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Abstract

This study aims to develop a concentrated solar receiver designed to directly generate steam for driving a steam
turbine within the steam power cycle of a carbon-free system. The solar power system consists of parabolic dishes,
evaporation tanks, and a steam turbine, and the experimental setup was tested on different days, analyzing the
measured parameters with the EES software. Results from the investigation indicate that, under the optimal
conditions with a maximum recorded temperature and pressure of 143 °C and 2.5 bar, respectively, and a vaporized
water mass of 100 grams, the manufactured turbine achieved a maximum isentropic efficiency of 92.48% and a
power of 1.76 W. Notably, the evaporation tank and the mini steam turbine demonstrated the capability to generate

steam and mechanical power, respectively, without relying on conventional energy.
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1. Introduction

The energy gained from the sun is the basis for other forms of energy sources in the world such as oil, natural gas, and
coal, this is attributed to the process of photosynthesis in plants. The complex chemical reactions within photosynthesis
produce the energy that ultimately becomes the basis for other energy sources. To exploit the free solar energy and convert it

into efficient energy in daily lives, different solar-thermal power cycles had been developed [1-2].

The Rankine steam cycle, shown in Fig. 1, involves heating water passing through the boiler to generate superheated
steam; and then pressurized steam is fed into an expander called a turbine. The steam cycle utilizes concentrated solar thermal
(CST) technology as a heat source; the water is converted to pressurized steam to spin a turbine [2-3]. Solar thermal power
plants generally generate steam at pressures ranging between 60-100 bars. The turbine efficiency of heat/electricity is

commonly in the range of 35-38%, which needs high temperatures to raise the conversion efficiency [4].

One of the promised CST types is parabolic trough solar collectors that are used to generate electrical power. The parabolic
trough collectors can be applied on small and large scale, such as for a residence and a power plant, respectively [5]. Heat
transfer enhancement in CST collectors is a crucial point. The investigation of nanofluids as working thermo-fluid shows an

increase in heat transfer coefficient by 21% when using nanofluids of TiO; 4+ Cu hybrid in the parabolic trough collectors [6].

Steam generation in the Rankine cycle, in addition to solar-assisted steam generation, was presented in previous studies.
Sakhare and Kapatkar [7] obtained the best findings with a 170 °C outlet temperature at a 90 °C inlet temperature from a coiled
pipe receiver. This occurred under an average solar radiation of 714 W/m?. Additionally, Arulkumaran and Christraj [8]
recorded an outlet temperature of 190 °C for a water flow rate of 0.35 kg/s with solar radiation of 490 W/m?, achieved through

24 turns of the copper-coiled tube.
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Also, Folaranmi [9] recorded a measurement of an exit temperature of 200 °C by the heat exchanger for 1 kg of charged
water, and Aljabair et al. [10] measured an outlet temperature of 126 °C using a heat exchanger receiver of dimensions (47 cm
x 37 cm) with corrugated fins. Moreover, Sada and Sa’ad-Aldeen [11] obtained the outlet temperature of 118 °C from the
thermal receiver with a copper coiled tube of dimension (1.25 cm x 300 cm). On the other hand, Escobar-Romero et al. [12]
utilized the parabolic trough reflector to generate the steam at high pressure and temperature that reached 6.6 bar and 155 °C,

respectively.
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Fig. 1 Simple Rankine steam cycle [13]

Several studies have been achieved on power generation systems that utilize solar thermal energy with the organic
Rankine cycle (ORC) under different operating conditions. A concentric parabolic trough as a steam generator was designed
by Mohammad et al. [14] to theoretically study the steam power plant with a maximum temperature of 350 °C, operating
pressure of 5.2 bar, and 57% optical efficiency. ORC with direct evaporation in coiled tubing was designed, which exchanges

heat with the exhaust gas flow in the shell side [15].

It is revealed that the maximum heat of 225 kW in the direct evaporator has been achieved. Also, Linnemann et al. [16]
tested a dual consecutive ORC using different working fuels to get a maximum generation power of 17.5 kW from the power
plant. Moreover, a low-pressure ORC with a steam turbine and double heat exchangers was designed and tested, in which the
maximum power generated is 302 kW when the thermal efficiency is 9.7% [17]. Achieving a power generation of 1.17 MW
and a solar-to-electricity efficiency of 21.59%, the hybrid plant integrates a capacity of 500 tons/day for incinerated waste

materials with a solar thermal power collector [18].

Gao et al. [19] proposed a power generation system utilizing ORC with solar thermal accumulators. Gao et al. [20]
proposed a developed power generation system using solar thermal energy with a mixing room, in which the mixing room
temperature has an important role in the thermal efficiency of the system. Maytorena and Buentello-Montoya [21] simulated
the ORC integrated with a parabolic trough collector to generate power using Ansys-Fluent software. The results demonstrated
that the fluid evaporation rate increases when the mass flow rate decreases, and the evaporation rate of the fluid is directly
proportional to the solar radiation increase. Loni et al. [22] reviewed the power generation technology by solar irradiation
driving the ORCs based on the compatibility between the temperature produced by the solar collector and the temperature

required for the ORC to work.

A real challenge to the steam power cycle using solar radiation was inferred, due to the low temperatures of the water
produced by the tested receivers of the parabolic dish, except for the evaporation tank [23]. On the other hand, previous studies

revealed that solar collectors are used to support the working fluid in the Rankine cycle by increasing the steam temperature
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before entering the steam turbine. Therefore, developing a concentrated solar receiver to generate steam directly to spin the
steam turbine in a carbon-free system lacks examination and evaluation. The current study aims to investigate the performance
of an open steam power cycle built of parabolic solar collectors with a mini steam turbine and to thermally analyze the new

steam power system.

2. Experimental Work

The research objectives can be achieved through the implemented methodology. The experimental test rig is made up of
solar parabolic dish reflectors, receivers for reflected radiation, and a mini steam turbine. The materials, dimensions, and
fabrication process have been described. The measuring instruments, experiment procedures, and error analysis have also been

demonstrated.

2.1. Experimental setup

Two parabolic dishes are used to reflect incident solar radiation and heat the steam generation receivers. The parabolic
dish reflectors are constructed with an adjustable structure to allow the sun to follow up vertically. The face of each dish is

constructed from small square pieces of the mirror of 3 cm in length and reflectivity of 0.9.

In the present work, three types of receivers were fabricated and tested. The helical coil and cylindrical cavity were
modeled experimentally and tested in the first stage of the current research. Then, the evaporation tank receiver was
implemented successfully to generate water vapor. The investigation of the three receivers shows that the efficiency and steam-
generated rate of the evaporation tank receiver is greater than the other two types [23]. Therefore in the present study, the
evaporation tank receivers have been used at the focal point of the parabolic dish reflectors, which appear to be reliable
receivers for generating steam. Each receiver tank is made of a 1.6 mm thick metallic brass plate. The evaporation tank is made
of parallelepiped plates, 7 cm in deep with a square face of (10 x 10) cm? that is designed to be compatible with the area of
reflected radiation, as shown in Fig. 2. The heat absorbed from the tank front plate is transfer to vaporize water inside. The

fabricated evaporation tanks were tested under the operational limitations of the water mass and vaporization time.

Fig. 2 Pictorial of evaporation tank

The third part of the experimental setup is a mini steam turbine, which was made with a diameter of 12 mm stainless steel
centrifugal blades. The centrifugal turbine includes the rotor, cylindrical cover, two flange cubs, two mini ball bearings, and
the rotor shaft, as shown in Fig. 3. The cylindrical cover and two sides flange cub were made of brass. The cylindrical cover
included two holes of 6 mm in diameter for inlet and outlet copper tubes allowing working fluid to flow. The inlet steam flow
affects tangentially the rotor blades to spin the turbine. The components of the current test rig are summarized in Table 1

through the material used, dimensions, quantity, also parameters tested.
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Fig. 3 Schematic and photographs of mini steam turbine parts and dimensions
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Table 1 Experimental test rig summarization
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Assembled turbine

The component Manufacturing Test parameters
P Item Material Dimensions Quantity P
Dish Steel D1 =83cmD2="74 2
Parabolic dishes Mirlrsors Glzzs 3 me3) P cm 960 Incident solar radiation
. Brass plate
Solar ra}dlatlon Evaporation tank | - 1.6 mm (10 x 10 x 7) e’ ) Temperature and pressure
receivers . of generated steam
thickness
Rotor blades Stainless Qouter = 12 mm 1
steel
Cylindrical cover Brass Qinner = 14 mm 1
Mini st ¢0uter =17 mm T t d
ini steam — emperature and pressure
turbine Flanges B.rass Qouer = 18 mm 2 of inlet and outlet steam
Rotor shaft Stainless Qouter = 3 mm 1
steel
. Stainless
Ball bearings steel Qouter = 8 mm 2

2.2. Measuring instruments

Various parameters such as solar intensity, temperature and pressure of steam generated, and vapor flow rate were
measured using different measuring instruments. The solar meter is used for measuring the solar radiation falling directly on
the parabolic dish during daily test hours. Thermocouples and thermometers type-K have been used to measure the temperature
of the surfaces of the pipes carrying the working fluid. Also, pressure gauges ranging between 0 to 10 bars were used to
measure the vapor pressure generated in the present solar power system. The vapor flow rate was measured using the orifice
plate flow meter. The operational principle is based on the fluid passed through a pipeline restriction, and the differential

pressure is measured through this restriction. The orifice plate was designed and fabricated in the present work, as shown in

Fig. 4.
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Fig. 4 Diagram of the orifice plate
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2.3. Experimental procedure of power system with double collectors

The current system is constructed from two parabolic dish reflectors with two evaporation tank receivers, as shown in
Fig. 5. The first evaporation tank is used as the main steam generator for each hour of testing and then the generated steam
flows through the second evaporation tank to augment more heating and improve its thermal characteristics. The generated
vapor passed through the orifice flow meter and then the steam turbine to measure the steam mass flow rate and produce the
mechanical power, respectively. The test of the current system was conducted from June to July 2021 in Al-Fallujah, Iraq

(33.16°N, 43.87°E) accordance with the following steps:

(1) The power system setup is prepared at 8 am by orienting the collector towards the sun manually and at the beginning of

each hour of the test; the measurements are recorded from 9 am to 3 pm.

(2) The evaporation tank is injected with a mass of water weighing 100 grams every hour of the test, while the inlet valve is

closed.

(3) The outlet valves of the evaporation tanks are closed at first. The valve between the first and second evaporation tanks is
opened after 30 minutes of the tested hour. After 20 minutes, the exit valve next to the second evaporation tank is opened

to allow the generated steam to flow through the orifice plate and steam turbine.

(4) Several parameters were measured at each tested hour, the average solar radiation falling on the two dishes, the

temperature at the four points shown, and the pressure at the five points shown in the solar power system schematic.

(5) The above procedure has been repeated for the masses of water of (150, 200, 250, and 300) grams on different days.
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Fig. 5 Photograph and schematic of solar power system with double collectors

2.4. Thermal analysis

The measured parameters have been used to analyze the power system thermally. The heat absorbed by the evaporation
tank and the power produced by the steam turbine is mainly equal to the change in the specific enthalpy of the working fluid.
To estimate the solar radiation received by the evaporation tank, reflected radiation from the solar collector can be calculated

as follows [24]:
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I, =1, xA,xr (D

where I, is the reflected solar radiation (W), Iris the total incident solar radiation (W/m?), A, is the aperture area (m?), and r is

the mirror reflectivity.

The useful heat rate absorbed by the evaporation tanks of the double collector power system can be calculated according

to the following equation [13]:

Q, =m x(h —h) )

where #; is the specific enthalpy (kJ/kg) of inlet water at a temperature of 25 °C, h; is the specific enthalpy of steam leaving

the evaporator (kJ/kg), and m; is the mass flow rate of steam (kg/s).

The steam, after leaving the evaporation tanks, passes through the orifice plate toward the steam turbine. The power

produced by the mini steam turbine can calculated as follows [25]:

Wy =mx(h,—hy) 3)

where h is the specific enthalpy of steam entering the turbine (kJ/kg) and A3 is the specific enthalpy of steam leaving the

turbine (kJ/kg).

The performance of the steam turbine is assessed by obtaining the isentropic efficiency of the mini steam turbine, as
described in the formula below. The isentropic efficiency indicates the ratio of the actual expansion to the isentropic expansion
of the steam. The work of actual expansion is less than the work of isentropic expansion [13].

_hZ_h’A

= hz - hss &

The thermal efficiency of the present power system can evaluated by dividing the work of the steam turbine by the useful
heat rate absorbed by the evaporation tanks. The thermal processes of the present power system were implemented and

analyzed through an open steam cycle using the EES software.

2.5. Errors analysis

Most of the standard errors have mainly been caused by errors in the measured quantities due to the accuracy of the
measuring devices. To determine the uncertainty in the evaporation efficiency value that represents the useful heat rate absorbed
relative to the total incident solar radiation. The amount of error resulting from the error of measuring the pressure and
temperature of the steam has been determined by finding the amount of change in the specific enthalpy difference and its effect

on the efficiency of the evaporation. The uncertainty intervals, w, in the results, were calculated by using the following equation:

W, /R =[(9R/9v,xw,/R) A2+(9R/0v,xw,[R) A2+...+(dR/dv, xw, /R) A2 A 0.5 5)

The accuracy range of the measuring instruments used is shown in Table 2. For total incident, solar radiation of 716.6
W/m?, the pressure, and temperature of generated steam are 3 bar and 140.7 °C, respectively. The specific enthalpy difference
of generated steam is 2.65 x 10° kJ/kg, and the evaporation efficiency is 19%. Subsequently, the predicted uncertainty of the

evaporation efficiency is 0.0145, which indicates an acceptable value.

Table 2 Uncertainties in measuring instruments

Independent variables | Accuracy interval

Pressure gauge +0.05 bar

Temperature +0.1 °C

Incident radiation +10 W/m?
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3. Results and Discussion

Experimental results and thermal analysis of the double collectors’ power system were illustrated and discussed with clear
interpretations. The change in the thermal properties of the generated steam over time is due to the change in solar thermal

radiation. On the other side, the thermodynamic processes of steam generated in the current power system were discussed.

3.1. Experimental results

The parameters measured in the current study rely on the solar radiation received. The measured solar radiation intensity
varied during the test time, for instance, from 585 W/m? at 9 am to 704 W/m? at 3 pm on Joly 15, 2021, for 250 grams of tested

water.

3.1.1. Temperature of generated steam

The temperature of the generated steam is measured before the steam enters the turbine to study the effects of the
temperature change on the properties of the steam. The results demonstrate increasing steam temperature when the time
increases from 9:00 am to the peak value at 1:00 pm, and then the temperature decreases. Also, the outcomes show a decrease

in the steam temperature when the mass of tested water increases from 100 to 300 grams.

The vapor temperatures measured within the double collectors’ power system shown in Fig. 5 are T1, T2, T3, and T4.
Fig. 6 shows the temperature variation within the double collectors at 1:00 pm and the evaporating mass of 200 grams. The
temperatures T1 and T2 represent the temperatures of the steam leaving the first and second steam generators, respectively.
The temperatures T3, T4, and Ta represent the temperature of steam entering the turbine, the temperature of steam leaving the
turbine, and ambient temperature, respectively. The temperature difference between T1 and T2 dates back to the steam
expansion when the exit valve of the first steam generator opened. The temperature difference between T2 and T3 indicates
the thermal loss to the surroundings and pressure drop within the orifice plate. While the temperature difference between T3
and T4 represents the heat utilized in the steam turbine. The high temperatures of T1, T2, and T3 give preference to the double

collectors than the single one in producing the power.
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Fig. 6 Comparison of temperatures within the power system at 1:00 PM and
200 g of tested water (18/7/2021)

3.1.2. Mass flow rate of generated steam

The mass flow rate of generated steam through test time is a function of the differential pressure across the orifice plate.
Due to the direct proportionality between the vapor flow rate and the differential pressure, the velocity of the steam generated

across the orifice plate area can estimated, which means that the mass flow rate of the generated vapor is determined. The mass
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flow rate variation, for instance, for 100 grams of tested water shown in Fig. 7, the mass flow rate increases from 0.0164 g/s
at 9:00 to 0.018 g/s at 1:00, and then it decreases to 0.0174 g/s. The variance in the vapor flow rate is due to the mass of the
tested water and the heat absorbed by the tank during daylight hours. Fig. 7 shows the increasing mass flow rate of generated
steam, generally, when the masses of tested water decrease due to current testing limitations in evaporation tank receiver size
and incident solar radiation. This behavior is consistent with the results obtained by Maytorena and Buentello-Montoya [21]

in increasing the evaporation rate when the mass rate decreases.
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Fig 7 Distribution of mass flow rate of generated steam versus time for different
masses of tested water

3.2. Thermal analysis

The performance of the current power system has been verified based on the measured parameters affected by the solar
radiation namely steam temperature and pressure, and the mass flow rate of the generated steam. The power system
performance has been realized through the useful heat of the evaporator, power production and efficiency of the steam turbine,

and thermodynamic processes.

3.2.1. Useful heat rate absorbed by evaporation tank
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Fig. 8 Distribution of evaporator useful heat rate versus time for different masses
of tested water
The useful heat of the evaporator is an important parameter that refers to the heat absorbed by the water in the evaporation
tank from the reflected irradiance. Fig. 8 shows the distribution of the evaporator’s useful heat rate versus time, which is
evaluated by Eq. (2). The figure shows the increasing useful heat rate absorbed by the two evaporators when time increases

toward 1 pm then it decreases. While the absorbed useful heat rate decreases when the mass of tested water increases. The
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reason is due to the change in the rate of steam production over time, where when the rate of steam generation shown in Fig.
7 rises, the useful heat rate increases at a finite time, and vice versa. It has been discovered that the heat rate of the double
collectors is higher than that of a single collector when assessed at the same time and with the same amount of water. Adding
a second evaporation tank helps to increase the energy used to evaporate the water being tested. This results in higher thermal

properties for the steam that is generated during testing.

3.2.2. Steam turbine power production

The power produced by the mini steam turbine could be described as the specific enthalpy difference in the steam flows
through the rotor blades, as stated in Eq. (3). Fig. 9 shows the distribution of power produced by the mini steam turbine versus
time for different masses of tested water. The figure reveals a decrease in the power of the steam turbine when the masses of
tested water increase due to the small size of the steam turbine used. The maximum power produced by the steam turbine for
the tested masses of evaporating water (100, 150, 200, 250, and 300) grams are (1.76, 1.62, 1.66, 1.20, and 1.06) watts,
respectively. The maximum power of the manufactured turbine is 1.76 W for the maximum recorded temperature and pressure
of generated steam at 143 °C and 2.5 bar and vaporized water of 100 grams. The power produced by the steam passage through
the rotor blades provides the energy to produce mechanical power. The current outcomes found that the mini turbine is more
powerful and practical when used with double collectors compared to a single collector in the proposed steam power system

due to the increment in the power produced.
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Fig. 9 Distribution of power produced by the mini steam turbine versus time
for different masses of tested water

3.2.3. Performance of steam turbine

The operational performance of the mini steam turbine manufactured in the current study can evaluated by combining the
parameters of steam turbine efficiency and power produced by the turbine when the mass flow rate of generated steam changes
through the power system. The combination of turbine efficiency, power produced, and mass flow rate of steam to verify the
performance of the mini steam turbine was analyzed experimentally for the first time under the effect of pure green energy.
Fig. 10 shows the performance of the steam turbine used in the double solar collectors’ power system for the mass of tested
water of 150 grams. Based on real-time changes, the figure illustrates how the efficiency and power output of the turbine vary

with fluctuations in steam mass flow rate. The x-axis displays the corresponding values.

Curves of the polynomial trend for the data shown in Fig. 10 were carried out with R-squared values of 0.96 and 0.99 for
data of power produced and the isentropic efficiency, respectively. The best point of operation for the mini steam turbine used
in the current power system has been stated by the point of intersection between the two curves, which matches the values of

0.0169 g/s steam mass flow rate, 1.31 W power produced, and 71.4% turbine efficiency, as shown in Fig. 10. The recorded
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solar radiation, corresponding to the best steam flow rate of the current turbine, is approximately 626 W/m? Based on the

behaviors observed and the operating point obtained, it is in line with the typical trend of steam turbine operation, whilst no

prior data is available.
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Fig. 10 Performance of the mini steam turbine for the mass of tested water 150 g
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3.3. Thermodynamic processes

Water was used as a working fluid in the present power system, where the water vapor generated in the evaporation tanks
is forced through the orifice plate tube towards the steam turbine to generate the mechanical power in an open steam cycle.
The behavior of the working fluid was analyzed by representing the thermodynamic process of the current cycle on a T-s

diagram of the water vapor properties using an engineering equation solver, EES.

Three thermal processes of 300 grams of evaporated water at different hours of 9:00 am, 1:00 pm, and 3:00 pm are shown
in Fig. 11. The process of steam generation within the two evaporation tanks was considered one thermal process to generate
superheated steam. The lines [1-2], [1-2°], and [1-2] shown in Fig. 11 represent the evaporation process, the lines [2-3], [2°-
3°], and [2-3] represent the steam passes through the orifice tube, and the lines [3-4], [3°-4°], and [3-4] represent the steam
expansion process through the turbine. The figure reveals that the thermodynamic properties of steam generated and the power
production at 1:00 pm are higher than those at 3:00 pm and 9:00 am. Also, it can concluded that the steam generation and the

power of the turbine increase when the evaporated mass in the tank decreases.
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Fig. 11 Thermal processes of generated steam for an evaporated water mass of 300 g and different times
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4. Conclusions

In this study, the thermal solar power system has been fabricated and tested to produce steam with suitable thermal
properties for driving the steam turbine, serving as a first stage in power generation. The conclusions drawn from the current

outcomes and discussions are elaborated as follows:

(1) The evaporation tank and the mini steam turbine are capable of generating steam and mechanical power, respectively.
These can be utilized in developing a large-scale power system, especially when incorporated into a closed-cycle power

system.

(2) The useful heat rate, power produced, and efficiency of the steam turbine increase when the masses of tested water
decrease. This effect is attributed to the limitation of the absorbed irradiance relative to the limited volume of the

evaporation tanks.

(3) At the maximum recorded temperature of 143 °C and pressure of generated steam of 2.5 bar, with a vaporized water mass

of 100 grams, the steam turbine achieves maximum isentropic efficiency and power of 92.48% and 1.76 W, respectively.

(4) The best point of operation for the mini steam turbine in the current power system is identified at the mass flow rate of
steam of 0.0169 g/s, resulting in 1.31 W of power produced, a turbine efficiency of 71.4%, and incident solar radiation of

626 W/m?>.

(5) The turbine power produced and the useful heat rate with double collectors surpass those of using a single collector system

for the same amount of water tested, making it a more practical option.

The global aspirations for a carbon-free power generation system, achieved by harnessing solar radiation to power the
Rankine steam cycle, can be realized through the development of the solar steam power system investigated in this study. The

intention is to operate it within a closed steam cycle, a concept planned to be verified in the second stage of power generation.
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