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Current article presents a numerical investigation for three dimensional turbulent flow 

using the MCRT method to simulate solar radiations as a heat flux and the finite volume 

method in Ansys Fluent to simulate the equations. The fluid in absorber is a synthetic oil 

having eight hundred index mixed with Aluminium Oxide nanoparticles to enhance the 

heat transfer process. The study comparing different cases, including different numbers of 

longitudinal fins assembled inside the absorber with two arrangements and three particular 

Reynolds number in addition to the testing concentration ratio of the heat flux using the 

MCRT method. The impact of using three different numbers of fins (2, 4 and 6) at two 

different arrangements ("a" and "b") were presented. The three Reynolds number used was 

(18600, 23000 and 28000). Two Rim angles of the collector are tested (80o) and (120o), 

results showed that (120º) was achieved high outlet temperature with a concentration ratio 

(CR=82.47). The effects on outlet temperature, friction factor, Nusselt number, and then 

on the performance evaluation criterion (PEC) of the absorber tube were displayed. The 

results of the study proved that using nanofluid and finned absorber can increase the 

absorber hydrothermal performance and using (6) fins of arrangement "b" shows better 

performance in terms of heat transfer than arrangement "a". 
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1. INTRODUCTION

As the fact of fuel costs increasing with time and as a 

consequence of that the electricity production costs also 

clearly increased, an alternative sources of energy with an 

insisting need came to the practice field. In the heat transfer 

industry, there are many types of energy sources like the wind 

energy, Geo-thermal energy, water falls energy and solar 

energy, etc. The solar energy also classified into several types 

such as the photovoltaic systems and solar concentrating 

power systems (CSP) which contains three main systems 

(parabolic trough collectors, dish and central receivers), 

parabolic trough collectors are an effective tool for the 

conservation and transfer of thermal energy. The solar energy 

systems characterized that they are using the solar energy 

which is free cost and also they are free of pollutions products 

such as CO₂. The recent years witnessed a growing importance 

in energy conversion systems and their applications in the 

practice fields. Padilla et al. [1] in this research, the 1-D 

analysis of heat transfer in (PTC) were conducted using a 

closed envelope around the absorber with vacuum to reduce 

dissipation in heat and found that when reducing it will give 

more enhancement in achievement. Cabrera et al. [2] 

scrutinized the efficiency of solar cooling systems by using 

PTC. The investigation showed that PTC more efficient to 

increase efficiency and reduce costs than the evacuated tube 

collectors (ETC) and the similar levelized price for cooling 

that a flat plate collector (FPC). Patil et al. [3] The researchers 

scrutinized the influence of various factors on heat losses. 

They found out that heat loss increased as the wind speed 

increases and pipe diameter increases, overturned the efficacy 

of various parameters on improving the efficiency of a PTSC 

and reducing thermal dissipations. Wang et al. [4] they studied 

different parameters of the PTC system such as thermal 

stresses and thermal deformation that accompanied by the 

flow. Using the finite element method (FEM), and they also 

investigated numerically the efficacy of the variables on the 

productivity of the unit. The deformations of the absorber and 

the thermal stress are much more than the glass cover. Wang 

et al. [5] scrutinized the use of glass cover and its effect on 

productivity of PTC employing MCM to reduce the risks of 

receiver failure and the induced thermal stresses that resulting 

from the variable heat flux profile. The outputs indicated that 

the heat flux distribution via the path of the elliptical shell was 

declined and the productivity of the system lowered. Amina et 

al. [6] they offered 3-D numerical study and employed the 

gathering of two techniques that improved the heat transfer 

significantly these techniques are the using of extended 

surfaces and various types of nanoparticles with a certain 

concentration, in addition to the enhancement of Nusselt 

number in the absorber. Bellos et al. [7] different kinds of 

nanofluids in the PTC were investigated in this study at the 

suitable temperature for each. The results showed that there 

are variations of the energetic and exergetic from nanofluid to 

another and for a certain temperature for each case, as well as 

the pressurized water was the most proper working fluid for 

temperature range of 277℃, whereas for the temperature 

above 827℃, the only nanofluids for that was the Helium and 
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carbon dioxide. Wang et al. [8] illustrated the using of (Al2O3)-

oil and compared that with the conventional oil, demonstrated 

the effects of using nanoparticles, they found that the 

increasing of Al2O3 concentration from 0% to 5.0% will 

enhance the performance of the PTC, the temperature 

gradients of the absorber decreased with the increase of the 

nanoparticle. Moreover, diminish the thermal stress and the 

absorber deformation. Gong et al. [9] applied pin fin 

arrangement and adopted the FVM coupled with the Monte 

Carlo approach to investigate the flow characteristics of the 

absorber and the performance for the PTC system which was 

achieved as the numerical results. The overall heat transfer 

efficiency was significantly enhanced with the use of pin fin 

arrays inserting. Bellos and Tzivanidis [10] scrutinized the 

parabolic trough collector in their study using various nano 

particles (CuO and Alomina) and the third case examined with 

Syltherm 800 alone which gives less efficient than the nano 

fluids cases. The outputs depicted that productivity touches 

50% at high levels of temperature. The thermal efficiency 

increased in case of low flow rate and when maximize the 

concentration ratio of nano fluid. Jin et al. [11] using the new 

method of the symmetry principle and dimensional analysis 

and thermal performance analysis of (PTC) for applications of 

solar thermal, they investigated different lengths with various 

particle solar collectors to evaluate the thermal efficiency. 

They reported that, the performance of the collector has been 

raised with augmenting the DNI of the sun and decreasing 

when the air humidity enhanced. Subramani et al. [12] used 

the TiO2/DI–H2O (De-Ionized water) nanofluid to augment the 

productivity of the PTC by using different concentrations at a 

different flow rates and studied the characteristics of the 

nanofluids, the coefficient of the convective heat transfer was 

improved. They found that by using TiO2 as a nanofluid with 

0.2% as concentration ratio leads the efficiency to be a 

maximum enhancement (8.66% greater than H2O-based). 

Mwesigye and Meyer [13] investigated the optimum 

thermodynamic and thermal operating conditions of the PTSC 

using various nanofluids, the influence of the use of nanofluids 

on system efficiency shows that the applying such material 

will make heat transfer greater and improves the 

thermodynamic performance which depend on the inlet 

temperature. The thermal efficiency was increased by (5%) 

when the concentration ratio of the nanofluids raised from (88 

to 113) at the same flow rate. In addition to that the highest 

thermal performance with silver/therminol VP-1, and the 

lower thermal performance was shown with Al2O3-Therminol 

VP-1. Bellos et al. [14] they investigated different 

arrangements of the internal extended surfaces and the best 

number of them in the absorber of the PTC which gives most 

heat transfer and thermal efficiency improvement. They 

concluded from the results that the internal extended surfaces 

must be situated in the lower part of the absorber where the 

heat flux being biggest amount at that part. For good 

performance, three fins should be utilized rather than the upper 

part of the absorber which gives lower improvement of the 

performance. Wang et al. [15] usually to get heat energy, the 

range of temperatures are (673K to 823K), and to reduce the 

heat losses, a radiation shield (RS) used for higher 

temperatures to augment the productivity of receiver. When 

absorber temperature exceeding (823K), a superior 

performance was shown in the solar receiver without coating. 

When the temperature of the absorber reached (823K), the heat 

loss reduction in presence of coating was less than of without 

selective absorbing coating. Wang et al. [16] in order to 

decline heat dissipation from the absorber when the PTC 

operating at high temperature ranges, and since there is an 

irregularity of solar irradiation arrived the tube so inner 

transparent radiation shield (TRS) used for that purpose. 

Numerically studied, the model satisfied consistency with 

experimental results. A good performance was observed for 

the absorber rather than classical receiver. Fan et al. [17] 

discussed the usages of Monte Carlo for solar systems. The 

model used has the advantages such as augment the accuracy, 

decline the fluctuation and relieve the runtime of MCRT 

method. Korres et al. [18] studied the enhancements of thermal 

productivity and the enhancement in convection using a 

nanofluid in compound parabolic collector with a range of 

temperature (298K up to 573K). There was a significant 

enhancement in the performance up to 2.76% in the existence 

of nanomaterial. The flow was laminar and the nanofluid of 

Syltherm 800/CuO was incorporated. Hachicha et al. [19] the 

main point here is to develop a model using (DSG) process 

with different real working conditions, so can replace the 

synthetic oil in the future studies and experiments. By 

investigating the comparative of the impact of various factors 

on treatment of working fluid. It was shown from the analysis 

that the highest thermal gradient exists in the superheated 

region and the risk of thermal bending also exist with the 

damage risk and thermal bending. Cheng et al. [20] displayed 

the applications of the optical performance fitting formulas for 

the PTC and the computing methods of these formulas, in 

addition to the combining of the Monte Carlo technique. They 

discovered that the calculation time will be reduced as a 

consequence of the optimization process and the system being 

efficient. Tagle-Salazar et al. [21] scrutinized the efficiency of 

the coating on the productivity of the unit and proved that his 

loss drops with employing such approach. That investigation 

focused on the efficacy of using alumina nanoparticle on the 

performance of the unit. Chang et al. [22] simulated the 

convective migration of molten salt in the parabolic trough 

collector using a concentric and eccentric rod inserted in the 

receiver to introduce turbulence and obtain the augmentation 

of the performance. Bozorg et al. [23] they used the circular 

porous medium as well as the additional particles of high 

thermal conductivity (Alumina) for various parameter values 

like degree of concentration and Reynolds number and studied 

the enhance in heat transfer inside the receiver. Bellos and 

Tzivanidis [24] they studied the most common way of 

improving the performance of (PTC) by using different 

nanoparticles with synthetic oil at different flow rates. The 

temperature at the inlet is 27℃ to 377℃ and the volume 

fraction of 6% noticing the best improvements when reducing 

the flow rates, raising the inlet temperature and enlarging the 

volume fraction of the nanofluids. Bellos and Trivanidis [25] 

used a special technique to augment the effectiveness of unit 

by decreasing optical losses at the trough end. The final results 

show that the use of an extra booster gives a thermal and 

optical improvements at greater angles of incidence. Donga 

and Kumar [26] the thermal and optical analysis for PTSC 

systems with surface slope error of mirror and absorber tube 

misalignment were presented They discovered that variable 

such as mirror positioning can affect the productivity of the 

system. Ekiciler et al. [27] they investigated different 

parameters which are hybrid nanofluid at turbulent flow in a 

(PTC) absorber, various volume fractions also used. Bellos et 

al. [28] ananlyzed PTC with considering cover for the tube. 

They studied three different types of collectors and showed 

that with the cases of higher heat losses will get the maximum 
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enhancements and most of the performance enhanced with the 

use of nanofluids in the bare tube rather than the non-

evacuated tube receiver and the evacuated tube receiver. Olia 

et al. [29] reported the usages of nanomaterils for parabolic 

trough solar collectors. Two factors were conducted, types of 

working fluid and nanoparticles characteristics. Three 

classifications were performed experimental, numerical 

(CFD) and analytical. The study concluded that the use of 

nanomaterial has many advantages such as augment the 

exergy, performance, and thermal efficiency, but it has only 

one disadvantage that is increased pressure drop. Abed and 

Afgan [30] in this paper borrows in details the progress on the 

system of PTC and the challenges in different industrial and 

engineering applications.  

Rehman et al. [31, 32] studied free convection in two 

cavities, the first one is complex star shape cavity having Y-

sort fin installed at the center of the cavity corrugated bottom 

wall. The second was a square cavity diamond hot shape at the 

center of it. The two cavities filled with non-Newtonian 

Casson fluid enriched a porous medium. 

Jaramillo et al. [33] analyzed the efficiency enhancement in 

Parabolic trough solar collector (PTC) by using twisted tape 

inserts. Naveenkumar et al. [34] developed new design for 

PTC and considered the converting process of water to stream. 

They utilized such unit for distillation. Afsharpanah et al. [35] 

performed modeling procedure to simulate the fluid flow over 

twisted tap in PTC for Reynolds number between 10000 and 

20000. The results show that the twisted tap of larger than one 

can augment the heat transfer process up to 16% than the plane 

tube. 

The PTSC is a type of the moderate and effective source to 

use solar energy to generate heat for steam power stations and 

it is part of renewable energy technology. The great effect of 

nanofluids combined with longitudinal fins offered good 

augmentation of thermal features of the nanofluids. After 

reviewing the above studies, it was found that most of them 

used one or two techniques to augment the convective rate, 

while in the present work the novelty goes to consider four 

techniques to intensify the performance of the PTC. These 

approaches are rim angle (80º, 120º), number of fins (2,4 and 

6), fins arrangement (type "a" and type "b") as well as using 

Al2O3 as a nanomaterial. In addition to the mentioned 

techniques, our study is the unique which consider the surface 

plots of the MCRT simulation of the collector for two different 

angles (80º and 120º), where, the volume under the surface 

could be calculated which represents the amount of heat flux 

absorbed by the collector. In addition, the current work is 

unique in the use of longitudinal fins, whose number range 

from 2 to 6, and their optimal arrangement around the 

circumference of the tube to obtain maximum heat transfer 

enhancement. 
 

 

2. PHYSICAL MODEL DESCRIPTION 
 

In our study, the simple design of the receiver tube used in 

the PTSC numerical analysis as shown in Figure 1 that is 

neglecting the effect of the supports were considered as well 

as the central rod effect. The length of the tube as a model 

simulated is (1500mm). As shown in Figure 2 the number of 

fins studied were (2, 4 and 6) respectively, with a certain 

arrangement ("a" arrangement) and the same number repeated 

with another arrangement ("b" arrangement). The variables of 

the study were Reynolds number, number of fins, arrangement 

of fins and reflector Rim angle. The results of parameters for 

each case such as Nu, h, friction factor (f) and performance 

evaluation criterion (PEC) were numerically investigated and 

compared to each other so as to recognize which values will 

be useful and resulting in best heat transfer enhancement to be 

considered, all the parameter values that discussed in the last 

paragraph will calculated for each fin number category taken 

with different Reynolds numbers (18600, 23000 and 28000). 
 

 

 
 

Figure 1. The model of parabolic collector and boundary 

conditions 
 

 
 

Figure 2. The studied absorber tube with arrangement of 

fines 

      Ø=120o 

      Ø=30o 

      Ø=60o 

      Ø=60o 

      Ø=120o 

      Ø=180o 

      Ø=120o 

      Ø=180o 
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Figure 3. MCRT model of the present parabolic trough 

collector 

 

The height of the internal fins utilized to enhance the 

convection between the solid tube inner surface and the 

flowing fluid was (5mm) and fin's width (2mm). The 

considered heat flux direct normal irradiation DNI was 

(1000W/m2). Using the Alumina (Al2O3) as a nanomaterial 

(nanoparticles) (φ=4%) and the Syltherm 800 as a base fluid. 

The model drawn using the Solid work program.  

The characterize work in this study is the Rim angle of the 

reflector, where the angles chosen were either 80º or 120º as 

tested, since the Rim angle of 120º achieved high outlet 

temperature as it’s obvious in Figure 3 from the Monte Carlo 

ray tracing model that the heat flux density higher than in case 

of 80º and where achieved the concentration ratio of (82.47), 

so the model of the solar reflector used was about 120º. 

 

 

3. MATHEMATICAL MODEL DESCRIPTION 

 

In order to simplify the mathematical calculations of the 

present study, there are several assumptions made about the 

flow operating conditions, the fluid flow is turbulent, steady 

state, incompressible and single phase flow across the absorber 

(where the fluid is only in its liquid state). The supporters heat 

transfers and gravitational are negligible. 

To model the behavior of the nanofluid in the parabolic 

through the solar collector, 3D formulations have been applied 

as [36]: 

Continuity equation 

 
𝜕(�̈�𝑖)

𝜕𝑥𝑖
= 0 (1) 

 

Momentum equation 

 
𝜕

𝜕𝑥𝑖
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𝜕
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+ 

𝜕

𝜕𝑥𝑗
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2
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(2) 

 

Energy equation 

 

𝜕

𝜕𝑥𝑖
(𝜌𝑛𝑓𝑇�̈�𝑖) =

𝜕

𝜕𝑥𝑖
((Γ̈ + Γ̈𝑡)

𝜕𝑇

𝜕𝑥𝑖
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𝑃𝑟𝑡
⁄ ) 

(3) 

 

−𝜌𝑛𝑓�̈�𝑖�̈�𝑗̅̅ ̅̅ ̅ is: 

 

−𝜌𝑛𝑓�̈�𝑖�̈�𝑗̅̅ ̅̅ ̅ = (
𝜕𝑢𝑖
𝜕𝑥𝑗

+
𝜕𝑢𝑗
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)𝜇𝑡 −

2
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𝜌𝑛𝑓𝐾𝛿𝑖𝑗

−
2

3
𝜇𝑡
𝜕�̈�𝑘
𝜕𝑥𝑘

𝛿𝑖𝑗 

(4) 

 

where, 

𝜇𝑡 =
1

𝜀
𝐾2𝐶𝜇𝜌𝑛𝑓; 

𝛿𝑖𝑗: kronickal delta. 

 

The k-ɛ Realizable turbulence model with enhanced wall 

treatment was used to model the turbulence [36]: 

 

𝜕

𝜕𝑥𝑗
(𝜌𝑛𝑓𝐾�̈�𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇𝑛𝑓 +

𝜇𝑡
𝜎𝑘
)
𝜕𝐾

𝜕𝑥𝑗
] + 𝐺𝑘 − 𝜌𝑛𝑓𝜀 (5) 
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𝜕

𝜕𝑥𝑗
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𝜇𝑡
𝜎𝜀
)
𝜕𝜀

𝜕𝑥𝑗
] + 𝜌𝑛𝑓𝐶1𝑆𝜀

− 𝐶2𝜌𝑛𝑓
𝜀2

𝐾 + √𝜈𝜀
 

(6) 

 

Gk has the very exact model for all k-ε models like in the 

following: 

 

𝐺𝑘 = −𝜌𝑛𝑓�̈�𝑖�̈�𝑗̅̅ ̅̅ ̅
𝜕𝑢𝑗

𝜕𝑥𝑖
 (7) 

 

Regarding to Ref. [36], the coefficient has been selected: 
 

1 max ,0.43 ,
5

C




 
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,
K
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2 ,ij ijS S S  
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The features of nanomaterial can be calculated as [37, 38]: 

 

𝜌𝑛𝑓 = 𝜌𝑏𝑓(1 − 𝜙) + 𝜌𝑛𝑝𝜙 (8) 

 

𝐶𝑝,𝑛𝑓 =
𝜌𝑏𝑓(1 − 𝜙)

𝜌𝑛𝑓
. 𝐶𝑝,𝑏𝑓 +

𝜌𝑛𝑝(𝜙)

𝜌𝑛𝑓
. 𝐶𝑝,𝑛𝑝 (9) 

 

For calculation of knf, the formulation of Ref. [39] was 

incorporated. Refers to the Maxwell's approach, the thermal 

conductivity effective of a uniform matter utilized by the 

following formula: 

 

𝑘𝑛𝑓 =
𝑘𝑛𝑝 + 2𝑘𝑏𝑓 − 2𝜙(𝑘𝑏𝑓 − 𝑘𝑛𝑝)

𝑘𝑛𝑝
𝑘𝑏𝑓

+ 2 + 𝜙.
𝑘𝑏𝑓 − 𝑘𝑛𝑝

𝑘𝑏𝑓

 
(10) 
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The mixture viscosity is calculated according to Eq. (11) 

Batchelor [40]: 

 

𝜇𝑛𝑓 = 𝜇𝑏𝑓(1 + 2.5𝜙 + 6.5𝜙2) (11) 

 

Conditions in various sections are [23]: 

 

𝑢(𝑥, 𝑦, 0) = 0 (12) 

 

𝑣(𝑥, 𝑦, 0) = 0 (13) 

 

𝑤(𝑥, 𝑦, 0) = 𝑤𝑖𝑛 (14) 

 

𝑇(𝑥, 𝑦, 0) = 𝑇𝑖𝑛 = 300𝐾 (15) 

 

The Nusselt number (Nu) and Reynolds number (Re), 

Darcy factor (f) can be found using the next equations: 

 

𝑁𝑢 =
ℎ𝐷𝑖

𝑘
, 𝑅𝑒 =

𝜌𝑢𝐷𝑖

𝜇
 (16) 

 

ℎ =
𝑞"

(𝑇𝑤 − 𝑇𝑏)
 (17) 

 

𝑓 =
2𝐷𝑖 . Δ𝑃

𝜌. 𝑢𝑚
2 . 𝐿

 (18) 

 

The performance of unit can be measured according to [41]: 

 

𝑃𝐸𝐶 =
(
𝑁𝑢
𝑁𝑢0

)

(
𝑓
𝑓0
)

1
3⁄
 (19) 

 

 

4. NUMERICAL METHOD AND VERIFICATION 

 

In the current work, the ANSYS 19.1 program used in order 

to perform simulation for the first time and solved the three 

dimensions of fluid flow and heat transfer problem in the 

absorber of the PTC. 

To ensure the accuracy of mesh grid, the examination was 

carried out by taking a number of different mesh types for 

absorber tube. The solver setting in Ansys fluent was pressure 

based and steady state, the viscous model deals with pressure, 

momentum, energy which solved by second order upwind for 

pressure and momentum equations while others equation 

solved by first order upwind. 

 

 

5. MESH INDEPENDENT, VALIDATION OF CODE, 

NUMERICAL RESULTS AND DISCUSSION 

 

In order to have correct numerical outputs, a mesh 

generation procedure was examined. To reach best grid, five 

grids were applied for fin number n=6 at "a" fin arrangement 

with several shape elements (1.802.403, 2.978.117, 3.249.036, 

3.547.878, 4.496.551) respectively as illustrated in Figure 4 

the Nu and f have been estimated for each mesh element 

number for the absorber tube. The values of both friction 

coefficient and Nusselt number where noticed the same for the 

last three numbers of elements, where they roughly equal to 

(Nu =490, f = 0.0335), so the considered element number of 

the mesh could be (4.496.551). 

Sol-trace has been utilized to extract the heat flux. The basic 

method of this software is based on the Monte Carlo method. 

Two validations conducted in this study, the first validation 

considered the distribution of heat flux.  

(Validation of MCRT result) and the validation was 

compared with Wang et al. [4] as shown in Figure 5 where it 

signified the good agreement between the current results and 

those obtained from Wang et al. [4] where they used a rim 

angle of (80.2º). The main similarity between both studies is 

that the DNI equal to (1000 W/m2), the HTF inlet temperature 

(300 K), the inlet velocity (3 m/s), the concentration ratios of 

the reference study are (82) and the working fluid flow inside 

tube is Syltherm 800. The 2nd validation conducted for h as 

depicted in Figure 6. The validation was made with Malekan 

et al. [42] for different Reynolds numbers (30.000, 60.000, 

120.000, 250.000), it is noticed the values of the heat transfer 

coefficients (h) at each Reynolds number are very close for 

both the present study and the reference study which depend 

the properties of (working fluid is CuO/Therminol 66, volume 

ratio of ϕ=4%, Dout=70mm, Din=66mm, Itop=680 W/m2, 

Ibottom=9739.8 W/m2). The validation shows good agreement 

which signifies accepted the results of the present study. 

 

 

 

 
 

Figure 4. Mesh dependence studies for n=6 and Re=28000 at 

“a” fin arrangement and sample pictures of the mesh 
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Figure 5. Validation of MCRT results with Wang et al. [4] 
 

 
 

Figure 6. Validation of heat transfer coefficient results with 

[42] 

 

Table 1. Properties of Al2O3 [10] 

 
Properties Value 

ρ (kg/m3)  4000 

Cp (J/kg.K)  773 

k (W/m.K)  40 

 

Table 2. Physical properties of TP304H steel. (Absorber and 

fins) [4] 

 
Temperature/ ºC 20 100 200 300 

Specific heat 

capacity/J/(kg K) 

475    

Density/kg/m3 7860    

Elastic modulus/105 MPa 1.97 1.93 1.85 1.78 

Conductivity/W/(m K) 12.1 12.6 13.0 13.8 

Linear thermal expansion 

coefficient/10-6 ºC-1 

_ 17.1 17.4 17.8 

 

The properties of the working fluid (nanofluid) of the 

present work are listed in Table 1, while the properties of the 

steel absorber pipe are listed in Table 2. 

 

5.1 Surface plots of the MCRT simulation 

 

It is known that the irradiation on the reflector will reflect 

to tube which it lies in the focal position, the ray paths which 

represent the directions of the reflected solar radiation towards 

the absorber will distribute with a non uniform manner, 

creating the q distribution on the reflector shown in Figure 7. 

The heat flux reflected on the absorber can be illustrated as 

in the surface plot of the MCRT simulation which shows more 

heat flux values occurred through the reflecting surface to the 

absorber tube surface when Rim angle equal 120° compared 

to the plot of 80º. The heat flux value started from (22000 w/m2) 

at (x= -0.1), then it increased to (45000 w/m2) when (x= -0.075) 

then it decreased till it reaches (zero) at the point (x=0) which 

represent the shadow of the absorber on the reflector, then the 

plot is repeated itself due to match. 
 

 
 

Figure 7. Surface plots of the MCRT simulation 

 

5.2 Velocity contours characteristics 

 

The inlet velocity in this study is in (m/s) varies depending 

on the Reynolds values, discussing the velocity contour of the 

fluid at an outlet region of the absorber based on three different 

Reynolds number (18600, 23000 and 28000) with two 

different arrangements "a" and "b" for each fins number which 

are (2, 4 and 6 respectively) as shown in Figure 8. The velocity 

with Z components has been studied because of its effective 

and clear influence compared to the velocity of the other two 

components. 
 

 

 

 
 

Figure 8. Vz for different number of fin, arrangements and 

Re at outlet 
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Starting with Re=18600, when using two fins the velocity 

roughly stays the same value when changing the arrangement 

from "a" to ''b", also the same behavior occurs when using 4 

and 6 fins. 

Now moving horizontally in Figure 8 to notice that the 

velocity increased with increasing the number of fins from 2 

to 4 and then to 6 fins the maximum outlet velocity achieved 

was (3.458m/s). That was due to augmentation in the number 

of fins leads to decline in the area of nanofluid stream, which 

leads to an increase in its velocity. 

At Re=23000, when using two fins the velocity will not 

change when changing the arrangement from "a" to ''b", also 

the same behavior occur when using 4 and 6 fins. 

And also the outlet velocity reached the maximum value 

when changing the number of fins from 2 to 4 and then to 6 

fins and the maximum outlet velocity will be (4.32599m/s). 

Maximum velocity can be noticed in the center of the tube 

owing to the formation of the boundary layer on the wall of 

tube and fins. 

Finally, at Re=28000, when using two fins the velocity will 

not change when changing the arrangement from "a" to ''b", 

also the same behavior occur when using 4 and 6 fins. 

And also the outlet velocity reached the maximum value 

when changing the number of fins from 2 to 4 and then to 6 

fins and the maximum outlet velocity will be (5.208m/s). 

The higher outlet velocity achieved is (5.208 m/s) when the 

Reynolds number being (28000) and (6 Fins) than the other 

cases (2 and 4 Fins), that occur because of the cross sectional 

area reduction, according to the increasing of Fin’s number, 

where it is obvious that the velocity decrease from the center 

towards the circumferential of the absorber. 

 

5.3 The temperature distribution characteristics 

 

Figure 9 was chosen to explain the distribution of 

temperature along the absorber and the flowing fluid, the 

temperature contour was presented in the outlet section. The 

parameters that have main efficacy on convective rate between 

the heat flux on the surface and flowing nanofluid are 

Reynolds number (Re=18600,23000 and 28000), the number 

and arrangement of the longitudinal fins. The other parameters 

are fixed such as the nanoparticle volume concentration (𝜑 =
0.04), the inlet temperature condition (Tin=300K). This is due 

to the effect of q'' on the wall of the tube. As the process of 

heat transfer happens by convection among the wall of the tube 

and the fluid along the stream. The maximum temperature 

appears on the distribution label in the temperature contour 

represents the solid surface temperature, while the minimum 

temperature on the distribution label represents the nano fluid 

temperature. 

For the best performance of the heat transfer in the absorber 

tube and in order to select the best studied case among many 

cases which deals with different Reynolds numbers (18600, 

23000 and 28000), different fin numbers (2, 4 and 6) and two 

different arrangements ("a" and "b"). Figure 9 illustrates the 

isotherms in the heat transfer fluid (HTF) inside the absorber 

and on the absorber wall surface at outlet region, it could be 

observed that the highest outlet wall temperature recorded for 

the flow was with Reynolds number (18600) and of 

arrangement ("a") which was (352.578K), while the lowest 

fluid outlet temperature was with Reynolds number of (28000) 

and arrangement ("a") was (300.231 K). As a result of the 

lower velocity at low Reynolds number, the nanofluid acquires 

more heat, so the exit temperature is higher. The two 

temperatures mentioned above not represented the preferred 

case for better enhancement that the study is looking for. 

The best outlet fluid temperature must be the highest as 

much as possible to give the sign of the enhancement in the 

absorber performance, so the (300.444 K) at Reynolds number 

(18600) arrangement (b), the lowest absorber wall surface 

temperature was found (335.501 K) at Re (28000) and 

arrangement (b). 

Although there are other temperatures recorded which were 

represented the wall surface of the absorber and the flowing 

fluid at the intermediate values of Re (23000), these 

temperatures are not useful for estimating the enhancement. 

The best heat transfer occurs when increasing the number of 

fins and Reynolds number which lead to increase the 

turbulence, as a consequence of that, the convective 

coefficient will increase thus Nu increase too. 

It could be concluded that the case of Reynolds number 

equal to (28000), fin number n=6 and arrangement "b" 

represent the best case which gives better heat transfer 

performance (Twall outlet = 335.501K). 

 

 
 

Figure 9. Temperature contours for different number of fin, 

arrangements and Re at outlet 

 

5.4 TKE for different number of fin and arrangements and 

Re at outlet  

 

Figure 10 illustrated the Turbulent Kinetic Energy (TKE) 

within the tube. When Re =18600, the TKE augmented with 

the increase of the number of fins for "a" arrangement, and 

TKE change when compared with arrangement "b" where it 
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slightly increases from "a" to "b" for the same number of fins. 

When Re=23000 and Re=28000, the TKE behaves in the 

same manner as in Re= 18600, but the values of TKE have 

clear increasing when increases the Re for the same set of the 

three different fin number when comparing arrangement "a" of 

Re=18600 with an arrangement "a" of Re=23000. 

Moving from (Re=23000) to (Re=28000), although the 

TKE increase from (0.16297 to 0.223) respectively, but the red 

region area decreases slightly in the places that are close to the 

inner wall surface.  

It is obvious that the highest values of (TKE) was (0.223) 

occurs in the flow of the Reynolds number of (28000) and (6 

Fins) with "b" arrangement, and the regions close to the 

absorber inner wall surface close to the Fins showed highest 

(TKE) values than the other regions which represented with 

the red color, the high turbulence happen because of the non-

uniform shape at the fins regions. 
 

 

 

 
 

Figure 10. TKE for different number of fin, arrangements 

and Re at outlet 

 

5.5 Effect of Rim angle on the outlet temperature  

 

As tested for the heat flux concentration ratio of the 

collector which gave the preferable of the Rim angle (120º). 

Figure 11 showed the effect of Rim angle on the outlet 

temperature of the heat transfer fluid (HTF) for three different 

Reynolds numbers (18600, 23000 and 28000). At Re (18600) 

the outlet temperature is higher when the Rim angle (120º) 

than when the Rim angle is (80º) and the same thing repeated 

at Re (23000 and 28000). 

The results discussed above are acceptable for each 

Reynolds number since the heat flux reflected on the absorber 

increasing with the bigger Rim angle (120º) according to the 

highest concentration ratio, then the heat transfer from the 

absorber wall to the flowing fluid increase, as a result of that 

the outlet temperature increased. 

When the Reynolds number change from small value to 

bigger value, the outlet temperature (Tout) decreases because 

of the low velocity of the working fluid give more mass flow 

rate which carrying the heat to transfer from the absorber walls 

to the fluid itself. 

The difference between the outlet temperatures in the case 

of the low Re (18600) and high Re (28000) are very small 

values and ranging from (300.52K to 300.35K), so the 

difference is (0.17 K). At low Reynolds number (Re=18600), 

the difference of outlet temperature between the rim angles 

(120º and 80º) is (0.02). At the moderate Reynolds number 

(Re=23000), the difference of outlet temperature between the 

rim angles (120º and 80º) is about (0.019), at high Reynolds 

number (Re=28000), the difference of outlet temperature 

between the rim angles (120º and 80º) is (0.015). These results 

indicated that the effect of the increasing Reynolds number of 

the temperature distribution of different rim angles is weak, so 

that rim angle of 120º can be used for different Reynolds 

number. 

 

 
 

Figure 11. Tout results for different rim angle 

 

5.6 The effect of Reynolds number and number of fins on 

Darcy factor 

 

Figure 12 illustrate the results of Darcy factor (f) for 

different Re and number of fins (n) at "a" fin arrangement. The 

reason of choosing an arrangement "a" only is that when using 

arrangement "b" will give similar results of "a" arrangement 

as portrayed in Figure 13. The Darcy factor decreased with the 

increase of Re as it has inverse proportion to the square mean 

velocity due to the Eq. (20) and this helps to augment the 

performance of the absorber tube and then the heat transfer 

efficiency.  

 

𝑓 =
2𝐷𝑖 . Δ𝑃

𝜌. 𝑢𝑚
2 . 𝐿

 (20) 

 

For each Re, the friction factor increases with the increment 

of the fin number from 2 to 4 then to 6, where the velocity in 

this case is constant as the Re constant, so the increment of (n) 

will cause the area of friction between the fluid and solid 

surface to be increase resulting in the increasing of friction 

factor (f). 
For each fin number (n), the value of (f) slightly decreased 

with the elevate of Re because the high velocities accompanied 

with the high Re number which lead to overcoming the surface 

friction. In general the friction factor decreasing with 

increasing of Re for each set of the three different numbers of 

fins (n) as obvious in Figure 12. 
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Figure 12. Friction factor results for different (n) and (Re) at 

“a” fin arrangement 

 

 
 

Figure 13. Friction factor results for different fin 

arrangements 

 

Since the Nusselt number is direct proportional with (h) and 

the use of the longitudinal fins as well as the nano material led 

to increasing of (h), at the same time the contact area increased 

among the flowing fluid and the inner wall surface of the 

absorber tube also increased, resulting in more heat transfer 

between the contact surfaces. 

 

𝑁𝑢 =
ℎ𝐷𝑖

𝑘
 (21) 

 

In Figure 14, at Re=18600 the Nusselt number (Nu) 

augments with elevate of the number of fins and the same thing 

occurred at Re= (23000, 28000). 

The Nusselt number (Nu) also increases with the Re 

increases for each set of the fin numbers at arrangement "a". 

To compare the Nusselt number (Nu) of arrangement "a" 

and arrangement "b", move to Figure 15 which contained three 

separate diagrams with fin number (n=2, n=4 and n=6) 

respectively. 

For (n=2, Re=18600) the Nusselt number is higher at 

arrangement "b" than its value at arrangement "a", and so the 

values of Nu in the case of Re=23000 and Re=28000 being 

higher for "b" arrangement than the "a" arrangement. The 

arrangement of fins in case "b" distributes the fins in the 

hottest region therefore the heat transfer rate was enhanced. 

The same behavior exactly appears when discussing the 

cases of n=4 and n=6. 

The overall look at the Figures 14 and 15 it could be 

concluded that the highest Nu occur at Re= 28000 with an 

arrangement "b" and number of fins (n=6) where it almost 

reach (500 w/m2) as well as the high value of Nu when 

increasing the fin number signified the enhancement in the 

heat transfer efficiency of the absorber tube by using the 

longitudinal fins.  

 

 
 

Figure 14. Average Nusselt number results for different (n) 

and Re at “a” fin arrangement 

 

 
 

Figure 15. Average Nusselt number results for different fin 

arrangements 
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5.7 Performance- evaluation criteria (PEC) 

 

There was multi effect of both Nusselt numbers (Nu) and 

the Darcy factor (f) that employed to measure the overall 

hydrothermal behavior of the absorber tube using PEC [42]: 

 

𝑃𝐸𝐶 =
(
𝑁𝑢
𝑁𝑢0

)

(
𝑓
𝑓0
)

1
3⁄
 (22) 

 

 
 

Figure 16. PEC results for different (n) and (Re) at “a” fin 

arrangement 

 

 
 

Figure 17. PEC results for different fin arrangements 

 

Figure 16 depicts the change of the thermal performance 

factor versus Reynolds number for three different numbers of 

longitudinal fins (2, 4, 6) in the absorber tube, it can be 

observed that the thermal performance factor values are 

greater than unity and slightly decrease with the augment in 

the number of Reynolds at same fin number. Additionally, 

when the fin number increases the thermal performance factor 

increases at the same Re, this implies that the increase in 

pressure loss can be balanced by the improvement in the heat 

transfer when using finned tube comparison to the smooth tube. 

To discover the role of the two fins arrangement studied, 

Figure 17 showed three separate diagrams, each one 

represented the relation between the performance evaluation 

criteria (PEC) and Reynolds number for two different 

arrangements of the longitudinal fins supported in the absorber 

tube "a" and "b", each case studied with fixed number of fins 

(2, 4 and 6). 

For (n=2), arrangement "a" the PEC almost stayed constant 

when Re increased and still more than unity in its value. While 

the PEC slightly decreased for n=2 and at arrangement "b" 

when Re increased. It was noticed that the same behavior 

repeated in the second and third diagrams with little difference 

in PEC values for each case, as well as the highest PEC 

achieved with the case of (n=6), arrangement "b" and 

Re=18600 which is roughly equal (1.060845). 

 

 

6. CONCLUSIONS 

 

This study investigates the impacts of the Reynolds number, 

number of fins and the arrangements of the fins. There is an 

important point including the usage of high Reynolds number 

which is higher than 15000, the explanation for this point is 

that at the low values of Re (5000 to 10000), the Nusselt 

number not increased significantly even when changing the 

nanomaterial volume ratio from (0% to 4%), while the 

increasing in (Nu) being obvious when comparing between the 

nano material volume ratios (0% and 4%) at Re values higher 

than 15000 as it is illustrated in Figure 18. 

The other important point is that the choice of direct normal 

irradiation (DNI= 1000 W/m2) in the present study is because 

it is very close to the readings recorded in the Babylon 

province during the summer season, the solar global 

pyranometer measurement is 1031 W/m2. 

The numerical results for different parameters can be detailed 

as below: 

1. The outlet fluid temperature Tout has biggest value when 

Re=18600, while it has moderate value at Re=23000, and 

the lowest value achieved at Re=28000. 

2. Tout has the biggest values for rim angle=120o than rim 

angle=80o for all three Re values mentioned in point 

number (1) above. 

3. The friction factor value doesn’t change when using 

different fins arrangements for the same number of fins 

and Re (changing the arrangements of fins not affecting 

on the friction factor). 

4. Nusselt number has the maximum values (Re= 28000 

rather than Re=18600 and 23000), same as when (n=6 

rather than n=2 or 4 fins), that is due to the heat transfer 

coefficient enhancement. 

5. Nusselt number has the maximum values with the 

arrangement "b" for all Re and n values mentioned in 

point (6). 

6. The PEC has the maximum value when (n=6 rather than 

n=2 or 4), also when Re=18600 rather than (Re=23000 

or 28000). 
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7. The PEC has the maximum value with arrangement "b" 

for all the Re and n values mentioned in point (7). 

 

 
 

Figure 18. Influence of adding nanoparticles to base fluid 
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NOMENCLATURE 

 

Cp specific heat, J/kg.K 

f  Darcy factor 

Gk rate of turbulent kinetic energy generation, kg/m.s3 

K thermal conductivity of fluid 

TKE turbulent kinetic energy, m2/s2 

Nu Nusselt number 

Re Reynolds number 

T temperature, K 

U velocity, m/s 

 

Greek symbols 

 

ε turbulent dissipation rate [m2/s3] 
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ϕ Volume fraction [-] 

ρ density [kg/m3] 

σε turbulent Prandtl number for [-] 

σk turbulent Prandtl number for K [-] 

μ dynamic viscosity of fluid [kg/s.m] 

ν kinematic viscosity [m2/s] 

 

Subscripts 

 

bf base-fluid 

B Bulk 

nf Nanofluid 

np Nano-particle 

t turbulent kinetic energy 

w Wall 

 

Abbreviations 

 

PEC performance evaluation criterion 

FVM Finite volume method 
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