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Abstract 

In this paper, Monte Carlo ray-tracing and computational fluid dynamics are used to 

numerically investigate the minimum entropy generation due to heat transfer and fluid 

friction in a parabolic trough receiver. The analysis was carried out for rim angles in the 

range 40
o
 – 120

o
, concentration ratios in the range 57-143, Reynolds numbers in the range 

1.02×10
4
 – 1.36 ×10

6
 and fluid temperatures in the range 350 – 650K. Results show existence 

of an optimal Reynolds number at any given combination of fluid temperature, concentration 

ratio and rim angle for which the total entropy generation is a minimum. The total entropy 

generation was found to increase as the rim angle reduced, concentration ratio increased and 

fluid temperature reduced. The high entropy generation rates at low rim angles are mainly 

due to high peak temperatures in the absorber tube at these low rim angles.  

Keywords: Concentration ratio, Entropy generation, Monte Carlo ray-tracing, Parabolic 

trough, Receiver, Rim angle 
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Nomenclature 

ac  Collector’s aperture width, m 

Aa  Collector’s aperture area, m
2
  

Ar  Projected absorber tube area, m
2
  

Be  Bejan Number = entropy generated due to heat transfer/total entropy generated 

C1, C2, Cμ Turbulent model constants 

cp  Specific heat capacity, J kg
-1

 K
-1

  

CR  Concentration ratio  

dgi  Glass cover inner diameter, m 

dgo  Glass cover outer diameter, m 

dri  Absorber tube inner diameter, m 

dro  Absorber tube outer diameter, m 

DNI  Direct normal  Irradiance, W/m
2
   

Gk  Generation of turbulence kinetic energy due to mean velocity gradients,  

kg m
-1

s
-3 

hw  Wind heat transfer coefficient, W m
-2

K
-1

  

k  Turbulent kinetic energy, m
2
 s

-2
    

L  Length, m   

p  Pressure, Pa  

Re  Reynolds number 

S  Modulus of the mean rate-of-strain tensor, s
-1 

Sij  Rate of linear deformation tensor, s
-1 

Sgen Entropy generation rate due to heat transfer and fluid friction in the receiver, 

W/K 

S'gen Entropy generation due to heat transfer and fluid friction per unit length of the 

receiver, W/mK 

S'''gen  Volumetric entropy generation, W m
-3

K
-1 

(S'''gen)F Volumetric entropy generation due to fluid friction, W m
-3

K
-1 

(S'''gen)H Volumetric entropy generation due to heat transfer, W m
-3

K
-1 

S
'''

PROD,VD Entropy production by direct dissipation, W m
-3

K
-1

 

S
'''

PROD,TD Entropy production by turbulent dissipation, W m
-3

K
-1 

S
'''

PROD,T Entropy production by heat transfer with mean temperatures, W m
-3

K
-1 

S
'''

PROD,TG Entropy production by heat transfer with fluctuating temperatures, W m
-3

K
-1 
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T  Temperature, K 

V  Volume, m
3 

Vw  Wind velocity, m/s 

 ̇  Volumetric flow rate, m
3
/s 

ui,uj  Time averaged velocity components, m s
-1 

u',v',w'  Velocity fluctuations, m s
-1 

uη  Friction velocity ( /
w

   ), m s
-1 

xi, xj  Spatial coordinates, m 

x,y,z  Cartesian  coordinates, m 

y
+  

Dimensionless wall coordinate 

jiuu     Reynolds stresses, Nm
-2 

 

Greek letters 

ᾶ  Absorber tube absorptivity 

α  Thermal diffusivity, m
2
 s

-1 

αt  Turbulent thermal diffusivity, m
2
 s

-1 

ζh.t  Turbulent Prandtl number for energy 

ζε  Turbulent Prandtl number for ε 

ζk  Turbulent Prandtl number for k 

δij  Kronecker delta 

ε  Turbulent dissipation rate,  m
2 

s
-3

    

ξ  Emissivity 

η  Turbulence model parameter = Sk/ε 

ηc  Collector thermal efficiency, % 

φr  Collector rim angle 

ρ  Density, kg m
-3 

ϼ     Collector reflectivity 

ηg  Glass cover transimissivity 

ηw  Wall shear stress, N/m
2 

θ  Absorber tube circumference angular position, degrees 

λ  Fluid thermal conductivity, Wm
-1

 K
-1

    

λeff  Heat transfer fluid effective thermal conductivity, Wm
-1

 K
-1

   

μ  Viscosity, Pa s    
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μt  Eddy viscosity, Pa s   

μeff  Effective viscosity, Pa s   

ν  Kinematic viscosity, m
2 

s
-1

    

 

Subscripts 

amb  Ambient 

c  Collector 

g  Glass cover 

inlet  Absorber tube inlet  

i, j, k   General spatial indices 

sky  Sky 

t  Turbulent 

w  Wall 

Super scripts 

'  Fluctuation from mean value 
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1. Introduction 

Increasing world’s population as well as increasing urbanisation rates are increasingly putting 

pressure on the available resources. This together with concerns of climate change due global 

warming means that available resources must be utilised in a sustainable way and with 

minimum impacts on the environment. As far as provision of clean and sustainable energy is 

concerned, several efforts by both governments and private entities have been directed 

towards development and deployment of clean and renewable energy systems. 

Solar energy is one of the renewable energy sources that is widely available and has 

significant potential to provide a significant portion of the global energy needs. Many 

technologies have been developed for conversion of the sun’s energy into useful forms, with 

concentrated solar power systems being the widely used for large-scale electricity generation 

[1]. Concentrated solar systems in use today include parabolic trough systems, solar dish, 

linear Fresnel systems and solar towers. The parabolic trough systems are the most 

commercially and technically developed systems in use today. They produce the largest share 

of electricity available from concentrated solar thermal systems today [2]. 

Several studies on analysis of parabolic trough collector systems are available in literature 

such as Refs. [3-12]. Research on parabolic trough systems entails almost every aspect of the 

technology ranging from development of highly reflective coatings for the collector, selective 

coatings for the receiver’s absorber tube, development of heat transfer fluids, cost reduction 

measures and others [6,13,14]. 

The parabolic trough’s linear receiver is a central component to the performance of the entire 

system. As such, the linear receiver has been the focus of several investigations regarding its 

thermal performance and how its performance can be improved [3,4,6,7,15-19]. The state and 

design of the receiver significantly affects the thermal performance of the systems. 

In most studies on the performance analysis of parabolic trough receivers, the basis of 

analysis is mainly the first law of thermodynamics and therefore does not give an 

understanding of the quality of energy from the parabolic trough systems. Application of the 

second law is usually recommended if one is to understand the quality of energy from a given 

system and for the eventual thermodynamic optimisation of the thermal system and system 

components [20,21]. In the second law of thermodynamics, the entropy generation rates are 

determined and the minimisation of the entropy generated improves the thermodynamic 

performance of the system components and the entire system. This method has been termed 
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the entropy generation minimisation method [21]. Several researchers have applied the 

entropy generation minimisation method to the analysis and optimisation of engineering 

systems [8,22,23] as well as to heat transfer and fluid flow problems [24-27]. Moreover, the 

entropy generation minimisation method has been shown to be applicable to a wide range of 

engineering systems such as small-scale wood fired circulating fluidised bed adiabatic 

combustor as demonstrated in the study by Baloyi  et al. [28], analysis of exergy recovery 

from the exhaust cooling in a DI diesel engine as demonstrated  by Ghazikhani et al. [29] and 

in characterising the effects of fuel additives on exergy parameters of engines [30] and many 

others. 

For parabolic trough systems, studies on entropy generation are not wide spread. An 

analytical method suggested by Bejan [21] for determining the entropy generation in solar 

collectors was adapted to concentrating collectors by Kalogirou [31]. In this method, the 

entropy generation is a function of the incident solar radiation, useful heat delivered to the 

user and the receiver heat loss. In our previous study [25], we showed that the entropy 

generation due to heat transfer and fluid friction inside the receiver’s absorber tube gives 

nearly the same optimum flow rates as the analytical method [31]. The method used in our 

previous investigation [25] directly calculates the entropy generation using computational 

fluid dynamics according to the equations derived by Kock and Herwig [32].  

In the analytical method for determining entropy generation in the parabolic trough collector 

[21,31], the effect of several collector parameters on entropy generation is not explicitly 

considered. Moreover, in our previous investigation [25], the effect of rim angles on entropy 

generation was not investigated and the heat flux profile used was an approximate one. 

Therefore, this study seeks to determine minimum entropy generation rates in a parabolic 

receiver taking into consideration the actual heat flux profile on the receiver’s absorber tube 

and the effect of rim different rim angles and concentration ratios. In this study, the actual 

heat flux profiles on the receiver are determined using Monte Carlo ray – tracing and used as 

a boundary condition in the computational fluid dynamics analysis. The entropy generation 

rates are also determined locally from the temperature and velocity fields obtained from the 

computational fluid dynamics analysis. 

2. Physical model 

Fig. 1 shows 3-D model of the parabolic trough collector system. Fig. 2 shows the 2-D views 

of the parabolic trough receiver. The receiver consists of a steel absorber tube with a selective 
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coating for high absorption of solar radiation and low emission of infrared radiation. A glass 

cover encloses the absorber tube and the annulus space evacuated to suppress convection heat 

loss [6]. Because of symmetry, only half of the receiver (-90
o
 ≤ θ ≤ 90

o
; 0 ≤ z ≤ L) was 

considered. 

The geometrical parameters for the considered receiver are shown in Table 1.0 

3. Ray tracing 

 

In Monte Carlo ray tracing, a number of rays is selected and traced as they undergo several 

optical interactions. For purposes of this study, SolTrace, a software tool developed by the 

National Renewable Energy Laboratory for modelling concentrated solar power system was 

used [33]. The ray tracing procedure involves specification of sun’s shape, the geometries of 

the collector and the receiver and the optical properties of the collector and the receiver. A 

maximum number of rays to be generated by the sun are then selected and desired number of 

ray intersections specified. The rays are then traced as they are reflected by the reflecting 

mirror, transmitted by the glass cover and absorbed by the absorber tube. A sample of ray 

intersection obtained from SolTrace is shown in Fig. 3(a) for a rim angle of 80
o
 and aperture 

width of 10 m and Fig. 3(b) for a rim angle of 40
o
 and an aperture width of 10 m.  

The sample heat flux distribution obtained from ray tracing is shown in Fig. 4(a) for rim 

angles of 80
o
 and 120

o
 and an aperture width of 6 m or concentration ratio(CR) of 86. In Fig. 

4(a), the receiver’s absorber tube circumference is spread and the angles of 0
o
 and 360

o 
shown 

in Fig. 4(a) correspond to top most part of the tube i.e. an angle 90
o
 in Fig. 2(b). As shown in 

Fig.4 (a), the heat flux distribution on the absorber tube is symmetrical and only one half of 

the receiver can be considered i.e, -90
o
≤θ≤90

o 
shown in Fig. 2(b). Our results from Monte 

Carlo ray tracing were validated with available data from literature [12,15,18]. As shown in 

Fig. 4, for half the circumference of the receiver’s absorber tube, our results for the local 

concentration ratio, LCR (the ratio of actual heat flux on the absorber tube to that incident on 

the reflector) show good agreement with available data. In this study, the concentrator was 

taken to be of perfect shape and perfect alignment.  

4. Numerical analysis 

The determination of temperature distribution in the receiver’s absorber tube requires 

coupling the ray tracing results to a computational fluid dynamics tool. In this section, the 

necessary steps are presented and discussed. The flow inside the receiver’s absorber tube is 

turbulent. In this investigation steady-state flow conditions are also assumed. 
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4.1 Governing equations 

The governing equations for steady-state and three-dimensional turbulent flow are the 

continuity, momentum and energy equations given by [34]; 

Continuity 
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Energy equation  
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Additional terms appearing in these equations represent the turbulence effects and the 

Reynolds stresses jiuu   .  ui, uj are the time-averaged velocity components in the i- and j-

directions respectively and T the time-averaged temperature. The effective viscosity is given 

by μeff = μ+μt and λ is the fluid thermal conductivity. The most common approach for 

representation of Reynolds stresses is the Boussinesq approach, where the Reynolds stresses 

are related to the mean velocity gradients through [34] 
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Where k is the turbulent kinetic energy per unit mass given by 

 222

2

1
wvuk 

          (6) 
This approach has relatively lower computation cost requirements compared to the Reynolds 

stress transport model approach, which solves transport equations for each of the terms in the 

Reynolds stress tensor. In this study, the realisable k-ε model was used for turbulence closure 

[34]. The additional equations required for the transport of turbulent kinetic energy and 

turbulent dissipation rates in the realisable k-ε model are [34];  

For k 
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Where  

Gk represents production of turbulent kinetic energy and is modelled the same way for all the 

k- ε models as 
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Consistent with the Boussinesq’s hypothesis  

Gk = μtS
2           

          (10) 

The eddy viscosity is given by 


 

2k
Ct                       (11) 

Detailed determination of Cμ is given in Ref. [34]. The model constants for the k-ε realizable 

model are: ijij SSS
k

SC 2,,
5

,43.0max1 


















 

, C2=1.9, ζk =1, ζε = 1.2, Sij 

represents the rate of linear deformation of a fluid element. In total, there are nine components in three 

dimensions, of which three are linear elongation deformation components and six are shearing and 

deformation components [34]. 
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4.2 Boundary conditions 

The boundary conditions used in this study were: (1) Non-uniform heat flux on the absorber 

tube’s outer wall. The sample heat flux distribution used in this study is shown in Fig. 4(a) as 

determined using ray tracing in SolTrace [33] for rim angles of 80
o
 and 120

o
 and an aperture 

width of 6 m or concentration ratio(CR) of 86. A direct normal irradiance (DNI) of 1000 

W/m
2
 was assumed. (2) Velocity inlet and pressure outlet boundary conditions were used for 

the absorber tube’s inlet and outlet respectively. (3) The inner absorber tube walls were 

considered no-slip and no-penetration. (4) For the inlet and outlet of the receiver’s annulus 

space, symmetry boundary condition was used such that the normal gradients of all flow 

variables are zero. (5) For the outer wall of the glass cover, a mixed boundary condition is 

used to account for both radiation and convection heat transfer. Stefan Boltzmann’s law with 

the sky as the external radiation enclosure gives radiation between the glass cover and the 
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sky. Convection heat transfer from the glass cover to the surroundings was modelled by 

specifying a convection heat transfer coefficient and fluid temperature.  The sky temperature 

is given by Tsky = 0.0552Tamb
1.5 

[35] while the wind heat transfer coefficient is given by hw = 

Vw
0.58

dgo
-0.42

[36]. A part from the validation cases where actual experimental conditions were 

used, the environmental conditions used in this study are shown in Table 1. 

4.3 Entropy generation 

The entropy generation was determined using the flow field variables obtained by solving the 

governing equations together with the boundary conditions. The entropy generation is 

determined from the heat transfer irreversibility (S'''gen)H and fluid friction irreversibility 

(S'''gen)F  according to the following equations [32]. 

HgenFgengen SSS )()( 
         (13)

 

The entropy generation due to the fluid friction irreversibility is given by 

TDPRODVDPRODFgen SSS ,,)( 
         (14)
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is the entropy production by direct dissipation and 

T
S TDPROD




,            (16) 

is the entropy production by indirect (turbulent) dissipation. 

The entropy generation due to the heat transfer irreversibility is given by 

TGPRODTPRODHgen SSS ,,)( 
         (17)

 

where  

2

2, )( T
T

S TPROD 


          (18) 

is the entropy production by heat transfer with mean temperatures and 

2

2, )( T
T

S t
TGPROD 






         (19) 

is the entropy production by heat transfer with fluctuating temperatures.  

In Eq.(19), α and αt are the thermal diffusivities. The flow field variables in these equations are time-

averaged quantities. 

For a fluid occupying a volume V, total entropy generation rate is given by 
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gen gen

V

S S dV                      (20) 

The relative contribution of each irreversibility to the total entropy generation rate is given by 

the Bejan number. The Bejan number (Be) is defined as Be = (S'''gen)H/S'''gen. The heat 

transfer irreversibility is dominant when Be =1 and fluid friction irreversibility is dominant 

when Be = 0.  

We have already shown that minimising the entropy generation due to heat transfer and fluid 

friction minimises the total entropy generation in the collector [25]. Therefore, in this study 

we consider only entropy generation due to heat transfer and fluid friction. The validation of 

the entropy generation model used in this paper was also done in our previous investigation 

[25] and will not be presented again. 

5. Numerical modelling procedure and validation 

5.1 Solution procedure 

The numerical solution was implemented in a commercial software package ANSYS® 14.5. 

The geometry was built in ANSYS design modeler and the computational grid created in 

ANSYS meshing. The numerical solution is obtained in ANSYS FLUENT, which uses a 

finite volume method for solving the governing continuity, momentum, energy and k-ε model 

equations. The SIMPLE algorithm put forward by Patankar and Spalding [37] was used for 

coupling the pressure and velocity. Second-order upwind schemes were employed for 

integrating the governing equations together with the boundary conditions over the 

computational domain. Given the need to capture a high resolution of gradients near the wall, 

the enhanced wall functions [34] were used with y
+
 ≈ 1 used in all simulations.  Where y

+ 
= 

yμη/ν, ν is the fluid’s kinematic viscosity, y is the distance from the wall, and uη is the friction 

velocity. To predict the near wall cell size, the distance y was calculated as y = y
+
μ/μηρ 

Convergence was obtained with scaled residuals of mass, momentum, turbulent kinetic 

energy and turbulence dissipation rate less than 10
-4

 while the energy residuals were less than 

10
-7

. Convergence was also monitored using the convergence history of volume-averaged 

entropy generation in the absorber tube. The solution was considered converged when the 

volume-averaged entropy generation remained constant for more than 200 successive 

iterations. 

Mesh dependence studies for several refinements of the mesh were carried out with the 

volume integral entropy generation as a monitored quantity. The solution was considered 

mesh independent when |(Sgen
i
 - Sgen

i-1
)/Sgen

i-1
| ≤ 0.01. The indices i and i-1 represent the values 
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before and after refinement respectively. The sample mesh used in this study is shown in Fig. 

5. 

Syltherm 800 [38] was used as the absorber tube heat transfer fluid, its properties were 

entered as temperature dependent polynomials for specific heat capacity (cp) , density (ρ) and 

thermal conductivity (λ) and piece-wise temperature dependent polynomial for viscosity (μ) 

as determined by curve fitting from the manufacturer’s data sheets [38] and given by Eqs. 

(22-26). Sample thermal properties of Syltherm 800 at Tinlet = 400 K, 550 K and 650 K are 

shown in Table 2.0. The absorber tube material is stainless steel with a temperature 

dependent thermal conductivity [39] The emissivity of the absorber tube varies with 

temperature according to Eq.(21) [39] 

ξ = 0.000327(T+273.15) - 0.065971                  (21) 

The thermal physical properties of Syltherm 800 [38] vary with temperature according to the 

following equations [38] 

For 233.15≤ T ≤ 673.15 K 

)/(1070736.101787.1 3 kgKkJTc p

                             (22) 

)/(1067145.11079133.152115.1102691.1 336233 mkgTTT               (23) 

)/(101.88053101.90134 41 mKWT                             (24) 

 

For 233.15 ≤ T ≤ 343 K 

).(1075624.41014636.9

1032194.71012468.350207.71061656.91014887.5

61158

4532224

smPaTT

TTTT









 (25) 

For 343 ≤ T ≤ 673.15 K 

).(1037194.81066836.2

1042377.31021917.21030924.71088562.9

51349

362311

smPaTT

TTT









                      (26) 

5.2 Model validation 

Our receiver model was validated with experimental data from Dudley et al.[40]. 

Temperature gain and collector efficiency at various parabolic trough system operating 

conditions was compared with experimental data. In the validation of the receiver thermal 

model, a collector module with an aperture of 5 m, a length of 7.8 m, focal length of 1.49 and 

geometrical concentration ratio of 71 was used with similar environmental conditions as was 
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used in the experiment [40]. As shown in Fig. 6, good agreement was obtained for both 

temperature gain and collector efficiency. At each inlet temperature shown in Figure 6, the 

experimental conditions are different as shown in Table D-1 presented in the test results of 

Dudley et al.[40]. 

6. Results and discussions  

6.1 Heat flux and temperature distribution 

The heat flux on the receiver’s absorber tube circumference varies with the rim angle and the 

concentration ratio. Fig. 7(a) and 7(b) shows the variation of heat flux on the absorber tube’s 

circumference at various rim angles for concentration ratios of 86 and 142 respectively. As 

shown in the figures, the heat flux profile varies greatly around the absorber tube’s 

circumference depending mainly on the rim angle. At a given concentration ratio, low rim 

angles are shown to give high heat flux peaks and will give high absorber tube 

circumferential temperature gradients. 

Figs. 8(a) and 8(b) show the variation of heat flux around the absorber tube’s circumference 

at various concentration ratios for rim angles 40
o
 and 100

o
.  As expected, as the concentration 

ratio increases, the heat flux on the absorber tube increases. At larger rim angles (θr > 60
o
) , 

the heat flux profile consists of a shadow effect area, increasing heat flux area, decreasing 

heat flux area and direct solar heat flux area [15]. From the figures, it can be noted that at 

very low rim angles (θr < 60
o
), the shadow effect and heat flux increasing area do not exist 

and the peak heat flux increases. As the rim angles increase the shadow effect and heat flux 

increasing areas becomes more pronounced whereas the peak heat flux reduces. 

At each concentration ratio, the peak heat flux increases as the rim angle reduces. This 

increase in peak heat flux increases the peak temperature and thus the finite temperature 

difference. Figs. 9(a) and 9(b) show the heat flux contours of the receiver’s absorber tube at 

rim angles of 40
o
 and 120

o
 at a Reynolds number of 1.02 × 10

4
, Tinlet  = 400 K and a 

concentration ratio of 86. For a given concentration ratio, Reynolds number and inlet 

temperature, it can be seen that the peak heat flux is higher at the lower rim angle (θr  = 40
o
) 

and lower at the higher rim angle (θr  = 120
o
). As shown in the figures, at low rim angles, 

only a small portion of the absorber tube receives concentrated solar heat flux. Figs. 10(a) 

and 10(b) show the temperature contours of the receiver’s absorber tube at rim angles of 40
o
 

and 120
o
 respectively at a Reynolds number of 1.02 × 10

4
, Tinlet  = 400 K and a concentration 

ratio of 86. The temperature distribution around the absorber tube’s circumference is similar 
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to that of the heat flux at each respective rim angle shown in Figs. 9 (a) and 9(b). As 

expected, the temperature difference in the absorber tube at 40
o
 is higher than that at 120

o
. 

The absorber tube’s temperature difference at these rim angles for the conditions considered 

is about 192 
o
C and 87.31

o
C respectively. The temperature difference reduces with increasing 

flow rates and increasing inlet temperatures due to improved heat transfer performance. 

From the foregoing discussion, higher rim angles should be used to avoid such larger 

temperature differences especially at low Reynolds numbers. However, using larger rim 

angles increases the material requirements for the collector. Therefore, trade-off has to be 

made on how large the rim angle should be to avoid larger temperature difference while using 

as little material as possible. From Figs. 7 (a) and 7(b), it is seen that above a rim angle of 

80
o
, the peak heat flux does not reduce significantly as the rim angle is increased further. 

The effect of rim angle on the receiver’s temperature distribution can also be illustrated by 

the circumferential temperature distribution in the receiver’s absorber tube and annulus space. 

Figs. 11 (a &b) show the circumferential temperature distribution in the receiver’s absorber 

tube and receiver’s annulus space respectively at a flow rate of 1.37×10
3
 m

3
/s, rim angle of 

70
o
, concentration ratio of 71 and inlet temperature of 400 K. Figs. 12 (a & b) show the 

circumferential temperature distribution in the receiver’s absorber tube and receiver’s annulus 

space respectively at a flow rate of 1.37×10
3
 m

3
/s, rim angle of 40

o
, concentration ratio of 86 

and inlet temperature of 600 K. As shown in Figs. 11(b) and 12 (b), the circumferential 

temperature gradients also exist in the receiver’s glass cover and this can cause glass 

breakage if the temperature gradients become extremely high especially at low Reynolds 

numbers, low rim angles and high concentration ratios.  

 

6.2 Entropy generation in the parabolic trough receiver  

As earlier discussed, the entropy generation is made of two parts: one due to heat transfer 

irreversibility across a finite temperature difference and the other due to fluid friction. Fig. 13 

shows the variation of these parts and their relative contribution to the total entropy 

generation as the Reynolds number increases. As expected, at low Reynolds numbers, the 

heat transfer irreversibility is dominant and at high Reynolds numbers, the fluid friction is 

dominant. This kind of variation also yields a Reynolds number at which the total entropy 

generation rate is a minimum. This general trend can be obtained for other combinations of 

fluid temperature and concentration ratios at any given rim angle. 
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The contribution of each irreversibility to the total entropy generation can be clearly shown 

by the Bejan number, Be. The Bejan number is the ratio of the entropy generation rate due to 

the heat transfer irreversibility to the total entropy generation rate. For values of the Bejan 

number close to 1, the heat transfer irreversibility dominates and for values of the Bejan 

number close to 0 the fluid friction irreversibility dominates.  

Fig, 14 shows the variation of the Bejan number with Reynolds number at different values of 

rim angles. At any rim angle, the Bejan number is shown to be close to 1 at lower values of 

Reynolds numbers, it then decreases as the Reynolds numbers increases. Be approaches 0 at 

very high Reynolds numbers. At a given Reynolds number, the Bejan number is shown to 

increase as the rim angle reduces. This is due to the high temperature peaks and the 

corresponding increase in the finite temperature difference as the rim angle reduces which 

increases the heat transfer irreversibility. As discussed in section 6.2, rim angles have a 

significant influence on the peak heat fluxes as well as peak temperatures in the receiver. 

Thus based on the graphs in Fig. 14, it can be seen that the heat transfer irreversibility 

increases as the rim angle reduces. The increase in the heat transfer irreversibility as rim 

angles reduce is more pronounced at higher Reynolds numbers.  

From the entropy generation point of view, the higher the finite temperature difference, the 

higher the heat transfer irreversibility. Therefore, at the same flow rate or Reynolds number 

and concentration ratio the entropy generation is expected to reduce as the rim angle 

increases. Figs. 15 (a) and 15(b) shows the variation of entropy generation with Reynolds 

number at different rim angles for inlet temperatures of 400 K and 600 K respectively. As 

anticipated, the entropy generated increases as the rim angle reduces at each temperature 

considered. At the lowest Reynolds number in the figures the entropy generation reduces by 

about 35% and 72 % at the respective temperatures as the rim angle increases from 40
o
 to 

120
o
. Therefore, in addition to reducing the absorber tube’s temperature difference, use of 

higher rim angles also ensures efficient utilisation of the available energy.  From the figures, 

we also note that the entropy generation is smaller at higher temperatures than at lower 

temperatures due to improved heat transfer performance as fluid temperatures increase. 

At higher temperatures, the heat transfer fluid becomes less viscous and less dense there by 

increasing the heat transfer rates. This reduces both the heat transfer and fluid 

irreversibilities. At the same flow rate, the Reynolds numbers also increase as the fluid 

temperature increases. The variation of entropy generation with temperature can be shown by 

considering a given flow rate. As shown in Figs. 16 (a) and 16 (b) at flow rates of 2.57×10
-3
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m
3
/s

 
and 2.22×10

-2 
m

3
/s respectively, the entropy generation is generally shown to reduce as 

the temperature of the heat transfer fluid increases. 

The variation of the entropy generation rate with concentration ratio was discussed in our 

earlier work [25]. For completeness, it is further briefly discussed here.  Fig. 17 shows the 

variation of the entropy generation rate with Reynolds number at different concentration 

ratios. Same trend as previously obtained [25] is shown. Increasing concentration ratios 

increases the heat transfer irreversibility and thus the total entropy generation. It can also be 

seen that the optimal Reynolds number correspond to almost the same flow rate at the two 

temperatures. The variation of the Bejan number with Reynolds number at different 

concentration ratios is shown in Fig. 18. The Bejan number increases as the concentration 

ratio increases. This is mainly due to the increase in the heat transfer irreversibility as the 

concentration ratio increases as earlier discussed. Unlike, for rim angles, increasing the 

concentration ratios significantly increases the heat transfer irreversibility and therefore, the 

entropy generation rate. At the temperatures considered (400 K and 600 K) in Fig. 17, the 

entropy generation rate increases by about 350% and 443% respectively as the concentration 

ratio increases from 57 to 143 at the lowest Reynolds number.  

 

7.  Conclusion  

In this study, the second law of thermodynamics is used to analyse the entropy generation 

rates in a parabolic trough receiver at different rim angles, concentration ratios and fluid 

temperatures. A Monte Carlo ray trace method was used to obtain the heat flux distribution in 

the parabolic trough’s receiver. Subsequently, the ray trace results were coupled with a finite 

volume method to determine the temperature distribution in the receiver’s absorber tube and 

analyse the entropy generation in the parabolic trough receiver at different rim angles, 

concentration ratios and inlet temperatures.  

From the study, it was found that, at low rim angle, the temperature differences in the 

receiver’s absorber tube are significantly higher. As the rim angle increases, the absorber tube 

circumferential temperature differences reduce. The reduction in absorber tube’s peak 

temperatures as the rim angles increase was shown to be small above rim angles of 80
o
. 

Regarding entropy generation, the entropy generation due to heat transfer and fluid flow in 

the receiver was shown to increase as the rim angle reduced. This is attributed to the higher 

finite temperature difference at low rim angles compared to that at high rim angles.  Higher 

concentration ratios are also shown to give higher entropy generation rates for the same 
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reasons. The Bejan number is shown to increase as the concentration ratio increases and as 

the rim angle reduces. The increase in the Bejan number is a further indication that the 

increase in entropy generation as the concentration ratio increases and as the rim angle 

reduces is mainly from the heat transfer irreversibility.  
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Tables 

Table 1.0 Geometrical parameters 

Reflector Receiver Environmental conditions 

ac 4-10 m dri 0.066 m DNI 1000 W/m
2 

Lc 5 m dro 0.07 m Tamb 300 K 

ϼ 0.96 dgi 0.11 m Vw 2 m/s 

θr 40-120
o 

ηg 0.97   

CR=Ac/Ar 57.12-142.86 ᾶ 0.96   

  ξg 0.86   

                   

 

Table 2.0: Syltherm 800 thermal properties at Tinlet = 400 K, 550 K and 650 K 

Thermal property 
Tinlet (K) 

400 K 550 K 650 K 

Specific heat capacity (cp), J/kg K 1791.43 2047.318 2218.26 

Density (ρ), kg/m
3 

840.06 696.0074 577.70 

Thermal conductivity (λ), W/m K 0.114845 0.086661 0.067833 

Viscosity (µ), Pa.s 0.002163 0.000555 0.000284 

  

 


	xi, xj  Spatial coordinates, m
	x,y,z  Cartesian  coordinates, m
	y+  Dimensionless wall coordinate
	Reynolds stresses, Nm-2
	Greek letters
	τg  Glass cover transimissivity
	τw  Wall shear stress, N/m2
	θ  Absorber tube circumference angular position, degrees
	Subscripts
	amb  Ambient
	c  Collector
	g  Glass cover
	inlet  Absorber tube inlet
	i, j, k   General spatial indices
	sky  Sky
	t  Turbulent
	w  Wall
	Super scripts
	'  Fluctuation from mean value
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