

 

The governing equations for the air velocity �⃗� (𝑥,  , 𝑧) = 𝑢, 𝑣, 𝑤  and temperature 𝑇  are 

based on the conservations of mass, momentum and energy [233, 334]. These equations are 

solved numerically by the CFD software package COMSOL Multiphysics®. It should be noted 

that the three laws governing transport are as following [231]:  

1. The law of conservation of mass  

2. Newton’s second law of motion  

3. The first law of thermodynamics 

 

The continuity equation, represented by the conservation of mass, is given in a three-

dimensional flow in terms of time-averaged compressible flow: 

  
𝜕𝜌

𝜕𝑡
+

𝜕

𝜕𝑥
(𝜌𝑢) +

𝜕

𝜕𝑦
(𝜌𝑣) +

𝜕

𝜕𝑧
(𝜌𝑤) = 0.  Eq. 4.1 

  

This can be re-formulated in a vector form: 

  
𝜕𝜌

𝜕𝑡
+ ∇ ∙ 𝜌 �⃗� = 0,  Eq. 4.1a 

  

where 𝜌 is the density of air (kg m-3), nabla (del), 𝛻, refers to the vector gradient operator 

and �⃗�  is the fluid velocity vector defined as follows: 

  

𝛻 =  
𝜕

𝜕𝑥
𝑖 +

𝜕

𝜕𝑦
𝑗 +

𝜕

𝜕𝑧
𝑘,  Eq. 4.1b 

  

�⃗� =  𝑢𝑖 + 𝑣𝑗 + 𝑤𝑘.  Eq. 4.1c 
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Note that the Eq. 4.1a can be applied for the general case, which means transient, 

compressible and three-dimensional flow. In case of incompressible, 𝜌  is constant  

(i.e. 
𝜕𝜌

𝜕𝑡
≈ 0), Eq. 4.1a could be reduced to present in vector formula: 

  

𝛻�⃗� = 0.  Eq. 4.1da 

  

 

For single-phase laminar flow, a compressible Newtonian fluid including the effect of 

gravitational forces, under transient conditions, the general momentum equation in a 

three-dimensional Cartesian coordinate form as: 

X-direction: 

  

𝜌 (
𝜕𝑢

𝜕𝑡
+  𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+𝑤

𝜕𝑢

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑥
+ 𝜌 𝑔𝑥  (

𝜕𝜏𝑥𝑥

𝜕𝑥
+
𝜕𝜏𝑦𝑥

𝜕𝑦
+
𝜕𝜏𝑧𝑥

𝜕𝑧
 ),  Eq. 4.2 

  

Y- direction: 

  

𝜌 (
𝜕𝑣

𝜕𝑡
+  𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑦
+ 𝜌 𝑔𝑥 + (

𝜕𝜏𝑥𝑦

𝜕𝑥
+
𝜕𝜏𝑦𝑦

𝜕𝑦
+
𝜕𝜏𝑧𝑦

𝜕𝑧
 ),  Eq. 4.3 

  

Z- direction: 

  

𝜌 (
𝜕𝑤

𝜕𝑡
+  𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑦
+ 𝜌 𝑔𝑥 +  (

𝜕𝜏𝑥𝑧

𝜕𝑥
+
𝜕𝜏𝑦𝑧

𝜕𝑦
+
𝜕𝜏𝑧𝑧

𝜕𝑧
 ),  Eq. 4.4 

  

where: 

  

𝜏𝑥𝑥 =  𝜇 (2
𝜕𝑢

𝜕𝑥
 
2

3
∇. �⃗�  ),  Eq. 4.4a 

  

𝜏𝑦𝑦 =  𝜇 (2
𝜕𝑣

𝜕𝑦
 
2

3
∇. �⃗�  ),  Eq. 4.4b 

  

𝜏𝑧𝑧 =  𝜇 (2
𝜕𝑤

𝜕𝑧
 
2

3
∇. �⃗�  ),  Eq. 4.4c 

  

𝜏𝑥𝑦 = 𝜏𝑦𝑥 =  𝜇 (
𝜕𝑢

𝜕𝑦
+
𝜕𝑣

𝜕𝑥
),  Eq. 4.4d 

  

𝜏𝑥𝑧 = 𝜏𝑧𝑥 =  𝜇 (
𝜕𝑢

𝜕𝑧
+
𝜕𝑤

𝜕𝑥
),  Eq. 4.4e 

  

𝜏𝑦𝑧 = 𝜏𝑧𝑦 =  𝜇 (
𝜕𝑣

𝜕𝑧
+
𝜕𝑤

𝜕𝑦
).  Eq. 4.4f 
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For a Newtonian incompressible fluid and under transient conditions, in cartesian 

coordinates: 

X- direction: 

  

𝜌 (
𝜕𝑢

𝜕𝑡
+  𝑢

𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+𝑤

𝜕𝑢

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑥
+ 𝜌 𝑔𝑥 + 𝜇 (

𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
+
𝜕2𝑢

𝜕𝑧2
 ),  Eq. 4.5 

  

Y- direction: 

  

𝜌 (
𝜕𝑣

𝜕𝑡
+  𝑢

𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+𝑤

𝜕𝑣

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑦
+ 𝜌 𝑔𝑥 + 𝜇 (

𝜕2𝑣

𝜕𝑥2
+
𝜕2𝑣

𝜕𝑦2
+
𝜕2𝑣

𝜕𝑧2
 ),  Eq. 4.6 

  

Z- direction: 

  

𝜌 (
𝜕𝑤

𝜕𝑡
+  𝑢

𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
) =  

𝜕𝑝

𝜕𝑧
+ 𝜌 𝑔𝑥 + 𝜇 (

𝜕2𝑤

𝜕𝑥2
+
𝜕2𝑤

𝜕𝑦2
+
𝜕2𝑤

𝜕𝑧2
 ).  Eq. 4.7 

  

The set of equations from Eq. 4.5 to Eq. 4.7 are the momentum equations for an unsteady, 

incompressible flow which can be written in vector formula as: 

  

𝜌
𝐷�⃗⃗� 

𝐷𝑡
=  ∇𝑝 + 𝜌𝑔 + 𝜇 . ∇2 �⃗� ,  Eq. 4.8 

  

where: 

  

𝜌
𝐷�⃗⃗� 

𝐷𝑡
= (𝜌

𝜕�⃗⃗� 

𝜕𝑡
+  ρ(�⃗� ∙ ∇) 𝑉⃗⃗  ⃗ ).  Eq. 4.8a 

  

 

The rate of heat addition from solid to fluid particles owing to heat conduction across 

element boundaries is the general conductive energy equation with a heat source and 

translational motion between the layers. 

  
𝐷(𝜌𝑐𝑇)

𝐷𝑡
. 𝛻𝑇 = 𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) +  𝑄𝑣̇ , Eq. 4.9 

  

𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) =
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
) + 

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
), Eq. 4.10 

  
𝐷(𝜌 𝑐 𝑇)

𝐷𝑡
= 𝜌 𝑐

𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
+ 𝜌 𝑐 𝑢

𝜕𝑇

𝜕𝑥
+ 𝜌 𝑐 𝑣

𝜕𝑇

𝜕𝑦
+ 𝜌 𝑐 𝑤

𝜕𝑇

𝜕𝑧
, Eq. 4.11 

  

where 𝜌 is the density of PV layers (kg m-3), 𝑐 is the heat capacity of PV layers at constant 

pressure (J kg-1 K-1), 𝑘𝑥, ,𝑧  is the thermal conductivity of the PV layers (W m-1 K-1) x, y and z 
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directions and assumed isotropic (𝑘𝑥 = 𝑘 = 𝑘𝑧). 𝑢, 𝑣 and 𝑤 are the velocity components 

in x, y and z directions, respectively, �̇�𝑣  is the volume heat source or sink.  

With respect to PV cells for both PV/T air and PV systems, where the conditions are: steady 

state conditions, electrical power generation (heat sink) ( 𝑄𝑣̇ ), stationary PV cells and 3D, 

Eq. 4.9 reduces to Eq. 4.12. More detail about the electrical power generation is presented 

in Section 3.3.3.3.  

  
𝛻. (𝑘𝑥,𝑦,𝑧𝛻𝑇 ) =  𝑄�̇�.  Eq. 4.12 

  

In terms of other PV layers (i.e. EVA, Tedlar and glass), in which the conditions are, 3D, 

steady state conditions a stationary PV module layers, Eq. 4.9 reduces to Eq. 4.13. 

  
𝛻. (𝑘𝑥,𝑦,𝑧𝛻𝑇 ) =  0.  Eq. 4.13 

  

For PV/T air system, in the fluid, the following details of fluid flow behaviour are taken into 

account for the solution to the heat transfer equation: 

 The energy transport is due to convection, either by the convective or conductive modes 

of heat transfer, depending on the thermal properties. 

 The viscous effects are taken into account for the production of fluid heating, which is 

often ignored although its impact is noticeable in viscous fluid motions. 

 The compressibility effect on producing heat is considered. The pressure work term 

contributes to the heat equation when the fluid density becomes temperature dependent.  

Taking into account the abovementioned underlying-physics of the flow, as well as 

conduction, generalises the transient heat equation into the following expression [278]:  

  

𝜌𝑐𝑝𝑓 (
𝜕𝑇

𝜕𝑡
+ �⃗� 𝛻𝑇(𝑥,  , 𝑧)) + 𝛻. (𝑘𝑓𝛻𝑇 ) = 𝑄𝑃 +𝑄𝑣𝑑 +  𝑄𝑣̇ ,   Eq. 4.14 

  

in which 𝑄𝑣𝑑 is the viscous dissipation in the fluid domain (W m-3), �⃗�  is the velocity vector  

(m s-1) and 𝑄𝑃 is the work done by pressure gradients owing to heating under adiabatic 

compression and thermo-acoustical phenomenon (W m-3), which is relatively minor for a 

small Mach number,  

  

𝑄𝑃 = 𝛼𝑝 𝑇𝑓 (
𝜕𝑝

𝜕𝑡
+  𝑉. 𝛻𝑝),  Eq. 4.15 

  

𝛼𝑝 = 
1

𝜌

𝜕𝜌

𝜕𝑇
,  Eq. 4.16 
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In which 𝑝 is pressure, and for ideal gases, the thermal expansion coefficient, 𝛼𝑝 takes the 

simpler form [279]: 

  

𝛼𝑝 = 
1

𝑇
.  Eq. 4.17 

  

For a steady state problem, the temperature does not change with time and the terms with 

time derivatives disappear.  

The final governing equation is the equation of state. In reality, the density is a function of 

pressure and temperature, 

  
𝜌 = 𝜌 (𝑝, 𝑇).  Eq. 4.18 

  

For ideal gas, 𝜌 is calculated using the law of state which is valid with [248, 249]. 

  

𝜌 =
𝑝

𝑅𝑇
.  Eq. 4.19 

  

 

Before computers came into extensive use, empirical correlation equations were used to 

model convective heat transfer problems. These equations are proportionality of heat flux 

to temperature difference with heat transfer coefficient (i.e. Newton's law of cooling) which 

was valid only in theoretical heat convection (i.e. using in simple analysis), since the time of 

Newton [335, 336], see Eq. 4.20.  

  

  𝑘𝑠
𝜕

𝜕𝑛
 (𝑇  𝑇𝑠,Γ)|

Γ
= ℎ(𝑇𝑓,Γ  𝑇∞).  Eq. 4.20 

  

For that reason, since the 1960s, the contemporary conjugate heat transfer module was 

developed to overcome this deficiency or shortage. In order to clarify, this module is used 

to model the coupling between conduction heat transfer in a solid domain (for example 

upper or lower PV surfaces) and convective heat transfer to the fluid (moving air) at the 

solid/fluid interface as shown in Fig. 4.3 and Eq. 4.21. This module also describes processes 

involving temperature variations within solid and fluid domains, as a result of the thermal 

interaction between these domains. This module is a built-in functionality in COMSOL 

software.  
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Fig. 4.3. Representation of the conjugate heat transfer of air PV/T system (model 4). 

  

  𝑘𝑠
𝜕𝑇𝑠
𝜕𝑛
|
Γ
=   𝑘𝑓

𝜕𝑇𝑓

𝜕𝑛
|
Γ

,  Eq. 4.21 

  

where Γ  is the interface surface between the solid and fluid.  

Eq. 4.21 could be valid under two conditions, the first condition is no slip (i.e. 𝑢 = 𝑣 = 𝑤 =

0) and the other is when the interface wall temperatures have the same temperature 

magnitude (𝑇𝑠 , 𝛤 =  𝑇𝑓 , 𝛤). The energy equations in the fluid and solid domains are given 

by: 

  
𝛻. (𝑘𝑠𝛻𝑇 ) =  0,  Eq. 4.22 

  

𝜌 𝑐𝑝𝑓 (
𝜕𝑇𝑓

𝜕𝑡
+ 𝑉 𝛻𝑇𝑓  (𝑥,  , 𝑧)) + 𝛻. ((𝑘𝑓 + 𝑘𝑇) 𝛻𝑇𝑓),  Eq. 4.23 

  

where 𝑉  is the velocity of the fluid (air), 𝑇𝑓  and 𝑇𝑠  are the fluid and solid temperatures 

respectively; 𝑘𝑡  is the turbulent thermal conductivity (𝑘𝑇 = 𝑐𝑝𝑓  𝜇𝑇 Pr𝑇
⁄  ), and Pr𝑇  is the 

turbulent Prandtl number [232, 330, 337]. It should be noted that Eq. 4.23 is a 3D form 

under turbulent flow regime, however, when 𝜇𝑇 = 0 the flow is considered to be laminar. 

 

Thermal radiation can be defined as the stream of electromagnetic waves emitted from a 

body at a specific temperature. In Fig. 4.4, consider a point 𝑃 located on a surface that has 

an emissivity  (휀) , reflectivity  (𝜌) , absorptivity  (𝛼) , refractive index  (𝑛) , and 

temperature  (𝑇) . The body is assumed opaque, which means that no radiation is 

transmitted through the body. 

 
 

Copper bottom plate

PV module

Glass cover
ncident solar radiation 

Back insulation
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Fig. 4.4. Incoming irradiation (left), outgoing radiosity (right). 

 
 

The total incoming radiative flux at 𝑃 is called irradiation and denoted 𝐺. The total outgoing 

radiative flux at 𝑃 is called radiosity and denoted J. This radiosity is the sum of reflected and 

emitted radiation: 

  
𝐽 =  𝜌𝐺 +  휀𝑒𝑏(𝑇). Eq. 4.24 

  

According to the Stefan-Boltzmann law, 𝑒𝑏(𝑇) is the power radiated across all wavelengths 

and depends on the forth power of the temperature, (𝑞𝑟) ∝ 𝑇
4 [269, 279, 338]. 

  

𝑒𝑏 = 𝑛
2𝜎 𝑇𝑠

4. Eq. 4.25 
  

The net inward radiative heat flux (𝑞𝑟) is then given by the difference between the 

irradiation and the radiosity: 

  
𝑞𝑟 = 𝐺  𝐽. Eq. 4.26 

  

To eliminate 𝐽, combine Eq. 4.24 and Eq. 4.26 which yields:  

  
𝑞𝑟 = (1  𝜌)𝐺  휀𝑒𝑏(𝑇). Eq. 4.27 

  

Assuming 𝛼 =  휀 = (1  𝜌) (a grey body), the net rate of radiation heat transfer from the 

surface, expressed per unit area of the surface, is shown in Eq. 4.29 [279]. 

   
𝑞𝑟 = (휀𝑒𝑏  휀𝐺). Eq. 4.28 

  

Now, substitute Eq. 4.25 in Eq. 4.28 yields:  

  
𝑞𝑟 = 휀 𝜎 (𝑇𝑠

4  𝑇4), Eq. 4.29 
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where 𝑇 is the surrounding temperature and 𝑇𝑠 is the surface temperature. 

It should be referred that the Surface-to-Surface Radiation interface in the Heat Transfer 

module implements the radiosity method that enables arbitrary temperature dependence 

and assumes that the emissivity and absorptivity are independent of the angle of emission 

and absorption. It is also possible to account for wavelength dependence on the surface 

emissivity and absorptivity. 

 

 

In CFD, it is crucial to generate a geometry that sufficiently represents the physical system 

being studied. Four PV/T air collector designs are investigated in this study (models 2 to 5). 

Sketches of these designs are shown in Fig. 4.5 to Fig. 4.8. These designs are classified based 

on the direction of air flow and the number of air passes. The first design model  

(see Fig. 4.5) is a single duct single pass, model 2, in which air flows underneath the PV 

panel, whereas the upper surface of PV is subject to ambient conditions. The second design 

model is a single duct single pass (glazed), model 3 (see Fig. 4.6), this design is similar to 

model 2 but with an air gap added between the upper surface of the PV module and a glass 

cover. The third design is a parallel pass double duct, model 4, as can be seen in Fig. 4.7, air 

flows under and over the surfaces of the PV module in the same direction (co-current flow). 

In model 5 air flows between the glass cover and the PV module and reverses in the second 

pass between the PV panel and the lower absorber plate, making a U-shape flow (double-

pass single duct, see Fig. 4.8). Finally, the flow configuration in model 4 has been amended 

by including off-set strip fins in a staggered arrangement (model 4-A), as illustrated in 

Fig. 4.9. Each geometry is comprised of four main domains. The domains are a solid domain 

of transparent glass cover, a PV panel, and the copper bottom plate, and the fluid domain of 

air. The thicknesses of the transparent glass cover, the PV panel and the copper bottom plate 

are 0.004 m, 0.0048 m and 0.001 m respectively, and they are all 0.8 m wide and  

1.2 to 1.6 m length. Table 4.1 presents the physical properties for the material of these 

domains, while Table 4.2 reveals the specifications for PV/T air collector designs. 
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Table 4.1. Thermophysical properties of the PV/T air domains. 
Layer 𝑘 𝜌 𝑐𝑝 ε 

Glass 1.4 2210 730 0.84 
Aluminum 238 2700 900 0.67 

Copper 400 8960 385 0.65 

 

 
Table 4.2. Specifications of the PV/T air systems. 

Symbol Description Values 

Re Reynolds number 
510 and 2550 [180, 

257] 

𝑇𝑎𝑚𝑏  Ambient air temperature  
45 and 25 C [183, 

185, 249, 339] 
𝑇𝑖𝑛 Fluid temperature at the collector inlet 𝑇𝑎𝑚𝑏  
𝑤  Collector width  0.8 m [225, 340] 
𝑤 3D slice width 0.015 m  

𝛿𝑐𝑢−𝑈  
Thickness of upper copper plate located on the back 

surface of the PV module 
0.001 m 

𝛿𝑐𝑢−𝐿 
Thickness of the lower copper plate located in 

lower channel flow 
0.001 m 

𝛿𝐷2 Upper depth flow 
0.025 m [50, 121, 122, 

151, 172] 
𝛿𝐷1 Lower depth flow 0.025 m [50, 151, 172] 
𝛿𝑔 Thickness of glass  4 mm [122, 241, 269]  
𝛿𝑈𝐸 Equivalent thickness of glass and EVA  4.5 mm 
𝛿𝐿𝐸 Equivalent thickness of Si, Tedlar and EVA 1.3 mm 
휀𝑐𝑢 Copper (oxidized)  0.65 [241, 269] 
휀𝑔  Average emissivity of glass 0.92 [241, 269] 
𝛽 Collector tilt angle  45 degree 
𝐺 Global solar irradiance at the collector plane 1000 W m-2 

𝐿 Collector length  
1.2 and 1.6 m [26, 172, 

225, 340] 
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Fig. 4.5. Schematics of model 2: in (a) 3D of model 2 (b) 2D cross-section front view of 
model 2, (c) 2D cross-section side view of model 2. 
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Fig. 4.6. Schematics of model 3: in (a) 2D cross-section front view of model 3, (b) 2D cross-
section side view of model 3.  

 
 

 

  
Fig. 4.7. Schematics of model 4: in (a) 2D cross-section front view of model 4, (b) 2D cross-
section side view of model 4. 
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Fig. 4.8. Schematics of model 5: in (a) 2D cross-section front view of model 5, (b) 2D cross-
section side view of model 5. 
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Fig. 4.9. Different views of model 4-A with offset strip fins. 
 
 

 

The photovoltaic technology chosen in this work is the polycrystalline BP Solar BP 585 

which consists of five main components [341]: the glass cover, PV cells, encapsulation foil, 

a back sheet layer (Tedlar) and metal frame (see Fig. 4.10). The metal frame that encloses 

these components has a negligible thermal effect because of its comparatively small surface 

area. The properties of the PV panel materials are assumed to be independent of 

temperature. A brief definition of theses layers is shown below [36]:  

1. Tempered glass cover: PV module glass is built from tempered glass. The strength of 

this glass is better than conventional glass and its high transmittance rate (ultra-clear) 

and low iron content minimize optical losses [36]. 
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2. PV cell: Polycrystalline silicon wafers are utilized in the BP 585 module. The electrical 

characteristic and physical properties of this PV is portrayed in Table 4.3 and Table 4.4. 

3. Cell encapsulation: The PV cells are covered using two layers of ethylene-vinyl acetate 

(EVA). The front or upper layer to glue or paste the PV cells to the glass and the lower 

layer to protect from moisture resistance besides electrical isolation. 

4. Back sheet (Tedlar): The polymer layer in the BP 585 is formed from polyvinyl fluoride 

(PVF). This layer can withstand the light and offers further insulation and moisture 

protection for the PV cells. 

 
 

 

 
Fig. 4.10. Schematic view of the main PV module components. 

 
 

Table 4.3. Operating properties of the PV module BP 585 [31, 32, 35]. 
Electrical data at STC Thermal ratings Material data 

Module 
maximum power 

(𝑃𝑚𝑎𝑥) 
50 W 

Operating 
temperature 

range 
-40~85 °C 

Panel 
dimensions 

 (L w) 
0.666 m × 0.606 m  

Voltage at 
maximum power 

point 
(𝑉𝑚𝑚𝑝) 

17.89 V 
Temperature 
coefficient of  
𝑃𝑚𝑎𝑥, (𝛽𝑟𝑒𝑓) 

-0.41%/°C Cell type Polycrystalline 

Current at 
maximum power 

point 
𝐼𝑚𝑚𝑝  

2.8 A 
Temperature 
coefficient of 

𝑉𝑜𝑐 
-0.31%/°C Cell number 36 

Open circuit 
voltage 
(𝑉𝑜𝑐) 

21.77 V 
Temperature 

coefficient of 𝐼𝑠𝑐 
0.058%/°C Glass type 

Tempered, high 
transmittance, low 

iron 
Short circuit 

current 
(𝐼𝑠𝑐) 

3.04 A 
Panel efficiency 

𝜂𝑝𝑣,𝑇𝑟𝑒𝑓  12.35% 
Encapsulant 

type 
E A 

Note that: All data refer to standard test conditions [AM 1.5, 1000 W m-2, 25 C]. 
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Table 4.4. Material properties of the layers of the PV module (BP 585) [31, 32, 35, 39, 342].  

Layer 
𝑡 

(mm) 
𝑘 

(W m-1 K-1) 
ρ 

(kg m-3) 
𝑐 

(J kg-1 K-1) 
ε 𝜏 

t/k 
(m2 K W-1) 

PV glass 3 1.8 3000 500 0.84 0.91 1.7 × 10-3 
EVA 0.5 0.35 960 2090 - - 1.4 × 10-3 

PV cells 0.3 148 2330 677 0.91  2.0 × 10-6 
Tedlar 0.5 0.2 1200 1250 0.87 - 2.5 × 10-3 

  
  

In Table 4.4, the P  thickness (𝑡), thermal conductivity (𝑘), density (𝜌), and specific heat 

capacity (𝑐). 

 

A number of assumptions and boundary conditions are considered to solve the governing 

equations as follows: 

 The fluid is single-phase, the flow is laminar and is weakly compressible. For weakly 

compressible flow 𝜕𝜌/𝜕𝑝 = 0 and 𝜕𝜌/𝜕∅ ≠ 0, where ∅ are other independent variables, 

such as time. 

 All boundaries of the PV/T air collectors are subjected to ambient conditions and 

considered insulated (adiabatic wall condition). In other words, unless explicitly changed, 

boundaries are by default considered are set as insulated in the software.  

 The effect of thermal radiation on a fin surface performance is negligible, this is studied 

in detail in Section 4.5.1. 

 The solar radiation absorbed by the PV cells is converted into two types, the first one is 

converted to electrical energy while the remainder is converted into thermal energy. 

 The fin domain is treated as a thin layer. This assumption will be discussed in  

Section 4.5.4. 

 The solution domain of the 3D PV/T air collectors (models 2 to 5) is a rectangular duct 

on the x-y-z plane, bounded by the inlet, outlet and wall boundaries shown in Fig. 4.5 to 

Fig. 4.9.  

 The properties of the air, channel duct and PV layers are temperature dependent.  

 No-slip conditions.  

 In order to simulate a realistic incident solar radiation: 

a. ‘External Radiation Source’ sub-node is applied to the top glass surface  

b. The glass is ultra-clear and has no absorption or emission.  

c. This incident radiation includes the solar spectral bands U.V, visible and I.R 

radiation. 

d. Uniform heat flux on the top surface of the photovoltaic [343]. 
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 The surface-to-surface radiation model is used to simulate the thermal radiation 

exchange between the surfaces as discussed in detail in Section 4.3.3. This is assuming 

that the fluid and the glass cover are non-participating, i.e., they do not absorb, emit, or 

scatter any radiation as the thickness of the glass is less than 6 mm [279].  

 Uniform air velocity is introduced at the inlet assuming a fully developed flow. 

  At the exit, a pressure outlet boundary condition is specified with a fixed value of  

101325 Pa. 

 When there is little or no wind, the free convection mode will then dominate rather than 

the wind effect. 

 The radiative exchange temperature for models 1 and 2 is ambient temperature, while 

the radiative exchange temperature for models 3, 4, 5 and 4-A is the upper glass cover.  

 Symmetrical boundary conditions are applied on the two sides of the PV/T air collector 

assuming that the width  . The width of the 3D slice is therefore considered here 

rather than using the full width. This can be seen in Fig. 4.5. 

 The PV layer surfaces are in perfect contact which means that thermal contact resistance 

between them is negligible [57]. 

 

Several assumptions have been made to reduce the computational time with minimal 

impact on the level of accuracy as discussed below.  

 

The conductive heat transfer rate is dissipated from fin surfaces either by convection 

(Newton’s law of cooling) and/or radiation from the boundaries of the fin [269, 279]. It is 

commonly believed that thermal radiation problems are one of the most computationally 

expensive [344], specifically when coupling it with turbulent models. Various 

representative cases simulated by Frei [344] as presented in Fig. 4.11.  
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Fig. 4.11. Memory requirements with respect to degrees of freedom (DOF) for various 
representative cases adapted from [344]. 

 
 

From the data in Fig. 4.11, it is clear that the radiative heat transfer problem consumes the 

most physical random access memory (RAM) for the same or even lower number of degrees 

of freedom (DOF). In general, this is owing to the fact that the rate of radiation heat transfer 

is governed by a fourth-order equation, (𝑞𝑟) ∝  𝑇
4 as mentioned in detail in Section 4.3.3.   

The effect of radiation upon forced-convection heat transfer was studied by many 

researchers [269, 279, 322, 345, 346]. They found that the influence of thermal radiation 

could be negligible in the case of forced convection, specifically at high Reynolds number 

values, low emissivity and moderate temperatures [180, 347]. Thus, the effect of thermal 

radiation on fin surfaces can be neglected under these conditions. However, in free 

convection, there is a clear radiation effect [269, 279, 346, 348-351]. 

In solar air collector systems particularly where forced convection conditions apply, the 

neglected radiative heat transfer rate could be attributed to several reasons. Firstly, the 

temperature of the fin surface and collector walls are comparable [347]. This is mainly 

because of the fins located in the lower air duct where they are not directly subjected to 

incident solar radiation. Moreover, the air is assumed to be transparent to solar radiation 

as shown in Fig. 4.12.  

DOF (x 106)

(G
B

)

1
Direct Solver

2
3 4 5

https://scholar.google.co.uk/scholar?cluster=16402444210104307003&hl=en&as_sdt=2005&sciodt=0,5


 

- 123 - 

 

A comparison between two cases with and without radiation effect is made to evaluate the 

effect of radiation from fin surfaces. The boundary conditions and assumptions are seen in 

Fig. 4.12. The results showed a 2% difference in thermal efficiency and the computation 

time reduced from 84.5 hours to 4.5 hours for the case with and without radiation 

respectively.  

The second assumption is concerned with equations coupling and is discussed next. 

 
 

 

 
Fig. 4.12. Schematic of single duct, single pass solar air thermal collector including off-set 
strip fins shown the symmetry planes and boundary conditions.  

 
 

 

The fully coupled method simultaneously solves fluid flow and heat transfer. Alternatively, 

a one-way coupled approach can be used to solve multi-physics problems. This approach 

can be considered the most important assumption with respect to reducing the running 

time approximately by 50-70% [352]. The mechanism of this approach can be divided into 

two steps, firstly, the fluid flow problem is solved, the results are then used as input values 

for the second step to solve the heat transfer problem. This one-way coupled technique is 

highly versatile as it is applicable to all types of fluid flow whether it is laminar or turbulent 

[352, 353]. 
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An ideal way to determine the validity of a one-way coupled approach is to compare it with 

a fully coupled one in a test case. Accordingly, three representative cases are examined. The 

first case is the PV/T air model 4 without fins, with length, 1.24 m, 3D slice width of 15 mm, 

and depth of flow for the upper and lower duct of 0.025 m. The fully coupled and one-way 

coupled methods are carried out for this system. The results are tabulated in Table 4.5 

showing a good level of agreement between the two methods with the computation time 

reduced from 275 minutes to 39 minutes. 

Table 4.5. Case 1 of model 4, with length, 1.24 m, 3D slice width of 15 mm, and depth of flow 
for the upper and lower duct of 0.025 m using the fully coupled and one-way coupled 
methods. 

Variable One-way coupled Fully coupled Percentage error (%) 
𝑹𝒕𝒉 1.287 1.289 0.16 
∆𝒑 19.95 20.98 4.89 
𝜼𝒕𝒉 46.84 46.65 0.40 
𝜼𝒑𝒗 11.13 11.128 0.02 

    
    

In Table 4.5, 𝑅𝑡ℎ  represents the thermal resistance (K W-1). 

The second case is to compare the two approaches using model 4. A parametric study is 

undertaken here for different lengths and depths of flow. Fig. 4.13 shows that the magnitude 

of pressure drop in the two methods exhibited good agreement. The run time is also reduced 

from 50 hours to 20 hours.  

The third case is the PV/T air, model 4-A with fins. A parametric study is carried out here 

for different air velocities (0.14456, 0.1807, 0.24093, 0.3614 and 0.7228) m s-1. The 

dimensions of the collector are: length of the collector is 1.2 m, depth of flow for upper and 

lower duct is 0.025 m, length of the fin is 0.048 m. and space between fins is 0.01 m.  

Fig. 4.14 illustrates that the values of pressure drop in the two solution methods showed 

poor agreement relative to that in first and second cases. The percentage error is between  

13-17% which is considered high compared to the system without fins. This increased 

discrepancy can be attributed to the fact that the temperature field effect on velocity is not 

captured in the one-way coupling method. An increase in temperature results in a decrease 

in the viscosity which in turn increases the average speed (see Eq. 4.30). An increase in the 

speed results in an increase in the pressure drop as shown Eq. 4.31. This effect is captured 

in the fully coupled method but not in the one-way coupling one.  

It has been found in this study that one-way coupling is limited to steady state and plain 

surface (without fins) domains. In other words, for highly temperature-dependent such air-

free convection in the enclosure, which is strongly affected by temperature and can be 

considered inherently unsteady state condition (transient).  
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Re Dh =
𝜌𝑓 𝑉 𝐷ℎ

𝜇𝑓
= 

4 �̇�

𝜇𝑓𝑃𝑒𝑟
  Eq. 4.30 

  

∆𝑝𝑓 =  
𝜌 𝑓 𝑉2 𝐿

2 𝐷ℎ
,  Eq. 4.31 

 
 

 

 
Fig. 4.13. Pressure drops from one-way and fully coupled methods versus collector length 
under the steady state condition and laminar flow regime, ReDh = 2550 for model 4. 
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Fig. 4.14. Pressure drops from one-way and fully coupled methods for design model 4-A 
(finned collector), 𝑆𝑓 = 10 mm, 𝐿 = 1.2 m, 𝐿𝑓 = 48 mm 𝛿𝐷1 = 𝛿𝐷2 = 25 mm. 

 
 

 

Symmetry boundary conditions can be applied as lines or planes in both 2D and 3D. This 

boundary condition contributes to reducing the computational time, by about 50%. Two 

symmetry boundary conditions have been applied in this work, the first one is similar to 

thermal insulation that there is no heat flux across the boundary as in Eq. 4.32. The second 

boundary condition is ‘symmetry for surface-to-surface radiation subnode’.  

  
 𝑛 . 𝑞 = 0  Eq. 4.32 

  

where 𝑛 is the normal direction and 𝑞 is the flux (W m−2). 

Basically, the following constraints are considered when applying the symmetry boundary 

condition [279]: 

 Normal gradients to the symmetry plane for the scalar quantities such as temperature 

are zero. 

 There is no need to define the boundary conditions at symmetry boundaries. 

To apply the symmetrical boundary condition, the following steps are considered: 
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1. Carefully selected the symmetrical plane or line (see Fig. 4.15). 

2. For symmetrical model, the same air velocity and hydraulic diameter (𝐷ℎ) magnitudes 

should be used at the inlet since the hydraulic diameter is the same for the original model 

(full size) and symmetrical sizes. However, the value of the mass rate is divided by two.  

  

𝐷ℎ = 
4 (
𝐴𝑐

2⁄ )

𝑃𝑒𝑟
2⁄
= 

4𝐴𝑐

𝑃𝑒𝑟
  Eq. 4.33 

  

3. The symmetrical perimeter, cross-sectional area and mass flow rate are equal to half the 

magnitude of the respective parameters within the original model as shown in the 

symmetrical plane (see Fig. 4.15) since the symmetrical plane is zero flux and shear 

stress. 

Table 4.6 presents the results for two selected cases of one pass PV/T air collector with 

upper glass, model 3. The first case is the original model without applying the symmetrical 

boundary condition while the second model contains the symmetrical boundary condition. 

It can be seen that the RAM decreased from 34.62 to13.19 GB and the time from 194.14 to 

47.49 min. The structured mesh technique type is used and the boundary conditions are 

presented in Fig. 4.15. 

Table 4.6. Single duct, single pass PV/T air collector within off-set fins staggered 
arrangement for symmetrical and original models  

Case type DOF RAM (GB) 𝑡 (min) N E RT MEQ 
type of 
mesh 

 ri 390616 34.62 194.14 102784 0.1 1 St 

 y 216056 13.19 47.49 56064 0.1 1 St 

�̅� �̇�𝑜𝑟𝑖 �̇�𝑠  Re 𝑇𝑚𝑝𝑣 𝑜𝑟𝑖 𝑇𝑚𝑝𝑣 𝑠  𝜂
𝑡ℎ 𝑜𝑟𝑖

 𝜂
𝑡ℎ 𝑠 

 

0.14227 0.00124 0.00062 400 55.52 55.14 16.71 16.13 
0.28454 0.00248 0.00124 800 51.20 51.22 26.36 25.80 
0.42681 0.00371 0.00186 1200 48.35 48.59 32.36 32.11 
0.56908 0.00495 0.00248 1600 46.36 46.72 36.35 36.57 
0.71135 0.00619 0.00309 2000 44.91 45.31 39.15 39.79 

        
        

In Table 4.6, 𝑡 is the solution time (min), NOE is the number of elements, RT is the relative 

tolerance, MEQ is the minimum element quality, Ori is the original PV/T air system (non-

symmetrical), and Sy is the symmetrical PV/T air system (symmetrical). 
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Fig. 4.15. Schematic of model 3 with offset strip fins showing the symmetrical boundary. 

 
 

 

One of the challenges in CFD modelling is a meshing of high aspect ratio components, for 

example, the high aspect ratio between the fin domains and fluid flow. Tackling this issue 

requires avoiding meshing thin layer domains which can lead to increasing the running 

time, potentially crashing the model and increase the number of elements.  

In COMSOL Multiphysics®, 3D structure domains can be simplified as surfaces or 

boundaries with a high level of accurate results which depend on the thermal conductivity 

and thickness of materials. In order to represent realistic conditions ‘Thin Layer’ feature for 

heat transfer and the ‘Interior Wall’ feature for fluid flow is applied (see Fig. 4.16). This is 

built-in function in Comsol software. 

 
 

 

 
Fig. 4.16. Strip fins with 3D fins (left) or thin fins (right). 
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Two case studies of model 3 are considered to ensure the validity of this assumption (see 

Fig. 4.17). The boundary conditions, geometric and operational parameters for the selected 

system are shown in Fig. 4.9b and Fig. 4.15. Fin dimensions are set to 20mm in length and 

3mm thickness. 

 

Table 4.7 presents a comparison of two cases of thick and thin fins of model 3. The difference 

was insignificant between the two results can be attributed to: 

1. The boundary layer for each fin walls for the thicker fin model shows a much faster 

development and thickness compared to the thin fin model (Fig. 4.19).  

2. The pressure drop through the thick fin case is found greater than that of the thin fin 

owing to the cross-sectional surface area of resistance created by the leading edge of the 

fins (Fig. 4.19). Despite this difference, the thin layer assumption is still used in this work 

because the pressure drop in solar air thermal collector is considered a second order 

influence [180, 354, 355]. 

3. Moreover, thicker fins have larger form drag from blunt fin edges, whereas with slender 

fins [223]. 

 
Table 4.7. Single duct single pass PV/T air collector within off-set fins staggered 
arrangement for the thin and thick fins. 

�̅� �̇� ReDh  𝑇𝑚𝑝𝑣 𝑡ℎ𝑖𝑐𝑘  𝑇𝑚𝑝𝑣 𝑡ℎ𝑖𝑛 𝜂
thi k

 𝜂
thin

 ∆𝑝
thi k

 ∆𝑝
thin

 

0.14227 0.00062 400 55.44 55.58 16.88 16.51 0.81 0.27 
0.28454 0.00124 800 51.41 51.72 27.82 26.76 2.93 0.92 
0.42681 0.00186 1200 48.54 49.07 34.91 33.66 6.21 2.01 
0.56908 0.00248 1600 46.47 47.14 39.65 38.58 10.56 3.59 
0.71135 0.00309 2000 44.96 45.69 42.94 42.20 15.91 5.69 

         
         

Owing to computational limitations, a combination of two mesh techniques (structured and 

unstructured) was used to mesh the thick fin system, whereas a structured mesh technique 

was used to mesh the thin fin as displayed in Fig. 4.18 and Table 4.8. 

Table 4.8. Mesh parameters for thin and thick off-set fins staggered arrangement.  
Case type D F RAM (GB) t (min) N E R  AEQ TOM 

Thick 444789 114.36 886 340901 0.1 0.7 TSt 

Thin 238390 20.92 128 49368 0.1 1 St 
        
        

In Table 4.8, TSt is the mesh technique that used structured and unstructured element types 

(hybrid mesh). 
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Fig. 4.17.Two case studies of model 3 including offset strip fin: In (a) Thin fin model and 
(b) Thick fin model. 

 

 

Fig. 4.18. Mesh used for model 3 including offset strip fin, showing the thick fin model. 
 

                                 
 

Fig. 4.19. Velocity counter of the cross-section top view of the thin and thick models 
presenting in (a) Thick model, surface: velocity magnitude (m s-1), arrow surface: velocity 
field, in (b) Thin model, surface: velocity magnitude (m s-1), arrow surface: velocity field. 
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As mentioned in Section 4.5.4, one of the challenges in CFD modelling is meshing steep 

gradient regions as a result of a high aspect ratio between body components. This may lead 

to poor mesh quality, increasing computational time, and also lead to divergence crash the 

model. To reduce the impact of this effect, it is proposed in this work to combine all layers 

into just two. This combines the upper EVA with glass cover from the side and PV cell, lower 

EVA and Tedlar from the other side as shown in Fig. 4.20 and Table 4.9. The set of linear 

equations from Eq. 4.34 to Eq. 4.39 present the equivalent thermo-physical properties of 

the CFD domains. 

 
 

                
 

Fig. 4.20. Schematic of individual and equivalent PV module layers. 
 
 

Table 4.9. Equivalent thermophysical properties of the CFD domains. 

Material 
Name of equivalent 

layers 
ρ 

(kg m-3) 
𝑘 

(W m-1 K-1) 
c 

(J kg-1 K-1) 
𝑡 

(mm) 

Glass 
Upper 1930.677 1.05 786.894 4.5 

EVA 
Silicon 

Centre 1218.586 0.331 1201.798 1.3 EVA 
Tedlar 
Copper  8960 400 385 1 

 
  

𝐾𝑔+𝐸𝑉𝐴  =  
𝛿𝑔𝑙𝑎𝑠𝑠+ 𝛿𝐸𝑉𝐴
𝛿𝐸𝑉𝐴
𝐾𝐸𝑉𝐴

 + 
𝛿𝑔

𝐾𝑔

  Eq. 4.34 

  

𝐾𝑡𝑒𝑑+𝐸𝑉𝐴+𝑃𝑉  =  
𝛿𝑡𝑒𝑑+ 𝛿𝐸𝑉𝐴+𝛿𝑃𝑉
𝛿𝐸𝑉𝐴
𝐾𝐸𝑉𝐴

+
𝛿𝑡𝑒𝑑
𝐾𝑡𝑒𝑑

 + 
𝛿𝑃𝑉
𝐾𝑃𝑉

  Eq. 4.35 

  

𝜌𝑡𝑒𝑑+𝐸𝑉𝐴+𝑃𝑉 = 
𝛿𝑡𝑒𝑑+ 𝛿𝐸𝑉𝐴+𝛿𝑃𝑉
𝛿𝐸𝑉𝐴
𝜌𝐸𝑉𝐴

+
𝛿𝑡𝑒𝑑
𝜌𝑡𝑒𝑑

 + 
𝛿𝑃𝑉
𝜌𝑃𝑉

  Eq. 4.36 

  

𝜌𝑔+𝐸𝑉𝐴 =  
𝛿𝑔𝑙𝑎𝑠𝑠+ 𝛿𝐸𝑉𝐴
𝛿𝐸𝑉𝐴
𝜌𝐸𝑉𝐴

 + 
𝛿𝑔

𝜌𝑔

  Eq. 4.37 
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𝑐𝑡𝑒𝑑+𝐸𝑉𝐴+𝑃𝑉  =  
𝛿𝑡𝑒𝑑+ 𝛿𝐸𝑉𝐴+𝛿𝑃𝑉
𝛿𝐸𝑉𝐴
𝑐𝐸𝑉𝐴

+
𝛿𝑡𝑒𝑑
𝑐𝑡𝑒𝑑

 + 
𝛿𝑃𝑉
𝑐𝑃𝑉

  Eq. 4.38 

  

𝑐𝑔+𝐸𝑉𝐴 =  
𝛿𝑔𝑙𝑎𝑠𝑠+ 𝛿𝐸𝑉𝐴
𝛿𝐸𝑉𝐴
𝑐𝐸𝑉𝐴

 + 
𝛿𝑔

𝑐𝑔

  Eq. 4.39 

  
  

where the subscripts 𝑡𝑒𝑑 and 𝑔 refer to the Tedlar and glass layers respectively. 

To test the validity of this assumption, an examination was carried out for the standard PV 

module without active cooling, model 1 under the free convection condition, 𝐺 = 1000 W 

m-2 and 𝑇𝑎𝑚𝑏 = 25 and 50 C. The results revealed that the maximum percentage error is 

around 0.81%, as can be seen in Table 4.10 and Fig. 4.21. 

Table 4.10. Equivalent and original results for model 1 under free convection mode,  
𝐺 = 1000 W m-2 and 𝑇𝑎𝑚𝑏 = 25 and 50 C  

Variable 
𝑻𝒂𝒎𝒃, 25 C 
(Equivalent) 

𝑻𝒂𝒎𝒃, 25 C 
(Original) 

Error  
(%) 

𝑻𝒂𝒎𝒃, 50 C 
(Equivalent) 

𝑻𝒂𝒎𝒃, 50 C 
(Original) 

Error 
(%) 

𝜼𝑷𝑽 10.96 10.94 0.18 9.71 9.69 0.21 
𝑻𝒎𝒑𝒗 52.32 52.75 0.81 76.95 77.43 0.61 
𝑷𝑷𝑽 10.25 10.23 0.19 9.09 9.07 0.22 

       
       

 

 
Fig. 4.21. Surface temperature contour of model 1 under free convection condition, 
𝐺 = 1000 W m-2, 𝑇𝑎𝑚𝑏 = 25 C, in (a) Original model, (b) Equivalent model. 

 
 

 

The default setting in Comsol of estimated error (i.e. relative tolerance) is 10-3. A smaller 

value of this factor may lead to more precise results and vice versa. However, as the inputs 

to a model (for example, material properties) are typically not accurate to more than a 

couple of digits, tolerance independent tests should be made to ensure the accuracy of the 

solution. This is carried out by changing the tolerance increments of one order of magnitude 

(a) (b)



 

- 133 - 

 

and comparing the solutions [356]. A representative case, as presented in Table 4.11, 

showed that the running time reduced from 39 min to 32 min when the tolerance increased 

from 0.001 to 0.1 with fairly consistent results.  

Table 4.11.Tolerance independent tests. 
Variable Tolerance, 10-3 Tolerance, 10-1 Percentage error (%) 
𝑹𝒕𝒉 1.287 1.281 0.46 
∆𝒑 12.818 12.818 0 
𝜼𝒕𝒉 46.904 46.734 0.36 
𝜼𝒑𝒗 11.130 11.135 0.04 

    

 

Different approaches are adopted to validate the PV/T air models. Firstly, grid 

independence test using different mesh element type. Secondly, validation and verification 

between current mathematical models and available results in the literature. 

 

In this subsection, the examination of different mesh element types is performed to evaluate 

the convergence speed, accuracy, computation time and mesh quality. The study is 

performed on a PV/T air system with longitudinal strip fins using structured and 

unstructured mesh element types, see Fig. 4.22.  

 
 

  
 

Fig. 4.22. Mesh of the PV/T air system with fins: in (a) structured mesh and in (b) 
unstructured mesh. 

 
 

The system description and boundary conditions employed are shown in Fig. 4.23. In order 

to reduce computation time, the symmetry boundary condition is applied along the centre 

(a) (b)
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line in the y-z plane. No-slip boundary conditions are applied on solid-fluid interface walls. 

In terms of weather conditions, the incident solar radiation is 1000 W m-2 and ambient air 

temperature is 50 C. The flow is considered to be laminar, where Re = 2200. Free 

convection conditions on the upper and lower surface of the collector are assumed.  

 
 

  
 

Fig. 4.23. Schematic of the single duct single pass PV/T air collector including longitudinal 
strip fins showing the symmetry plane and boundary conditions.  

 
 

The simulated model consists of different units as listed below:  

1. The PV module layers with the upper copper absorber plate.  

2. The air channel duct.  

3. The bottom absorber plate.  

4. The lower copper absorber plate. 

5. Longitudinal strip fins. 

A mesh is considered to be successful or valid if any further refinement done on it does not 

result in a significant change to previous results. Different criteria are considered in this 

evaluation. Firstly, an independent mesh study is performed using structured and 

unstructured element types. Each surface or domain is inspected individually to evaluate 

the impact of this part on the rest of the system. After that, the inspection of all parts within 

the model has performed altogether. For example, the effect of the depth of flow is studied 

Symmetry plan
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with element size ranging from 1 mm to of 3 mm until convergence. The same procedure is 

adopted for other parts of the PV/T air system. The details of this test can be seen in  

Fig. 4.24 and Table 4.12. 

Secondly, in order to inspect the quality of the mesh, two criteria are utilised which are 

skewness and minimum element quality (MEQ). The skewness is a criterion used to 

evaluate the quality of a mesh [357], based on equiangular skew. Elements with obtuse and 

acute angles are penalized when compared to ideal element angles. This criterion is used to 

report poor element quality within mesh generation [357]. The skewness range is between 

0 and 1 in which 1 indicates the optimal element quality while 0 represents a degenerated 

element.  

The second criterion is the minimum element quality. The quality varies depends on the 

geometry and size of the physical problem. The quality is considered to be poor for most 

applications with a value below 0.1 [357]. 

The comparison between two mesh types revealed that the MEQ of the structured mesh is 

considerably higher than the unstructured mesh (see Table 4.12 and Fig. 4.25). The 

computational time reduced from 823 minutes to 540 minutes and number of elements 

were significantly reduced in the structured mesh type (see Table 4.12) 
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Fig. 4.24.Mesh element type examinations: in (a) Unstructured mesh models, (b) 
Structured mesh models. 
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Table 4.12. Key features of the structured and unstructured mesh models. 
Structured mesh cases 

Case No NOE h
𝑡ℎ

  ∆𝑝 (𝑃𝑎)  𝑃𝑃𝑉  (W)  𝑇𝑚𝑝𝑣  𝑡 (min) MEQ 

1 2268 37.4 5.9 21.7 57.9 1 0.378 

2 12852 33.8 6.6 21.7 58.2 8 1 

3 21641 33.3 8.0 21.7 58.1 16 1 

4 46436 30.9 2.9 21.5 59.4 76 1 

5 46436 30.4 2.9 21.5 59.5 80 0.698 

6 83096 30.4 3.3 21.6 59.3 133 0.698 

7 107536 30.4 3.5 21.6 59.3 128 0.698 

8 205020 30.2 2.2 21.5 60.1 535 1 

9 223224 30.2 2.2 21.5 60.0 540 1 

Hybrid mesh cases 

Case No NOE h
𝑡ℎ

 ∆𝑝 (Pa) 𝑃𝑃𝑉  (W) 𝑇𝑚𝑝𝑣  𝑡 (min) MEQ 

1 215732 35.672 7.9 21.7 58.0 237 0.185 

2 1471645 32.110 2.5 21.5 59.7 568 0.157 

3 1624409 28.117 1.3 21.5 60.2 543 0.171 

4 1799426 28.972 1.6 21.5 60.2 823 0.177 

        

        

 

 
Fig. 4.25.Skewness parameter for two cases in (a) structured mesh case and in (b) 
unstructured mesh case. Note: one indicates the optimal element quality and zero 
represents a degenerated element. 

 
 

 

Three methods are utilised to validate the single duct single pass of model 2, as listed below: 

1. Semi-analytical solution (method 1) 

2. Numerical model using the predictor-corrector solution (method 2)  

3. 3D CFD approach under steady state conditions (method 3)  

Strip fin
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Three variables are used in this validation: the average PV cell temperature (𝑇𝑚𝑝𝑣), the PV 

electrical efficiency (𝜂𝑃𝑉) and thermal efficiency (𝜂𝑡ℎ). All of the models are modelled at 

different ambient temperatures (25-50 C) and insolation (1000 W m-2) with a Re number 

of 2000 under fully developed flow condition. The model assumes a horizontal duct under 

the free convection condition over the top surface of the PV module and assumed an 

adiabatic at the bottom surface of the collector, as shown in Fig. 4.26. 

The impact of PV cell and ambient temperatures on PV electrical efficiency for these three 

methods are presented in Fig. 4.27. As expected, Fig. 4.27 reveals a gradual decline in 

electrical efficiency as the ambient and PV panel temperatures increase. This is because the 

electrical efficiency is directly proportional to temperature. In addition, the agreement 

between the CFD and mathematical (semi-analytical and predictor-corrector methods) 

results is poor. The two mathematical models yield comparable results. The data 

comparison indicates that the numerical model using the predictor-corrector solution was 

closer to the CFD model than Semi-analytical solution. This is most likely because of the 

predictor-Corrector solution being more representative of real-life conditions than the 

semi-analytical solution. As an example: 

1. In the analytical model, the mean fluid temperature of was arithmetic �̅�𝑓 = (𝑇𝑖 + 𝑇𝑜/2), 

which is less accurate compared with the predictor-corrector solution where the mean fluid 

temperature across the duct was calculated locally. 

2. The temperature of absorber plates (i.e. 𝑇𝑚𝑝𝑣  and 𝑇𝑏𝑚) that are used in estimating heat 

transfer rate (newton law of cooling) on the upper surface of the PV panel, 𝑄 = ℎ (𝑇𝑚𝑝𝑣  

𝑇𝑎𝑚𝑏) or inside the duct flow 𝑄 = ℎ (𝑇𝑚𝑝𝑣  or 𝑇𝑏𝑚  𝑇𝑓) are local values, unlike the semi-

analytical solution which takes them as average values. 

3.  The radiation effect is assumed linear in analytical solution but non-linear in numerical 

solution.  
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Fig. 4.26. Schematic of model 2 showing the boundary conditions. 
 
 

  
 

Fig. 4.27. Influence of the ambient and PV cell temperatures on the PV electrical efficiency 
using three methods for model 2, (1) Semi-analytical, (2) predictor-corrector and (3) 3D 
CFD.  
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Similar to model 2, various approaches were employed to validate the single duct single 

pass (glazed) of model 3. These approaches were explained in detail in Section 3.3.2.3, 

which can be listed as follows: 

1. Semi-analytical solution (method 1). 

2. Numerical model using the predictor-corrector solution (method 2). 

3. 2D CFD approach with a temperature dependent thermal conductivity in the enclosure 

(effective thermal conductivity) (method 3). 

4. 3D CFD approach with a temperature dependent thermal conductivity in the enclosure 

(effective thermal conductivity) (method 4). 

5. 3D CFD approach with a temperature dependent thermal conductivity in the enclosure 

(effective thermal conductivity) assume that the regime is purely conductive (Nu =  1) 

(method 5).  

6. CFD transient model (method 6).  

The parameters are used in this validation as follows, the average PV cell temperature 

(𝑇𝑚𝑝𝑣), the PV electrical efficiency (𝜂𝑃𝑉), the thermal efficiency (𝜂𝑡ℎ) and the mean fluid 

temperature through the duct flow  (𝑇𝑓𝑚) . In this study, the models were examined at 

different metrological conditions, ambient temperatures (25-50 C) with incident solar 

radiation of 1000 W m-2 and a Re number of 2000 under fully developed flow conditions 

The model assumes a horizontal under wind effect over the top surface of the glass and 

assumed an adiabatic at the bottom surface of the collector as shown in Fig. 4.28. 

 
 

 

 
Fig. 4.28. Schematic of model 3 showing the boundary conditions.  
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Fig. 4.29 presents the effect of PV cell temperatures on the electrical efficiency for the 

methods as mentioned earlier (1 to 6). As predicted, it is observed that the results of 

different CFD methods (method 3 to 6) are in good agreement (Fig. 4.29 (3 to 6)) owing to 

the same reasons highlighted in the validation of model 2. It can be seen from Fig. 4.29  

(method 6), a slight difference is found in the comparison between the transient results and 

the other CFD models (method 3 to 5). This can be attributed to the fact that the free 

convection mode is more realistic and inherently behaves transiently. The circulation of air 

contributes to the enhancement of the heat transfer rate (see Fig. 4.30) and consequently 

reduces the temperature of the upper glass. This can be clearly seen in the temperature 

range between 40 and 50 C in the dashed region shown in Fig. 4.31. 

In conclusion, this comparison suggests that the use of method 5 (Nu = 1) is more applicable 

in terms of accuracy and running time. This comes in agreement with previous findings 

presented in [252, 271].  
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Fig. 4.29. Influence of the ambient and PV cell temperatures on the PV electrical efficiency 
using six methods of model 3. 
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Fig. 4.30. Temperature contours (C) of model 3 using CFD transient method (method 6).  

 
 

 

 
Fig. 4.31. Influence of the ambient and PV cell temperatures on the thermal efficiency of 
model 2 using six methods (method 1 to method 6). 

  
 

 

The CFD models (models 2 and 3) were also validated against two previous studies [24, 

130]. The first validation was between the CFD results of model 2 and the mathematical 

results of Amori and Al-Najjar [24]. The geometry of model 2 is defined as a rectangular duct 
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on the x-y plane, bounded by the inlet, outlet and wall boundaries as illustrated in Fig. 4.32. 

The flow is turbulent with Re = 5727. The boundary conditions and system descriptions of 

this validation can be seen in Fig. 4.32 and Table 4.13. The size of the structured mesh was 

7050 elements with MEQ of 1.  

 
 

 

Fig. 4.32. Schematic of the cross-sectional view of the PV/T air collector of Hegazy [122]. 
 
 
 

Table 4.13. Boundary conditions of [24]. 

Time 
(h) 

𝐺 
(W m-2) 

𝑇𝑓𝑖  

(C) 

𝑉𝑤 
(m s-1) 

�̅� 
(m s-1) 

8:30 180.4 7.6 0.005 1.00 
9:30 324.4 10.8 0.3 1.10 

10:30 441.6 13.2 0.5 1.00 
11:30 510.2 14.9 1.1 1.15 
12:30 530.0 16.1 1.0 1.15 
13:30 473.4 17.2 1.1 1.10 
14:30 378.8 17.6 1.3 1.20 
15:30 241.2 17.5 1.1 1.10 
16:30 100.4 16.6 0.7 1.05 

     
     

Fig. 4.33 compares the estimated collector body and fluid temperatures of model 2 with 

Amori and Al-Najjar [24]. The computed results agree well with the remarks of Amori and 

Al-Najjar [24] with a maximum temperature difference of 5 C. The evaluation of the outlet 

fluid temperature (𝑇𝑓𝑜𝑢𝑡) for two models is presented Fig. 4.34. The results from this figure 

revealed that the maximum temperature difference is about 4.5 C between the present 

study and Amori and Al-Najjar [24]. The difference between the two outcomes is attributed 

to several reasons such as, the developed CFD model uses the conjugate heat transfer model 

while the mathematical model of Amori and Al-Najjar [24] used an empirical equation 
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(Newton's law of cooling) which is less accurate compared than the conjugate model used 

here. In the CFD model, the radiative heat transfer coefficients are assumed non-linear in 

contrast to the model developed by Amori and Al-Najjar [24].   

 

 
Fig. 4.33. CFD results of present work (model 2) and simulated results Amori and Al-
Najjar [24] for Baghdad on 22/1/2011 for clear sky day at 12:30 PM. 

 
 

 

 
Fig. 4.34. CFD results of present work (model 2) and simulated results of Amori and  
Al-Najjar [24] for the outlet fluid temperature (𝑇𝑓𝑜𝑢𝑡). 
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The second validation was between the current linear solution of model 3 and the linear 

solution of Hegazy of model II [122]. Fig. 4.35 presents the boundary conditions and system 

description of this validation. The hourly weather data of the ambient temperature and 

insolation are displayed in Fig. 4.36. The weather data was recorded in Egypt, Minia 

University on 24th of June 1998, during which the wind velocity (𝑉𝑤) ranged between 0.5 

and 1.5 m s-1. 

 
 

 

 
Fig. 4.35. Schematics of the PV/T air system of Hegazy [122] (namely model II). 

 
 

 

 
Fig. 4.36. Intensity of solar radiation versus time recorded at Egypt, Minia University on 
24 June 1998. 
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The reliability and accuracy of the PV/T air collector are evaluated by studying the daily 

thermal efficiency and power fan parameters for the two models. Fig. 4.37 and Fig. 4.38 

show a good agreement between the results of the models mentioned above. The slight 

variation between the two models is owing to a number of facts: 

1. In the current study, it is assumed that the PV module is a single layer to simplify the 

solution. In contrast, the PV module of Hegazy [122] consists of three layers, as shown in 

Fig. 4.35. 

2. In the present study, it is assumed that the packing factor (density of cells) is equal to 1 

while Hegazy [122] used a value of 0.64 as a packing factor. 

 
 

  
 

Fig. 4.37. Linear solution of present work (model 3) and linear of Hegazy [122] (model II) 
for estimated daily thermal efficiency.  
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Fig. 4.38. Linear solution of present work (model 3) and linear of Hegazy [122] (model II) 
for estimated daily power fan. 

 

 

COMSOL multi-physics 5.3a was used to simulate the proposed CFD models. The convective-

conductive heat transfer was modelled using the conjugate heat transfer model. The 

radiative heat transfer model was modelled using the surface-to-surface radiation model. 

The system description and boundary conditions for five PV/T air system were presented. 

The numerical results showed that the computational assumption significantly reduced the 

running time, maintaining satisfactory agreement. The simulation results of the thermal, 

hydraulic and electrical performance (such as PV power, electrical efficiency, pressure drop 

and thermal efficiency) of models 2 and 3 were validated successfully against the current 

mathematical models and previous work reported in the literature.  

In the next chapter, the evaluation of a standard PV system with respect to temperature 

under different conditions using different methods are introduced.  
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 PERFORMANCE OF PHOTOVOLTAIC SYSTEMS WITH 

RESPECT TO TEMPERATURE 

 

 

For two decades, there has been siginificant development in the production of solar PV 

panels. However, the efficiency of PV cells is still low compared to other solar systems such 

as solar thermal systems. The maximum solar cell efficiency is between 7-24% at Standard 

Test Conditions (STC) [62, 120]. The main factor affecting its efficiency is the PV cell 

temperature since it is directly proportional to the power output of the PV module. 

Therefore, the main aim of this chapter is to accurately predict the PV module temperature. 

To achieve this, several models have been examined to estimate the module temperature, 

including mathematical, numerical models and experimental validations. The proposed 

models in this discourse incorporate parameters that have not been intensively studied in 

the literature. The parameters are the effect of PV module length, the inclination of the PV 

module and the influence of the maximum possible module temperature under the worst-

case scenario for two high temperature sites under free convection conditions. Moreover, 

to ensure accuracy, the seasonal weather conditions including incident solar radiation and 

ambient temperature have been estimated and validated with the standard data-set. 

Furthermore, the numerical results are validated with experimental observations and 

verified with the current mathematical model.  

 

Two different methods are used to model the standard PV module. The first method is a set 

of one dimensional (1D) non-linear energy balance equations that are solved implicitly 

under steady state conditions using Matlab. The second method considers steady state and 

transient CFD models developed using COMSOL Multiphysics v5.3a software. The CFD 

models are validated with measurement data reported in the literature. In order to simulate 

more realistic conditions, the environmental conditions are estimated and verified by 

comparison with standard datasets. To ensure the accuracy of the CFD models, a grid 

independence test is carried out.  

 



 

- 150 - 

 

 

The photovoltaic technology used in this work is the polycrystalline BP Solar BP 585 which 

consists of five main components (see Fig. 4.10). The detail of this section can be seen in 

Section 4.4.2. This include the definition of the PV layers, the material and operating 

properties of the PV module (see Table 4.3 and Table 4.4). 

 

The electrical power generation in the PV module can be estimated by Eq. 5.1 [32, 67, 116, 

302, 303]. 

  
𝑃𝑃𝑉 = 𝐼𝑚𝑉𝑚 = 𝐹𝐹 𝐼𝑠𝑐 𝑉𝑜𝑐 = 𝜂𝑃𝑉  𝐴𝑠 𝜏𝑔−𝐸𝑉𝐴 𝐺 𝛼𝑝𝑣 . Eq. 5.1 

  

where 𝐼𝑚  and 𝑉𝑚  are voltage and current at the max power point respectively, 𝐹𝐹  is the 

filling factor, 𝐼𝑠𝑐 is the short circuit current and 𝑉𝑜𝑐  the open circuit voltage [32], 𝐴𝑠 is the 

total exposed surface area of P  module and the product (𝜏𝑔−𝐸𝑉𝐴  𝐺 𝛼𝑝𝑣) is the solar energy 

absorbed by the PV laminate, where 𝛼𝑝𝑣  is the absorptivity of the silicon and 𝜏𝑔−𝐸𝑉𝐴  the 

combined transmissivity of the glass and the EVA layers. 

 

A steady state 1D analysis is carried out to evaluate the thermal and electrical performance 

of the PV module. The results obtained can also be used as reference data to verify the CFD 

model. The short wave radiation falling on the PV module is converted into two forms - 

electrical and thermal. Some of this radiation is dissipated to the surroundings as thermal 

losses in the form of longwave radiation and by convection. The remainder is converted into 

electrical power. A simple energy balance method is used in this analysis. The following 

assumptions are taken into consideration: 

 1D heat conduction has been assumed for the current study, because the aspect ratios of 

the width and length of the module to the thickness of the layers lie between 200 to 2000 

[358]. 

 There are temperature gradients across all the layers except for the PV layer itself. The 

equivalent thermal resistance 𝑡/𝑘 of the PV layer is three orders of magnitude less than 

those values of the other layers (see Table 4.4). 

 The effect of accumulated dust, dirt and fouling factor is insignificant [50]. 

 The transmissivity of the glass and the EVA is 0.91 [59, 358]. 
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 The ambient temperature is homogeneous [37]. 

 Ohmic heating (resistive heating) in the PV cells is regarded as negligible, which implies 

that the temperature distribution along the PV module is uniform [59]. 

 The ground temperature is assumed to be equal to the ambient temperature. This 

assumption has been widely used in many solar collector studies [32, 59, 359, 360]. 

 The radiative exchange from the top/front surface is to the sky (𝑇sky), which taken to be 

the ambient temperature. Similarly, the bottom/rear of the PV laminate is considered a 

radiative exchange surface to the ground.  

 Both outer surfaces of the PV panel are subjected to free convection conditions [59]. 

 The PV system is completely sealed and bonded. This means the multiple reflections and 

transmissions between the components are considered negligible [37].  

 The shadow effect is ignored [50]. 

 Perfect bonding between the layers of the PV module is assumed which means that 

thermal contact resistance between them is negligible [57, 342]. 

 The thermal conductivity of the material of the PV layers is temperature independent. 

 The PV layer material are homogeneous and isotropic. 

 The physical air properties are dependent on temperature. 

 

The mathematical model of the PV module unit, model 1 is derived based on the work of 

[32, 35, 36, 38, 189, 342]. In this study, however, the temperature of the PV cell is uniform 

across the layer (isothermal).  

Fig. 5.1 is a schematic of the PV module with the various modes of heat transfer to, within 

and from the module illustrated. The five temperatures are as follows: T1 is the temperature 

of the top/front surface, T2 is the temperature of the interface between the glass and EVA 

layers, T3 is the temperature of the PV cell layer and is also the interface temperatures 

between the upper and lower EVA layers, T4 is the temperature of the interface between the 

EVA and Tedlar layers and, finally, T5 is the temperature of the bottom/rear surface. Fig. 5.2 

is an equivalent thermal circuit for the heat flows through the PV laminate. 
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Fig. 5.1. Schematic of the main heat transfer modes within the various layers and at the 
outer surfaces of the PV module.  

 
 

In Fig. 5.1, �̇�𝑠 is the total incident solar radiation falling on the top/front surface of the PV 

module. A heat balance over the PV cell layer results in the following expression: 

  
�̇�𝑡𝑜𝑡 = 𝑃𝑃𝑉 + �̇�top/front−loss + �̇�bottom/rear−loss , Eq. 5.2 

  

where the total incident radiation reaching the PV cell is given as follows: 

  
�̇�𝑡𝑜𝑡 = 𝐺 𝐴𝑠 𝜏𝑔−𝐸𝑉𝐴 𝛼𝑝𝑣 . Eq. 5.3 

  

The electrical power generated in the cell at the temperature 𝑇3 is given by the following 

expression: 

  
𝑃𝑃𝑉 = 𝜂𝑟𝑒𝑓  [1  𝛽𝑟𝑒𝑓 (𝑇3  𝑇𝑟𝑒𝑓)] 𝐴𝑠 𝜏𝑔−𝐸𝑉𝐴 𝐺 𝛼𝑝𝑣 . Eq. 5.4 

  

The heat loss from the top/front of the cell is by conduction through the EVA and glass 

layers, and finally, by convection and radiation from the glass surface and is represented by 

the following equations: 

  

𝑇1

Glass = 4 mm

PV cell = 0.3 mm

Tedlar = 0.5 mm

�̇�𝑡𝑜𝑡 (W)

 ground

�̇�    (W)

�̇�     (W)

�̇�      (W)    (W)

EVA = 0.5 mm
𝑇2

𝑇3

𝑇4
𝑇5

EVA = 0.5 mm

L = 0.666 m

w = 0.606 m

Width is normal to paper

�̇�𝑠 (W)

 sky     
𝐺 (W m -2)

�̇�   1 (W)
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�̇�top/front−loss = 𝐴𝑠 
 3−  

(𝑡𝐸𝑉𝐴/𝑘𝐸𝑉𝐴)
= 𝐴𝑠 

  −  

(𝑡𝑔/𝑘𝑔)
= ℎfree1 𝐴𝑠 (       )⏟              

𝑄𝑐𝑜𝑛𝑣1

+

 𝜎 휀𝑔  𝐴𝑠 (𝑇1
4  𝑇𝑎𝑚𝑏

4)⏟              
𝑄𝑟𝑎𝑑1

.  
Eq. 5.5 

  

In a similar manner, the heat loss from the bottom/rear of the cell is given as follows:  

  

�̇�back/rear−loss = 𝐴𝑠 
𝑇3−𝑇4

(𝑡𝐸𝑉𝐴/𝑘𝐸𝑉𝐴)
= 𝐴𝑠 

 4− 5

(𝑡𝑡𝑒𝑑/𝑘𝑡𝑒𝑑)
= ℎfree2 𝐴𝑠 ( 5      )⏟              

𝑄𝑐𝑜𝑛𝑣2

+

 𝜎 휀𝑡𝑒𝑑  𝐴𝑠 (𝑇5
4  𝑇𝑎𝑚𝑏

4)⏟              
𝑄𝑟𝑎𝑑2

.  
Eq. 5.6 

  
  

 

 
Fig. 5.2. Equivalent thermal circuit of the PV laminate. 

 
 

Empirical correlations are used to estimate the free convective heat transfer coefficients on 

the top and bottom PV module surfaces in Eq. 5.7 and Eq. 5.8, classified based on the 

inclination, i.e. horizontal or inclined, the surface temperature with respect to the local 

surrounding temperature and type of flow regime: laminar or turbulent.  

(c)(a)

(b)

�̇�𝑟𝑎𝑑1
�̇�𝑐𝑜𝑛𝑣1

�̇�𝑟𝑎𝑑2 �̇�𝑐𝑜𝑛𝑣2

𝑅glass

𝑅𝐸𝑉𝐴

𝑅𝐸𝑉𝐴

𝑅𝑡𝑒𝑑

𝑇𝑎𝑚𝑏

𝑇𝑎𝑚𝑏 𝑇ground

𝑇3

𝑇2

𝑇1

𝑇sky

�̇�𝑡𝑜𝑡

�̇�𝑡𝑜𝑡

𝑃𝑃𝑉

𝑃𝑃𝑉

�̇�bottom/rear−loss

�̇�top/front−loss

𝑇3
𝑇3

𝑇4

𝑇5

�̇�top/front−loss

�̇�bottom/rear−loss
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Churchill and Chu [267] recommended the following correlation that may be applied over 

the entire range of values of the RaLc: 

  

ℎfree = (
𝑘𝑓

𝐿𝑐
)

(

 
 
0.825 + 

0.387 cos(∅) RaLc
1/6

(1+(
0.492 𝑘𝑓

 𝑐𝑝𝑓𝜇𝑓
)

9/16

)

8/27

)

 
 

2

.  Eq. 5.7 

  

However, for the laminar regime, Churchill and Chu [267] recommend the use of Eq. 5.8 

instead of Eq. 5.7 to achieve a greater accuracy.  

  

ℎfree = (
𝑘𝑓

𝐿𝑐
)

(

 
 
 
0.68 + 

0.67 cos(∅) RaLc
1/4

(1+(
0.492 𝑘𝑓

𝑐𝑝𝑓𝜇𝑓
)

9
16
)

4
9

)

 
 
 
 if RaLc ≤ 10

9 . Eq. 5.8 

  

These equations are also valid for an inclined plate, where 𝐿𝑐  is the length of the PV module 

and ∅ is the tilt angle (the angle between the P  module and the vertical axis, ∅ = 0 →  = 

90 and ∅ = 90 →  = 0). These correlations are valid for -60< ∅ < 60 (or -30 <  < 30). 

For turbulent flow, Vliet [268] suggested that the experimental results correlated better 

using g instead of 𝑔  os (∅), i.e. heat transfer in turbulent natural convection is not sensitive 

to the inclination angle. 

According to [241, 267], the correlation equations for inclined walls (i.e. Eq. 5.8 and Eq. 5.7) 

are only satisfactory for the top side of a cold plate or the down face of a hot plate. Hence, 

these correlations are not recommended for the bottom side of a cold face nor for the top 

side of a hot plate. Since the application of inclined PV systems is the top and bottom sides 

of a hot plate which does not match the aforementioned literature cases, some deviation 

owing to this is thus expected. In this study, the tilt angles (which are in the range of (30 -

90) and the horizontal position are both studied. Schematic representations of the free 

convective boundary layers for inclined, vertical and horizontal surfaces are illustrated in 

Fig. 5.3. However, correlations representing these developing boundary layers and the 

equivalent variable heat transfer coefficients are not available, except for the vertical wall. 

Hence uniform heat transfer coefficients are considered in these studies and represented 

by the correlations Eq. 5.7 to Eq. 5.12. 
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Fig. 5.3. Natural convection flows on the top and bottom surfaces of horizontal, vertical 
and inclined hot surface plates. 

 
 

In case of the horizontal position (hot surface upward) where the top surface of the hot 

plate, Eq. 5.9 is used for laminar flow and Eq. 5.10 for turbulent flow. 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄ 0.54 RaLc
1/4 ( 104  ≤  RaLc ≤ 10

7), Pr ≥ 0.7.  Eq. 5.9 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.15 RaLc
1/3 ( 107  ≤  RaLc ≤ 10

11), all Pr. Eq. 5.10 

  

While in the case of the bottom surface of the hot plate (hot surface downward), either  

Eq. 5.11 or Eq. 5.12 are used. 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.52 RaLc
1/5 ( 104  ≤  RaLc ≤ 10

9), Pr ≥ 0.7 [241]. Eq. 5.11 

  

ℎfree = (𝑘𝑓 𝐿𝑐)⁄  0.52 RaLc
1/5 ( 105  ≤  RaLc ≤ 10

11) [269]. Eq. 5.12 

  

where the characteristic length in the above correlations are: 

  

 for a horizontal surface 𝐿𝑐 =
𝐴𝑠

𝑃𝑒𝑟
=  

𝑤 𝐿

2 (𝑤+𝐿)
 , Eq. 5.13 

  
for vertical and inclined surfaces 𝐿𝑐 = 𝐿.  Eq. 5.14 
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The non-linear algebraic equations (Eq. 5.2 to Eq. 5.12) are solved numerically using fsolve, 

which is a built-in Matlab solver. Fig. 5.4 is a logic flow diagram of the algorithm for this 

program. The first step is to specify the input parameters including ambient, operating and 

geometrical conditions (see step 1 and 2). Secondly, temperature of the PV layers were 

initially assumed to be at (�́�1, �́�2, �́�3 , �́�4, �́�5). The estimated temperature values are used to 

calculate the free convective heat transfer coefficients from Eq. 5.7 to Eq. 5.12 and the 

convective and radiative heat losses from the top/front and bottom/rear are predicted 

along with the electrical efficiency (𝜂𝑃𝑉) from Eq. 3.120. 

After that, the energy balance equations are solved using fsolve to obtain new temperatures 

from Eq. 5.2 to Eq. 5.6.The new values (𝑇1, 𝑇2 , 𝑇3, 𝑇4 , 𝑇5) are compared with the old values 

which is based on the error value i.e. the difference between the old and new values to a 

tolerance of 1 × 10-4. The program is executed repeatedly until all the various temperatures 

converge to the set tolerance. The collector temperatures are used then to calculate the 

useful PV electrical power by Eq. 5.4 and the heat losses from Eq. 5.2.  
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Fig. 5.4. Flow chart of the algorithm for the solution of the semi analytical model. 

 
 

In Fig. 5.4, the subscripts 1 and 2 refer to top/front or back/rear surfaces of PV module. N 

is the number of iteration and �́�𝑛 the guess value and 𝑇𝑛 is the calculated value.  

Start

Inputs: L, 𝑤,𝛿𝑔, 𝛿𝐸𝑉𝐴, 𝛿𝑡𝑒𝑑, 𝑘𝑔, 𝑘𝐸𝑉𝐴, 𝑘𝑡𝑒𝑑 , 𝐿,𝑇𝑎𝑚𝑏 , 𝑇sky , 𝐺, 𝜎, 휀𝑃𝑉, 휀𝑡𝑒𝑑 , 

𝛼𝑃𝑉, 𝛽𝑟𝑒𝑓 , 𝑇𝑟𝑒𝑓 , 𝜂𝑟𝑒𝑓, 𝑁,𝑔, 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒

Calculate: 𝐴𝑠 , 𝐿𝑐

Initial Guess Values:

�́�1, �́�2 , �́�3, �́�4, �́�5

𝑖 = 𝑖 + 1

Calculate: 𝑇film1 , 𝜐1, 𝑐𝑝1, 𝑘1, 𝜌1, Pr1 , Ra1 , ℎfree1 , 𝑇film2 , 𝜐2, 𝑐𝑝2 , 𝑘2 , 𝜌2, 
Pr2 , Ra2 , ℎfree2 , 𝜂𝑃𝑉, 𝑇1 , 𝑇2 , 𝑇3 , 𝑇4 , 𝑇5

  < 𝑡𝑜𝑙𝑒𝑟𝑎𝑛𝑐𝑒 No yes𝑖 < 𝑁yes

Print: 𝜂𝑃𝑉, 𝑃𝑃𝑉, �̇�back/rear−loss , �̇�top/front−loss , �̇�𝑡𝑜𝑡

End 

Step 1

Step 2

Step 3

Step 5

Step 6

Step 9

Step 4

𝑇𝑛 = �́�𝑛

𝑖 = 0

 =  𝑇𝑛  �́�𝑛  

Calculate: 

𝑛 = 1 → 5
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A CFD model is developed under steady state and dynamic conditions using COMSOL 

Multiphysics® version 5.3a, which is based on a finite element method (FEM). The 

geometry of the test bench is simplified to a two 2D system. A diagram of the PV module 

used in this study is shown in Fig. 5.1. A one minute time step transient solver is used to 

enhance the accuracy of solution. To input meteorological data including ambient 

temperature and solar radiation, an interpolation technique (built in COMSOL) of the cubic 

spline function type is used. The governing equations and boundary conditions are 

expressed in the following sub-sections. 

 

Similar assumptions mentioned for the semi-analytical solution are considered here, 

however, the CFD model is 2D under transient and steady state conditions. The boundary 

conditions are set as close as possible to real conditions. Empirical correlations were used 

to estimate the free convective heat transfer coefficients on the top and bottom PV module 

surfaces have been presented earlier (Eq. 5.7 to Eq. 5.14). The surface-to-surface radiation 

module is used with an ‘External Radiation’ node to simulate the incoming solar radiation 

(COMSOL terminology are placed in quotes from here on). A ‘Diffuse Surface’ node is also 

added to model absorption and emission from the heated surfaces to the surroundings, as 

in Eq. 5.15 [241, 269, 338]. 

  
𝑞𝑟𝑎𝑑 = 휀 𝜎 (𝑇𝑠

4  𝑇4), Eq. 5.15 

  

where 𝑇 is a surrounding temperature (K) and 𝑇𝑠  is a surface temperature (K). 

The general governing equation for the 3D conjugate heat transfer system under transient 

conditions with a heat generation and translational motion of the parts is Eq. 5.16. 

  
𝐷(𝜌𝑐𝑇)

𝐷𝑡
. 𝛻𝑇 = 𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) + �̇�𝑣, Eq. 5.16 

  

where: 

  

𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) =
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
) + 

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
), Eq. 5.16a 

  
𝐷(𝜌 𝑐 𝑇)

𝐷𝑡
= 𝜌 𝑐

𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
+ 𝜌 𝑐 𝑢

𝜕𝑇

𝜕𝑥
+ 𝜌 𝑐 𝑣

𝜕𝑇

𝜕𝑦
+ 𝜌 𝑐 𝑤

𝜕𝑇

𝜕𝑧
, Eq. 5.16b 
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where 𝜌 is the density of PV layers (kg m-3), 𝑐 is the heat capacity of PV layers at constant 

pressure (J kg-1 K-1), 𝑘𝑥, ,𝑧  is the thermal conductivity of the PV layers (W m-1 K-1) x, y and z 

directions and assumed isotropic (𝑘𝑥 = 𝑘 = 𝑘𝑧). 𝑢, 𝑣 and 𝑤 are the velocity components 

in x, y and z directions, respectively, �̇�𝑣  is the volume heat source or sink.  

Three cases are considered in this study as follows: In terms of PV cells where the conditions 

are: 2D, steady state conditions, the generated electrical power which can be treated as a 

heat sink (�̇�𝑣) and a stationary PV cells, Eq. 5.16 reduces to Eq. 5.17. 

  
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕 
(𝑘  

𝜕𝑇

𝜕 
) =  �̇�

𝑣
.  Eq. 5.17 

  

Concerning other PV module layers (i.e. EVA, Tedlar and glass) in which the conditions are, 

2D, steady state conditions a stationary PV layers, Eq. 5.16 converts to Eq. 5.18. 

  
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕 
(𝑘  

𝜕𝑇

𝜕 
) =  0. Eq. 5.18 

  

With respect to PV cell, 2D, transient conditions where the heat generated as a heat sink, 

(�̇�𝑣) and a stationary PV cells, Eq. 5.16 becomes Eq. 5.19. 

  

𝜌 𝑐
𝜕𝑇(𝑥,𝑦)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
)  �̇�𝑣. Eq. 5.19 

  

Concerning other PV layers (i.e. EVA, Tedlar and glass) the system is 2D, transient 

conditions a stationary PV layers, the governing equation is Eq. 5.20. 

  

𝜌 𝑐
𝜕𝑇(𝑥,𝑦)

𝜕𝑡
=

𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
).  Eq. 5.20 

  

 

The heat capacity (𝐶𝑡ℎ) plays a key role in identifying whether the system is under transient 

or steady state conditions. The heat capacity of the P  layer module materials refers to its 

ability to absorb and store heat. The mass of the P  layers is the main parameter in 

determining the amount of thermal capacity (see Eq. 5.21).  

  
𝐶𝑡ℎ = 𝜌 𝑐 𝐴𝑝𝑣  𝑡, Eq. 5.21 

  

where 𝐶𝑡ℎ  is the thermal capacity of PV module layers (J C-1) and 𝑡 is the thickness of PV 

layers (m). 
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To mimic real life conditions in our simulations, as planned in this work’s objectives, 

relatively accurate weather parameters are estimated here. The estimated parameters are 

the maximum hourly global solar radiation (𝐺𝑚𝑎𝑥) on horizontal and inclined surfaces and 

ambient temperature.  

In terms of solar radiation estimation, the estimation is conducted using several 

meteorological correlations and correction factors [50, 251, 361]. These are coded using 

Matlab software. The correlations are functions of a number of parameters including solar 

time and location (latitude and longitude). The global solar radiation values during the 

whole year for Muscat and Fallujah cities are estimated. For each month, the selection of the 

day with the maximum monthly solar radiation for a horizontal surface. Then examination 

of the tilt angle to maximise insolation. The flow chart in Fig. 5.5 reveals the procedures 

taken into account to estimate the solar radiation values. The details of these equations and 

the calculations of solar radiation can be found in Appendix A.  
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Fig. 5.5. Flow chart for solar radiation estimation, in (a) estimation insolation for a whole 
year on a horizontal surface and in (b) estimate the maximum insolation for a day for each 
month. 

 
 

The estimated weather parameters are validated with two commonly cited sets of data [362, 

363]. These data sets are from Photovoltaic Geographical Information System-Helioclim 

(PVGIS-H) and PVGIS-Climate (PVGIS-C) which are robust and widely used [364-366]. 
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PVGIS is an online tool which provides monthly, daily and hourly global solar radiation 

values on horizontal and inclined surfaces.  

Fig. 5.6a shows a comparison between monthly estimated and observed values of incident 

solar radiation for PVGIS-C and PVGIS-H for Fallujah city. The maximum absolute 

percentage errors are 14.6% and 26.7% for the PVGIS-C and PVGIS-H data respectively with 

respect to the estimated values. Similarly, Fig. 5.6b reveals that the maximum absolute 

percentage errors are 11.1% and 13.1% for the PVGIS-C and PVGIS-H data respectively for 

Muscat city.  

 
 

  
 

Fig. 5.6. Monthly estimated and observed insolation of PVGIS-C and PVGIS-H for Fallujah 
and Muscat cities. 
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To ensure accuracy, Fig. 5.7 (a) and (b) compare between the hourly estimated and 

observed insolation of PVGIS-C and PVGIS-H for Fallujah and Muscat cities for a typical day 

in July respectively. It can be concluded that the use of PVGIS-C and PVGIS-H data are 

satisfactory and confirmed by Huld et al [363], hence this confirms the validity of the 

estimated values. 

 
 

 

 
Fig. 5.7. Hourly estimated insolation with observed of PVGIS-C and PVGIS-H for Fallujah 
and Muscat cities for a typical day in July.  

 
 

Fig. 5.8 (a) and (b) compares between the estimated incident solar radiation falling on 
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(𝐺) and (𝐺𝑚𝑎𝑥) respectively. In this study, the day was chosen with the maximum possible 

incident solar radiation in each month with tracking angle (tilt angle) resulting in maximum 

solar radiation. From the graphs, it can be seen that the tracking angle contributes clearly 

to increasing the values of incident solar radiation. 

 
 

 

 
 Fig. 5.8. Maximum incident solar radiation falling on horizontal and inclined surfaces for 
Fallujah and Muscat cities on 31st of Jan. 

 

Fig. 5.9 presents the ambient conditions for a typical day in Muscat and Fallujah cities. As 
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a considerable deviation from the incident solar radiation. The data from these figures 

confirmed the trend of estimated data for the two cites used in this research.  

 
 

  
 

Fig. 5.9. Hourly variation of insolation and ambient temperature for Fallujah 22nd of Jan 
2011[24] and for Muscat 1st of Oct 2013 [323]. 
 

 

The ambient temperature is estimated and validated with real data. Diurnal air temperature 
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correlation equation has been suggested by [317] to estimate the hourly ambient 

temperature as shown in Eq. 5.22. 

  

𝑇𝑎𝑚𝑏 = 𝑇𝑎𝑣𝑔 + 𝛿𝑇𝑅  𝑐𝑜𝑠 (2 𝜋 
𝑡  14

24
 ), Eq. 5.22 

  

where 𝑡 is the time in second for a 24 hour range. 

Fig. 5.10 presents a comparison between the estimated and measured ambient temperature 

for Muscat city on 1st of October 2013 [323]. There is a qualitative and quantitative 

agreement between the two sets of data. 

 
 

  
 

 Fig. 5.10. Observed and estimated ambient temperature for Muscat 1st of Oct 2013 [323]. 
 
 

A comparison is made between estimated values and both PVGIS-C and PVGIS-H websites 

of maximum tracking angles for Muscat and Fallujah cities, which show good agreement as, 

explored in Fig. 5.11. This results are also in qualitative agreement with ASHRAE [369]. 

 
 

8 10 12 14 16 18 20
28

30

32

34

36

38

40

42

T
a

m
b
 (
C

)

Time (h)

 Testimate

 Trecord



 

- 167 - 

 

 

 
 Fig. 5.11. Estimated, PVGIS-C and PVGIS-H values of the maximum tracking angles (tilt 
angles) for Muscat and Fallujah cities. 

 
 

 

A grid independence test, validation with previous studies, verification between CFD and 

semi analytical solution as well as steady state and transient conditions were used to 

validate the developed model. 

 

In this test, two mesh element types are used, the first is simple linear free unstructured 

triangular mesh and the second is quadrilateral structured mesh. The mesh test analysis is 

conducted to obtain a proper element type and size, improve accuracy, and limit the overall 

computation time. Five criteria are taken into account which are physical memory ( B), 

solution time (s), number of elements (NOE), degrees of freedom (DOF) and minimum 

element quality (MEQ).  

Table 5.1 demonstrates the key features of the mesh independence test analysis for 

standard PV system using structured and unstructured mesh elements for a case study in 

Fallujah on a typical day in July. As can be seen from this table, the MEQ of structured mesh 
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using the structured mesh. Hence, using the structured mesh has significantly contributed 

to limiting the run time and RAM, respectively, from 1357 sec and 6.73 GB to 64 sec and 

1.54 GB and will therefore be adopted.  

It should be noted that even though using high mesh density such as in Trial 4 as show in 

Table 5.1, the maximum percentage error (relative to the finest mesh) obtained is 

approximately 0.5%. This could be owing to: 

1. The CFD model is assumed equivalent to a 1D semi-infinite solid, because of the 

limitation of the software to represent the solar radiation in case 1D representation 

using Comsol v5.3a. 

2. Ignoring the thermal edges losses since the aspect ratio (length/frame thickness) is 

~1000. In other words , the sides of the PV module are considered to be adiabatic  

[31, 370]. 

3. The thickness of PV layers is comparatively small. 

4. The thermal conductivity of PV layers is also relatively high. 

5. The model is dominated by conduction mode. 

6. We used empirical equations to calculate heat transfer coefficients by free convection for 

the top and bottom PV module surfaces. This means the values of these coefficients are 

uniform in our model , however, in reality it might change along the PV module 

specifically in the vertical and inclined states [241, 371]. 

 

Table 5.1. Grid independence test using structured and unstructured mesh element types 
for case study Fallujah on a typical day in July under transient conditions. 

Trial  
No 

Refinement step 
RAM  
(GB) 

Time  
(s) 

NOE MEQ DOF 
𝑇𝑚𝑝𝑣 

(C) 
Unstructured mesh (triangular) 

1 Extremely coarse  6.73 1357 15765 0.345 34834 48.23 
2 Very coarse  8.45 1867 21121 0.343 45954 48.31 
3 less coarse  8.67 1819 20176 0.357 44163 48.30 
4 Coarse  8.40 2020 22188 0.356 48249 48.32 

Structured mesh (quadrilateral) 
1 Extremely coarse  1.54 64 2142 1 10011 48.32 
2 Very coarse  3.12 168 4242 1 19409 48.20 
3 less coarse  5.45 396 8127 1 36141 48.22 
4 Coarse  8.46 678 11730 1 51635 4827 
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Fig. 5.12. Structured and unstructured mesh of standard PV unit for refinement step 
number (4) in Table 5.1. 

 
 

 

The CFD developed model is validated with available experimental results from Coventry, 

UK [372] and Fallujah, Iraq [121].  

With respect to the experimental data in Coventry, the weather station is on the roof of a 

building at the University of Warwick [372], a free standing monocrystalline silicon PV 

panel inclined at 30 and oriented to south with a dimension of 1.652 m length and 0.994 m 

width. The specifications of this PV module can be seen in [373]. Fig. 5.13 compares the 

measured and simulated PV module temperature. This figure also presents the incident 

solar radiation, ambient temperature and wind speed versus time 04:30–08:36 hrs on 1st 

August 2017. The CFD model is carried out under unsteady state conditions. It can be seen 

in this figure that the slope of measured PV panel temperature fluctuates because of the 

variation of the incident solar radiation and wind speed. The finding indicates that the CFD 

model is reasonably successful with a good level of conformity, approximately 3-8%. The 

percentage error is calculated with respect to the experimental results. This variation can 

be attributed to a number of factors, e.g. the effect of climate conditions such as dust and 

humidity, which are difficult to include in CFD calculations. Also, it is assumed that the PV 

panel is clean. Another reason is the accuracy of material properties values of the PV module 

layers.  

With respect to the validation in Fallujah, the current numerical results of model 1 is 

validated in terms of average PV panel temperature as shown in Fig. 5.14. This figure 

displays the incident solar radiation, ambient temperature and PV panel temperature 

versus time 08:00–15:00 hrs on 24th March 2011. The CFD model was developed under 

steady state conditions. It can be seen that the PV panel temperature increases gradually 

with the solar radiation and ambient temperature from sunrise to reach a peak value at the 

solar noon (12:00hr) and then reduces until sunset. The results reveal that a good level of 
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conformity is obtained between the current CFD model and experiments with the maximum 

temperature difference of approximately 4 C. This difference may be because of the 

following (including but not limited to) possibilities: 

1. The accuracy in measuring the ambient temperature and incident solar radiation. 

2. The difficulty in estimating the wind effect/wind direction accurately.  

3. Dust accumulation. 

4. The CFD model is simplified to a 2D problem, whereas the physical system is 3D.  

5. The model used quasi-steady conditions [374], in reality, the system is inherently time-

dependent.  

 
 

 

Fig. 5.13. CFD of present work (model 1) and experimental work of Thorpe [372] for the 
average PV module temperature. 
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Fig. 5.14. CFD of present work (model 1) and experimental work of [121] for the average 
PV module temperature. 

 
 

 

The first verification is between the numerical and developed steady state CFD of model 1. 

Two sets of weather data are considered, Fallujah and Muscat to evaluate the PV module 

temperature and electrical power generated for a typical day in July for Fallujah and Muscat. 

Even though the CFD model is 2D and the numerical model is 1D, the two models showed a 

close agreement as can be seen in Fig. 5.15 (a) and (b). A range of reasons may explain the 

results: 

1. The CFD model can be assumed 1-D semi-infinite solid as justified earlier in point 1 

Section 5.6.1 (grid independence test). 

2. The PV layer thickness is relatively small while the thermal conductivity is comparatively 

high. 

3. The similarity in representation of the heat transfer modes. For example, the external 

heat transfer by free convection is represented in the two models using the same 

empirical equations. 
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Fig. 5.15. CFD model and semi-analytical solution of model 1 for the average PV module 
temperature and electrical power, in (a) for Fallujah on a typical day in July and in (b) for 
Muscat on a typical day in July. 

 
 

The second verification is an inter-model comparison between the PV unit under steady 

state and transient conditions for the Fallujah case study on a typical day in July as shown 

in Fig. 5.16. It can be seen that the two results are similar because 𝐶𝑡ℎ  values are 

comparatively low since the thickness of the PV layers are small. It should also be mentioned 

that, the nature of free convective heat transfer is transient but are solved using empirical 

correlations not by the conjugate heat transfer models. Under this condition, the values of 

free convective heat transfer coefficients are uniform and do not change with time and 

spatial (single value). In this study, however, we still applied transient conditions to ensure 

accuracy, faster convergence and the inherent time dependence of PV systems. 
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Fig. 5.16. Numerical results of standard PV unit under steady and transient conditions 
for case study Fallujah on a typical day in July. 

 
 

 

On the basis of the validated thermal model, the CFD simulation is carried out for two 

different cities as representative cases. The cities are Fallujah and Muscat, Fallujah is located 

in Iraq 33.34 N, 43.78 E and elevation: 47 meters above sea level (MASL). Muscat is located 

in Oman 23.58° N, 58.40° E and Elevation: 13 MASL. These cities are selected because they 

gain a relatively great amount of annual average insolation of 5.8 and 6.46 (KWh m-2 day-1) 

for Fallujah and Muscat respectively. Under these conditions, it can be assumed that the 

performance of the PV module is evaluated under worst case scenario (i.e. highest expected 

PV panel temperature influencing its performance).  

Table 5.2 presents the maximum tracking angles, which is the angle that results in maximum 

solar radiation on an inclined surface, for Fallujah (𝛽Fallujah) and Muscat (𝛽Muscat). 

 

Table 5.2. Estimated maximum tracking angles (degree) values for Fallujah and Muscat 
cities. 
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Month Jan Feb March April May Jun July Aug Sep Oct Nov Dec 
𝛽Fallujah 56 45 27 11 2 1 1 8 22 39 53 61 

Day 31 28 31 30 31 9 1 1 1 1 1 1 
𝛽Muscat 47 35 17 2 0 0 0 0 13 30 45 52 

Day 31 28 31 30 28 2 1 1 1 1 1 1 
 
 

The hourly variation of PV module temperature is evaluated under maximum solar 

radiation and ambient temperature over a year at Fallujah and Muscat cities for original 

length (𝐿 =  0.666 𝑚). This is presented in Fig. 5.17 and Fig. 5.18. It is obviously seen that 

the PV panel temperature increases with an increase in the insolation and ambient 

temperature. In Fig. 5.17 the maximum module temperature is 83.4 C in August (see also 

Fig. 5.19 for 2D temperature contours) in which the ambient temperature is at the 

maximum value throughout the year (54 C). In Fig. 5.18, the highest module temperature 

is 73.72 C in June (see Fig. 5.19) because the ambient temperature is the highest during the 

year (42.2 C). Referring to Fig. 5.19, it should be noted that the maximum temperature is 

in the PV cell layer owing to the fact that the electrical power is generated in this layer.  
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Fig. 5.17. Hourly variation of PV module temperature, maximum insolation and ambient 
temperature over a year under free convection and transient conditions (time step 1 
minute) in Fallujah. 
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Fig. 5.18. Hourly variation of PV module temperature, maximum insolation and ambient 
temperature over a year under free convection and transient conditions (time step 1 
minute) in Muscat. 
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Fig. 5.19. 2D temperature contours (C) of standard PV module under free convection and 
transient conditions (time step 1 minute) in Fallujah of 1st Aug at 13:00 and Muscat of 2nd 
Jun at 11:45. 

 
 

The impact of PV module temperature on its module's power output for 12 months under 

free convection and transient conditions at Fallujah and Muscat are demonstrated in  

Fig. 5.20 and Fig. 5.21. The trends in these figures reveal that the generation of PV power 

follow the PV panel temperature since the PV panel temperature and intensity of solar 

radiation are the main factors that influence PV power generation. Therefore, the maximum 

power generation is in January in Fallujah and in June in Muscat.  

It can be deduced that lower ambient temperature and higher insolation values lead to 

better PV performance, which can be clearly seen by comparing both Muscat and Fallujah 

in June. Apart from the two factors mentioned above (PV panel temperature and insolation) 

the daylight period in Muscat is longer than Fallujah which allows for the accumulation of 

more solar energy per day and further increases in the solar PV power. 
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Fig. 5.20. Hourly variation of module temperature and PV power generation for 12 
months under free convection and transient conditions (time step 1 minute) at Fallujah. 
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Fig. 5.21. Hourly variation of module temperature and PV power generation for 12 
months under free convection and transient conditions (time step 1 minute) at Muscat. 

 
 

The effect of PV length on its temperature under different inclinations and weather 

conditions are presented in Fig. 5.22 and Fig. 5.23.  

Fig. 5.22 shows the influence of PV length (i.e. 𝐿 8⁄ , 𝐿 4⁄ , 𝐿 2⁄ , 𝐿, 2𝐿, 4𝐿 ) on the PV 

temperature in the horizontal position located in Fallujah on 1st June at 13:00. The results 
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demonstrate that there is a slight increase in temperature with increasing length up to L/2, 

after this length the temperature is consistent. The reason behind this is that in the entry 

region of the PV plate (near the PV edges) the flow is developing to be fully laminar and the 

convective heat transfer rate is greater than in a fully laminar region [375]. Also the edges 

of the PV panel allows the air flow to move easily. This can be seen clearly 

between (𝐿 8⁄  𝐿 4⁄ ). After that, the flow is laminar up to the point of transition to turbulent 

flow or flow separation. It can be seen that there is no enhancement in heat transfer after 

length 𝐿 since the buoyancy force, which is normal to surface, and the convection currents 

are limited, as shown in Fig. 5.3. In contrast, in inclined surfaces where the temperature 

drops in turbulent region as expected. 

To clarify, in the bottom surface of the PV module, the PV plate obstructs (blocks) airflow, 

apart from the PV panel edges where the flow is free to ascend. Owing to this obstruction, 

the flow moves horizontally, then it rises from the edges of the PV panel, and the convective 

heat transfer rate is inefficient. Conversely, on the top PV surface, see Fig. 5.3, the heated 

fluid moves freely, inducing strong natural convection currents and thus, the heat transfer 

rate is enhanced, see Table 5.3 which shows the upper and lower convective heat transfer 

coefficients 

 
 

 

 
Fig. 5.22. 2D temperature contours (C) of standard PV module under free convection and 
transient conditions at Fallujah of 1st Jun at 13:00 employing different lengths and same 
tilt angle (horizontal). 
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Fig. 5.23 shows the impact of the length of the PV module (i.e. 𝐿 8⁄ , 𝐿 4⁄ , 𝐿 2⁄ , 𝐿, 2𝐿, 4𝐿, 6𝐿) 

on its temperature under different inclinations (0-90) located in Fallujah on 31st January 

at 13:00. In terms of horizontal position (0), it is apparent that the trend of PV module 

temperature in Fig. 5.23 behaves similarly to Fig. 5.22 and owing to the same reasons 

highlighted in the analysis of Fig. 5.22. With respect to inclinations in the range (30-90), it 

is expected that the convection currents are weaker, and the rate of heat transfer is lower 

relative to the vertical position [269]. This is seen particularly in the 30 inclination because 

the flow is impeded by the PV, specifically in bottom surface of the PV resulting in convective 

heat transfer being lower. 

Also, from the data in Fig. 5.23, the PV module temperatures increase with increasing length 

up to 𝐿 for inclinations (30-90). This is because the flow is probably in the laminar regime 

and is thus sensitive to changes in length and inclination [267]. It can also be seen that the 

module temperatures in length 𝐿 8⁄  and  𝐿 4⁄  are lower than 𝐿 2⁄  and  𝐿  for the same 

inclinations. This is most likely owing to the flow in small lengths not being fully developed 

and the rate of heat transfer in the developing region is greater relative to longer lengths 

[375], see also Table 5.3. Above length L, the effect of inclination stops while that of length 

can be seen clearly. This was confirmed by Vliet [268] whose experimental results 

correlated better using g instead of 𝑔 𝑐𝑜𝑠 (∅),  i.e. heat transfer in turbulent natural 

convection is not sensitive to the inclination angle. In the range 2L-6L, the temperature 

increase 3 C to 6 C relative to temperatures in the lower lengths’ region regardless of the 

tilt angle. This is owing to fact that the heat transfer coefficient for bottom surfaces decrease 

with increase in length as can be seen in Table 5.3. 
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Fig. 5.23. Impact of length of PV module on its temperature under different inclinations 
in Fallujah on typical 31st Jan at 13:00. 

 
 

In addition, Fig. 5.24 and Table 5.3 reveal the influence of the convective heat transfer 

coefficient at the bottom and top surfaces of the PV module on its temperature. In case of 

horizontal position ( = 0), the value of convective heat transfer coefficient at the top 

surface of the PV module (ℎtop) is greater than at bottom surface (ℎbottom). This difference 

can be explained by the air flow at the bottom surface moving horizontally and being 

obstructed by the PV panel before ascending from their edges. While at the top surface, the 

flow moves freely and is driven by rising parcels of air from the top surface. This is replaced 



 

- 183 - 

 

by ascending warmer air from the ambient, and convective heat transfer coefficient is more 

efficient. 

 

  
Fig. 5.24. Effect of convective heat transfer coefficients at the top and bottom surface of 
PV module on their temperatures under different inclinations in Fallujah 31st of on 
typical day Jan at 13:00. 

 
 
 

Table 5.3. Effect of length and tilt angle on convective heat transfer coefficient top and 
bottom surface of PV model in Fallujah 31st of Jan at 13:00. 

Tilt  
angle 

 L/8 L/4 L/2 L 2L 4L 6L 

0 (ℎtop)  7.52 6.6 5.89 5.76 5.773 5.78 5.783 
0 (𝑇𝑚𝑝𝑣)  54.25 56.13 57.72 58.33 58.59 58.75 58.80 
0 (ℎbottom) 3.75 3.29 2.93 2.672 2.502 2.4 2.363 

        
30 (ℎtop) 5.17 4.35 3.67 3.1 4.505 4.471 4.316 
30 (𝑇𝑚𝑝𝑣) 55.47 58.00 60.27 62.01 57.59 58.00 58.18 
30 (ℎbottom) 5.14 4.32 3.65 3.08 4.471 4.34 4.283 

        
40 (ℎtop) 5.47 4.59 3.89 3.286 4.505 4.471 4.316 
40 (𝑇𝑚𝑝𝑣) 54.72 56.90 59.52 61.32 57.59 58.00 58.18 
40 (ℎbottom) 5.43 4.56 3.86 3.265 4.471 4.34 4.283 

        
50 (ℎtop) 5.68 4.78 4.04 3.43 4.505 4.471 4.316 
50 (𝑇𝑚𝑝𝑣) 54.18 56.69 58.66 61.16 57.59 58.00 58.18 

50 (ℎbottom) 5.46 4.478 4.015 3.41 4.471 4.34 4.283 
        

60 (ℎtop) 5.84 4.91 4.15 3.53 4.505 4.471 4.316 
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Tilt  
angle 

 L/8 L/4 L/2 L 2L 4L 6L 

60 (𝑇𝑚𝑝𝑣) 53.88 56.18 58.29 60.80 57.59 58.00 58.18 

60 (ℎbottom) 5.79 4.88 4.13 3.505 4.471 4.34 4.283 
        

70 (ℎtop) 5.94 5.01 4.23 3.592 4.505 4.471 4.316 
70 (𝑇𝑚𝑝𝑣) 53.53 56.08 58.04 60.56 57.59 58.00 58.18 

70 (ℎbottom) 5.9 4.97 4.205 3.572 4.471 4.34 4.283 
        

80 (ℎtop) 6.00 5.06 4.277 3.632 4.505 4.471 4.316 
80 (𝑇𝑚𝑝𝑣) 53.47 55.93 57.90 60.42 57.59 58.00 58.18 

80 (ℎbottom) 5.96 5.03 4.25 3.61 4.471 4.34 4.283 
        

90 (ℎtop) 6.02 5.07 4.298 3.64 4.505 4.471 4.316 
90 (𝑇𝑚𝑝𝑣) 53.34 55.74 58.18 60.06 57.59 58.00 58.18 
90 (ℎbottom) 5.98 5.04 4.27 3.616 4.471 4.34 4.283 

 

The following conclusions were from Chapter 5  

 The convection currents in inclined and horizontal surfaces were weaker relative to the 

vertical surface thus, the rate of heat transfer is lower. 

 In the case of inclined PV systems, the increase of the PV length enhances heat transfer 

rate up to length (2𝐿). After this length, the PV temperature increase and convective 

heat transfer coefficients are reduced regardless of the inclination of the PV system. 

 In the case of the horizontal surface, the convective heat transfer rate is lower, especially 

at the bottom surface of the PV system. 

 The effect of inclination appears in the laminar region (short length) and dissipates after 

this region. 

 Lower ambient temperature and higher insolation values lead to better PV performance, 

this can be seen by comparing both Muscat and Fallujah in June.  

 The daylight period in Muscat is longer than Fallujah which allows for the accumulation 

of more solar energy per day and further increases in the solar PV power. 

 Estimated weather condition values agree well with PVGIS-C and PVGIS-H data. 

 Increasing the length of the PV panel might not be feasible or affordable because the PV 

array blocks and shade further arrays. Also, this might increase the cost of installation 

and price of base frame (in expense of cost and difficulty of installation). 

In the next chapter the evaluation of solar air heaters for different configurations 

are carried out. Numerical and experimental methods are used in this evaluations. 
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 THERMO-HYDRAULIC PERFORMANCE OF MULTI-PASS 

SOLAR AIR HEATER  

 

 

In chapter 5, the performance of standard PV systems without active cooling was 

investigated. The aims of this chapter are: validate the CFD model used in this work and 

experimentally and numerically examine the effects of multi-pass configurations on the 

performance of solar air collectors. This chapter also studies the solar air heater with the 

PV panel removed. Removing the PV panel reduces the cost of experiments and simplifies 

the installation of measurement devices while still giving an indication of heat transfer 

enhancement owing to the multi-pass configuration. Finally, as a part of the objectives of 

this study, this chapter evaluates the effect of staggered and in-line arrangements of 

extended surfaces to ascertain the optimum arrangement to be used in the next chapter 

(Chapter 7). 

Three different configurations are used in this study, namely, a parallel pass double duct 

with a co-current flow (model A), a parallel pass double duct with counter-current flow 

(model B), and a single duct double pass U-flow (model C). The CFD model has been 

developed using COMSOL Multiphysics v5.3a software to examine the thermal performance 

of these three types of SAH. The experimental measurement is conducted for the validation 

of model C (the best performing configuration, which is based on the CFD modelling results). 

The flow configuration in model C has three design modifications, namely: plain SAH 

without RAC (model C-I), SAH with RAC in-line turbulators arrangement (model C-II) and 

SAH with RAC in staggered turbulator arrangement (model C-III). To ensure accurate 

results and to evaluate pressure drop 2D and 3D CFD models are investigated and compared 

with empirical equations. 
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Sketches of the solar air collector designs used in this study are provided in Fig. 6.1. The 

geometry comprises four main domains, namely: the solid domains of transparent glass (g) 

cover, aluminium (Al) and copper (Cu) absorber plates, and the fluid domain of air. The 

thicknesses of the transparent glass cover and absorber plates are 0.004 m and 0.001 m, 

respectively, and they are all 0.82 m wide and 1.92 m long. Table 6.1 lists the physical 

properties of the material of these domains. The specifications of the CFD and experimental 

models are tabulated in Table 6.2. Three design models are proposed and investigated in 

this study: firstly, a parallel pass double duct (model A), where airflows over and 

underneath the surfaces of Al absorber plate in the same direction (i.e. co-current flow), 

secondly, a parallel pass double duct (model B) is proposed but the flow pathways are in 

the opposite direction (i.e. counter-current flow) and thirdly, a U-flow model (model C) is 

proposed, where the airstream passes through the glass cover and the upper surface of Al 

absorber plate and reverses in the second pass through the lower surface of absorber plate 

and upper surface of copper bottom absorber plate (i.e. U-shape double-pass single duct 

flow).  

 
 



 

- 188 - 

 

 
Fig. 6.1. Schematics of the three solar air collectors (CFD models): (a) Cross-section of 
parallel pass double duct of co-current flow (model A); (b) Cross-section of parallel pass 
double duct of counter-current flow (model B); (c) Cross-section of single duct double 
pass of U-flow (model C). 

 
 

Table 6.1. Physical properties of the CFD domains. 
Layer k  ρ  𝒄  𝜺  

Glass (g) 1.4 2210 730 0.84 
Aluminium (Al) 238 2700 900 0.67 

Copper (Cu) 400 8960 385 0.65 
     
     

 
 
 

(b) model B
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Table 6.2. SAH specifications for the experimental and CFD models. 
Item  Dimension Unit 

Collector length  2.25 (m)  
U-turn length  0.33 (m)  
Collector width  0.88 (m)  

Overall depth flow   0.16 (m)  
Upper depth flow  0.080 (m)  
Lower depth flow   0.080 (m)  
Inlet width  0.78 (m)  
Inlet depth flow  0.098 (m)  
Inlet area  0.07644 (m2)  
Outlet area  0.049 (m2) 
Width of absorber plate (m)  0.82 (m)  
Length of absorber plate (m) 1.92  (m)  
Exposed area (m2) 1.57 (m2)  
Plate type  Flat plate (m)  

   
   

 

The governing equations for the air velocity �⃗⃗� (𝑥,  , 𝑧) = 𝑢, 𝑣, 𝑤  and temperature 𝑇  are 

based on the conservations of mass, momentum, and energy. In order to model the coupling 

between heat transfer in solid domains i.e. the absorber plates and fluid flow, the conjugate 

heat transfer module is used in the analysis. The turbulent flow 𝜅  휀 model is accounted 

for, in relevance to its compatibility with high Reynolds numbers and weakly compressible 

flows [296].  

The Reynolds-averaged Navier-Stokes (RANS) (temporal averaging) method is applied to 

solve turbulent flows. These equations were solved for the conservation of momentum for 

two-dimensional steady state flows, which can be written as: 

  

𝜌 ( �̅�
𝜕�̅�

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕 
 ) = 𝐹𝑥   

𝜕�̅�

𝜕𝑥
+ 𝜇 ∆�̅�   𝜌 ( 

𝜕�́��́�̅̅̅̅

𝜕𝑥
+
𝜕�́��́�̅̅̅̅

𝜕 
 ), Eq. 6.1 

  

𝜌 ( �̅�
𝜕�̅�

𝜕𝑥
+ �̅�

𝜕�̅�

𝜕 
 ) = 𝐹𝑌   

𝜕�̅�

𝜕 
+ 𝜇 ∆�̅�   𝜌 ( 

𝜕�́��́�̅̅̅̅

𝜕𝑥
+
𝜕�́��́�̅̅̅̅

𝜕 
 ), Eq. 6.2 

  

where ∆�̅� =  
𝜕2𝑢

𝜕𝑥2
+
𝜕2𝑢

𝜕𝑦2
, and 𝐹𝑥  an  𝐹𝑦 are the external (volume) forces applied to the fluid 

domain. 𝑢, 𝑣 and p are the momentary velocity components and pressure, respectively, �̅�, �̅� 
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and �̅� , are the time-averaged values and �́� , �́�  and  �́�  are the fluctuating velocities and 

pressure, respectively. 

In turbulent flow, care should be taken with the flow adjacent to the wall, which is different 

from the free stream region. In order to reduce computational time, keeping within an 

acceptable level of accuracy, the k-ε model is used in this study. However, this model is not 

accurate or valid in the vicinity of walls. Therefore, flow regions in the vicinity of walls were 

described using wall functions [376]. The turbulence effects were modelled using the 

standard two-equation -ε model with realizability constraints. The default roughness is 

assumed sand roughness type with height 3.2 µm. 

 This model included two additional transport equations and two dependent variables: the 

turbulent kinetic energy (𝜅) and the turbulent dissipation rate (휀). The turbulent viscosity 

was modelled as: 

  

𝜇𝑇 = 𝜌 𝐶𝜇  
𝜅2 
,  Eq. 6.3 

  

where 𝜇𝑇 is the eddy viscosity. The transport equation for  (turbulent kinetic energy) is 

[233]: 

  

𝜌
𝜕𝜅

𝜕𝑡
+ 𝜌(𝑢 ∙ 𝛻)𝜅 =  𝛻 ∙ ((𝜇 + 

𝜇𝑇

𝜎𝑘
)  𝛻𝜅) + 𝑃𝜅  𝜌휀.  Eq. 6.4 

  

where 𝑢 is the velocity component in the x-direction, and the production term is: 

  

𝑃𝑘 = 𝜇𝑇  (𝛻𝑢: (𝛻𝑢 + (𝛻𝑢)
𝑇)  

2

3
 (𝛻𝑢)2)   

2

3
𝜌𝜅𝛻𝑢. Eq. 6.5 

  

The transport equation for 휀 (eddy dissipation rate) [233] is: 

  

𝜌
𝜕

𝜕𝑡
+ 𝜌(𝑉 ∙ 𝛻)휀 = 𝛻 ∙ ((𝜇 + 

𝜇𝑇

𝜎
)  𝛻휀) + 𝐶 1 𝜅

𝑃𝜅   𝐶 2 𝜌
2

𝜅
.  Eq. 6.6 

  

In the steady state, the two time-dependent terms disappear from Eq. 6.4 and Eq. 6.6. The 

coefficients of the set of equations from Eq. 6.4 to Eq. 6.6 were obtained from experimental 

data [376]. These are  𝐶𝜇 = 0.09, 𝐶 1 =1.44, 𝐶 2 =1.92, 𝜎𝜅 =1.0 and 𝜎 =1.3. For weakly 

compressible flow 𝜕𝜌/𝜕𝑝 = 0 and 𝜕𝜌/𝜕∅ ≠ 0, where ∅ is other independent variable, such 

as time. The continuity equation, represented by the conservation of mass, is given in terms 

of time-averaged incompressible flow: 
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𝛻𝑉 = 0. Eq. 6.7 

  

The rate of heat added to the fluid particle owing to heat conduction across element 

boundaries is the general conduction equation with a heat source and translational motion 

of the parts. 

  
𝐷(𝜌𝑐𝑇)

𝐷𝑡
. 𝛻𝑇 = 𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) + �̇�𝑣, Eq. 6.8 

  
  

𝛻. (𝑘𝑥,𝑦,𝑧 𝛻𝑇 ) =
𝜕

𝜕𝑥
(𝑘𝑥  

𝜕𝑇

𝜕𝑥
) + 

𝜕

𝜕𝑦
(𝑘𝑦  

𝜕𝑇

𝜕𝑦
) + 

𝜕

𝜕𝑧
(𝑘𝑧

𝜕𝑇

𝜕𝑧
), Eq. 6.8a 

  
  

𝐷(𝜌 𝑐 𝑇)

𝐷𝑡
= 𝜌 𝑐

𝜕𝑇(𝑥,𝑦,𝑧)

𝜕𝑡
+ 𝜌 𝑐 𝑢

𝜕𝑇

𝜕𝑥
+ 𝜌 𝑐 𝑣

𝜕𝑇

𝜕𝑦
+ 𝜌 𝑐 

𝜕𝑇

𝜕𝑧
, Eq. 6.8b 

  

In these equations, 𝜌  is the density, 𝑐  is the specific heat, 𝑘  is the thermal conductivity. 

𝑢, 𝑣 and  𝑤 are the velocity components in x, y and z directions, respectively, �̇�
𝑣

 is the 

volume heat source (or sink). In the steady state with no internal energy conversion, two 

dimensions and non-moving parts, then Eq. 6.8 reduces to be the following expression (the 

Laplace equation) [353]: 

  
𝛻. (𝑘𝑥,𝑦  𝛻𝑇 ) = 0. Eq. 6.9 

  

In the fluid domain, the following details of the flow behaviour are considered for the 

solution to the heat transfer equation: 

1. The energy transport is because of convection, either by the convective or conductive 

modes of heat transfer, depending on the thermal properties. 

2. The viscous effects are taken into account for the production of fluid heating, which is 

often ignored although its impact is noticeable in viscous fluid motions. 

3. The compressibility effect on producing heat is considered. The pressure work term 

contributes to the heat equation when the fluid density becomes temperature 

dependent.  

Taking into account the abovementioned underlying-physics of the flow, as well as 

conduction, generalises the transient heat equation into the following expression [278]:  

  

𝜌 𝑐𝑝𝑓 (
𝜕𝑇

𝜕𝑡
+ 𝑉 𝛻𝑇(𝑥,  , 𝑧)) + 𝛻. (𝑘𝑓𝛻𝑇 ) = 𝑄𝑃 +𝑄𝑣𝑑 + �̇�𝑣 ,  Eq. 6.10 

  



 

- 192 - 

 

In which 𝑄𝑣𝑑 is the viscous dissipation in the fluid domain, 𝑉 is the velocity vector, 𝑄𝑃 is the 

work done by pressure gradients due to heating under adiabatic compression and thermo-

acoustical phenomenon, which is relatively minor for a small Mach number,  

  

𝑄𝑃 = 𝛼𝑝 𝑇 (
𝜕𝑝

𝜕𝑡
+  𝑉. 𝛻𝑝), Eq. 6.11 

  
  

𝛼𝑝 = 
1

𝜌

𝜕𝜌

𝜕𝑇
, Eq. 6.12 

  

where 𝑝  is pressure, and for ideal gases, the thermal expansion coefficient 𝛼𝑝  takes the 

simpler form: 

  

𝛼𝑝 = 
1

𝑇
. Eq. 6.13 

  

For a steady state problem, the temperature does not change with time and the terms with 

time derivatives disappear. The final governing equation is the equation of state. In reality, 

the density is a function for pressure and temperature, 

  
𝜌 = 𝜌 (𝑝, 𝑇). Eq. 6.14 

  

For ideal gas, 𝜌 is calculated using the law of state which is valid with Eq. 6.15. 

  
𝜌 = 𝑝/𝑅𝑇. Eq. 6.15 

  

 

The solution domain of the 2D SAH (models A, B and C) is a rectangular duct on the x-y 

plane, bounded by the inlet, outlet and wall boundaries (as illustrated Fig. 6.1). The 

properties of the air, Al absorber plate material and Cu absorber plates are temperature 

dependent based on features built into the Comsol CFD software. The no-slip condition was 

assumed for the flow velocity at solid surfaces. The top wall boundary condition of the glass 

is subjected to UV and IR radiation, assuming that the glass was ultra-clear and had no 

absorption or emission and the insolation on the upper surface of collector is distributed 

uniformly across the surface [343]. The mean inlet velocity, inlet air temperature and 

insolation values, in comparison between model C (2D CFD model) and model C-I 

(experimental data), are detailed in Table 6.3. Uniform air velocity is introduced at the inlet 
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assuming a fully developed flow. At the exit, a pressure outlet boundary condition is 

specified at a fixed pressure of 101325 Pa.  

According to [377] the Reynolds number was set between 10000 and 20000. In detail, the 

boundary conditions were as follows. 

 Along the back surface of the collectors, 0 ≤ 𝑥 ≤ 𝐿;   = 0, 

  
𝑢 =  0, 𝑣 =  0, ( 𝑘 𝛻 𝑇𝑏𝑠) =  ℎ (𝑇𝑏𝑠  𝑇𝑎𝑚𝑏), 𝑉𝑤= 3 m s-1. Eq. 6.16 

  

 Along the upper glass surface, 0 ≤ 𝑥 ≤ 𝐿,  = 𝛿𝐷1 + 𝛿𝐷2, 𝛿𝐷1 = 𝛿𝐷2 = 0.08 m, 

  
𝑢 = 0, 𝑣 = 0, ( 𝑘 𝛻 𝑇𝑔) =  ℎ (𝑇𝑔  𝑇𝑎𝑚𝑏), 𝑉𝑤= 3 m s-1. Eq. 6.17 

  

 Along the upper surface of Al absorber plate, 0 ≤ 𝑥 ≤ 𝐿;   = 𝛿𝐷1, 

  
𝑢 =  0, 𝑣 =  0, 𝐺 =  1000 W m-2. Eq. 6.18 

  

 At the inlet of the duct: 

Model A: for lower inlet duct, 𝑥 = 0, 0 ≤  ≤ 𝛿𝐷1 , while for upper inlet, 𝑥 = 0, 𝛿𝐷1 ≤  ≤

𝛿𝐷2, 

  
𝑢 =  �̅�, 𝑣 =  0, 𝑇 = 𝑇𝑓𝑖 , �̇� = �̇�𝑓𝑖 . Eq. 6.19 

  

Model B: for lower inlet duct, 𝑥 = 𝐿, 0 ≤  ≤ 𝛿𝐷1 , while for upper inlet, 𝑥 = 0, 𝛿𝐷1 ≤  ≤

𝛿𝐷2. 

  
𝑢 = �̅�, 𝑣 =  0, 𝑇 = 𝑇𝑓𝑖 , �̇� = �̇�𝑓𝑖 . Eq. 6.20 

  

Model C: for inlet duct, 𝑥 = 0, 𝛿𝐷1 ≤  ≤ 𝛿𝐷2 

  
𝑢 =  �̅�, 𝑣 = 0, 𝑇 = 𝑇𝑓𝑖 , �̇� = �̇�𝑓𝑖 + �̇�𝑓𝑖  Eq. 6.21 

  

 At the outlet duct: for all three models 𝑝𝑜𝑢𝑡 = 0 (gauge pressure, or 101325 Pa absolute 

pressure). 
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Table 6.3. Experimental results for plain designs that are used in the validation between 
model C (2D CFD model) and model C-I (experimental model). 

time 𝑻𝒇𝒊  �̅�  𝑮 

9:00 16.9 1.26 600 
10:00 20.9 0.96 671 
11:00 21.9 0.96 886 
12:00 24.4 1.03 996 
13:00 23.9 0.99 1030 
14:00 25.7 1.03 976 
15:00 24.2 1.07 760 
15:30 24.3 1.06 466 

    
    

In order to simulate a realistic incident solar radiation, an External Radiation Source sub-

node was applied to contribute to the incident radiative heat flux on the solar spectral bands 

(U.V, visible and I.R radiation). The surface-to-surface radiation model is used to simulate 

the thermal radiation exchange between all the surfaces which are governed by Eq. 6.22, 

assuming that the fluid and the glass cover were non-participating, i.e., they do not absorb, 

emit, or scatter any radiation. This is valid since the glass cover is ultra-clear and the 

thickness is less than 6 mm [279].  

  
𝑞𝑟𝑎𝑑 = 𝐴𝑠 (𝛼𝐺  휀𝐸𝑏) = 휀 𝜎 (𝑇𝑠

4  𝑇4), Eq. 6.22 

  

where 𝐸𝑏 is the surface emissive power (W m-2), estimated as 

  

𝐸𝑏 = 𝜎 𝑇𝑠
4. Eq. 6.23 

  

Forced convective boundary conditions were applied to the top surface of the glass cover 

and the bottom surface of the collector. The average wind velocity value was assumed as 

2.7 m s-1 (see Fig. 6.2) based upon observation data agreeing with [378, 379]. To estimate 

the forced convective heat transfer coefficients for these two surfaces, the following 

empirical correlations are used [279]: 

  

ℎ𝑓(𝑔−amb) =
2 𝑘

𝐿
 
0.3387 Pr

1
3⁄  Re𝐿

1
2⁄  

(1 + (
0.0468
Pr

)
2
3⁄

)

1
4⁄
 {for Re𝐿 ≤ 5 × 10

5}, 
Eq. 6.24 

  

ℎ𝑓(𝑔−𝑎𝑚𝑏) =
2 𝑘

𝐿
 𝑃𝑟

1
3⁄  (0.037 Re𝐿

4
5⁄  871 ) {for 𝑅𝑒𝐿 > 5 × 10

5}, 
Eq. 6.25 

  



 

- 195 - 

 

where  ℎ𝑓(𝑔−amb) is forced convective heat transfer coefficient at the upper and bottom 

surfaces of the collector, Re𝐿 =
 𝑉𝑤 𝐿𝑐

𝜐
  is a function of the characteristic length (𝐿𝑐), which is 

equal to the length of the collector (𝐿).  

 
 

  
 

Fig. 6.2. Wind data observation for March in Ramadi city, Iraq. 
 
 

 

Generally, computational domains can be meshed using structured (quad element type), 

unstructured (i.e. Triangular element type), or hybrid (i.e. combination of unstructured and 

structured) elements. The choice of mesh element type depends on the physical 

characteristics (e.g. turbulent or laminar flows), and the geometry of the problem (e.g. 

curved or straight). The examination of the impacts of mesh type and density on the solution 

accuracy, computational efficiency, and convergence are investigated. Three independent 

mesh tests were carried out for model C (see Table 5.1), starting from extremely coarse to 

extremely fine element sizes. The interface between solid and fluid domains (thermal and 

hydrodynamic boundary layers) and the U-turn region (i.e. the region when the air flows 

from upper channel to lower channel) was discretised for a fine mesh adjustment as listed 

in Fig. 6.3. 
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Table 6.4. Structured mesh independent test analysis (free quad elements) for model C, 
using the boundary conditions �̅� =  2.254 m s-1, Re = 20000, 𝐺 = 1000 W m-2 and 
 𝑇𝑓𝑖 = 35 °C. 

Trial No Refinement step 
No of 

Elements 

Time 

(s) 

RAM 

(GB) 
𝜂𝑡ℎ  

∆𝑝 

(Pa) 
MEQ RT 

1 Extremely coarse (quad) 880 27 1.63 50.156 8.351 1 0.001 

2 Very coarse (quad) 2024 24 1.83 51.927 10.140 1 0.001 

3 less coarse (quad) 4110 38 1.96 52.116 10.390 1 0.001 

4 Coarse (quad) 6764 61 2.22 52.203 10.355 1 0.001 

5 Normal (quad) 13150 141 2.69 52.252 10.336 1 0.001 

6 Fine (quad) 22440 250 3.33 52.238 10.339 1 0.001 

7 Very Fine (quad) 35948 473 3.86 52.243 10.335 1 0.001 

8 Extremely fine (quad) 112770 2907 7.07 52.271 10.344 1 0.001 

         

         

 
 

Fig. 6.3. System meshing, using (a) unstructured, (b) structured, and (c) hybrid meshes. 
 
 

Al absorber plate

Boundary layer region

(a)

(a)

Al absorber plate

Glass cover 

(b)

Boundary layer region

Glass cover 

Al absorber plate

Air domain

Cu absorber plate

Structured 
mesh region

Unstructured 
mesh region

U-turn region

(C)

Cu absorber plate

Air domain

Air domain



 

- 197 - 

 

The third mesh provided segmentation of the system into two regions by using free 

triangular elements for the U-turn region and free quad elements for the other regions 

where the mesh could be more compatible in terms of the shape of the geometry. 

As can been observed in Table 5.1 and Table 6.5, the minimum element quality (MEQ) of 

structured mesh is much higher than that of the unstructured mesh, while the RAM (random 

access memory) computational time and the number of elements are significantly reduced 

using the structured mesh. Thus, this test has actively contributed to reducing the running 

time and RAM, respectively, from 976 sec and 4.1 GB (using unstructured mesh) to 141 sec 

and 2.69 GB (using structured mesh).  

Table 6.5. Unstructured mesh independent test analysis (free triangular elements) for 
model C, using the boundary conditions �̅� = 2.254 m s-1, Re = 20000, 𝐺 = 1000 W m-2 and 
𝑇𝑓𝑖 = 35 °C. 

Trial 

 No 
Refinement step 

No of 

elements 

Time 

(s) 

RAM 

(GB) 
𝜂𝑡ℎ  

∆𝑝 

 (Pa) 
MEQ RT 

1 Extremely coarse (Triangular) 17011 325 1.76 55.593 9.5503 0.4432 0.001 

2 Very coarse (Triangular) 33649 401 3.4 55.946 10.159 0.2183 0.001 

3 less coarse (Triangular) 41943 534 3.96 55.960 10.279 0.2040 0.001 

4 Coarse (Triangular) 45388 845 4.05 55.929 10.260 0.1961 0.001 

5 Normal (Triangular) 48756 976 4.1 55.923 10.352 0.1795 0.001 

6 Fine (Triangular) 58256 796 4.2 55.907 10.362 0.1853 0.001 

7 Very Fine (Triangular) 105094 2870 5.51 55.929 10.436 0.1750 0.001 

8 Extremely fine (Triangular) 264432 21888 13 55.891 10.439 0.1773 0.001 

Hybrid Fine 77484 1481 2.82 55.873 10.240 0.1624 0.001 

         

         

 

The experimental set up was designed to be tested outdoors for data collection. The flow 

pattern selected was a single duct double pass (U-flow). The RACs were installed on the top 

and bottom of the absorber plate in front of the airflow, which was completely open from 

two sides for direct exposure to airflow. The schematic illustration of the double-flow SAH 

set up is shown in Fig. 6.4 (a, b, c and d). In this study, three types of absorber plates were 

used in order to compare the thermal performance of SAH with and without RAC, namely, 

SAH without RAC (model C-I), SAH with RAC in the in-line pattern (model C-II) and SAH 

with RAC in a staggered pattern (model C-III). 
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Fig. 6.4. Schematic of single-duct double-pass (U-flow) solar air collector. (Please note 
that the figure is not to scale), showing: (a) The cross-section area of solar air collector 
including RACs; (b) SAH without RACs (model C-I); (c) Cross-section of SAH with in-line 
pattern (model C-II). The number of RACs is six across the width and ten along the length; 
and (d) Section top view of SAH with staggered configuration (model C-III). The number 
of RACs is seven for the first row and six for the second row across the width. 
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The dimensions of the Al and Cu absorber plates were 1.92 m long, 0.82 m wide and 0.001m 

in thickness. A single glass sheet of 4 mm thickness was fixed above the Al absorber plate as 

a transparent glass cover, with a gap (depth flow) of 0.08 m. This solar air collector 

consisted of two passes; the airflow in the first pass (between the glass cover and the Al 

absorber plate) and the airflow reverses in the second pass (between the two absorber 

plates) to form a U-shape flow. The copper absorber plate was positioned on the bottom 

duct. All material properties and the specifications of these collectors are listed in Table 4.2 

and Table 6.2. The ambient air was supplied by a low-pressure axial fan with a maximum 

power of 18 W, which was placed at the outlet of the collectors. The RAC capacity is 330 ml, 

with 0.123 m in length and 54 mm diameter.  

 In achieving a feasible, affordable and optimal design of the solar air collector, different 

considerations were taken into account.  

 The frame of the channel duct was fabricated from a compact wood panel (0.02 m 

thickness) instead of using galvanized steel that should cover with glass wool insulation 

or other type insulation. This potentially reduced the weight and cost of the collector, 

decreased the edge heat transfer losses and allowed flexibility to install 

instrumentations such as thermocouples. 

 In order to maximize the incident solar radiation, the tilt angle (𝛽 = 27 [379]) was 

considered for this study and the solar collectors were facing the south [380]. 

 To ensure perfect contact between the RAC and Al absorber plate, two metallic washers 

secured with screws were placed on the contact area between the RAC and Al absorber 

plate. 

 In order to set the system as close as to real conditions, the effect of entrance length was 

neglected. This is because of the difficulty in the installation, operating and architectural 

or structural requirements. Also, from the hydrodynamic and thermodynamic boundary 

layer point of views, the convective heat transfer coefficient in the developing region is 

higher than the developed ones [381]. 

 In order to ensure that the flow is entering in a turbulent state, the depth of flow (𝛿𝐷) 

was selected according to the optimisation criteria at different flowrates, suggested by 

[377] [50] as presented in Eq. 6.26. ℒ is the airflow path length from inlet to outlet, and 

thus, ℒ = 2𝐿 for model C-I and model C (U-flow shape) and ℒ = L for other models, in the 

range: 

  
(ℒ/𝐷ℎ)optimum  ≥ 30. Eq. 6.26 
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 In order to improve the absorption and emissions, and to reduce the reflectivity (optical 

features) for the absorber surfaces, the Al and Cu absorber plates and RAC were 

roughened. This was made using coarse sandpaper measuring 40 to 60 grit and painted 

with black chrome nonselective coating for affordability and availability. 

 In order to mount the collector, a base frame was made of Al to carry the collector and 

change the tilt angle for matching the maximum incident solar radiation.  

 

For each collector, ten K-type thermocouple sensors were used; four of them were 

distributed equally along the flow direction on the top surface of the Al absorber plate. Five 

well-insulated thermocouples were installed at the inlet and the outlet collectors, one in the 

inlet and the rest in the outlet. Also, the air ambient temperature was measured in the 

shaded area using ventilated wooden Stevenson screens criteria [382], above the ground 

1.5 m and behind the collector. All sensors were connected to a digital thermometer (as 

shown in Fig. 6.4). The thermocouples were calibrated with an average error of 1.1 °C. The 

inlet air velocity was measured by a multifunctional anemometer device a Testo Vane 

Anemometer with an uncertainty of ±2%. The measurement range of the anemometer is 

0.5-25 m s-1 with a resolution of 0.1 m s-1 [383]. 

An accurate and reliable solar meter type CMP3 pyrometer was used to measure the 

incident solar radiation [384]. The capability of this tracker is to measure direct, diffused 

and global radiation with a resolution of 0.5 Wm-2. This meter was installed parallel to the 

collector, and the values were validated with estimated values in [50] with a high level of 

conformity (PPMCC = 0.95 and RMSE = 9.32) as shown in Fig. 6.5. Care was taken to avoid 

the accumulation of dirt on top of the glass surface, with regular cleaning. 
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Fig. 6.5. Intensity of solar radiation (𝐺) versus time recorded in 23 February, showing the 
experimental [384] and estimated [50] data.  

 
 

 

The evaluation of the thermo-hydraulic performance of solar air collector was presented in 

Section 3.3.3. This evaluation includes a number of criteria such as pressure drop, effective 

thermal efficiency and fan power consumption. 

 

 

The predictions of the three models reveal that the double pass single duct solar air collector 

(model C) has a higher efficiency than other types of flow arrangements over the range of 

Re numbers investigated and these are illustrated in Fig. 6.6.  
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Fig. 6.6. Thermal efficiency versus Reynold number under turbulent condition regime for 
co-current flow (model A), counter-current flow (model B) and U-flow (model C) CFD 
models. 

 
 

In Fig. 6.6, the average thermal efficiencies are presented for three models, namely: A the 

parallel pass double duct (co-current), B the parallel pass double duct (counter-current 

flow), and C the single duct double pass (U-flow) for the flow range 10000 ≤ Re𝐷 ≤ 20000. 

Tthe average thermal effective efficiency of the U-flow model is the highest (up to 57.42 %), 

compared to the co-current (up to 52.1%) and counter-current (up to 51.6%) 

efficiencies103 ≤ Re𝐷 ≤ 2 × 10
3over the full range of Re numbers. This is owing to the 

length of air path is longer than the other models, which in turn leads to accumulation of 

heat along the flow path increasing the outlet air temperature . It should be emphasised that 

improving the thermal efficiency of a certain model is made on the expense of power fan 

effectiveness. For instance, the U-flow model requires a fan power of about 15.7 times more 

than that consumed for the other two models. The average fan power consumption of 

models A and B is 0.364 W, each, while for model C is 6.097 W. The numerical values of 

pressure drop for the three models are illustrated in Fig. 6.7. In this figure, there is a marked 

increase in pressure drop for U-flow model (model C) compared to the other two models. 

This is because of the induced flow separation in the U-turn near the bend and the swirling 

secondary flow that occurs because of the imbalance of centripetal forces as a result of the 
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curvature of the duct centreline. The U-flow model (C), however, offers the highest 

efficiency compared to the other two models (A and B). 

 
 

  
 

Fig. 6.7. Pressure drop in flow duct between the inlet and the outlet for (co-current flow, 
model A), (counter-current flow, model B) and (U-flow, model C) CFD models. 

 
 

 

The experiments were conducted in Ar-Ramadi City, Al-Anbar province – the western 

region of Iraq (longitude: 33.25°N; latitude: 43.18°E) under clear sky conditions on 23rd 

February (model C-I) and 27th February (model C-II) and 2nd March (model C-III) between 

09:00 hr and 15:30 hr. The average mass flow rates were 0.096 kg s-1 for model C-I, 0.088 

kg s-1 for model C-II and 0.0819 kg s-1 for model C-III. The solar radiation versus time for the 

three different dates are measured using a solar tracker device [384], and presented in Fig. 

6.8. The average hourly values for the measured insolation against time during January–

August are verified using data in [379] and presented in Fig. 6.9. 
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Fig. 6.8. Intensity of solar radiation versus time recorded on three different dates. 
 
 

  
 

Fig. 6.9. Intensity of solar radiation versus 4:30 to 18:30 hours (hrs) recorded during 
January–August. 
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In Fig. 6.9, the intensity of solar radiation in July was the highest; while in January, it was 

the lowest. Also, the solar intensity increases gradually from sunrise to reach a peak value 

at the solar noon (12:00 hr) then reduces until sunset. However, the values of insolation 

were higher than the average values for the whole month. For example, the insolation values 

of three days at 12:00 hr (see Fig. 6.8) were in the range 948 to 996 W m-2; while the average 

insolation for the whole month was less than 700 W m-2 (see Fig. 6.9). This is owing to the 

three data values being taken on an inclined collector angle () of 27° for that specific day; 

while the solar tracker device was measured on a horizontal surface [384]. This difference 

can also be attributed to the fact that fluctuation of weather conditions is affected by several 

factors, such as dust and cloud. It should be emphasised that the three tested models were 

exposed to almost the same weather conditions. 

Fig. 6.10 presents the influence of ambient temperature and incident solar radiation on the 

outlet air temperature for three models: (a) Single duct double pass (solar air collector 

without cans) (model C-I); (b) Single duct double pass (solar air collector with in-line cans 

arrangement) (model C-II); and (c) Single duct double pass (solar air collector with 

staggered cans arrangement) (model C-III). The trends in this figure reveal that the outlet 

temperature generally followed the ambient temperature and incident solar radiation 

closely. At certain times, however, the outlet temperature acted independently from the 

incident solar radiation or inlet temperature. For instance, in Fig. 6.10a, the outlet 

temperature is slightly increased despite a dramatic decrease in the incident solar radiation 

value. This is because the ambient temperature at 15:30 hr remained constant and was 

dominant relative to the low and decreasing solar radiation intensity.  
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Fig. 6.10. Collector air temperatures and incident solar radiation versus 09:00–16:00 hrs 
for the three models, C-I (a), C-II (b), and C-III (c). 

 
 

The experimentally measured thermal efficiencies of the three different models (model C-I, 

model C-II and model C-III) versus time are presented in Fig. 6.11. It is found that the 

efficiency increased with increasing contact surface area (i.e. using RACs). The average 

thermal efficiencies of the staggered, in-line, and plain models are 60.2%, 53.1%, and 49.4%, 

respectively. The staggered arrangement offers secondary flow development which has 

enhanced its thermal efficiency. In contrast to the latter effect, fewer vortices were found in 
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the less efficient in-line configuration although the number of RAC and the mass flowrate 

were higher than those of the staggered arrangement. No vortices were generated in the 

plain model; hence, the lowest thermal efficiency.  

 
 

  
 

Fig. 6.11. Thermal efficiencies versus 09:00–16:00 hrs for three configurations, model C-
I (plain), model C-II (in-line) and model C-III (staggered). 

 
 

Fig. 6.12 presents the thermal efficiency, inlet air temperature, inlet velocity and intensity 

solar radiation values versus time for a double duct one pass solar air collector with the 

staggered RAC design (model C-III). The thermal performance of model C-III is the best. The 

thermal efficiency is dependent on the incident solar radiation and inlet air temperature 

throughout the day. Irregular behaviour occurs at 10:00 hr, when the thermal efficiency 

drops with increasing irradiation and inlet air temperature. This is attributed to the sudden 

drop in inlet air velocity which affected the thermal efficiency more than the other two 

parameters. Additionally, the inlet air velocity at 10:00 hr was the lowest during the day.  
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Fig. 6.12. Thermal efficiency, the intensity of solar radiation, inlet air temperature, and 
inlet air velocity versus 09:00–16:00 hrs for model C-III (staggered arrangement). 

 
 

The daily average air temperature difference 𝛿𝑇air , Al absorber plate temperature 𝑇𝑝 and 

collector thermal efficiency 𝜂𝑡ℎ are presented in Table 6.6. The maximum values of 𝛿𝑇air, 𝑇𝑝 

and 𝜂𝑡ℎ occur for the staggered model (model C-III). A higher air temperature difference of 

8.68°C is achieved using the staggered model, compared to 7.24°C and 5.60°C for heaters 

with RACs arranged in the in-line pattern and plain plate heater, respectively. The average 

absorber plate temperatures are 47° , 43.73°  and 40.94°  for the RAC staggered, in-line 

and plain heater configurations, respectively. Also, the thermal efficiency of SAH with the 

RAC arranged in a staggered pattern is about 60.2% which is the highest.  

Table 6.6. Daily average of 𝛿𝑇air , 𝑇𝑝 and 𝜂𝑡ℎ. 

model 𝛿𝑇air  (K) 𝜂𝑡ℎ  𝑇𝑝 (°C) Re𝐷ℎ  

C-I 5.3 49.4 40.9 9970 
C-II 7.1 53.1 43.7 9009 
C-III 8.45 60.2 47.1 8290 
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Statistical analysis was performed to quantify the level of conformity between the 

numerical (𝑋𝑖) and experimental results (𝑌𝑖) of the double pass solar air heater (model C-I). 

The root-mean-square error (RMSE) and the Pearson product-moment correlation 

coefficient (linear correlation) (PPMCC) [121] were evaluated for this analysis. The RMSE 

can be written in the following expression: 

  

RM E = √
∑ (𝑒𝑖)

2𝑁
𝑖=1

𝑁
, Eq. 6.27 

  

where 𝑒𝑖 =
𝑋𝑖−𝑌𝑖

𝑋𝑖
× 100, and the PPMCC is expressed as: 

  

PPM  = 
𝑁(∑ 𝑋𝑖 𝑌𝑖

𝑁
𝑖=1 )−(∑ 𝑋𝑖 𝑌𝑖

𝑁
𝑖=1 )

√𝑁 ∑ ( 𝑌𝑖)
2𝑁

𝑖=1 − (∑ 𝑌𝑖
𝑁
𝑖=1 )

2
  ∙√𝑁 ∑ ( 𝑋𝑖)

2𝑁
𝑖=1 − (∑ 𝑋𝑖

𝑁
𝑖=1 )

2
, Eq. 6.28 

  

where N is the number of data. 

The hourly distribution of numerical and experimental results of the outlet air and the bulk 

fluid temperatures are displayed in Fig. 6.13 for model C-I on 23rd Feb. The average, 

maximum and minimum percentage error were 11.6%, 16.9% and 7.3%, respectively, 

which can be considered to be acceptable [385, 386]. The RMSE and PPMCC for outlet air 

temperature were 13.74 and 0.98, respectively. Whilst these were PPMCC = 0.98 and RMSE 

= 13.74 for the bulk fluid temperature. Such a noticeable deviation between experimental 

and numerical results can be attributed to the following factors: 

 The accuracy in measuring the wind velocity, insolation and ambient temperature. 

 Dust accumulation. 

 The difficulty in estimating the roughness of the absorber and channel surfaces.  

 The accuracy in estimating the optical properties, such as the emissivity of the absorber 

plates. 

 The CFD models are simplified to a two-dimensional problem whereas the physical 

systems are three dimensional.  

 Measurement uncertainty of devices.  

 Despite the solar collector systems governing to quasi-steady conditions [374], in reality, 

the system is inherently time-dependent.  

 Experimentally measured values of turbulence quantities at the inlet boundary are also 

required for accurate CFD simulation for turbulent flow. In the case of the 𝜅  휀 
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turbulence model, turbulent kinetic energy 𝜅  and turbulent dissipation rate 휀  are 

required. When these values are unavailable from experimental data, they must be 

predicted using the following set of equations [387]. 

  

𝜅 =
3

2
 (�̅�ref 𝑇𝐼)

2 , Eq. 6.29 

  

휀 = 𝐶𝜇
3 4⁄ 𝑘3 2⁄

𝑙
, Eq. 6.30 

  
𝑙 = 0.07𝐿, Eq. 6.31 

  

where �̅�ref  is the mean reference stream velocity, 𝑇𝐼  is turbulence intensity, 𝑙  is the 

turbulence length scale, and 𝐶𝜇  is the 𝜅  휀 turbulence model constant. 

 The method used in estimating the experimental mean fluid temperature was arithmetic, 

�̅�𝑓 = (𝑇𝑖 + 𝑇𝑜/2) which is less accurate compared to the integration method used in CFD 

modelling. In other words, the thermocouples used for measuring the air flow 

temperature are only installed at the inlet and outlet of the collectors, which is not along 

the air flow direction. 

 Excluding the effect of the absorption and emission (radiation effect) of glass in the 

numerical modelling, which is expected to be time-consuming. 

 
 

  
 

Fig. 6.13. Inlet and outlet air temperatures versus 09:00–16:00 hrs of the experimental 
(model C-I) and CFD (model C) results of the plain design. 
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Fig. 6.14 presents a comparison between the experimental (model C-I) and simulation 

(model C) temperatures of the absorber plate. The deviation PPMCC = 0.85 and RMSE =9.1 

of mean plate temperature �̅�𝑝  was less than those seen in the measurements of fluid 

temperatures �̅�𝑓  and  𝑇0 . This is due to the number of thermocouples fitted along the 

absorber plate were higher than the two thermocouples placed at the inlet and outlet.    

 
 

  
 

Fig. 6.14. Al absorber plate temperatures versus 09:00–16:00 hrs of the experimental 
(model C-I) and CFD (model C) results of the plain design (without RAC). 

 
 

 

Estimating accurate pressure drop is crucial for the design and performance of the system 

[388]. Accordingly, a comparison was made between empirical equations (see Section 4.4, 

Subsection 3.3.3.1, Eq. 3.102) and CFD results for 2D (see Fig. 6.15a) and for 3D (see Fig. 

6.15b) cases. The comparison among CFD (2D and 3D cases) and empirical results are 

presented in Fig. 6.15. As can be seen from Fig. 6.15 and Fig. 6.16, the highest pressure-drop 

was for the 3D model followed by the 2D model, with the lowest found for the empirical 

data. This is owing to: 

 The 3D model is more representative of real-life conditions than the 2D model. 
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 More parameters are considered in the 3D model than those in the empirical 

correlations, such as the wall roughness (i.e. turbulent model), even though the default 

roughness wall height in Comsol could be different from real one. The default roughness 

is sand roughness type with height 3.2 µm. Also, the boundary layer separation in curved 

(U-turn) region and the effect of entry length before becoming the flow fully developed 

do not considered in empirical method. 

 The empirical results were based on a fully developed condition unlike the other two 

models (i.e. 2D and 3D models)[389, 390]. 

 The presence of side walls is another possible explanation for the differences between 

2D and 3D results, where symmetric side-planes were assumed in the 2D domain. 

Additionally, the empirical correlation is subject to ∓ 25% uncertainty which is valid with 

work made by Manglik and Bergles [223]. Table 6.7 lists the 2D CFD, 3D CFD and empirical 

data for the pressure drop estimated for design model C-I. The percentage of errors (𝐸) 

were estimated regarding the solutions from 3D-CFD. The percentage errors of empirical 

equations results 𝐸1 and the percentage error for 2D-CFD is 𝐸2. 

 
 

  
Fig. 6.15. Pressure drop profile for model C-I (single duct double pass U-flow design 
without cans) with �̅�= 1.26 m s-1, 𝐺 = 600 W m-2 and 𝑇𝑖 = 16.9 °C conditions; (a) 2D CFD 
model and (b) 3D CFD model.  
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Fig. 6.16. Pressure drop from the 2D CFD, 3D CFD and empirical equations versus 09:00–
16:00 hrs for design model C-I (single duct double pass U-flow design without Cans) using 
the data presented in Table 6.3. 

 
 

Table 6.7. 2D CFD, 3D CFD and empirical equations predictions of the pressure drop and 
relative errors for design model C-I.  

Empirical equations 2D-CFD 3D-CFD E1 E2 

3.01935 3.1316 3.8308 22.3578 3.58443 

1.7835 1.816 2.2643 21.6354 1.789648 

1.76834 1.8119 2.2505 21.81714 2.404106 

2.00915 2.0695 2.5802 22.71311 2.916163 

1.86987 1.925 2.3948 22.39593 2.863896 

1.9968 2.053 2.5728 22.96296 2.737457 

2.16472 2.2184 2.7824 22.89236 2.419762 

2.1255 2.1559 2.7318 22.85777 1.410084 

     

     

 

Numerical and experimental investigations were conducted to assess the performance of 

the double duct single pass solar air heater with recycled aluminium cans (RAC). The 

numerical study was built based on the finite element method provided by the COMSOL 

Multiphysics V5.3a software. The experiments were conducted in the western part of Iraq, 

Ar–Ramadi City (longitude: 33.25° N; latitude: 43.18° E) under clear skies and almost 
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identical weather conditions on 23rd (model C-I) and 27th (model C-II) February and 2nd 

(model C-III) March between 09:00 and 15:30. The average flowrates were 0.096 kg s-1 for 

model C-I, 0.088 for model C-II kg s-1 and 0.0819 kg s-1. The comparative analysis of this 

work led to the following findings: 

 Numerically, the U-flow offers better thermal performance than co-current and counter-

current flow designs. Therefore, the U-flow model was chosen to be implemented in 

experimental studies.  

 Thermal and hydrodynamic performance of numerical modelling is found to be in line 

with experiments (U-flow, model C-I).  

 The increase in the thermal performance of U-flow model gave an increase in pressure 

drop, but the thermal efficiency was still higher compared to models A and B.  

 The staggered arrangement (model C-III) had the highest thermal efficiency compared 

to the in-line (model C-II) and plain (model C-I) models. 

 The in-line configuration (model C-II) had a lower efficiency compared to the staggered 

configuration (model C-III), even though the number of RACs and the mass flowrate were 

higher. 

Chapter 7 is considered the main theme of this thesis since the integration of the two 

systems in Chapters 5 and 6 are performed. Formal optimisation design is employed to 

obtain optimum PV/T air collector designs with and without fins. 



 

- 215 - 

 

 OPTIMISATION OF MULTI-PASS PV/T AIR SYSTEMS  

 

 

The main applications of solar energy are thermal and electrical systems such as solar air 

collectors and photovoltaic systems, respectively. Hybrid photovoltaic/thermal (PV/T) 

system is a combination of these two systems. In Chapter 5, the evaluation of the 

performance of a PV system was carried out under different weather conditions, lengths 

and inclinations. In Chapter 6, the multi-pass solar air heaters using different configurations 

were evaluated. This chapter aims to optimise the hybrid PV/T air system by a three-step 

strategy. Firstly, the design parameters (dependent and independent) are selected carefully. 

Secondly, the thermo-hydraulic and electrical performances of five PV/T air systems are 

examined. Thirdly, the best model is utilised in a multi-objective design optimisation 

process. Finally, the effect of coupling/integrating the fins within the optimum PV/T air 

design is examined.  

 

The CFD models have been developed using COMSOL Multiphysics® v5.3a software to 

examine the thermal and electrical performance of the PV/T air systems. Five different 

configurations were employed in this study, namely, single duct single pass, model 2  

(Fig. 4.5), a single duct single pass (glazed), model 3 (Fig. 4.6), parallel pass double duct, 

model 4 (Fig. 4.7) double-pass single duct, model 5 (Fig. 4.8) and model 4-A (Fig. 4.9). The 

governing equations for the air velocity �⃗� (𝑥,  , 𝑧) = 𝑢, 𝑣, 𝑤 and temperature 𝑇 are based on 

the conservations of mass, momentum and energy. These were explained in Section 4.3.1. 

Referring to the boundary conditions in Section 4.4.3 and Table 4.2, different temperatures 

were chosen as a representation of the weather conditions (i.e. 25 and 45 C). The 

temperature of the fluid at the inlet was taken to be at ambient temperature (𝑇𝑓𝑖 = 𝑇𝑎𝑚𝑏). 

The value of the incident solar radiation was maintained at a constant 1000 W m-2. The 

assumptions used in this chapter have been already mentioned in Section 4.4.3. The grid 

independence is discussed next.’ihoiugtiui  
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The evaluation of the thermo-hydraulic and electrical parameters of PV/T air collector are 

presented in Chapter 3, Section 3.3.3. This evaluation includes several parameters such as 

pressure drop, effective thermal efficiency, fan power consumption and electrical power 

generation. 

 

On the basis of the comparison between structured and unstructured meshes in 

 Section 4.6.1, a structured mesh element type is adopted in the current test. Model 4 is used 

in this test (see Fig. 4.7). The boundary conditions of this model can be seen in Table 7.1.  

Table 7.1. Boundary conditions of the grid independence test for model 4. 
𝑇𝑎𝑚𝑏 45 C 45 C 

𝐺 1000 W m-2 1000 W m-2 

𝛿𝐷1 0.025 m 0.025 m 

𝛿𝐷2 0.025 m 0.025 m 

𝐿 1.2 m 1.2 m 

Re 510 2550 

�̅� 0.1829 0.9145 

�̇� 0.0041 0.0204 

   

   

Five parameters are considered in this test, which are solution time, t (s), the number of 

elements (NOE), degrees of freedom (DOF), physical memory, RAM (GB), and minimum 

element quality (MEQ). Furthermore, the PV module temperature, 𝑇𝑚𝑝𝑣  (C), thermal 

efficiency, 𝜂𝑡ℎ  and pressure drop due to friction, ∆𝑝𝑓  (W) are considered to cover the 

hydrodynamic and thermal parameters. The mesh is made of square elements applied on 

the upper glass cover in the X-Y plane varying element size step from very coarse, less 

coarse, normal and fine, as shown in Table 7.2. The same sizes and type of the element are 

used for the remaining parts of the system in the Z-direction as shown in Table 7.2. It can 

also be seen in Appendix B that increasing the number of elements has a small impact on 

the results because the model is a simple format (i.e. laminar flow and simple of geometry). 

For more details, the procedure is illustrated in Table 7.2 taken in performing this test.  
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Table 7.2. Key features of the mesh structure for the grid independence test in Appendix B.  
Trial No Refinement step in the X-Y direction Bias 𝑍1 (mm) 𝑍2  𝑍3  

1 Very coarse 0 5 5 1 
2 Less coarse 0 3.6 7 1 
3 Coarse 0 2.27 11 2 

3a Coarse 8 0.83 30 2 
3ab Coarse 0 0.83 30 2 
3abc Coarse 0 0.71 35 2 

3abcd Coarse 8 0.71 35 2 
4 Normal 0 1.56 16 2 
5 Normal 0 1.25 20 2 
6 Normal 0 1 25 2 
7 Normal 5 1 25 2 

7a Normal 8 0.83 30 2 
7ab Normal 0 0.83 30 2 
7abc Normal 0 0.71 35 2 

7abcd Normal 8 0.71 35 2 
8 Normal 8 1 25 2 
9 Normal 12 1 25 2 

10 Normal 17 1 25 2 

11 Fine 0 0.84 30 2 
12 Fine bias 8 0.84 30 2 

      
      

In Table 7.2, 𝑍1 is the edge size in the Z direction for the upper and the lower flow channels 

(mm). 𝑍2 is the number of divisions for the upper and the lower flow channels in the Z-

direction which is equal to (𝛿𝐷1/𝑍1) and 𝑍3 is the number of the divisions for the PV and 

glass covers in the Z direction. A further examination is carried out to refine the mesh at the 

interface between the solid surfaces and the fluid flow to accurately estimate the field flow 

and temperature distribution. Bias criterion is used to refine the mesh in this region, which 

can be defined as the ratio of the largest edge to the smallest edge sizes. The results showed 

that this refinement has only a small effect, this is owing to the fact that flow under a laminar 

regime consists of layers as streamlines and the velocity gradient close to the wall is 

relatively small compared to turbulent flow. The ∆𝑝𝑓 , however, showed a change within this 

particular mesh refinement when Re = 2550 (i.e. at higher Re). The developing region length 

at higher Re becomes longer under these conditions. This is because the entry length, 𝐿𝑒𝑛𝑡  

(m) is a function of hydraulic diameter and Re (see Eq. 7.1) [391]. This means that the 

velocity profile is not fully developed at the entrance, i.e. unlike the rest of duct length where 

the shape of velocity is almost a parabolic profile across the collector, see Fig. 7.1. 

  

𝐿𝑒𝑛𝑡 = 𝐷ℎ  [(0.631)
1.6 + (0.0442Re)1.6 ]

1
1.6⁄ . Eq. 7.1 

  

In conclusion, in order to compromise between the computation time and accuracy, case 

3abcd is adopted in this study for model 2 to 5. 
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Fig. 7.1. Velocity profile for different locations along the lower air channel for model 4 
under laminar flow regime (a) Re = 510, �̅�= 0.1829 (m s-1), �̇�  = 0.0041 (kg s-1) (b) 
Re = 2550, �̅�= 0.9145 (m s-1), �̇� = 0.0204 (kg s-1). 

 
 

 

In order to obtain optimal PV/T air design and reduce the number of simulation runs, three 

steps are considered. The first step is to define the constant and variable parameters that 

are considered during this examination. Secondly, preliminary parametric studies are 

conducted for proposed PV/T air models (models 1, 2, 3, 4 and 5) to identify the best model. 

Thirdly, this best model is then employed in the design optimisation process.  

 

Referring to Section 2.9, the design parameters of PV/T air systems such as mass flow rate 

and the duct of flow are key aspects for achieving efficient and feasible PV/T air. Several 

authors have studied the impact of design parameters on the performance of PV/T air 

collectors [122, 128, 176]. The main parameters are geometrical such as length of collector, 

operational, for instance, mass flow rate and weather conditions, including insolation and 

ambient temperature. The selection of the range of design parameters needs to be 
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addressed as some parameters received little attention in the literature. Therefore, an 

investigation is conducted in the next sub-sections to identify the significance of these 

parameters. 

 

In PV/T air systems, the main geometrical parameters are: 

1. The width of the collector. 

2. The length of the collector. 

3. The lower and upper depth flows. 

4. The thickness of absorber plates and glass. 

5. The thickness of the back insulation.  

The selection of the ranges of geometrical parameters is based on the literature. However, 

when the parameters are not available in the literature, the selection is determined using a 

large range but keeping it applicable to the real-world. Table 7.3 lists the specifications of 

the range of geometrical parameters included in the CFD design optimisation of model 4. 

The optimal design ratio of the length of the collector to hydraulic diameter (𝐿/𝐷ℎ) can be 

found in [50, 122, 130, 131]. This ratio is taken into consideration when selecting the 

depth of flow and length of the collector. The width of the collector is selected based on 

width, which is much greater than the depth of flow. This means that the effect of side 

walls can be assumed to disappear. This means the velocity profile across the width is 

assumed to be as a straight line. 

Table 7.3. Levels of the geometry design parameters used in the CFD design optimisation.  
Symbol Description Values 
𝑤 Collector width 0.8 m [50, 122, 225, 230, 340, 

392-394] 
𝑤slice 3D slice width 0.015 m 
𝛿𝑐𝑢−𝑈 Thickness of upper copper plate located on the back 

surface of the PV module 
0.001 m[394] 

𝛿𝑐𝑢−𝐿 Thickness of the lower copper plate located in lower 
channel flow 

0.001 m[394] 

𝛿𝐷2 Upper depth flow 0.004-0.015 m [50, 121, 122, 151, 
172] 

𝛿𝐷1 Lower depth flow 0.004-0.010 m [50, 151, 172] 
𝛿𝑔 Thickness of glass 4 mm [122, 241, 269] 

𝛿𝑈𝐸  Equivalent thickness of glass and EVA 4.5 mm 
𝛿𝐿𝐸  Equivalent thickness of Si, Tedlar and EVA 1.3 mm 
휀𝑐𝑢 Copper (oxidized) 0.65 [241, 269] 
휀𝑔  Average emissivity of glass 0.92 [241, 269] 

𝐿 Collector length 0.6-1.3 m [26, 151, 172, 225, 340, 
392-395] 

𝐿𝑓 Length of fin (see Fig. 7.24) 0.02 m [289, 290] 

𝑆𝑓 Space between fins (see Fig. 7.24) 0.01 m[289, 290] 

ℎfin Height of fin (see Fig. 7.24) 𝛿𝐷1  0.002 𝑚[289, 290] 
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There are two main functions of PV/T air systems; the first function is to improve PV 

electrical power supply by reducing PV cell temperature. The second function is to supply 

dry/hot air for several applications. Both functions can, however, be used for local/domestic 

and industrial applications. It is also important to note that the PV/T air systems can be 

either integrated into the building [183] referred to as the building integrated 

photovoltaic/thermal (BIPV/T) system or conventional hybrid PV/T air system [396]. The 

BIPV/T systems reduce the cost, contribute by exploiting otherwise unused areas (i.e. walls 

of a building) as well as enhancing the decorated appearance (i.e. facades). In this study, it 

is assumed that the PV/T air systems are connected to the air handling unit (AHU) which is 

used for the air conditioning of the building [183, 249] as shown in Fig. 7.2. 

 
 

 
 

Fig. 7.2. Working principle of the studied BIPV/T system: in (a) winter mode and (b) 
summer mode adapted from [185]. 
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The proposed PV/T air systems are evaluated under two operating weather conditions. The 

first condition examines the PV/T air systems under hot weather, mainly at 45 C,  

1000 W m-2. This temperature is considered as the average of the hottest temperature, and 

it is based on the observation data for Iraq-Baghdad in July (summer of 2018), as shown in  

Fig. 7.3. The second condition evaluates the PV/T systems utilising precooled air (typically 

25 C [183, 249, 339]), where the exhaust air from the building is used as a coolant instead 

of using ambient air (i.e. 45 C). In accordance with the ASHRAE Handbook [339], the 

exhaust air temperature can be assumed to be between (22-24) °C. It is essential to mention 

that this temperature range is estimated for indoor design. However, for BIPV/T system, the 

temperature would be higher than this range, and it depends on different factors, e.g. duct 

fitting and duct insulation type. Thus, the temperature could slightly differ from the indoor 

temperature. As a result, in this study, the second condition is assumed 25 C. 

 

 
 

Fig. 7.3. Insolation and ambient temperature versus time in a typical day in July 2018. 
  

 

 

The material parameters were predetermined by the manufacturer and remained constant 

throughout this study. These parameters can be divided into collector body parts and PV 

module parts. With respect to collector body parts (i.e. air channel frame, glass cover and 
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absorber plates), such as the selection of glass cover material type is based on durability, 

clarity and size of collector. In this study, 4 mm glass cover thickness has been chosen. The 

other materials can be seen in Table 4.2. In terms of PV module parts, PV cell, cell 

encapsulation and Back sheet/Tedlar. For example, the design characteristics of the PV cells 

are determined by the photovoltaic reference efficiencies (𝜂𝑟𝑒𝑓) which are dependent on 

the material type, i.e. mono-crystal silicon (mono c-Si), polycrystalline silicon (poly-Si) or 

non-silicon based film [5-9]. In this study, poly-Si was chosen with packing factor value 0.83, 

12.35 reference efficiency and 0.0041/°C temperature coefficient of power (𝛽𝑟𝑒𝑓)  

[18, 191, 305]. The type of material affects also the optical properties of the PV module, such 

as thermal emissivity (휀). For example, the use of mono c-Si instead of poly-Si solar cells 

enhances the absorption coefficient and subsequently improves the thermal efficiency of 

the PV/T system [18, 191]. However, the packing factor of poly-Si is greater than mono c-Si 

(i.e. more aperture area subjected to incident solar radiation) (Table 7.3 and Table 4.2). The 

poly-Si PV cells are also cheaper than mono c-Si and have a lower temperature coefficient 

of power, (𝛽𝑟𝑒𝑓) [306].  

 

In PV/T air systems, minimising the consumption of fan power is an essential factor. The 

main function of the PV panel is to provide electrical power for utilities rather than driving 

the PV/T air cooling fan. Accordingly, optimisation/minimisation of fan power consumption 

was taken into consideration, where the range of Reynolds number was determined to be 

in laminar flow regime (510-2550) (i.e. low mass flow rate or air velocity) [180, 257]. 

 

In Section 7.5.1, the parameters have defined; the second step is to run parametric studies 

to establish the best performance of a PV/T air collector among five models under the same 

conditions. This model is subsequently employed in the design optimisation process and a 

fin configuration effect study. The parametric study is carried out by varying different 

operational, geometric and weather parameters. Table 7.4 tabulates the values used in this 

parametric study for the collector model designs (models 2 and 5). Model 1 is not a hybrid 

system, and it therefore does not have duct flow and thus does not include in the  

Table 7.4. 
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Table 7.4. Boundary conditions for different design parameters for models 2, 3, 4 and 5.  
Design parameters for models 2, 3 and 5 

𝑇𝑎𝑚𝑏  25 C 45 C 25 C 45 C 

𝐺 1000 W m-2 1000 W m-2 1000 W m-2 1000 W m-2 

𝛿𝐷1 0.025 m 0.025 m 0.025 m 0.025 m 

𝛿𝐷2  0.025 m 0.025 m 0.025 m 0.025 m 

𝐿  1.2 m 1.2 m 1.6 m 1.6 m 

Re �̅�  �̇�  �̅�  �̇�  �̅�  �̇�  �̅�  �̇�  

510 0.1633 0.0039 0.1829 0.0041 0.1633 0.0039 0.1829 0.0041 

1020 0.3265 0.0077 0.3658 0.0081  0.3265 0.0077 0.3658 0.0081  

1530 0.4898 0.0116 0.5487 0.0122  0.4898 0.0116 0.5487 0.0122  

2040 0.6530 0.0155 0.7316 0.0163 0.6530 0.0155 0.7316 0.0163 

2550 0.8163 0.0193 0.9145 0.0204 0.8163 0.0193 0.9145 0.0204 

Design parameters for model 4 

𝑇𝑎𝑚𝑏  25 C 45 C 25 C 45 C 

𝐺 1000 W m-2 1000 W m-2 1000 W m-2 1000 W m-2 

𝛿𝐷1 0.025 m 0.025 m 0.025 m 0.025 m 

𝛿𝐷2  0.025 m 0.025 m 0.025 m 0.025 m 

𝐿  1.2 m 1.2 m 1.6 m 1.6 m 

Re �̅�  �̇�  �̅�  �̇�  �̅�  �̇�  �̅�  �̇�  

255 0.1633/2 0.0039/2 0.1829/2 0.0041/2 0.1633/2 0.0039/2 0.1829/2 0.0041/2 

318.75 0.3265/2 0.0077/2 0.3658/2 0.0081/2  0.3265/2 0.0077/2 0.3658/2 0.0081/2  

425 0.4898/2 0.0116/2 0.5487/2 0.0122/2  0.4898/2 0.0116/2 0.5487/2 0.0122/2  

637.5 0.6530/2 0.0155/2 0.7316/2 0.0163/2 0.6530/2 0.0155/2 0.7316/2 0.0163/2 

1275 0.8163/2 0.0193/2 0.9145/2 0.0204/2 0.8163/2 0.0193/2 0.9145/2 0.0204/2 

         

         

The full explanation of models 1 to 5 is in Section 4.4.1. Sketches of these configurations are 

Fig. 7.4 below. For more detailed sketches, refer to Fig.4.5 to Fig.4.8 and Fig.4.10. In brief, 

model 1 is a standard PV module without active cooling where it is exposed to ambient 

conditions. Model 2 is a single duct single pass PV/T air collector. Model 3 is similar to model 

2 but with an air gap added between the top surface of the PV module and a glass cover. 

Model 4 is a parallel pass double duct where air flows under and over the surfaces of the PV 

module in the same direction (co-current flow). In the fifth configuration, air flows between 

the glass cover and the PV module and reverses in the second pass between the PV panel 

and lower absorber plate, making a U-shape flow (double-pass single duct).  
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Fig. 7.4. Schematics of the various PV/T models along with heat transfer coefficients. 
 
 

Using MATLAB, the operational parameters (mass flow rate and Reynolds number) are 

varied with respect to air temperatures at the inlet (i.e. 25 and 45 C), as seen in Table 7.4. 

The Reynolds number is maintained between 510-2550. The same depth of flow is used for 

the upper and lower channels (0.025 m) [50, 121, 122, 151]. The original width is 0.8 m, 

but the symmetry boundary condition is applied on two sides of the collector with a 3D slice 

width of 0.015 m as seen in Fig. 4.5. For the sake of realistic comparison, all the models use 

the same mass flow rate at the inlet ducts. Models 2, 3, 5 have one air pass inlet, but  

model 4 has two passes (see Fig. 4.7), in which the mass flow rates in the upper and lower 

channels are taken as half of those in the air flow channel of model 2, 3 and 5, as shown in 

Fig. 4.5, Fig. 4.6 and Fig. 4.8. This can also be seen clearly in Table 7.4. 

In order to make a realistic comparison between the proposed PV/T designs, in this 

parametric study, the thermal, hydrodynamic and electrical parameters of five PV/T air 

collectors are evaluated. Four of them are hybrid systems (PV/T air system, models 2 to 5) 

while model 1 is just a standard PV system without active cooling. The reason behind adding 

model 1 to this comparison is to show the effect of hybridisation of PV/T systems. 
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Accordingly, all models are named as PV/T air systems for the sake of simplicity. Five 

parameters are evaluated in this comparison as follows: 

The first parameter is pressure drop along the flow channel for the PV/T air systems. The 

pressure drop versus the Re for the five PV/T air designs under different lengths, 

operational and weather conditions are shown in Fig. 7.5. It can be seen that pressure drop 

values rise with increasing Re, length of collector and the ambient temperature for all PV/T 

air configurations. In terms of length of the collector, it is predicted that with increasing 

length, the pressure drop also increases since it is the main parameters affecting the 

pressure drop in the air channel system. With respect to ambient temperature, the increase 

in the ambient temperature could lead to an increase in the kinematic viscosity of air and 

hence increase the velocity in the duct for the same Re value.  

It can be noted in Fig. 7.5 that models 2 and 3 have almost similar pressure drop values 

because they have only a single pass where the air flows underneath the PV module, as 

shown in Fig. 7.4. On the other hand, model 4 shows the minimum pressure drop value, 

while model 5 has the maximum value. The reason that the pressure drop of model 4 is the 

lowest is that it has two flow channels where the velocity is half that of the other designs 

(models 2, 3 and 5). To clarify based on the Bernoulli and empirical equations used to 

estimate pressure drop and friction factors such as in Chapter 3, the pressure drop is 

governed by a second-order equation, ∆𝑝 ∝ 𝑉2. This means when the value of velocity is  

3 m s-1 for model 4 and the value of velocity is 6 m s-1 for other models, the pressure drop is 

proportional with (3)2 for model 4 and (6)2 for others. On the other hand, model 4 has a 

higher number of walls than model 2 and 3, this will lead to an increase in pressure drop 

(friction factor). 

Model 5 has the maximum pressure drop owing to the U-turn shape, and there is extra 

pressure head in U-flow region where the air moves from the upper to lower channel. In 

other words, there is a significant increase in pressure drop for U-flow model (model 5) 

compared to the other models. This is owing to the induced flow separation in the U-turn 

near the bend and the swirling secondary flow that occurs because of the imbalance of 

centripetal forces as a result of the curvature of the duct centreline [230]. 

The second parameter is thermal efficiency. Fig. 7.6 presents the influence of Re on thermal 

efficiencies for all proposed PV/T air designs under different lengths, operational and 

weather conditions. From the figure, it is seen that as the Re rises, the thermal efficiency 

increases logarithmically owing to increasing in convective heat transfer coefficient. This is 

because the convective heat transfer coefficient is directly proportional to Re. Also, 
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increasing Re leads to an increase in the heat gain (enthalpy) of collectors, which in turn 

increases the thermal efficiency, as shown in Eq. 3.97. Observation of Fig. 7.6 shows that 

model 4 and 5 have almost identical thermal efficiencies specifically at length 1.2 m. While 

at length 1.6 m at either 25 °C or 45 °C, model 4 has higher thermal efficiency than  

model 5. This observation can be attributed to the fact that at larger length (1.6 m) model 4 

has lower local fluid temperature along the PV absorber. Therefore, model 4 cools the PV 

module more efficiently. This means that the temperature difference between the fluid and 

solid becomes smaller and smaller until it becomes negligible. This reduces heat transfer 

dramatically according to Newton’s law of cooling. Another reason is that the cooling occurs 

from lower and upper surfaces simultaneously where fresh air is fed to the upper and lower 

ducts at the same time rather than one side such as in model 5. This can be seen clearly in 

Fig. 7.12, Fig. 7.13 and Fig. 7.14.  

Moreover, it is clearly seen that the thermal efficiency for model 3 is higher than model 2 

because model 3 is covered with glass and this contributes to capturing more heat and the 

glass works as an insulator (enclosure). Finally, in all models, the increase in length reduces 

their thermal efficiency. This is because the mass flow rate is relatively small (laminar 

regime) and after 1.2 m, a saturation in temperature leads to a reduction in the convective 

heat transfer rate as can be seen clearly in Fig. 7.10 and Fig. 7.11 in dashed lines. These 

results confirmed by the findings of [176, 189, 397]. This reduction is owing to the fact that 

the temperature difference (local temperature difference between fluid and solid) and 

hence the convective heat transfer coefficient is reduced.  

The effect of the temperature of the PV module on electrical efficiency under different Re, 

length of PV modules and ambient conditions for five PV/T systems, are shown in Fig. 7.7. 

In general, all models exhibit an increase in electrical efficiency with a decrease in 

temperature of the PV module regardless of the type of model, ambient temperature and 

the length of the collector. Examination of Fig. 7.7 reveals that model 2 has the lowest PV 

module temperature and thus the maximum electrical efficiency. This happens, since the 

top surface of the PV module is subjected to ambient conditions (unglazed) while model 3, 

4 and 5 are glazed. However, in connection with Fig. 7.6, it is obvious that the thermal 

efficiency of model 2 is the lowest, and this is the reason behind the lowest PV module 

temperature. It can also be observed that the second best electrical efficiency is model 4 

regardless of the weather conditions and length of the collector.  

Finally, a comparison between different models to evaluate the combined efficiencies 

(electrical plus thermal) for the PV / T air systems are shown in Fig. 7.8. This figure presents 

the variation of combined efficiencies of the studied models with Re under different weather 
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conditions and lengths. Considering Fig. 7.6 and Fig. 7.7, it can be seen that the maximum 

thermal efficiency is model 4, while the maximum electrical efficiency is model 2, but the 

maximum combined efficiency is model 4. Overall, model 4 has the maximum combined 

efficiency with minimum fan power consumption (minimum pressure drop). 

The group of figures from Fig. 7.9 to Fig. 7.13 present the temperature contours of the 

studied models. Fig. 7.9 shows a side view of the temperature contour of model 1. It is clear 

that the temperature of the PV cell is the highest region, which is rational since the solar 

radiation falls directly on PV cells, and the electrical power is generated in this region. Also, 

there is no effect of changing the length of the PV module on its temperature. This was 

explained in detail in Chapter 5 where the impact of length disappeared after a length of 

1.2 m Fig. 5.24. 

Fig. 7.10 displays a side view of the temperature contour of model 2. It can be seen that the 

temperature increases gradually from inlet to the outlet. In addition, the effect of length on 

the temperature distribution of model 2 can be observed. For example, the maximum 

temperature is 55.2 C for 1.6 m and it is 54.6 C for 1.2 m at ambient temperature of 25 C. 

Similarly, Fig. 7.11 presents the same behaviour of model 2 in terms of gradual increase in 

temperature from inlet to outlet. However, the temperature values are higher than in  

model 2 because the upper channel is an enclosure in which the air is in free convection 

mode (enclosure) and the effect of convection currents can be seen. Finally, Fig. 7.12 and 

Fig. 7.13 demonstrate the effect of the PV length, ambient temperature and the direction of 

flow for models 4 and 5, respectively. It is similar to models 2 and 3 (gradual increase in 

temperature from inlet to outlet), however, model 4 shows the least local fluid temperature 

since the cooling takes place at the lower and upper surfaces of the PV panel at the same 

time. Fig. 7.14 confirms this concept as can be seen the temperature trend of model 4 is 

lower than of model 5 and after length 1.2 m the two trend nearly matches.  

Some important observations are noted in the foregoing paragraphs and can be 

summarized. Firstly, model 4 has the best thermal performance compared with those of 

models 2, 3 and 5. Furthermore, model 4 has the lowest fan power consumption among all 

models unlike model 5 has the maximum fan power consumption. Model 2 has a lower PV 

module temperature and thus the maximum electrical efficiency. Finally, model 4 has the 

best total efficiency with lowest pressure drop, thus this model is selected to include for the 

next step of optimisation. These findings are confirmed by [122, 398].  
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Fig. 7.5. Pressure drop along the duct versus Re (510-2550) of the studied PV/T systems 
using different lengths (1.2 m and 1.6 m) and weather conditions (25 C and 45 C). 
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Fig. 7.6. Thermal efficiencies versus Re (510-2550) of the studied PV/T systems using 
different lengths (1.2 m and 1.6 m) and weather conditions (25 C and 45 C). 
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Fig. 7.7. PV module temperatures and the electrical efficiencies versus Re (510-2550) of 
the studied PV/T systems using different lengths (1.2 m and 1.6 m) and weather 
conditions (25 C and 45 C). 
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Fig. 7.8. Combined efficiencies versus Re (510-2550) of the studied PV/T systems using 
different lengths (1.2 m and 1.6 m) and weather conditions (25 C and 45 C). 
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Fig. 7.9. Side view of temperature contours for model 1 showing the temperature profile 
of the PV module layers using different lengths (1.2 m and 1.6 m) and weather conditions 
(25 C and 45 C) under steady state conditions.  
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Fig. 7.10. Side view of temperature contours for model 2 showing the temperature profile 
along the PV module and air flow channel using different lengths (1.2 m and 1.6 m) and 
weather conditions (25 C and 45 C) under steady state conditions.  
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Fig. 7.11. Side view of temperature contours for model 3 showing the temperature profile 
along the PV module and air flow channel using different lengths (1.2 m and 1.6 m) and 
weather conditions (25 C and 45 C) under transient conditions. 
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Fig. 7.12. Side view of temperature contours for model 4 showing the temperature profile 
along the PV module and air flow channel using different lengths (1.2 m and 1.6 m) and 
weather conditions (25 C and 45 C) under steady state conditions. 
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Fig. 7.13. Side view of temperature contours for model 5 showing the temperature profile 
along the PV module and air flow channel using different lengths (1.2 m and 1.6 m) and 
weather conditions (25 C and 45 C) under steady state conditions.  
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Fig. 7.14. Temperature distribution of local temperature of model 4 and 5 along the PV 
module from inlet to outlet.  

 

 

The results from the parametric study show that model 4 has the best performance with 

minimum fan power consumption. Therefore, model 4 has been selected to employ in the 

optimisation process. The thermal, electrical and hydrodynamic analyses performed in the 

parametric study section are now extended to carry out a formal optimisation study of 

model 4. Integrating optimisation techniques with the CFD methodology to find the optimal 

design could efficiently contribute in providing great benefits. The emphasis, then, of this 

section is on the formulation of an optimisation problem. 

 

To perform optimisation for the PV/T air system design a number of steps are considered. 

Firstly, multi-objective functions are formulated, with the goal to minimise the fan power 

and maximise the electrical power for one case, and to maximise both the electric and the 

thermal efficiencies for the second case. Secondly, the objectives are parameterised in terms 

of length of a collector (𝐿), the depth of the lower air flow channel (𝛿𝐷1) and the upper air 

flow channel (𝛿𝐷2). Since the range of geometry parameters has already been selected in 

Section 7.5.1.1 (Table 7.3), now, the next step is to use this range to generate the design of 

experiments (DOE). To obtain the DOE, an Optimal Latin Hypercube (OLH) is employed, 
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which uses a permutation genetic algorithm, to ensure a uniform distribution of the points 

within the design space using combinations of the parameters 𝛿𝐷1,  𝛿𝐷2, and 𝐿, see Fig. 7.16 

[399]. Fig. 7.15 shows the sketch of model 4 illustrating the range of geometry parameters 

and boundary conditions including the operational and weather conditions. 

Thirdly, a 3D CFD simulation is employed at the generated DOE points to obtain the 

corresponding responses and the results can be seen in Table 7.5 and Table 7.6. In design 

optimisation, A surrogate model can be defined as an engineering method utilised in which 

an outcome of interest is not straightforwardly directly measured; a model of the outcome 

is adopted instead. Most engineering design problems need experiments and/or 

simulations to evaluate design objective and constraint functions as a function of design 

variables. The use of Surrogate models are crucial since they mimic the behaviour of the 

CFD model as close as possible while being computationally cheaper to evaluate compared 

to the computational time of the CFD modelling. These models have been proven successful 

for a range of engineering applications, e.g. the design optimisation of fluid flow and heat 

transfer problems [400, 401]. Surrogate models (response surface functions) are generated 

using a Radial Basis Function (RBF) method from a set of known values at specified DOE 

points [332, 400, 402]. After that, the Pareto front is obtained using the genetic algorithm 

technique to provide designers with the opportunity to select the most convenient 

compromise point among the optimum designs. In the next section, the analysis of 

optimisation results for different Pareto front curves is discussed. The Pareto frontier is the 

set of all Pareto efficient allocations, conventionally shown graphically. It also is commonly 

known as the Pareto front or Pareto set. Also,   Genetic algorithms are a type of optimization 

algorithm, meaning they are used to find the optimal solution(s) to a given computational 

problem that maximizes or minimizes a particular function. 
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Fig. 7.15. Schematic of model 4 showing the range of geometrical parameters and 
boundary conditions of model 4. 

 
 

 
 

Fig. 7.16. Illustration of the DOE points: (a) Lower depth of flow (𝛿𝐷1) versus upper depth 
of flow 𝛿𝐷2, (b) Lower depth of flow (𝛿𝐷1) versus length of the collector (𝐿), (c) Upper 
depth of flow (𝛿𝐷2) versus length of collector (𝐿) 
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Table 7.5. Fifty DOE points and their CFD results for four objective functions of model 4 for 
low temperature weather (25 C). 

𝐿  
(m) 

𝛿𝐷1 
(m) 

𝛿𝐷2 
(m) 

�̅�𝐿  
(m s-1) 

�̅�𝑈  
(m s-1) 

�̇�  
(kg s-1) 

𝜂𝑡ℎ 𝜂𝑃𝑉 
𝑃𝑓 

(W) 
𝑃𝑃𝑉 
(W) 

0.6 0.004 0.004 4.97 4.97 0.0377 47.10 11.74 13.34 42.09 

0.6 0.01 0.004 2.00 4.97 0.0378 45.84 11.61 7.37 41.63 

0.6 0.004 0.015 4.97 1.34 0.0380 40.12 11.58 7.05 41.52 

0.6 0.01 0.015 2.00 1.34 0.0381 49.89 11.37 0.99 40.77 

1.3 0.004 0.004 4.97 4.97 0.0377 45.56 11.48 22.92 89.16 

1.3 0.01 0.004 2.00 4.97 0.0378 43.36 11.31 12.44 87.84 

1.3 0.004 0.015 4.97 1.34 0.0380 36.26 11.27 12.14 87.54 

1.3 0.01 0.015 2.00 1.34 0.0381 43.83 11.00 1.40 85.45 

0.92439 0.004 0.00749 4.97 2.67 0.0378 44.35 11.51 10.72 63.55 

1.0268 0.00415 0.01285 4.79 1.57 0.0379 39.61 11.38 9.36 69.83 

1.2146 0.00429 0.0099 4.64 2.02 0.0378 41.50 11.34 10.04 82.30 

0.63415 0.00444 0.00776 4.48 2.58 0.0378 46.34 11.61 6.56 44.00 

0.83902 0.00459 0.01044 4.34 1.92 0.0379 43.54 11.46 6.52 57.47 

0.8561 0.00473 0.01366 4.21 1.47 0.0379 41.47 11.41 5.82 58.37 

0.87317 0.00488 0.0048 4.08 4.15 0.0377 47.42 11.56 10.22 60.30 

1.2659 0.00502 0.00722 3.97 2.77 0.0378 44.84 11.34 8.32 85.76 

1.0951 0.00517 0.00561 3.85 3.55 0.0378 46.86 11.44 9.01 74.83 

0.61707 0.00532 0.01098 3.74 1.83 0.0379 46.17 11.54 3.85 42.55 

1.0439 0.00546 0.01017 3.65 1.97 0.0379 44.35 11.34 5.10 70.73 

1.2829 0.00561 0.01205 3.55 1.67 0.0379 41.77 11.22 5.21 85.98 

1.1122 0.00576 0.01446 3.46 1.39 0.0380 41.42 11.24 4.25 74.70 

0.70244 0.0059 0.01393 3.38 1.45 0.0380 44.95 11.43 3.05 47.99 

0.80488 0.00605 0.00802 3.30 2.49 0.0378 47.66 11.46 4.09 55.10 

1.1976 0.0062 0.00454 3.22 4.38 0.0378 46.47 11.40 10.81 81.61 

1.1634 0.00634 0.00829 3.15 2.41 0.0378 45.75 11.29 4.60 78.51 

0.6 0.00649 0.00615 3.07 3.24 0.0378 49.39 11.60 4.20 41.58 

0.82195 0.00663 0.00427 3.01 4.66 0.0378 47.43 11.54 8.98 56.70 

0.90732 0.00678 0.01339 2.94 1.50 0.0380 45.00 11.30 2.64 61.24 

0.71951 0.00693 0.01071 2.88 1.87 0.0379 47.93 11.42 2.48 49.12 

1.1805 0.00707 0.01151 2.82 1.74 0.0379 44.45 11.20 3.01 78.98 

1.2317 0.00722 0.0142 2.77 1.42 0.0380 42.64 11.13 2.69 81.93 

0.77073 0.00737 0.00695 2.71 2.87 0.0378 48.93 11.46 3.51 52.77 

0.95854 0.00751 0.0091 2.66 2.20 0.0379 47.45 11.31 2.84 64.81 

1.061 0.00766 0.00534 2.61 3.73 0.0378 47.39 11.38 6.21 72.13 

1.2488 0.0078 0.00588 2.56 3.39 0.0378 46.43 11.29 5.73 84.21 

1.3 0.00795 0.00937 2.51 2.14 0.0379 45.33 11.16 3.02 86.72 

0.65122 0.0081 0.01259 2.47 1.60 0.0380 48.87 11.41 1.63 44.39 

1.0098 0.00824 0.01232 2.43 1.63 0.0380 46.17 11.21 1.97 67.65 

0.68537 0.00839 0.00507 2.38 3.93 0.0378 48.46 11.54 5.00 47.26 

0.75366 0.00854 0.01473 2.34 1.37 0.0381 47.51 11.30 1.45 50.90 

1.0781 0.00868 0.015 2.31 1.34 0.0381 44.89 11.13 1.65 71.70 

0.66829 0.00883 0.00883 2.27 2.27 0.0379 50.04 11.44 1.97 45.67 
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𝐿  
(m) 

𝛿𝐷1 
(m) 

𝛿𝐷2 
(m) 

�̅�𝐿  
(m s-1) 

�̅�𝑈  
(m s-1) 

�̇�  
(kg s-1) 

𝜂𝑡ℎ 𝜂𝑃𝑉 
𝑃𝑓 

(W) 
𝑃𝑃𝑉 
(W) 

1.1463 0.00898 0.00856 2.23 2.34 0.0379 46.97 11.21 2.63 76.77 

0.97561 0.00912 0.004 2.20 4.97 0.0378 45.27 11.44 10.28 66.71 

0.99268 0.00927 0.00668 2.16 2.99 0.0379 47.85 11.32 3.45 67.13 

0.94146 0.00941 0.00963 2.13 2.08 0.0380 48.19 11.26 1.93 63.33 

0.89024 0.00956 0.01312 2.10 1.53 0.0380 47.68 11.22 1.37 59.67 

0.7878 0.00971 0.00641 2.06 3.11 0.0379 48.75 11.41 3.17 53.72 

0.73659 0.00985 0.01124 2.03 1.79 0.0380 49.61 11.33 1.38 49.85 

1.1293 0.01 0.01178 2.00 1.71 0.0380 46.38 11.12 1.57 75.02 

          

In Table 8.6, 𝐿 is the length of the channel, 𝛿𝐷1 and 𝛿𝐷2 are the lower and upper depth of 

flows (m) and, �̅�𝐿 and �̅�𝑈 are the lower and upper mean inlet velocity (m s-1). 

 
Table 7.6. Fifty DOE points and their CFD results for four objective functions of model 4 for 
high temperature weather (45 C). 

𝐿  
(m) 

𝛿𝐷1 
(m) 

𝛿𝐷2 
(m) 

�̅�𝐿 
(m s-1) 

�̅�𝑈 
(m s-1) 

�̇� 
(kg s-1) 

𝜂𝑡ℎ 𝜂𝑃𝑉 
𝑃𝑓 

(W) 
𝑃𝑃𝑉 
(W) 

0.6 0.004 0.004 5.57 5.57 0.0397 46.45 10.76 17.55 38.57 

0.6 0.01 0.004 2.24 5.57 0.0398 45.59 10.64 9.69 38.14 

0.6 0.004 0.015 5.57 1.51 0.0399 39.49 10.61 9.26 38.04 

0.6 0.01 0.015 2.24 1.51 0.0401 49.44 10.42 1.30 37.35 

1.3 0.004 0.004 5.57 5.57 0.0397 45.10 10.51 30.05 81.67 

1.3 0.01 0.004 2.24 5.57 0.0398 43.27 10.36 16.32 80.45 

1.3 0.004 0.015 5.57 1.51 0.0399 35.50 10.32 15.86 80.20 

1.3 0.01 0.015 2.24 1.51 0.0401 43.12 10.08 1.83 78.33 

0.92439 0.004 0.00749 5.57 2.99 0.0398 43.73 10.54 14.06 58.23 

1.0268 0.00415 0.01285 5.37 1.75 0.0399 38.90 10.43 12.26 63.98 

1.2146 0.00429 0.0099 5.20 2.27 0.0398 40.90 10.39 13.35 75.41 

0.63415 0.00444 0.00776 5.02 2.88 0.0398 45.77 10.64 8.65 40.33 

0.83902 0.00459 0.01044 4.86 2.15 0.0398 42.95 10.51 8.61 52.68 

0.8561 0.00473 0.01366 4.71 1.65 0.0399 40.82 10.46 7.70 53.51 

0.87317 0.00488 0.0048 4.57 4.65 0.0397 47.11 10.59 13.44 55.28 

1.2659 0.00502 0.00722 4.44 3.10 0.0398 44.37 10.39 10.97 78.57 

1.0951 0.00517 0.00561 4.32 3.98 0.0397 46.40 10.48 11.85 68.56 

0.61707 0.00532 0.01098 4.19 2.05 0.0399 45.79 10.57 5.08 38.99 

1.0439 0.00546 0.01017 4.09 2.21 0.0399 43.77 10.39 6.70 64.81 

1.2829 0.00561 0.01205 3.98 1.87 0.0399 41.19 10.28 6.83 78.78 

1.1122 0.00576 0.01446 3.88 1.56 0.0400 40.89 10.30 5.58 68.46 

0.70244 0.0059 0.01393 3.79 1.62 0.0400 44.36 10.48 4.03 43.98 

0.80488 0.00605 0.00802 3.69 2.79 0.0398 47.28 10.50 5.37 50.49 

1.1976 0.0062 0.00454 3.60 4.91 0.0397 46.32 10.45 14.15 74.77 

1.1634 0.00634 0.00829 3.52 2.70 0.0398 45.40 10.35 6.02 71.93 

0.6 0.00649 0.00615 3.44 3.63 0.0398 49.15 10.63 5.54 38.10 

0.82195 0.00663 0.00427 3.37 5.22 0.0397 47.10 10.58 11.90 51.96 
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𝐿  
(m) 

𝛿𝐷1 
(m) 

𝛿𝐷2 
(m) 

�̅�𝐿 
(m s-1) 

�̅�𝑈 
(m s-1) 

�̇� 
(kg s-1) 

𝜂𝑡ℎ 𝜂𝑃𝑉 
𝑃𝑓 

(W) 
𝑃𝑃𝑉 
(W) 

0.90732 0.00678 0.01339 3.30 1.68 0.0400 44.39 10.35 3.46 56.12 

0.71951 0.00693 0.01071 3.23 2.10 0.0399 47.47 10.47 3.26 45.01 

1.1805 0.00707 0.01151 3.16 1.95 0.0399 43.97 10.26 3.96 72.37 

1.2317 0.00722 0.0142 3.10 1.59 0.0400 42.03 10.20 3.54 75.09 

0.77073 0.00737 0.00695 3.04 3.22 0.0398 48.63 10.50 4.61 48.35 

0.95854 0.00751 0.0091 2.98 2.46 0.0399 46.91 10.37 3.72 59.39 

1.061 0.00766 0.00534 2.92 4.18 0.0398 46.98 10.42 8.20 66.09 

1.2488 0.0078 0.00588 2.87 3.80 0.0398 46.29 10.34 7.51 77.16 

1.3 0.00795 0.00937 2.82 2.39 0.0399 44.88 10.23 3.96 79.46 

0.65122 0.0081 0.01259 2.76 1.79 0.0400 48.41 10.45 2.14 40.67 

1.0098 0.00824 0.01232 2.72 1.83 0.0400 45.56 10.27 2.59 61.99 

0.68537 0.00839 0.00507 2.67 4.40 0.0398 48.18 10.57 6.61 43.30 

0.75366 0.00854 0.01473 2.62 1.53 0.0400 46.96 10.36 1.90 46.64 

1.0781 0.00868 0.015 2.58 1.51 0.0401 44.12 10.20 2.17 65.71 

0.66829 0.00883 0.00883 2.54 2.54 0.0399 49.70 10.48 2.59 41.84 

1.1463 0.00898 0.00856 2.50 2.62 0.0399 46.48 10.27 3.46 70.35 

0.97561 0.00912 0.004 2.46 5.57 0.0398 44.93 10.48 13.51 61.11 

0.99268 0.00927 0.00668 2.42 3.35 0.0399 47.44 10.37 4.53 61.51 

0.94146 0.00941 0.00963 2.38 2.33 0.0399 47.62 10.32 2.54 58.04 

0.89024 0.00956 0.01312 2.35 1.72 0.0400 47.04 10.28 1.80 54.68 

0.7878 0.00971 0.00641 2.31 3.49 0.0399 48.47 10.46 4.18 49.23 

0.73659 0.00985 0.01124 2.28 2.00 0.0400 49.13 10.38 1.81 45.68 

1.1293 0.01 0.01178 2.24 1.91 0.0400 45.83 10.19 2.07 68.75 

          
          

 

Firstly, a surrogate-based optimisation is carried out with the goal to maximise both the 

electric and the thermal efficiencies as previously undertaken by previous authors [67]. 

This will then be followed by reformulating the design optimisation problem in order to 

minimise the fan power consumption and maximise electrical power. The current design 

optimisation studies are also performed to investigate the significance of the temperature 

operating conditions, low temperature (25 °C) and high temperature (45 °C). These two 

temperatures are found to be an appropriate representation for low and high temperatures 

in the geographical regions under investigations. Illustrative examples of functions 𝜂𝑃𝑉  and 

𝜂𝑡ℎ  in terms of the design variables 𝛿𝐷1 and 𝛿𝐷2  and 𝐿  are shown in 

 Fig. 7.17 and Fig. 7.18 respectively. The multi-objective genetic algorithm (GA) technique, 

which is founded in [403, 404], is utilised to obtain the Pareto front curves for the four 

objectives i.e. the fan power (𝑃𝑓) and the electrical power (𝑃𝑃𝑉) on one hand, the electric 

efficiency (𝜂𝑃𝑉) and the thermal efficiency (𝜂𝑡ℎ) on the other hand.  
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 Fig. 7.17. Function of  𝜂𝑃𝑉  from the surrogate model at low high condition (25 C). 
 
 

 

 
Fig. 7.18. Function of 𝜂𝑡ℎ  from the surrogate model at low high condition (25 C). 

 
 

The first Pareto front curve represents the design optimisation analysis in terms of thermal 

and electrical efficiencies at low temperature (25 °C) as presented in Fig. 7.19. Inspection of 
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Fig. 7.19 reveals that it cannot move along the optimised design points lying on the Pareto 

front to reduce thermal efficiency without increasing the electrical efficiency. One of the 

compromise points is P3 in which the thermal and electrical efficiencies are 49.1889 and 

11.6064. The geometry parameters of this point are 𝐿 =0.6080, 𝛿𝐷1 = 0.0064 m and 

𝛿𝐷1 = 0.0057 m. Referring to Fig. 7.19 and Table 7.7, it can be seen that there are five design 

points, which lying on the Pareto front, are highlighted. In order to ensure the accuracy of 

results, the validation of the five points is performed as detailed in Table 7.7 and Fig. 7.19. 

The results exhibit very good agreement between the estimated and CFD results.  

 
 

 

 
Fig. 7.19. Pareto front showing the compromises that can be struck in maximising both 
𝜂𝑡ℎ and 𝜂𝑃𝑉  together with five representative design points (e.g. P1-P5) used for the PV/T 
performance analysis illustrated in Table 7.7 when operating at 25 °C. 
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Table 7.7. PV/T design performance of model 4 at five operating conditions points located 
on the Pareto front together with CFD validation, as shown in Fig. 7.19 when operating at 
25 °C. 

Design points for Pareto front Metamodels CFD validation Relative error 

Case L (m) 𝛿𝐷1 (m) 𝛿𝐷2 (m) 𝜂𝑡ℎ  𝜂𝑃𝑉 𝜂𝑡ℎ  𝜂𝑃𝑉 𝜂𝑡ℎ  (%) 𝜂𝑃𝑉 (%) 

P1 0.6000 0.0100 0.0110 50.5326 11.4169 50.8080 11.4200 0.5420 0.0268 
P2 0.6089 0.0076 0.0071 49.9194 11.5383 49.9310 11.5380 0.0231 0.0023 
P3 0.6080 0.0064 0.0057 49.1889 11.6064 49.2010 11.6040 0.0246 0.0206 
P4 0.6074 0.0053 0.0044 48.2299 11.6777 48.1070 11.6750 0.2555 0.0229 
P5 0.6000 0.0040 0.0040 47.0980 11.7380 47.0970 11.7380 0.0022 0.0000 

          
          

The second Pareto front curve is the design optimisation analysis of model 4 in terms of 

thermal and electrical efficiencies at high temperature (45 °C), as shown in Fig. 7.20. 

Similarly to low-temperature design optimisation case, Fig. 7.20 indicates that no 

dominated point gives both maximum values for two objectives. A selected compromise 

point is P3, where the thermal and electrical efficiencies are 48.9896 and 10.6273. The 

geometry parameters of this point are 𝐿 = 0.6131, 𝛿𝐷1 = 0.0065 m and 𝛿𝐷1 = 0.0058 m. 

Five candidate optimum designs have been selected from the Pareto front, as shown in  

Fig. 7.20 and Table 7.8. Similarly to the low-temperature case, the validation of the five 

points is performed which shown in Fig. 7.20 and Table 7.8. The results indicate that there 

is very good agreement between the predicted and CFD results.  
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Fig. 7.20. Pareto front showing the compromises that can be struck in maximising both 
𝜂𝑡ℎ and 𝜂𝑃𝑉  together with five representative design points (e.g. P1-P5) used for the PV/T 
performance analysis illustrated in Table 7.8 when operating at 45°C. 

 
 

Table 7.8. PV/T design performance of model 4 at five operating conditions points located 
on the Pareto front together with CFD validation, as shown in Fig. 7.20 when operating at 
45 °C. 

Design points for Pareto front Metamodels CFD validation Relative Error 

Case L (m) 𝛿𝐷1 (m) 𝛿𝐷2 (m) 𝜂𝑡ℎ  𝜂𝑃𝑉 𝜂𝑡ℎ  𝜂𝑃𝑉 𝜂𝑡ℎ  (%) 𝜂𝑃𝑉 (%) 

P1 0.6171 0.0100 0.0094 50.0005 10.4761 50.4130 10.4760 0.8183 0.0006 
P2 0.6134 0.0081 0.0071 49.7368 10.5598 49.7930 10.5600 0.1129 0.0021 
P3 0.6131 0.0065 0.0058 48.9896 10.6273 49.0110 10.6270 0.0436 0.0026 
P4 0.6181 0.0059 0.0042 48.0327 10.6863 47.5910 10.6890 0.9281 0.0257 
P5 0.6000 0.0040 0.0040 46.4510 10.7560 46.4510 10.7560 0.0000 0.0000 

          
          

On the other hand, in terms of design optimisation of power fan and electrical power,  

Fig. 7.21 and Fig. 7.22 present the design of experiments, the Pareto front curves and the 

validation points of model 4 at a low and high temperature, 25 °C and 45 °C respectively. 

Furthermore, the impact of the two objective functions of interest is shown in these figures. 

The most significant result in these figures is that the impact of increasing the fan power on 
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PV power generation almost disappeared after the compromise point (P3), see Fig. 7.21 and 

Fig. 7.22. In other words, in Fig. 7.21 and Fig. 7.22, there is a clear trend of a slight increase 

in electrical power generation compared to huge increase in fan power consumption after 

P3. It should be mentioned that the main variables affect the electrical power generation are 

the collector dimensions (length, depth of flows); however, this study offers the best 

compromise point (P3) for this range of collector dimensions. Finally, two validations are 

performed for Pareto front curves for low and high temperatures, as illustrated in Table 7.9, 

Table 7.10, Fig. 7.21 and Fig. 7.22. The predicted results are in agreement with CFD results. 

 
 

 

 
Fig. 7.21. Pareto front showing the compromises that can be struck in minimising the fan 
power and maximising electrical power together with five representative design points 
(e.g. P1-P5) used for the PV performance analysis illustrated in Table 7.9 when operating 
at 25 °C. 
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Table 7.9. PV/T design performance of model 4 at five operating conditions points located 
on the Pareto front together with CFD validation, as shown in Fig. 7.21 when operating at 
25 °C. 

Design points for Pareto front Metamodels CFD validation Relative Error 

Case L (m) 𝛿𝐷1 (m) 𝛿𝐷2(m) 𝑃𝑓  (W) 𝑃𝑃𝑉  (W) 𝑃𝑓  (W) 𝑃𝑃𝑉  (W) 𝑃𝑓  (%) 𝑃𝑃𝑉  (%) 

P1 0.6000 0.0100 0.0150 0.9904 40.7680 0.9566 40.7480 0.0491 3.5312 
P2 0.9756 0.0100 0.0150 1.1578 64.9089 1.1697 64.8840 0.0384 1.0162 
P3 1.3000 0.0100 0.0149 1.4056 85.4630 1.3588 85.4010 0.0726 3.4471 
P4 1.2987 0.0059 0.0046 12.6832 88.3088 11.6000 88.1170 0.2177 9.3380 
P5 1.3000 0.0040 0.0040 22.9220 89.1630 20.9160 88.9070 0.2879 9.5907 

 
 

 

Fig. 7.22. Pareto front showing the compromises that can be struck in minimising the fan 
power and maximising electrical power together with five representative design points 
(e.g. P1-P5) used for the PV/T performance analysis illustrated in Table 7.10 when 
operating at 45 °C. 
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Table 7.10. PV/T design performance of model 4 at five operating conditions points located 
on the Pareto front together with CFD validation, as shown in Fig. 7.22 when operating at 
45 °C. 

Design points for Pareto front Metamodels CFD validation Relative Error 

Case L (m) 𝛿𝐷1 (m) 𝛿𝐷2(m) 𝑃𝑓  (W) 𝑃𝑃𝑉  (W) 𝑃𝑓  (W) 𝑃𝑃𝑉  (W) 𝑃𝑓  (%) 𝑃𝑃𝑉  (%) 

P1 0.6000 0.0100 0.0150 1.3023 37.3500 1.2268 37.3160 0.0911 6.1542 
P2 0.9712 0.0100 0.0150 1.5125 59.2303 1.4887 59.1710 0.1003 1.5963 
P3 1.3000 0.0100 0.0150 1.8333 78.3270 1.7297 78.2150 0.1432 5.9895 
P4 1.2996 0.0052 0.0055 15.5108 80.9034 14.9800 80.5970 0.3801 3.5432 
P5 1.3000 0.0040 0.0040 30.0530 81.6650 28.2670 81.2990 0.4502 6.3183 

          
          

Finally, Fig. 7.23 and Table 7.11 present the main findings of this chapter for five PV systems 

under similar conditions. It can be observed that the use of precooled air effectively 

contributes to improving electrical performance by 15% to 18%. For example, when the 

electrical efficiency of model 1PV-45 is 9.93%, while, model 4PV/T-25 with precooled air has an 

electrical efficiency of 11.74%. This an improvement by 18% compared to model 1PV-45. In 

addition, the PV module temperature decreased from 72.28 C in model 1PV-45 to 36.94 C in 

model 4PV/T-25 with precooled air. 

 
 

  
Fig. 7.23. Comparison between different PV and PV/T systems showing the impact of the 
temperature of the PV module on electrical efficiency under similar conditions for model 
1STC, model 1PV-25, model 1PV-45, model 4PV/T-25, model 4PV/T-25 and model 4PV/T-45. 
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In Fig. 7.23 and Table 7.11, 𝜂𝑟𝑒𝑓  and  𝑇𝑟𝑒𝑓  are the reference electrical efficiency and the 

temperature of the PV module at standard conditions (STC) respectively (model 1STC). 

𝑇𝑃𝑉−25 and 𝜂𝑃𝑉−25 are the electrical efficiency and the temperature of the PV module at low 

temperature (25 C) (model 1PV-25). In this model, the system is exposed to ambient 

conditions without cooling. 𝑇𝑃𝑉−45 and 𝜂𝑃𝑉−45 are similar to model 1PV-25 but the electrical 

efficiency and the temperature of the PV module are evaluated at high temperature (45 C) 

(model 1PV-45). 𝜂𝑃𝑉/𝑇−25 and 𝑇𝑃𝑉/𝑇−25 are the electrical efficiency and the temperature of the 

PV module at low temperature (25 C) of the hybrid PV/T air system (model 4PV/T-25). In 

model 4PV/T-25, the PV/T air system uses precooled air the exhaust air of the building as a 

coolant instead of using ambient air (i.e. 45 C). 𝑇𝑃𝑉/𝑇−45 and 𝜂𝑃𝑉/𝑇−25 are similar to model 

4PV/T-25 however, the electrical efficiency and the temperature of the PV module are 

evaluated at high temperature (45 C) (model 4PV/T-45). 𝑃𝐸𝑇𝑚𝑝𝑣  is the percentage reduction 

of the PV module temperature between 𝑇𝑃𝑉−45  and 𝑇𝑃𝑉/𝑇−25 . 𝑃𝐸𝜂𝑃𝑉  is the percentage 

enhancement of the PV module efficiency between 𝜂𝑃𝑉−45 and 𝜂𝑃𝑉/𝑇−25.  

Table 7.11. Comparison between different PV and PV/T systems showing the impact of the 
temperature of the PV module on electrical efficiency under similar conditions for model 
1STC, model 1PV-25, model 1PV-45, model 4PV/T-25, model 4PV/T-25 and model 4PV/T-45. 

PV temperatures, 𝑇𝑚𝑝𝑣  (C) 

𝑇𝑟𝑒𝑓  𝑇𝑃𝑉/𝑇−25 𝑇𝑃𝑉−25 𝑇𝑃𝑉/𝑇−45 𝑇𝑃𝑉−45 

25.00 43.224 52.73 61.86 72.28 
25.00 40.888 52.73 60.20 72.28 
25.00 39.577 52.73 58.89 72.28 
25.00 38.173 52.73 57.66 72.28 
25.00 36.943 52.73 56.33 72.28 

Electrical Efficiencies, 𝜂𝑃𝑉 (%) 
𝜂𝑟𝑒𝑓 𝜂𝑃𝑉/𝑇−25 𝜂𝑃𝑉−25 𝜂𝑃𝑉/𝑇−45 𝜂𝑃𝑉−45 

12.35 11.42 10.92 10.47 9.93 
12.35 11.54 10.92 10.56 9.93 
12.35 11.61 10.92 10.62 9.93 
12.35 11.68 10.92 10.69 9.93 
12.35 11.74 10.92 10.76 9.93 

𝑃𝐸𝑇𝑚𝑝𝑣 , percentage reduction of the PV module temperature between 𝑇𝑃𝑉−45 and 𝑇𝑃𝑉/𝑇−25(%) 

40.20 43.43 45.24 47.19 48.89 
𝑃𝐸𝜂𝑃𝑉 , percentage enhancement of the PV module efficiency between 𝜂𝑃𝑉−45 and 𝜂𝑃𝑉/𝑇−25 (%) 

15.01 16.21 16.92 17.62 18.23 
 
 

 

In this section, the flow configuration in model 4 is modified to include a staggered off-set 

strip fin arrangement (model 4-A). The mesh independence study, boundary conditions, 

assumptions, numerical methods and validation were detailed in Chapter 4. For a full 
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description of model 4-A, see Fig. 4.9 while For a brief description, see Fig. 7.24. The 

dimensions of fins are chosen based on [289, 290]. The thermal, electrical and 

hydrodynamic parameters of this system are examined in three stages. Before starting the 

stages, it should be noted that the names of models in this section are as follows: model 4non, 

model 4-Anon, model 4opt and model 4-Aopt. Model 4non and model 4-Anon are model 4 (with 

and without fins, respectively, using the common dimensions from literature (non-

optimised models). Model 4opt is similar to Model 4non, but this model is optimised model 

under low condition (i.e. Table 7.7 (P1-P5)). Model 4-Aopt is also similar to model 4-Anon but 

using the optimal dimensions that result from the optimisation process of model 4 (i.e.  

Table 7.7 (P1-P5)). The first stage is to evaluate the effect of fin gap (see Fig. 7.24) on the 

performance of model 4-A. Secondly, the examination of model 4-Anon and model 4non. 

Finally, a comparison is conducted using the optimal dimensions that result from the 

optimisation process of model 4opt (i.e. Table 7.7 (P1-P5)) to evaluate the finned model 

(model 4-Aopt).  

 
 

 
 

Fig. 7.24. Sectional front (a) and side (b) views of model 4-A. 
 
 

Firstly, the fin gap is that between the top surface of the lower absorber plate and the lower 

surface of fins, as shown in Fig. 7.24. The effect of the fin gap on the overall PV/T 

performance is investigated. The weather conditions are constant during this examination. 

Incident solar radiation is 1000 W m-2 ambient temperature is 40 °C. The ambient 

temperature is assumed to equal to the fluid inlet temperature. The other boundary 
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conditions and dimensions can be seen in Table 7.12. Four different fin gaps are considered, 

2 mm, 1.5 mm, 1 mm and 0 mm. 

Table 7.12. Dimensions and boundary conditions of model 4-Anon (fin gap examination). 

Case 
L  

(m) 
𝛿𝐷1  
(m) 

𝛿𝐷2 
(m) 

𝐿𝑓  

(m) 

𝑆𝑓  

(m) 
𝑤 

(m) 
Re 

�̅� 
(m s-1) 

�̇� 
(kg s-1) 

1 1.2 0.025 0.025 0.048 0.01 0.6 410.56 0.145 0.0052 
2 1.2 0.025 0.025 0.048 0.01 0.6 513.20 0.181 0.0065 
3 1.2 0.025 0.025 0.048 0.01 0.6 684.27 0.241 0.0087 
4 1.2 0.025 0.025 0.048 0.01 0.6 1026.41 0.361 0.0130 
5 1.2 0.025 0.025 0.048 0.01 0.6 2052.81 0.723 0.0261 
          
          

The impact of various fin gaps on the overall performance of model 4-Anon is shown in  

Fig. 7.25. It is seen that when the fin gap increases the overall efficiency of PV/T air system 

increases, particularly at the 2 mm fin gap. This enhancement can be attributed to the fact 

that the fin gap allows the air to flow underneath the fins which enables the flow of heat 

from the lower surface of the fins (from the upper to the lower direction of the fins). This 

means that there is an interaction between the air and the solid face in this region by 

convection-conduction. Another advantage from this investigation is that the pressure drop 

along the duct is decreased by up to a 10.5% decrease, as shown in Table 7.13.  

 
 

 
 

Fig. 7.25. Overall efficiency versus inlet air velocity for model 4-Anon and 4non. 
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Table 7.13. Pressure drop and its percentage reduction for model 4-Anon and 4non. 
Re 410.56 513.2 684.27 1026.41 2052.81 

∆𝑝−0 𝑚𝑚  1.47 2.09 3.38 6.97 26.10 
∆𝑝−2 𝑚𝑚  1.44 2.03 3.22 6.47 23.34 
𝑃𝐸∆𝑝 (%) 2.04 2.87 4.73 7.17 10.57 

      
      

In Table 7.13, 𝑃𝐸∆𝑝 is the percentage reduction of pressure drop between model 4-Anon with 

fin gap 2 mm and model 4-Anon with fin gap 0 mm. 

The second stage is to compare the performance of model 4non with model 4-Anon. The 

boundary and weather conditions are similar to the first step (examination of the fin gap). 

Fig. 7.25 also shows the impact of a range of velocities on the overall efficiency for both with 

and without fins systems. The overall efficiency is seen to be directly proportional to the 

velocity of the air. This is expected because of the convective heat transfer coefficient being 

directly proportional to the Re and inlet air velocity. However, at velocities less than  

0.15 m s-1 (Re = 410) the efficiency of model 4non is higher than that of model 4-Anon. This 

effect is owing to the fin effectiveness at this range working as a conductive resistance layer 

to heat transfer rather than a dissipater of heat.  

Fig. 7.26 and Table 7.14 illustrate the effect of fan power consumption on the total and 

electrical power generation using various inlet air velocities for model 4-Anon (fin gap 2 mm) 

and model 4non. The total power generation, 𝑃total (W) is the summation of the electrical 

power generation plus the thermal heat gain. It can be observed from the data that there is 

a clear trend of increasing fan power increases the total power. Although typically, 

increasing fan power reduces total power, the presence of a better cooling PV leads to an 

increase in total power generation. It can be said that increasing fan power leads to 

increasing electrical efficiency. Therefore, there is a need for careful selection of fan. This 

can be achieved by optimising the fan consumption for maximising the electrical efficiency. 

In addition, it is found that the highest fan power is required for the finned model  

(model 4-Anon) with the lowest found for the plain model (model 4non). The maximum 

percentage enhancement in electrical power generation between the last and first velocities 

(0.14456 and 0.14456 m s-1) (Table 7.14) is 8.79% for model 4-Anon and 6.68% for model 

4non. 

In connection to Fig. 7.21 and Fig. 7.22 also indicate how significant the effect of the fan 

power selection to optimise its consumption for model 4opt. For example, when the fan 

power is about 1.3 W the electrical power generation is 85.4 W, whereas when the fan 

power 20.9 W the electrical power generation is 88.9 W. This means, fan power increases 

about 15.5 times to increase the power by 4.1% (Table 7.9). It could be not valid to use the 
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optimal dimensions of model 4opt to build the model 4-Aopt; thus, motivation is to carry out 

a new optimisation process for model 4-A for future work.  

 
 

 
 

Fig. 7.26. Total power generation, electrical power generation and fan power versus inlet 
air velocity for model 4-Anon and 4non.  

 
 
 

 
 
 
 
 
 
 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

0

50

100

150

200

250

300

350

400

450

P
o

w
er

 (
W

)

V (m s-1)

 Ppv (finned-2 mm)  Ppv (unfinned)  Pf  (unfinned)

 Pf  (finned-2 mm)  Ptotal (unfinned)  Ptotal (finned-2 mm)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

60

62

64

66

68

70

P
P

V
 (

W
)

V (m s-1)

0.0 0.2 0.4 0.6 0.8

0.0

0.2

0.4

0.6

0.8

1.0

1.2

P
f (

W
)

V (m s-1)



 

- 255 - 

 

Table 7.14. Total power generation, electrical power generation and fan power versus inlet 
air velocity for model 4-Anon and 4non. 

�̅�  
(m s-1) 

Model 4-Anon (finned-2 mm) Model 4non  Percentage enhancement 

𝑃𝑃𝑉  
(W) 

𝑃𝑓  

(W) 
𝑃total  
(W) 

𝑃𝑃𝑉  
 (W) 

𝑃𝑓  

(W) 
𝑃total  
(W) 

𝑃𝐸𝑃𝑃𝑉  

(%) 

𝑃𝐸𝑃total  

(%) 

0.14456 64.700 0.0149 228.12 59.816 0.00210 224.260 8.165 1.721 

0.18070 65.328 0.0262 257.32 60.380 0.00354 243.760 8.195 5.563 

0.24093 66.308 0.0556 294.68 61.084 0.00705 268.340 8.552 9.816 

0.36140 67.848 0.1679 346.96 62.036 0.01943 304.084 9.369 14.100 

0.72280 70.384 1.2181 422.64 63.812 0.12554 378.476 10.299 11.669 

         

In Table 7.14, 𝑃𝐸𝑃𝑃𝑉  and 𝑃𝐸𝑃total are the percentage enhancement of the electrical and total 

power generation for model 4-Anon with respect to model 4non, respectively.  

A comparison of the electrical efficiency of models 4-Anon and 4non is presented in Fig. 7.27. 

In this figure, thermal resistance and PV module temperature parameters are considered 

for a range of Re (410-2052)/air velocities 0.145-0.723 m s-1, see Table 7.12. The 

temperature of the PV module is inversely proportional to the rise of air velocity. This is 

expected because the convective heat transfer coefficient is directly proportional to the air 

velocity. This reduction in temperature results in a similar rise in electrical efficiency as 

seen by Eq. 3.120.  

It can also be seen that thermal resistance and temperature of the PV module are similar 

trends since temperature of the PV module is the main parameter to calculate the thermal 

resistance (Eq. 3.125) while other parameters in this equation are kept constant during this 

examination. 
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Fig. 7.27. PV module temperature, electrical efficiency and thermal resistance versus inlet 
air velocity for models 4-Anon and 4non. 
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temperature difference between the inlet and outlet in is lower for model 4-Aopt than model 

4opt at P5, confirming the significance of the optimisation process to optimise the fan power 

consumption.  

 
 

 
 

Fig. 7.28. PV module temperature, electrical efficiency and thermal efficiency versus five 
optimal design points (P1 to P5 in Table 7.7 ) for low temperature condition 25 C for 
model 4-Aopt and 4opt. 
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Secondly, the maximum and minimum 𝑃𝐸𝑃total  are 13.30% at P4 and 1.93% at P1 

respectively. Whereas the maximum and minimum 𝑃𝐸𝑃𝑃𝑉  are 4.62% at P1 and 1.83% at P5 

respectively. It can be seen that the trends of PV power and total power generation are 

similar to Fig. 7.19 since this graph is built on the data extracted from this figure. For that, 

the P3 is considered as also a compromise point since this point offer both acceptable 

electrical and total power generation with lower fan power consumption compared to other 

points. For example, the 𝑃𝐸𝑃total  and 𝑃𝐸𝑃𝑃𝑉are 10.32% and 3% at P3 respectively with lower 

fan power consumption compared to P5 when the fan consumes almost the whole electrical 

power generation; this can be seen clearly in P5 in Table 7.15 and Fig. 7.29.  

The single most salient observation to emerge from the data comparison at P5 is that even 

though fan power consumption is the maximum at this point, the percentage enhancement 

for both magnitudes (𝑃𝐸𝑃total and  𝑃𝐸𝑃𝑃𝑉)  are the minimum compared to P4. This is a 

motivation for future work to optimise the model 4-A. 

In addition, data from examination of model 4non can be compared with the data in Table 7.8 

model 4opt, which shows that both electrical and thermal performance is enhanced. For 

example, the thermal efficiencies for model 4opt and model 4non are 50.1 and 44.5 

respectively while the electrical efficiency is 10.5% for model 4opt and 9.98 for model 4non.  
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Fig. 7.29. Total power generation, electrical power generation and fan power versus for 
the five optimal design points (P1 to P5 in Table 7.7 for low temperature condition 25 C) 
for model 4-A and model 4. 
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Table 7.15. Total power generation, electrical power generation and fan power versus for 
the five optimal design points (P1 to P5 in Table 7.7 for low temperature condition 25 C) for 
model 4-A and model 4. 

DOE 
Points 

Model 4-A (finned-2 mm) Model 4 (unfinned) Percentage enhancement 

𝑃𝑃𝑉(W) 𝑃𝑓 (W) 𝑃total(W) 𝑃𝑃𝑉 (W) 𝑃𝑓  (W) 𝑃total(W) 𝑃𝐸𝑃𝑃𝑉(%) 𝑃𝐸𝑃total(%) 

P1 42.839 6.9118 291.64 40.946 1.274 286.10 4.623 1.936 

P2 43.483 12.360 310.28 41.984 2.941 288.15 3.570 7.680 

P3 43.423 17.055 315.78 42.163 4.762 286.24 3.000 10.320 

P4 43.401 28.453 322.49 42.380 8.462 284.61 2.409 13.309 

P5 42.858 39.387 312.68 42.087 13.336 281.49 1.832 11.080 

         

In Table 7.15, 𝑃𝐸𝑃𝑃𝑉  and 𝑃𝐸𝑃total are the percentage enhancement of the electrical and total 

power generation for model 4-A with respect to model 4 using the optimal dimensions in 

Table 7.7 for low temperature condition 25 C, respectively.  

 
 

 
 

Fig. 7.30. Schematic of the flow behaviour in a typical offset strip fin array for design 
points P1 and P5 showing (a) the sectional top view of velocity contours for model 4-Aopt 
from a random point after the centre of the collector to the outlet. (b) The height of this 
sectional view is 3.1 mm from lower absorber plat to the lower tip of fins. 
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This table is built on Table 7.11 however; an additional column has been incorporated to 

show the effect of fins on the overall performance of model 4 (𝑇𝑃𝑉/𝑇−fin and 𝜂𝑃𝑉/𝑇−fin).  

The maximum percentage enhancement of the PV module efficiency between 𝜂𝑃𝑉−45 and 

𝜂𝑃𝑉/𝑇−fin  is 20.37%. The maximum percentage reduction of the PV module temperature 

between 𝑇𝑃𝑉−45 and 𝑇𝑃𝑉/𝑇−fin is 54.88% respectively. This table also shows the comparison 

between model 4opt (optimal model) and model 4-Aopt (finned model). For example, the 

maximum and minimum percentage enhancement of the PV module efficiency between 

𝜂𝑃𝑉/𝑇−25  and 𝜂𝑃𝑉/𝑇−fin  are 4.61% and 1.81% respectively. The maximum and minimum 

percentage reduction of the PV module temperature between 𝑇𝑃𝑉/𝑇−25  and 𝑇𝑃𝑉/𝑇−fin  are 

24.12% and 11.50% respectively. 

Table 7.16. A comparison between different PV and PV/T systems showing the impact of 
the temperature of the PV module on electrical efficiency under similar conditions for model 
1STC, model 1PV-25, model 1PV-45, model 4PV/T-25, model 4PV/T-25 and model 4PV/T-45. 

PV temperatures, 𝑇𝑚𝑝𝑣  (C) 

𝑇ref 𝑇𝑃𝑉/𝑇−25 𝑇𝑃𝑉−25 𝑇𝑃𝑉/𝑇−45 𝑇𝑃𝑉−45 𝑇𝑃𝑉/𝑇−fin 

25.00 43.22 52.73 61.86 72.28 32.80 
25.00 40.88 52.73 60.20 72.28 32.75 
25.00 39.57 52.73 58.89 72.28 32.72 
25.00 38.17 52.73 57.66 72.28 32.61 
25.00 36.94 52.73 56.33 72.28 32.69 

Electrical Efficiencies, 𝜂𝑃𝑉 (%) 

𝜂ref 𝜂𝑃𝑉/𝑇−25 𝜂𝑃𝑉−25 𝜂𝑃𝑉/𝑇−45 𝜂𝑃𝑉−45 𝜂𝑃𝑉/𝑇−fin  

12.35 11.42 10.92 10.47 9.93 11.94 
12.35 11.54 10.92 10.56 9.93 11.95 
12.35 11.61 10.92 10.62 9.93 11.95 
12.35 11.68 10.92 10.69 9.93 11.95 
12.35 11.74 10.92 10.76 9.93 11.95 

𝑃𝐸𝑇𝑚𝑝𝑣 , percentage reduction of the PV module temperature between 𝑇𝑃𝑉/𝑇−25 and 𝑇𝑃𝑉/𝑇−fin(%) 

24.12 19.90 17.31 14.56 11.50 - 
𝑃𝐸𝜂𝑃𝑉 , percentage enhancement of the PV module efficiency between 𝜂𝑃𝑉/𝑇−25 and 𝜂𝑃𝑉/𝑇−fin  (%) 

4.61 3.55 2.94 2.37 1.81 - 
𝑃𝐸𝑇𝑚𝑝𝑣 , percentage reduction of the PV module temperature between 𝑇𝑃𝑉−45 and 𝑇𝑃𝑉/𝑇−fin(%) 

54.62 54.69 54.73 54.88 54.77 - 
𝑃𝐸𝜂𝑃𝑉 , percentage enhancement of the PV module efficiency between 𝜂𝑃𝑉−45 and 𝜂𝑃𝑉/𝑇−fin  (%) 

20.31 20.34 20.35 20.41 20.37 - 
      
      

𝜂PV/T−fin and 𝑇𝑃𝑉/𝑇−fin are the electrical efficiency and the temperature of the PV module at 

low temperature (25 C) of the hybrid PV/T air system (model 4-APV/T-25). In model 4PV/T-fin, 

the PV/T air system uses precooled air the exhaust air of the building as a coolant instead 

of using ambient air (i.e. 45 C). 𝑃𝐸𝑇𝑚𝑝𝑣  is the percentage reduction of the PV module 

temperature between 𝑇𝑃𝑉−45 and 𝑇𝑃𝑉/𝑇−fin. 𝑃𝐸𝜂𝑃𝑉 is the percentage enhancement of the PV 

module efficiency between 𝜂𝑃𝑉−45 and 𝜂𝑃𝑉/𝑇−fin. 
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In this chapter, CFD analysis has been used to model the PV/T air collectors under laminar 

flow regime. Three steps are considered to obtain an optimal design. The first step is the 

selection of design parameters, while the second one is to perform preliminary parametric 

studies for the five models (models 1, 2, 3, 4 and 5). In brief, the five models are a standard 

PV system without active cooling, model 1, single duct single pass, model 2, a single duct 

single pass (glazed), model 3, parallel pass double duct, model 4 and double-pass single 

duct, model 5. The parametric study comparing the five models revealed that model 4 has 

the best performance. The last step is to employ model 4 in an optimisation process. Five 

main steps have been considered in the optimisation of model 4. Firstly, the formulation of 

the objective functions with the goal to minimise fan power and maximise electrical power 

for one case, and to maximise both electric and thermal efficiencies for the second case. 

Secondly, the objective functions are parameterised in terms of three variables(𝐿, 𝛿𝐷1, 𝛿𝐷2). 

A design of experiments (DOE) has been produced using Optimal Latin Hypercube (OLH) 

method to be input in the CFD simulation to obtain the corresponding responses. After that, 

the metamodels have been generated from DOE points.  

Finally, the genetic algorithm method has been used to obtain Pareto front curves. For each 

two objectives and conditions, a Pareto front curve is obtained. Four Pareto front curves are 

presented. The first two curves are the design optimisation analysis in terms of thermal and 

electrical efficiencies at low and high temperatures (25 °C and 45 °C). The second two curves 

are in terms of design optimisation of power fan and electrical power at low and high 

temperatures (25 °C and 45 °C). The Pareto front curves demonstrate explicitly the 

compromise that must be accepted between the conflicting objectives of thermal and 

electrical efficiencies or the fan power consumption and electrical power generation. 

Finally, model 4 has been modified by integrating it with off-set strip fins in the lower duct 

namely model 4-A. The evaluation of this model has been performed at two stages. The first 

stage is to evaluate the system using the common dimensions from literature (non-

optimised models) and compare it with the plain model for the same conditions (model 4non 

and model 4-Anon). The second stage is evaluating model4-A using the optimal dimensions 

that result from the design optimisation process of model 4, see Table 7.7 (P1-P5), and 

comparing it with the optimised model 4 without fins (model 4opt and model 4-Aopt). It can 

be concluded from the data of the two evaluations that both electrical and thermal 

performances of model 4 and model 4-A are enhanced. For example, the thermal efficiencies 

for model 4opt and model 4non are 50.1 and 44.5 respectively while the electrical efficiencies 

are 10.5% and 9.98 respectively. It, therefore, can be concluded that the use of optimisation 
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has contributed significantly in improving both the electrical and thermal performances for 

the finned and plain models (model 4 and model 4-A).
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 CONCLUSION AND RECOMMENDATION FOR FUTURE 

WORK  

 

 

As highlighted in Chapter 1, there were three main challenges to overcome with PV/T air 

systems; 1) the fan power requirement, 2) extreme weather temperature which could 

reach 50 °C in the Middle East, 3), and the poor heat capacity of air, which leads to poor 

thermal performance, compared to other coolants such as water. The aim of this research 

was, therefore, to address these challenges developing an efficient and affordable PV/T air 

system. To achieve this, eleven objectives have been suggested where appropriate several 

different solution methods are utilised. The methods can be divided mainly into three types. 

The first is the mathematical formulation for two PV/T systems using semi-analytical and 

numerical techniques (as described in Chapter 3 and part from Chapter 5). The second is 

experimental work examining the performance of multi-pass solar air heaters with and 

without turbulators and to ensure the accuracy of CFD solutions (Chapter 6). The last 

method is CFD analysis using COMSOL Multiphysics®, including different approaches such 

as mesh sensitivity analysis, assumptions to reduce the run time, validation and verification 

(composing the majority of thesis). 

 

In brief, the main findings of this research can be divided into three parts. The first part 

evaluates the performance of the PV system model 1 using heat balance as well as CFD 

modelling under steady state and transient conditions. This system is considered as a 

reference for subsequent models, as detailed in Chapter 5. The second part numerically and 

experimentally evaluates the performance of the multi-pass solar air heaters, as 

demonstrated in Chapter 6 After that, the combination of the two systems from these two 

parts are evaluated (Chapter 7). This includes performing a design optimisation process for 

different multi-pass PV/T air collectors. Finally, the examination of the PV/T enhancement 

of the optimal design (model 4) has been carried out by coupling with off-set strip fins. 

Consequently, the following sections summarise the main conclusions of these three parts  
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The examination of the performance of the PV module requires an accurate prediction of its 

temperature. This is owing to the fact that PV module efficiency is directly proportional to 

its temperature. Three methods have been employed in this evaluation, including 

mathematical, numerical models and experimental validations. The proposed models in this 

discourse incorporate parameters that have not been intensively studied in the literature. 

The parameters are: the effect of PV module length, the inclination of the PV module and the 

influence of the maximum possible module temperature under the worst case scenario for 

two high temperature sites under free convection conditions. Moreover, to ensure accuracy, 

the seasonal weather conditions including incident solar radiation and ambient 

temperature have been estimated and validated with the standard data-set. Furthermore, 

the numerical results are validated with experimental observations and verified with the 

current mathematical model. 

The main findings can be summarized as follows: 

Firstly, the convection currents in inclined and horizontal surfaces are weaker relative to 

the vertical surface thus, the rate of heat transfer is lower. With respect to inclined PV 

systems, the increase of the PV length enhances heat transfer rate up to length (2𝐿). After 

this length, the PV temperature increase and convective heat transfer coefficients are 

reduced regardless of the inclination of the PV system. In the case of the horizontal surface, 

the convective heat transfer rate is lower, especially at the bottom surface of the PV system. 

It can also be concluded that the effect of inclination appears in the laminar region (short 

length) and dissipates after this region. It should be noted that increasing the length of the 

PV panel might not be feasible/affordable because the PV array blocks and shade further 

arrays. In addition, this might increase the cost of installation and price of the base frame 

(in the expense of cost and difficulty of installation).  

Concerning the effect of geographical region, lower ambient temperature and higher 

insolation values lead to better PV performance. This can be seen by comparing both Muscat 

and Fallujah in June. The daylight period in Muscat is also longer than Fallujah which allows 

for the accumulation of more solar energy per day and further increases in the solar PV 

power.  
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Numerical and experimental investigations are conducted to assess the performance of the 

multi-pass solar air heaters with and without recycled aluminium cans (RAC). The 

numerical study is built based on the finite element method provided by the COMSOL 

Multiphysics V5.3a software. The experiments are conducted in the western part of Iraq, 

Ar–Ramadi City (longitude: 33.25° N; latitude: 43.18° E) under clear skies and almost 

identical weather conditions on 23rd (model C-I) and 27th (model C-II) February and 2nd 

(model C-III) March between 09:00 and 15:30. The average flowrates were 0.096 kg s-1 for 

model C-I, 0.088 for model C-II kg s-1 and 0.0819 kg s-1.  

The following conclusions can be made from this analysis: 

 Numerically, the U-flow offers better thermal performance than co-current and counter-

current flow designs. Therefore, the U-flow model was chosen to be implemented in 

experimental studies.  

 Thermal and hydrodynamic performance of numerical modelling is found to be in line 

with experiments (U-flow, model C-I).  

 The increase in the thermal performance of U-flow model gave an increase in pressure 

drop, but the thermal efficiency is still higher compared to models A and B.  

 The staggered arrangement (model C-III) had the highest thermal efficiency compared 

to the in-line (model C-II) and plain (model C-I) models. 

 The in-line configuration (model C-II) has a lower efficiency compared to the staggered 

configuration (model C-III), even though the number of RACs and the mass flowrate are 

higher. 

 

In this section, CFD analysis has been used to model the PV/T air collectors under laminar 

flow regime. Three steps are considered to obtain optimal PV/T air design. The first step is 

the selection of design parameters while the second one is to perform preliminary 

parametric studies for the five models (models 1, 2, 3, 4 and 5) which revealed that model 

4 has the best performance. The last step is to employ model 4 in the optimisation process. 

Five main steps have been considered to conduct the optimisation of model 4. Firstly, the 

formulation of the objective functions with the goal to minimise the fan power and maximise 

the electrical power for the first case, and to maximise both electric and the thermal 

efficiencies for the second case. Secondly, the objective functions are parameterised in 

terms of three variables (𝐿, 𝛿𝐷1, 𝛿𝐷2). Design of experiments (DOE) has been generated to 
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be used later in the CFD simulation to obtain the corresponding responses. After that, the 

metamodels have been produced from DOE points. Finally, the genetic algorithm method 

has been used to obtain Pareto front curves. The Pareto front curves demonstrate explicitly 

the compromise that must be accepted between the conflicting objectives of thermal and 

electrical efficiencies or the fan power consumption and electrical power generation.  

 

The optimal model from the previous section (model 4) has been modified by coupling with 

off-set strip fins in lower duct namely model 4-A. The evaluation of this model has been 

performed at two stages. The first stage is to evaluate the system using the common 

dimensions from literature (non-optimised models) and compared with the plain model for 

the same conditions. The second stage is to evaluate model4-A using the optimal dimensions 

that result from the design optimisation process of model 4 and compared with model 4 

optimised model. It can be concluded from the data of two evaluations that both electrical 

and thermal performance of model 4 and model 4-A are enhanced. For example, the thermal 

efficiencies for model 4opt and model 4non are 50.1 and 44.5 respectively while the electrical 

efficiency is 10.5% for model 4opt and 9.98 for model 4non. It, therefore, can be concluded 

that the use of optimisation has contributed clearly in improving both the electrical and 

thermal performance for finned and plain mode (model 4 and model 4-A). 

 

In this section, further work possibilities are listed: 

 This study has not been done entirely experimentally, therefore, there can be a new 

experimental study which can further test the conclusions made in the work.  

 The optimisation objectives can be extended to be five design variables by including the 

impact of mass flow rate and length of fins and space between them while keeping the 

length of collector constant since it is not easy to change the length of photovoltaic. The 

optimisation study can be achieved by further including the effect of fan power 

consumption with both thermal and electrical efficiencies simultaneously in multi-

objective process. 

  To investigate the possibility to combine a PV/T air system with appropriate phase 

change material to secure uniform cooling. This could contribute to reduce the mismatch 

effect and increase the life span for the PV panels. 
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APPENDIX A SOLAR RADIATION EQUATIONS 

 

In order to estimate the global solar radiation on the surface, three components should be 

determined which are the beam, reflected, and diffuse radiation. A few variables should be 

evaluated for any day of the month to use in next calculation. The variables are solar 

intensity (𝐴) the atmospheric extinction coefficient (𝐵) and sky diffuse factor (𝐶) [405]: 

  
𝐴 = 1158[1 + 0.066  os  (360 𝑁𝐷/370)],  Eq.A. 1 

  
𝐵 = 0.175[1  0.2  os (0.93 𝑁𝐷)]  0.0045[1   os(1.86 𝑁𝐷)],  Eq.A. 2 

  
  

𝐶 = 0.0956[1  0.42  os (360 𝑁𝐷 370⁄ )]  0.0075[1   os (1.95𝑁𝐷)].  Eq.A. 3 
  

The declination angle 𝛿 and sun altitude angle α are given by Lunde [406] as: 

  

𝛿 = 23.45 sin(
360(𝑁𝐷−80)

370
),  Eq.A. 4 

  
  

sin𝛼 =  os𝜙  os𝛿  os𝜔 + sin𝛿 sin𝜙,  Eq.A. 5 
  

where 𝜙 is the latitude angle which equals 33.3 N for Fallujah and 23.58 N for Muscat and 

ω is the hour angle [406]: 

  
𝜔 = 15(A   12), Eq.A. 6 

  

where AST is the apparent solar time. 

  

A  =     
(STM−LONG)

15
+
EQT

60
,  Eq.A. 7 

  

where LCT is the local time in hours, STM is the standard meridian of local time zone which 

equals 45 E for Iraq and Oman using the following equation: 

  

  M =  
360

24
 ∆𝑡,  Eq.A. 8 
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where ∆𝑡 is the difference between the time London (i.e. Greenwich Mean Time not summer 

time) and the time in time Iraq or Oman, LONG is the longitude of the location concerned 

and equals 43.78 E for Fallujah and 58.40 E for Muscat. 

EQT is the equation of time given by Lamm [407] as: 

  

EQ =  ∑ 𝐴𝑘
5
𝑘=0 sin(

2𝜋𝑘𝑁𝐷

365.25
) + 𝐵𝑘 sin (

2𝜋𝑘𝑁𝐷

365.25
),  Eq.A. 9 

  

where 𝑁𝐷  is the number of day in a 4-year cycle and 𝐴𝑘 and 𝐵𝑘  are constant given in  

Table A.1. Duffie and Beckman[50] introduced a general definition of incident angle for any 

surface orientation as: 

  
 os 𝜃 = sin𝛿 𝑠𝑖𝑛∅ 𝑐𝑜𝑠𝛽  sin𝛿  os ∅ sin𝛽  os 𝛾 +
 os 𝛿  os ∅   os 𝛽  os𝜔 +  os 𝛿 sin∅ sin 𝛽  os 𝛾  os𝜔 +

 os𝛿 sin𝛽 sin 𝛾 sin𝜔,  
Eq.A. 10 

  

where 𝛾 is the surface azimuth angle which values 0for south orientation, west is positive 

and east is negative ( 180 ≤ 𝛾 ≤ 180). 

For a collector oriented to south 𝛾 = 0 and the incident angle calculation reduces to: 

  
 os 𝜃 =  os(∅  𝛽)  os𝛿  os𝜔 + sin(∅  𝛽) sin𝛿.  Eq.A. 11 

  

The direct normal irradiance is calculated as [406]: 

  

IDN=𝐴 𝑒
(
- L
  

B

sinα
)
,   Eq.A. 12 

  

where 
−𝑃𝐿

𝑃𝑜
 is the pressure at the altitude concerned relative to the standard atmospheric 

pressure at sea level and is given as [406]: 

  
−𝑃𝐿

𝑃𝑜
= 𝑒(−0.0001148 H lt  ),  Eq.A. 13 

  

where 𝐻𝑎𝑙𝑡 is the altitude in meters above sea level. The beam irradiance can be computed 

as: 

  
𝐺𝑏 = 𝐼𝐷𝑁   os𝜃. Eq.A. 14 

  

The diffuse and the ground-reflected components of radiation are computed as: 
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𝐺𝑏 = 𝐼𝐷𝑁  𝐶 (
1+cos𝛽

2
),  Eq.A. 15 

  

𝐺𝑟 = 𝜌𝑔  (𝐶 + sin𝛼) (
1+cos𝛽

2
).  Eq.A. 16 

  

where ρ
g
 is the ground reflectivity which equals (0.2) for ordinary ground or vegetation, 

(0.8) for snow cover and (0.15) for gravel surface [50]. For the present work the value was 

taken at 0.2. The total incident radiation on a surface is then: 

  
𝐺 =  𝐺𝑏 + 𝐺𝑑 + 𝐺𝑟. Eq.A. 17 

  
 

Table A.1 𝐴𝑘  and 𝐵𝑘 coefficients for Eq. A.9. 
𝑘 𝐴𝑘  𝐵𝑘  
0 2.087e-4 0 
1 9.2869 e-3 -1.2229 e-1 
2 -5.2258 e-2 -1.5698 e-1 
3 -1.3077 e-3 -5.1602 e-3 
4 -2.1867 e-3 -2.9823 e-3 
5 -1.51 e-4 -2.3463 e-4 
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APPENDIX B GRID INDEPENDENCE CHECK 

 
Table B.1. Mesh independent test analysis for two conditions (Re = 510, �̅�= 0.1829 (m s-1), 
�̇� = 0.0041 (kg s-1)) and (Re = 2550, �̅�= 0.9145 (m s-1), �̇� = 0.0204 (kg s-1)). 

 
 

Trial No NOE RAM t DOF MEQ 𝑇𝑚𝑝𝑣 𝜂𝑡ℎ ∆𝑝𝑓 𝑇𝑓𝑜 

Re= 510, �̅�= 0.1829 (m s-1), �̇� = 0.0041 (kg s-1) 

1 3360 1.81 41 22713 1 86.48 24.08 0.207 73.85 

2 9804 3.30 277 60204 1 86.31 23.54 0.207 73.28 

3 19401 5.45 265 115584 1 86.11 23.08 0.207 72.74 

4 64935 21.56 1759 358716 1 86.02 22.90 0.211 72.52 

5 78225 23.67 1706 438876 1 86.00 22.91 0.213 72.53 

6 94905 24.30 1792 539076 1 85.97 22.84 0.214 72.45 

7 94905 24.48 1752 539076 1 85.88 22.70 0.220 72.28 

8 94905 25.97 1787 539076 1 85.86 22.67 0.222 72.25 

9 94905 26.81 1755 539076 1 85.84 22.66 0.223 72.23 

10 94905 27.03 1759 539076 1 85.82 22.65 0.224 72.22 

11 169242 60.80 6397 942326 1 85.95 22.80 0.216 72.40 

12 169242 64.61 8866 942326 1 85.85 22.66 0.222 72.23 

Trial No NOE RAM t DOF MEQ 𝑇𝑚𝑝𝑣 𝜂𝑡ℎ ∆𝑝𝑓 𝑇𝑓𝑜 

Re= 2550, �̅�= 0.9145 (m s-1), �̇� = 0.0204 (kg s-1) 

1 3360 1.85 44 22713 1 75.90 46.36 1.408 56.20 

2 9804 3.4 295 60204 1 75.96 45.35 1.403 55.96 

3 19401 5.59 264 115584 1 75.97 44.37 1.429 55.72 

3a 44823 8.09 352 285824 1 75.74 43.11 1.56 55.42 

3ab 44823 8.84 346 285824 1 75.83 43.43 1.50 55.50 

3abc 51513 9.49 382 330624 1 75.81 43.36 1.51 55.48 

3abcd 51513 9.49 385 330624 1 75.75 43.10 1.57 55.42 

4 64935 20.97 1586 358716 1 75.90 43.87 1.46 55.60 

5 78225 22.23 1642 438876 1 75.87 43.65 1.48 55.55 

6 94905 25.98 1827 539076 1 75.84 43.52 1.49 55.51 

7 94905 27.18 1780 539076 1 75.75 43.20 1.54 55.44 

7a 111555 27.21 2014 639276 1 75.74 43.12 1.56 55.42 

7ab 111555 27.32 1969 639276 1 75.83 43.43 1.50 55.50 

7abc 128205 28.87 2128 739476 1 75.81 43.37 1.51 55.48 

7abcd 128205 27.97 2290 739476 1 75.74 43.11 1.56 55.42 

8 94905 26.36 1757 539076 1 75.73 43.15 1.55 55.43 

9 94905 23.85 1746 539076 1 75.71 43.10 1.557 55.42 

10 94905 25.66 1807 539076 1 75.69 43.07 1.563 55.41 

11 169242 61.51 7368 942326 1 75.83 43.44 1.504 55.50 

12 169242 63.74 8378 942326 1 75.73 43.12 1.558 55.42 
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Fig. B.1. Grid independence test for model 4 using hexahedral mesh element type. 
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