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A B S T R A C T   

The thermal and hydraulic efficiency of a parabolic trough solar collector is investigated in this study. The 
collector absorber tube is equipped with twisted tape with circular holes containing water-copper oxide nano
fluid with three nanoparticles volume fractions of 1%, 2% and 4%. In three modes (d/W = 0.5, 0.7, 0.9), circular 
holes are constructed for the ratio of the circle’s diameter to the twisted tape’s breadth. All turbulent flow 
simulations were done using the SIMPLEC algorithm, FVM and RNG k-ε model in three Reynolds numbers as 
10,000, 20,000 and 30,000. Studies have shown inserting twisted tape with a circular hole increases the pressure 
drop and the heat transfer rate compared to a pipe without twisted tape. The highest coefficient of thermal 
performance occurs in Reylond number of 10,000 and a nanoparticles volume fraction of 4%. The findings 
indicate that using nanoparticles improves the solar collector’s energy and exergy efficiency. As a result, the best 
collector performance was obtained when using nanofluids with an nanoparticles volume fraction of 4%.   

Introduction 

The intensification in the world population has led to the rise in 
global energy demand. Fossil fuels, nuclear power, and renewable en
ergy are the primary sources of energy today [1–4]. Currently, fossil 
fuels and nuclear energy are covering 91% of world energy demand, 
whereas renewable energy resources cover only 9%. 

Therefore, different researchers have sought to reduce energy con
sumption by humans by expressing different solutions [5–9]. In addi
tion, some of them have attempted to improve the efficiency of various 

gadgets by using techniques such as nanofluids (NFs), different types of 
blades, magnetic field, etc. [10–16]. Other researchers, however, have 
sought to find new sources of energy and improve their efficiency 
[17–19]. 

Solar energy [20,21] help solve global energy crises, save costs and 
reduce bills because solar energy is renewable and clean energy source 
that is the most abundant, inexhaustible, universal source of energy, the 
most accessible, free, cost-effective, and as a pollution less, sustainable 
source of energy [22–26]. 

Among the solar collectors (SCs) types, parabolic trough solar 
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Table 1 
Recent studies in PTC absorber.  

Year Authors Type Inserts Method Receiver Material, HTF, 
Boundary condition 

Result Model 

2013 Mwesigye et al.  
[40] 

Twisted tape 
that is attached 
to the wall 

CFD Stainless steel/Syltherm 
800 
uniform heat flux 
Re = 10,260 to 320,000  

• Nu was 1.01–3.36 times  
• Friction factor was 1.32–21.8 times  
• Thermal enhancement factor was 

0.74–1.25 times 

2014 Zamzamian et al.  
[41] 

Louvered 
twisted tape 

CFD Aisi304/Aluminum/ 
Behran Thermal Oil 
Non-uniform heat flux 
Re = 5000  

• Nu rises up to 150%  
• Friction factor rises up to 210% 

2014 Song et al. [42] 
_reference 

Screw tape with 
helical axis 

CFD Dowtherm-A 
Non-uniform heat flux  

• Heat loss reduced by 6 times  
• Friction factor augmented 23 times  
• Pressure loss increases 4 times 

2015 Changa et al.  
[43] 

Twisted tape CFD Heat flux was non- 
uniform 
Molten Salt/Nickel- 
Chromium Alloy 
Re = 10,200 to 1,360,000  

• Nu boosts your performance by around 2.9 
times.  

• The friction factor increases by 2.5 times. 

2016 Mwesigye et al.  
[44] 

Wall-detached 
twisted tape 

CFD Stainless Steel/Syltherm 
800 
Non-uniform heat flux 
Re = 10,300 – 1,360,000  

• HTR performance was about 69%  
• Thermal efficiency enhanced in the range 

of 5%–10%  
• Entropy generation diminished up to 

58.8%.  
• The HTC enhanced from 1.05 to 2.69  
• Friction factor augmented from 1.6 to 14.5 

2016 Liu et al. [45] Two twisted 
tape 

CFD Water/steam  • In the receiver, longitudinal vortexes 
generated alongside the main flow 
efficiently reduce the peripheral 
temperature differential from 69 K to 42 K. 

2016 Jaramillo et al.  
[46] 

Twisted tape CFD Copper tube/Aluminum 
Strip/Water  

• Achieving the set of circumstances under 
which a twisted tape insert may be used to 
boost a PTSC’s efficiency. 

2017 Zhu et al. [47] Wavy-tape CFD Syltherm-800 
Non uniform heat flux  

• Nu increased in the range of 261–310%  
• Heat diminished in the range of 

17.5–33.1%  
• Friction factor augmented in the range of 

382–405%.  
• Total entropy generation rate decreased in 

the range of 30.2–81.8% 
2017 Rawani et al.  

[48] 
Serrated twisted 
tape 
Serrated twisted 
tape and metal 
foam 

CFD Therminol-VP1  • Thermal efficiency increased 3% and 5% 
using metal foam and serrated twisted 
tape, respectively. 

2019 Liu et al. [49] Inclined conical 
strip 

CFD Stainless steel/Syltherm- 
800 
uniform heat flux 
Re = 5000 to 791,000  

• The most significant reduction in entropy 
production was 74.2 percent.  

• The 82.1 percent decrease in heat loss is 
the highest.  

• The highest increase in exergetic efficiency 
was about 5.7 percent.  

• Thermal efficiency improved by 
0.02–5.04% 

2020 Amani et al. [50] Conical strip CFD Re = 8000 to 40,000.  • Nu intensifies up to 91.949%.  
• The friction factor was 5.21 times higher 

than the standard PTC.  
• PEC varied from 1.107 to 0.679. 

2020 Suresh et al. [51] Modified 
twisted tapes 

exp copper absorber tube  • Nu increased in the range of 5–40% by 
typical twisted tape.  

• Nu enhanced in the range of 11–101% 
using twisted tape with attached rings.  

• Twisted tapes with modified connected 
rings enhanced Nu in the range of 7–77 
percent. 

(continued on next page) 
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collectors (PTSCs) are commercially efficient, cost-effective, and tech
nically the most advanced technology for concentrated solar energy 
with a concentration ratio of 10 to 50 [27–30]. These collectors can 
work by thermal oil and molten salts in temperatures up to 400 ◦C and 
550◦ C, respectively. They can be used for a variety of industrial and 
domestic applications. 

PTSCs are a type of heat exchanger in which methods of augmenting 
heat transfer rate (HTR) for common types of heat exchangers can be 
used in these systems. Increasing the heat transfer coefficient (HTC) 
between the absorber pipe and the heat transfer fluid to increase the 
HTR, increase thermal efficiency, and lower the temperature variation 
surrounding the adsorbent pipe to reduce thermal stresses and, there
fore, reduce the risk of failure. Previous studies are presented in Table 1 
for a better and easier review and the possibility of comparing related 
studies in the field of PTSCs. Applying nanoparticles is of paramount 
importance to improve heat transfer [31–37]. Regarding this, Bahrami 
et al. [38] used water/Al2O3 to boost forced convection heat transfer due 
to the higher thermal conductivity of particles. Nguyen et al. [39] re
ported that carbon nanotube particles are decisive factors in augmenting 
the efficiency of a heat exchanger. 

According to previous studies, the need to improve the efficiency of 
solar collectors using passive methods is absolutely essential. In this 
study, the aim is to increase the solar collector’s efficiency and thermal- 
hydraulic behavior by using twisted tape. To reduce the negative effect 
of twisted tape application on increasing pressure drop, holes have been 
used in the geometry of twisted tape to achieve the highest PEC value. 

Based on the review of previous studies, the efficiency and thermal- 
hydraulic performance of PTSCs with perforated twisted tapes in the 
absorber tube are investigated in the present paper for different Re, 
various nanoparticles volume fraction (NVFs), and different sizes of 
holes on the twisted tapes. 

Geometric model 

Using numerical methods are studied in various studies [57–63]. In 
the present study, an absorber tube possessing a twisted tape with 
perforated twisted tapes is used to improve the HTR and efficiency of the 
SC. Circular holes are designed for different ratios of the hole’s diameter 
to the width of the twisted tape, d/W = 0.5, 0.7, and 0.9. In these 
models, the twisted ratio y/W is 3 and the thickness of the twisted tape is 
1 mm. The geometry specifications are shown in Table 2, and the shape 
of the perforated twisted tape is shown in Fig. 1.Figs. 2 and 3 

Effect of NF 

Conventional fluids used for heat transfer have a low thermal con
ductivity [64–68]. According to experimental findings, the thermal 
conductivity of the NF is substantially improved when nanoparticles are 
added to the water. As a result, NFs are ideal for use in heat transfer 
applications. Because nanoparticles have high conductivity, their sus
pension in a base fluid increases its thermal conductivity, which is one of 
the most important factors in heat transfer. These particles are made of 
metal such as copper, silver, etc., or metal oxides such as aluminum 
oxide, copper oxide, etc. In this study, copper oxide (CuO) particles with 
different NVFs are added to the base fluid, i.e. water, to boost HTR. The 
NF’s characteristics are presented in Table 3. 

Mathematical & numerical methodology 

Governing equations 

The fluid is assumed to be Newtonian and incompressible to simplify 
the numerical calculations. Consequently, the flow is steady, and the 

Table 1 (continued ) 

Year Authors Type Inserts Method Receiver Material, HTF, 
Boundary condition 

Result Model 

2021 Xiao et al. [52] Baffles with a 
curved, twisted 
shape 

CFD Syltherm 800 
Non-uniform heat flux  

• Overall efficiency enhanced 0.52%  
• Exergy efficiency increased 0.22% 

2021 Vasanthi and 
Jaya Chandra 
reddy [53] 

twisted strip 
with an angular 
shape 

Exp Stainless steel 
copper tube/water  

• Efficiency enhanced in the range of 
145–215%. 

2015 Diwan and Soni  
[54] 

Wire coil CFD Water 
Uniform heat flux  

• Nusselt number increased 104% to 330% 

2015 Sahin et al. [55] Wire coil CFD + EXP Water  • Turbulators improve heat transmission up 
to 2.28, 2.07, and 1.95 times better than a 
smooth tube. 

2020 Yılmaz et al. [56] Wire coil CFD Therminol®VP-1 steel 
absorber tube  

• HTR Performance increased 183%.  
• thermal efficiency improvement was 0.4%. 
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effects of gravity are negligible. Governing equations, i.e. continuity, 
momentum, and energy, are as follows, respectively: 

∂
∂xi

(ρui) = 0 (1)  

∂
∂xj

(ρuiui) = −
∂p
∂xi

+
∂

∂xj

[

μ
(

∂ui

∂xj
+

∂uj

∂xi

)

− ρu′

iu
′

j

]

(2)  

∂
∂xj

(ρuT) =
∂

∂xj

(

(Γ + Γt )
∂T
∂xj

)

(3)  

where u, ρ, and μ are the velocity, the fluid density, and the dynamic 
viscosity, respectively. 

Simulations are performed for heat transfer analysis include Rey

nolds number (Re), Nusselt number (Nu), coefficient of friction (f), 
Performance Evaluation Criteria (PEC), and collector energy and exergy 
efficiency. 

Re =
ρuD

μ (4)  

Nu =
hD
k

(5)  

where the thermal conductivity for the working fluid is k. 
The friction coefficient in turbulent flow inside the pipe is deter

mined using the following equation: 

f =
2ΔPD
ρLu2 (6) 

The PEC is a parameter utilized to assess the thermal behavior of a 
fluid flow in a heat exchanger or SC. This coefficient is described for the 
(Nu/Nup) to (f/fp) under the same conditions [30]. 

PEC = (Nu/Nup)/(f/fp)
1/3 (7)  

where Nup is pipe Nusselt number and Nu is the Nusselt number for pipe 
equipped with a perforated twisted tape. fp is pipe friction coefficient 
and f is the friction coefficient of the pipe equipped with a perforated 
twisted tape. 

The thermal performance of SCs is analyzed using thermal efficiency. 

Table 2 
The performed dimensions parameters.  

Parameter Amount 

Re 1000–2000-3000 
Twisted ratio 3 
Inner tube diameter (D) 22 mm 
Twisted tape width (W) 20 mm 
Twisting length (y) 60 mm 
Twisted tape length (y) 600 mm 
Twisted tape thickness (t) 1 mm  

Fig. 1. SC with three perforated twisted tapes of various diameters in the absorber tube.  
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Thermal efficiency is described as the ratio of the energy absorbed by the 
fluid flowing in the absorber tube to the direct radiative energy received 
by the surface of the reflector plate. 

ηc =
QinρincPin(Tout − Tin)

6 × 104IA
(8) 

Exergy efficiency or second-law efficiency of PTSCs is expressed as 

net beneficial exergy divided by the exergy of solar irradiance entering 
the collector: 

ηex =
Q̇HTF − ṁHTFCP,HTF ln

(
T∞

Ti,HTF

)

Q̇HTF − ṁBFCP,BF ln
(

To,BF
Ti,BF

)
+ VIηP

(9)  

where ηP is the pump efficiency that is considered equal to 85%. 

Numerical method 

As many studies have shown, numerical techniques are one of the 
most cost-effective ways to analyze the efficiency of a wide range of 
applicants [69,70]. Therefore, this paper performs the simulations using 
ANSYS FLUENT software version 2020. The k-ε turbulence model is 
utilized modeling the turbulent flow. This model is a common two- 
equation turbulence model that includes two transport equations to 
calculate the turbulent flow properties. These equations can be used to 
calculate the effects of advection and diffusion on turbulent energy. In 
this model, the turbulent field is expressed in terms of the two variables 
of turbulent kinetic energy (k) and turbulence energy dissipation rate 
(ε). In other words, k determines the turbulent energy, and ε determines 
the magnitude of turbulence. The k-ε model is implemented in FLUENT 
software in three different approaches. The general form of transport 
equations for k and ε is the same in these models. The difference between 
them is in the methods of calculating the turbulent viscosity, the tur
bulent Prandtl number governing the turbulence distribution k and ε, 
and the additional components in the ε equation. In this study, the RNG 
model is employed, which has higher accuracy than the other ones. To 
couple pressure and velocity fields, the SIMPLEC algorithm is used. The 
governing equations are first solved on a grid with an optimal number of 
nodes using a first-order forward discretization scheme for numerical 
solution convergence. The under relaxation factors are also applied so 
that the solution reaches convergence faster. After the initial conver
gence, the under relaxation factors increase, and finally, the second- 
order discretization scheme is used. The convergence criterion of the 
numerical solution is 10− 6 for all variables. In calculating the properties 
(viscosity and thermal conductivity), due to the lack of large changes in 
temperature, only relationships dependent on the volume fraction have 
been used. Properties for different volume fractions are calculated and 
presented in Table 3. Also, due to the fact that the volume fraction of 
nanoparticles in nanofluids is not high, the single phase model has been 
used to simulate nanofluids. 

Fig. 2. Grid independence.  

Fig. 3. View of the absorber tube grid.  

Table 3 
Characteristics of NFs with copper oxide particles for three different NVFs.  

NF ρ(kg.m− 3) μ(kg.m− 1.s− 1) k(W.m− 1.K− 1) Cp(J.kg− 1.K− 1)

water + 1%CuO  1050.33  0.001080  0.631  3959.7 
water + 2%CuO  1103.56  0.001198  0.650  3761.7 
water + 4%CuO  1210.02  0.001493  0.680  3581.8  

Fig. 4. Nu for the present study compared with Mwesigye et al. [44].  

Fig. 5. Temperature field inside the absorber tube and the plates with 
different distances. 
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Boundary conditions 

The following are the boundary conditions that are applied to the 
absorber tube with perforated twisted tapes for numerical solution: 

Inlet boundary condition 

The fluid flow has a uniform u and T which enter the tube are: 
u = u◦, T = T = 30◦C 
Wall 
The flux in the upper half wall and lower half wall of the pipe is 

obtained using the following equation: 

qup = Ig  

qdown = IbCR  

where Ig is the total radiation that is the same as 700 W/m2, Ib is direct 
radiation that is the same as 650 W/m2, and CR is assumed to be 30. 

Outlet 

The zero pressure is used at the end of the geometry. 

Grid independence test 

The computational domain is meshed using ANSYS Mashing 2020 
software. The grid cells are quadrilateral type generated using the 
bottom-up algorithm so that the grid is finer close to the perforated 

Fig. 6. Temperature field of the tube with a perforated twisted tape and NF with different NVFs when Re is 10,000 at the outlet.  
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twisted tape. Also, a boundary layer mesh is used in close proximity to 
the tube wall. In addition to creating logical and acceptable results, the 
grid must also be computational cost-effective. The simulations are 
performed for five grids with 950200, 1486900, 2173500, 2852300, and 
3,323,500 elements. Since no noticeable changes are observed in the 
results, the grid with 2,852,300 elements is selected as the main grid to 
reduce the computational cost. 

Validation 

To guarantee that numerical findings are accurate, the ahead nu
merical results must be validated with numerical or experimental re
sults. To assess the accuracy of the current numerical work, first, the 
simulated outcomes of Mwesigye et al.[44], who investigated the HTR in 
the absorber tube of a PTSC with a classically twisted tape, is viewed. 
According to Mwesigye et al. [44] research, an absorber tube with a 
twisted tape with dimensional parameters and boundary conditions is 

Fig. 7. Velocity contours at the outlet for a NVF = 4% at Re of 10000.  

Fig. 8. Velocity contours at the middle plane of the tube for a NVF = 4% at Re of 10000.  
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simulated and evaluated. The Nu findings for various Re values are given 
in Fig. 4. As can be seen, the Nu in the present simulations agrees with 
Mwesigye et al. [44], so the accuracy of the modeling results in the 
present study is ensured. 

Analysis of numerical results 

The numerical results produced from the current simulations are 
used to assess effective parameters in this section, including Nu, f, PEC, 
and energy and exergy efficiency of a PTSC with a tube with a perforated 
twisted tape in the presence of NF containing CuO particles with 
different NVFs. In addition, the results are evaluated for three Re of 
10,000, 20,000, and 30,000 to determine the best optimal geometry. 

Fig. 5 depicts the temperature field contours inside the absorber tube 
and the plates with different distances. According to the governing 
boundary conditions, the maximum temperature enhancement occurs at 
the bottom of the tube due to the maximum heat flux. After that, the 
temperature gradually enhances as it approaches the tube outlet. 

Fig. 6 demonstrates the temperature contours at the tube outlet for a 
twisted tape with three different circular holes for different NVFs when 
the Re is 10,000. In all three models, HTR increases with the NVFs from 
1 to 4%, and consequently, more temperature changes are observed. The 
average outlet temperature is 305 K when the NVF is 4%. As can be seen 
in this figure, as the dimensions of the hole increase, the thermal 
penetration into the flow increases. Higher energy exchange causes this 
behavior due to easier molecular collisions in these areas. 

Based on Fig. 7, the twisted tape causes flow inside the tube to be 
divided into two parts. In the first model, where d = 0.5 W, the two flow 
sections are completely separate. By enhancing the diameter of the 
circular holes on the twisted tape, the mixing of two flows on both sides 
of the tape increases. The flow separation has the linear mode for the 
first model and changes to the O-shape for the third model with a ratio of 
d = 0.9 W. It is expected that as the hole’s diameter increases, the fluid 
faces fewer obstacles, and the separation effect decreases. In each sec
tion, a rotational flow is observed so that the velocity is maximum close 
to the twisted tape. Fig. 8 shows the effect of the perforated twisted tape 
on U in the plane passing through the center of tube. 

Fig. 9 exhibits the pressure changes along the absorber tube supplied 
with a perforated twisted tape for d = 0.9 W and NVF = 4%. As can be 

seen, the pressure decreases as the flow approaches the tube outlet and 
finally reaches atmospheric pressure at the outlet, which is zero gauge 
pressure. The pressure drop in this model is equal to 1295 Pa. 

For the tube provided with a perforated twisted tape with various 
hole sizes, the Nu is shown in Fig. 10. Based on this, the Nu goes up with 
the Re. Also, growth in the NVF improves the conduction heat transfer 
and thus intensifies the Nu. As the size of the holes increases, the average 
Nusselt number decreases. The enlargement of the holes in the turbu
lator body prevents further turbulence in the flow, thus reducing heat 
exchange and reducing the average Nusselt number. 

The pressure drop is shown in Fig. 11 for three twisted tape models 
with NF with various NVFs. Suspension of nanoparticles in the base fluid 
brings about an increment in fluid viscosity, leading to an enhancement 
in NF pressure loss. Also, the larger the Re, the higher the NF velocity, 
which increases the pressure drop. 

Fig. 12 shows the friction coefficient for different NVFs in the 
absorber tube supplied with a perforated twisted tape for d = 0.9 W at 
three Re of 10,000, 20,000, and 30,000. The friction coefficient and the 
velocity are inversely correlated. Therefore, the friction coefficient is 
reduced with the Re. Also, the friction coefficient is enhanced with the 
NVFs, as a result of raising the density and viscosity. As the volume 
fraction of nanoparticles increases, the flow pressure drop increases. 
Increasing the volume fraction of nanoparticles increases the viscosity 
resulting in shear stresses and higher pressure drop. 

Higher values of PEC mean greater thermo-hydraulic efficiency. 
When d = 0.9 W, the tube with a perforated twisted tape had the best 
PEC, according to all of the tests. By enhancing the NVFs, the PEC is 
reduced. Also, an increment in the Re leads to a reduction in the PEC. 
According to Fig. 13, the maximum value of PEC takes place at Re of 
10,000 and a NVF = 1%. The maximum value is equal to 1.6, which is 
61% higher than the PEC of the absorber tube without a perforated 
twisted tape for the same working fluid. 

The thermal efficiency of a SC characterized by Eq. (8) is the most 
crucial variable for evaluating a collector. When d = 0.9 W, Fig. 14 
shows the changes in thermal efficiency for a SC with a tube equipped 
with a perforated twisted tape with NF at different NVFs. As can be seen, 
the thermal conductivity of the NF increases with the NVF, causing more 
absorption of solar radiation and thus an increase in the generation of 
thermal energy. The NF with a NVF = 4% has a maximum thermal 

Fig. 9. Pressure changes along the tube supplied with a perforated twisted tape for d = 0.9 W and a NVF = 4% at Re of 10000.  
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efficiency of 64%. As the NVF is enhanced, the mass flow rate goes up, 
and the velocity is reduced. Therefore, according to Eq. (9), enhancing 
the concentration of working fluid augments the exergy efficiency of the 
collector. The NF with NVF = 4% has the maximum exergy efficiency of 
28%. 

Conclusions 

The present study evaluates a tube supplied with a perforated twisted 
tape with varying proportions of the hole’s diameter to the width of the 
twisted tape, d/W = 0.5, 0.7, and 0.9 in the presence of water-CuO NF 
with different NVFs)Re 10,000, 20,000 and 30,000(.  

▪ The use of NF enhances the HTR and pressure loss in the tube so 
that the higher the concentration of nanofluid, the higher the 
amount of Nu and pressure drop.  

▪ Exerting perforated twisted tape enhances the HTR 
(Nusselt number) compared to a tube without a tape. 
As the diameter of the circular hole increases, the flow 
is mixed across both sides of the twisted tape, and the 
pressure drop is reduced. 

Fig. 10. The quantity of Nu in the tube provided with a perforated twisted tape 
for three Re values of 10,000, 20,000, and 30,000 for various NVFs. 

Fig. 11. The amount of pressure drop (kPa) inside the tube supplied with a 
perforated twisted tape for different NVFs at three Re of 10,000, 20,000, 
and 30,000. 
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▪ The maximum PEC occurs at Re of 10,000 and a 
NVF = 4%.  

▪ The best performance for NF is achieved for the 
NVF = 4%.  

▪ For NF, the highest exergy efficiency is attained with 
NVF = 4%, which is equal to 28%. 
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