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ABSTRACT 

One of the main challenges bedeviling the healthcare facilities in sub-Saharan Africa like Nigeria, is access 

to reliable and affordable energy for basic vital needs such steam generation. A health care facility needs 

steam/hot water for sterilization, laundry, cleaning, bathing and washing. The use of conventional energy 

source causes a lot of environmental and health hazards. Hence, the aim of this work is development of 

solar steam generator for health care centres in remote areas of semi-arid region of Nigeria. However, in 

order to sustain a healthier environment and eco-system, the use of renewable sources of energy is the best 

option. Solar energy being one of the promising renewable energy sources was adopted as energy source 

to generate the steam. Computational fluid dynamics and experimental methods were used to develop the 

steam generator. The performance of the developed steam generator was tested experimentally and 

numerically. The numerical and experimental results obtained during the performance analysis showed 

that a focal point temperature of 373K and 371K were respectively attained against an atmospheric 

temperature of 308K. These focal point temperatures generated by the developed steam generator was 

enough to produce hot water for laundry, bathing and other domestic applications. Furthermore, the 

experimental and numerical results were found to be in agreement with other results obtained in the 

literature. The study recommended that another type of reflective material should be explored in order to 

explore the viability of generating focal point temperatures above 371K so as to generate a complete steam. 
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1 INTRODUCTION 

he healthcare sector constitutes a major part of the economy of developed nations and consumes 

significant quantities of energy [1]. The main challenge for healthcare facilities in sub-Saharan Africa 

like Nigeria, is access to reliable energy for basic needs such as water heating [2]. The absence of 

such energy supply has left the rural populace socially backward with untapped economic potentials [3]. 

Hospitals are large hot water/steam consumers used for patient hygiene, cleaning, and kitchen services [4, 

5, 6]. Water heating represents a major source of greenhouse gas emissions because typically gas or fuel oil 

are the main source of energy for steam or hot water production [4, 7]. A Minimum of about 45 litres of 

water per head per day is needed in a health care facility [8]. Hot water provides an effective means of 

destroying microorganisms because a temperature of at least 160°F (71°C) for a minimum of 25 minutes is 
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commonly recommended for hot-water washing [9]. Ekechukwu and Usoh [3], reported that the cost of 

producing the hot water was considered high, prompting the need for cheaper and sustainable energy 

devices such as solar water heaters. Therefore, due to these energy problems, there is need to harness the 

alternative sources of energy available in the semi-arid region of Nigeria that can be used to produce the 

hot water or steam for use in the health care facilities in that area. Okorafor et al. [10], reported that 

according to Bugaje [11] the energy demand of the entire nation of Nigeria can be met if only 0.1% of the 

total solar energy radiant on her land area is harnessed with an efficiency of 1%. Nigeria being in the solar 

belt, heightens its solar potential but sadly, harnessing of these potentials remained narrow [12]. Generally, 

solar energy is a free, clean, and abundant source of the energy that can be used directly [13]. One of the 

areas where solar energy can be used directly is in the generation of steam using solar collectors [14]. 

According to Folaranmi [15] solar steam generator is a device which harnesses radiant light and heat from 

the sun to generate steam for domestic and other applications. Syed et al. [16] opined that solar energy has 

the evident advantage of steaming. The amount of solar energy reaching the Earth’s surface is about 100,000 

TW [17, 18]. Environmental issues coupled with fuel price hikes, and the rising electric energy cost have 

attracted the use of solar steaming technologies. Therefore, solar steam generators are important in thermal 

solar energy conversion applications [19]. Solar steam generation systems can generate medium-

temperature steam of 100 to 200°C, with the thermal efficiency of 30 to 50% [20]. With concentration, solar 

radiation coming is focused on a small receiver surface to reach high temperatures heating up the heat 

transfer fluid (water) within the absorber to produce steam [21]. This paper focuses on the development of 

a prototype solar water steam generator (parabolic dish type solar steam generator) for use in health care 

facilities in the remote areas of semi-arid region of Nigeria. The parabolic dish type solar steam generator 

was chosen because [22] reported that the parabolic dish systems are the most efficient concentrating solar 

power technologies as they are always pointing at the sun, it requires less space compared to parabolic 

trough and Fresnel collectors and are commercially available. Hence the reason for choosing parabolic dish 

type solar collector in this work. 

2 Materials and Methods 

2.1 Materials 

Figure 1 presents a solar map of Nigeria and the map have shown that zone 1 which is made up of 

the semi-arid region of Nigeria has a better and promising solar energy potential than the other regions. 

 
Figure 1. The Nigerian Solar radiation map [15, 16] 
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The following materials were also used in this study and they including the followings: Galvanise 

cold water storage tank, Plastic water hose, Absorber plate, Parabolic Dish Reflector (mirrors), Adjusting 

Mechanism, Outlet Pipe for Steam, Low carbon steel pipes, Stop watch, Thermocouple, Water. Plate 1 

presents the developed parabolic dish type solar steam generator. The steam generator has a cold-water 

storage tank levelled 1 in the plate. The cold-water storage tank is a container storing the cold for easy flow 

through a flexible pipe (levelled 2 in the plate) into the absorber (steam generator) by gravity for conversion 

into steam. The cold-water storage tank is made up of iron sheet and mounted on a high metallic stand 

above the parabolic dish stand. The steam generator heat absorber (levelled 3 on the plate) is made up of 

aluminum and is painted black. It carries the cold water to be converted into steam and it is placed at the 

focal point of the parabolic dish. The Parabolic dish itself (levelled 4) is concave in shape as indicated on 

the plate and is made up of wood and lined with an aluminium sheet. Reflective mirrors were cut into shapes 

and glued to the aluminium sheet to form the reflecting surface of the dish that converges heat to the base 

of the absorber. An adjustment mechanism (levelled 6) used to adjust the parabolic dish to align at various 

angles to capture the sunlight rays depending on the movement and position of the sun as well as supporting 

the weight of parabolic dish. Finally, there is an outlet pipe (levelled 6) located at the top of the absorber. It 

is used as the outlet for the steam generated in the absorber of the steam generator. 

 

Plate 1. Parabolic Dish Solar Steam Generator 

2.2 Methods 

A simulation software known as Gambit Fluent was used for the numerical analysis of the steam 

generator. Figure 2 shows the simulation flow chart for the numerical analysis. The Gambit-Fluent codes 

(CFD Codes) are structured around the numerical algorithms that can be tackle fluid problems. In order to 

provide easy access to its solving power, Gambit-Fluent (a commercial CFD packages) includes 

sophisticated user interfaces input problem parameters and to examine the results. Hence all codes contain 

three main elements [23]: 1. Pre-processing, 2. Solver, 3. Post-processing. Pre-processing is the first step 

in heat transfer or analysing a flow model. It consists of input of a heat transfer or flow problem by means 

of a user interface and subsequent transformation of this input into suitable form for the use by the solver. 

The user activities at the Pre-processing stage are: i. Definition of the geometry of the region (the 

computational domain), ii. Grid generation the subdivision of the domain into a number of smaller, non 

over lapping sub domains (or control volumes or elements Selection of physical or chemical phenomena 

that need to be modelled), iii. Definition of fluid properties and iv. Specification of appropriate boundary 

conditions at cells, which coincide with or touch the boundary. The solution of a flow problem (velocity, 

pressure, temperature etc.) is defined at nodes inside each cell. The accuracy of CFD solutions is governed 
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by number of cells in the grid. In general, the larger numbers of cells better the solution accuracy. Both the 

accuracy of the solution and its cost in terms of necessary computer hardware and calculation time are 

dependent on the fineness of the grid. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Gambit Numerical Simulation Analysis Flowchart 

 

2.2.1 Design Specifications and Analysis 

The construction of the parabolic dish type solar steam generator was made taking into account the 

following design specifications [15]: Solar constant (Isc): 1353w/m2; Maximum extraterrestrial radiation 

(Iomax): 1398w/m2; Minimum extraterrestrial radiation (Iomin): 1310w/m2;  Geographical location of semi-

arid region of Nigeria; Longitude: 9.9992 and 13.1520; Latitude of 11.8846 and 7.9867. 

2.2.2 Solar Radiation 

The utilization of solar energy, like any other natural resources, requires detailed information on 

the availability of the amount of total solar radiation striking the earth surface [24]. The total solar radiation 

falling on a horizontal surface is given by Equation 1 [15]. 
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 𝐼 = 𝐼𝑆𝐶 (𝑎 + 𝑏
𝑛

𝑁
)                                                                                                                                          (1) 

Where, I is the average horizontal daily terrestrial radiation for the period (usually 1 month), ISc is 

the extraterrestrial solar radiation, a & b are climatically constants for a particular location, n is the day of 

the year, N is the possible daily maximum number of insolation as depicted in Equation 2. 

 𝑁 =
2𝐶𝑜𝑠−1(−𝑡𝑎𝑛∅𝑡𝑎𝑛𝛿)

1.5
                                                                                                                                 (2) 

where δ is the declination angle, Φ is the latitude, 0.33°N, a, b are 0.32 and 0.4 respectively. The 

declination angle can be calculated using Equation 3 [25]. 

 𝛿 = 23.45𝑆𝑖𝑛
[360(284−𝑛)]

365
                                                                                                                           (3) 

Focal point distance and the parabolic surface area of the collector are given by Equations 4 and 5 

respectively [26]. 

 ℱ =
ℎ2

4×𝑅
                                                                                                                                                           (4) 

 𝐴 =
8𝜋ℱ2

3
[((

𝑑

4ℱ
)

2
+ 1)

3

2

− 1]                                                                                                                    (5) 

Where A is the parabolic surface area, ℱ is the focal point distance, d diameter of the parabolic 

dish. Jayasinghe [27] reported that Collector efficiency is given by Equations 6. 

 𝜂𝑖 =
𝑞𝑢

𝐴𝐶𝐼𝑇
                                                                                                                                                          (6) 

Where IT is the amount of solar radiation falling on the collector, AC is the area of the collector 

(m2), ŋi is the instantaneous collector efficiency (%), qu is the rate of useful heat gain (wi). Concentration 

ratio (CR) of the solar collector is given by Equation 7 as reported by [28]. 

 𝐶𝑅 =
𝐴𝑎

𝐴𝑟
                                                                                                                                                           (7) 

Where Aa is the aperture area and Ar is the receiver area. The aperture area of the parabola was 

calculated by using Equation 8 as reported by [29]. 

 𝐴𝐶 =
𝑞𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝜌𝑚.𝛾.𝐾𝑐𝑜𝑛.𝐷𝑁𝐼
                                                                                                                                         (8) 

Where, AC is the collector aperture area (m²) and DNI is direct radiation (W.m-2), qexit is the heat 

quantity of the fluid when it came out of the absorber tubes (W); Power needed for boiling the water outside 

was given by Equation 9 [15]. 

 𝑃𝑎 = 𝑃𝑢 +  𝑃𝑐                                                                                                                                                    (9) 

Where PU is the total convective heat loss (W) and Pc is the power over one hour (W). The total 

solar energy (TSE) incident on a mirror is given by Equation 10 [30]. 

 TSE =
1

4
𝜋𝐷2𝐻𝑎                                                                                                                                           (10) 

Where Ha is the intensity of the direct solar radiation. The thermal power at the focus is given by 

Equation 11 [32]. 

 𝑃𝑡ℎ = 𝐹
𝛱𝐷2

4
× 𝐼                                                                                                                                           (11) 

Where F is the furnace factor, I is the mean solar flux intensity, D is the aperture diameter and 𝛱 is 

the transmissivity factor. Heat energy required to raise the water temperature of the water and the absorber 

are expressed by Equations 12 and 13 [15]. 

 𝑄𝐼 = 𝑀𝑊𝐶𝑊∆𝜃                                                                                                                                            (12) 

Heat energy required to raise the temperature of the absorber pipe is expressed by Equation 13. 
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 𝑄𝐼 = 𝑀𝑐𝐶𝑐∆𝜃                                                                                                                                               (13) 

Where Mc is the mass of the copper pipe, Cc is the mass of the copper pipe. 

3 RESULTS AND DISCUSSION 

Table 1 presents some of the constant values used in the design and analysis of the parabolic dish 

type solar steam generator’. 

Table 1. constant values used in the design and analysis 

Parameters  Constant values  

Inlet temperature of water  35°C 

Density of water  1000kg/m3 

Specific heat capacity of water at 35°C  4.179Kj/kgK 

Specific heat capacity of water at 135°C  3.69 kJ/kgK 

Specific latent heat of steam 2260 kJ/kg 

Specific heat capacity of Copper  0.385 kJ/kgK 

Density of copper  8,900 kg/m3 

3.1 Steam Generator Design Analysis 

Table 2 presents the results of the design parameters evaluated. The result of the design analysis 

showed that the steam generator can be able to handle 0.25kg of water at a time. The results obtained are 

similar to the results obtained by [31], the developed steam generator has a surface area of about 4m2 with 

a focal length of 0.64m as well as concentrator ratio of 53.43. The system also has absorber plate area of 

0.0744m2, receiver diameter of 0.3m and 2.25m as the aperture diameter of the paraboloid while in the work 

carried out by [31] an external receiver diameter of 0.07m, a focal length of 3.76m, a rim angle equal to 90° 

and a concentrator ratio of 68.39 were achieved. 

Table 2. Steam generator design analysis result 
Parameter Value 

Mass of water 0.25 kg 

Absorber plate area 0.0744 m2 

Aperture diameter of the paraboloid 2.25 m 

Internal surface area of the paraboloid 3.975 m2 

Concentration ratio 53.43 

Focal length of the concentrator 0.64 m 

Concentrator depth 0.85 m 

Receiver diameter 0.3 m 

 

Table 3 shows the result of the experimental performance analysis of the solar steam generator. It 

was depicted in the table that the heat energy required to raise the temperature of absorber pipe from 35°C 

to 100°C is 17.17kJ and the heat energy required to raise the temperature of the 0.25kg of water at 35°C to 

steam is 565kJ with a solar collector efficiency 76%. The finding of this study is of the same pattern with 

the experimental values obtained by [15] where the author reported that heat is 285.6kJ. The concentrator 

efficiency of 76% obtained in this research is also similar to the concentrator efficiency of 61% reported by 

[31]. 

Table 3. Results of the Experimental Performance analysis 

Experiment  Outcome  

Rate of useful energy gain  544 W 

Heat energy required to raise the temperature of 0.25kg of water at 35°C to steam  565 kJ 

Heat energy required to raise the temperature of absorber pipe from 35°C to 100°C  17.17 kJ 

Solar collector efficiency 76% 

Power input to produce the steam at a resident time of 15 minutes  0.722 kJ/s 
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The results of the simulation analysis results are presented in Figures 3, 4 and 5. Figure 3 depicts 

the scaled residual indicating x-Velocity, y-Velocity, Energy and continuity of the simulation against the 

number of iterations. This proves that there is no obstruction in the generation of steam and also the figure 

also shows that the simulation converges at 196 iterations [32]. 

 

Figure 3. Scale Residual 

Figure 4 depicts the structured grid of the model, the blue part of the grid at the left-hand side is 

the water mass flow inlet as the water from the storage tank goes into the generator. The steam outlet is at 

the top surface marked red, where the steam generated comes out. All other parts are regarded as walls. The 

findings of the simulation in terms of the steam generator wall colouration are in conformity with what [32] 

reported on the simulation results of heat transfer phenomenon in furnace using Fluent-Gambit. 

 

Figure 4. Simulation Grids 

The contours of static pressure are presented in Figure 5. The figure shows that the pressure at the 

left hand side which is the inlet is less than the pressure obtained at the right side of the generator which is 

the focal point, as the fluid is heated to a higher temperature, the pressure increases and to a higher level at 

the walls. Also, the finding of the pressure distribution experienced in this research is similar to what was 

obtained by [32] in a work carried out on the simulation of heat transfer phenomenon in furnace. The authors 
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reported that as heat transfer is taking place with the working fluid (water) so also the pressure distribution 

will take place. 

 
Figure 5. Contours of static Pressure 

Figure 6 shows that the velocity of the water entering the generator is high due to gravity since the 

water storage tank is placed at a higher level, this is similar to what [33] found in a research work carried 

out. This velocity started decreasing up to the centre of the generator, the velocity is completely low at the 

right-hand side since the movement is halted by the wall. At the steam outlet, the velocity is at the highest 

level, since the water has been converted to steam. Therefore, as [33] stated the velocity of the fluid reduces 

as the fluid is moving in a horizontal direction after falling from the tank that is in vertical direction. 

 
Figure 6. Contours of Velocity Magnitude 

Figure 7 shows the heat being absorbed from the reflective parabolic dish incident on the focal 

point of the generator. The figure reveals high temperature within the domain except at the water mass flow 

at the inlet and the steam at the outlet. This finding is the same as the findings reported by [15, 34], the 

authors further explained that focal point is the point at which all the reflected rays from the parabolic dish 

are converge. Contours of static temperature in the figure showed that the heat being absorbed by the 

generator from the reflective parabolic dish is more prominent at the top and the right-hand side of the 

generator indicating high temperatures at these regions. At the top surface of the generator, there was a high 

temperature of 100°C indicating that the water that entered was converted to steam. 
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Figure 7. Contours of static pressure 

The Simulation results show that a maximum focal point temperature was reached at 100°C (373K) 

against the ambient temperature of 35°C (308K) at solar intensity of 326W/m2. The Experimental focal 

point temperature recorded a maximum temperature of 98°C (371K) at same ambient temperature at solar 

radiation intensity of 308K and 326W/m2 respectively. Although, variations of temperature with time were 

recorded due to movement and position of Sun, angle of inclination of the parabolic dish and the 

atmospheric condition. From the experimental results obtained, it was observed that the higher the ambient 

temperature, the higher the focal point temperature and therefore the higher the steam generation. At 

ambient temperature of 306K, a focal point temperature of 358K was reached. As the ambient temperature 

increases to 308K, a higher focal point temperature of 371K was recorded. The simulation results of the 

steam generation were validated with the experimental results with respect to the ambient temperature as 

shown in Figure 8. The temperatures obtained from the experimental investigation within the period reveals 

that there is uniform pattern in the variation of heat transfer with regards to ambient temperature, solar 

intensity and focal point temperature at the absorber. At ambient temperature of 308K (35°C) the simulated 

focal point temperature recorded was 373K while a maximum experimental focal point of 371K was 

recorded. Moreover, the simulation and experimentation curve in Figure 8 shows that an agreement exists 

between the simulation and experimentation focal temperature with respect to ambient temperature. 

 

Figure 8. Simulation and Experimentation Temperature with corresponding Ambient Temperature 
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4 CONCLUSIONS 

Development of a prototype parabolic type solar steam generator for use in health care use in the 

remote areas semi-arid region of Nigeria was carried out in this paper. Numerical and experimental methods 

were used in the development. The research showed that the developed steam generator can conveniently 

convert water to steam between 13:00 and 14:00 hours, and the average temperature of the water can be 

raised to about 92°C from the initial temperature of 35°C. The simulation results were validated with 

experimental results and the validation showed that the results are in total agreement with one another. 

Based on the results obtained from the tables during the test, the performance evaluated and validated. 
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