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Experimental Performance Analysis of a Novel Sand Coated and Sand Filled Polycarbonate 1 

Sheet Based Solar Air Collector 2 

Abstract: 3 

An experiment was conducted to investigate the performance of a novel sand coated and sand filled 4 

(SCSF) polycarbonate sheet based solar air collector (SAC) under controlled indoor conditions with 5 

variable air flow rates and solar inputs. The performance of this novel absorber was compared with 6 

aluminium absorber (with and without sand coating). The results indicated that due to the presence 7 

of sand coating over the absorber, the rate of heat transfer was enhanced by redistribution of air 8 

flow. Further, the presence of sand within the poly carbonate sheet acted as a thermal heat storage 9 

medium that might be used during off-sunshine hours. Further, the increment in mass flow rate by 10 

87% lead to decrement in the magnitudes of stored energy by 10-24% and but the average 11 

discharging efficiency was increased by 15%. The maximum thermal efficiency of the proposed 12 

collector was found to be 42% during charging. Reduction of air gap from 5 cm to 3 cm resulted in 13 

11% higher thermal efficiency for sand coated aluminium absorber based SAC. It was found that 14 

the SAC with storage provided 39% and 20% higher thermal efficiency than that of the black paint 15 

coated aluminium absorber and sand coated aluminium absorber, respectively.   16 

Keywords: Solar air collector; sand coating; sensible heat storage; charging efficiency; 17 

discharging efficiency 18 

1. Introduction 19 

Solar air collectors are widely used to transform the incoming solar radiation into useable form 20 

such as hot air, which can be used to dry agricultural products, space heating, and energy storage 21 

applications. The lower setup and operating cost of solar air collector (SAC) in comparison to other 22 

conventional energy sources make it more feasible solutions especially for the small-scale farmers. 23 

These types of collectors have many attractive advantages over water heating collectors such as 24 

higher working pressure range, fewer problems of corrosion or leakage, and non-freezing behaviour 25 
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of air, etc. [1, 2]. The worldwide distributions of solar thermal collectors based on type are as 26 

follows: vacuum tube heaters: 71.1%, flat plate collectors: 22.1%, unglazed water heaters: 6.3%, 27 

and solar air collectors 0.4% [3].  28 

It is obvious that the thermal applications of SACs are still limited; due to poor heat transfer 29 

between the air and the absorber plate because of development of laminar sublayer and lower 30 

thermal capacity of air [4]. Moreover, cloudy weather conditions and off sunshine hours or night 31 

restricts the efficient use of SAC for agricultural drying and heating applications. The possible 32 

solution to overcome this issue is to provide heat storage capability so that thermal energy can be 33 

stored in the daytime, and later it can be used in night as well as in peak load hour. One of the 34 

effective ways to improve the heat transfer from absorber plates is surface modification, which 35 

helps to generate the secondary flow in the collector and increase the surface area. Das et al. [4] 36 

experimentally investigated the performance of SAC with sand coated absorber plate at variable air 37 

mass flow rate ranging from 0.01 to 0.02 kg/s/m2 and radiation levels of 400, 600, and 800 W/m2. 38 

Results indicated that the thermal efficiency of the collector improved by 17% for the sand coated 39 

absorber plate compared to the plain absorber, at a mass flow rate of 0.02 kg/s/m2 and radiation 40 

level 800 W/m2.  Karwa and Srivastava [5] numerically investigated the effect of absorber plate 41 

with v-down discrete rib roughness on the thermal performance of SAC. The thermal efficiency of 42 

the SAC with roughened duct was obtained between 6% and 26% higher when compared to the 43 

performance of smooth duct SAC. Debnath et al. [6], Karim and Hawlader [7] found that use of 44 

corrugated absorber plate significantly improves the thermal performance of SAC, this was due to 45 

the improved turbulence effect and increment of the heat transfer area. Lati et al. [8] tested the 46 

performance of collectors with sand coated absorber plates. It was found that absorber plate coated 47 

with finer sand particles have better performance, maximum efficiency of 62.1 % was noticed when 48 

the sand particle diameter was 0.063 mm. Singh et al. [9] observed that SAC with circular jet 49 

impingement significantly enhances its thermal performance, and recommended to use bed porosity 50 

of 98%, mass flow rate of 0.04 kg/s, and impinging plate perforation of 0.48% to achieve best 51 
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performance of proposed SAC. Vaziri et al. [10] designed and tested SAC having different inner 52 

collector colors with and without glazing. The maximum efficiency of 85% at mass flow rate of 53 

0.036kg/s was found for the black painted SAC with glazing. Velmurugan and Kalaivanan [11] 54 

studied the effect of four different geometrical arrangements such as wire mesh, finned plate, flat 55 

plate and rough plate on energy and exergy performance of SAC with single/dual pass. Wire mesh 56 

SAC with dual pass provided highest temperature of 25.2˚C and maximum efficiency of 76.46% 57 

than other conditions. Special selective coatings on the surface of absorber plate such as nickel-tin 58 

[12], mixture of vanadium and aluminium oxides [13] were also employed to obtain high 59 

effectiveness in solar air collectors.  60 

Several researchers have also improved the performance of SACs by integrating it with heat 61 

storage media such as sensible or latent materials. The characteristics of latent heat storage such as 62 

high heat capacity and constant charging and discharging temperature make it more appealing; 63 

however poor thermal conductivity of these solid phase materials is one of the major drawbacks. 64 

Consequently, high thermal resistance has been noticed as the material deposits on the heat transfer 65 

surface during the discharging process [14]. Due to easier availability, lower cost, ease of 66 

fabrication, and higher thermal conductivity, the sensible storage materials are generally preferred 67 

over latent heat storage materials [15]. Kalaiarasi et al. [16] analysed the thermal performance of 68 

SAC with sensible heat storage medium such as synthetic oil (Therminol-55), and reported 69 

maximum thermal efficiency of 70.8%, when the mass flow rate was 0.028 kg/s. Saxena et al. [17] 70 

constructed SAC with heat storing media such as granular carbon and the maximum thermal 71 

efficiency of 73.6 % and 20.7 % was achieved under forced and natural convection mode, 72 

respectively. Laksmi et al. [18] experimentally investigated the performance of SAC with 73 

trapezoidal corrugated absorber plate and gravel as sensible heat storage media. The maximum 74 

energy efficiency was 58.16%, while the exergy efficiency was 14.6 %. Aissa et al. [19] used 75 

granite stones for developing a flat SAC with heat storage system, and measured the output of SAC 76 

by varying air mass flow rates from 0.016 kg/s to 0.08 kg/s under forced convection mode, They 77 
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concluded that the air mass flow rate in the range of 0.03-0.048 kg/s is the most suitable choice for 78 

achieving optimum outlet air temperature for the heating applications. Mohanraj and Chanderasekar 79 

[20] concluded that the sand with aluminium scraps as a packing material facilitates to maintain 80 

steady air temperature inside the drying chamber. Also, the inclusion of storage media has 81 

significantly increased the drying time by about 4 hours per day. Ramadan et al. [21] examined the 82 

thermal performance of SAC with limestone and gravel as heat storage materials, and observed that 83 

the gravel gave better results than lime stone. It is also observed that air mass flow rate up to 0.05 84 

kg/s has shown increment in thermohydraulic efficiency, but beyond that it has insignificant effect, 85 

thus it is recommended to use mass flow rate equal to 0.05 kg /s or lower to have a lower pressure 86 

drop across the system. Murali et al. [22] outlined that use of aluminium cans with aluminium 87 

scraps as storage media for SAC gives better heat transfer coefficient and instantaneous efficiency, 88 

when the air mass flow rate was 0.025 kg/s. Abuska et al. [23] have measured the efficiency of 89 

SAC with cherry powder and cherry pits, and noticed that SAC with cherry pits have improved 90 

thermal efficiency of 27.03% in comparison to SAC with powdered cherry pits. Saxena et al. [24] 91 

experimentally investigated the use of SAC with granular carbon and mixed desert as sensible heat 92 

storage materials. Maximum thermal efficiency of 20.78 % and 80.05% was observed under natural 93 

and forced convection mode, respectively. Dhote and Thombre [25] determined the influence of 94 

change in inclination such as 0֯, 15֯, 30֯, 45֯, 60֯, 75֯, 90֯ and storage oil quantity such as 50, 75, 100 95 

litre on the overall efficiency of SAC and the maximum efficiency was  16.88% at inclination of 60֯ 96 

and storage quantity of 50 litre. Chaouch et al. [26] developed a forced convection based solar dryer 97 

having pebbles as heat storage material. It was found that the efficiency of SAC with storage 98 

capability improved by 28% than the system without storage. The designed solar dryer was also 99 

very much capable of maintaining its efficiency for an hour after the sunset. Prasad et al. [27] 100 

performed their study using wire mesh as packing material to develop SAC, and further varied the 101 

air mass flow rate between 0.0159 and 0.0347 kg/s-m2 to evaluate the heat transfer and friction 102 

characteristics. It has been observed that the heat transfer coefficient was increased with the 103 
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increase of mass flow rate and decrease in porosity. Aboul-Enein et al. [28] highlighted that the 104 

thermal performance of the SAC with sensible storage materials was considerably higher than the 105 

system without storage. An optimum thickness of the storage material of about 0.12 m was found to 106 

be convenient for drying different agriculture products. The mathematical model of Naphon [29] 107 

showed that the thermal efficiency of SAC with porous media improved by 25.9 % than that of 108 

without porous media. Thakur et al. [30] enhanced the performance of SAC using wire mesh 109 

screens in layer by layer manner to fabricate the packed bed. It was observed that both friction 110 

factor and heat transfer coefficient were strongly influenced by the geometrical arrangements of 111 

wire mesh screens. Also, it was noticed that the volumetric heat transfer coefficient increased with 112 

the decrease in porosity. Saravanakumar and Mayilsamy [31] found that the thermal efficiency of 113 

SAC with gravel and iron was 20% higher in comparison to SAC with other types of selected 114 

storage materials. Moreover, the inclusion of heat storage materials increased the collector 115 

efficiency and outlet temperature by 10-20%. Vijayan et al. [32] developed a low cost solar air 116 

collector integrated with pebbles packed bed as sensible heat storage medium for the drying of 117 

bitter gourd slices. The average exergy efficiencies and pickup values were found in the range of 118 

28.2-40.6% and 17.1-54.2% for the mass flow rates of 0.0141 kg/s to 0.0872 kg/s, respectively. A 119 

summary of performances of various solar air collectors using different sensible heat storage 120 

materials are presented in Table 1. 121 

Although many researchers have discussed the performance enhancement of SAC by 122 

modifying the surface of absorber plate or employing sensible heat storage media, but research on 123 

the use of natural materials like as sand as coating and heat storage materials are scarce in literature. 124 

A few references [4, 8] show the performance of SACs using sand as coating material to modify the 125 

absorber’s surface, while the references [20, 24, 28, 31] show the performance of SAC having sand 126 

as storage materials. But, none among those proposed designs have attempted to use sand as 127 

coating and heat storage materials (i.e., sand coated and sand filled) successively. Furthermore, 128 

multi walled polycarbonate sheet based SAC has not been well explored yet. Hence, this study 129 
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presents a novel sand coated and sand filed (SCSF) collector cum storage unit that includes 130 

following key features: (i) black painted sand coating is used to modify the surface of the absorber 131 

for better heat transfer; (ii) sand is used as sustainable and eco-compatible sensible heat storage 132 

material; and (iii) multiwall poly carbonate sheet is used as base absorber material instead of 133 

traditional aluminium/copper absorber plate. Finally, the performance of proposed SAC was 134 

compared with the traditional black painted sand coated aluminium absorber under similar working 135 

conditions.  136 

2. Experimental set up 137 

In the present study sand is considered as the thermal storage materials for evaluating the thermal 138 

performance of the sustainable and eco-compatible solar air collector. The primary aim was to 139 

heating air using solar energy and to incorporate storage system so that thermal energy can be 140 

stored in the daytime, and later it can be used in night as well as in peak load hour to maintain the 141 

air temperature. The main experimental setup consists of black painted sand coated polycarbonate 142 

sheet filled with sand (Fig. 1a). Further, the previously made thermal collector presented by Das et 143 

al. [4] is used with modified air gap for comparison. The function of the polycarbonate sheet was 144 

twofold:  the upper surface acts as an absorber while the multiwall helps to store the sand thus the 145 

combined system acts as a collector cum storage. Further, the presence of sand controls to maintain 146 

the temperature of the polycarbonate reaching at higher level thus reduces the chances of 147 

degradability under higher solar insolation. Differential Scanning Calorimetry (DSC) was used to 148 

derive information regarding the amount of heat required to increase the sample temperature. The 149 

heat flow (mW) function with a blank curve correction was provided for samples heated at 5oC per 150 

minute under N2 environment from 30 to 600oC as displayed in Fig. 1b. The DSC analysis of pure 151 

sand is performed to study the crystallization process and latent heat involved in the process. A 152 

sharp downfall in the heat flow is recorded with a peak position located at ~ 575 0C which 153 

demonstrates the crystallization of the materials due to the exothermic process. This phenomena is 154 
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explained based on the flow of heat energy to the sample which is reduced to keep the heating rate 155 

constant.  156 

 157 

 158 

 159 

Fig. 1. Pictorial view of the experimental setup. (a) Frame of the collector; (b) Sand filled polycarbonate sheet; 160 

(c) Side view of the collector under the solar simulator; (d) Solar simulator and collector during 161 

experimentation; (e) Temperature sensors, data logger, voltage variac, computer for online storing; (f) Voltage 162 

regulator for simulator.  163 
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 164 

Fig. 1g. DSC analysis of sand. 165 

 166 

The experimental setup of the SCSF collar collector can be seen in Fig. 1. The collector has 167 

a cross-sectional area of 1.44 m2 and an absorber plate of 0.97 m x 0.97 m. Further, all the technical 168 

specifications of the storage based solar collector kept same as that of Das et al. [4]. However, to 169 

adjust the thickness of the multi-wall polycarbonate sheet having thickness of 0.02 m, the air gap 170 

was reduced to 0.03 m compared to that of the 0.05 m for the case of Das et al. [4]. The back side 171 

was insulated by using 0.02 m thick Thermocol. The outer body of the collector was made of 0.015 172 

m thick plywood. The top surface of the polycarbonate sheet was first coated with black paint and 173 

then a layer of black painted sand was coated over it. To make the sand coating, mixture of black 174 

paint and preheated sand were painted over the absorber. For the storage, the dried sand was 175 

inserted in between the multi-walls of the polycarbonate sheet. A single transparent glazing made 176 

up of Perspex sheet having thickness of 0.005 m was employed to reduce the top losses. Two DC 177 

fans each of 12V capacity were utilised to blow the air from the bottom (considered as the inlet) of 178 

the collector. A voltage variac was used to supply controlled DC power to the fans.  179 

Solar simulator with variable radiation level of 800 W/m2 and 400 W/m2 are used as a 180 

source of light and tests are performed at the laboratory of Centre for Sustainable Technologies, 181 

Ulster University. The radiation level was measured by a pyranometer by keeping it at different 182 

position of the collector. The average intensity on the collector surface varied between ±15 W/m2. 183 

The collector and simulator lamp array were kept parallel to each other and were at 45⁰ inclined to 184 

horizontal. The exit air velocity was measured with the help of an anemometer and the velocity was 185 
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varied by varying the speed for the fan. Data logger (data taker, DT85) was used to read and store 186 

the temperature reading at an interval of 1 minute. The accuracy of the instruments and the involved 187 

uncertainties were evaluated using equations reported by Das et al. [4] and the values are shown in 188 

Table 2. 189 

 190 

 191 

 192 

Table 2: Accuracy and percentage errors for various instruments.  193 

 Instrument Make/ Model Accuracy Range % error 

Pyranometer Kipp & Zonen ± 5 W/m2 0 – 4000 W/m2 2.5 

Anemometer Trotec, TA300 ± 0.01 m/s 0 – 25 m/s 0.5 

Differential 

manometer 

OMEGA, 

HHC280 

± 0.05 hpa 0-100 hpa 5 

T-type thermocouple Laboratory of 

Ulster university 

± 0.5⁰C 0 – 300 ⁰C 1.25 

 194 

3. Mathematical formulation 195 

Steady flow energy equation for solar air collectors is given by [4, 8] 196 

Accumulated energy (Qac) = Useful heat energy gain (Qu) + Absorbed energy by the 197 

absorber/storage (Qab) + Lost energy (Qloss)       (1) 198 

Accumulated energy can be evaluated as: 199 

Qac= I Ac          (2) 200 

where, I is the magnitudes of the solar radiation and Ac is the collector area.  201 

Useful heat gain by the moving air is evaluated as: 202 
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  Qu=maCp,a(Ta,out-Ta,in)         (3) 203 

where, ma is the air mass flow rate, Cp,a  is the specific heat of air, Ta,out is the outlet air temperature 204 

and Ta,in is the inlet air temperature. 205 

The absorbed energy in the storage (Qab) is calculated by 206 

Qab=mpCp,s(dTp,average/dt)        (4) 207 

where, mp is the mass of the sensible storage material (i.e., sand), Cp,s is the specific heat of sand, 208 

dTp,average is the change in average temperature of the sand during time gap of dt. 209 

The energy loss (Qloss) is given by 210 

Qloss= UcAsc(Tp,average-Te)        (5) 211 

where, Uc is the overall heat loss coefficient, Asc is the area of the absorber, Tp,average is the average 212 

temperature of sand air, and Te is the temperature of the environment. 213 

The air mass flow rate can be evaluated as 214 

m=ρAscV          (6) 215 

where, ρ is the density of the air and V is the air speed. 216 

The thermal performance of the SCSF polycarbonate sheet based SAC is based on the heat transfer 217 

from the hot air to the sand in the reservoir and vis versa. The charging efficiency or storing 218 

efficiency (ηs,c) is estimated from the ratio of the amount of stored energy in the sand to the total 219 

amount of incident solar radiation. 220 

ηs,c= Qab/ IAsc          (7) 221 

In storage based solar collector systems, two different thermal efficiencies can be calculated: heat 222 

collection (charge) efficiency and heat retrieval (discharge) efficiency.  223 

The thermal efficiency of the collectors (ηt,c) during charging is defined as the ratio of the total 224 

quantity of heat transferred to the air and the total solar irradiance incident [28]. 225 
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ηt,c=Qu/(IAsc)          (8) 226 

The thermal efficiency of the collectors (ηt,d) during discharging is defined as the ratio of the total 227 

quantity of heat transferred to the air and the total energy stored in the storage (Qab). 228 

ηt,d=Qu/(Qab)          (9) 229 

 230 

 231 

 232 

4. Results and discussion 233 

4.1. Charging mode 234 

4.1.1. Variation of temperature difference 235 

The variation in temperature difference between the glazing and the inlet air (ΔT_glazing), the 236 

absorber and the inlet air (ΔT_absorber), and the outlet air and the inlet air (ΔT_air) with time is 237 

shown in Fig. 2a-d. At a lower mass flow rate of 0.0096 kg/s and at lower radiation level of 400 238 

W/m2, a continuous increase in the magnitude of the temperature differences is observed with time. 239 

Results also indicated that ΔT_absorber is always higher than the other values (ΔT_air and 240 

ΔT_glazing). This may be due to the lower rate of heat transfer by the air. Conversely, lower values 241 

of ΔT_glazing is an indication of lower values of top heat loss from the collector. With the increase 242 

in mass flow rate to 0.018 kg/s (Fig. 2b), the magnitude of all temperature differences are found to 243 

reduce, due to an increase in the heat extraction rate by the working fluid (air). Furthermore, it is 244 

observed that the magnitude of ΔT_air and ΔT_glazing are similar. This may be due to higher rate 245 

of reduction of the outlet air temperature compared to that of the glazing temperature. Again, a 246 

reduction in the outlet air temperature is due to the lower retention time of the air within the 247 

collector due to the increase in the mass flow rate. At higher level of radiation (800 W/m2), the 248 

trend remains the same but the values increase. The values of ΔT_absorber, ΔT_air, and 249 

ΔT_glazing are found to be in the ranges of between 16 to 35⁰C, 8 to 25⁰C, and 9 to 17⁰C, 250 

Jo
urn

al 
Pre-

pro
of



12 

 

respectively. An increase in the mass flow rate of air by 87% results in a reduction in the outlet air 251 

temperature by 38% and 64% at lower and higher levels of solar radiation, respectively. 252 

 4.1.2. Variation of storage temperature and stored energy 253 

The variation of the average storage (sand) temperature at three different positions with respect to 254 

time are shown in Fig. 3a-d for two different solar radiation levels. Positions are fixed along the 255 

axial direction near the inlet (referred to as Tbottom), midsection (referred to as Tmiddle) and near the 256 

exit (referred to as Ttop). Each temperature reading is the average of three different sensors fitted in 257 

the radial direction at the same axial location. Results indicated that the temperature of the sand 258 

initially increases rapidly in the initial 50 min. due to the absorbance of solar radiation. Thereafter 259 

the rate of increase reduces due to an increase in the temperature difference between the incoming 260 

air and the temperature of the absorber resulting in a higher rate of extraction of heat by the 261 

travelling air.  It is noted that the differences in temperature between the three locations increases 262 

with time. The maximum average storage temperature of 54ºC is observed with a maximum 263 

deviation of 4ºC between the inlet and outlet sections. Furthermore, with the increase in the mass 264 

flow rate to 0.018 kg/s (Fig. 3b), the maximum average temperature is 47ºC with a maximum 265 

deviation of 2ºC. Apart from the magnitude, a similar trend is observed at the higher radiation level 266 

of 800W/m2 (see Fig. 3c-d). As can be seen, the maximum temperature varies between 70 to 84ºC. 267 

However, the deviation in temperature between the inlet and outlet varies between 6 and 8 ºC. This 268 

deviation is due to the reduction in the driving force (i.e. temperature difference between the air and 269 

the absorber) and thus the heat absorption capacity of the fluid as it moves in the axial direction. 270 

Eventually the axial temperature of air increases gradually.   271 
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  272 

  273 

Fig. 2. Variation of temperature difference. (a) Q=400 W/m2, m=0.0096 kg/s; (b) Q=400 W/m2, 274 

m=0.018 kg/s; (c) Q=800 W/m2, m=0.0096 kg/s; (d) Q=800 W/m2, m=0.018 kg/s. 275 

Variation of the total stored energy in the sand with time is shown in Fig. 4a-b. As can be seen, the 276 

magnitude of stored energy increases with time due to absorption of solar radiation. Initially, the 277 

rate of increase is high due to higher absorption capacity of the sand because of the lower 278 

temperature. With the passage of time, the surface temperature of the absorber (and thus the storage 279 

temperature) increases resulting in a higher rate of extraction of heat by the air. At the same time 280 

due to higher system temperature, the level of the top (leakage) losses increases. At lower levels of 281 

solar radiation (400 W/m2), the increase in the air mass flow rate results in a decrease in the levels 282 

of the heat storage rate due to the higher rate of heat extraction by the flowing air. This may be due 283 

to lower potential retention of the flowing air that allows the sand to store more energy. At higher 284 

solar radiation levels (800 W/m2), the variation with time is similar to lower solar radiation, but the 285 

amount of stored energy is higher. Furthermore, the increase in air mass flow rate resulted in a 286 

decrease in the stored energy for all mass flow rates, mainly due to the increase in extraction rate of 287 

thermal energy. Overall, the stored energy decreased by 10 to 24% for an increase in air mass flow 288 

rate by 87%. 289 

(a) (b) 

(c) (d) 
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  290 

  291 

Fig. 3. Variation of average storage (sand) temperature during charging. (a) Q=400 W/m2, m=0.0096 292 

kg/s; (b) Q=400 W/m2, m=0.018 kg/s; (c) Q=800 W/m2, m=0.0096 kg/s; (d) Q=800 W/m2, m=0.018 kg/s. 293 

4.1.3. Variation of charging efficiency 294 

The variation in charging efficiency with time for various mass flow rates of air is depicted in Fig. 295 

5a-b. As can be seen, the charging efficiency initially increases but this is followed by a drop off 296 

over time. It may be inferred that from the total incident radiation, a portion of the heat is stored in 297 

the sand, a portion is absorbed by the flowing air and remainder is lost. An initial increase in the 298 

charging efficiency resulted from the increase in the magnitude of heat stored in the sand. And a 299 

comparatively lower amount of heat carried away by the travelling air due to lower temperature 300 

gradient between the incoming air and the surface of the absorber. Further, with the passage of 301 

time, the increase in heat storage within the sand increases the surface temperature of the absorber 302 

which in turn increases the amount of heat extracted by the flowing air.  303 

It is important to mention here that higher system temperature also results in higher heat 304 

loss to the environment. Since the primary aim of the present setup is to use it as a collector, thus 305 

the lower value of charging efficiency can be accepted, if the conversion efficiency of the collector 306 
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is enhanced with the variation of any of the governing parameters. Results indicate that, after 307 

almost 60 min., the fraction of heat absorbed by the flowing air and the sand takes a steady trend. 308 

The initial increase in air mass flow rate, leads to increase in heat absorbing capacity of the 309 

travelling air, resulting in a lower value of maximum charging efficiency. Thus, it can be concluded 310 

that a mass flow rate of 0.0012 kg/s is better in terms of charging efficiency of the collector. The 311 

variation of the charging efficiency at a higher intensity (800 W/m2) shows similar trend to the low 312 

intensity (400 W/m2) (Fig. 5b). The deviation of the charging efficiency becomes insignificant after 313 

a certain time for all the air mass flow rate.  314 

 315 

 316 

 317 
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  318 

Fig. 4. Variation of average stored energy at different mass flow arte of air. (a) Q=400 W/m2; (b) 319 

Q=800 W/m2. 320 

 321 

4.1.4. Variation of thermal efficiency during charging 322 

The variation of thermal efficiency of the collectors with time at various air mass flow rates is 323 

shown in Fig. 6a-b. In general, the collector efficiency is found to increase with time and the rate of 324 

increase is higher at the beginning and thereafter it tends to reduce. With time, the surface 325 

temperature of the absorber increases due to absorption of incident solar radiation resulting in an 326 

increase in the temperature difference between the inlet air and absorber. But after some time, the 327 

heat extraction capacity of the flowing air reaches saturation and thus a reduction in the rate of 328 

increase is observed. Moreover, the amount of heat lost also plays a decisive role at higher 329 

absorber/system temperatures [2] as the amount of the top (leakage) heat losses is directly 330 

proportional to the system temperature. Results indicate that the increase in air mass flow rate helps 331 

to enhance the thermal efficiency due to better mixing of air within the collector. The maximum 332 

thermal efficiency was found to be 40% and 42% for 400 and 800 W/m2, respectively, at air mass 333 

flow rates of 0.018 kg/s. It can be seen from Fig. 6a-b, that the increase in air mass flow rate by 334 
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87% enhanced the thermal efficiency by 53% and 50% at lower and higher solar radiation levels, 335 

respectively.  336 

It may be said from the energy balance it is clear that the total energy accumulated on the 337 

solar collector is being used to enhance the temperature of the absorber and other components of 338 

the collector. Further, since the absorber is attached with the sand (acting as a storage), thus, 339 

increase in temperature of the absorber is linked with the increase in the temperature of the storage. 340 

The travelling air gets heat up by taking heat from the absorber. In the beginning, on one side the 341 

inlet insolation is mostly used to increase the temperature of the absorber and thus the storage. On 342 

the other side, until the temperature of the absorber is increased to a certain value, due to lower 343 

temperature gradient between the inlet air and the absorber, travelling air is unable to extract much 344 

heat. These combined factors are the reasons for initial peak in the value of charging efficiency, 345 

which is a ratio of heat absorbed by the storage to the total energy accumulated in the collector. 346 

However, with passage of time, as the temperature of the absorber cum storage is increased, the 347 

amount of energy carried away by the travelling air gets increased. This finally results in increase of 348 

the thermal efficiency of the SAC and during this period of time, the charging efficiency remains 349 

lower.  350 
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 352 

 353 

Fig. 5. Variation of charging efficiency. (a) Q=400 W/m2; (b) Q=800 W/m2. 354 

 355 

(a) 

(b) 

Jo
urn

al 
Pre-

pro
of



19 

 

 356 

 357 

Fig. 6. Variation of thermal efficiency during charging. (a) Q=400 W/m2; (b) Q=800 W/m2. 358 

 359 

4.2. Discharging Mode 360 

4.2.1. Average sand temperature 361 

The variation of average storage (sand) temperature during the discharging mode at different axial 362 

positions is shown in Fig. 7a-d. The positions are identical to that in the charging mode (Fig. 3a-d). 363 

As can be seen that the trend of decrease in temperature is similar during discharging to that of the 364 
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charging mode. The outlet temperature remains higher than the inlet due to the increase in 365 

temperature of the flowing air and that results in a reduction of heat absorbing capacity of the fluid 366 

in the downstream. An increase in the air mass flow rate results in lower storage temperature during 367 

charging but during discharging it extracts heat at a faster rate. The total charging time was around 368 

180 min., whereas, the discharging time was around 120 min. Results indicate that for the collector 369 

charged at lower intensity (400 W/m2) the sand temperature approaches to the surrounding 370 

environmental temperature (25 ⁰C) after 50 to 60 min. of discharging. The discharge rate is faster at 371 

a higher mass flow rate. At higher intensity, the trend is very similar to that of the lower intensity 372 

conditions, except that the sand temperatures attains higher values. Results showed that it took 373 

around 120 min. for the sand temperature to drop to ambient levels at a low air mass flow rate and 374 

around 100 to 110 min. at higher mass flow rate.  375 

  376 

  377 

Fig. 7. Variation of average storage (sand) temperature during discharging. (a) Q=400 W/m2, 378 

m=0.0096 kg/s; (b) Q=400 W/m2, m=0.018 kg/s; (c) Q=800 W/m2, m=0.0096 kg/s; (d) Q=800 W/m2, 379 

m=0.018 kg/s. 380 
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 381 

4.2.2. Discharging of the stored energy 382 

The variation in the percentage of energy discharged for different intensities is depicted in Fig. 8a-383 

b. The total amount of stored energy during charging at a lower intensity of radiation is always 384 

lower than that at a higher intensity due to the amount energy incident on the absorber. 385 

Furthermore, at a lower mass flow rate the amount of energy stored is higher, due to lower rate of 386 

heat extraction by the flowing air (see Fig. 8a-b). During discharge, the rate of extraction of heat 387 

from the stored energy (sand) is always higher at higher mass flow rates. Furthermore, a 388 

quantitative comparison of lower and higher intensities indicates that the rate of percentage 389 

discharge is comparatively higher for the system when charged at a lower level of radiation. For an 390 

example, for a mass flow rate of 0.018 kg/s, almost 50% of the stored energy is discharged after 32 391 

min. at lower intensity of radiation, whereas it takes almost 40 min., while charging at a higher 392 

intensity. The thermal energy stored in the sand is negligible after 80 min. of discharged period at 393 

lower intensity test conditions.  394 

4.2.3. Average discharging efficiency 395 

The variation of the average discharging efficiency is shown in Fig. 9. The discharging efficiency is 396 

the representation of the conversion of stored energy into useful heat. Results indicate that the 397 

increase in the air mass flow rate from 0.0096 kg/s to 0.012 kg/s resulted in an increase in the 398 

discharging efficiency due to better and faster extraction of the heat. This may also be linked with 399 

two factors: one is the magnitude of stored energy reduces with the increase mass flow rate of air; 400 

and other is the reduction in the temperature of the storage which helps to reduce the top losses. A 401 

further increase in the mass flow rate up to 0.018 kg/s resulted in monotonic decrease of the 402 

discharging efficiency by up to 9% compared to that at 0.0096 kg/s. This is due to the faster rate of 403 

discharge of stored energy at higher air mass flow rates.  404 

 405 
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 406 

 407 

Fig. 8. Percentage variation of energy discharged. (a) Q=400 W/m2; (b) Q=800 W/m2. 408 

At higher levels of radiation intensity, increasing the mass flow rate from 0.0096 to 0.012 409 

kg/s results in increase in the discharging efficiency by almost 15%. It is important to mention that 410 

at higher levels of radiation, the amount of losses are also high due to a higher system temperature. 411 

Thus, an increase in the mass flow rate of air extracts more heat and reduces the system temperature 412 

resulting in decrease in top (leakage) losses. These combined factors might be the reasons for a 413 

higher rate of increase in discharging efficiency at higher radiation intensities. However, a further 414 

increase in the air mass flow rate up to 0.018 kg/s resulted in a continuous decrease in the 415 
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discharging efficiency by up to 2% compared to that at 0.0096 kg/s. This indicates that the 416 

discharging efficiency depends on the air mass flow rate, and it reaches a maximum at a certain 417 

flow rate. In addition, an increase in the air mass flow rate not only decreases the discharging 418 

efficiency but also reduces the desired output temperature of the flowing air.  419 

 420 

Fig. 9. Variation of average discharging efficiency. 421 

 422 

 423 

4.3. Comparative variation of output temperature and thermal efficiency 424 

The variation of thermal efficiency (η) and the corresponding output temperature (T) with air mass 425 

flow rate is presented in Figs. 10a-b. The data having notation ‘black’ and ‘sand_5cm’ hass taken 426 

from Das et al. [4], representing the collector with an aluminium absorber coated with only black 427 

paint and sand coated with an air gap of 5 cm. The air gap for the present study was reduced to 3 428 

cm due to the use of the polycarbonate sheet (noted as ‘poly’). Furthermore, for comparison 429 
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purposes, the same experiments were repeated with a sand coated absorber with an air gap of 3 cm, 430 

noted as ‘sand_3cm’. 431 

At lower solar insolation levels (Fig. 10a), the results reveal that in general the efficiency 432 

increases with the increase in the air mass flow rate due to the better heat extraction. This is a result 433 

of better mixing of the fluid coupled with an increase in the heat extraction capacity of the flowing 434 

air. Furthermore, the presence of the sand coating in the absorber improves the heat transfer and the 435 

corresponding collector efficiency by almost 28% over that of the black coated absorber (with a 3 436 

cm air gap) at lower air mass flow rates. The increase in efficiency with the sand coating is up to 437 

13%, at higher air mass flow rate. Absorption of solar radiation by the successive layers of sand on 438 

the absorber surface acting as a volumetric phenomenon as compared to the surface phenomenon in 439 

case of the conventional collector [8]. Furthermore, the presence of the sand coating helps to 440 

increase the level of turbulence [4] which results in better mixing of the fluid which in turn 441 

increases the thermal efficiency by up to 17% [4]. The trend in the output temperature is in line 442 

with the trend of efficiency. With the increase in the air mass flow rate, the output temperature 443 

drops continuously due to the lower retention time of the flowing air. However part of the reduction 444 

of the total heat transfer due to reduction of output temperature is partially overcome by the 445 

increase in the air mass flow rate.  446 

The reduction in the air gap from 5 cm to 3 cm provided an 11% higher efficiency at lower 447 

air mass flow rates (Fig. 10a). With higher air gaps, the total amount of fluid retained in the 448 

collector is higher and most of the flowing fluid tends to pass through the less resistive zone in 449 

between the absorber and glazing. Furthermore, at lower air mass flow rates, the air temperature is 450 

comparatively higher in the convection mode of heat transfer which plays an important role within 451 

the air gap. This results in higher convection losses through the glazing due to cross stream flow 452 

within the air gap, especially at wider air gaps. At higher air mass flow rates, due to lower 453 

temperature of the system, the level of convection losses tends to reduce due to the restricted cross-454 

stream flow, which also indicates the dominance of forced convection, especially at higher air gaps. 455 
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A combination of these factors might be the reason for the improvement in the thermal efficiency of 456 

the collector by around 5% at higher air gaps and higher air mass flow rates of 0.014 kg/s.  457 

Regarding the sand coated sand filled (SCSF) polycarbonate sheet based absorber, at lower 458 

levels of insolation (Fig. 10a), a continuous improvement in the performance of the collector is 459 

observed as compared to the traditional flat plate collector. The reduction of back losses in the 460 

presence of storage based absorber, and also the reduction of top losses due to lower surface 461 

temperature of the absorber might be the reason for the same. As can be seen, with a mass flow rate 462 

of 0.0096 kg/s and radiation level of 400 W/m2, the value of ΔT_absorber is around 20⁰C with the 463 

polycarbonate based absorber (Fig. 2a), whereas, the same temperature position is around 35⁰C for 464 

the sand coated aluminium based absorber [4]. Overall the sand coated sand filled polycarbonate 465 

sheet based absorber provided up to a 39% improvement in efficiency at a lower mass flow rate of 466 

0.0096 kg/s than that of the black paint coated aluminium absorber and 20% higher than the sand 467 

coated aluminium absorber. For an air velocity of around 0.9 m/s with Granular carbon added solar 468 

air collector the maximum temperature of 37.4 ⁰C was observed by Saxena et al. [7].  469 

At a higher intensity (800 W/m2), the trend of efficiency and output temperatures are almost 470 

the same (Fig. 10b), except the magnitude. Results showed that at a lower mass flow rate of 0.0096 471 

kg/s, the thermal efficiency of the sand coated sand filled (SCSF) polycarbonate sheet based 472 

absorber is almost 40.5% and 25% higher than that of the black paint coated aluminium absorber 473 

and sand coated aluminium absorber, respectively. However, at a higher mass flow rate of 0.018 474 

kg/s, the sand coated absorber with an air gap of 5 cm provided the highest efficiency. This is due 475 

to the dominance of forced convection coupled with comparatively lower absorber surface 476 

temperature since part of the heat is being absorbed by the sand storage. Furthermore, compared to 477 

lower levels of radiation, the collector efficiency for 5 cm air gap is lower than that for the 3 cm air 478 

gap at a mass flow rate of 0.014 kg/s. This is an indication of dominance of natural convection at 479 

higher levels of solar radiation. Lakshmi et al. [18] had reported that for solar air collector having 480 
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trapezoidal absorber and sand storage provided up to 36% of thermal efficiency under the outdoor 481 

conditions, as that of the highest efficiency of 42% in the present case.    482 

 483 

 484 

 485 

Fig. 10. Comparative variation of thermal efficiency and corresponding outlet temperature. (a) Q=400 486 

W/m2; (b) Q=800 W/m2. 487 

 488 

(b) 
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5. Conclusions 489 

The thermal performance characterisation of the sand coated and sand filed (SCSF) polycarbonate 490 

sheet based solar air collector (SAC) has been carried out under solar simulated conditions for 491 

radiation levels of 400 and 800 W/m2 and at air flow rates of 0.0096 to 0.0183 kg/s. The results are 492 

compared with a solar air collector with a sand coated aluminium absorber under similar test 493 

conditions. A charging and discharging time of 180 and 120 min., respectively were determined. 494 

The following observations are made: 495 

• The outlet air temperature was found to increase by almost 18 to 25⁰C at higher levels of 496 

radiation.  497 

• The maximum average storage temperature of SAC was 54ºC and 84 ºC, at solar radiation 498 

levels of 400 and 800 W/m2, respectively. 499 

• Increasing the mass flow rate of the air by 87% resulted in a decrease in the amount of 500 

stored energy of SAC by 10 to 24% due to a higher extraction of heat by the flowing air.  501 

• A maximum thermal efficiency of SAC of around 40% and 42% is observed during 502 

charging at a mass flow rates of 0.018 kg/s at lower and higher levels of solar radiation, 503 

respectively. Furthermore, increase in the mass flow rate by 87% results in enhancement of 504 

the thermal efficiency by almost 50 to 53%. 505 

• During discharging, the temperature of the sand comes close to the ambient conditions i.e., 506 

at 25 ⁰C, after 50 to 80 min. at lower level of solar radiation (400 W/m2), whereas, it takes 507 

around 100-120 min. at higher levels of radiation (800 W/m2). 508 

• Increasing the air mass flow rate from 0.0096 to 0.012 kg/s resulted an increase in the 509 

discharging efficiency by almost 15% whereas a reduction up to 9% was observed when the 510 

air mass flow rate was 0.0018 kg/s. This is linked with the higher rate of extraction of heat 511 

by the flowing air coupled with lower amount of stored heat.  512 

• A reduction in the air gap from 5 cm to 3 cm provided an 11% higher efficiency at lower air 513 

mass flow rates for the SAC with the sand coated aluminium based absorber. 514 
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• The efficiency of the SCSF polycarbonate sheet based SAC was up to 39% higher than that 515 

of the SAC with plain aluminium absorber and 20% higher than sand coated aluminium 516 

absorber based SAC.  517 

This study establishes the improvement of the thermal performance of the polycarbonate sheet 518 

based solar air collector by using thin layer of sand coating on the absorber and with sand filled to 519 

act as a storage-cum-collector.  520 
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Nomenclature: 613 

Ac   Collector area (m2) 614 

Asc   Area of the absorber (m2) 615 

Cp,s   Specific heat of sand (W/m2K) 616 

Cp,a    Specific heat of air (W/m2K) 617 

I   Solar irradiation (W/m2) 618 

ma   Air mass flow rate (kg/s) 619 

mp   Mass of the sensible storage material (i.e., sand) (kg) 620 

Qab  Absorbed energy by the absorber/storage (W) 621 

Qac   Accumulated energy (W) 622 

Qloss   Lost energy (W) 623 

Qu   Useful heat energy gain (W) 624 

Ta,out   Outlet air temperature (⁰C) 625 

Ta,in   Inlet air temperature (⁰C) 626 

Tp,average  Average temperature of sand air (⁰C) 627 

Te   Temperature of the environment (⁰C) 628 

Uc   Overall heat loss coefficient (W/m2 C) 629 
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V   Air velocity (m/s) 630 

ηs,c   Charging efficiency or storing efficiency (-) 631 

ηt,c   Thermal efficiency of the collectors (-) 632 

ηt,d   Thermal efficiency of the collectors during discharging (-) 633 

ρ   Density of the air (kg/m3) 634 
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Table 1 Summary of performance of various solar air heaters using sensible heat storage materials.  

Reference Absorber and flow 
type 

Storage material Cover Dimensions of 
the collector 

Convection 
type 

Air gap 
(mm) 

Results 

Kalaiarasi et al. 
[16] 

Flat aluminium plate 
black coated;  black 
painted copper fins, 
single flow 

Therminol Single, 
glass 

2 m × 2 m  Forced 30 ɳtherm was notified 70.8% maximum  

 

Saxena et al. 
[17] 

Flat plate black coated, 
single flow 

Granular carbon Single, 
glass 

1.51 m × 7 m Natural and 
forced 

100 ɳtherm was notified 20.7%, 73.6% 
maximum for natural and forced 
convection, respectively 

Laxmi et al. 
[18] 

Flat plate; trapezoidal 
groove black coated, 
single flow 

Gravels Single, 
glass 

2 m × 1 m  Natural - ɳtherm was notified 58.16 % maximum  

for trapezoidal corrugated absorber 

Aissa et al. [19] Flat plate black coated, 
single flow 

Granite stones Single, 
glass 

2.1 m × 0.84 m Forced 150 Outlet air temperature was observed 
10-25˚C more than ambient air temp. 

Mohanraj and 
Chanderasekar 
[20] 

Copper flat plate black 
coated,  
single flow 

Sand mixed with 
aluminium scraps 

Single, 
glass 

2 m × 1 m Forced 25 ɳtherm was estimated about 21% 

Ramdan et al. 
[21] 

Flat plate,  
double flow 

Limestone and gravel Double, 
glass 

- Forced 120 ɳtherm with gravel or limestone as SHM 
was improved by 28.3% and 25.6% , 
respectively than system without SHM 

Murali et al. 
[22] 

Aluminium can, 
single flow 

Aluminium 
scrapes and pebble stones 

Single, 
glass 

1.36 m × 0.76 
m × 0.0125 m 

Forced - ɳtherm was notified 69.8% maximum for 
aluminium scrapes as SHM  

Abuska et al. 
[23] 

Flat plate black coated, 
single flow 

Cherry pits/powder Single, 
glass 

1 m × 2 m × 
0.2 m 

Natural 120 ɳtherm was notified 27.1 % maximum  

Saxena et al. 
[24] 

Flat plate black coated Dessert sand and granular 
carbon 

Single, 
glass 

1.51 m × 0.70 
m 

Natural and 
forced 

100 ɳtherm was notified 20.7 % and 80.1% 
maximum for natural and forced 
convection, respectively 

Dhote and 
Thombre [25] 

Flat copper plate  Unused engine oil Single, 
glass 

2 m × 1m Natural 40 Highest overall efficiency of 16.8% 
was reported 
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Chaouch et al. 
[26] 

Flat plate black coated Pebbles Glass - Forced - ɳtherm of solar collector was improved 
28 % than system without SHM 

Prasad et al. 
[27] 

Flat plate with two 
different ducts 

Wire mesh Double, 
glass 

1.65 m × 0.4 m - 25 53.3% to 68.5% improvement was 
noticed in ɳtherm 

Aboul-Enein et 
al. [28] 

Flat plate black coated Sand, granite and water Single, 
glass 

- Natural - Outlet air temperature was observed 
highest for sand 

Naphon [29] Flat plate,  
double flow 

Porous media Single, 
glass 

- - - ɳtherm was improved 25.9% than SAH 
without porous media 

Thakur et al. 
[30] 

Flat plate black coated 
with two different ducts 

Wire screen matrix Double, 
glass 

2.4 m × 0.4 m Forced 25 Improved heat transfer rate was 
noticed 

Saravanakumar 
and Mayilsamy 
[31] 

Flat plate black coated, 
double flow 

Sand, sand with iron 
scraps, gravel and gravel 
with iron scraps 

Single, 
glass 

0.3 m × 0.3 m Forced 25 ɳtherm  and outlet air temperature was 
improved by10-20% than SAH without 
storage media  

Vijayan et al. 
[32] 

corrugated plate black 
coated 

Pebbles Single, 
glass 

2 m × 1 m Forced 30 Maximum exergy efficiency of 54.3% 
was achieved 

*  ɳtherm –thermal efficiency (%) 
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Highlights 

o Sand filled sand coated (SCSF) polycarbonate based solar collector is presented 

o Efficiency of sand storage based collector and aluminium collector is compared 

o 87% increase in mass flow rate of air lead to 10-24% decrease in stored energy  

o Reduction of air gap to 3 cm leads to 11% higher efficiency of aluminium plate based collector  

o SCSF polycarbonate sheet based absorber provides 39% higher thermal efficiency  
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