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ABSTRACT 

In this work, a convex lens concentrating solar collector is designed and manufactured locally by 

using 10 convex lenses (concentrator) of a diameter 10cm and one Copper absorber tube of a 

diameter 12.5mm and 1mm in thickness 1m length. Two axes manual Tracking system also 

constructed to track the sun continuously in two directions. The experiments are made on 17
th

 of 

May 2015 in climatic conditions of Baghdad. The experimental data are fed to a computer 

program to solve the thermal performing equation, to find efficiency and actual useful energy. 

Then this data is used in numerical CFD software for three different absorber diameters (12.5 

mm, 18.75 mm and 25 mm). From the results that obtained the maximum thermal efficiency for 

the collector of diameter 12.5mm equal to 82.3% is higher than that for the collector of 18.75 mm 

and 25 mm diameter. The maximum outlet temperature is found equal to (105
ᵒ
C, 93.9

ᵒ
C and 

83.5
ᵒ
C) for collector absorber diameter equal to (12.5 mm, 18.75mm and 25 mm) respectively. 

The maximum mass flow rate 0.53 kg/hr when the solar radiation intensity equal to 899 W/m
2
. 

The all-day collector efficiency varies with diameter and reaches to maximum value of (77.9%, 

61.4% and 52.8) for collector diameter equal to (12.5 mm, 18.75mm and 25 mm) respectively. 

Keywords: Steam Generator, Solar, Thermal Performance. 
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 الخلاصه

 ٔاَبٕة( , صى 10)  ٌضبٔي يُٓب انٕاحذِ قطش, يحذبّ ػذصبت(  10)  ببصحخذاو يحهٍب انشًضً انًشكز جصٍُغ جى انؼًم ْزا فً

 جى كًب. انؼذصبت انًشكزبٕاصطّ انشًضً نلاشؼبع كًضحهى( يهى 1)  ٔصًُكّ( و 1)  ٔطٕنّ( صى 12.5)  قطشِ انُحبس يٍ

فً انٍٕو انضببغ  انؼًهٍّ انُحبئج انقٍبس. صُجهث فحشِ خلال يضحًشِ بصٕسِ ٌذٌٔب انشًش نححبغ انًحٕس ثبَئً جحبغ َظبو اصحخذاو

 نحم (CFD software)جى ادخبل انقٍى انؼًهٍّ انى انحبصبّ بٕاصطّ. بغذاد نًذٌُة جٌّٕان ظشٔفان فً,  ػشش يٍ شٓش ٍَضبٌ
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 َصف انقطش انزي رٔ انشًضً نهًشكز انؼظًى انكفبءِ اٌ جبٍٍ انُحبئج خلال يٍ. انكهٍّ انًفٍذِ انحقٍقّ انطبقّ ٔ, انكفبءِ يٍ

 .يهى 25يهى ٔكزنك   18.75انكفبئّ نهحبنحٍٍ رات انقطش انزي ٌضبٔي  يٍ اػهىحٍث كبَث  %82.3جضبٔي يهى  12.5 ضبٔيٌ

105)نهًبء بًقذاس  حشاسِ دسجة اػهى صجهث
ᵒ
C, 93.9

ᵒ
C, 83.5

ᵒ
C) 0.53. ٔكبٌ اػظى يؼذل نحذفق انًبئغ ٌضبٔي kg/hr 

W/m 899ػُذ اشؼبع شًضً يقذاسِ 
2

 ,   (and 52.8% %61.4جضبٔي انٕاحذ نهٍٕو انكهٍّ كفبءِنه يؼذلاػهى  اٌ ٔجذ .

 ػهى انحٕانً. يهى( 12.5يهى , 18.75يهى , 25) بحغٍٍش انقطش نهًضحهى نهشؼبع بًقذاس ,77.9%)

 يٕنذ بخبس, شًضً, اداء حشاسي :رئسٍهالكلمات ال

1. INTRODUCTION 

With the increase of fossil fuel demand, the environmental pollution caused by burning of 

fossil fuels has been considered as an international problem. The stratospheric ozone depletion, 

the acid precipitation and the global warming are examples of environmental pollution. 

Renewable energies including, solar energy, wind energy, biomass, hydropower, geothermal 

energy are suggested to resolve the global warming problem and alleviate the potential of energy 

crisis, Tyagi et al., 2009. Solar energy is a large source of energy. The power from the sun 

intercept by the earth is approximately          
W. Solar energy could supply all the present 

and future energy needs of the world on a continuing basis. This makes it one of the most 

promising of the unconventional energy sources, Aung and Li, 2014. 

The first study about two-phase thermosyphon loop was done by, McDonald, et al., 1977. 

They studied the effect of changing the tilt angle of the loop and the temperature difference 

between the evaporator and the condenser in a single rectangular loop with R-11 and R-113 as 

working fluids. They found that the highest performance is achieved when the loop is 

horizontally oriented because the condenser is flooded with no dry out. El-Ouederni, et al., 2008 

studied experimentally the parabolic solar concentrator. They used an experimental device 

consist of a dish of 2.2 m opening diameter. The experimental results show that the temperature 

in the center of the disc is near to 400°C. Gupta, et al., 2014 investigated experimentally the 

performance of convex lens concentrating solar power collector prototype in water heating 

applications. They found that the maximum efficiency obtained was 72% and 78%. They 

concluded that the convex lenses panels’ prototype was more efficient than conventional panels. 

The objective of this work is to directly produce steam using convex lenses to concentrate 

the solar radiation into a small area at the absorber surface. An estimation of the effect of change 

of inlet water temperature and effect of solar radiation on the production of the steam for two 

absorber fill ratios 0.75 and 1 will be accomplished. A mathematical model based on heat balance 

principle for different parts of the system is developed and then solved numerically to evaluate 

the fluid flow and thermal characteristics of the system under different conditions. 

2. EXPERIMENTAL SETUP 

The components of the experimental rig consists of convex lenses (Concentrator part) with 

receiver. It is also consists of supply tank and connecting pipes, shown in Fig.1a and Fig.1b. The 

concentrating part is used as presented in Fig.2. 10 pieces of Magnifying Glass lenses fixed in 

aluminum rectangular frame, and the specifications of the lenses are given in Table 1.  

A copper tube acts as an absorber with diameter of (12.5 mm), and length of (1 m), black mat 

painted as shown in Fig.1.The absorber is covered by glass tube of (50 mm) in diameter, closed 

with cups from spherical rubber to isolate the absorber from the ambient condition and to reduce 

the thermal losses. 
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The water is fed to the absorber tube by one vertical cylindrical tank made of plastic shell of 

(2 mm) thickness. The tank has diameter of (29 cm), length of (34 cm) and capacity of (17.5 

liter). Inlet water enter the tank from top hole with floating used to control the water level, and 

the bottom outlet point feeds the absorber with water shown in Fig.3.  The external surface is 

well insulated by glass wool insulator of (2 cm) in thickness. Plastic pipes of (12.5 mm) diameter 

are used as connecting pipes between the components of the system. They covered by glass wool 

insulator and connect the supply tank, receiver and condenser with each other as closed loop. 

Fittings such as elbows, valve and bends are used as connecting parts. 

The frame of the lenses is manufactured locally from two aluminum slides with length of (1 

m) connected together and the lenses fixed between them as illustrated in Fig.4. The frame of the 

lenses is located at the top of another frame manufactured locally from aluminum with 

dimensions of (0.4m x 0.4m x 0.5m) black painted. 

2.1 Measurements 

In order to measure the absorber surface temperature and inlet and outlet temperatures of 

water, 10 thermocouples J (Iron - constant) type are used, for measuring the glass cover and 

ambient temperature one kind of thermocouple is used type-K . Thermocouples are attached near 

the focal point to measure the surface temperature of the absorber. Thermocouple is placed for 

the inlet and outlet water of the absorber shown in Fig.5. These thermocouples are joined to a 

selector switch in series with a digital reader Fig6a. Pro’sKit 3PK-6500 thermometer reader is 

used for type-K thermocouple with measuring range: (-50ºC ~ 750ºC) shown in Fig.6b. One 

thermocouple is used to measure the glass cover temperature. Solar radiation data is taken from 

the meteorological station in Baghdad for the test days. Wind data are gained from the 

meteorological station in Baghdad for the test days 

3. DATA PROCESSING 
The local useful energy is calculated at each focal point by the following equation: 

                                                                                                                                                   

 

                                                                                                                                                          

 

                    (     )      (  
      

 )                                                                                

 

Tsky is the effective sky temperature calculated by the equation suggested by, Beckman and 

Duffie, 2005. 

 

                                                                                                                                                         

 

   Is the natural convective heat transfer coefficient from the outer surface of the glass 

tube to ambient air is calculated by the equation suggested by, Mullick and Nanda, 1989.  
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The total useful energy is calculated by the sum of all the local useful energy. 

           ∑          

  

 

 

 

The mass flow rate of the system is calculated by: 

 ̇  
          

    
                                                                                                                                                  

            
 

The local actual useful heat gain is calculated as: 

 

             *       
             

 
+                                                                                             

 

where C is the concentration ratio calculated as: 

 

  
                  

                                   
                                                                                           

The aperture area is calculated as shown in Fig.7a: 

No. of lens = 10 

Diameter of lens = 10 cm 

Height of the triangle = 4.4656 cm Shown in Fig.7b 

Base of the triangle = 4.465 cm  

 

No. of shaded area = (no. of lenses   2) + 2 

    = 22 

Area of sector  
 

 
     

          

  =              

      
 

   = 53° 

   = 0.9271 rad 

Area of the sector = 
 

 
           

                             = 11.5898 cm
2 

Area of the triangle = 
 

 
              

                                = 9.9694 cm
2 

Shaded area = 11.5898 – 9.9694 

 = 1.6203 cm
2 

Area of all lenses = area of one lens * 10 
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 = 
     

 
     

 = 785 cm
2
 

Total Actual area of lenses = 785 – (             

                                            = 749.3523 cm
2 

                                            = 0.0749 m
2 

Surface area of the absorber tube is calculated as: 

 

                
 

a- For absorber tube with diameter (     = 1.25 cm): 

                  
    

 

b- For absorber tube with diameter (     = 1.875 cm): 

                   
      

 
c- For absorber tube with diameter (     = 2.5 cm): 

                 
    

 
The value of the local heat loss coefficient       is calculated by the equation suggested by, 

Beckman and Duffie, 2005: 

     
  

    

              
 

 

           

                                                                                                  

The radiation coefficient can be calculated from equation suggested by, Beckman and 

Duffie, 2005. 

             ̅                                                                                                                                              

 

The local radiation coefficient            
 between the absorber and glass cover is 

calculated as: 

           
 

                     
    

  

    

  
   

    

  
 
    

  
 

                                                                                            

 

The local heat loss coefficient based on the outside receiver tube diameter between the 

surrounding and the fluid is suggested by, Beckman and Duffie, 2005. 
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The local collector efficiency factor is calculated as: 
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a – For single phase region: (       

       Depends on the length of the heated surface, and the Grashof number defined by, 

Ishi and Kataoka, 1984. 
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b- For two phase region: (       

      is the convection heat transfer coefficient for the fluid inside the absorber tube is 

assumed to be homogeneous pool boiling, and calculated by the equation proposed by, 

Roshenow, 1952. 
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The efficiency of the collector is calculated as: 
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4. ERROR ANALYSIS 

Thermal efficiency ( ) is a function of different variables according to Eq. (24). 

           ̇                                                                          

Based on the error analysis presented in, Holman, 1989. The percentage error of the 

collector efficiency is calculated as: 
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where wR is the uncertainty in the result and w1, w2, .... wn  are the uncertainty in the 

independent variables. 
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5. NUMARICAL MODEL. 

 

5.1 Mathematical Model 

5.1.1 Geometry. 

The geometry of the physical model shown in Fig.9 is created in GAMBET, version (2.4.6). 

The model consists of circular absorber of 1m length, (12.5 mm, 18.75 mm and 25 mm) in 

diameter. 

5.1.2 Mathematical assumptions. 

1- The absorber properties do not changed with temperature. 

2- The emissivity of the glass cover and absorber were assumed to be constant with 

temperature. 

3- The flow within the collector absorber is considered to be unsteady, three-dimensional 

laminar natural convection. 

4- In energy equation the viscous dissipation is neglected. 
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5- The Boussineq approximation is invoked for the fluid properties to relate density change to 

temperature change, and to couple in this way the temperature field to the flow field. 

 

5.2 GOVERNING EQUATIONS. 

The software (FLUENT 2.3.26) was used to solve the governing continuity, momentum and 

energy equations. The steady state solution has been obtained by numerically solving the three-

dimensional form of the governing equations, these equations being written in terms of 

dimensional variables for the defined geometry and associated boundary conditions. The domain 

was defined in the global coordinate frame in which the solver carries out the calculations. 
White, 1991. 

5.2.1 The continuity equation 
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where:      = water density at the reference temperature. 

  ,     and     are the flow velocities components in the r,  and z direction respectively. 

5.2.2 The momentum equation 
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where :    is radial gravitational acceleration and calculated as             
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where:    is the circumferential gravitational acceleration, its determined as             

z-component 
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where:    is gravitational acceleration in z direction it is evaluated as        
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5.2.3 The energy equation 
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5.2 Boundary Conditions and Modeling Specifications. 

The boundary conditions are assigned for inlet velocity, inlet temperature, wall’s heat flux 

and outlet pressure. The inlet velocity assumed to be equal to 10
-5

 m/s just to run the program. 

Inlet temperature data and wall heat flux are listed in Table 2. Pressure outlet boundary 

conditions required the specification of the static (gage) pressure at the outlet boundary. The 

value of static pressure assumed to be uniform atmospheric pressure since the pipe is open to 

ambient conditions. 

5.3 Fluent Code 

In this work FLUENT version 6.3.26 is used. FLUENT is a computational fluid dynamics 

(CFD) software package to simulate fluid flow and heat transfer problems. It uses the finite 

volume method to solve the partial differential equations of fluid flow and heat transfer. It 

provide the capability to use different physical models such as incompressible or compressible, in 

viscid or viscous, laminar or turbulent flow, and thermal or adiabatic heat transfer. 

A mesh is used to reach to the correct converged solution that captures all the key parameters of 

the simulation. For the current simulation, enough nodes are needed to be placed near the 

boundaries to capture boundary layer flow, as well as the temperature gradient. Using too many 

nodes in the system may increases the computational resources and execution time without 

providing additional resolution. The details of the adopted mesh are: Interval Size of (Wall, inlet, 

outlet) Edges = 0.0004 cm, Growth Rate = 1.2 and Maximum Size = 0.001 cm. The mesh of the 

system is shown in Fig.8. 

 

6. RESULTS AND DISCUSSION 

Fig.10 shows that the efficiency of the system increases with the decreasing of the absorber 

diameter on 17
th

 of May 2015. [I.e. the efficiency for the case of diameter equal to (12.5mm) was 

12.1% higher than that for absorber with diameter of (18.75mm) and 30.3% higher than that for 

absorber of diameter equal to (25 mm). 

Fig.11 shows that the useful energy of the system increases with the decreasing of the 

absorber diameter on 17
th

 of May 2015. The useful energy for the case of diameter equal to 

(12.5mm) was 17.7% higher than that for absorber with diameter of (18.75mm) and 32.3% higher 

than that for absorber of diameter equal to (25 mm), due to the higher heat fluxes. 

Fig.12 illustrates that the outlet temperature of the absorber (with diameter of 12.5, 18.75, 

and 25mm) increases from the first hour of the day to reach maximum value of (105 , 93.9,  and 

83.5
ᵒ
C) respectively at solar noon then decreased after that. This figure also shows that the outlet 

temperature increases with the decreasing of the absorber diameter. 
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Fig.13 Shows that the heat flux decreasing with the increasing of absorber size, because of 

the increasing of the surface area that the useful energy divided by it. The heat flux for the 

absorber diameter of (12.5 mm) was 33.2% higher than that for absorber with diameter of (18.75 

mm) and 50% higher than for absorber with diameter of (25 mm) mm. 

Fig.14 reports the mass flow rate for all three cases of (12.5, 18.75, and 25mm) increasing 

from the beginning of the day to reach maximum value of (0.53, 0.51 and 0.5 kg\hr) respectively 

at solar noon then decreased after that, due to large amount of evaporation in the system with the 

case of small diameter. 

Fig.15 presents the daily efficiency for three different cases of absorber diameter of (12.5, 

18.75, and 25 mm). It is increases with the decreasing of absorber diameter as (82.5, 70.2, and 

58%) respectively. 

Fig.16 shows the variation of outlet temperature with solar radiation for three different 

absorber sizes. It can be noticed that the outlet temperature in the case of (12.5mm) diameter was 

10.45% higher than in case of (18.75mm) and 20.47% in case of (25mm) for the same solar 

radiation due to the smaller surface area produced larger heat flux. 

Fig.17 illustrates the effects of absorber size variation on the useful energy, for same solar 

radiation. the useful energy at 13:00 PM was (48.19 , 39.66  and 32.78 W) for absorber diameters 

of (12.5, 18.75 and 25 mm) respectively for same amount of solar radiation equal to 899 W/m
2
, 

because of the differences between inlet and outlet temperature and mass flow rate in case of the 

small diameter was higher than that for cases of large diameter. 

Fig.18 shows the effect of the variation of the absorber diameter on the value of heat flux, for 

same solar radiation the heat flux increases with the decreasing of the absorber diameter. The 

heat flux at 13:00 PM was (1477.7, 986.13, and 738.8 W/m
2
) for absorber diameter of (12.5, 

18.75 and 25 mm) respectively for same amount of solar radiation equal to 899W/m
2
. 

7. CONCLUSIONS 

The conclusions extracted from this work are:  

1. Outlet temperature of the system increased about 10.45% and 20.47% with the 

decreasing of absorber size from (18.75 mm) and (25 mm) to (12.5 mm) for the same 

amount of solar radiation and useful energy. 

2. The maximum value of outlet temperature for absorber tube with diameters equal to 

(12.5 mm, 18.75mm and 25 mm) were (105
ᵒ
C, 93.9

ᵒ
C and 83.5

ᵒ
C) respectively on 17

th
 

of May 2015. 

3. The mass flow rate decreased with increasing of absorber diameter. The maximum 

value of mass flow rate reported was about (0.53 kg/hr.) at solar noon for collector 

with absorber diameter equal to (12.5mm). 

4. The calculated heat flux subjected on the absorber surface increases with decreasing its 

diameter for same amount of incident solar radiation. For three different absorber 

diameters of (12.5, 18.75, and 25 mm) the maximum heat flux were (1477, 986, and 

738 W\m
2
) respectively for the same amount of incident solar radiation of 899W/m

2
. 
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5. For two axes manual tracking system the average efficiency reached during the day 

was about (77.9, 61.4, and 52.8%) for collector diameter equal to (12.5, 18.75 and 25 

mm) respectively. 
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Figure 1a.  Photograph for the outdoor 

testing set up. 

1. Frame structure of the lenses. 

2. Frame structure of the collector. 

3. Outlet point. 

4. Concentrating part. 

5. Receiver (copper tube + glass cover). 

6. Inlet point. 

7. Connecting pipe. 

Figure 1b: Schematic diagram for the natural 

circulation concentrated solar collector. 
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Figure 4. Schematic diagram of the frame of the lenses 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 2. Concentrating part (convex 

lenses). Figure 3. Schematic diagram for the supply 

tank. 

Figure 5. Schematic diagram of thermocouples locations. 
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Figure 8. The geometry under the computational mesh. 

 

(b) 
(a) 

Figure 7. Schematic diagram of (a) lens (b) sector from the lens. 

 

Figure 6. (a)-Selector switch and the temperature reader. 

           (b)- Pro’sKit 3PK-6500thermometer reader. 
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(a) 

(b) 

(c

Figure 9. Physical geometry of absorber with diameter of 

 (a) 12.5 mm, (b) 18.75 mm, (c) 25 mm. 

                   

Figure 11. Variation of useful energy with local time for 

three different absorber diameters. 

Figure 10. Variation of efficiency with local time for 

three different absorber diameters. 
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Figure 14. Variation of mass flow rate with local time for 

three different absorber diameters. 

Figure 13. Variation of heat flux with local time for three 

different absorber diameters. 

Figure 12. Variation of outlet temperature with local time 

for three different absorber diameters. 
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Figure 17. Variation of useful energy with solar radiation for 

three different absorber diameters. 

Figure 16. Variation of outlet temperature with solar 

radiation for three different absorber diameters. 

Figure 15. Variation of daily efficiency with absorber 

diameters on 17
th

 of May 2015. 
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Lenses Description 

Appearance Circle 

Diameter size 100 mm 

Thickness 5 mm 

Focal length 300 mm 

 

 

 

 

 

 

 

Time (hr) 

Inlet 

Temperature 

(
ᵒ
C) 

Heat Flux 

(W/m
2
) 

D=12.5 mm 

Heat Flux 

(W/m
2
) 

D=18.75 mm 

Heat Flux 

(W/m
2
) 

D=25 mm 

10:00 AM 27 662 441.6 331.2 

11:00 AM 27 1146 764.33 573.24 

12:00 PM 27 1400 951 713.3 

13:00 PM 27 1478 986.13 738.8 

14:00 PM 27 1452 968.26 726.11 

15:00 PM 27 1274 849.2 636.9 

16:00 PM 27 535 356.68 267.5 

Table 1. Description of the lens. 

Table 2. Boundary conditions of inlet temperature and wall heat flux. 

Figure 18. Variation of heat flux with solar radiation for three 

different absorber diameters. 
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NOMENCLATURES 

Latin Symbols 

Symbol Description Symbol Description 

  area         pool boiling heat transfer (   ⁄ ) 

   specific heat (J/kg. K)       heat loss (W) 

  concentration ratio         useful heat (W) 

  diameter (m)      absorbed heat (W) 

   collector efficiency factor    actual useful heat gain (W) 

    collector geometry factor   time (s) 

   collector heat removal factor   temperature (K) 

    fill ratio  ̅ 
average temperature between ambient 

and sky (K) 

   Grashof number    temperature difference (K) 

g Gravitational acceleration (m/  )    ambient temperature (K) 

  heat transfer coefficient (W/    )    
overall heat loss coefficient 

(W/m
2
.K) 

     latent heat of vaporization (W/    )    
heat loss coefficient based on the 

outside diameter of the absorber 

(W/m
2
.K) 

   solar radiation intensity (   ⁄ )    wind speed (m/s) 

  thermal conductivity (W/m. K)    flow velocity at   direction (m/s) 

L length of the collector (m)    flow velocity at   direction (m/s) 

 ̇ mass flow rate (   ⁄ )    flow velocity at   direction (m/s) 

   Nusselt number   distance along the collector (m) 

   Prandtl number   

 

 

 

 

 

 

 

 

 

 

 

Symbol  Description  

   transmittance-absorptance product 

  density (kg/  ) 

  surface tension (N/m) 

  thermal expansion coefficient (K
-1

) 

   emissivity of the glass cover 

   emissivity of the Absorber 

  dynamic viscosity of the working fluid (Kg/m. s) 

  Stefan-Boltzmann constant (W/m
2
.K

4
) 

  efficiency 

Greek Symbols 
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Symbol Description 

1 single-phase region 

  aperture 

    absorber 

       absorber cross-sectional 

    air 

b pool boiling region 

  working fluid 

  glass cover 

  inside side 

   inlet 

  liquid-phase 

    outlet 

  outside side 

        radiation between absorber and glass cover 

    reference 

      radiation from glass cover to  the ambient 

    sky 

    saturated 

  total 

  vapor-phase 

  wind 

  local 

Subscript 


