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Experimental study of the solar air heater performance with 1 
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Abstract 7 

The investment of solar energy in life applications has become mandatory in order to maintain a clean 8 

environment and reduce the use of fossil fuel. In this work, the performance of solar air heater is aimed to be 9 

improved with the help of evacuated tube solar collectors. To achieve this purpose, a system consisting of 5 linked 10 

collecting panels was designed, fabricated, and experimentally tested. Each panel included a glass-evacuated tube 11 

with two concentric aluminum tube installed inside. The system was reinforce by adding paraffin wax as a PCM 12 

and boosting its thermal conductivity by incorporating it with copper oxide nanoparticles CuO. The performance 13 

was investigated with and without Nano enhancer phase change material NE-PCM at five mass flow rates (0.006-14 

0.008-0.05-0.03-0.01 kg/s). Experimental results revaluated that the highest temperature was recorded as 116 °C 15 

at a mass flow rate of 0.006 kg/s. The maximum thermal efficiency with storage material was 38% at 0.05 kg/s, 16 

and the pressure drop was about 2.2kPa.  17 
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Nomenclature 29 

Ap aperture area solar collector (m2) 30 

Cp specific heat of air (J/kg K) 31 

Do outer diameter of tube (m) 32 

k thermal conductivity (W/m K) 33 

m˙ mass flow rate of air (kg/s) 34 

m  mass of the PCM (kg) 35 

N total number of tubes 36 

Pm pumping work (W) 37 

Qu useful heat gain (W) 38 

Qa actual heat absorbed to collector (W)  39 

R insolation of solar radiation (W/m2) 40 

Ta Ambient temperature (K) 41 

ΔT  change in temperature (K) 42 

ΔP pressure drop (N/m2) 43 

H                Humidity (%) 44 

Ws             Wind speed (m/s) 45 

 46 

Abbreviations 47 

CPC  compound parabolic collector 48 

FPSC  flat plate collector 49 

ETSC  Evacuated tube solar collector 50 

PCM  phase change material  51 

Ne-PCM   Nano-enhanced PCM 52 

HTF  heat transfer fluid 53 

SAH solar air heater 54 

1 Introduction 55 

In light of high-energy costs and strict emission standards, and increasing demand for energy, natural 56 

resources and renewable energy must be exploited, which is characterized by economic savings and environmental 57 

cleanliness. Solar energy is the most important natural resource because has outstanding advantages, such as vast 58 

availability, inexhaustibility, environmental friendliness, extensive distribution and provides various energy as 59 

benefit by transform to photovoltaic, thermal, and electric energy. (Khan et al., 2018; P. Singh & Gaur, 2021).Solar 60 
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collector is a well-known solar thermal energy conversion device that absorbs solar energy and converts it to a 61 

flowing fluid (water or air). The most widely used solar collectors involving evacuated tube solar collectors 62 

(ETSC), flat-plate solar collectors (FPSC), and compound parabolic concentrators (CPCs) as discussed by 63 

Kalogirou (Kalogirou, 2004). ETSC has sparked a lot of interest in both industrial and home applications around 64 

the world. This is because they cover a broad range of working temperatures and provide better warm proficiency, 65 

besides they have very small convective and radiative losses all while being reasonably priced. (Verma, Gupta, & 66 

Rakshit, 2020) Due to, many researchers have been interested in applying the vacuum tube technique to solar air 67 

heaters SAH, Its efficiency has been studied, and some modifications have been inserted to improve heat transfer 68 

like baffles , helical and concentrating reflective . This makes it more effective for low and medium temperature 69 

applications (Korres & Tzivanidis, 2018; I. Singh & Vardhan, 2021; Veera Kumar, Arjunan, Seenivasan, 70 

Venkatramanan, & Vijayan, 2021) But the length of the air path has a significant impact on heat transfer because 71 

it increases the heat exchange time, and this challange leads to an increase in the number of evacuated tubes in 72 

order to extend the air path. Therefore, most of the published papers achieve the experiment between 15-30 73 

vacuum tubes to reach the longest path . 74 

The connection in series between the evacuated tubes was the best solution to double the air path with the 75 

least number of evacuated tubes.although this matter was not investigated except in two papers of Wang et al(Pin-76 

Yang Wang et al., 2014; Ping-Yang Wang, Li, & Liu, 2015) .Reported the outlet temperature reached 230 °C 77 

when using 30 unit connected in series , each unit included a vacuum tube and CPC. In the another research the 78 

temperature dropped to 200 when used 10 units, indicating that controlling the number of connected tubes has a 79 

direct effect on outlet temperature.  Energy storage was an essential role to stay on the energy source when 80 

disappearance of sunlight. Therefore, many researchers were interested in study of phase change materials (PCM) 81 

and using them with solar heaters in order to store heat for a longer time. (Farid, Khudhair, Razack, & Al-Hallaj, 82 

2004) In solar air heaters system integrated with PCM, Many research has experimented with acetamide (Mehla 83 

& Yadav, 2016, 2018), paraffin (Abokersh, El-Morsi, Sharaf, & Abdelrahman, 2017; Algarni et al., 2020; Essa, 84 

Mostafa, & Ibrahim, 2018; Z. Wang et al., 2020), and another material such as Stearic acid, mannitol-graphite, 85 

erythritol (Chopra, Tyagi, Pathak, Pandey, & Sari, 2019; Li & Zhai, 2017; Yongtai, Lixian, & Yaohua, 2019) All 86 

found that PCM increase the efficiency of thermal performance and the thermal storage where the heat lasts longer 87 

after the disappearance of sunlight. More details on evacuated tubes integrated with PCM reviewed in ref(Aramesh 88 

& Shabani, 2020).Despite the common use of paraffin wax as PCM because it is availability in a wide range of 89 

melting points and latent heat capacities, low costs, nontoxicity, physical and chemical stability; but their thermal 90 

conductivity is low which negatively affects heat transfer (Chaichan, Abaas, & Kazem, 2016). One of the solutions 91 

discussed to overcome the problem of heat transfer is the addition of nanomaterials, which have physical 92 
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properties that increase thermal conductivity(Qureshi, Ali, & Khushnood, 2018). Numerous studies were 93 

conducted with adding nanoparticles at PCM with different ratios for enhancing the thermal conductivity of 94 

storage materials (Abdullah et al., 2020; Nižetić, Jurčević, Arıcı, Arasu, & Xie, 2020; Olfian, Ajarostaghi, & 95 

Ebrahimnataj, 2020) It was found that the range of thermal conductivity was increased between 20% and 100%. 96 

Nano- enhanced of phase change material (NE-PCM ) integrated with ETSC has discussed by many reviewer; 97 

They pointed out that most of the NE-PCM  were applied  in  evacuated tube collectors  were  TiO₂,CuO , Al₂O₃, 98 

CeO  CeO₂, GNP ,Cu in addition to SWCNTs and MWCNTs have been considered by (Babapoor, Karimi, & 99 

Sabbaghi, 2016; Dsilva Winfred Rufuss, Suganthi, Iniyan, & Davies, 2018; Kumar, Tiwari, & Said, 2021; Xiong, 100 

Zheng, & Shah, 2020). To increase the thermal performance of the system, it is critical to select the right material 101 

from among the available nanomaterials with the PCM. This emphasises the need of evaluating the physical 102 

characteristics of the resultant composites, which will considerably influence the selection of acceptable materials 103 

as nanoparticles. 104 

In this work, the solar air heater SAH studied by five unit of evacuated tube connected in series to more the 105 

air path and thus boost the heat transfer. The Paraffin wax and copper oxide nanoparticles are mixed to enhance 106 

the thermophysical properties and improve the thermal storage performance of SAH to meet the needs of both 107 

domestic and industrial customers with simple design and low-cost materials. The experiment was conducted at 108 

five different flow rates (0.006-0.008-0.05-0.03-0.01 kg/s).  Also within three consecutive months June and July 109 

and August. The experiment has achieved the thermal performance of the system with NE-PCM. This study is a 110 

unique experience in solar air heaters integrated with nanomaterials and serves as a base for future studies in the 111 

operation of SAH with evacuated tube connected in series. 112 

2 Selection of materials  113 

2.1 Paraffin wax as PCM 114 

The use of PCM in solar applications has become mandatory to maintain of more operating time for application, 115 

and reducing the thermal fluctuation produced by the instantaneous solar radiation intensity fluctuation. In this 116 

work, Paraffin wax (CnH2n+2) it is composed of straight chain hydrocarbons with melting temperatures ranging 117 

from 23 to 67 ˚C(Sharma, Kitano, & Sagara, 2004). Paraffin wax is an organic heat storage PCM for 118 

commercial uses; it was nominated, as a PCM for several major reasons such as is a reliable, chemically stable, 119 

high stability for very long melting cycles, nontoxic, inexpensive, and availability. Therefore, it is a good chosen 120 

as a thermal storage material in solar collector systems. Table 1 displays the properties of paraffin wax used in 121 

this experimental. 122 
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Table 1.properties of Paraffin wax used in this experimental  123 

Property Value 

Melting temperature (˚C) 59 

Latent fusion heat (kJ/kg) 190 

Solid state density (kg/m3) 920 

Liquid state density (kg/m3) 790 

Thermal conductivity (W/m˚C) 0.21 

Specific heat (kJ/kg˚C) 2.3 

 124 

2.2 CuO nanoparticles  125 

Many researchers("<Enhancements of thermal conductivities with Cu,CuO.pdf>," ; Ghaderian & Sidik, 2017) 126 

Adding nanomaterials into the PCM to improve the thermos-physical properties of heat storage materials. Hence 127 

improves the performance of the system in the long run of operation and obtains high thermal storage efficiency. 128 

According to Fig 1, by (Olfian et al., 2020)  CuO is more common in ETSC, due to high thermal conductivity is 129 

related to its price and preparation method. In this experiment, CuO Nano- enhanced PCM was used 0.2% by 130 

weight of paraffin wax to improve the thermal conductivity and heat transfer. This ratio was chosen for two 131 

reasons. The first reason is that the cost of the solar heater is economical, as the cost of the nano is relatively 132 

expensive. The second reason is that increasing the concentration of CuO nanoparticles leads to a decrease in 133 

the melting and solidification temperature of paraffin and thus lowers the sensible and latent heat 134 

respectively(Mandal et al., 2019) 135 

 Table 2 shows characteristic of CuO nanoparticles. 136 

 137 

 138 

 139 

 140 

 141 

 142 

 143 

 144 

 145 

 146 

Fig 1 The most common nanomaterials in scientific research 
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Table 2. Characteristic of CuO nanoparticles 147 

 148 

 149 

 150 

 151 

 152 

 153 

2.3 NE-PCM preparation 154 

To fill all the tubes in this experiment, the volume produced between the first and second aluminum tubes 155 

was calculated. Approximately 2.5 kg of paraffin wax was used and 5 grams of CuO nanoparticles were added as 156 

0.2 % by weight. The ultrasonic vibrator type (TELSONIC ULTRASONICS CT-I2) is used for mix CuO 157 

nanoparticles with paraffin wax under temperature 60 °C and frequency 30 KHz. To ensure homogeneous mixing 158 

the device was used for 2 hours, and the paraffin wax color turned into black. Fig 2 depicts the steps of the 159 

compound's development, beginning with the solid state of paraffin wax and then heating it until it becomes a 160 

liquid, following which nanoparticles were added and well mixed till the compound turned black. 161 

 162 

 163 

2.4 Centrifugal air pump 164 

The first step in choosing a fan is to figure out how much overall airflow it needs to deliver. To calculate the 165 

overall airflow demand, select an airflow rate, estimate the total quantity of application to be serviced by the fan, 166 

and multiply the airflow rate by the needed quantity. 167 

The second step to selecting the fan is to determine the fan pressure needed to feed all the pipes in the system. 168 

The relation between the mass flow rates and the pressure drop is direct proportion. Moreover, the number of 169 

Property Specification 

Appearance  Black powder 

Avg. Size 45± 7 nm 

Density  6300 kg/m3 

Melting Point 1250 °C  

Boiling Point 2000 °C  

Thermal conductivity 33 W/m K 

Fig 2 the stages of formation of the NE-PCM compound 



[7] 

tubes in the system need a higher pressure to avoid the negative impact of pressure drop. Other factors such as 170 

pump size, purchase price and noise can also be considered, but the most important factor is the flow rate that is 171 

proportional to the expected operating pressure. In this experimental has been used air pump (650 W/13000 172 

rpm) and volume flow rate is 2.8m3/min as maximum value, flow rates were changed to various value by 173 

pneumatic control valve. 174 

3 Experimental work 175 

3.1 Design of ETSC system 176 

The experimental system consists of five units; each unit contained an evacuated tube with 1800 mm in 177 

length, 58 and 47 mm outer and inner diameter respectively. All the tubes are inserted with two aluminum co-178 

axial pipe of length 1700 mm. The first is 16 mm and the second is 30 mm in diameter were welded together to 179 

form one concentric pipe and installed inside the vacuum tube as shown in Fig 3.The empty volume between the 180 

two conjoined aluminum pipes shall be filled with NE-PCM. Table 3 presents the specifications of the design.  181 

Experimental Stand was made from aluminum metal, taking into account the right dimensions of the design 182 

as follows: 1470-length×850 high ×750 mm wide and 30° as inclined angle on the horizontal as suggested by 183 

(Bracamonte, Parada, Dimas, & Baritto, 2015). The evacuated tubes were set on the structure with the appropriate 184 

safeguards for non-movement induced by wind or environmental conditions in consideration. The schematic and 185 

photographic view of the setup shown in Fig 4  186 

 187 

 188 



[8] 

 189 

. 190 

 191 

 192 

 193 

 194 

 195 

 196 

 197 

 198 

 199 

 200 

 201 

 202 

 203 

 204 

 205 

 206 

 207 

 208 

 209 

 210 

 211 

 212 

 213 

Fig 3 Photograph of the experimental work 

Tp1 

Tp2 

Tp3 

 Tp4 

Tp5 

Tp6 

Tp7 

Tp8 

Tp9 

Hot 

Cold 

Series connection 

Hoses 

PCM ETSC 

Co-axial 

Pipe 

Fig 4 schematic of experiment design 
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3.2  Experimental procedure 214 

The system operation begins with the centrifugal pump running to flow air into the first co-axial pipe 215 

(concentric tube) into the vacuum tubes, which in turn absorbs heat and gains it on the aluminum pipe .Air is 216 

pumped to passes through each units on a connecting track about 18 meters long. In addition, that coated with 217 

thermal insulation from the outside to reduce heat loss. Added a layer of metal mesh between the vacuum tube 218 

and aluminum pipe for more stability, and the swirling air to enhance heat transfer. The necessary filling has been 219 

placed and provided with the gaskets and rubber all test areas are sealed tightly to ensure no air leakage. Heat is 220 

transmitted to the inlet air by thermal conduction from the axial tube and when exited the air gets the heat coming 221 

directly from the vacuum tube. In other words, the inlet air runs two flights, once while entering the axial pipe 222 

and the second as it exits the vacuum tube, heading for the next unit. Therefore, the airflow inside the single pipe 223 

exceeds 3.5 meters. This means that the total distance traveled by the airflow into the five pipes is approximately 224 

18 m during which the heat is gained. A blower is connected at the inlet of the header using 65 mm diameter 225 

flexible air hose and provided with a manually operated ball valve that regulates the rate of airflow. This 226 

experiment was done in Kafr El-Sheikh on the roof of the faculty engineering at Kafr El-Sheikh University 227 

(31.416667◦ N, 31.821389◦ E), Egypt. 228 

 229 

 230 

 231 

 232 

 233 

 234 

 235 

 236 

Table 3 Specifications of the evacuated tube 237 

Value  Specifications of test rig 

Evacuated tube 

5 Number of tubes  

1800 mm Length 

58 mm Outer Diameter (Do) 

47 mm Inner Diameter (Di)  

Fig 5  Schematic of the air path inside the unit 
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0.82 m2 Collector area (Ac) 

Borosilicate glass Tube material 

0.90 Transmittance (τ) 

0.045 Emissivity (ε) 

0.94 Absorptivity (α) 

Co-axial Aluminum pipe 

16 mm Outer Diameter  

3 mm Inner Diameter  

1700 mm Length 

Structure frame 

1470×850×750 mm Dimensions  

30° Inclined angle 

Aluminum Material 

Blower 

620 W Power output  

13000/min No-load speed 

2.8m3/min Max .air flow 

3.3 Measuring instruments 238 

This experience has been implemented and measured variables and results during the day from 7:00 Am to 239 

5:00 Pm. The duration between each of them is 2 hours and comparing the results with the change in solar radiation 240 

intensity and different mass flow rates. Arduino software records and transfers measurement data to a computer 241 

display. All sensors are connected to the Arduino board and connect them to the computer to read the data. The 242 

temperature sensors were placed between each tube inside the connector hose to read out data for each separate 243 

tube. In addition to putting sensors inside the NE-PCM to measure its temperature during the day. 244 

The flow inlet and outlet temperatures of every unit were measured using LM35 temperature sensors of 245 

accuracy ± 0.5 oC. Two temperature sensors have been installed at the entry and exit of the unit for measured 246 

temperature rise (ΔT). The results were recorded as integer numbers and the decimal fractures were rounded . 247 

PYR-1307 pyranometer of ± 10 W/m2 accuracy used to detect the intensity of solar radiation. In addition, wind 248 

speed of the surrounding across the surface of the collector is measured by anemometer PS-2174 weather 249 

anemometer with ±3 % accuracy of reading. BMP280 and DH22 sensors measure the pressure and humidity 250 

respectively; the sensor used in this experiment has low cost and high precision at medium and low temperature. 251 
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However, do not recommend using them in industrial or high temperature applications. Table 4 show the 252 

characteristic of used sensors in the experimental. 253 

Table 4 Specifications of measuring sensors. 254 

Accuracy Range Measurement Sensor 

±0.5°C -55 -150 Temperature LM35 

±2-5% 0-100% Humidity DH22 

±10 pa 30-110 kpa Pressure BMP280 

±3% 0.5-29 m/s Wind speed Anemometer 

±10 W/m2 0–1400W/m2 Solar radiation intensity Pyranometer 

 255 

 256 

3.4 Error analysis 257 

The instrumental error, environmental variables, measurement and observation errors, adequate 258 

experimental design etc. have caused experimental uncertainty. In this investigation, several sources of uncertainty 259 

were addressed throughout tests such as temperature, humidity, air velocity, intensity of radiation, pressure drop 260 

and mass flow rate. The overall measurement of uncertainty and error analysis was carried out in the way reported 261 

in Ref. (I. Singh & Vardhan, 2021).  262 

Thus, the error of direct and indirect measurements can be calculated according to equation (1) and Table 4. 263 

𝛿𝑅𝑅 = √( 𝜕𝑅𝜕𝑥1 𝛿𝑥1)2 + ( 𝜕𝑅𝜕𝑥2 𝛿𝑥2)2 + ⋯ + ( 𝜕𝑅𝜕𝑥𝑛 𝛿𝑥𝑛)2 
   (1) 264 

Where ∂x1, ∂x2 ∂x3 …: ∂xn are feasible errors in measurements of x1, x2, x3, xn…. ∂R is known as absolute 265 

uncertainty and δR/ R is known as relative error and shown in Table 5 266 

Table 5 Relative errors of measurement variables. 267 

 268 

 269 

 270 

 271 

 272 

Parameter Unit Relative Error 

Intensity of radiation W/m2 2 % 

Temperature °C 0.5 % 

Pressure pa 1% 

Humidity - 2-5% 

Velocity m/s 2% 
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4 Thermal efficiency calculations with and without NE-PCM 273 

It is clear that the thermal efficiency is the ratio of useful thermal energy gain by the fluid to heat absorbed 274 

by the solar collector area and intensity of radiation. The thermal efficiency of the system increases as the mass 275 

flow rates increase. The reason for this is that a reduction in pressure produces an increase in pumping power. The 276 

intensity of the solar radiation also increases the efficiency; where the maximum value appeared at 13:00 am. To 277 

calculate the total thermal energy gain, (Qg) from system as a whole can be used  278 𝑄𝑔 = �̇� 𝐶𝑝 (𝑇𝑜 − 𝑇𝑖) (2)  279 

Where To-Ti (°C) is the difference between outlet and inlet temperatures. �̇� denotes the mass flow rate (kg/s), 280 

CP is specific heat of air (J/kg. °C).The amount of actual thermal energy is absorbed by ETSC Qa (J) can expressed 281 

by  282 

𝑄𝑎 = 𝑅 𝐴𝑐  𝑁        (3) 283 

 Where R is solar of radiation (W/m2), Ac is area of collector and N is number of evacuated tubes.(Dhiman, 284 

Thakur, Kumar, & Singh, 2011)  285 

After subtracting losses from gained energy can express the actual energy gain Qa, by 286 

𝑄𝑎 = �̇� 𝐶𝑝 (𝑇𝑜 − 𝑇𝑖) − 𝑃𝑚𝐶   (4) 287 

Where Pm (W) denotes the mechanical power, calculated from pressure losses ΔP (N/m2) and volumetric flow rate 288 

ν (m3/s) as follows: (Vijayan, Arjunan, Kumar, & Matheswaran, 2020) 289 𝑃𝑚 = ∆𝑃 �̇�𝜌     (5) 290 

The conversion factor C considering various efficiencies (thermal to mechanical) and is taken 0.2 (Gupta 291 

& Kaushik, 2009)  . 292 

The pressure drop can be calculated by taking the diameter D and the length L into account may be computed as 293 

follows (Bagherzadeh et al., 2019; Batchelor & Batchelor, 2000): 294 ∆𝑃 = 𝑓 (𝐿𝜌𝑉22𝐷 )  (6) 295 

Where ρ, V and f denote the density, velocity and the friction coefficient, respectively. The friction coefficient 296 

for smooth pipes may be determined as follows. 297 𝑓 = 0.316 𝑅𝑒−0.25 (7) 298 

In which  𝑅𝑒 = 𝜌𝑉𝐷𝜇   (8) 299 
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Thus, the effective efficiency of ETSC ηc can be calculated after the pressure loss is taken into account in 300 

the following: 301 ηc = QgainQactual    (9) 302 

Because PCM have sensible and latent heat, the beneficial heat gain when engaging Ne-PCM may be 303 

separated into three parts: When the PCM are in a solid state, heat gain is represented as 304 𝑄𝑔,𝑝𝑐𝑚 = 𝑚𝑝𝑐𝑚 𝐶𝑝,𝑝𝑐𝑚 (𝑇𝑜 − 𝑇𝑖)𝑝𝑐𝑚       (10)  305 

    306 

The thermal energy gains when the PCM undergoes a phase change process are estimated as follows: 307 𝑄𝑔,𝑝𝑐𝑚 = 𝑚𝑝𝑐𝑚 𝐿𝑝𝑐𝑚      (11) 308 

Where LPCM is the latent heat for PCM in (J/kg) 309 𝜂𝑝𝑐𝑚 = �̇� 𝐶𝑝 (𝑇𝑜−𝑇𝑖)−𝑃𝑚𝐶𝑅 𝐴𝑐 𝑁+ 𝑚𝑝𝑐𝑚 𝐶𝑝,𝑝𝑐𝑚 (𝑇𝑜−𝑇𝑖)𝑝𝑐𝑚 + 𝑚𝑝𝑐𝑚 𝐿𝑝𝑐𝑚    (12) 310 

5 Result and discussion 311 

The experiments was based on connecting the tubes to each other and the changes caused by each individual 312 

tube were observed after the air passed through them. The thermal and hydraulic performances of the ETSC solar 313 

air heater in the time interval from 7:00 to 17:00 are evaluated based on the temperature rise and thermal efficiency 314 

during the months of June, July and August 2021. The effect of weather condition, mass flow rate, solar radiation 315 

and number of tubes on the thermal performance was also studied in the subsequent sections. The results were 316 

compiled daily, every two hours under different climatic conditions such as ambient temperature (Ta) 30- 40 °C, 317 

humidity)H) 50-70%, wind speed (Ws) 1- 3 m/s and solar radiation intensity (R) 950-1120 W/m2. While 318 

presenting the results of the experiment, will focus on comparing the results in the month of July in particular, 319 

since it was the most radiant and compatible with the optimum temperatures. The ambient temperature and thermal 320 

efficiency increase directly with the solar radiation as discussed in (Abi Mathew & Thangavel, 2021). In the month 321 

of July, the ambient temperature was recorded between 36-40 °C. Table 6  lists the average values during the 322 

months of the experiment for solar radiation, ambient temperature, wind speed and humidity. Solar flux starts 323 

from 7:00 to 17:00; this means the ability to extract solar energy about 10 hours a day. Experimental measurements 324 

results have been recorded every two hours due to it does not happen substantial change in the solar radiation only 325 

after the passage of almost two hours. 326 
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Table 6 Average value of weather parameter at different months 327 

Parameter in average value  June July August 

Solar radiation  1034 W/m2 1070 W/m2 992W/m2 

Ambient temperature 34 °C 38°C 31°C 

Wind speed 1.5 m/s  1.8 m/s 2.5 m/s 

Humidity  63 % 68% 52 % 

 328 

5.1 Effect of weather conditions on outlet temperature 329 

 330 

The outcomes resulted in an increase in the outlet temperature from 7am to 13pm in the afternoon, after that, 331 

the intensity of solar radiation gradually decreases but the outlet temperature remains very close until 15pm. The 332 

outlet temperature for the system remains slightly good thanks to the presence of storage materials that derive 333 

energy until the disappearance of radiation at 17pm. Fig 6 shows the outlet temperatures with the onset of solar 334 

radiation until sunset, in other words, during the charging cycle for storage materials. In the period between 19 335 

pm and 1 am, the outlet temperature drops rapidly with no storage materials. In contrast, the outlet temperature 336 

gradually decreases with the presence of NE-PCM. Fig 7 shows ambient temperatures with solar radiation changes 337 

and their impact on the outlet temperature.  338 

After nearly two hours of sunset at 19 pm, the outlet temperature with storage materials is almost equal to 339 

the outlet temperature without storage material. This is due to the good thermal connectivity of aluminum, which 340 

maintains its warming for two hours after sunset. In the next part, results are discussed at different flow rates and 341 

approximately equal climatic conditions. 342 

 343 
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[15] 

 352 

 353 
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 355 
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 358 

 359 
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 361 

 362 

 363 

5.2 Effect of mass flow rate on outlet temperature   364 

The experiment was run on five different flow rates during the same day and under close conditions to 365 

observe the effect of flow rates on the outlet temperature with and without NE-PCM. The mass flow rate is one 366 

of the main influencing parameters of the output temperature in the vacuum pipe system. The outlet temperature 367 

is inversely proportional to the flow rate of the mass where the temperature at the exit increases as the flow rate 368 

of the mass decreases due to the increased contact duration of the heat transfer. Fig 8 displays the effect of mass 369 

flow rate during the solar radiation is available in outlet temperature. This experimental study was conducted on 370 

five different mass flow rates 0.006, 0.008, 0.01, 0.03, 0.05 kg/s. The highest air outlet temperature was 371 

observed at 110 and 116 °C with and without NE-PCM respectively at a mass flow rate of 0.006 kg/s where the 372 

solar radiation was 1120 W/m2 at 13:00 pm, and then the temperature was reduced. The maximum values of 373 

outlet temperature at other mass flow rate was recorded in July at 13:00 pm without NE-PCM 96, 97, 102, and 374 

116 °C at mass flow rate 0.05, 0.03, 0.01 and 0.008 kg/s, respectively. 375 

The ambient temperature cannot ignored because it has also had an effect in raising temperatures. The rise in 376 

temperature is noticeable when there is a change in flow rates, but the solar radiation has little effect at the 377 

beginning of the day, and the effect begins to be observed at midday, due to the continuous movement of the sun 378 

and thus irregular absorption of radiation.  379 
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5.3  NE-PCM temperature during the charge and discharge process  387 

During the charging process before operating the system, NE-PCM acquires the heat from the solar flux and 388 

stores it, so the NE-PCM begins to melt from the top of the tube to the bottom. The temperature of the NE-PCM 389 

is derived from the ambient temperature until a solar flux is generated, and its temperature begins to rise. The 390 

temperature of NE-PCM within the units was measured for a whole day without the system running until 391 

temperature change is observed as shown in Fig 9. The temperature sensors were placed within the storage 392 

material at the top of the unit, middle and down to monitor the temperature change in storage material during 393 

operation in different flow rates as shown in Fig 10. 394 

 395 

 396 

 397 

 398 

 399 

 400 

When the system is turned on, the air trajectory and flow rate have a major impact on the temperature of storage 401 

materials. The lower the flow rate, the greater the heat transmission as a result of air friction with the solar flux 402 

absorbed from the collector. NE-PCM change in the phase to the liquid situation of the highest tube due to the 403 

air running from the top. After that, the NE-PCM melts gradually to the center and then to the bottom of the tube 404 

during the absorption of solar radiation. On the other hand, the opposite happens at night, where NE-PCM loses 405 

energy from the bottom up. At an airflow rate of 0.006 kg/s, NE-PCM began to melt in the first unit at 9:30 am, 406 

while in the third unit at 9 am, and the fifth unit at 8:10 am.  407 

 408 

In addition, the highest temperature of NC-PCM was set at 17:00 pm 83, 86 and 96 °C for the first unit, third 409 

and fifth respectively. After that, the temperature of NE-PCM decreases gradually and almost similarly in the 410 

five units, till the NE-PCM loses its heat and turns again to the solid-state. The temperature was measured at 1 411 

am, while it ranged between 42 - 48°C, and it was noted that the temperature of NE-PCM is always higher than 412 

the ambient temperature despite the absence of sunlight. All flow rates follow the same approach, temperature 413 

rise during the period of solar radiation from top to bottom and from the fifth to the first tube. At night, the 414 
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storage materials lose heat from the bottom to the top of the tube and from the first tube to the fifth respectively. 415 

The highest temperature of the storage material is observed at flow rates 0.008, 0.01, 0.03, 0.05 kg/s is 94, 91, 416 

90, and 89°C respectively. 417 

 418 
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5.4 Thermal performance and storage efficiency  426 

Based on data obtained from the solar air heater experience with the evacuated tubes connected in series, when 427 

the system is operated at different flow rates and variable solar radiation during the day. Fig 11 and Fig 12 428 

shows the comparison in the results of thermal efficiency during the day for the system with and without NE-429 

PCM as storage materials. It is noted that the addition of heat storage materials leads to an increase in the 430 

thermal efficiency of the system throughout the day compared to the absence of storage materials. This is 431 

because incorporating NE-PCM into the solar evacuated collector increases the system operational duration by 432 

supplying the system with thermal energy absorbed by storage materials when there is no solar radiation at night 433 

or cloudy day. Moreover, the incorporation of NE-PCM into solar collectors reduces heat loss returned via the 434 

heat pipe during the night when there is no solar radiation. It was recorded that the maximum daily thermal 435 

efficiency was achieved at an air flow rate of 0.05 kg/s by 38%, 26% with and without NE-PCM, respectively. 436 

In the pipes connected in a series, the efficiency does not increase much for two main reasons; the first is the 437 

pressure drop, which causes a loss in the gained energy. The second is because the rise temperature does not 438 

increase sufficiently with the increase in solar radiation. It is also worth noting that the thermal efficiency of the 439 

pipes connected in a series increases significantly when the air flow rates are increased and the number of 440 

system units is reduced to overcome the pressure drop. On the other hand, this may lead to a relatively lower 441 

temperature outlet, but it remains qualified for domestic applications and also drying agricultural crops. 442 
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 457 

6 Conclusion  458 

The experimental study was based on testing the performance efficiency of solar air heater with evacuated tube 459 

solar collector connected in series at different times during the day from 7:00 am to 17:00 pm when the solar 460 

radiation changes between 950-1120 W/m2. The heat transfer in the system is enhanced by combining copper 461 

oxide nanoparticles with paraffin wax to improve the thermophysical properties and increasing the distance of 462 

air travels inside the system units for heat exchange. Connecting evacuated tube in series showed a rise in 463 

temperatures when the number of tubes increased. By comparing and analyzing the results at five different mass 464 

flow rates taking into account the loss of pressure, it was observed that the temperature rises to the maximum 465 

value at a flow rate of 0.006 kg/s as the whole system. While the temperature rise between each unit increases in 466 

the first pipe and then the increase will reduces with other pipes in series. Although this technique faces some 467 

challenges, including pressure drop, which affects the overall efficiency of the thermal performance; However, 468 

it should be highlighted in the installation of solar air heater because it remarkably effective in low and medium 469 

temperature applications. Some other conclusions are stated as below: 470 

1- The proposed design achieved a maximum thermal efficiency of 38-26% with and without NE-PCM 471 

respectively at a flow rate of 0.05 kg/s and pressure drop was 2.2kpa of system as a whole. the efficiency of the 472 

collector decreases as the number of tubes increases, while the outlet temperature remains fixed or very little in 473 

rise. Therefore, we recommend applying this proposed system with three to five tubes only to obtain the best 474 

efficiency in series technique.  475 

2- The highest temperature recorded 116, 115, 102, 97 and 96 °C at 13:00, with a mass flow rate of 0.006, 476 

0.008, 0.01, 0.03, and 0.05 kg/s respectively by using 5 units in July Without adding NE-PCM. 477 

3- The highest temperature for NE-PCM was 77 °C without running the system and 96°C when the system is 478 

operated at an airflow rate of 0.006 kg/s. in addition the maximum outlet temperature was 110°C at 13 pm. 479 
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4- The addition of CuO nanoparticles to the PCM integrated into evacuated solar collector gave an enhancement 480 

in the thermal conductivity and allowed to store more thermal energy, permitting to quickly retrieve the power 481 

after sunset. 482 

5- In light of high-energy costs and strict emission standards, this design achieves alternative energy supply with 483 

low-cost equipment and easy installation system making it qualifications for solar air heater applications, such 484 

as heating system, drying and greenhouse. 485 
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