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Abstract: The Ejector refrigeration system can operate using renewable energy such as solar or wasted heat. A 

mathematical model for an ejector refrigeration system powered by solar energy was developed. The Ejector 

refrigeration system depends on many factors, such as ejector geometry, NXP, and operating conditions. A flat plate 

solar collector is designed to predict the heat transfer performance for the whole system, and the primary factors 

affecting the heat transfer performance. Outlet temperature of 134.95 °C was achieved from the setup of five solar 

collectors (two square meters each) when the solar irradiance was 985.69 W/m2. The water needs total power of 5016 

W to reach this temperature. 
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1. INTRODUCTION 

The ejector refrigeration system was first invented 

in 1939, [1] and improved between 1942 to 1950 when 

the mixing concept at constant pressure was 

introduced, [2]. Ejector Refrigeration System (ERS) 

has the advantage that it can be powered by low-grade 

energy, renewable or waste heat that can be supplied 

at a low cost. Also, ERS is reliable because it does not 

require a motor and has no exhaust to the environment 

[2-8]. 

Several issues were raised for ERS, such as the 

primary nozzle and ejector geometry, type of the 

working fluid, temperatures of the boiler, and the 

evaporator. The behavior of the fluid as it passes 

through the nozzle is also another issue [9-23]. 

The Ejector Refrigeration Cycle is similar to the 

conventional vapor compressor cycle, except the 

compressor is replaced by a boiler and ejector. The 

ERC is shown in Figure 1 consists of a boiler, an 

evaporator, a primary ejector or nozzle, a convergent-

divergent nozzle, a condenser, and a feeding pump. 

The low pressure is created by the high-speed exit 

from the primary ejector causing the secondary flow to 

occur and suck the vapor from the evaporator. The 

pressure of the combined flow in the boiler and the 

evaporator will increase, causing a heat release in the 

condenser. The condensed liquid is pumped back to 

the boiler, the evaporator, and the cycle is repeated. 

The ejector refrigeration cycle attracts attention 

because of its simplicity and ability to utilize waste 

heat, which is available in most factories and vehicles 

[24-33]. 

Figure 2 shows the ejector cross-section and 

pressure and velocity profiles through it. The primary 

fluid accelerates through the primary nozzle to exit as 

supersonic flow when entering the convergent-

divergent nozzle. Low pressure is then created at the 

nozzle exit, which sucks the vapor. The evaporator 

pressure falls, letting the boiling occurs at low 

temperature. Both flows are mixed in the convergent- 

 

Figure 1: Steam ejector cycle and the corresponding T-s diagram. 
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divergent nozzle. The shock wave occurs at the 

diffuser's entrance, causing a sudden rise in the 

pressure, which allows the flow to continue flowing to 

the condenser. 
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Figure 2: Ejector cross-section and pressure and velocity profiles through it. 

2. UTILIZING SOLAR ENERGY FOR EJECTOR 

REFRIGERATION SYSTEM 

Saudi Arabia is one of the richest countries with 

solar energy. The rate of the irradiation can reach up 

to 2500 kWh/m2/y, as shown in Figure 3 [34]. 

The temperature variations in Jeddah through the 

year is shown in Figure 4. The maximum temperature 

appears to be in July at 39.4°C, where the minimum 

temperature appears in January at 20°C. The daily 

range is about 10°C in winter and 13°C in summer. 

The relative humidity affects the heat flux from the 

sun. Humidity usually reduces the solar intensity which 

makes it an unwanted factor for utilizing the sun. Figure 

5 shows the relative humidity for Jeddah throughout 

the year. 

In an ejector type refrigeration system assisted by 

solar energy, the changes in solar radiation energy 

make it challenging to sustain a constant temperature 

in the generator. Ejector with a more massive solar 

collector and throat area enables a more extensive 

working scale of generator temperatures but may be 

oversized and costly. The basic types of thermal solar 

collectors can be either flat plate or evacuated tube as 

shown in Figure 6. 

 

Figure 3: Thermal map of solar distribution in Saudi Arabia. 
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Figure 4: Temperature variation during throughout the year in Jeddah,Saudi Arabia "Weather atlas.com". 

 
Figure 5: Relative humidity variation throughout the year, "weather-and-climate.com". 

 

Figure 6: Solar thermal collector types, (a) Flat plate solar 

collector, (b) Evacuated tube, solar collector. 

On the other hand, reducing the throat area 

narrows the working scale of generator temperatures. 

Hence the ejector with a rigid throat area may be 

inappropriate to utilize heat from solar energy [8] when 

the generator temperature in ERS ranges between 

120-140 °C. The efficiency of these systems 

decreases when used with solar to generate refrigerant 

vapor due to the reduction of solar collector's efficiency 

at elevated temperatures. Therefore, the ERS system 

utilizing solar energy as a heat input requires relatively 

low generator temperatures and, at the same time, 

should use environmentally friendly refrigerants [35].  

The Solar-driven Ejector Refrigeration system 

(SER) was investigated widely by many authors [8, 19, 

35-38] [3-10]. The optimization of the performance of 

an adjustable throat ejector in a solar refrigeration 

system was done by Yen, R.H. et al. [8]. A curve-fitting 

correlation relates to the optimum ratio of the throat 

area with the working temperatures was derived. Using 

this relation to set the throat area ratio, the ejector can 

consistently reach stable and optimal performances 

under a changing solar heat supply. They concluded 

that if any of the condenser, evaporator, or generator 

temperature is known, the ejector could be set to the 

equivalent optimal ratio of throat area using the 

correlation equation [8]. 



 

The use of both solar energies as low-grade heat 

and eco refrigerants is also a primary concern. The 

matter will be more challenging when trying to utilize a 

low-temperature heat source in the range of 80 °C or 

lower. 

The SER system assisted by the low-temperature 

heat source was studied by Dong, J et al. [19]. Several 

parameters' effects on the performance of the ejector, 

including the operating temperature, the nozzle exit 

position (NXP), and the constant area section's 

diameter, were studied at an additional low-

temperature heat source. They found that the steam 

ejector can function for a selected size configuration of 

the steam ejector with a generator temperature varying 

between 40°C up to 70°C and an evaporator 

temperature of 10°C. 

Ma X. et al. [35] studied the steam ejector 

refrigerator with a cooling capacity of 5 kW fit for solar 

energy utilization. A spindle was used to control the 

ejector's primary flow to provide fine-tuning for ejector 

operation and best COP. They got a COP of 0.32 for 

the ejector cooling system during the test at a boiler 

temperature around 90 °C. A COP up to 0.16 was 

predicted for the combined system in operation. 

The SER system under various working situations 

was investigated by Evangelos Bellos and Christos 

Tzivanidis [39]. Various evaporator temperatures from 

-10°C to 10°C and various heat rejection temperatures 

from 30°C to 50°C were investigated. They found that 

R141b is the best selection in all operating situations. 

The maximum COP was found to be 0.234 when the 

evaporator temperature at 10°C and heat is rejected to 

the environment at 30°C. The refrigeration production 

ranged from 1.85 kW to 23.39kW, while the optimum 

generator temperatures were found to be from 114°C 

to 157°C. 

Allouche, Y et al. [36] studied a Solar-Assisted ERS 

for Mediterranean Climate. They observed that the 

system needs to have a deep vacuum to make the 

system perform as predicted by the theoretical studies. 

They had an ejector working continuously at a real 

scale under real operational conditions. 

The performance of an Ejector Air-conditioning 

Cycle with Solar energy using heavy hydrocarbons as 

refrigerants was investigated by Gil, B. and J. 

Kasperski [38]. Pentane (R601) and Hexane (R602) 

were selected as working fluids. The COP, obtained for 

refrigerants R601 and R602, were 0.1 and 0.5, 

respectively, at operation conditions of Te=12°C, 

Tc=30°C, and solar intensity of 800 W/m2. The 

selected range for the generator temperature was 

100–190°C for Pentane (R601) and 100–200°C for 

Hexane (R602). 

Diaconu, B.M [40] conducted an energy analysis of 

a solar-powered ejector air conditioning system that 

stores cold water in thermal energy storage connected 

to the evaporator to ensure consistent operating 

conditions ejector cycle. He achieved a COP of 0.45 

for a cold thermal storage capacity of 5 kW. 

Experimental investigations of a solar-driven 

ejector A/C system with isobutane as a refrigerant 

under motive vapor temperature below 75◦C was 

tested by Śmierciew, K et al. [41]. They found that the 

investigated setup's loss coefficient was over 0.75 with 

motive heat-source below 80◦C. 

The solar driven ejector refrigeration system can be 

utilized widely in a country rich with solar irradiation 

such as Saudi Arabia. There are still many issues that 

need to be resolved such as the minimum working 

temperature of the boiler, refrigerant types and 

enhancing the COP. In this project, an analytical 

approach was conducted to design the solar collector, 

driving the ejector refrigeration system. An 

experimental attempt to use a vacuum tube solar water 

heater to generate steam for the ejector boiler was 

tried. 

3. MATHEMATICAL MODEL FOR SOLAR DRIVEN 

REFRIGERATION SYSTEM 

The basic ejector refrigeration system, shown in 

Figure 1, consists of a generator (high-temperature 

evaporator—sometimes called a boiler), a low-

temperature evaporator, a primary nozzle, a 

convergent-divergent ejector, a condenser, and a 

pump. The generator forms high-pressure steam, 

which is delivered to the primary nozzle. The primary 

steam exits from the primary nozzle, as shown in 

Figure 1 at high speed, and forms a vacuum area that 

allows suction of the secondary steam from the 

evaporator, creating low pressure and low-

temperature area, the two fluids mixed in the mixing 

zone in the convergent part of the ejector. The mixed 

fluid continues its way towards the condenser passing 

by the constant area and the divergent section of the 

ejector. The liquid then releases heat to the condenser 

and is split into two portions. The primary fluid is 

pumped into the generator, while the secondary fluid is 

suctioned up by the low-pressure evaporator. 
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The coefficient of performance (COP) of the ERS is 

given by: 

𝑪𝑶𝑷 =
useful refrigeration

heat input to HTE + power consumed by pump
      (1) 

The pump's required power can be ignored since it is 
much smaller than the heat input to the boiler and then 
Eq. (1) can be rewritten as: 

𝑪𝑶𝑷 =
�̇�𝒔𝒇𝒉𝒇𝒈,𝒔𝒇

�̇�𝒑𝒇𝒉𝒇𝒈,𝒑𝒇
         (2) 

where hfg is the latent heat of vaporization and  is the 
mass flow rate at the individual evaporators. If the 
secondary liquid is the same as the primary liquid, Eq. 
(2) would almost decrease to being proportionate to 
the entrainment proportion, i.e., 

𝑪𝑶𝑷 =
�̇�𝒔𝒇

�̇�𝒑𝒇
             (3) 

4. THE SOLAR COLLECTORS: MODELING AND 

DESIGNING 

Solar-powered ejector types can be one of the 

following direct heating, closed-loop, or open loop as 

shown in Figure 7. 

 
Figure 7:  Solar-powered ejector types: (a) direct heating, (b) 

closed-loop, (c) open loop. 

4.1. Solar and Collector Geometrical Parameters 

Flat plate solar collectors will be modeled using the 

methodology given by Rabl [11]. 

Solar and collector geometrical parameters are as 

follows: 

a) 𝐼𝑜: Solar constant: 

𝐼𝑜 = 1372.7 𝑊/𝑚2        (4) 

b) 𝐼𝑜,𝑒: Effective solar constant: With the day of the 

year, n, it is given as: 

𝐼𝑜,𝑒 = [1 + 0.033 𝑐𝑜𝑠 (
360 𝑛

365.25
)] 𝐼𝑜       (5) 

c) δ: Declination angle: 

𝑠𝑖𝑛 𝛿 = −𝑠𝑖𝑛 23.45 𝑐𝑜𝑠 [
360(𝑛+10

365.25
]       (6) 

𝜔: Hour angle: With the solar time of the day, 𝑡𝑑(ℎ), it 

is given as: 

𝜔 = 180(12 − 𝑡𝑑)/12        (7) 

d) 𝜔𝑠: Sunset hour: 

𝑐𝑜𝑠 𝜔𝑠 = − 𝑡𝑎𝑛 𝜆 𝑡𝑎𝑛 𝛿        (8) 

θ: Collector incidence angle: With the collector tilt 

angle, and β the latitude angle 

𝑐𝑜𝑠 𝜃 = 𝑐𝑜𝑠(𝛽 − 𝜆) 𝑐𝑜𝑠 𝛿 𝑐𝑜𝑠 𝜔 − 𝑠𝑖𝑛(𝛽 − 𝜆) 𝑠𝑖𝑛 𝛿       (9) 

𝐼𝑜,ℎ: The the extraterrestrial solar irradiance on a 

horizontal surface, 𝐼𝑜,ℎ,  is given as: 

𝐼𝑜,ℎ = 𝐼𝑜,𝑒 𝑐𝑜𝑠 𝜆 𝑐𝑜𝑠 𝛿 (𝑐𝑜𝑠 𝜔 − 𝑐𝑜𝑠 𝜔𝑠)               (10) 

𝐻𝑜: The daily extraterrestrial solar irradiance on a 

horizontal surface, Ho, is given as: 

𝐻𝑜 =
24

𝜋
𝐼𝑜,𝑒 𝑐𝑜𝑠 𝜆 𝑐𝑜𝑠 𝛿 (𝑠𝑖𝑛 𝜔𝑠 −

𝜋

180
𝜔𝑠𝑐𝑜𝑠𝜔𝑠)            (11) 

𝐼: The global solar irradiance on a tilted surface is given 

as [1]: 

𝐼 = 𝐼𝑏𝑐𝑜𝑠 𝜃 + 𝐼𝑑
(1+𝑐𝑜𝑠 𝛽)

2
+ 𝐼ℎ𝜌𝑔

(1−𝑐𝑜𝑠 𝛽)

2
               (12) 

Where 𝐼𝑏, 𝐼𝑑, and 𝐼ℎ are beam irradiance, diffuse 

irradiance, and hemispherical irradiance respectively, 

while 𝜌𝑔 is ground reflectivity assumed as 0.2. 

4.2. Solar Radiation Calculation Using Clear Sky 

Model 

a) 𝐼𝑏: Beam irradiance is given with zenith 

angle,𝜃𝑧, as [15]: 

𝐼𝑏 = 𝐼𝑜,𝑒 [𝑎𝑜 + 𝑎1𝑒𝑥𝑝 (−
𝑘

𝑐𝑜𝑠 𝜃𝑧
)]                 (13) 



 

𝑎𝑜 = 𝑟𝑜[0.4237 − 0.00821(6 − 𝐻)2]                               (14) 

𝑎1 = 𝑟1[0.5055 + 0.00595(6.5 − 𝐻)2]         (15) 

𝑘 = 𝑟𝑘[0.2711 + 0.01858(2.5 − 𝐻)2]    (16) 

𝑐𝑜𝑠 𝜃𝑧 = 𝑐𝑜𝑠(𝜆) 𝑐𝑜𝑠 𝛿(𝑐𝑜𝑠 𝜔 − 𝑐𝑜𝑠 𝜔𝑠)    (17) 

𝐻 is the elevation above the sea (km) and 

correction factors ro = 0.97, r1 = 0.96 and rk = 1.02 for 

midlatitude summer climate conditions. 

𝐼𝑑: The diffuse irradiance is given as [16]: 

𝐼𝑑 = (0.271𝐼𝑜,𝑒 − 0.2939𝐼𝑏) 𝑐𝑜𝑠 𝜃𝑧               (18) 

𝐼ℎ: The hemispherical irradiance is given as : 

𝐼ℎ = 𝐼𝑏 𝑐𝑜𝑠 𝜃𝑧 + 𝐼𝑑                  (19) 

4.3. Solar Radiation Calculation Using Given Daily 

Hemispherical Irradiance 

b) 𝐾𝑇: The average clearness index for the 

month: With a given the monthly average of daily 

hemispherical irradiance,𝐻ℎ, it can be found as: 

𝐾𝑇 =
𝐻ℎ

𝐻𝑜,𝑒
                  (20) 

𝐻𝑑: The monthly average of daily diffuse irradiance: it 

can be found as [17]: 

𝐻𝑑

𝐻ℎ
= 0.775 +

0.347(𝜔𝑠−90)𝜋

180
− [0.505 +

0.261(𝜔𝑠−90)𝜋

180
] cos[360

𝐾𝑇−0.9

𝜋
]                (21) 

𝐼𝑑: The diffuse irradiance: It is given as: 

𝑟𝑑 =
𝜋

24

𝑐𝑜𝑠 𝜔−𝑐𝑜𝑠 𝜔𝑠

𝑠𝑖𝑛 𝜔𝑠−(
𝜋𝜔𝑠
180

) 𝑐𝑜𝑠 𝜔𝑠
                             (22) 

𝐼𝑑 = 𝑟𝑑𝐻𝑑                  (23) 

𝐼ℎ: Hemispherical irradiance: it is given as: 

𝑎 = 0.4090 + 0.5016 𝑠𝑖𝑛(𝜔𝑠 − 60𝑜)               (24) 

𝑏 = 0.6609 − 0.4767 𝑠𝑖𝑛(𝜔𝑠 − 60𝑜)               (25) 

𝐼ℎ = (𝑎 + 𝑏 𝑐𝑜𝑠  𝜔)𝑟𝑑𝐻ℎ                           (26) 

𝐼𝑏: Beam irradiance: It is given as: 

𝐼𝑏 =
𝐼ℎ−𝐼𝑑

𝑐𝑜𝑠 𝜃𝑧
                  (27) 

4.4. The Optical Efficiency of the Solar Collector 

c) 𝜏: Average transmittance of the double (N=2) 

glazing is obtained from Fresnel equations [12]. 

𝜃𝑐 = 𝑎𝑠𝑖𝑛 (
1

𝑛
𝑠𝑖𝑛 𝜃)                  (28) 

𝑟∥ =
𝑡𝑎𝑛2(𝜃−𝜃𝑐)

𝑡𝑎𝑛2(𝜃+𝜃𝑐)
,     𝑟⊥ =

𝑠𝑖𝑛2(𝜃−𝜃𝑐)

𝑠𝑖𝑛2(𝜃+𝜃𝑐)
              (29) 

𝜏 =
1

2
[

1−𝑟⊥

1+(2𝑁−1)𝑟⊥
+

1−𝑟∥

1+(2𝑁−1)𝑟∥
]               (30) 

Where 𝑛 is the relative refraction index of glass and air, 

which is assumed as 1.5. 

The optical efficiency of the double (N=2) glazing is 

given as: 

𝜂𝑜 =
𝜏𝛼

1−(1−𝛼)𝜌𝑑
                  (31) 

Where 𝛼 is absorber plate absorptance and 𝜌𝑑 is 

diffuse reflectance, both are assumed constant values 

of 0.9 and 0.2. 

4.5. The Heat Transmission in the Solar Collector 

Heat losses from the collector, Q𝑙, is defined as: 

𝑄𝑠𝑐,𝑙 = 𝑈𝑠𝑐,𝑙𝐴𝑝(𝑇𝑝 − 𝑇𝑎)                 (32) 

𝑈𝑠𝑐 is the overall heat loss coefficient, 𝐴𝑝 is the 

absorber plate area, 𝑇𝑝 is the average temperature of 

the absorber plate, and 𝑇𝑎 is the ambient temperature. 

The overall heat loss coefficient, 𝑈𝑠𝑐,𝑙, is defined as: 

𝑈𝑠𝑐,𝑙 = 𝑈𝑠𝑐,𝑓 + 𝑈𝑠𝑐,𝑏 + 𝑈𝑠𝑐,𝑠                (33) 

Where 𝑈𝑠𝑐,𝑓 is the coefficient of heat loss from the 

absorber plate to the outside air via the glass 

covers, 𝑈𝑠𝑐,𝑏 is the heat loss coefficient from the plate 

of the absorber to the ambient air through the 

insulation and 𝑈𝑠𝑐,𝑠 is the amount of heat loss 

coefficient between the absorber plate and the outside 

air via the side insulation. 

𝑈𝑠𝑐,𝑏 is defined as: 

𝑈𝑠𝑐,𝑏 =
𝑘𝑠𝑐,𝑖

𝑡𝑠𝑐,𝑖
                  (34) 

Where 𝑘𝑠𝑐,𝑖 is the thermal conductivity of the 

insulation material, which is selected as 0.038 (glass 

wool) [13], while 𝑡𝑠𝑐,𝑖 is the thickness of the insulation 

selected 0.05 m. 

𝑈𝑠𝑐,𝑠 is defined as: 

𝑈𝑠𝑐,𝑠 =
𝑘𝑠𝑐,𝑖

𝑡𝑠𝑐,𝑖

𝐴𝑠𝑐,𝑠

𝐴𝑠𝑐,𝑝
                  (35) 

Where, 𝐴𝑠𝑐,𝑠 is the total side area of the collector. 

𝑈𝑠𝑐,𝑓 is obtained as a result of curve fitting as [4] for 𝛽 ≤

70𝑜: 

𝑓 = (1 + 0.089ℎ𝑠𝑐,𝑎 − 0.1166ℎ𝑠𝑐,𝑎휀𝑝)(1 +

0.07866𝑁)                                                                               (36) 

𝐴 =
520(1−0.000051 𝛽2

𝑇𝑝
[

𝑇𝑝−𝑇𝑎

𝑁+𝑓
]

0.43(1−
100

𝑇𝑝
)

               (37) 

𝐵 =
1

𝜖𝑝+0.00591𝑁ℎ𝑠𝑐,𝑎
+

2𝑁+𝑓−1+0.133 𝜖𝑝

𝜖𝑐
               (38) 
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𝑈𝑠𝑐,𝑓 = [
𝑁

𝐴
+

1

ℎ𝑠𝑐,𝑎
]

−1

+
𝜎(𝑇𝑝+𝑇𝑎)(𝑇𝑝

2+𝑇𝑎
2)

𝐵−𝑁
               (39) 

where 𝜖𝑐 and  𝜖𝑝 are the glazing cover emissivity, which 

is assumed 0.88 for both covers and emissivity of the 

absorber plate considered as 0.1. Stefan–Boltzmann 

constant 𝜎 is 5.67E−8 W/ m2 K4and ℎ𝑎 is the coefficient 

of heat transfer from the surface of the collector to the 

ambient which can be found from Nusselt Numbers as: 

𝑅𝑒 =
𝑉𝑎𝑙𝑒

𝜐
   𝑤ℎ𝑒𝑟𝑒  𝑙𝑒 =

4𝑊𝐿

2(𝑊+𝐿)
                 (40) 

𝑁𝑢 = 0.86𝑅𝑒1/2𝑃𝑟1/3,   20,000 ≤ 𝑅𝑒 ≤ 100,000        (41) 

𝑁𝑢 = 0.036(𝑅𝑒0.8 − 23,200)𝑃𝑟1/3,   500,000 ≤ 𝑅𝑒   (42) 

ℎ𝑠𝑐,𝑎 =
𝑁𝑢𝑘𝑎

𝑙𝑒
       (43) 

Where W and L are the collector's width and length, 

𝑉𝑎 is the air velocity over the collector, 𝜐 is the kinematic 

viscosity at film temperature, and 𝑙𝑒 is the equivalent 

length. 

Fin efficiency of the collector, F, is defined as: 

𝑚 = √
𝑈

𝑘𝑝𝑡𝑝
                  (44) 

𝐹 =
𝑡𝑎𝑛ℎ 𝑚𝑤

𝑚𝑤
                  (45) 

Where 𝑘𝑝 and 𝑡𝑝 are the absorber plate thermal 

conductivity and thickness, respectively, which 

selected as 401 W/mK (copper), 0.001 m, while 

w=0.05 m is the length of the fin for each pipe. 

The solar collector parameter, 𝐹𝑚, is defined as [14]: 

𝐹𝑚 =
1

𝑑+2𝑤

𝑑+2𝐹𝑤
+

(𝑑+2𝑤)𝑈

𝜋𝑑𝑖ℎ𝑖

      (46) 

Where 𝑑 the outer diameter of the collector pipe, 𝑑𝑖 

is the inner diameter of the collector pipe and ℎ𝑖 is the 

coefficient heat transfer from the pipe's inner surface 

to the water, calculated using:  

𝑅𝑒 =
𝑉𝑤𝑑𝑖

𝜐
                  (47) 

𝑁𝑢 = 3.66 𝑓𝑜𝑟 𝑅𝑒 ≤ 2300                        (48) 

𝑁𝑢 =
(

𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

8
)

1
2

(𝑃𝑟
2
3−1)

 𝑓𝑜𝑟 𝑅𝑒 ≥ 2300               (49) 

ℎ𝑠𝑐,𝑖 =
𝑁𝑢 𝑘

𝑑𝑖
                  (59) 

Where 𝑉𝑤 is the water velocity inside the tube, 

𝜐 𝑎𝑛𝑑 𝑘 are the kinematic viscosity and the thermal 

conductivity at film temperature, and f is the friction 

coefficient and is calculated as: 

𝑓 =
64

𝑅𝑒
 𝑅𝑒 ≤ 2300                 (51) 

1

√𝑓
= −2.0𝑙𝑜𝑔 [

𝑒/𝐷

3.7
+

2,51

𝑅𝑒√𝑓
]                (52) 

Heat transfer factor of the collector, 𝐹𝑖𝑛, is defined as 

[14]: 

𝐹𝑖𝑛 =
�̇�𝑠𝑐𝑐𝑠𝑐(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

𝐴𝑝(𝜂𝑜𝐼−𝑈(𝑇𝑖𝑛−𝑇𝑎))
                 (53) 

and is found as: 

𝐹𝑖𝑛 =
�̇�𝑠𝑐𝑐𝑠𝑐

𝑈𝑠𝑐,𝑙𝐴𝑝
[1 − 𝑒𝑥𝑝 (−

𝐹𝑚𝑈𝑠𝑐,𝑙𝐴𝑝

�̇�𝑠𝑐𝑐𝑠𝑐
)]               (54) 

Where �̇�𝑠𝑐𝑐𝑠𝑐 is the heat capacity of the water, 𝑇𝑖𝑛 

is the temperature of the inlet water, and 𝑇𝑜𝑢𝑡 is the 

outlet water temperature. 

The collector outlet temperature of the water, 𝑇𝑜𝑢𝑡, is 

found as: 

𝑇𝑜𝑢𝑡 = 𝑇𝑖𝑛 +
𝐹𝑖𝑛𝐴𝑝(𝜂𝑜𝐼−𝑈𝑠𝑐,𝑙(𝑇𝑖𝑛−𝑇𝑎)

�̇�𝑠𝑐𝑐𝑠𝑐
                (55) 

Energy gain, 𝑞 is found as: 

𝑄𝑠𝑐 = 𝐴𝑝[𝜂𝑜𝐼 − 𝑈𝑠𝑐,𝑙(𝑇𝑝 − 𝑇𝑎)] = �̇�𝑠𝑐𝑐𝑠𝑐(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)      (56) 

Absorber plate temperature, 𝑇𝑝, will be iteratively 

calculated as: 

𝑇𝑝 = 𝑇𝑎 +
𝐴𝑝𝜂𝑜𝐼−�̇�𝑠𝑐𝑐𝑠𝑐(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

𝑈𝑠𝑐,𝑙𝐴𝑝
     (57) 

Then, the efficiency of the collector, 𝜂, will be as: 

𝜂 = 𝐹𝑖𝑛[𝜂𝑜 − 𝑈𝑠𝑐,𝑙(𝑇𝑖𝑛 − 𝑇𝑎)/𝐼]                (58) 

5. RESULTS AND DESIGN PARAMETERS 

Five flat-plate solar collectors were connected in 

serial as a source of heat to the system. Water enters 

each collector at a fixed flow rate and was divided into 

nine copper tubes in each collector. The constant 

geometrical parameters of the solar collector are 

shown in Table 1, while the operational conditions are 

illustrated in Table 2 as the fixed design parameters. In 

Table 3, other design parameters that were calculated 

iteratively are given. 

It has been shown that an outlet temperature of 

134.95 °C can be achieved from the setup of five solar 

collectors when the solar irradiance is 985.69 W/m2. 

The water needs total power of 5016 W to reach this 

temperature. It is expected that these results will vary 

in the summertime when the irradiation will be much 

higher. 

The thermal energy from the temperature 

difference between the evaporator and condenser is 

the driving force for the solar collector. The average 

velocity of fluid motion occurring in the system can be 

calculated for a given temperature difference between 

the evaporator and condenser. 



 

The Ejector refrigeration system of low generating 

temperature can be run using solar power. The solar 

heat supply may vary due to variations in solar 

radiation intensity, making it challenging to maintain a 

uniform temperature in the generator. An ejector with a 

larger throat area and a more massive solar collector 

allows a more extensive operating range of generator 

temperatures but may be overdesigned and 

expensive. An OHP can enhance the solar power of 

the collector. Nano-fluids can be used to increase the 

efficiency of the solar collector as well. 

Table 1:     Parameters of the Solar Collector 

Code Name Value Unit Comments 

𝐿 
Length of the 

collector 
2.07 m Selected. 

𝑊 
Width of the 

collector 
1.04 m 

Calculated 

from other 

fixed 

parameters. 

𝐻 
The thickness of 

the collector 
0.10 m Selected. 

𝑑 
Collector tube 

outside diameter 
0.0159 m 

1/2”, Copper 

tube, ASTM 

B88 

𝑑𝑖 
Collector tube 

inside diameter 
0.0145 m 

1/2", Copper 

tube, ASTM 

B88 

𝑒 
Roughness of 

tube 
1.5E-6 m 

Copper tube 

[19] 

𝑤 
Half distance 

between tubes 
0.05 m Selected. 

𝑁𝑡 
Number of the 

tubes 
9 - Selected. 

𝑙𝑖 
Insulation 

thickness 
0.1 cm Glass wool 

𝑘𝑖 
Insulation thermal 

conductivity 
0.038 W/m2K [19] 

𝑁𝑐 
Number of the 

glass covers 
2 - Selected. 

Table 2:     Design Parameters of the Solar Collector 

Code Name Value Unit Comments 

𝑛 Day of the year 80 °C 
Selected. 

(20/03/2020) 

𝑡 
Time of the 

day 
12:00 noon 

Selected. 

(Solar time) 

𝑇𝑎 
Ambient 

temperature 
30 °C 

Jeddah solar 

data 

𝛽 
The tilt angle of 

the collector 
21.54 degree 

Selected. 

(Latitude of 

Jeddah) 

Table 3:    Calculated Design Parameters of the Solar                    

Collector 

Code Name Value Unit Comments 

𝐼 Solar irradiance 985.69 W/m2 On the 

collector 

surface 
𝑞 

Heat transfer to the 

water 
1034 W 

𝜂 Efficiency 0.486  

𝑇𝑖𝑛 
Inlet water 

temperature 
125.00 °C 

In the first 

collector 

𝑇𝑜𝑢𝑡 
Outlet water 

temperature 
127.05 °C 

𝑞 
Heat transfer to the 

water 
1019 W 

𝜂 Efficiency 0.478  

𝑇𝑖𝑛 
Inlet water 

temperature 
127.05 °C 

In the 

second 

collector 

𝑇𝑜𝑢𝑡 
Outlet water 

temperature 
129.08 °C 

𝑞 
Heat transfer to the 

water 
1003 W 

𝜂 Efficiency 0.471  

𝑇𝑖𝑛 
Inlet water 

temperature 
127.08 °C 

In the third 

collector 

𝑇𝑜𝑢𝑡 
Outlet water 

temperature 
131.06 °C 

𝑞 
Heat transfer to the 

water 
988 W 

𝜂 Efficiency 0.464  

𝑇𝑖𝑛 
Inlet water 

temperature 
131.06 °C 

In the 

fourth 

collector 

𝑇𝑜𝑢𝑡 
Outlet water 

temperature 
133.02 °C 

𝑞 
Heat transfer to the 

water 
972 W 

𝜂 Efficiency 0.457  

𝑇𝑖𝑛 
Inlet water 

temperature 
133.02 °C 

In the fifth 

collector 

𝑇𝑜𝑢𝑡 
Outlet water 

temperature 
134.95 °C 
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6. CONCLUSIONS 

The Ejector refrigeration system of low generating 

temperature can be run using solar energy. The solar 

heat supply may vary because of variations in solar 

irradiation intensity, making it challenging to maintain a 

steady generator temperature. It has been shown that 

an outlet temperature of 134.95 °C can be achieved 

from the setup of five solar collectors when the solar 

irradiance is 985.69 W/m2. The water needs total 

power of 5016 W to reach this temperature. It is 

expected that these results will vary in the summertime 

where the irradiation will be much higher. 

An ejector with a greater throat area and larger 

solar collector allows a wider operating range of 

generator temperatures but may be overdesigned and 

expensive. An OHP can enhance the solar power of 

the collector. Nanotechnology can be used to increase 

the efficiency of the solar collector as well. 
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