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 In this paper, the effect of evacuated glass cover on convective heat loss and exergetic 

efficiency is studied. First, the evacuated receiver tube of LS-2 parabolic trough collector is 

simulated and analyzed with computational fluid dynamics (CFD). The results have good 

agreements with tested results. Secondly, this mentioned collector and its absorber tube are 

simulated without evacuated glass cover for various wind speeds and collector orientations. 

Finally, exergetic analysis of each case-studies are calculated and effect of wind blast and 

collector orientation on the exergy destruction and exergy loss are investigated. It is found 

that when wind blows on the convex side of the parabolic mirror, the impressibility of outlet 

temperature from wind speed is least than other orientations. Also, if the wind blows on the 

convex side of the parabolic mirror, the impressibility of outlet temperature from the 

variation of orientation is most than other orientations. Therefore exergy efficiency of 

collector will be decreases. With increasing of wind blast, the exergy loss and the destruction 

of collector increase. Therefore exergy efficiency of collector will be decreases. Also, using 

evacuated tube leads to increasing of exergy from 10 to 60 percents. 
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1. INTRODUCTION 

 
The study of heat loss from the receiver and heat transfer 

from the receiver to the working fluid are very important in 

determining the efficiency of solar parabolic trough collector. 

Several researchers tried to improve the efficiency of the 

parabolic solar collectors. Clark [1] determined the design 

factors such as mirror reflectance, tube intercept factor, 

incident angle, absorption talent of tube, end loss factor, sun 

tracking errors the influence to efficiency of a parabolic trough 

collector. Almanza et al. [2] analyzed the receiver behavior of 

parabolic trough collectors in direct steam generation (DSG) 

under different experimental conditions. Odeh et al. [3] 

investigated the performance of solar parabolic trough 

collector with synthetic oil and water as working fluids. The 

formulations for efficiency of concentrating collectors have 

been expanded based on absorber tube temperature to 

calculate the efficiency of the collector with any working fluid. 

Also, the numerical studies on the free convection (thermo 

siphon phenomenon) in a vertical annulus were studied by Wei 

and Tao in 1996. Then, Yoo and Cheng carried out numerical 

study about free convection around absorber tube in 1998 and 

1999. 

In 1998, Hamed and Khan and in 2000 Mota et al. 

investigated the natural convection in vertical porous annulus. 

In 2002 Shahraki [4] analyzed the fluid dynamic and heat 

transfer of two dimensional buoyancy-driven flows in annular 

vertically pipes via finite element method. Recently, a lote of 

researchers have been performed for all kinds of solar 

receivers. Then, in 2006 Yaghoubi et al. [5] investigated the 

wind flow around a parabolic collector and heat transfer from 

receiver tube numerically. In 2007 Kassem [6] surveyed the 

free convection heat transfer in the annular space between the 

circular collector tube and the glass cover in the parabolic 

trough collector. Moreover, in 2008, the Mont Carlo Ray 

Tracing method was used to calculate radiation distribution 

around absorber tube of parabolic concentrators. This method 

was applied to study the effect of sun-shape and surface slope 

error by Shuai et al. [7]. The results of these studies were not 

sufficiently functional and general to apply as design guide to 

gain maximum available exergy. Bejan [8, 9] carried out the 

second law analysis and exergy extraction from solar collector 

under time-depended conditions. Kurtbas and Durmus [10] 

presented the exergy analysis of a new solar air heater and 

concluded that the efficiency of the heater increases with the 

air flow rate while decreases with the increasing heat transfer 

area. Bakos et al. [11] have concluded the variation of 

parabolic trough collector efficiency as a function of heat 

transfer, pipe diameter, solar radiation stringency and diameter 

of the parabolic collector.  

Therefore, in the present paper, the numerical solving 

method will be applied to study the effect of wind speed and 

orientation of collector on exergy loss, destruction and 

efficiency of collector. Also, the effect of evacuated glass 

cover on exergy efficiency will be investigated. 

 

 

2. PHYSICAL MODEL AND GOVERNING 

EQUATIONS 

 

2.1 Physical model 

 

In order to study the exergetic efficiency and the destruction 

of exergy, LS-2 Parabolic Trough Collector is selected as a 

physical model. For validation of the CFD numerical method, 

the results will be compared with Dudley et al. [12] 
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experimental data at Sandia National Research Laboratory 

(SNRL). The schematics of the absorber tube and collector are 

shown in Fig. 1: 

 

 
 

Figure 1. Parabolic trough collector and the cross section of 

LS-2 absorber tube 

  

The properties of LS-2 collector and their assumptions are 

listed in table 1 as follow: 

 

Table 1. The list of LS-2 PTC properties 

 

LS-2 PTC (as a tested model at SANDIA research 

laboratory) 

Company: Luz industrial 

Operating temperature: 100-400℃ 

Module size: 7.8 m × 5 m 

Rim angle: 70 degrees 

Reflector: 12 thermally sagged glass panel 

Aperture area: 39.2 m2 

Focal length: 1.84 m 

Concentration ratio: 22.74 

Receiver: Evacuated tube, metal bellows 

at each end 

Diameter of Glass cover: 115 mm 

Transmittance of Glass 

cover: 

0.95 

Absorber surface: Cermet selective surface 

Absorptance: 0.96 

Absorber tube inner 

diameter: 

66 mm 

Absorber tube outer 

diameter: 

70 mm 

Flow restriction device 

(plug)diameter: 

50.8 mm 

 

Also, the used working fluid of collector is Syltherm-800 

which is one of the oil derivatives. The physical and thermal 

properties of this working fluid are functions of temperature as 

shown in equations 1 to 4 as below [27]:  

 

𝑐p=0.00178T+1.107798 [kJ kg-1K-1]                                            (1) 

 

𝜌=−0.4153495T+1105.702 [kg∙m-3]                                        (2) 

 

K= − 5.753496×10−10𝑇2 − 1.875266 × 10−4 T+0.1900210 

[W∙m-1 K-1]                   (3) 

𝜇 =6.672× 10−13𝑇4 −1.5661.388× 10−6𝑇2 −5.541× 10−4T 

+8.487× 10−2 [Ns∙m-1]      

 (4) 

These polynomial functions depend on temperature and are 

valid from 373.15 to 673.15 K. The stainless steel with thermal 

conductivity of 18 W/m K [13] is applied for the tube. 

 

2.2 Governing equations 

 

The governing conditions for fluid flow in the absorber tube 

are k-𝜀 turbulent model and steady state. So the equations that 

govern on the physical model are as: 

Continuity equation: 

 
    𝜕   

𝜕𝑥i
(𝜌𝑢i) = 0                                                                  (5) 

 

Momentum equation: 

 
𝜕

𝜕𝑥i
(𝜌𝑢i𝑢j) = −

𝜕𝑝

𝜕𝑥i
+

𝜕

𝜕𝑥i
[(𝜇t + 𝜇) (

𝜕𝑢i

𝜕𝑥j
+

𝜕𝑢j

𝜕𝑥i
) −

2

3
(𝜇t +

𝜇)
𝜕𝑢l

𝜕𝑥l
𝛿ij] + 𝜌𝑔i                                                                    (6) 

 

Energy equation: 

 
𝜕

𝜕𝑥i
(𝜌𝑢i𝑇) =

𝜕

𝜕𝑥i
[(

𝜇

𝑃𝑟
+

𝜇t

𝜎T
)

𝜕𝑇

𝜕𝑥i
] + 𝑆R                                           (7) 

 

Kinetic energy (k) equation: 

 
𝜕

𝜕𝑥i
(𝜌𝑢i𝑘) =

𝜕

𝜕𝑥i
[(𝜇 +

𝜇t

𝜎k
)

𝜕𝑘

𝜕𝑥i
] + 𝐺k − 𝜌𝜀                                  (8) 

 

𝜀 equation: 

 
𝜕

𝜕𝑥i
(𝜌𝑢i𝜀) =

𝜕

𝜕𝑥i
[(𝜇 +

𝜇t

𝜎ε
)

𝜕ε

𝜕𝑥i
] +

𝜀

𝑘
(𝑐1𝐺k − 𝑐2𝜌𝜀)                  (9) 

  

Eventually, the turbulence viscosity and the production rate 

are expressed by: 

 

𝜇𝑡 = 𝑐μ𝜌
𝑘2

𝜀
                                                                         (10) 

  

𝐺k = 𝜇t
𝜕𝑢i

𝜕𝑥j
(
𝜕𝑢i

𝜕𝑥j
+

𝜕𝑢j

𝜕𝑥i
)                                                            (11) 

 

In the above equations, σε and σk are the turbulent Prandtl 

numbers for k and ε, respectively. c1, c2 and cμ are constants 

values. In addition, 𝜎T is the RANS turbulent Schmidt number. 

These standard constants are considered according to [28] 

equal to: 𝑐μ =0.09, 𝑐1 = 1.44, 𝑐2 =1.92, 𝜎k=1.0, 𝜎ε=1.3, and 

𝜎T=0.85. 

 

 

3. BOUNDARY CONDITIONS 

 

The used boundary conditions in the computational domain 

are as follows: 

 

For inlet: �̇�in = �̇�z = 0.6782 Kg/s (mass flow inlet), �̇�x =
�̇�y = 0 Kg/s, 𝑇in =375.5 K 
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Turbulent kinetic energy: 

𝑘in=1%.1/2𝑢in
2 ,                                                                   (12) 

 

Turbulent dissipation rate:  

 

𝜀in=𝑐μ.𝜌(𝑇).𝑘in
2 /𝜇t,                                                             (13) 

 

Considering: 𝑐μ=0.09, 𝜇t=100 [14].                                   (14) 

 

For outflow fully-developed assumption is applied. The 

wall of evacuated tube and experimental system is adiabatic. 

Also, for the tube without glass cover its wall of tube is 

exposed to wind and air flow and heat flux which is calculated 

by Mont-Carlo Ray Tracing (MCRT) method. 

 

 

4. MCRT As A RADIATION MODELING TOOL 

 

Solar radiation has been simulated via Mont-Carlo Ray 

Tracing (MCRT) as a statistical and probability method. This 

method is based on incident and reflection ray vectors. Since 

then, the finite volume methods (FVM) are used after the 

calculation of solar radiation distribution. Because of variation 

between the sun and the earth diameters, the collection of rays 

is considered conic shape. This optical cone osculates to one 

point of mirror surface. Fig. 2 shows the optical cone which is 

collection of several sun rays. One of sun rays in the optical 

cone is shown below:    

 

 
 

Figure 2. The specification of a sun ray in the cone via two 

guide angles 

In fig. 2 the definition of two guide angles are as: 

 

𝜃 = 𝑡𝑎𝑛−1(√𝜀1𝑡𝑎𝑛𝜃max)           0 ≤ 𝜃 ≤ 𝜃max                       (15) 

 

𝜓 = 2𝜋𝜀2                                 0 ≤ 𝜓 ≤ 2𝜋                                  (16) 

 

Consider that, 𝜀1 and 𝜀2 are random numbers between zero 

and one. The collection of incident sun rays is shown with �⃗�  
vector that is defined as: 

 

�⃗� = (sin θ cosψ ,−cosθ, sin θ sinψ)                                         (17) 

 

Also, if sun tracking error is considered, the vector of sun 

ray incident is given by: 

 

�⃗� =

[
𝑐𝑜𝑠𝛼 −𝑠𝑖𝑛𝛼 0
𝑠𝑖𝑛𝛼 𝑐𝑜𝑠𝛼 0
0 0 1

] [

sin (tan−1(√𝜀1  tan 𝜃𝑚𝑎𝑥)) cos(2𝜋𝜀2)

−𝑐𝑜𝑠 tan−1(√𝜀1  tan𝜃𝑚𝑎𝑥)

sin (tan−1(√𝜀1  tan𝜃𝑚𝑎𝑥)) sin(2𝜋𝜀2)

]                   

                                                       (18) 

 

Therefore, eq. (19) expresses the sun rays after reflection 

vectors. 

 

𝑆 = �⃗� − 2(�⃗⃗� . �⃗� )�⃗⃗�                                                                (19) 

 

where, �⃗⃗�  is normal (orthogonal) vector on mirror surface. 

Therefore, the MCRT model is solved and its result is 

distribution of heat flux around outer wall of absorber tube. 

According to the local of experimental researches, the Direct 

Normal Incident (DNI) is considered 909.5, 928.3 and 933.7 

W/m2 respectively [12]. Also, fig. 3 shows the distribution of 

heat flux which is obtained by MCRT code versus DNI= 933.7 

W/ m2: 

 

 
 

Figure 3. The solar heat flux distribution around absorber tube in LS-2 PTC 

 

 

The algorithm of MCRT method for evacuated tube is 

shown in fig. 4. If the absorber tube is considered without glass 

cover, some of steps at algorithm consist of glass cover will be 

omitted. 

5. NUMERICAL SIMULATION BY 

COMPUTATIONAL FLUID DYNAMICS (CFD) 

 

After mesh generation in the tube geometry, the in-house 

computational code has been used to simulate the absorber 
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tube as a receiver of radiations. The reached heat flux 

functions are defined and linked to main program with self-

developed subroutine program. Also, the properties of 

Syltherm-800 are defined in code as polynomial functions. 

Therefore, the gravity must be activated. 

The governing equations are discretized with finite volume 

method (FVM). Considering, the convective terms of 

momentum and energy are discretized with the second upwind 

order. The SIMPLE algorithm is applied to couple velocity 

and pressure together. The convergence criterion of all 

equations are considered less than 10−6.  

In figs.4 and 5, temperature distribution are shown along the 

length and sectional area of the pipe, respectively. As it can be 

observed, the operating fluid in the cross section is heated non-

uniformly. The underside of the tube is the hottest section in 

the cross section as well as the lower part in the pipe outlet is 

the hottest part throughout the tube. At the cross section of the 

tube, due to the fact that the gravity option has been active in 

Fluent software, the thermo syphon phenomenon will occur. 

As a result of this, the fluid is heated along the tube and 

ascending to the upper part of the tube as it moves naturally. 

 

 
 

Figure 4. Temperature contour around the tube 

 

 
 

Figure 5. Temperature contour around the outlet section 

 

The results which are obtained by simulation of LS-2 

absorber tube (𝐷p=50.8 mm), are used to compare and validate 

of numerical method. Tab. 2 indicates the comparison between 

numerical results and Dudley et al. [12] data. ∆𝑇%  was 

selected as comparison criterion and its definition is as below: 

 

∆𝑇% =
𝑇exp−𝑇num

𝑇exp
× 100%                                                           (20) 

 

The useful heat gain by the parabolic trough collector 

exposed to solar radiation is defined as: 

 

𝑄u = �̇�𝑐p(𝑇out − 𝑇in)                                                                (21) 

 

And the thermal efficiency of the collector is obtained by: 

 

𝜂th =
𝑄𝑢

𝐴c. 𝐼
⁄                                                                 (22) 

 

where 𝐴c is the area of the collector and I is the solar radiation 
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incident on the collector mirror. It can be seen from table 2, 

there is a logical agreement between numerical and 

experimental results. 

 

 
 

Figure 6. The algorithm of MCRT in MATLAB software for evacuated tube 

  

Table 2. Comparison of outlet temperature between numerical model and Dudley et al. [12] test results 

 

Case 

study 

Direct 

normal 

incident 

(W/ m2) 

 

Mass flow 

rate 

(kg/s) 

Inlet 

temperature 

(K) 

Outlet 

temperature 

(K) 

Exp. [12] 

Outlet 

temperature 

(K) 

Num. 

∆𝑻% 

 

 

𝛈% 

Efficiency 

Exp. [12] 

𝛈% 

Efficiency 

Num. 

1 933.7 0.6782 375.5 397.5 399 0.38 72.07 74 

2 928.3 0.7205 471 493 495.7 0.55 71 73.4 

3 909.5 0.81 524.2 542.9 546.1 0.59 70.5 72.1 

 

 

6. DEFINITION OF ORIENTATION 

 

When the angle of orientation becomes zero deg, the 

collector aperture is parallel to wind and angle of orientation 

becomes 90 deg means that the aperture is normal to wind. 

Also, The direction of wind blast is assumed horizontal. The 

mentioned collector is sun tracking and according to the fig. 7, 

the angle of orientation is defined: 
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Figure 7. Definition of orientation angle schematically 

7. NUMERICAL RESULTS AND DISCUSSION 

 

7.1 Average Nu 

 

After validation, the effect of horizontal wind speed and the 

orientation of collector on exergy efficiency are numerically 

studed. Also, the influence of glass cover on  prevention of 

exergy destruction is investigated. After simulation of each 

case-studies the average Nu arround absorber tube is 

calculated. Fig. 8 shows the effect of collector orientation on 

average Nu variation.  

 

 
 

Figure 8. Variation diagram of Nu around absorber tube of collector versus several orientations and wind speeds=5, 10, 15 m/sec 

 

 
 

Figure 9. Diagram of outlet temperature versus several orientations and wind speeds=5, 10, 15 m/sec 

 

According to fig. 8, the maximum Nu is occurred versus 

orientation angle=90 deg. With decreasing of wind speed, the 

slope of diagrams is decreased and becomes horizontal. It 

means that, if the wind speed decreases, the average Nu will 

be constant and free convection will invigorate. Also, it is 

cancluded, when wind blows on the concave side of the 

parabolic mirror, the impressibility of average Nu from wind 

speed is most than other orientations. 

 

 

7.2 Outlet temperature 

 

According to eq. (21) the outlet temperature (𝑇o) is the most 

important in the calculation of collector thermal efficiency. 

Therefore, increasing of the outlet temperature leads to 

increasing of efficiency. Fig. 9 inhibits the impressibility of 𝑇𝑜 

from collector orientation. Considering, when wind blows on 

the concave side of the parabolic mirror, the impressibility of 

𝑇o from wind speed is most than other orientations. In contrast, 

when wind blows on the convex side of the parabolic mirror, 
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the impressibility of 𝑇o  from wind speed is least than other 

orientations. Also, if the wind blows on the convex side of the 

parabolic mirror, the impressibility of 𝑇o from the variation of 

orientation is most than other orientations. The mathematical 

statement of this sentence is shown in the slopes of diagrams. 

While, the distance between diagrams shows  the 

impressibility of 𝑇o from wind speeds. 

 

7.2 Air path lines 

 

Typical air path lines around the absorber tube for wind 

speeds= 5, 10, 15 m/sec are illustrated in fig. 10 for the angle 

of orientation=0 deg. These schematics exhibit that several 

recirculation regions are made around the receiver tube. 

Similar results are formed when angle of orientation is 

increased. This figure shows that, air flow field around the 

receiver tube is depended on the wind speed and strongly 

related to the collector orientation. Heat transfer from receiver 

is important factor in calculating of heat loss in receiver tube. 

If the wind speed is very high (higher than 5 m/sec), the effect 

of collector on absorber tube cannot be neglected and is 

important. This result is concluded from fig. 9 too. In low 

speeds (less than 2.5 m/sec) the free convection is more 

effective than forced convection around absorber tube. 

 

 
 

Figure 10. Distribution of air velocity around absorber tube 

versus wind speed 

 

7.3 Exergy analysis 

 

One of the governing equations on the solar collector is the 

usefull heat gain (𝑄u) for energy analysis. It is calculated by 

the working fluid property and mass flow rate as: 

 

𝑄u = �̇�𝑐p(𝑇out − 𝑇in)                                                           (21) 

 

The Hottel-Whillier equation calculates the useful heat gain 

for a solar collector system, considering the heat losses from 

the absorber tube to the ambient. Two different approaches are 

applied to calculate heat gain: “brute-force”, and “functional.” 

[15]. 

• A “brute-force” exergy efficiency is calculated by the 

ratio of the sum of all output exergy terms to the sum of 

all input exergy terms. 

• A “functional” exergy efficiency specially for solar 

systems is calculated by as the ratio of the exergy 

expended to the expected output. 
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In a similar relation, exergy efficiency is defined as the ratio 

of output exergy to input exergy, as follow: 

 

𝜂ex =
�̇�out

�̇�in
= 1 −

�̇�dest

�̇�in
                                                            (22) 

 

In other definition, Exergy is determined as the maximum 

amount of work which can be produced by a system or flow of 

mass or energy as it regards to equilibrium with a reference 

point at surrounding [16]. Consider that, this method is used in 

this paper. The main form of exergy equilibrium equation is as: 

 

�̇�in + �̇�s + �̇�out + �̇�l + �̇�dest = 0                                                (23) 

 

where, �̇�in, �̇�s, �̇�out, �̇�l and �̇�dest are the inlet, stored, outlet, 

loss and destroyed exergy rate, respectively. The inlet exergy 

rate is sum of the inlet exergy rate with fluid flow and the 

absorbed solar radiation exergy rate. The inlet exergy rate with 

fluid flow is obtained by: [16, 17] 

 

�̇�in,f = �̇�𝑐p (𝑇in − 𝑇a − 𝑇a ln (
𝑇in

𝑇a
)) +

�̇�∆𝑃in

𝜌
                           (24) 

 

Also, according to the Petela theorem, the absorbed solar 

radiation exergy rate is calculated by: [18] 

 

�̇�in,Q = 𝜂𝑜𝐼T𝐴P[1 −
4

3
(

𝑇a

𝑇Sun
) +

1

3
(

𝑇a

𝑇Sun
)
4

]                                  (25) 

 

The term in the bracket is named the Petela efficiency (𝜂p). 

However, this equation contravenes the second law of 

thermodynamics in some systems [19]. If the sun is assumed 

as an infinite thermal source, the corrected form of eq. (25) 

will be: [19, 20] 

 

�̇�in,Q = 𝜂o𝐼T𝐴P(1 −
𝑇a

𝑇Sun
)                                                      (26) 

 

where 𝑇Sun is the apparent sun temperature and equals 75% of 

black body temperature of sun [21].  

The summations of Eqs. (24) and (26) will result in total 

inlet exergy rate of the solar collector. The stored exergy rate 

is negligible at steady-state conditions. Also, the outlet exegy 

rate of outlet fluid flow in the solar collector is:  

 

�̇�out,f = −�̇�𝑐p (𝑇out − 𝑇a − 𝑇aln (
𝑇out

𝑇𝑎
)) +

�̇�∆𝑃out

𝜌
             (27) 

 

In eqs. (24) and (27), ∆𝑃in  and ∆𝑃out  are the pressure 

differences of the working fluid with the surrounding at 

entrance and exit of the receiver tube. The loss exergy rate 

consists of two terms: the first is created by heat loss rate from 

the absorber tube to the environment because of wind blast. It 

is calculated by: [22] 

 

�̇�l,w = −𝑈l𝐴c(𝑇P − 𝑇a)(1 −
𝑇a

𝑇r
)                                                        (28) 

 

The second is created by the temperature difference 

between the receiver tube and the sun. In other words, the 

radiation loss makes these term of exergy loss: [22] 

 

�̇�l,∆Ts
= −𝜂o𝐼T𝐴c𝑇a(

1

𝑇𝑟
−

1

𝑇Sun
)                                                         (29) 

where 𝜂o is optical efficiency of collector and calculated by 

𝜂o=𝜏𝛼. The destroyed exergy rate consists of two terms: The 

first term is caused by the pressure drop in the receiver tube 

duct: [23, 24] 

 

�̇�dest,∆p = −
�̇�∆𝑃

𝜌

𝑇a ln
𝑇out
𝑇a

(𝑇out−𝑇in)
                                                               (30) 

 

And the second term is concluded by the temperature 

difference between the receiver tube surface and the working 

fluid which is obtained by: [23, 24] 

 

�̇�dest,∆Tf
= −�̇�𝑐p(ln (

𝑇out

𝑇a
) −

𝑇out−𝑇in

𝑇r
)                              (31) 

 

Therefore, the eq. (23) is discretized to more terms as: 

 

 (32) 
 

If the absorbed solar radiation exergy rate (�̇�in,Q) supplants 

to right hand and two hands of resulted equation divided to 

�̇�in,Q then: 

 
�̇�in,f+�̇�out,f+�̇�l,w+�̇�l,∆Ts+�̇�dest,∆p+�̇�dest,∆Tf

−�̇�in,Q
= 1                         (33) 

 

The exergy efficiency has been defined as the 

increase of fluid flow exergy to the radiation source in solar 

collectors. In other words: 

 

𝜂ex =
�̇�in,f+�̇�out,f

−�̇�in,Q
                                                                  (34) 

 

Subtitling eqs. (24), (26) and (27) into Eq. (34), the exergy 

efficiency of the solar collector is calculated by: [19, 22, 25] 

 

𝜂ex =
�̇�[𝑐P(𝑇out−𝑇in−𝑇a ln(

𝑇out
𝑇a

))−
∆𝑃

𝜌
 

𝐼𝑇𝐴c(1−
𝑇a

𝑇sun
)

= 1 − {(1 − 𝜂o) +

�̇�∆𝑃

𝜌𝐼T𝐴c(1−
𝑇a

𝑇sun
)

𝑇a ln(
𝑇out
𝑇a

)

(𝑇out−𝑇in)
+

𝜂𝑜𝑇a

1−
𝑇a

𝑇Sun

(
1

𝑇𝑟
−

1

𝑇𝑠𝑢𝑛
) +

𝑈l(𝑇r−𝑇a)

𝑙T(1−
𝑇a

𝑇sun
)
(1 −

𝑇a

𝑇r
) +

�̇�𝑐p𝑇a

𝐼T𝐴c

(ln(
𝑇out
𝑇in

)−
(𝑇out−𝑇in)

𝑇𝑟
)

(1−
𝑇a

𝑇sun
)

}                                          (35) 

 

The amounts of exergy have been calculated and presented 

in tabs. 3, 4 and 5 for the wind speeds 5, 10 and 15 m/sec 

respectively. Consider that, the amounts of exergy loss, exergy 

destruction and exergy efficiency have been obtained 

separately.  
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Table 3. Amounts of exergy for several orientations and wind speed= 5 m/sec 

 

Orientation �̇�𝐢𝐧,𝐐 

(W) 

�̇�𝐢𝐧,𝐟 

(W) 

�̇�𝐬 

(W) 

�̇�𝐨𝐮𝐭,𝐟 

(W) 

�̇�𝐥,𝐰 

(W) 

�̇�𝐥,∆𝐓𝐬
 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐩 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐓𝐟
 

(W) 

𝜼𝐞𝐱 

% 

-90 +39549 +20345 ≅ 0 -40259 -5034 -1471 -4023 -9103 50.35 

-75 +39549 +20345 ≅ 0 -39203 -6154 -1455 -3865 -9217 47.68 

-60 +39549 +20345 ≅ 0 -38346 -7056 -1398 -3650 -9444 45.52 

-45 +39549 +20345 ≅ 0 -37269 -8243 -1370 -3550 -9462 42.79 

-30 +39549 +20345 ≅ 0 -36593 -8950 -1356 -3503 -9492 41.08 

-15 +39549 +20345 ≅ 0 -36015 -9530 -1334 -3490 -9525 39.62 

0 +39549 +20345 ≅ 0 -34633 -10888 -1316 -3474 -9583 37.12 

15 +39549 +20345 ≅ 0 -34020 -11502 -1304 -3444 -9624 34.58 

30 +39549 +20345 ≅ 0 -32823 -12675 -1297 -3423 -9676 31.55 

45 +39549 +20345 ≅ 0 -31969 -13540 -1275 -3407 -9703 29.39 

60 +39549 +20345 ≅ 0 -31404 -14067 -1264 -3394 -9765 27.96 

75 +39549 +20345 ≅ 0 -30652 -14786 -1256 -3376 -9824 26.06 

90 +39549 +20345 ≅ 0 -30400 -15034 -1235 -3350 -9875 25.42 

 

Table 4. Amounts of exergy for several orientations and wind speed= 10 m/sec 

 

Orientation �̇�𝐢𝐧,𝐐 

(W) 

�̇�𝐢𝐧,𝐟 

(W) 

�̇�𝐬 

(W) 

�̇�𝐨𝐮𝐭,𝐟 

(W) 

�̇�𝐥,𝐰 

(W) 

�̇�𝐥,∆𝐓𝐬
 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐩 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐓𝐟
 

(W) 

𝜼𝐞𝐱 

% 

-90 +39549 +20345 ≅ 0 -38561 -6129 -1045 -3925 -10234 46.06 

-75 +39549 +20345 ≅ 0 -37171 -6933 -1259 -3766 -10765 42.54 

-60 +39549 +20345 ≅ 0 -36196 -7836 -1168 -3521 -11173 40.08 

-45 +39549 +20345 ≅ 0 -35154 -9006 -1043 -3459 -11232 37.44 

-30 +39549 +20345 ≅ 0 -34476 -9850 -977 -3304 -11287 35.73 

-15 +39549 +20345 ≅ 0 -33888 -10492 -934 -3277 -11303 33.21 

0 +39549 +20345 ≅ 0 -33321 -11180 -889 -3164 -11340 30.89 

15 +39549 +20345 ≅ 0 -31907 -12633 -843 -3119 -11392 29.34 

30 +39549 +20345 ≅ 0 -30283 -14297 -807 -3072 -11435 25.13 

45 +39549 +20345 ≅ 0 -28644 -16040 -717 -3007 -11486 20.98 

60 +39549 +20345 ≅ 0 -27275 -17545 -592 -2975 -11507 17.52 

75 +39549 +20345 ≅ 0 -25419 -19521 -482 -2923 -11549 13.32 

90 +39549 +20345 ≅ 0 -23025 -22034 -375 -2890 -11570 10.1 

 

Table 5. Amounts of exergy for several orientations and wind speed= 15 m/sec 

 

Orientation �̇�𝐢𝐧,𝐐 

(W) 

�̇�𝐢𝐧,𝐟 

(W) 

�̇�𝐬 

(W) 

�̇�𝐨𝐮𝐭,𝐟 

(W) 

�̇�𝐥,𝐰 

(W) 

�̇�𝐥,∆𝐓𝐬
 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐩 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐓𝐟
 

(W) 

𝜼𝐞𝐱 

% 

-90 +39549 +20345 ≅ 0 -36154 -7312 -971 -3804 -11653 39.97 

-75 +39549 +20345 ≅ 0 -35323 -8003 -913 -3652 -12003 37.82 

-60 +39549 +20345 ≅ 0 -34289 -8927 -878 -3446 -12354 35.26 

-45 +39549 +20345 ≅ 0 -33171 -9965 -822 -3369 -12567 32.43 

-30 +39549 +20345 ≅ 0 -32896 -10132 -795 -3217 -12854 30.5 

-15 +39549 +20345 ≅ 0 -31256 -11477 -731 -3163 -13267 27.59 

0 +39549 +20345 ≅ 0 -30436 -12185 -689 -3049 -13535 25.52 

15 +39549 +20345 ≅ 0 -28810 -13671 -645 -2935 -13833 21.4 

30 +39549 +20345 ≅ 0 -26780 -15430 -602 -2847 -14235 17.9 

45 +39549 +20345 ≅ 0 -24690 -17189 -577 -2739 -14699 12.5 

60 +39549 +20345 ≅ 0 -23102 -18545 -503 -2654 -15090 8.67 

75 +39549 +20345 ≅ 0 -21850 -19825 -420 -2545 -15254 3.81 

90 +39549 +20345 ≅ 0 -20406 -21120 -382 -2463 -15523 0.15 

 

Table 6. Amounts of exergy for several orientations and wind speeds using avacuated tube 

 

All 

case-

studies 

�̇�𝐢𝐧,𝐐 

(W) 

�̇�𝐢𝐧,𝐟 

(W) 

�̇�𝐬 

(W) 

�̇�𝐨𝐮𝐭,𝐟 

(W) 

�̇�𝐥,𝐰 

(W) 

�̇�𝐥,∆𝐓𝐬
 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐩 

(W) 

�̇�𝐝𝐞𝐬𝐭,∆𝐓𝐟
 

(W) 

𝜼𝐞𝐱 

% 

 +39549 +20345 ≅ 0 -

44563 
≅0 -

1621 

-4503 -9207 61.24 
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Since then, the all mentioned terms of exergy is calculated 

for evacuated tube which is used in all orientations and wind 

speeds. Because of evacuated glass cover, the results are 

independent of orientations and wind speeds. Tab. 6 presents 

these results as follow: 

Finally, in fig. 11, the comparative diagram of exergy 

efficiency has been presented for all orientations and wind 

speeds. Consider that, the increase of wind speed leads to 

increasing of exergy efficiency. Also, the variation of collector 

from -90 to 90 deg increases the exergy efficiency. Also, using 

evacuated tube leads to increasing of exergy from 10% to 60%. 

 

 
 

Figure 11. Comparative diagram of exergy efficienciy versus several orientations and wind speeds 

 

 

8. CONCLUSION 

 

• Average Nusselt 

 

The maximum Nu is occurred versus orientation angle=90 

deg. With decreasing of wind speed, the slope of diagrams is 

decreased and becomes horizontal. It means that, if the wind 

speed decreases, the average Nu will be constant and free 

convection will invigorate.  

When wind blows on the concave side of the parabolic 

mirror, the impressibility of average Nu from wind speed is 

most than other orientations. 

 

• Outlet temperature 

 

When wind blows on the concave side of the parabolic 

mirror, the impressibility of 𝑇o from wind speed is most than 

other orientations. 

When wind blows on the convex side of the parabolic mirror, 

the impressibility of 𝑇o  from wind speed is least than other 

orientations.  

If the wind blows on the convex side of the parabolic mirror, 

the impressibility of 𝑇o  from the variation of orientation is 

most than other orientations. 

 

• Air path lines 

 

In low speeds (less than 2.5 m/sec) the free convection is 

more effective than forced convection around absorber tube. 

Air flow field around the receiver tube is depended on the 

wind speed and strongly related to the collector orientation. 

 

• Exergy analysis 

 

The comparison of tabs. 3, 4, 5, concluded that, the 

orientation of collector and wind speed have more effect on 

�̇�l,w and therefore, the exergy loss changes salient. But, the 

effect of orientation and wind speeds   are considered 

negligible on radiation loss (�̇�l,∆Ts
). 

The context of exergy is consist of �̇�dest,∆p and �̇�dest,∆Tf
. In 

other words, the pressure drop and temperature difference 

between the absorber tube and the agent flow lead to exergy 

destruction. 

The orientation of collector and wind speed have negligible 

effect on �̇�l,∆Ts
, but, two mentioned parameters have more 

influence on �̇�dest,∆p and �̇�dest,∆Tf
. 

With increasing of orientation angle from -90 to 90, the 

exergy loss and destruction increase. Therefore exergy 

efficiency of collector will be decreases. 

With increasing of wind blast from 5 to 15, the exergy loss 

and destruction increase. Therefore exergy efficiency of 

collector will be decreases. 

Using evacuated tube leads to increasing of exergy from 10% 

to 60%. 
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NOMENCLATURE 

 

- a            ambient 

- cμ, c1, c2 coefficients in the turbulence model 

-cp         specific heat of fluid [kJ kg-1K-1] 

- K          thermal conductivity 

- Pr          Prandtl number 

- Nu        Nusselt number 

- ṁ          mass flow rate [kg𝑠−1] 

- D          hydraulic diameter [m] 

- d           diameter [m] 

- Q          heat transfer rate [W] 

- Qu        usefull heat gain 

- Re        Reynolds number based on tube hydraulic diameter 

- SR         additional source term [W𝑚−3] 

- t            temperature [K] 

- u         velocity components [m𝑠−1] 

- U          collector loss coefficient 

- x, y, z   Cartesian coordinates 

 

Greek symbols 

 

- 𝜌           density [kg∙m-3] 
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- μ           dynamic viscosity [Pa s] 

- μt           turbulent viscosity [Pa s] 

- k            kinetic energy 

- ɛ           turbulent dissipation rate or emissivity 

- 𝜎𝑇          turbulent Prandtl number 

- 𝜎𝑘,𝜎𝜀     turbulent Prandtl numbers for diffusion of k and ɛ 

- ν           kinematic viscosity [𝑚2𝑠−1] 

- η           collector efficiency  

- (𝜏𝛼)      effective product transmittance- absorptance 

 

 Subscripts 

 

-c             collector 

-dest        destruction 

- in           inlet  

- f             fluid 

- i, j, k      unit vectors in coordination system  

- o           optical 

- out        outlet  

- m           average 

- ex          exergy 

- exp        experimental 

- num       numerical 

- r             receiver tube 

- th           thermal 

- T            incident 

-w            wind 

- W           wide of collector aperture 
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