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 12 

The energy gain of domestic solar water heating systems is determined by solar to thermal energy conversion and 13 

optical efficiency of glazing.  For this study, solar transmission properties of different transparent glazing materials 14 

such as acrylic, low-, medium-, and high-iron glasses were measured. The thermal efficiency of the collector under 15 

natural convection mode was compared for different transparent covers determined by numerical simulation using 16 

the Hottel-Whillier-Bliss equation. The low-iron glass (LiG-12 mm) has 16.3% and 20% higher thermal efficiency 17 

than medium (MiG-12 mm) and high iron glasses (HiG- 12 mm), respectively, for a peak summer day. The effect of 18 

glass thickness on thermal performance is noteworthy in glasses than in acrylic glass sheets. Low-iron content glass 19 

with 6 mm thickness has the highest thermal and optical efficiency of 63.2% and 75.65%, respectively, for the 20 

optimum tilt of the collector for Vellore city in Tamilnadu, India. The results are useful in the selection of glass 21 

covers for energy-efficient solar flat plate collectors. 22 

1. Introduction: 23 

The solar flat plate collectors are widely employed for collecting the incident solar radiation and 24 

they can heat the working fluid to a temperature range of 70-100
o
C based on the collector design 25 

[1,2]. Collectors with sun tracking systems can enhance thermal performance but they are not 26 

always applicable due to their additional material and operational costs [3]. The solar flat plate 27 

collector (SFPC) performance mainly depends on local meteorological conditions, incident solar 28 

radiation, collector orientation, tilt angles, absorber, and cover materials [4,5]. The three major 29 

parts of SFPC are absorber plate, glazing, and insulation. The absorber plate absorbs solar 30 

radiation and transmits it to the working fluid, the glazing traps the short-wave radiation, and 31 

insulation prevents the heat losses [6]. Glazing is the top cover of SFPC and it has three major 32 

purposes: to diminish convective and radiative losses from the absorber, to allow solar radiation 33 

to absorber plate, and to protect the absorber plate from the environment [7]. Glass and plastics 34 

are commonly used materials to glaze solar flat plate collectors. Glasses transmit the maximum 35 

amount of short-wave radiation and plastics transmit both short-wave and long-wave radiations. 36 

The plastics are strong, lightweight, and low-cost materials but they can not withstand high 37 

temperatures like glasses [8]. The side and bottom ends of SFPC are usually well insulated but 38 

the major heat losses occur from the glass cover [9]. Therefore, SFPC’s thermal performance 39 

also depends on the glass cover material and its thickness. In this technical brief, the thermal 40 
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performance of SFPC has been analyzed considering the optical characteristics of the twelve 41 

glazing types of various thicknesses (acrylic, low-, medium-, and high-iron glasses) for Vellore 42 

(12.91° N, 79.13° E) in Tamilnadu, India. For this purpose, the spectral characteristics of the 43 

transparent materials were measured using a spectrophotometer and solar optical properties of 44 

glazing materials were utilized to estimate thermal and optical efficiencies of SFPC. 45 

2. Materials and methods 46 

The transparent acrylic, as well as glass samples having various thicknesses chosen for 47 

this study. The acrylic sheets and glasses were procured from Padmavathi Glass- Saint 48 

Gobain dealers, Vellore, Tamilnadu, India. The four different thicknesses of Acrylic glass 49 

sheets are termed as AGS- 4mm, AGS- 5mm, AGS- 6mm, and AGS- 8mm along with three 50 

different thicknesses of low-iron glass, namely LiG- 6mm, LiG- 8mm, and LiG- 12mm were 51 

selected. Similarly, one medium-iron glass, namely MiG- 12mm, and four high-iron glass 52 

samples termed as HiG- 4mm, HiG- 6mm, HiG- 8mm, and HiG- 12mm were considered. 53 

Fig. 1a shows the photograph of different types of transparent materials considered.  54 

 
(a) 

 
(b) 

 55 

Fig. 1. a.) Glass cover samples b.) Spectral transmission of SFPC glass covers 56 
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The transparent samples were characterized to determine transmission for different wavelengths 57 

using Lambda 950 UV/Vis/NIR spectrophotometer. The spectral transmission data of glass 58 

covers were further deduced to obtain solar transmittance using a weighted average method as 59 

per British Standard European Norm 410 [10,11]. Experiments were conducted to explore 60 

spectral properties of various glass covers of AGS, LiG, MiG, and HiG using a 61 

spectrophotometer in the solar spectrum range 300-2500 nm as depicted in Fig. 1(b). The 62 

spectrophotometer has a wavelength accuracy of ± 0.08 nm in the Ultraviolet-Visible region and 63 

± 0.30 nm in the Near-Infrared region. The instrument works on the principle of double-beam, 64 

double monochromatic, ratio recording spectrophotometer. The detectors used in the systems 65 

have photomultiplier and peltier controlled lead sulfide (PbS) for UV/Vis and NIR wavelength 66 

range, respectively. 67 

Eq. (1) was used to obtain solar transmittance of twelve glass covers of solar flat plate 68 

collector where Sλ is the relative spectral distribution of the solar radiation, Δλ is wavelength 69 

interval (2 nm), and (λ) is spectral transmission wavelength obtained from the 70 

spectrophotometer. 71 

T = ∑ Sλλ=2500nm
λ=300nm τ(λ)Δλ ∑ Sλλ=2500nm

λ=300nm Δλ⁄  

(1) 

 72 

3. Design and Analytical methodology  73 

The SFPC is designed in Vellore city, and it is assumed to be fixed in one position year-74 

around without sun tracking. Vellore falls under the hot and dry climatic zone and has peak 75 

summer on April 21
st
 and winter on December 21

st
; The solar radiation incident on a tilted 76 

surface can be calculated from Eq. (2) [12]. In this Eq. (2), A, B, and C are solar radiation in the 77 

absence of atmosphere (W/m
2
), atmospheric extinction coefficient, sky radiation coefficient, 78 

respectively. β is a solar altitude angle. θ is an incidence angle, The value of k is 0
o
 for the 79 

vertical surface, and k= 90
o
 for the horizontal surface. For a collector tilt angle of 10

o
, the value 80 

of k would be 80
o. The albedo was represented by ρg, and it is considered as 0.2. 81 

 82 

I=(
Aexp(B sinβ⁄ ) cos(β)cos(γ)cos(k) − sin(β)sin(k))+C1. Aexp(B sinβ⁄ ) . (1+Sin(k)2 )+(C1 +sin β) Aexp(B sinβ⁄ )ρg(1−Sin(k)2 ) 

 

(2) 

The design parameters of the SFPC are presented in Fig. 2. The analysis was carried out 83 

for peak summer and winter days at Vellore to arrive at optimum collector tilt (11.5
o
) and 84 

orientation (south) for year-around maximum incident solar flux. Table 1 shows the various 85 

parameters considered for the thermal analysis of a flat plate collector. The thermal performance 86 

of the collector can be investigated by the parameters such as collector efficiency factor (F'), heat 87 

removal factor (FR), useful heat flux (Qu), thermal efficiency (ηT), and optical efficiency (ηOpt). 88 

The values are obtained with Eqs. (3)-(7) [13,14]. In Eq. (4), The values of FR and overall loss 89 

coefficient (𝑈𝑙) cannot be directly computed as the value of one is dependent on the other. 90 
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Therefore, an iterative procedure is followed. For the first iteration, 𝑈𝑙 has been assumed as 4 91 

W/m
2
K and it is a reasonable assumption for a collector with a glass cover [13]. Eq. (5) is called 92 

the Hottel-Whillier-Bliss equation which is used to calculate useful energy gain when the inlet 93 

fluid temperature is known. S denotes the incident radiation absorbed by the absorber plate and 94 

estimated as a product of incident flux (I) and transmissivity-absorptivity product, τα, and Φ is 95 

absorber plate effectiveness. 96 F′ = 1W. Ul [ 1Ul[(W − Do)ϕ + Do] + 1π. Di. hf] (3) 

FR = ṁCpUlAp [1 − exp (−F′UlApṁCp )] (4) 

 97 𝑄𝑢 = 𝐹𝑅 . 𝛼. 𝜏. 𝐼. 𝐴𝑝 − 𝐹𝑅 . 𝑈𝑙 . 𝐴𝑝. (𝑇𝑓𝑖 − 𝑇𝑎) (5) 

 98 𝜂𝑇 = FR. α. τ − FR. Ul. (Tfi − Ta)I  
(6) 

 99 𝜂𝑂𝑝𝑡 = 𝑆/𝐼 (7) 

 100 

 
 101 

Fig. 2. Schematic of SFPC 102 

 103 
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Table 1 Parameters considered 104 

Parameter Specification 

Location and solar parameters:  

Location of collector Vellore: 12.9165
o
N, 

79.1325
o
E 

Solar parameters [12]:  

A (W/m
2
), B & C (Dimensionless) 

Peak summer: April 21
st
 A, B, and C value 

Peak winter: December 21
st
 A, B, and C value 

613.35, 0.121, and 0.395 

622.52, 0.000, and 0.243 

Collector design parameters:  

Collector area (Ac) (Length x Width) (m
2
) 2 x 1 

Absorber area (Ap) (Length x Width) (m
2
) 1.95 x 0.95 

No of tubes (N) 9 

Collector tilt (k) (deg) 11.5
o
 

Thermal conductivity of plate material (kp) W/mK 350  

Absorber plate thickness (δp) (m) 0.0012  

Diameter of tube (outer (Do), inner (Di)) (m) 0.0127, 0.0117 

Wind speed (v) (m/s) 2.5  

Spacing between glazing cover and absorber (L) (m) 0.04 

Emissivity of collector plate (εc) 0.85 

Emissivity of absorber plate (εp) 0.14 

Absorptivity (α) 0.85 

Pitch (W) (m) 0.105 

Fluid to tube heat transfer coefficient (hf) (W/m
2
K) 205 

Surface azimuth angle (γ) (deg) 0
 o
 (South oriented) 

Glazing size and their optical properties:  

Sample size for spectrophotometer (Length x Width)  

(m
2
) 

0.02 x 0.01 

Solar Transmittance (τ) 
AGS 4,5,6,8 mm 

LiG 6,8,12 mm 

MiG 12 mm 

HiG 4,6,8,12 mm 

 

0.78, 0.77, 0.75, and 0.74 

0.89, 0.88, and  0.84 

0.73 

0.82, 0.81, 0.79 and 0.71 

 105 

4. Results and discussions 106 

The performance of the collector in terms of useful heat flux and collector efficiency factor 107 

for LiG- 6mm is depicted in Fig. 3. The results show the availability of useful heat flux at 7 am 108 

(LAT) in the morning during a peak summer day, whereas it is zero during the peak winter day.  109 

The mass flow rate varying between 0.01 to 0.02 kg/s, has a significant influence on useful heat 110 

absorbed during the diurnal time. In contrast, 0.025 kg/s mass flow rate was observed to be 111 

insignificant. This is due to the reduction in difference of inlet and outlet fluid temperature with 112 

the increased flow rates [15]. 113 
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Fig. 3. Useful heat flux and collector efficiency factor at various mass flow rates for LiG-6mm 114 

Fig. 4. depicts the useful heat flux and collector efficiency factor at the mass flow rate of 0.02 115 

kg/s for various glass covers of SFPC. LiG-6mm  has the maximum value, whereas HiG-12mm 116 

has the least value on peak winter and summer days. 117 

 118 
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Fig. 4. Useful heat flux and collector efficiency factor at 0.02 kg/s mass flow rate for various glass covers 119 

of SFPC 120 

Fig. 5. shows the relationship between ambient temperature and heat removal factor of 121 

SFPC with LiG-6mm  at various mass flow rates. The results show that the heat removal factor 122 

of SFPC with LiG-6mm is influenced by ambient temperature, mass flow rate, and diurnal 123 

hourly radiation on peak summer and winter days.  The maximum heat removal factor was 124 

obtained at noon (LAT), and the heat removal factor was the least at 7 am (LAT). The change in 125 

the heat removal factor is optimal in the mass flow rate range of 0.01-0.02 kg/s and remains 126 

unaltered at mass flow rates up to 0.025 kg/s. 127 
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Fig. 5. Ambient temperature and heat removal factor at various mass flow rates and diurnal 128 

hours for LiG-6mm 129 

Fig. 6. presents the heat removal factor and optical efficiency of glass covers at 0.02 kg/s 130 

mass flow rate. The results show that the thickness and the type of glass cover significantly 131 

influence the optical efficiency of the SFPC. It can also be observed that acrylic-based samples 132 

have lower optical efficiency than glass samples of the same thicknesses due to light absorption 133 

within its thickness. The optical efficiency of LiG- 6mm is 9.8% higher than the HiG- 6mm. The 134 

iron content of glass and its thickness significantly enhance the optical efficiency of SFPC. The 135 

low-iron glass (LiG-12 mm) has 14.97% and 18.21% higher optical efficiency than medium 136 

(MiG-12 mm) and high iron glasses (HiG- 12 mm), respectively. The optical efficiency order of 137 

preference for acrylic and glass covers is LiG- 6mm, LiG- 8mm, LiG- 12mm, HiG- 4mm, HiG- 138 

6mm, HiG- 8mm, AGS- 4mm, AGS- 5mm, AGS- 6mm, AGS- 8mm, MIG- 12mm, and HiG- 139 

12mm. 140 
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Fig. 6. Heat removal factor and optical efficiency at 0.02 kg/s mass flow rate for various glass 141 

covers of SFPC 142 

Fig. 7. depicts the relationship between incident solar radiation and thermal efficiency at 143 

various mass flow rates and diurnal hours for SFPC of LiG-6mm. At 7 am (LAT) of the peak 144 

summer day, the thermal efficiency of the SFPC is higher than peak winter day. The thermal 145 

efficiency of SFPC follows a parabolic profile where an increase in thermal efficiency is 146 

significant for the mass flow rate up to 0.02 kg/s. After 0.02 kg/s mass flow rate, the increase in 147 

the thermal efficiency of SFPC is gradual. 148 

 149 
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Fig. 7 Incident solar radiation and thermal efficiency at various mass flow rates and diurnal hours for 150 

LiG-6mm 151 

Fig. 8. presents thermal efficiency variation for various glazing covers at 0.02 kg/s mass 152 

flow rate. SFPC with LiG-6mm was observed to be the most energy-efficient due to its highest 153 

thermal efficiency of 63.22% at solar noon on a peak summer day, followed by LiG-8mm 154 

(62.46%).  The peak thermal efficiency of acrylic glazing on a peak summer day is limited to 155 

54.89 % for lower thickness (4mm). The thermal efficiency of LiG- 6mm is 10.7% higher than 156 

the HiG- 6mm (ordinary clear glass). The low-iron glass (LiG-12 mm) has 16.3% and 20% 157 

higher thermal efficiency than medium (MiG-12 mm) and high iron glasses (HiG- 12 mm), 158 

respectively, during solar noon of a peak summer day.  159 

 160 
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 161 

Fig. 8. Incident solar radiation and thermal efficiency at 0.02 kg/s mass flow rate for various 162 

glass covers of SFPC 163 

5. Conclusion 164 

Solar transmission is a crucial optical parameter of the glass cover that significantly affects 165 

the thermal and optical efficiencies of the SFPC. The acrylic glass sheet has shown better 166 

spectral transmission in the UV-VIS region. However, its spectral transmission is shallow in the 167 

NIR region compared to the glass. Glass is observed to be the best compared with acrylic glass 168 

due to its better solar transmission in both UV-VIS and NIR regions for enhancing solar influx 169 

absorbed by the absorber plate. The iron content of glass and its thickness play a significant role 170 

in enhancing thermal and optical efficiency. The low-iron glass (LiG-12 mm) has 16.3% and 171 

20% greater thermal efficiency than medium (MiG-12 mm) and high iron glass (HiG- 12 mm), 172 

respectively, at noon on a peak summer day. The effect of glass thickness on thermal 173 

performance is noteworthy in glasses than in acrylic glass sheets. Low iron glass (LiG-6 mm) 174 

was observed to be the best due to its highest thermal (63.2%) and optical (75.65%) efficiencies, 175 

among the glass cover materials considered at an optimum inclination angle of the collector for 176 

Vellore in Tamil Nadu, India. The effect of the mass flow rate for a peak winter day is the lowest 177 

as compared to a peak summer day. So, it is concluded that for summer days, the collector must 178 
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be operated at higher mass flow rates to gain maximum energy efficiency. The collector must be 179 

operated at a moderate mass flow rate during winter for reducing the pumping energy. The 180 

results of this work help the designers to select materials and operating parameters based on 181 

climatic conditions. 182 
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