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Solar energy reaching Earth can be used as promising renewable energy to overcome the 
challenges of steam generation processes. Solar concentrators suffer from fine 
adjustment of solar radiation concentration and high investment cost. Therefore, multi-
configuration receivers named the cylindrical cavity receiver, helical receiver, and the 
absorber-evaporator-tank have been manufactured from the coiled copper tube and 
brass plates, respectively. Then, they are tested and compared to improve the 
performance of steam generators. The performance of the absorber-evaporator-tank 
receiver has been compared with the cylindrical cavity receiver and helical receiver for a 
period from 10 am to 12 pm. The present investigation shows that the boiling point of 
water increasing when the pressure of generated steam increases particularly inside the 
coiled tube, which affects the dryness fraction of the generated steam. The present 
results show that the efficiency of the absorber-evaporator-tank is greater than the 
cylindrical cavity and helical receivers for the tested period. It is found that the thermal 
efficiency for the absorber-evaporator-tank doubles at noon, which indicates an effective 
solar receiver for generating steam.  
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1. Introduction 
 

Steam generators are the main component in an organic Rankine cycle technology that works in 
the range up to 230 °C, 650 °C, and 870 °C for low, medium, and high sectors, respectively. Solar 
steam generators are used and integrated with the conventional Rankine system to increase heat 
added to the power plants. Steam generation has importance in several applications such as power 
generation, buildings heating, medical sterilization, and some industrial processes.  

The steam generators use solar radiation have been reviewed by Elsheikh et al., [1], which utilizes 
a thin layer mechanism for heating the water. Different materials have been used for heating a thin 
layer, such as metal nanoparticles, mineral oxides, and carbon fabric. This technique has been 
investigated by several researchers; Neumann et al., [2] studied the water vapor production under 
concentrated sun irradiance for medical applications such as surgical tools sterilization. Heat 
generation for a very small thin film in the water can be achieved by sparse nanoparticles of carbon. 
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Cooper et al., [3] demonstrated the solar radiation absorption by a structure to evaporate water. The 
absorber structure isn’t in touch with water, which generates steam at ambient pressure and 
temperature up to 133 °C. While Wang et al., [4] demonstrate that the temperature of a generated 
steam could reach 250 °C at surrounding pressure when using the black coated copper tube. Zhong 
et al., [5] presented a mathematical model of evaporation layers generated by using porous plates 
under sun illumination. Results show the effect of porosity value, thermal conductivity, and ambient 
conditions on the generated steam rate. Zhao et al., [6] presented a steam generation device driven 
by passive solar energy, which uses a transparent silica concentrator to raise the temperature of 
water vapor. Therefore, an effective irradiance concentration and steam generation higher than 120 
°C and 2 bars are produced for the medical purging and cleaning applications.  

On other hand, generating steam using concentrated solar energy by the techniques of the solar 
tower, parabolic dish, and parabolic trough collectors has been achieved. Ben-Zvi et al., [7] simulated 
the steam generator at a focal point of heliostat field and top of a solar tower that receives 
concentrated irradiation. Generating steam cylinder has integrated with a coiled tube cavity to raising 
the temperature and then superheated up to 550 °C and pressure of 150 bars. Chiarappa [8] 
investigated the steam generated inside the tubes of a parabolic trough collector using brine or 
thermal oil. The generated steam is supplied to the steam turbine, which demonstrates the feasibility 
of the evaporation technology. Ferruzza et al., [9] developed a model of parabolic trough collector to 
increase the flexibility in transient operation of the power plant and quickly start power generation. 
The results show a rise of 1.5 percent in electricity production at peak load can be achieved by 
doubling the high heating rate of the steam generator. Li et al., [10] proposed double-stage 
accumulators to overcome the low capacity of heat storage during heat discharge from the steam 
turbine. The heat is released by evaporating the water in a high-temperature accumulator to run the 
Rankine cycle. Then the water flows into a low-temperature accumulator through a heat exchanger. 
The water temperature drops more than 130 to 190 °C. Results show the second stage of heat 
discharge increases the capacity by 4.6 percent in comparison with a traditional steam generator. 
Feng et al., [11] developed a simulation model to evaluate the performance of adding a flash tank to 
a combined solar power plant. The results show the trouble of unstable two-phase flow that appears 
in the solar collector tubes can be overcome by using a flash tank in the combined solar power plant. 
Ferruzza et al., [12] presented a design method of the heat exchanger of the coiled steam generator 
and its influence on the solar power plant performance. The optimum design was specified by 
reducing the total pressure drop of the waterside of the power plant steam generator. The results 
propose that a tube of the steam generator of 30 mm outer diameter is the optimal design to obtain 
a high-pressure drop of the steam generator for the considered solar power plant. Morciano et al., 
[13] investigated experimentally and numerically the steam generation using a cramped gap 
structure and concentrated solar radiation by parabolic dish. The results reveal that the efficiency of 
the new gap structure can be higher than 85% which utilizes the generated steam for the sterilization 
process. Bellos et al., [14] investigated numerically five shapes of cavity receivers that absorbed 
concentrate radiation from the parabolic dish. The receiver shapes examined in this study are 
spherical, rectangular, conical, cylindrical, and cylindrical-conical. The results show cylindrical-conical 
receiver is the best shape for fluid heating, where thermal efficiency of 67.95% has been found at an 
operational temperature of 300 °C. While Abdullah [15] conducted a cylindrical cavity receiver using 
ANSYS software to simulate the heat generator receiving concentrated solar radiation. The effect of 
irradiance, cavity hole ration (AR = d/D), and cavity hole position (AP = H/D) on the convection heat 
transfer were investigated to minimize the heat losses from the cavity receiver.  

For the purposes of generating electric power, the most powerful way to convert solar energy 
into electricity is via integrated combined cycle solar power plants by increasing the thermal 
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efficiency through the composite features used in it [16]; like uses the PCM thermal storage with the 
heat exchanger to run the Rankine steam cycle [17], or utilizes high-temperature flow gases produce 
from Brayton cycle in the heat recovery steam generator of Rankine cycle [18,19] with partial 
recuperation [20]. Another method of a hybrid plant of a waste material burning steam boiler 
integrated with the solar thermal power collector to enhance steam temperature was suggested by 
Chen et al., [21]. 

In summary, the solar steam generators that utilize a thin layer mechanism to evaporate the 
water have been investigated. On other hand, generating steam using concentrated solar energy 
techniques and combined solar-Rankine systems has been studied. Previous studies reveal a lack of 
assessment of steam generated directly by measuring vapor properties experimentally when the 
shape of the solar receiver is different. Consequently, the purpose of the current study is to improve 
the efficiency of concentrated solar steam generator by testing different configurations.  
 
2. Experimental Work  
 

The experimental system used in the present investigation is consisting of two parts; parabolic 
dish reflector and steam generator receivers. The parabolic dish reflector utilizes to concentrate 

incident solar radiation at a focal point using 438 pieces of the mirror with dimensions of (3  3) cm2 
which are fixed on the reflector surface. The area of reflector mirrors is 0.395 m2, and the focal 
distance is 0.57 m. Several configurations of steam generator receivers have been fabricated and 
tested in the current work to improve the performance of the solar steam generators, which are 
called a helical coil, cylindrical cavity, and a small absorber-evaporator-tank. The absorber-
evaporator-tank represents a novel configuration of a steam generator that was utilized for the first 
time in the present work.  

The helical coil receiver was manufactured from a copper tube of 6.35 mm in diameter and 1 m 
in length, which revolves around a fixed steel tube with a diameter of 50 mm and 200 mm in length. 
Uncover helical coil receiver with receiving area of 0.0097 m2 was tested directly under concentrated 
solar power. The cylindrical cavity was manufactured from a copper tube of 6.35 mm in diameter and 
4 m in length, which warps more than ten loops inside an aluminum cylinder of 120 mm in diameter 
to forms a cavity shape with one window. The solar receiving area of cavity window is about 0.011 
m2. The cylindrical cavity has covered with a thermal insulation layer of fiberglass of 2.5 cm thickness, 
as shown in Figure 1.  

The absorber-evaporator-tank was manufactured from the Brass plate with 1.5 mm thickness. 

The dimensions of the formed tank are (10107) cm3 with three internal bars as fins to increase 
heat transfer to the water, as shown in Figure 2. The solar receiving area of tank face is 0.01 m2. The 
evaporator-tank has black paint coated and covered with a thermal insulation layer of fiberglass of 
2.5 cm thickness. The three receivers were connected to a lockable inlet tube for injection of water 
through it, while the outlet tube for the receivers was connected with a pressure gauge and 
thermocouple probe to measure the pressure and temperature of generated steam for each receiver. 
The solar radiation falling on the parabolic dish surface is measure using the solar meter device. The 
solar concentration ratio of the three manufactured receivers is about the same, where area of the 
reflector is 0.395 m2 and the receiving area for each receiver as mentioned above. The complete 
system of the parabolic dish reflector and the absorber-evaporator-tank receiver with the measuring 
instruments are shown in Figure 3, also the steam generation after running for 20 minutes is revealed.  
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Fig. 1. Steam generators of the cylindrical cavity and helical coil 

 

 
Fig. 2. Steam generator of the absorber-evaporator-tank 
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Fig. 3. System of evaporator-tank receiver with parabolic dish solar collector 

 
2.1 Experimental Test Procedure  
 

The experimental tests were carried out at Fallujah, Iraq (latitude 33.16°N, longitude 43.87°E) 
during the period from 22 to 30 January 2021. At the beginning of each test, the steam generator is 
mounted at the focal point of the parabolic dish reflector, while the reflector (solar collector) faces 
south. The steam generators of a helical coil, cylindrical cavity, and the absorber-evaporator-tank 
have been tested as follow 
 

i. The steam generators are injected with the total tested mass (mtotal) of water of 40 grams in 
the helical coil and 60 grams in the cylindrical cavity and the evaporator-tank. 

ii. The time taken for short tests between preparations to data recording is 10 minutes for the 
helical coil receiver and 20 minutes for the receivers of the cylindrical cavity and evaporator-
tank. The test procedure for each steam generator has been repeated within the period 
between 10 am to 12 pm.  

iii. The time taken for medium tests between preparations to data recording is 60 minutes for 
the receivers of cylindrical cavity and evaporator-tank within the period between 1 pm to 2 
pm.  

iv. The parameters recorded for each steam generator and in each test are: solar radiation, the 
temperature of injected water, temperature, and pressure of the generated steam.  

v. At end of test time of each case (10 or 20 minutes), the remaining mass of water (mw) in each 
steam generator was estimated to determine the moisture content (Y) as described below 

 

𝑌 =
𝑚𝑤

𝑚𝑡𝑜𝑡𝑎𝑙
              (1) 

 
Then the dryness fraction (X) of dry steam was determined as below 
 
𝑋 + 𝑌 = 1              (2) 
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2.2 Data Analysis 
 

The experimental data obtained at each test period have been analyzed to determine the rate of 
steam generation and efficiency of the steam generators. The state of generated steam from each 
solar steam generator used in the current work has specified using the software of thermodynamics 
properties of water vapor. Therefore, the enthalpy of generated steam (hout) is determined 
concerning the state of steam, whether it is dry or wet. The enthalpy of the injected water (hin) was 
also found. The dryness of generated steam is significant because it directly affects the amount of 
latent heat transferred and contained at a specific pressure of the steam, which affects the thermal 
efficiency of the solar steam generator. The mass of water vapor (mv) in the generated steam can be 
determined as follow 
 
𝑚𝑡𝑜𝑡𝑎𝑙 = 𝑚𝑣 + 𝑚𝑤             (3) 
 
When the total mass of the injected water turns into steam, that’s mean mtotal = mv. The rate of 
generated steam from each configuration of the solar receiver is calculated as follow 
 

𝑚̇𝑠𝑡𝑒𝑎𝑚 =
𝐺𝑒𝑛𝑒𝑟𝑎𝑡𝑒𝑑 𝑠𝑡𝑒𝑎𝑚(𝑚𝑣)

𝑇𝑖𝑚𝑒 𝑜𝑓 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛
            (4) 

 
Then, the useful heat gained by the solar receiver that converted to the latent heat in the steam is 
 
𝑈𝑠𝑒𝑓𝑢𝑙 ℎ𝑒𝑎𝑡 = 𝑚̇𝑠𝑡𝑒𝑎𝑚 × (ℎ𝑜𝑢𝑡 − ℎ𝑖𝑛)           (5) 
 
The heat input to the solar steam generator was determined from the average reflected radiation 
multiplied by the area of reflector mirrors (0.395 m2), as shown below 
 
𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡 = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑟𝑒𝑓𝑙𝑒𝑐𝑡𝑒𝑑 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 × 0.395         (6) 
  
where, the average reflected radiation has estimated from the average measured solar radiation 
falling on the parabolic dish during the tested period multiplied by the reflectivity of the mirrors, 0.9. 
Consequently, the thermal efficiency of the solar steam generator for the specific water mass used 
in the test period is 
 

𝜂 =
𝑈𝑠𝑒𝑓𝑢𝑙 ℎ𝑒𝑎𝑡

𝐻𝑒𝑎𝑡 𝑖𝑛𝑝𝑢𝑡
              (7) 

 
3. Results and Discussions 
 

The outcomes of experimental measurements and analytical results for the generated steam at 
different configuration solar receivers have been interpreted and discussed. The average solar 
radiation measured during the experiments for different solar steam generators is elaborated in 
Table 1. The total mass of water injected within the steam generators is corresponding to the internal 
volume of each configuration. Therefore, forty grams of water inside the helical coil have taken ten 
minutes to evaporate and reach the maximum pressure, which led to the end of the experiment 
within this time. Whilst sixty grams of water, shown in Table 1, have evaporated at first ten minutes 
and reach the maximum pressure at the end of the second ten minutes and end the experiment 
within twenty minutes. The experiments of the evaporation process for all steam generators have 
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been repeated several times within the short test duration from 10 am to 12 pm. On the other hand, 
the evaporation process experiment of the cavity receiver and evaporator-tank continued during the 
medium test period from 1 pm to 2 pm.  

The experimental results of temperature and pressure of generated steam in the solar receivers 
of a helical coil, cylindrical cavity, and an evaporator-tank for the short test (10 or 20 minutes) in the 
period of 10 am – 12 pm are revealed in Figures 4 and 5. The temperature and pressure of steam 
shown in Figures 4 and 5 were distributed as the time increased every 10 minutes. Figure 4 shows 
the steam temperature could reach 100 °C in the helical coil, and the steam temperature has exceeds 
160 °C in the cylindrical cavity and 140 °C in an evaporator-tank. Figure 5 shows that the high pressure 
of the steam can reach 13 bars within a limited volume of the helical coil, thus the boiling point 
increases when the pressure of generated steam increases, which affects the dryness fraction of the 
generated steam and leave the vapor as wet steam. Whereas the steam pressure of the cylindrical 
cavity and an evaporator-tank is less than that in the helical coil due to a larger internal volume. The 
steam pressure within both configurations is 2 bars after the first 10 minutes, and it reaches 4 bars 
in an evaporator-tank and 5.8 bars in the cylindrical cavity at the end of the second 10 minutes, which 
reveals the pressure of generated steam in an evaporator-tank is less than that in the cylindrical 
cavity due to a larger internal volume as well.  

The experimental results for a short test demonstrated most temperatures of the generated 
steam in the helical coil under boiling point while the opposite results were obtained in the cylindrical 
cavity and an evaporator-tank, indicating that the best state of generated steam is at high 
temperature with a moderate pressure like in an evaporator-tank.  
 

Table 1 
Experimental measurements of the different receivers of solar steam generators 

Type of solar 
receiver 

Average solar 
radiation (W/m2) 

Mass of 
water 
(gram)  

Time of test 
(minute)  

Duration of 
test (hr) 

Date of tests Ambient 
temperature (°C) 

Helical coil  806 40 10 10 am – 12 
pm 

22 to 30 
January 
2021  

14 
Cavity receiver  886 60 20 
Evaporator 
tank  

816 60 20 

 

 
Fig. 4. Temperature distribution versus time for short test and different receivers 
of the solar steam generator  
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Fig. 5. Pressure distribution versus time for short test and different receivers of 
the solar steam generator  

 
The experimental results of temperature and pressure of generated steam in the solar receivers 

of the cylindrical cavity and an evaporator-tank for the medium test in the period of 1 pm – 2 pm are 
compared in Figures 6 and 7. The figures show the temperature and pressure of the steam increase 
when the time increased every 10 minutes between 1 pm to 2 pm. The results demonstrated the 
temperature and pressure of the generated steam of an evaporator-tank are higher than that in the 
cylindrical cavity, which reaches 176 °C and 9.4 bars in the evaporator-tank and 152 °C and 9 bars in 
the cylindrical cavity. The reason is that the inner space of the evaporator-tank looks better than the 
limited volume contained within tubes of the cylindrical cavity to evaporate the water into dry steam.  
 

 
Fig. 6. Temperature variation versus time for medium test and two types of the 
solar steam generator  
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Fig. 7. Pressure variation versus time for medium test and two types of the solar 
steam generator  

 
The analytical results of dryness fraction and rate of generated steam, and thermal efficiency of 

the solar receivers of a helical coil, cylindrical cavity, and an evaporator-tank for the short test (10 or 
20 minutes) in the period of 10 am – 12 pm are shown in Figures 8, 9, and 10. Figure 8 demonstrates 
low values of the generated steam dryness fraction (X) in the helical coil explaining the results 
obtained in Figures 4 and 5 of low temperature with high pressure of generated steam, which means 
wet steam has been generated within the coil. Also, high values of steam dryness fraction (X) at the 
first 10 minutes of evaporation have revealed in the cylindrical cavity and an evaporator-tank, as 
shown in Figure 8. While the values of steam dryness fraction at the second 10 minutes decrease in 
the period between 10 am to 11 am and reach 100% in the period between 11 am to 12 pm. 
Moreover, the overall values of dryness fraction (X) of generated steam in an evaporator-tank are 
high and reach 100%, which indicates a dry steam generation. 
 

 
Fig. 8. Steam dryness fraction distribution versus time for short test and different 
receivers of the solar steam generator  
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The rate of generated steam in the solar receivers of a helical coil, cylindrical cavity, and an 
evaporator-tank has distributed as shown in Figure 9 and calculated by Eq. (4). The figure shows the 
values of steam generation every 10 minutes for the helical coil and every 20 minutes for the 
cylindrical cavity and an evaporator-tank during the test period 10 am – 12 pm. The results of the 
steam generation rate have revealed fluctuating values in the helical coil while high values of steam 

generation rate generally appear in an evaporator-tank and could reach 4.6710-5 kg/s. The reason 
dates back to the low steam dryness fraction revealed in the helical coil and high values of dryness 
fraction detected in an evaporator-tank. Furthermore, the concentrated solar radiation absorbed by 
the plate of the tank is higher than that absorbed by the surface of the coiled tubes.  

The useful heat gain of the solar receiver divided by the heat input of the reflected radiation 
would yield the thermal efficiency of the solar steam generator, which is calculated by Eq. (7). The 
thermal efficiency of the solar receivers of a helical coil, cylindrical cavity, and an evaporator-tank 
has distributed as shown in Figure 10. The thermal efficiency of the solar steam generator indicates 
the quality and mass of generated steam relative to the average reflected radiation from the 
parabolic dish. Figure 10 shows thermal efficiency of the cylindrical cavity could reach 26%, while the 
highest value of thermal efficiency of the helical coil could reach 39%. Moreover, the thermal 
efficiency of the absorber-evaporator-tank is distributed from 40% to 60%, which showed the highest 
thermal efficiency among the tested configurations (receivers). It is disclosed that the value of 
thermal efficiency of the absorber-evaporator-tank is doubling at noon indicating the efficient 
receiver for generating steam.  
  

 
Fig. 9. Rate of generated steam distribution versus time for short test and 
different receivers of the solar steam generator  
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Fig. 10. Thermal efficiency distribution versus time for short test and different 
receivers of the solar steam generator  

 
4. Conclusions 
 

Different shapes of the solar receivers to generate steam were manufactured and tested within 
the same period from 10 am to 12 pm for the short test (10 or 20 minutes) and from 1 pm to 2 pm 
for the continuous test. The experimental results of temperature and pressure of the generated 
steam could reach 100 °C and 13 bars in the helical coil, 160 °C and 5.8 bars in the cylindrical cavity, 
and 140 °C and 4 bars in the evaporator-tank, respectively. The high pressure of the steam generation 
within the helical coil causes an increasing boiling point, which affects the dryness fraction of the 
generated steam and produces wet steam. While higher values of dryness fraction (X) were detected 
in the evaporator-tank indicating the presence of dry steam. The reason is that the inner space of the 
evaporator-tank looks better than the limited volume within the coiled tubes to evaporate the water 
into dry steam.  

The analytical results show fluctuating values of steam generation rate in the helical coil while 

high values of steam generation rate appear in the evaporator-tank which reaches 4.6710-5 kg/s. 
The reason dates back to the low steam dryness fraction revealed in the helical coil and high values 
of dryness fraction detected in the evaporator-tank. The results of the thermal efficiency of the solar 
steam generator indicate the quality and mass of generated steam relative to the average reflected 
radiation from the parabolic dish. The thermal efficiency could reach 26% in the cylindrical cavity, 
39% in the helical coil, and 60% in the evaporator-tank. Also, it disclosed that the value of thermal 
efficiency of the absorber-evaporator-tank is doubling at noon.  

It has concluded that the highest values of the thermal efficiency, dryness fraction, and rate of 
generated steam were obtained in the evaporator-tank, indicating an efficient new configuration 
receiver for generating steam. The results obtained are practically useful in combined cycle power 
generation, medical sterilization systems, and some industrial processes.  
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