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The glazing or glass cover is a key component of a flat plate solar 
collector (FPSC), influencing both thermal and optical performance. 
This study investigates the effect of varying the number of glazing 
layers (1 to 4) on the absorber plate temperature and top heat loss 
coefficient. Results show that the 2-glazing layer configuration yields 
the highest absorber temperature at 376.48 K, but also a relatively 
higher top heat loss coefficient, Ut, compared to the 3 and 4-glazing 
layer configurations. The top heat loss coefficient shows a diminishing 
decline as more glazing layers are added. Adding glazing layers 
introduces a greenhouse effect by transmitting solar short-wave 
radiation while trapping long-wave heat, which enhances FPSC thermal 
retention but slightly reduces surface incident radiation due to optical 
losses. The 2-glazing configuration yields the highest absorber 
temperature due to its balance between Ut and surface incident 
radiation. These findings provide insight for optimizing glazing 
configurations in solar collector design. 
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1. Introduction 
The increasing global demand for energy, coupled with environmental concerns over fossil fuel consumption, has 
accelerated the development of renewable energy technologies. Among these, solar energy offers considerable 
advantages due to its abundance, environmental friendliness, and potential for both large-scale and decentralized 
applications, making it promising renewable energy sources for addressing global energy challenges and reducing 
carbon emissions [1-3]. 

Significant advancements have been made in solar thermal technologies, enabling their application at both 
industrial and domestic scales. High-performance collectors such as parabolic trough collectors (PTC), parabolic 
dish reflectors (PDR), and compound parabolic collectors (CPC) are capable of delivering the high operating 
temperatures (333.15 K to 773.15 K) required for industrial processes such as drying, sterilization, and 
polymerization [4-6]. For residential and small-scale applications, flat plate solar collectors (FPSC) and evacuated 
tube collectors (ETC) are more common due to their simplicity, affordability, and suitability for low to moderate 
temperature applications such as space and water heating [7-9]. 

The FPSC is one of the most widely adopted solar thermal technologies due to its simple design, low 
manufacturing cost, and reliable performance. In an FPSC, solar radiation passes through a transparent cover, 
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known as glazing, and is absorbed by a dark-colored absorber plate, which transfers heat to a working fluid 
circulating within the collector [10]. Fig. 1 shows a simplified schematic of an FPSC, highlighting the key processes 
of solar energy interaction within the collector. Incoming solar radiation partially reflects off the glazing layer, 
while the transmitted portion reaches the absorber plate through the transparent glazing and air gap. The 
absorber plate captures the transmitted solar radiation and converts it into heat, which is then transferred to the 
fluid inside the tubes. Thermal losses occur mainly through the top glazing by means of convection and radiation. 

An important factor in evaluating the performance of these collectors is surface incident radiation, which is 
defined as the solar energy per unit area that reaches the collector’s surface in the context of FPSC (measured in 
W/m²). This encompasses direct radiation, diffused radiation, and reflected radiation from the ground and 
surroundings, including the component within the FPSC itself. Understanding and quantifying surface incident 
radiation matters because it directly influences how much energy the absorber can capture and convert with 
minimal losses [7]. It can be affected by several factors, such as orientation and tilt, where collectors are oriented 
relative to the sun to affect the incidence angle, since the solar flux on the surface is scaled by the cosine of this 
angle. This factor was studied extensively by Idowu and Olarenwaju [11], Kocer et al. [12]and Lv et al. [13], who 
focus on how orientation and tilt affect the performance of FPSC in terms of deviation from optimal orientation 
and monthly or yearly tilt adjustment for optimising the performance in various geographic locations. 

Glazing is a critical component of FPSCs, serving protective and thermal functions. It protects the absorber 
and other internal components from environmental exposure while reducing heat loss by limiting convective and 
radiative losses through the top surface [14]. However, the glazing also affects the optical transmittance of solar 
radiation or short-wave radiation. Therefore, an optimal glazing design must balance improved thermal insulation 
with minimal optical losses [15-21]. 

Additionally, the greenhouse effect can occur inside FPSC once the glazing layer is introduced, as it also traps 
and re-radiates back some of the thermal (long-wave) radiation emitted from the absorber plate, and the inner 
glazing effectively redirects more energy back toward the absorber. This phenomenon can affect the surface 
incident radiation on the absorber plate and glazing as additional glazing layers are introduced [22]. 

 
 

Previous studies have shown that increasing the number of glazing layers can significantly affect the thermal 
performance of FPSCs. For instance, Ihaddadene et al. [19] reported reduced collector efficiency with double 
glazing under artificial light conditions, attributing the performance drop to increased air gaps that act as thermal 
insulators but reduce transmitted energy to the working fluid. In contrast, Al-Ajlan et al. [23] demonstrated that 
under moderate operating temperatures, the benefits of reduced heat loss due to multiple glazing layers can 
outweigh the reduction in optical efficiency, leading to higher outlet fluid temperatures. An experimental study by 
Sarma et al. [21] reported that the double-glazing configuration achieved the highest stagnation temperature 
when there was no heat withdrawal from the absorber plate. Chen et al. [24] further explored the role of double-
glazing configurations filled with air, argon, or vacuum, highlighting the reduction in convective heat losses. A 
study by M. Ameri et al. [25] reported that double glazing configurations exhibit higher thermal performance, 
resulting from reduced convective and radiative heat loss. However, they also noted that under low solar 
irradiation and lower absorber temperatures, additional layers can hinder performance due to reduced solar 
transmittance. Arasteh et al. [26] stated that adding more gaps via glazing layers can reduce the overall heat 
transfer coefficient by suppressing natural convection, but the law of diminishing returns will take effect. The 

 
Fig. 1 Schematic diagram of an FPSC, showing the main components and solar radiation 

interactions 
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study performed by Nassar et al. [27] highlighted that a higher number of glazing layers resulted in better 
performance in terms of useful heat gain when the temperature differential between the absorber plate and 
ambient air is higher. Givi et al. [28] highlighted that the double-glazing configuration consistently outperforms 
the single-glazing design, especially in smaller air gaps, due to reduced turbulence and heat loss. As the air gap 
increases, the efficiency difference decreases, indicating that the insulation effect becomes more significant, 
decreasing the advantage of the double-glazing design.  

Glazing thickness has a significant impact on FPSC performance due to its influence on solar transmittance 
and thermal insulation. Studies by Bakari et al. [16] and Liu et al. [29] consistently identified 4 mm glass as optimal, 
offering the best balance between high transmittance and reduced convective losses. Thinner glazing allows 
greater solar transmission but suffers from higher heat loss, while thicker glazing reduces convective loss but 
reduces incoming solar radiation due to increased reflectivity and insulation. Further supporting these findings, 
an experimental study from Singh et al. [30] shows that 4mm glass thickness performed best during the daytime 
when compared with 2 , 3  and 5 mm glazing thickness. However, Harun et al. [31] reported that a 2-mm glazing 
thickness yielded the highest total heat gain, while further increases in thickness resulted in reduced heat gain 
due to lower solar transmittance. Wang et al. [32] study on the FPSC utilizing flat micro heat pipe arrays reported 
that the optimal glass thickness of 3 mm and the air gap thickness of 35 mm yield improved thermal insulation.  

Maintaining an optimal air gap between the absorber and glazing is critical for the performance of FPSC. 
Studies by Nahar and Garg [33] and Nahar and Gufta [34] found that a 50 mm gap minimizes convective losses 
and shading effects compared to 25 mm and 150 mm gaps. They recommend a 40 to 50-mm air gap for both the 
absorber-to-glazing and glazing-to-glazing spacing to achieve optimal thermal performance. In contrast, 
Pourfayaz et al. [35] outlined an increase in the air gap between the absorber and glazing results in a decrease in 
the heat loss coefficient, with this reduction being most pronounced up to a spacing of approximately 20 to 25 
mm, beyond which further increases in spacing have a negligible effect on the top heat loss coefficient of the 
collector. A numerical study by Wenceslas Koholé et al. [36] reported that as the gap spacing between the collector 
absorber and the glazing increased from 0 to 40 mm, the irreversibility rate of the absorber plate, as well as the 
energy and exergy efficiencies, increased, while the irreversibility rate of the glazing decreased. Beyond a 
separation of 40 mm, the impact on the system's performance became minimal. Mekahlia et al. [37] noted that 
thinner gaps (1 to 8 mm) primarily conducted heat, while thicker gaps increased natural convection, raising 
thermal losses. They added that adding a second glazing reduced convection, enhancing collector temperature 
and decreasing thermal loss. 

Despite these contributions, most existing studies have focused primarily on single and double-glazing 
configurations. The impact of incorporating more than two glazing layers on thermal efficiency and heat transfer 
characteristics remains inadequately explored. Furthermore, understanding the distribution of convective and 
radiative heat transfer through multiple glazing layers is essential for optimizing FPSC design, especially in regions 
with high ambient temperatures such as Malaysia. 

Therefore, this study investigates the effect of varying the number of glazing layers, from one to four, on the 
thermal performance of flat plate solar collectors. Using a combination of Computational Fluid Dynamics (CFD) 
and analytical modeling, this work analyzes absorber plate temperature, the convective and radiative heat 
transfer coefficient and the top heat loss coefficient. The results provide insights into the optimal glazing 
configuration for enhancing FPSC efficiency while minimizing heat loss. 

2. Problem Description 
The physical domain being analysed is the upper section of an FPSC, specifically from the absorber plate top to the 
glazing. This domain was chosen to focus on the temperature and the top heat loss occurring at the absorber plate 
across various configurations. It was assumed that the collector operates under steady-state conditions, and the 
effects of ambient temperature and solar irradiation were considered uniform across the surface. An emissivity of 
unity was assumed for the absorber plate (εg = 1) and the glazing (εp = 1) to simplify radiation analysis and ensure 
consistent comparison across all glazing configurations. The transmittance of glass was determined using its 
refractive index, which was set to 1.5 to represent common glazing properties of FPSC. The ambient was assumed 
to have a constant convective heat transfer coefficient of 5 W∙m⁻²∙K⁻¹, representing the convection in calm air. 
The Boussinesq approximation was applied for air in the air gap, assuming moderate temperature variations are 
within acceptable limits for natural convection modelling and faster convergence. The sides and bottom of the 
domain were assumed to be adiabatic so that heat can be lost only from the top surface of the glazing. The ambient 
temperature was assumed to be 303.15 K.  These assumptions and considerations were made to isolate the 
influence of glazing on the top heat loss and absorber plate average temperature. The top heat loss and absorber 
plate temperature represent thermal performance, as one can argue that the lower top heat loss and higher 
absorber plate temperature would lead to higher thermal performance of the FPSC. 
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(a) 

 
(b) 

Fig. 2 Physical domain for 1 glazing layer. (a) Is he front view of the domain; and (b) Is the isometric view of the 
domain 

The illustration of the physical domain is shown in Fig. 2. The size of the physical domain for the 1-glazing 
configuration is 500 mm length × 300 mm width × 74 mm height, consisting of glazing, air and absorber plate. The 
glazing and absorber plate thicknesses are 4 mm and 20 mm, respectively. The gap between the absorber plate 
and glazing is 50 mm. The length and width of the absorber plate, air gap and glazing are the same. For 2, 3 and 4 
glazing configurations, the gap spacing and the glazing thickness are added accordingly, while the dimension is 
maintained as the gap spacing and glazing thickness for 1 glazing configuration. The geometrical parameters of 
the domain from Fig. 2 are tabulated in Table 1 with their values. Table 2 shows the material and properties of the 
components in the FPSC model.  

Table 1 The geometrical parameters for the top part of the FPSC model 
Geometrical Parameters Value 

Glazing thickness, Lg 4-mm 
Absorber plate thickness, Lp 20-mm 
Air gap spacing between the 
absorber plate and the first 
glazing, L1 

50-mm 

Air gap spacing between the first 
glazing and the second glazing, L2 

50-mm 

Air gap spacing between the 
second glazing and the third 
glazing, L3 

50-mm 

Air gap spacing between the third 
glazing and the fourth glazing, L4 

50-mm 

 
In this study, the parameters of the number of glazing layers were systematically varied to study their 

influence on the temperature of the absorber plate and the top heat‐loss coefficient, Ut, of the top part of the FPSC. 
With the addition of a glazing layer, an extra set of thermal resistances is introduced between the absorber plate 
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and the ambient environment. Convection and radiation across the air gaps, along with conduction through the 
glazing material, are accounted for in the formation of the total thermal resistance from the absorber to the 
outermost glazing. The value of Ut is then determined as the inverse of this total thermal resistance. 

To obtain the value of Ut for the single glazing configuration, the equation from Ut obtained from Samdarshi & 
Mullick [38] was used: 

𝑈𝑈𝑡𝑡 = ��ℎ𝑐𝑐𝑐𝑐𝑐𝑐1 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟1�
−1

+ (ℎ𝑤𝑤 + ℎ𝑟𝑟𝑟𝑟1𝑎𝑎)−1 +
𝐿𝐿𝑔𝑔
𝑘𝑘𝑔𝑔
�
−1

 (1) 

 
where hw is the convective heat transfer coefficient of the ambient, which is assumed at 5 W∙m⁻²∙K⁻¹, Lg is the 
thickness of the glazing and kg is the thermal conductivity of glazing. The number subscript 1 refers to glazing 
layer 1 (the closest to the absorber). For the subsequent layer, the number is increased accordingly.  

The value of hcpg1, hrpg1, hrg1a was calculated by Bisen et al. [39]: 
 

ℎ𝑐𝑐𝑐𝑐𝑐𝑐1 = 𝐾𝐾1×𝑁𝑁𝑢𝑢1
𝐿𝐿1

  (2) 

ℎ𝑟𝑟𝑟𝑟𝑟𝑟1 = �
𝜎𝜎

𝐿𝐿1
𝜀𝜀𝑝𝑝

+ 1
𝜀𝜀𝑔𝑔
− 1

��𝑇𝑇𝑝𝑝2 + 𝑇𝑇𝑔𝑔12 ��𝑇𝑇𝑝𝑝 + 𝑇𝑇𝑔𝑔1� (3) 

ℎ𝑟𝑟𝑟𝑟1𝑎𝑎 = 𝜎𝜎 ∙ 𝜀𝜀𝑔𝑔
�𝑇𝑇𝑔𝑔14 − 𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠4 �
𝑇𝑇𝑔𝑔1 − 𝑇𝑇𝑎𝑎

 (4) 

 
The σ is the Stefan–Boltzmann constant (σ = 5.67 × 108). The Tsky was calculated using the equation from Swinbank 
[40]: 

𝑇𝑇𝑠𝑠𝑠𝑠𝑠𝑠 = 0.0552 × 𝑇𝑇𝑎𝑎1.5 (5) 
 
Where the ambient temperature, Ta is set as 303.15 K. 

The thermal conductivity of air, K1 is the kinematic viscosity of air, V1 and is the Prandtl number of the air, Pr1 
were evaluated at the arithmetic mean surface temperature of the layer between absorber plate and first glazing, 
Tm1. Their correlations were given by Bisen et al. [39]: 

 
𝐾𝐾1 = −3 × 10−8 𝑇𝑇𝑚𝑚12 + 10−4𝑇𝑇𝑚𝑚14 × 10−5𝑇𝑇𝑚𝑚1 (6) 

 
𝑉𝑉1 = −(9 × 10−5𝑇𝑇𝑚𝑚12 + 0.04𝑇𝑇𝑚𝑚1 − 4.17) × 10−6 (7) 

 
𝑃𝑃𝑟𝑟1 = +1.057 − 0.06𝑙𝑙𝑙𝑙𝑙𝑙𝑇𝑇𝑚𝑚1 (8) 

 
Since this study focuses only on the influence of the number of glazing layers, the tilt angle, τ of FPSC is set as 

0°, so the Ra1 cos 0° = Ra1 [41]. The value of Nu1 was calculated using the following equations that depend on the 
obtained value of Ra1 by [41]: 

𝑁𝑁𝑢𝑢1 = 1 + 1.446 �1 − 1708
𝑅𝑅𝑎𝑎1

�     for 1708 < Ra1 < 5900 (9) 

 
𝑁𝑁𝑢𝑢1 = 0.229 × 𝑅𝑅𝑎𝑎10.252     for 5900 < Ra1 < 9.23 × 104 (10) 

 
𝑁𝑁𝑢𝑢1 = 0.157 × 𝑅𝑅𝑎𝑎10.285     for 9.23 × 104 < Ra1 < 106 

(11) 

 
The value of Ra1 was obtained by using [39]: 

𝑅𝑅𝑎𝑎1 =  
9.8 × �𝑇𝑇𝑝𝑝 − 𝑇𝑇𝑔𝑔1�(𝐿𝐿1)3(𝑃𝑃𝑟𝑟1)

𝑉𝑉12 �
𝑇𝑇𝑝𝑝 + 𝑇𝑇𝑔𝑔1

2 �
 (12) 

 
For each configuration, simulations were performed in ANSYS Fluent to determine the average surface 

temperatures of the absorber plate, Tp and of each glazing layer (Tg1, Tg2, Tg3, Tg4). The average temperature of the 
absorber plate and each glazing will be determined using the surface integral report function of area-weighted 
average from ANSYS Fluent. Since the convective and radiative heat transfer are highly dependent on temperature 
and affect the Ut, the layer’s mean temperature, Tm, was calculated to evaluate air properties and thus accurately 
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determine convective, hc and radiative, hr heat transfer coefficients. These temperatures were used to calculate 
the arithmetic mean of the corresponding surface temperature (Tm) based on this equation [39]: 

 

𝑇𝑇𝑚𝑚 =
𝑇𝑇𝑝𝑝 + 𝑇𝑇𝑔𝑔

2
 (13) 

 
Equation (13) was applied to the layer between the absorber plate and the first glazing, and this equation was 

also applied to the subsequent layers, such as the layer between the first and second glazing, and so forth. 
Consequently, for the layer between the absorber and first glazing, the Tm1 was calculated, then, for the layer 
between the first and second glazing, Tm2 was calculated, and so on for the next layers. 

For the 2-, 3- and 4-glazing configuration, the corresponding convective and radiative heat transfer 
coefficients for subsequent layers were calculated using Equations (2) and (3). For example, for the second layer 
of 2-glazing configuration, the convective heat transfer coefficient, hcg1g2 and radiative heat transfer coefficient, 
hrg1g2 were calculated using [39]: 

 
ℎ𝑐𝑐𝑐𝑐1𝑔𝑔2 = 𝐾𝐾2×𝑁𝑁𝑢𝑢2

𝐿𝐿2
  (14) 

ℎ𝑟𝑟𝑟𝑟1𝑔𝑔2 = �
𝜎𝜎

𝐿𝐿2
𝜀𝜀𝑝𝑝

+ 1
𝜀𝜀𝑔𝑔
− 1

��𝑇𝑇𝑔𝑔12 + 𝑇𝑇𝑔𝑔22 ��𝑇𝑇𝑔𝑔1 + 𝑇𝑇𝑔𝑔2� (15) 

 
For the 2-, 3- and 4-glazing configuration, the equation of convective and radiative heat transfer coefficient 

for the subsequent glazing layer (second, third and fourth glazing layer) were taken into consideration for the Ut 
equation, extending the formula of Ut as shown below. The equation of Ut for 2-glazing layer configuration is 
obtained from Mullick and Samdarshi [42]: 

𝑈𝑈𝑡𝑡 = ��ℎ𝑐𝑐𝑐𝑐𝑐𝑐1 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟1�
−1

+ (ℎ𝑐𝑐𝑐𝑐1𝑔𝑔2 + ℎ𝑟𝑟𝑟𝑟1𝑔𝑔2)−1 + (ℎ𝑤𝑤 + ℎ𝑟𝑟𝑟𝑟2𝑎𝑎)−1 +
2𝐿𝐿𝑔𝑔
𝑘𝑘𝑔𝑔

�
−1

 (16) 

 
For 3- and 4-glazing layer configurations, the equation of Ut will be extended to account for additional third 

and fourth glazing as the following: 

𝑈𝑈𝑡𝑡 = ��ℎ𝑐𝑐𝑐𝑐𝑐𝑐1 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟1�
−1

+ �ℎ𝑐𝑐𝑐𝑐1𝑔𝑔2 + ℎ𝑟𝑟𝑟𝑟1𝑔𝑔2�
−1

+ �ℎ𝑐𝑐𝑐𝑐2𝑔𝑔3 + ℎ𝑟𝑟𝑟𝑟2𝑔𝑔3�
−1

+ (ℎ𝑤𝑤 + ℎ𝑟𝑟𝑟𝑟3𝑎𝑎)−1 +
3𝐿𝐿𝑔𝑔
𝑘𝑘𝑔𝑔

�
−1

 (17) 

𝑈𝑈𝑡𝑡 = ��ℎ𝑐𝑐𝑐𝑐𝑐𝑐1 + ℎ𝑟𝑟𝑟𝑟𝑟𝑟1�
−1

+ (ℎ𝑐𝑐𝑐𝑐1𝑔𝑔2 + ℎ𝑟𝑟𝑟𝑟1𝑔𝑔2)−1 + (ℎ𝑐𝑐𝑐𝑐2𝑔𝑔3 + ℎ𝑟𝑟𝑟𝑟2𝑔𝑔3)−1

+ (ℎ𝑐𝑐𝑐𝑐3𝑔𝑔4 + ℎ𝑟𝑟𝑟𝑟3𝑔𝑔4)−1+ (ℎ𝑤𝑤 + ℎ𝑟𝑟𝑟𝑟4𝑎𝑎)−1 +
4𝐿𝐿𝑔𝑔
𝑘𝑘𝑔𝑔

�
−1

 
(18) 

2.1 Simulation Setup 
A constant solar radiation load was applied to the physical domain using the Solar Load Model in ANSYS Fluent. 
The wall boundary condition for absorber was set to “mixed” (convection and radiation) with the surrounding 
temperature set at 303.15 K, heat transfer coefficient was set at 5 W∙m-2∙K-1, emissivity of unity (black surface) 
and set as opaque. The glazing’s surface was given the same thermal boundary conditions as the absorber; 
however, their radiation boundary was set as semi-transparent to allow the radiation to pass through and for the 
most top glazing is exposed to ambient conditions, permitting heat loss through convection and radiation. The 
contact region of absorber and glazing with air domain was set to coupled, to allow the heat transfer between 
them. The air domain of each layer was set as participating in radiation. The casing or the side wall of the domain 
and the bottom of the absorber were set as adiabatic and opaque to eliminate heat loss through these boundaries. 
The air domain was modeled to participate in convective heat transfer between the absorber and the glazing 
layers. These boundary conditions ensure that heat loss occurs solely through the top surface, thus isolating the 
effect of the glazing configuration on top heat loss. These boundary conditions were summarized in Fig. 3.  
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Fig. 3 The boundary condition of the physical domain of FPSC 

 
In the solver setting, the energy equation was enabled. The standard k-epsilon model was selected for the 

viscous model due to its acceptable accuracy for heat transfer and flow simulations. Discrete Ordinates (DO) was 
selected as a radiation model as it enables the definition of semi-transparent interior and exterior walls in ANSYS 
Fluent, which is necessary to simulate radiation passing through glazing material. The solar load model used was 
solar irradiation with the longitude and latitude of Kuala Lumpur, Malaysia, at 1 p.m. The sun direction vector, 
direct solar irradiation and diffuse solar irradiation were calculated by the software, based on the global position 
and time given. The calculated value of direct irradiation was 874 W∙m-2, and the diffuse irradiation was 102 W∙m-

2. Both irradiations are used to simulate the FPSC receiving total solar radiation.  
The second-order upwind scheme was used for spatial discretisation as it provides more accurate results, 

although at the cost of slower convergence. A summary of the physical models and solver configurations applied 
in ANSYS Fluent is presented in Table 3. The simulation was considered as converged when residuals of the 
energy, do-intensity and all other parameters are below the default setting criteria, which are 10-6, 10-6 and 10-3, 
respectively. 

Table 2 Configuration of numerical settings employed in ANSYS Fluent 
Simulation setting Configuration 
Energy equation Enabled 
Solver type Pressure-Based 
Time Steady 
Gravitational Acceleration -9.81 m s-1 at y-direction 
Viscous Model Standard k-epsilon 
Radiation Model Discrete Ordinates (DO) 
Solar Load Model Solar Irradiation 

 
The material properties used is shown in Table 2. 

Table 3 The material properties of the components in the FPSC model 
Material Copper Glass Air 
Density  
(kg m-3) 

8933 2800 1.1644 

Specific heat capacity, Cp 
(J kg-1 K-1) 

385 750 1006.43 

Thermal conductivity, k 
(W m-1 K-1) 

401 0.7 0.0242 

 
In Ansys Meshing, the mesh is created using the number of divisions function and a bias type of smaller 

divisions near the edge of the model to create a non-uniform and finer mesh near the wall boundary of the model 
for better prediction of heat transfer and fluid flow behavior. The number of elements in the mesh for all developed 
FPSC models ranges from 1.75 × 106 for the single-glazing model to 7.75 × 106 for the 4-glazing layer model, which 
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is sufficient to achieve residual and energy convergence in the simulation. The applied mesh setting and 
refinement near the wall boundaries are shown in Fig. 4. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2.2 Validation 

 
 
 
 
 
 
 
 
 
 
 
To ensure the reliability of the simulation of this study, studies from Subiantoro and Ooi [43] and Wang et al. [44]  
were replicated and validated, following closely their reported configuration and parameters. First, the FPSC cases 
of Subiantoro and Ooi [43] was replicated to establish a 2-D and 3-D benchmark. The 2-D model of Subiantoro and 
Ooi’s [43] as shown in Fig. 5, consists of 25 mm air gap, 100 mm length, symmetric side boundaries, laminar flow, 
the Surface-to-Surface (S2S) and the Discrete Ordinate (DO) radiation model, managed to converge smoothly and 
reproduced their temperature contours as shown in Fig. 6. Extending to a 3-D domain (25 mm × 100 mm 
× 500 mm) resulted in not achieving convergence as the residual stop dropping and begin stalling, but thermal 
metrics remained robust between the 2-D and 3-D domain, for both radiation model; the Nusselt number differed 
only by 4.08 % and the average plate temperature differed by only 0.3 %. Additionally, the energy balance 
verification showed minimal imbalance: 1.35404 ×10-6 W for the 2-D model and 0.00691 W for the 3-D model, 
confirming acceptable energy conservation as the net heat imbalance value is relatively small. The comparison of 
heat transfer and energy balance checks was summarised in Table 4. 

Table 4 Comparison of results of current works 2D and 3D, and Subiantoro & Ooi [43] 

Parameter 2-D Model 3-D Model Subiantoro & 
Ooi’s case [43] 

% Error / 
Deviation 

Nusselt Number (Nu) 10.3446 9.9223 - 4.08% 
Energy Imbalance (W) 1.3540413 × 10-6 0.00691 - –  
Top Surface Temperature (K) 319.32 318.36 317.80 0.48 % (2-D) 

1.76 % (3-D) 
 
 

 

 
Fig. 4 Mesh configuration of FPSC model 

 
Fig. 5 The physical domain of the single glazing FPSC 2-D model from 

Subiantoro & Ooi’s study  [43] 
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Since the residuals of the 3D FPSC were stalled before reaching the convergence criteria reported by 

Subiantoro & Ooi [43], the differentially heated cubical cavity of Wang et al. [44] as shown in Fig. 7, it was 
reproduced as a second 3D benchmark. Following the configuration and settings from Wang et al. [44], boundary 
conditions of a hot right wall, a cold left wall, and adiabatic remaining walls were applied, and a non-uniform mesh 
with near-wall refinement and constant fluid properties was employed in ANSYS Fluent to replicate both the non-
radiation, the S2S and DO radiation model cases from Wang et al. [44].  

 

 Fig. 7 The physical domain of 3-D cubic model of Wang et al’s study [44] 

The Wang et al. [44] benchmark was successfully replicated. Along the x-direction, the temperature profiles 
obtained for both models without radiation and the S2S and DO models were found to align closely with the 
CDUGKS simulations reported by Fusegi et al. [45], Krane and Jesse [46] and Wang et al [44] as shown in Fig. 8(a). 
Along the y-direction, the model without radiation aligned with the results from Fusegi et al. [45] and Wang et al. 
[44] study, but discrepancies are noted for the result obtained from the S2S and DO radiation model, which were 
observed to match the experimental measurements cited from Krane and Jesse [46] as shown in Fig. 8(b). Such 
agreements demonstrate that current works reliably capture both convective and radiative phenomena. 

  
(a) (b) 

 
(c) 

Fig. 6 The comparison of the temperature contour of replicated 2-D model with S2S model) (a) with DO model; 
(b) and Subiantoro & Ooi’s; (c) 2-D model [43] 
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Fig. 8 Comparison of the temperature distribution on the symmetry plane of (a) z = 0.5 (x vs T/To) and (b) z = 0.5 (y 
vs T/To) for model without radiation, S2S and DO radiation model against Fusegi et al. [45], Krane & Jessee 

[46] and Wang et al. [44] 

Collectively, the replication of Subiantoro & Ooi [43] FPSC cases and Wang et al.'s [44] cubical cavity 
benchmark established strong evidence of the accuracy and credibility of the current ANSYS Fluent setup. 
Although minor convergence challenges were encountered in the 3D solar collector model, the overall agreement 
with established benchmarks and experimental data was confirmed, indicating that this approach was well suited 
for the 3D framework. 

3. Results and Discussions 

Fig. 9 (a) The obtained value of the top heat loss coefficient, Ut.; (b) The average temperature of plate absorber, Tp 
and temperature of each glazing layers (Tg1, Tg2...) 
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The top heat loss is quantified by the overall top heat loss coefficient, Ut, which represents the combined effects of 
convective and radiative heat transfer through the glazing system as expressed in Equations (1) and (16) to (18). 
For the current steady-state heat transfer with adiabatic conditions at the side walls and bottom wall, a lower Ut 
corresponds to reduced heat loss through convection and radiation; thus, a higher absorber temperature was 
expected.  

Table 5 Comparison of Ut across each configuration 
Configurations Rate of change of Ut (%) 

1-glazing to 2-glazing 36.28 
2-glazing to 3-glazing 26.44 
3-glazing to 4-glazing 20.80 

 
The Ut was found to decrease with the addition of glazing layers as shown in Fig. 9(a). The rate of decrease of 

Ut between each glazing configuration is shown in Table 7. For instance, the Ut for a single glazing layer is 6.55 W 
m⁻² K⁻¹, which drops significantly to 4.33 W m⁻² K⁻¹ for two layers, a 36.28 % reduction. Further additional glazing 
layer yields smaller incremental reductions, 26.44 % from two to three glazing, at 3.25 W m⁻² K⁻¹, and only 20.80 
% from three to four layers, at 2.62 W m⁻² K⁻¹. This trend aligns with the assumption that Ut will decrease as more 
glazing layers are added. However, the rate of decline also starts to slow down, suggesting that the effect of 
decreasing Ut starts to diminish with increasing glazing layer. Based on the equation of Ut, adding more glazing 
creates more resistance, mainly in terms of hc and hr as shown in the extension of the equation from (1) and (16) 
to (18). Since these resistances are added in series, the total resistance becomes greater, and consequently, the 
inverse of the total resistance, which is the Ut will decrease. 

In this numerical investigation, FPSC was modelled under steady‑state conditions with a constant solar input 
and adiabatic side and bottom surfaces. The absorber plate temperature, Tp was utilised as an indirect indicator 
of top heat loss, hence overall collector performance. With controlled boundary conditions, with a constant solar 
input and adiabatic side and bottom surfaces, the absorber reached a steady-state temperature determined by the 
balance between absorbed solar energy and heat lost through the top surface via glazing. Under these conditions, 
A higher Tp implies reduced top heat loss, while a lower Tp indicates increased heat loss through the glazing layers. 
This approach is consistent with established research practices in which absorber temperature is the performance 
metric when heat losses are eliminated [7]. 

It is acknowledged that optical losses, reflection and absorption in the glazing layers can influence the overall 
energy balance. In this study, those optical effects were either explicitly modelled or assumed constant across all 
configurations, ensuring that any observed changes in absorber temperature are attributed primarily to 
differences in convective and radiative losses due to the number of glazing layers. 

Under controlled boundary conditions, with the bottom and side walls set as adiabatic, only heat loss through 
the top surface occurs. Therefore, changes in absorber temperature reflect variations in top heat loss due to 
different glazing configurations. Fig. 9(b) shows the obtained average temperature of the plate absorber, Tp, and 
the temperature of each glazing layer, along with the trend for studying the number of glazing layers on the FPSC 
as measured in Ansys Fluent. The first glazing layer refers to the glazing layer at the bottom, nearest to the 
absorber plate, followed by subsequent glazing layers. 

Figure 9(b) shows a non-linear trend in Tp as glazing layer increases 1-glazing configuration yields 375.46 K, 
2-glazing peak at 376.48 K, 3-glazing plunge to 376.22 K, and 4-glazing decreases slightly to 375.87 K. This 
behaviour can be attributed to two opposing influences. First, each additional glazing and air gap raises the 
resistance, decreasing Ut while increasing Tp. Second, under the assumption of a refractive index of 1.5 for glazing, 
each new glazing traps more of the plate’s long-wave infrared radiation and re‑radiates it back, boosting the 
effective incident heat flux and tending to increase Tp. 

At the 2-glazing layer, these effects balance so that the trapping of long-wave radiation outweighs the added 
insulation, driving Tp to its highest value. A third layer of glazing provides additional insulation, as indicated by 
the value of Ut, and significantly enhances the trapping of long-wave infrared radiation. However, it also leads to 
lower energy reaching the absorber plate due to optical losses, resulting in a slight reduction in Tp. Adding a fourth 
glazing tilts the balance toward optical losses, as the drop in Tp is observed, thus overtaking the incremental re-
radiation. 

In summary, the absorber temperature curve is characterised by the relation between minimised heat loss 
and improved thermal trapping. This simulation demonstrates that two glazing layers provide the best balance by 
reducing the amount of solar radiation lost during transmission. Any extra glazing mainly increases insulation, 
which alters the collector’s energy balance and thus its operating temperature. 
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Fig. 10 The trend of the temperature difference between the absorber plate and each successive glazing layer 

Fig. 10 shows that as the number of glazing layers increases, the temperature difference (ΔT) between all 
successive layers decreases consistently. This confirms that each additional glazing layer enhances insulation and 
diminishes heat loss. The temperature difference from the absorber plate to the first glazing layer decreases 
sharply as more glass layers are added. For the 1-glazing configuration, the temperature drops approximately 
39.00 K, indicating significant heat transfer from the plate to the glazing. When two glazing layers are installed, 
the drop of the temperature between absorber plate and first glazing is cut approximately by half, to 18.45 K. 
Adding a third layer of glass reduces the drop to only 9.46 K, and with four glazing layers in place, the temperature 
change is very small, at only 5.12 K, indicating that glazing most effectively blocks heat from the plate at starting 
at 2- and 3-glazing layers configurations, but the effect diminishes for 4-glazing.  

Optically, each glazing plays the role of transmitting the incoming short-wave solar radiation while reflecting 
or absorbing the long-wave radiation from the warmer surfaces below. As layers accumulate and the absorber 
plate and inner glazing have higher temperatures, as shown in Fig. 10, internal reflections and trapping of long-
wave radiation intensify, further reducing net ΔT. Hence, the temperature drops are gradually distributed across 
the inner layers. For example, in the 4-glazing setup, the temperature drops across the first, second, and third air 
gap is around 5.12 K, 5.29 K, and 9.64 K, respectively, while the fourth gap drops significantly, about 23.53 K. The 
steepest temperature difference, therefore, shifts toward the outermost gap, highlighting that the final barrier to 
convective and radiative losses lies at the glass-air interface. Since the most significant thermal drop remains at 
the outermost layer, enhancements such as low-emissivity coatings or inert-gas fills in that gap can further reduce 
the total heat loss more effectively than simply adding more glass. While each additional glazing increases 
insulation, diminishing returns set in by the third or fourth glazing layer, so balancing these optical and thermal 
considerations yields the most cost-effective method to minimizing total top surface heat loss. 
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Fig. 11 The surface incident radiation of absorber plate and each glazing layers, obtained from Anys Fluent 

Table 6 The distribution of surface incident radiation of FPSC 
Surface Incident 
Radiation (W) 

Absorber 
Plate 

First 
Glazing 

Second 
Glazing 

Third Glazing Fourth 
Glazing 

Configuration:      
1-glazing 169.18 410.15 - - - 
2-glazing 170.83 395.45 416.93 - - 
3-glazing 170.47 388.28 397.05 417.61 - 
4-glazing 169.73 384.28 388.39 397.03 417.61 

 
The distribution of incident radiation through the glazing is also influenced by the number of glazing layers. 

Assuming an ideal refractive index of 1.5, each glass layer transmits solar irradiance to the surfaces below. Adding 
more layers lengthens the radiative path and increases internal reflections within the glazing system, which can 
affect the amount of incident radiation reaching the interior surfaces.  

Fig. 11 and Table 6 show that the surface incident radiation on the absorber plate peaks at the 2-glazing 
configuration and starts to decline gradually with the addition of glazing layers. When a second glazing layer is 
introduced, the absorber plate sees its highest net incident radiation because each glazing not only transmits the 
incoming short‑wave solar beam but also traps a portion of the absorber’s long‑wave radiation due to the 
greenhouse effect. However, adding a third and fourth pane yields only a marginal benefit, as it slightly reduces 
the absorber’s net incident radiation, because each extra glazing also causes optical loss, despite the greenhouse 
effect being slightly more significant. Thus, 2-glazing yields the best balance between enhanced long‑wave re-
radiation and minimized short‑wave radiation losses.  

Across all of the configurations, the outermost glazing has the highest incident radiation across all 
configurations, while each successive layer closer to the absorber shows a gradual decrease. Every glazing surface 
both reflects the incoming beam and exchanges radiation with its neighbors. Some of the radiation reflected back 
down from the hotter lower surfaces will be intercepted by the glazing above, increasing their net incident beyond 
just the direct sunlight. 

Although each additional glazing lowers Ut by improving insulation and increases the share of radiation 
trapped among the glazing itself due to the greenhouse effect, it also introduces more optical losses. From a 
performance and cost‑benefit standpoint, two layers appear to strike the best balance between minimizing top 
heat losses and maximizing radiative input to the absorber as discussed. 

In summary, the balance between Ut and surface incident radiation explains why 2-glazing yields the highest 
absorber temperature. It achieves an optimal greenhouse effect by trapping long-wave radiation, while still 
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maintaining relatively low optical losses as well as enhanced thermal insulation from lower Ut. By contrast, 3-and 
4-glazing shift the balance further toward greenhouse effect enhancement, but it also yields increasing optical 
losses. The single-glazing setup, with the highest Ut and lowest incident radiation, clearly underperforms, resulting 
in the lowest absorber temperature. 

Future enhancements such as low-emissivity coatings on the outermost glazing, anti-reflective treatments on 
inner glazing, or vacuum glazing or argon-filled cavities can further improve the performance of FPSC. 

4. Conclusion 
In this study, the interaction between the number of glazing layer configurations, top heat loss, absorber 
temperature, and internal radiation was systematically examined under ideal optical conditions. As glazing layers 
increase, the overall top heat loss coefficient, Ut falls sharply, confirming that each additional air gap and glazing 
adds significant thermal resistance via convection and radiation insulation. Additionally, adding more glazing 
enhances the greenhouse effect by trapping long-wave thermal radiation, but also introduces additional optical 
losses due to increased internal reflections at each glazing layer.  

The optimal FPSC design therefore requires carefully balancing the number of glazing layers to lower the Ut 
while taking advantage of the greenhouse effect as well as minimising short-wave optical losses in order to achieve 
balanced FPSC performance. These insights underscore the importance of optimizing both thermal and optical 
properties in FPSC design in Malaysia’s hot climate. By carefully selecting the number of glazing layers and 
integrating advanced materials and configurations, future collectors can achieve a more efficient balance between 
minimizing thermal losses and maximizing solar energy capture.  
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