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Highlights 

• Thermal and thermodynamic analysis of a parabolic trough collector using SWCNT-  

   Therminol
®
VP-1. 

• Monte Carlo raytracing is used together with a finite volume based computational fluid  

   dynamics tool. 

• Entropy generation rates due to heat transfer and fluid flow irreversibilities are determined. 

• Significant increase in the heat transfer rates with corresponding reduction in entropy  

   generation. 

• Increase in thermal efficience is lower than that of Cu, Ag nanoparticles with Therminol
®
VP-1. 

 

 

Abstract 

In this paper, energetic and exergetic performances of a parabolic trough solar collector using 

single-walled carbon nanotubes (SWCNTs)-Therminol® VP-1 nanofluid were numerically 

investigated and presented. The main objective of this investigation was to determine the 

influence of high thermal conductivity SWCNTs suspended in the widely used heat transfer 

fluid, Therminol®VP-1 on the performance indicators of the parabolic trough solar collector. A 

parabolic trough system with a high concentration ratio of 113 was analyzed in this study. The 

thermo-physical properties of SWCNTs were taken as functions of nanotube length nanotube 

diameter, and temperature, while the properties of Therminol®VP-1 were considered to be 

temperature dependent. The study involved the determination of actual heat flux profile through 
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Monte Carlo ray tracing and the subsequent coupling of this heat flux profile to a computational 

fluid dynamics tool using user defined functions. The computational fluid dynamics tool was 

finite volume based, and the realizable k-ε model together with enhanced wall treatment were 

used for turbulence modeling. The entropy generation rates were obtained directly from the local 

velocity and temperature fields of the computed domain and later used in the exergy analysis. 

Results showed that although the heat transfer performance significantly improved with the use 

of SWCNTs, the increase in the thermal efficiency was not substantial. For the considered range 

of parameters, while the heat transfer performance increased up to 234%, the thermal efficiency 

increased around 4.4% as the volume fraction increased from 0 to 2.5%. The corresponding 

reduction in the entropy generation was about 70%.  

Keywords: SWCNT, parabolic trough receiver, Monte Carlo ray tracing, thermal efficiency, 

exergetic performance 

 

NOMENCLATURE 

a Aperture width, m
 

Aa Collector’s projected aperture area, m
2 

Ar Projected absorber tube area, m
2
  

cp Specific heat capacity, J kg
−1

 K
−1

  

CR Concentration ratio  

Cμ   Turbulent model constant  

dCNT Diameter of the carbon nanotube, nm 

dgi Glass cover inner diameter, m 

dgo Glass cover outer diameter, m 

dri Absorber tube’s inner diameter, m 

dro Absorber tube’s outer diameter, m 

f Focal length, m or friction coefficient 

h Heat transfer coefficient, W m
−2

K
−1 

hw Glass cover heat transfer coefficient, Wm
−2 

K
−1 

Ib Direct solar radiation, W m
−2

  

k Turbulent kinetic energy, m
2
 s

−2
 

L Length, m 

LCNT Nanotube length, μm 



3 

 

m  Mass flow rate, kg s
−1

  

P Pressure, Pa 

Pp Pumping power, W 

Pr Prandtl number 

q'' Heat flux, W m
−2 

u
Q  

Useful heat gain, W 

loss
Q  

Useful heat gain, W 

r  radius, m or radial position 

Re Reynolds number 

RK    Interface thermal resistance, m
2
 K W

−1 

S′gen Entropy generation rate per unit length, W m
−1 

K
−1 

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

 K
-1 

SWCNTs Single-walled carbon nanotubes 

T Temperature, K 

u,v,w Velocity components, m s
−1 

ui ,uj Velocity, m s
−1 

ui',uj' Velocity fluctuations, m s
−1 

,
i j

u u  Time-averaged velocity components, m s
−1 

um Mean velocity, m s
−1 

Vw Wind velocity, m s
−1 

V  Volumetric flow rate, m
3
 h

−1 

xi, xj, xk Spatial coordinates, m 

x,y, z Cartesian  coordinates 

y
+ 

Dimensionless wall coordinate = yuη /ν 

i j
u u     Reynolds stresses, N m

−2
 

ΔP Pressure drop, Pa 

Greek letters 

αabs Absorber tube absorptivity 

δij Kronecker delta 
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Г Shape factor in the thermal conductivity model 

ε Turbulent dissipation rate, m
2 

s
−3

    

εro Absorber tube emissivity 

ηel Electrical efficiency, % 

ηth Thermal efficiency, % 

θ Absorber tube circumferential angle, degrees 

κ Shape factor in the viscosity model 

λ Thermal conductivity, Wm
−1

 K
−1

   

μ Viscosity, Pa s    

μt Turbulent/Eddy viscosity, Pa s  

μeff Effective viscosity, Pa s 

 ζh.t Turbulent Prandtl number for energy 

ν Kinematic viscosity, m
2 

s
−1 

ρ Density, kg m
−3

 

ζslope Collector slope error, mrad 

ζspec Collector specularity error, mrad 

ηg Glass cover transmissivity 

ηw Wall shear stress, N m
−2 

θr Rim angle, degrees 

θ Nanoparticle volume fraction, % or rim angle 

ϼ Collector reflectivity  

Subscripts 

abs           Absorber tube  

amb Ambient state 

b Bulk fluid state 

bf Base fluid 

c Carbon nanotube 

CNT Carbon nanotube 

f Fluid 

gi Glass cover inner wall 

go Glass cover outer wall 
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in Inlet 

i, j, k  General spatial indices 

nf Nanofluid 

out Outlet 

ri Absorber tube inner wall 

ro Absorber tube outer wall 

sky Sky  

t Turbulent 

Superscripts 

_
 Averaged value 

~
 Dimensionless value 

 

1. Introduction  

Solar energy, as a source of the energy, is clean, inexhaustible, and plentiful; it has certain 

drawbacks though [1], such as intermittent characteristic in time, not equally distributed around 

the world, and requiring higher capital cost to be implemented. These are generally viewed as 

challenges still hindering the widespread utilization of solar energy. However, the several energy 

challenges faced today, such as increasing demand for modern energy services, need to ensure 

security of energy supplies, increasing need to limit emission of greenhouse gases into the 

atmosphere, to curb climate change due to global warming, has intensified the search for clean 

and renewable energy sources. Since 1990, renewable energy sources have contributed a much 

higher growth rate to the world’s total primary energy supply [2]. This growth has been 

particularly high for solar energy, which grew at average annual rates of 57.9% relative to the 

other renewable energy sources [2]  and is forecasted to increase in the posterior years.  

Current concentrating solar power (CSP) technologies are destined to support both reducing the 

cost of solar energy and supplying power on demand using thermal storage. Several research and 

development projects on CSP have shown the possibility of lower capital costs, increased 

efficiency, and improved reliability compared to current state-of-the-art technologies. These 

projects explore innovative concepts for advancing the state-of-the-art designs for the collector, 

receiver, heat transfer fluids (HTFs), thermal storage, and power cycle subsystems [3-6].  
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The parabolic trough solar collector (PTSC) systems are the most proven technology, hence they 

are widely used relative to the other CSP systems. The technology is becoming prevalent around 

the world and makes up over 80% of all the CSP systems available [6]. Nonetheless, several 

performance barriers are available in front of these systems such as low efficiency and 

temperature limitations. A large parabolic trough CSP plant has a mean annual solar-to-electric 

efficiency of 15% [7]. Today’s most advanced thermal oil-based parabolic trough CSP system 

has the highest operating temperature of about 390°C [8]. Increasing the temperature to higher 

levels will lead higher efficiencies, but current thermal oil based HTFs degrade at temperatures 

above 400
o
C [9,10]. Although new pathways for overcoming the temperature limitations are now 

under development, a majority of the projects recently completed or under development are still 

thermal oil-based [6]. To increase the thermal and thermodynamic performance of thermal oil-

based PTSC systems, convective heat transfer enhancement in the receiver’s absorber tube has 

been shown to be an effective way [11].  

Recently, several researchers have considered the use of nanofluids to improve the optical and 

heat transfer performance within the absorber tube of the receiver. This innovative approach is 

based on the fact that suspension of nano sized particles with relatively higher thermal 

conductivities in the conventional thermal oil improves the thermal transport properties of the 

thermal oil and consequently the heat transfer coefficients for the conventional receivers [12,13]. 

The effects of nanofluids on the performance of PTSCs have been considered by several 

researchers. Sokhansefat et al. [14] numerically studied the convection heat transfer 

enhancement of Al2O3-Syltherm800 nanofluid pair in the LS-2 PTSC. The results showed that 

the heat transfer coefficient can be increased by 14% at 300 K, but it lowers to 6% at 500 K.  

Basbous et al. [15] numerically investigated the thermal performance of a PTSC using Al2O3-

Syltherm800 nanofluid. The convection heat transfer coefficient increased up to 18% at 350°C 

by adding 5% Al2O3 in Syltherm800. The corresponding heat loss was lowered by as much as 

10%. Bellos and Tzivanidis [12] investigated the use of Al2O3-Syltherm800 and CuO-

Syltherm800 nanofluids in PTSCs for inlet temperature ranging from 25°C to 325°C. The use of 

CuO increased the thermal efficiency up to 1.26% while using Al2O3 increased it up to 1.13% at 

the maximized concentration ratio and minimized flow rate. In another study, Bellos et al. [16] 
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simulated the flow characteristics of a commercial PTSC using nanofluids and converging-

diverging absorber tube. It was shown that the use of 2% Al2O3 nanoparticles inside the thermal 

oil and pressurized water improves the mean efficiency by 4.25% and 6.34%, respectively.  

Wang et al. [17] investigated the thermal performance of a PTSC with Al2O3-Dowtherm A 

nanofluid. The collector efficiency was improved by 1.2% with an inlet temperature of 650 K. 

Kaloudis et al. [18] conducted a numerical study to examine the contribution of Al2O3-

Syltherm800 nanofluid on the performance enhancement of the LS-2 collector with a solid plug. 

The collector efficiency increased up to 10% with a nanoparticle volume fraction of 4%. 

Ghasemi and Ranjbar [19] numerically investigated the performance of a PTSC using Al2O3-

Water and CuO-Water nanofluids. The heat transfer coefficient was shown to increase up to 28% 

and 35% respectively for the investigated nanofluids with volume fractions of 3%. Coccia et al. 

[20] investigated the effects of six water-based nanofluids: Fe2O3, SiO2, TiO2, ZnO, Al2O3 and 

Au at different weight concentrations on the thermal efficiency of a PTSC. Results indicated that 

only Au, TiO2, ZnO, and Al2O3 nanofluids at the lower concentrations improved the efficiency 

slightly compared to the base fluid.  

Mwesigye et al. [21-23] performed a number of numerical studies on the thermodynamic and 

heat transfer performance of PTSCs with various nanofluids. Mwesigye and Huan [21] presented 

the thermal and thermodynamic performance of a PTSC with Al2O3-Syltherm800 nanofluid. The 

heat transfer performance increases up to 76% as the volume fraction increases from 0 to 8%. It 

was illustrated that there is a limiting Reynolds number beyond which the use of nanofluids is 

not useful thermodynamically for a given inlet temperature. Mwesigye et al. [22] investigated the 

thermal and thermodynamic performance of a PTSC with a high concentration ratio using Cu-

Therminol® VP-1 nanofluid. Substantial improvements in the thermal performance were 

demonstrated. Recently, Mwesigye and Meyer [23] investigated the optimum thermal and 

thermodynamic operating conditions of a PTSC with a concentration ratio of 113 working with 

Cu-Therminol®VP-1, Ag-Therminol®VP-1, and Al2O3-Therminol®VP-1 nanofluids. The 

thermal efficiency was enhanced up to 13.9%, 12.5%, and 7.2%, respectively. 

De Risi et al. [24] proposed the direct absorption PTSC working with CuO and Ni pair gas-based 

nanofluids. The maximum thermal efficiency of 62.5% was obtained for the considered 
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parameters. Kasaeian et al. [25] compared the performance of multi-wall carbon nanotube 

(MWCNT) and nanosilica nanoparticles dispersed in ethylene glycol. MWCNT-ethylene glycol 

achieved about 12% higher thermal efficiency than the nanoslica-ethylene glycol nanofluid. 

There are few experimental studies including the use of nanofluids in PTSCs that have been 

presented in the open literature. Sunil et al. [26] performed an experimental study to investigate 

the performance of a PTSC at different flow rates using SiO2-Water nanofluid at concentrations 

of 0.01% and 0.05%. Relatively higher efficiencies were obtained at higher flow rates for SiO2-

Water nanofluid. Kasaeian et al. [27] designed and manufactured a 1.4 m
2
 PTSC having an 

evacuated receiver with the black chrome coated copper absorber tube. The overall efficiency of 

the PTSC was improved by about 4 to 5% and 5 to 7%, respectively in case of 0.2% and 0.3% 

MWCNT-mineral oil nanofluid.  

Accordingly, from the reviewed literature, there is a general consensus that the higher the 

thermal conductivity of the nanoparticles used is, the higher the thermal performance obtained. 

For instance, single-walled carbon nanotubes (SWCNTs) have significantly higher thermal 

conductivities, about 2725 W m
-1

·K
-1

 at 400 K and are expected to yield better thermal transport 

properties and thus higher thermal performance. Said et al. [28] obtained 15.33% improvement 

in the heat transfer coefficient using SWCNTs-water nanofluids in a flat plate solar collector 

with volume fractions up to 3.4%. Sabiha et al. [29] experimentally investigated the performance 

of an evacuated tube solar collector using SWCNT nanofluids. The thermal efficiency was found 

to be 71.84% higher with the SWCNT nanofluid than with only water.  

As the literature clearly shows, different nanofluids have been applied to PTSCs, however, there 

are still different nanoparticles such carbon nanotubes and nanohorns that could be worthy of 

being investigated due to their exceptional thermo-physical properties. Moreover, though most 

studies have considered the thermal performance of PTSCs using nanofluids, the studies on the 

thermodynamic performance are rare in the literature. In addition to increasing the heat transfer 

performance, the use of nanofluids affects the thermodynamic irreversibilities in these systems. 

For this reason, it is essential to characterize and discuss the thermodynamic performance of 

PTSCs with nanofluids. Thereby, the thermal and thermodynamic performances of a high 

concentration ratio PTSC using SWCNT-Therminol®VP-1 nanofluid are presented in this study.  
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2. Physical model 

2.1 Parabolic trough geometry 

The precise specification of the PTSC geometry is essential to accurately model the optical 

performance of the system in order to obtain the heat flux distribution on the receiver’s absorber 

tube. The heat flux distribution is then used as a realistic thermal boundary condition on the 

receiver’s absorber tube throughout the thermal and thermodynamic analysis. Figure 1 shows the 

profile of a PTSC with a receiver tube at its focus. The profile of the collector is parabolic in 

shape and is formulated by [30,31] as given by Eq. (1)  

 

 

  

  

 

 

 

  

 

   

  

Fig. 1. Parabolic trough geometry 

 

2 4x yf   (1) 

where f is the focal length of the collector, and x and y represent the Cartesian coordinate system 

used as shown in Fig. 1. The focal length is related to the aperture width and rim angle as  

 

  

 

θr 

Wa 

x 

y 

f 

θ = 0.267
o
 



10 

 

 4tan 2a rf W   (2) 

 

In which Wa is the collector’s aperture width, and θr is the collector’s rim angle. The rim angle is 

determined to be 

1 1

2

8( )
tan sin

16( ) 1 2

a a
r

a r

f W W

f W r
     

    
   

 (3) 

In Eq. (3), rr is the rim radius obtained at the point where θ = θr . The local mirror radius at any 

point on the collector is given by  

2

1 cos

f
r





 (4) 

Thus, when the rim angle θ = θr , the rim radius rr becomes 

2

1 cos
r

r

f
r





  (5) 

In Fig. 1, the half angle of the cone representing the incident beam of solar radiation is 0.267
o
 as 

shown. Equations (1)–(5) are essential in the design and manufacture of solar parabolic trough 

systems. In this study, these equations were used to specify the geometry of the PTSC used to 

obtain accurate optical performance and a precise heat flux distribution on the receiver’s 

absorber tube during ray tracing.  

2.2 The receiver tube 

The receiver tube, also called the heat collection element, located at the collector’s focal point is 

central to the performance of the entire system. The overall thermal performance of the entire 

system depends on the design, state and condition of the receiver. The conventional receiver tube 

consists of an absorber tube enclosed in a glass envelope, and the space between the absorber 

tube and the glass envelope is evacuated to very low pressures in the order of 0.0103 Pa [5]. This 

creates a vacuum that leads to suppression of convection heat losses. The absorber tube is further 

coated with a selective coating with a high solar absorptivity and a lower emissivity to minimize 

radiation heat losses from the absorber tube since it operates at temperatures higher than those of 

the surroundings. Figure 2 shows the cross section of the receiver tube with the possible heat 

transfer mechanisms. 
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 The receiver involves design features such as glass-to-metal seals and metal bellows which help 

to accommodate the thermal expansion difference between the absorber tube and the glass 

envelope, and a getter material is used to absorb hydrogen diffusing into the evacuated space [5]. 

The accumulation of hydrogen in the annulus space makes the performance of the receiver worse 

since it considerably increases the receiver thermal loss [32,33].  

 

Fig. 2. A typical parabolic trough receiver and the corresponding heat losses 

2.3 Computational domain 

The parabolic trough geometry shown in Fig.1, together with the equations presented were used 

to model the optical performance of the system using Monte Carlo ray tracing (MCRT). Using 

the obtained optical performance and the heat flux profile on the receiver, the computational 

fluid dynamics model was developed to investigate the thermal and thermodynamic performance 

of the system with SWCNTs-Therminol®VP-1 nanofluid. For this purpose, the computational 

domain used is shown in Fig. 3. Only one half of the receiver was considered due to the 

symmetrical distribution of the heat flux on the absorber tube of the receiver. Even if this 

condition is achieved at normal incidence or with complete 2-axis tracking, it was deemed 

suitable for comparison purposes to analyze the influence of using nanofluids on the thermal and 

thermodynamic performance of the receiver. Moreover, with this assumption, it was shown that 

thermal performance results closely agree with experimental values as shown in the previous 

studies [34-36]. 
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Fig. 3. Computational domain used in the numerical analysis 

 

 

3. Theoretical background and mathematical modeling  

In this section the mathematical models for the analysis of the optical, thermal and 

thermodynamic performances of the parabolic trough receiver are presented. Moreover, the 

models used for the thermal physical properties of SWCNT-Therminol®VP-1 nanofluid are 

presented.  

3.1 Thermal analysis 

The thermal performance of a PTSC system is centered on the analysis of the key component – 

the receiver. In the analysis of the thermal performance of a parabolic trough system, the focus is 

on: (i) the prediction of the heat transfer performance inside the absorber tube where a HTF, 

mainly thermal oil, flows transferring thermal energy from the absorber tube to the application 

(ii) the determination of the thermal losses from the receiver tube during operation.  

The energy balance on the receiver will yield the equations essential to characterize the thermal 

performance and subsequently determine the thermal losses, heat transfer performance and 

necessary temperatures. For an inlet temperature, Tin, the temperature of the HTF will increase as 

it absorbs the incident solar radiation and leave the absorber tube with an outlet temperature of 

Tout. The useful heat gain delivered to the specified HTF can be calculated by 

( )u p out inQ mc T T 
 

(6) 
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In which, m is the mass flow rate of the HTF through the absorber tube, and cp is the specific 

heat capacity. The useful energy delivery rate can also be determined by considering an energy 

balance for the entire receiver according to 

( )u b o a loss b o a r L r aQ I A Q I A AU T T     
 

 (7) 

where Ib is the direct normal irradiance, ηo is the optical efficiency, Aa is the unshaded aperture 

area of the collector, Ar is the area of the outer wall of the absorber tube, UL is the overall heat 

loss coefficient representing the heat transfer from the absorber tube to the surroundings at Ta. 

Considering the convection heat transfer inside the absorber tube, the energy absorbed by the 

HTF can also be defined by   

( )u ri ri ri fQ d h T T    (8) 

The value of the heat transfer coefficient, hri depends on the type of flow in the absorber tube. It 

can be obtained using the relation:  

Nu
f

ri

ri

h
d




 (9)

 

where Nu = 4.36 if the flow is laminar, and λf is the thermal conductivity of the HTF. When the 

flow is turbulent, the Nusselt number is obtainable from [37] 

  

   
20.5

3

8 Re 1000 Pr
Nu

1 12.7 8 Pr 1

f

f




 
  (10) 

Here, f is the friction coefficient and can be estimated by 

 
2

0.790ln Re 1.64f


 
 

(11) 

Evacuating the annulus to very low pressures causes the convection heat transfer within the 

annulus to be suppressed. Only radiation heat transfer becomes the significant heat transfer 

mode. For the steady state analysis, the receiver thermal loss is accordingly given by 

4 4( )

(1 )1

ro ro gi

loss
gi ro

ro gi gi

d T T
Q

d

d





 







 

(12) 

where dro is the absorber tube outer diameter, ε is the emissivity and ζ is the Stefan Boltzmann 

constant = 5.67×10
−8

 Wm 
-2

 K
-4

.  
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Under steady state conditions, the value of the thermal loss obtained using Eq. (12) becomes 

equal to the heat transfer through the wall of the glass envelope which is rejected from the outer 

wall of the glass cover by combined convection and radiation heat transfer [30] 

The pumping power to overcome the pressure loss is determined to be 

pP V P    (13) 

where V  is the volume flow rate, and P  corresponds to pressure loss across the flow direction 

of the receiver. 

The thermal or energetic performance of the PTSC system is related to how a portion of the 

incident beam radiation falling on the collector aperture is transferred to the HTF as useful heat 

gain. The thermal efficiency is thus defined as 

p

u

el
th

b a

P
Q

I A







 (14) 

where ηel  is the electrical efficiency of the power block specified as 32.7%.  
   

3.2 Thermodynamic analysis 

In the thermodynamic analysis, the main objective is to analyze the rates of exergy destruction 

because of the irreversibilities occurring in the system. This requires the application of two tools: 

the entropy generation minimization method and the exergy analysis. In the scope of this study, 

the variation of entropy generation with heat transfer enhancement was determined. The entropy 

generation rates were considered as the heat transfer and fluid flow irreversibilities, they were 

determined from the temperature and velocity fields of the flow, and from the properties of the 

HTF as well using the entropy generation minimization method. In this method, the local entropy 

generation rates are obtained for each control volume in the computational domain and then 

integrated over the entire computational domain. The total entropy generation rate is determined 

as the sum of the heat transfer irreversibility and the fluid flow irreversibility [38,39]. In this 

analysis, the volumetric fluid flow irreversibility is given by [38,39] 

  ji i
gen F

j i j

uu u
S

T x x x T

   
          (15)
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Equation (15) represents the summation of the entropy generations due to direct dissipation 

(laminar part) and turbulent dissipation which, in turn, are the first and the second terms on the 

right-hand side of the equation. In Eq. (15), μ is the dynamic viscosity of the fluid, ρ is the 

density of the fluid, and ε is the turbulent dissipation rate.  

The volumetric heat transfer irreversibility is given by [38,39] 

  2 2

2 2
( ) ( )t

gen H
S T T

T T

  


      (16) 

where the first and the second terms of Eq. (16) represent the entropy generations by heat 

transfer by direct and turbulent dissipations, respectively. In Eq. (16), λ is the fluid’s thermal 

conductivity, and α and αt in the second term represent the thermal diffusivities. Once the 

entropy generation rates due to fluid flow and heat transfer are obtained from Eqs. (15) and (16) 

respectively for each control volume, the total entropy generation rate over the entire 

computational domain can then be obtained by integrating them over the entire volume as  

gen gen

V

S S dV 
 

(17) 

The exergy destruction rate due to these irreversibilities is then determined to be  

D o genE T S
 

(18) 

The availability or exergy of a system is related with the maximum useful work that can be 

obtained from that system as it undergoes a process and comes into equilibrium with its 

environment. For the PTSC system, the exergy is determined to be  

1 lno out

u u

out in in

T T
E Q

T T T

    
             

(19) 

To is the dead state temperature, which was taken to be 300 K in the analyses, and the useful heat 

gain can be calculated using Eq. (6). 

The exergy of the incident solar radiation is defined by Petela [40,41] as   

4

1 4
1

3 3

o o
sol sol

sun sun

T T
E Q

T T

    
      
       

(20) 
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where 
solQ  is the amount of energy incident on the collector’s aperture, and Tsun is the surface 

temperature of the sun, taken as 5800 K [40,41]. The exergetic efficiency is described as  

sol

u
ex

E

E




  (21) 

3.3  Material properties 

3.3.1 Heat transfer fluid 

The HTF used in the absorber tube was Therminol®VP-1. This HTF is commercially available 

and widely used in PTSC systems. It has a normal boiling point of 257
o
C and has an optimal 

usage range when in liquid phase from 12 – 400
o
C [9]. The thermo-physical properties of this 

HTF are provided in the manufacturer’s data sheets [9]. These properties are the strong function 

of operating temperature rather than pressure. For this reason, the temperature dependency for 

each property was described with polynomial functions using regression analysis as below.  

 

 

For 285.15 K ≤ T ≤ 698.15 K, 

The specific heat capacity (J kg
−1

.K
−1

):  

3 2 -5 3 -8 42.125 10 -11.017 0.049862 - 7.7663 10 4.394 10p T Tc T T    
 (22) 

The density (kg m
−3

):  

3 3 2 6 31.4386 10 1.8711 2.737 10 2.3793 10T T T       
 (23) 

The thermal conductivity (W m 
−1 

K
−1

):  

5 7 2 11 30.14644 2.0353 10 1.9367 10 1.0614 10T T T         
 (24) 

The dynamic viscosity (mPa.s):  

For the temperature range of 285.15 K ≤ T ≤ 373.15 K, 

2 3 2 6 3 3.661 10 3.0154 8.3409 10 7.723 10T T T          (25) 
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For 373.15 K ≤ T ≤ 698.15 K, 

4 2 7 3 10 423.165 0.1476 3.617 10 3.9844 10 1.6543 10T T T T           (26) 

3.3.2 Nanofluid 

Single wall carbon nanotubes (SWCNTs) are considered in this study given that they have 

significantly higher thermal conductivities compared with most other nanoparticles. Its thermal 

conductivity is about 2725 W m
−1

 K
−1

 at 400 K and about 1482 W m
−1

 K
−1

 at 650 K for a 10 nm 

in diameter and 5 μm length nanotube [42,43]. The thermal conductivity of some of the 

nanoparticles with higher thermal conductivities such as copper is about 393 W m
−1 

K
−1

 at 400 K 

and 376 W m
−1

 K
−1

 at 650 K, while it is for silver about 425 W m
−1

 K
−1

 at 400 K and 408 W m
−1

 

K
−1

 at 650 K [44]. Therefore, SWCNTs are expected to increase the thermal transport properties 

of the HTF substantially and essentially increase the thermal performance.   

For the SWCNTs with diameters between 2–10 nm and length between 1–5 μm, the density is in 

the range of 1.7–1.9 g cm
−3 

[45]. Change in temperature does not alter the specific heat capacity 

of SWCNTs appreciably. Its specific heat capacity varies between 1.79 J g
−1

 K
−1

 to 1.88 J g
−1

 K
−1

 

at temperatures of 250
o
C and 400

o
C, respectively [46]. The thermal conductivity of SWCNTs, λc 

is a function of temperature and length and can be determined according to [42,43] 

1

7 10 2 20.5
3.7 10 9.7 10 9.3 1c

CNT

T T T
L





  
  

       
    

(27) 

where T is the temperature in K, and LCNT is the length in μm. Equation (27) gives the thermal 

conductivity in W m
−1

 K
−1

 and is applicable over a range of temperature from 100 to 800 K.  

 

In order to precisely predict the performance of a system with nanoparticle laden fluid, accurate 

determination of the thermal physical properties of the synthesized nanofluids becomes 

important. Various models have been derived and presented by several researchers. These models 

are widely used and yield acceptable results. The properties of the nanofluid formed mainly 

depend on the volume fraction of the nanotubes employed and the thermal properties of both the 

base fluid and the nanotubes. The density of the nanofluid is given by [47,48] 

(1 )nf bf c     
 (28) 
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Assuming thermal equilibrium between the nanoparticles and the fluid, a formulation for the 

specific heat capacity was suggested as [47,48] 

, ,

,

(1 )

(1 )

p bf bf p c c

p nf

bf c

c c
c

   

  

 


 
 (29) 

The viscosity of the nanofluid has been traditionally calculated using the model developed by 

Einstein given shown in Eq. (30) [49]. However, this model has been shown to underestimate the 

effective viscosity of nanofluid mixtures [50]. As such, several researchers have derived other 

models for the determination of the viscosity of nanofluid mixtures. Most of these models are 

applicable to spherical nanoparticles. Xing et al. [50,51] derived an expression that can be used 

to determine the nanofluid viscosity for different shapes of the nanoparticles as given by Eq. 

(31). This equation is of the same form as the Einstein’s model [49] with a factor κ that depends 

on the shape of the nanoparticle used as indicated in Table 1 [50]. 

1 2.5
nf

bf





 

 (30) 

1
nf

bf





 

 (31) 

Table 1. Shape factor κ in Eq. (31) for different shapes of particles [50]     

Shape Sphere    Oval    Layered structure Rodlike 

κ   2.5             4.8          53     80 

To consider the effect of different shaped nanoparticles, the Hamilton and Crosser model is 

usually used to determine the thermal conductivity [52]:   

( 1) ( 1) ( )

( 1) ( )

nf c bf bf c

bf c bf bf c

     

     

      


      

(32) 

The shape factor, Г in Eq. (32) depends on the geometry of the nanoparticle. It is taken to be 3 

for spherical particles and 6 for cylindrical nanoparticles. But, this model underestimates the 

nanofluid thermal conductivity for cylindrical nanoparticles [50,53,54]. Nan et al. [53,54] 

developed and validated a more accurate model to determine the thermal conductivity of 

SWCNTs nanofluids. This model, which is based on the effective medium theory takes into 

account the diameter and the length of the nanotube as well as the interfacial thermal resistance.  

According to this model, the effective thermal conductivity is given by [53,54] 
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3 ( )

3

nf x z

bf x

   

 

 



 

(33) 

where 

11

11

2( )c

bf

x c

bf

 


 





 

(34) 

  

33 / 1c

z bf   
 

(35)

 
In Eqs. (34) and (35), θ is the volume fraction, 

11

c  and 
33

c  represent respectively the equivalent 

thermal conductivities along the transverse and longitudinal axes of a composite unit cell. These 

terms are expressed as 

11 2
1

 

c c

K c

CNT bf

a

d












  (36) 

33 2
1

 

c c

K c

CNT bf

a

L












  (37) 

In Eqs. (34) - (37), dCNT and LCNT are the diameter and length of the nanotubes, respectively. λc is 

the thermal conductivity of SWCNTs and λbf is the thermal conductivity of the HTF. The thermal 

conductivity obtained using Eq. (33) is considered more accurate, it results in higher values as 

the diameter and length of the nanotube increase. The empirical constant, ak is related to the 

interface thermal resistance, RK [53,54]. In this work, a suggested value of RK = 8×10
−8

 m
2 

K W
−1

 

was used [53,54]. 

K K bfa R 
 (38) 

The volume fraction of SWCNTs in the base fluid is of importance in ensuring the stability of the 

resulting nanofluid. High volume fraction will affect the stability of the nanofluid leading to 

agglomeration and also will result in increased pumping power requirement. In this study, low 

values of the volume fractions up to 2.5% were considered. This is lower than values considered 

by Said et al.  [28]  (up to 3.5%) for SWCNTs-water nanofluids in a flat plate solar collector and 
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values considered by Alashkar and Gadalla [42] (up to 5%) for SWCNTs-Therminol in a PTSC 

integrated solar regenerative Rankine cycle.  

 

It should also be noted that inclusion of nanotubes in Therminol®VP-1 may alter the rheological 

behavior of the resulting nanofluid. The debate on whether inclusion of nanoparticles or CNTs in 

conventional fluids will result in Newtonian or Non-Newtonian behavior is still ongoing and 

discrepancies still exist in the literature [55]. Agglomeration is a major factor that leads to non-

Newtonian behavior of nanofliuds, especially in the lower shear region [55]. Therefore, stably 

dispersed and homogeneous nanofluids generally result in Newtonian behavior. This is possible 

with low loading of nanatubes [56,57]  and use of dispersants or surfactants [58] . A Newtonian 

behavior was shown in the turbulent flow regime and a non-Newtonian behavior was shown in 

the laminar flow regime for CNTs in a horizontal tube with 0.01% weight concentration [59]. 

Newtonain behavior was also demonstrated for CNTs at high values of shear rate in a study by 

Aladag et al. [60], indicating the possibility of Newtonian behavior for nanofluids in the 

turbulent flow regime. Li et al. [61] performed a combined experimental and numerical 

investigation of volumetric versus surface solar absorbers for a concentrated solar thermal 

collector using MWCNTs-Therminol 55 nanofluid in the temperature range of 100−250 °C. The 

experimental and computational fluid dynamics results were found to be in good agreement for 

the thermal efficiency of these two receivers under the consideration of Newtonian fluid 

behavior. In the study related to the viscosity of water based SWCNH and TiO2 nanofluids, 

Bobbo et al. [58] prepared nanofluids of up to 1% by mass. Suspension stability was ensured by 

using the high pressure homogenization method and the use of sodium dodecyl sulfate (SDS) and 

EPG dispersants for SWCNH and TiO2, respectively. They revealed that the resulting nanofluids 

were Newtonian for all the compositions considered. In a study performed by Mesgari et al. [62] 

on the thermal stability of carbon nanofluids for solar thermal applications, it was shown that 

there was no agglomeration for mildly oxidized MWCNTs dispersed in Therminol for 

temperatures up to 250
o
C. In line with the above studies, it has been assumed that SWCNTs are 

stably and homogeneously dispersed in Therminol®VP-1, and the resulting nanofluid is 

Newtonian. Moreover, for the Reynolds numbers considered in this work, the shear rate is 

expected to be high, such that the viscosity of the nanofluid is independent of the shear rate.   
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3.3.3 Receiver  

For the receiver tube, a commercially available receiver was used in this study. The absorber tube 

material is a 321H stainless steel whose thermal conductivity is related with temperature as [63] 

0.0153 14.775abs absT    
(39) 

In Eq. (39), Tabs is the absorber tube temperature in K, and the unit of thermal conductivity is in 

W m
−1

 K
−1

.  

 

The outer surface of the absorber tube has a selective coating. Cermet was used as the selective 

coating whose emissivity is also described as a function of temperature [64] 

7 20.062 2 10ro roT   
 (40) 

where Tro is in 
o
C. 

The absorber tube is enclosed with a glass cover made from Pyrex®, its emissivity is 

temperature independent.  The inner and outer surface emissivities of the glass cover were taken 

as 0.86 [63].  

 

4. Numerical modeling  

In this section, the numerical modeling approach implemented to obtain the thermal and 

thermodynamic performance of the receiver tube is presented. Although the equations presented 

in Section 3 can be solved analytically to obtain receiver performance, in most cases a uniform 

temperature profile on the receiver’s absorber tube is used. Realistically, the heat flux 

distribution is non-uniform and varies significantly around the circumference of the absorber 

tube. To accurately predict the thermal and thermodynamic performances of the PTSC, a 

conjugate solution with MCRT and computational fluid dynamics tools was employed in this 

study. Using the MCRT procedure, a precise heat flux profile on the absorber’s receiver tube was 

obtained and coupled to the computational fluid dynamics tool to satisfy the accurate 

determination of velocity and temperature fields in the receiver and consequently the thermal and 

thermodynamic performance. The ray tracing approach is discussed in Mwesigye et al. [23]. The 

governing equation for the numerical modeling, the boundary conditions, and the numerical 

modeling approach to solve the problem are presented in the next sections.  
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4.1 Governing equations 

Flow of the HTF inside the receiver’s absorber tube is generally considered to be turbulent to 

ensure effective heat transfer performance and desirable receiver tube temperature gradients for 

guaranteeing safe and reliable operation of the receiver. The equations used to model this flow 

phenomena are [65] based on continuity, momentum, and energy balances:  

Continuity: 

( )
0i

i

u

x





 

(41) 

Momentum: 

 
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(42)  
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(43)  

The Reynolds stresses in Eqs. (42) and (43) are obtained using Boussinesq’s hypothesis as [65] 

2

3

ji k
t t ij

j i k

i j

u uu
u u k

x x x
    
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     

  

   
    

    

(44) 

In Eq. (41), k is the turbulent kinetic energy per unit mass given by [65] 

 2 2 21

2
k u v w    

 
(45) 

And µt is the eddy viscosity obtained from [65] 

2

t

k
C 




 
(46)  

In the above equations, 
i

u  and j
u  are the time-averaged velocity components in the i and j 

directions respectively, T  is the time-averaged temperature, P is the time-averaged pressure, ε is 

the turbulent dissipation rate and Cµ is an empirical relation/constant depending on the model 

used. 

The realizable k-ε model was shown to accurately model the turbulent flow in the receiver’s 

absorber tube in previous studies by Mwesigye et al. [13,23]. This model was again used in this 
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study for turbulence modeling. In the realizable k-ε model, two equations −turbulent dissipation 

rate and turbulent kinetic energy− are also solved together with the governing equations. The 

equations representing the turbulent dissipation rate and the turbulent kinetic energy and 

turbulence modeling using the k-ε models are detailed in Ref. [65].  

Within the evacuated annulus space, the only significant mode of heat transfer is radiation heat 

transfer [63]. It can be easily modeled using the surface to surface radiation model in ANSYS® 

Fluent [65] after the view factors are computed. However, in this study, this surface to surface 

radiation heat transfer mechanism was modeled using the discrete ordinates model [65] with air 

as a nonparticipating medium.  

 

Table 2. Simulation parameters for the PTSC 

Parameter Value 

Absorber tube inner diameter, dri (m) 0.076 

Absorber tube outer diameter, dro (m) 0.080 

Glass cover inner diameter, dgi (m) 0.120 

Aperture width, a (m) 9.0  

Receiver length, L (m) 5.0 

Inlet temperatures, Tin  (K) 400−650 

Flow rates, m
3
 h

−1
 1.63−69.41 

 

Direct normal solar irradiance, Ib (W m
−2

)                           1 000 

Geometrical concentration ratio, CR 113 

Rim angle, θr 80°
 

Absorber tube absorptivity, αabs 0.96 

Collector reflectivity, ϼ 0.96 

Glass cover transmissivity, ηg 0.97 

Slope error, ζslope 3 mrad 

Specularity error, ζspec 0.5 mrad 

LCNT 10 nm 

dCNT 5 μm 

 

4.2 Simulation parameters and boundary conditions  

The geometrical, optical, environmental properties, and the flow parameters shown in Table 2 

were used in the model for the determination of the optical, thermal and thermodynamic 
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performance of the PTSC system. The geometrical concentration ratio used is described as the 

ratio of projected collector area (Aa = aL) to the projected area of the absorber tube (Ar = droL). 

 

The boundary conditions used in the numerical modeling of the computational fluid dynamics 

performed in ANSYS® Fluent [66] include: 

i. A non-uniform heat flux profile on the receiver’s absorber tube: This heat flux profile was 

obtained following the Monte Carlo ray tracing procedure in SolTrace [67] as described in 

Mwesigye et al. [23]. In the computational fluid dynamics analysis, this heat flux profile is 

hooked on the receiver’s absorber tube with user defined functions (UDFs). The heat flux 

profile on the half of the receiver tube −90°≤θ≤+90° is shown in Fig. 4. The heat flux profile 

was obtained under the case of the slope error of 3 mrad which is close to what is expected 

in realistic systems [68] a specularity error of 0.5 mrad.  

ii. An inlet boundary condition was specified at the inlet of the absorber tube, z = 0, 

−90°≤θ≤+90° uz = uin, ux = 0, uy = 0 and T = Tin. 

iii.  A pressure outlet boundary condition was specified at the outlet of the absorber tube, z = L, 

−90°≤θ≤+90° since the flow is fully developed at the outlet, a pressure gradient equal to 

zero was specified. 

iv. All receiver walls, 0≤ z ≤L (absorber tube r = dri/2 and r = dro/2; glass cover, r = dgi/2 and           

r = dgo/2) were modeled with no-slip and no penetration boundary conditions. The specific 

thermal boundary conditions: 

a. Non-uniform heat flux boundary condition for the absorber tube outer wall already defined 

in (i) above.  

b. A mixed convection and radiation boundary condition for the receiver tube’s outer wall 

was specified. A convection heat transfer coefficient, hw in Eq. (47) [69] was specified and 

the radiation heat transfer was modeled using Stefan Boltzmann law by specifying the sky 

temperature as given by Eq.(10) [70] 

 

0.58 0.42

w w goh V d



  (47) 

1.5
0.0552 sky ambT T

  (48)
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In this study, the ambient temperature, Tamb was maintained at 300 K, and the wind velocity, Vw 

was kept at 2 m/s. 

v. For the receiver’s annulus space, zero values of all gradients were ensured using symmetry 

boundary conditions for the inlet and outlet of the annulus space since there is no flow due 

to the presence of vacuum.  
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Fig. 4. Variation of heat flux on the circumference of the absorber tube with slope errors 

  

4.3 Procedure of numerical solution  

The determination of the thermal and thermodynamic performance of a parabolic trough receiver 

using Therminol®VP-1 was performed in a number of stages. Firstly, Monte Carlo ray tracing 

using SolTrace [67] was used to determine the optical performance of the system according to 

the detailed procedure given by Mwesigye et al. [23,35]. The parabolic trough geometry was 

determined using Eqs.(1)–(5), the optical properties of the collector (reflectivity), the receiver 

tube (glass cover transmissivity, absorber tube absorptivity), and the sun (sun shape) were 

specified as presented in Table 2. The receiver tube used in this study has characteristics of the 

fourth-generation Schott solar PTR
®
70 receivers [71]. The absorptivity of the absorber tube was 

0.96, the glass cover transmissivity was 0.97 and the collector mirror reflectivity was 0.96. As 

expected in actual parabolic trough plants, the slope error used was 3 mrad, and the specularity 

error was taken as 0.5 mrad [68]. Using these parameters, a Monte Carlo ray tracing model was 

developed and solved using SolTrace [67]. Employing the number of sun generated rays as 

1×10
8
 and the number of desired ray intersections as 1×10

6
, a precise optical solution was 
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achieved. The heat flux profiles for two different slope error values are shown in Fig. 4. It should 

be noted that the heat flux profile obtained under 3 mrad was considered in the latter analyses.   

 

Once the precise heat flux profile was obtained, the second step was the development of the 

numerical model for the investigation of the thermal and thermodynamic performance. This 

model was developed and implemented in ANSYS® 17.1 [66]. The model was built in ANSYS 

Design Modeler, including the CAD model of the computational domain. The discretization of 

the computational domain was performed with the ANSYS Meshing tool. The equations 

representing the continuity, momentum and energy balances, and turbulence models Eq. (41)– 

(46), and the boundary conditions presented in Section 4.2 were solved simultaneously by 

implementing them into ANSYS Fluent [66]. The SIMPLE algorithm was used for coupling of 

pressure and velocity, the second-order upwind schemes were used for integrating the governing 

equations over the computational domain. For turbulence modeling, the realizable k-ε was 

preferred to model the heat transfer and fluid flow in the receiver with acceptable accuracy. With 

lower y
+ 

values, the enhanced wall treatment option was selected to model the near-wall 

phenomena as recommended [65]. The convergence of the simulation was monitored that until 

scaled residuals were less than 10
−4

 for continuity, less than 10
−5 

for momentum, turbulent 

kinetic energy and turbulent dissipation rate and less than 10
−7 

and for energy. The convergence 

was further monitored by ensuring that the volume averaged monitors for the absorber tube’s 

wall temperature and volume averaged entropy generation rate ceased changing for more than 

150 successive iterations.  

 

The discretized computational grid used in this study is shown in Figs. 5(a) and 5(b). This is the 

general appearance of the mesh obtained after mesh dependence studies. A certain number of 

prism layers were included to ensure a y
+ 

value lower than 1 in all simulations for the precise 

prediction of temperature and velocity fields, and accordingly the heat transfer and fluid friction 

performance.  
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(a) Cross-section view of the mirrored receiver on the symmetry plane 

 

 
(b) Longitudinal view of the receiver’s mesh (perspective view) 

Fig. 5. Discretized computational domain of the receiver tube   

 

Mesh independent studies were done for representative combinations of volume fraction, 

Reynolds number and inlet temperature. Both the Reynolds number and inlet temperature affect 

the mesh since y
+ 

changes with the increase of Reynolds numbers and temperature. The thickness 

of the first prism layer was adjusted while either increasing the Reynolds number or the inlet 

Heat transfer 

fluid  Absorber tube  

Annulus 

space  
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temperature for the specified ranges in case of keeping one of these variables constant. The 

solution was accepted to be mesh independent when the changes in the thermal efficiency and 

the entropy generation rate were less than 1% as the mesh size reduced. Table 3 shows the 

sample mesh dependence studies at different inlet temperatures, volume fractions, and flow rates. 

In general, the number of mesh elements for the specified range of parameters were between 

752,610 and 1,102,504 depending on the inlet temperature and Reynolds number.  

 
Table 3. Sample mesh dependence studies for SWCNTs-Therminol®VP-1  

Tin = 500 K, ϕ = 2% and V = 20.41 m
3
 h

−1
   

Number 

 of elements 

Thermal efficiency, η 

(%) 

Entropy generation rate 

S'gen  

(W m
−1

 K
−1

) 

Percentage change 

in η (%)  

Percentage 

change in  

S'gen (%) 

452 522 63.66 0.5783 − − 

665 353 65.90 0.5849 3.4 1.13 

825 925 66.82 0.5864 1.4 0.26 

1 148 234 66.82 0.5866 0.0 0.03 

Tin = 600 K, ϕ = 0.5% and V = 36.74 m
3
 h

−1
   

779 453 58.40 0.28421 − − 

956 352 59.60 0.28258 2.0 -0.58 

1 346 517 59.61 0.28256 0.02 -0.007 

    

 

The last step in the procedure of the numerical solution was the determination of the entropy 

generation rates due to the heat transfer and fluid flow irreversibilities. These were determined 

by writing custom field functions representing Eqs. (15) - (17). Then, the entropy generation 

rates were obtained during the post processing stage of the computational fluid dynamics 

analysis.  

 

5. Results and discussion  

5.1 Validation of the numerical model 

This study uses the same modeling approach used in the previous studies by Mwesigye et al. 

[23,35,36,72]. In these studies, the optical performance of the parabolic trough system [35,36], 

the entropy generation model [72], and the thermal performance of the receiver [23,36] were 

validated based on the data available in the literature, and good agreements were obtained for 

each item. The optical performance was compared with the results revealed by Jeter [73]. The 

thermal performance was validated by the widely used data from Sandia National Laboratories 
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[23,74] and heat loss data from Dreyer et al. [75]. It was shown in these studies that the developed 

optical, thermal performance and entropy generation models were in excellent agreement with data 

in the literature. Readers interested in the validation of these models are referred to the previous 

studies mentioned. The thermal conductivity model for nanofluids presented in this paper was 

compared with the results from Nan et al. [53] to ensure that the introduced user defined functions 

accurately portray the thermal conductivity of the resulting nanofluid. As shown in Fig. 6, the 

present study predicts the thermal conductivity ratio excellently within the error band lower than 

±1%.   

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Nan et al. [56]

Present study

 nf
/

bf


 

Fig. 6. Comparison of the thermal conductivity model to Nan et al. [53] 

 

5.2 Heat transfer performance 

As can be expected, the use of SWCNTs-Therminol®VP-1 nanofluid improve the convective 

heat transfer performance in the receiver’s absorber tube owing to the higher thermal 

conductivity of the resulting nanofluid. Figure 7(a), shows the variation of the heat transfer 

coefficient on the absorber tube’s inner wall with Reynolds number at different volume fractions 

for an inlet temperature of 500 K. Clearly, higher heat transfer coefficients are obtained with the 

use of SWCNTs. The heat transfer performance increases almost linearly as the volume fraction 
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and the Reynolds number increase. This is mainly due to the increased thermal conductivity of 

the resulting nanofluid with the suspension of SWCNTs. As seen in Fig. 6 and as was previously 

shown by Nan et al. [53], SWCNTs can give significantly higher thermal conductivity ratios, even 

at low volume fractions. The thermal conductivity of the nanofluid having 2% SWCNTs by 

volume is nearly 2.5 times higher than that of the base fluid. The heat transfer performance can 

increase by about 240% by use of SWCNTs-Therminol®VP-1 nanofluid as the volume fraction 

increases from 0 to 2.5% for the associated range of Reynolds numbers.  

Figure 7(b) shows the variation of the heat transfer performance with Reynolds number at 

different volume fractions for an inlet temperature of 600 K. A similar trend as in Fig. 7(a) exists 

but with higher heat transfer coefficients. This is because at higher temperatures, the HTF is less 

viscous and less dense and therefore can transport heat energy more effectively. This is also 

shown in the Reynolds number difference between Fig. 7(a) and Fig. 7(b), despite the fact that at 

all inlet temperatures, the flow rates are the same and in the range 1.63 m
3
 h

−1
 and 69.41 m

3
 h

−1
. 

In the figures with the Reynolds number on the x-axis, each data point corresponds to the flow 

rates 1.63, 4.08, 12.25, 20.41, 28.58, 36.75, 44.91, 53.08, 61.24 and 69.41, respectively 

irrespective of the inlet temperature.  

To explicitly show the influence of operating temperature on the heat transfer performance, the 

variations with the inlet temperature were considered under specified volume fractions. Here, the 

heat transfer performance was indicated as a measure of the change in the convection heat 

transfer coefficient in the absorber tube. As shown in Fig. 8(a), the heat transfer performance is 

higher for higher inlet temperatures at the same flow rates. The same flow rates as was used for 

Fig.7 were considered.  Although the heat transfer performance seems to be lower at high inlet 

temperatures, in fact; it is not since the thermal properties of the HTF vary with temperatures, 

and the Reynolds number will be higher at high values of temperatures under the same flow rate. 

For example, at a flow rate of 28.58 m
3
 h

−1
, the Reynolds numbers are obtained to be 133 111, 

181 708, 226 123, 270 065 for the inlet temperatures of 450 K, 500 K, 550 K and 600 K, 

respectively. Thus, higher flow rates would be required at low inlet temperatures to have the 

same Reynolds number as compared with higher inlet temperatures.  
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(b) 

Fig. 7. Heat transfer performance as a function of Reynolds number and volume fraction (a) at Tin = 500 K and (b) at 

Tin = 600 K 

 

To dispel this possible confusion, the heat transfer performance was plotted with respect to flow 

rate which does not consider the effects of HTF density and viscosity. As shown in Fig. 8(b), the 
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heat transfer performance increases with inlet temperature under the specified conditions. 

Generally, the heat transfer performance will improve as the HTF is heated along the length of 

the receiver’s absorber tube. This is mainly due to the reduction in both fluid density and 

viscosity with temperature increment.  
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Fig. 8. Heat transfer performance based on (a) Reynolds number at different inlet temperatures and θ = 2% (b) 

volumetric flow rate at different inlet temperatures and θ = 1% 
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(b) 

Fig. 9. Variation of pumping power as a function of (a) Reynolds number and volume fraction at Tin = 600 K, and 

(b) Reynolds number and inlet temperature at θ = 2%  

 

5.3 Pumping power  

With the inclusion of nanotubes in the HTF, the fluid friction is expected to increase due to the 

increased density and viscosity of the resulting nanofluid. Noting that using nanotubes instead of 

spherical nanoparticles results in higher fluid friction due to their geometrical shape. Figure 9(a) 
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depicts the variation of pumping power with Reynolds number at different nanotube volume 

fractions for the inlet temperature of 600 K. As expected the pumping power increases with 

increasing Reynolds number and nanotube volume fraction. However, significant increments in 

pumping power are shown to exist for the Reynolds numbers corresponding to flow rates higher 

than 36.74 m
3 

h
−1

. Lower than this flow rate, the pumping power does not increase significantly 

as the volume fraction increases. Moreover, most commercial parabolic trough CSP plants 

operate with flow rates around this value depending on the incident solar radiation [63,74]. Thus, 

there is potential to achieve significant heat transfer performance with lesser pumping power 

requirement for practical PTSC systems, even with lower volume fractions as considered in this 

study. As shown in Fig. 9(b), the pumping power is shown to be higher at lower inlet 

temperatures at a given Reynolds number. This is true both at considerable flow rates and 

considerable Reynolds numbers. This phenomenon is expected since at lower temperatures the 

HTF is denser and more viscous requiring significant amounts of power to move through the 

absorber tube.  

5.4 Thermal efficiency  

The thermal efficiency of the PTSC considers the increase in performance due to improved heat 

transfer at the expense of thermal losses and the pumping power as Eq. (14) indicates. The 

variation of the thermal efficiency with Reynolds number and volume fraction is presented in 

Fig. 10(a). As clearly shown, the thermal efficiency increases up to a certain value and reaches its 

maximum value and then starts to decrease, even becoming lower than that of the case without 

nanofluid at higher Reynolds numbers and volume fractions. At low flow rates, there is increased 

heat transfer performance and lower pumping power requirements leading to increased thermal 

efficiency with the increase of Reynolds number. Further increase in the flow rate will increase 

the heat transfer performance as already shown, but the pumping power required becomes 

significantly higher than the useful heat gain. In this case, the improvement in the heat transfer 

performance will not compensate the increased pumping power thus lower thermal efficiency is 

obtained. The other contribution to the increase in thermal performance is the reduction in 

absorber tube temperature with heat transfer enhancement and accordingly the reduction of 

receiver thermal losses as was shown in earlier studies [22,34].  

It is interesting to note that although the enhancement in heat transfer performance using 

SWCNT nanofluid is relatively high compared to the base fluid, the improvement in the thermal 
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efficiency is unfortunately not at the same degree. The thermal efficiency is shown to increase by 

about 4.4%. Much higher values such as 12.5% and 13.9% for copper and silver nanoparticles 

respectively we obtained in earlier studies [13,23]. This is the evidence of the fact that the 

thermal conductivity is not the unique property to improve the performance of a solar thermal 

energy system using nanofluids. The present study shows that the higher specific heat capacity of 

SWCNTs about 1800 J kg
−1

 K
−1

 compared to that of copper and silver about 396–421 J kg
−1

 K
−1

 

and 238–252 J kg
−1

 K, respectively are the potential cause of having lower thermal efficiency 

improvement. This means that the resulting SWCNTs-Therminol®VP-1 nanofluid would require 

significantly more energy for the differential temperature rise and thus lower actual energy 

output as compared to copper and silver – Therminol®VP-1 nanofluids. This result is also in line 

with the results of Alashkar and Gadalla [42], who showed that the use of SWCNTs in a PTSC 

integrated solar regenerative Rankine cycle yielded the lowest annual energy output as compared 

with copper and silver. Therefore, for thermal energy generating systems, the influence of both 

thermal conductivity and specific heat capacity needs to be assessed to decide whether the use of 

nanofluids improves the thermal performance.  

As shown in Fig. 10(a), the increase in efficiency is higher for low Reynolds numbers or flow 

rates. There will be significant improvements provided that the flow rates are lower than 28.6 

m
−3

 h
−1

 for all the inlet temperatures and the considered geometrical parameters.  

The variation in the thermal efficiency based on the inlet temperature for a given volume fraction 

is shown in Fig. 10(b). It is relatively higher at low inlet temperatures because of the low 

absorber tube temperature and thus low receiver thermal loss [76]. Increasing the inlet 

temperature means higher absorber temperature, which causes increased receiver thermal losses, 

mainly due to radiation from the high temperature absorber tube to the low temperature 

surroundings.  Moreover, since the HTF is denser and more viscous at low temperatures, the 

thermal efficiency increases to a maximum value and then begins to fall due to the increased 

pumping power with increased Reynolds numbers. At high temperatures, the reduction in the 

thermal efficiency with growing Reynolds number is not pronounced since the HTF is less dense 

and less viscous and therefore does not require significant amounts of pumping power as was 

already discussed.   
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(b) 

Fig. 10. Variation of thermal efficiency as a function of (a) Reynolds number and volume fraction at Tin = 600 K, 

and (b) Reynolds number and inlet temperature at θ = 2.5%.  

 

Despite having low improvement in the thermal efficiency, using SWCNTs-Therminol®VP-1 

nanofluid leads to an appreciably higher reduction in the temperature gradients of the absorber 

tube. Higher receiver tube temperature gradients have been shown to be the primary cause of the 

receivers’ failure in PTSC systems. Hence, reducing the temperature gradient over the receiver 

will reduce the thermal stresses and consequently increase its reliability. At 4.08 m
3
 h

−1
, the 
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maximum circumferential temperature gradient decreases from 167 K to 108 K, i.e., a 35.3% 

drop, as the volume fraction increases from 0 to 2.5%. At 20.4 m
3
 h

−1
, the drop is 24.8% for the 

associated condition. As such, higher reduction in the absorber tube temperature is expected at 

relatively low flow rates. Figure 11 (a) and (b) depicts the temperature contours at 4.08 m
3
 h

−1
 

for an inlet temperature of 400 K and volume fractions of 0% and 2.5%, respectively. The 

reduction in absorber tube temperature gradients at 2.5% volume fraction is clearly seen from the 

figure. 
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(d) 

Fig. 11. Contours of the absorber tube’s outlet temperature at Tin =  400 K and a flow rate of 4.08 m
3
 h

−1
 (a) θ = 0% , 

(b) θ = 2.5%, (c) Variation of bulk temperature at the absorber tube outlet with Reynolds number and volume 

fraction at Tin = 450 K, and (d) absorber tube temperatrue gradients as a function of flow rate and volume fraction at 

Tin = 550 K 

 

Figure 11 (c) depicts the variation of the bulk fluid temperature at the absorber tube’s outlet. As 

shown, the bulk fluid temperature does not change appreciably with volume fraction at a given 

flow rate. As was previously discussed, the high specific heat capacity of the resulting nanofluid 

means that more energy would be required to increase the fluid temperature compared to what 

would be needed only with the base fluid. It therefore appears that the improvement in the 

performance is mainly from the increased convective heat transfer performance, reduced thermal 

losses owing to the reduced absorber tube temperatures and increased heat capacity of the 

nanofluid. The absorber tube temperature gradient, ΔT, defined as the maximum absorber tube 

temperature minus the minimum absorber tube temperature shows the reduction in temperature 

gradients as volume fractions increase as depicted in Fig. 11 (d). As an example, the temperature 

gradients reduce by 28% and 24% as the volume fraction increases from 0 to 2.5% at flow rates 
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of 12.25 m
3
 h

-1
 and 28.58 m

3
 h

-1
, respectively. Significant reductions in absorber tube 

temperature gradients are shown to exist at low flow rates. 

5.5 Entropy generation and exergetic performance  

5.5.1 Entropy generation analysis 

The determination of entropy generation rates in thermal systems and the minimization of these 

irreversibilities is an effective way of improving the thermodynamic performance of these 

systems [77]. For convective heat transfer, the main irreversibilities are the heat transfer and 

fluid flow irreversibilities. In this study, these two irreversibilities were obtained using Eq. (15) 

and (16). The total entropy generation rate is the sum of the heat transfer and fluid flow 

irreversibilities given by Eq. (17) for the entire control volume. Figure 12(a) illustrates the 

variation of the irreversibilities at volume fractions of 0.5% and 2.5%, respectively for 450 K 

inlet temperature. As shown, the heat transfer irrversibilities are dominant at low Reynolds 

numbers owing to the high finite temperature differences in the receiver tube. The heat transfer 

irreversibility decreases with Reynolds number as the finite temperature difference reduces. 

However, the fluid flow irreversibilities are very small at low Reynolds numbers and increases 

with Reynolds number due to increased fluid friction. At much higher Reynolds numbers, the 

fluid flow irreversibility will increase and become the dominant source of irreversibility [36,72].  

The total entropy generation rate is almost the same as the heat transfer irreversibility for the 

range of parameters considered. Thus, for this range of parameters, heat transfer enhancement is 

expected to reduce the finite temperature difference and thus the entropy generation rate. As Fig. 

12(a) shows, the entropy generation rates at a volume fraction of 2.5% are much lower than those 

at the volume fraction of 0.5%. The decrease in entropy generation rates with increasing 

Reynolds number and volume fraction is further demonstrated in Fig. 12(b) for the inlet 

temperature of 500 K. The same trends were obtained at other inlet temperatures. 
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(b) 

Fig. 12. Entropy generation rates as a function of (a) Reynolds number when Tin = 450 K at θ = 0.5% and 2.5%, and 

(b) Reynolds number and volume fraction for Tin =500 K. 

 

The entropy generation rates are reduced by about 70% as the volume fraction increases from 0 

to 2.5%. This is expected since the heat transfer performance was much higher and thus 

significantly reduced finite temperature differences. Significant reductions in the entropy 

generation rates are achievable at flow rates lower than 36.7 m
3
 h

−1
. Higher entropy generation 

rates are expected at low inlet temperatures as shown in Fig. 13(a) and 13(b). At low inlet 
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temperatures, the heat transfer performance is low due to increased heat transfer irreversibilities, 

and the fluid friction is higher due to the high density and viscosity HTF. As the temperatures 

increase, the change in the properties of the HTF leads to improved heat transfer performance 

and also makes the fluid less dense and less viscous, thus less fluid friction irreversibilities. 
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Fig. 13. Entropy generation at different inlet temperatures as a function of (a) Reynolds number for θ =1% and (b) 

volume flow rate for φ = 1% 
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The contribution of each irreversibility to the total entropy generation rate is presented using the 

Bejan number which represents the ratio of the entropy generation due to the heat transfer 

irreversibility to the total entropy generation rate. The Bejan number significantly reduces with 

increasing volume fraction at a given Reynolds number and with increasing Reynolds number at 

a given volume fraction as shown in Fig. 14(a). This is due to the reduced heat transfer 

irreversibility as the Reynolds number and volume fraction increase. The reduction in the Bejan 

number will also be partly due to increasing fluid friction as Reynolds number and volume 

fraction increase.  
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(c) 

Fig. 14. Variation of the Bejan number as a function of (a) Reynolds number and volume fraction for Tin = 400 K (b) 

Reynolds number and inlet temperature for θ = 2% (c) flow rate and inlet temperature at θ = 2%  

 

At a given flow rate, lower inlet temperatures are shown to have higher Bejan numbers as shown 

in Fig. 14(a)−(c). This is expected since the heat transfer irreversibility will be higher when the 

finite temperature difference is higher due to poor heat transfer performance at low temperatures. 

However, at a given Reynolds number, the Bejan number is seen to be higher for higher inlet 

temperatures due to higher finite temperature differences and lower flow rates needed to achieve 

this Reynolds number compared to those at low temperatures. Moreover, at lower inlet 

temperatures, the fluid flow irreversibility associated with the higher fluid friction further 

reduces the Bejan number.   

 

5.5.2 Exergetic performance 

As a measure of exergetic performance, the exergy efficiency was evaluated using Eq. (21). The 

total entropy generation rate due to heat transfer and fluid flow irreversibilities has been used to 

determine the exergy destroyed given by Eq. (18). Fig. 15(a) represents the exergetic efficiency 

at different volume fractions as a function of the Reynolds number for the inlet temperature of 

550 K. As shown, the influence of the volume fraction on the exergetic efficiency is poor. The 

exergetic efficiency increases by about 1.3% for the range of parameters considered as the 

volume fraction increases from 0 to 2.5%. The variation of the exergetic efficiency depends  
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Fig. 15. Exergetic efficiency as a function of Reynolds number (a) and volume fraction at Tin = 550 K, and (b) inlet 

temperature at φ = 1% 

 

rather on the inlet temperature as shown in Fig. 15(b). At low temperatures, the exergetic 

efficiency reduces as the Reynolds number increases. This is because the irreversibilities are 

higher at low temperatures and increase with Reynolds number, while the thermal losses are 

lower. This means a continuous reduction of the available energy and thus the exergetic 

efficiency. At higher temperatures, the irreversibililities are lower, but they increase with 
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increasing Reynolds number. However, thermal losses are higher, such that increasing the flow 

rates reduces these irreversibilities and serves to increase the available energy. As the Reynolds 

number increases further, the fluid flow irreversibility increases and leads to drop of the 

exergetic efficiency. The magnitude of the drop depends on the volume fraction employed. The 

exergetic efficiency generally reduces with Reynolds number for temperatures lower than 500 K, 

but increases above this temperature, reaches a maximum and drops as the Reynolds numbers 

increase. It has also shown that the exergetic efficiency increases with increasing inlet 

temperature, it reaches the top at about 600 K and starts to reduce thereafter as the temperatures 

increase further. The reduction at higher temperatures is probably due to the reduction in the 

available energy, i.e. higher thermal losses.  

 

6. Conclusion 

In this paper, the performance of a PTSC system using SWCNTs in Therminol®VP-1 has been 

numerically investigated. The energetic and exergetic performance of this system with a 

geometric concentration of 113 has been determined and presented for nanotube volume 

fractions of 0.25, 0.5, 1, and 2.5%, and inlet temperatures ranging from 400 K to 650 K. From 

the study, the following findings have been obtained as  

i. It is worth noting that the heat transfer performance can be enhanced about 234% using 

SWCNTs compared to that of the case using base fluid only for the range of parameters 

considered in this study.  

ii. Despite the mentioned improvement in the heat transfer performance, attributed to the high 

thermal conductivity of SWCNTs, it did not lead to higher improvements in the thermal 

efficiency. The thermal efficiency increased by up to 4.4% as the nanoparticle volume 

fraction increased from 0 to 2.5%. Reasonable improvements in the thermal efficiency were 

seen to occur at the flow rates lower than 28 m
3
 h

−1
. 

iii.  The maximum temperature gradient on the receiver tube was reduced by about 35%, 

substantial reductions are especially observed at low Reynolds number, as the volume 

fraction increases from 0 to 2.5%.  

iv. For the range of parameters considered, use of SWCNT nanofluid was shown to increase the 

exergetic performance of the PTSC system. Reduction in the entropy generation rate up to 
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70% was demonstrated due to the significant increase in the heat transfer performance and 

the subsequent reduction in the finite temperature difference.   

v. It was also demonstrated that higher thermal conductivity does not necessarily mean higher 

thermal efficiency or energy output. The specific heat capacity needs to be considered as 

another important property in determining the thermal performance of such thermal energy 

systems using nanofluids.  
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