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Abstract: 

The objective of the present numerical study is to investigate the heat transfer 

enhancement, entropy generation, and thermal performance of turbulent nanofluids inside 

double-pipe heat exchangers equipped with novel perforated cylindrical turbulators. 

Effects of inflow velocity, CuO nanoparticles volume fraction and perforated index are 

evaluated on the Nusselt number, friction loss, thermal performance factor (η), and viscous 

irreversibilities of the double-pipe heat exchangers. The newly proposed perforated 

turbulators with CuO nanopowder with ϕ = 1.5% provide the thermal performance of 

η=1.931, which is considerably higher than the other previous studies. The results show 

that raising PI reduces the turbulent kinetic energy, especially in outer regions of the 

cylindrical turbulator. The jet formation near the walls and the perforations is the primary 

physical reason for this. The viscous entropy generation is increased up to 153.0% by 

increasing the Re number from 6,000 to 17,000 for PI=8% and DR=0.7. Thermal boundary 

layer disruption is the primary physical reason for heat transfer enhancement.  

 
1 Corresponding author, M. Hatami, E-mail: m.hatami@xjtu.edu.cn 
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1. Introduction 

Turbulators are widely used in heat exchangers to enhance heat transfer by altering 

fluids flow and increasing the internal forced convection heat transfer. These devices are 

known as active or passive methods for heat transfer enhancements through external 

inserts, creating more swirls and turbulence within the tube and, consequently, improving 

heat transfer. Turbulators have different shapes and geometries which can be used in other 

applications for various flow regimes. For instance, in their experimental works, Hatami et 

al. [1] used the winglet turbulators as vortex generators for improving the exhaust heat 

recovery from diesel engines. Keat Goh et al. [2] used rotating turbulators for the heat 

transfer augmentation as well as entropy generation of a heat exchanger. They found that 

the maximum increment of the Nusselt number was 360% and 240% for non-rotating and 

rotating turbulators, respectively. Vaisi et al. [3] used twisted tape turbulators in a double 

pipe heat exchanger. They reported that the discontinuous turbulator had an 8.2 % increase 

in heat transfer and 9.8 % reduction in the pressure drop coefficient compared to the 

continuous turbulator. In addition, they investigated the effect of different shapes of 

perforation on this discontinuous turbulator. Ribeiro et al. [4] used the turbulators in 

unmixed cross-flow compact heat exchanger for automotive applications and revealed the 

heat transfer improvements. Liou et al. [5] used another shape of turbulators as wing-

shaped turbulators for a coolant passage of a serpentine heat exchanger. Singh and Sarkar 

[6] used tapered wire coil inserts for the double tube heat exchanger filled with the 
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Al2O3+MgO hybrid nanofluid and found a maximum 84% increase in Nusselt number. The 

same type of turbulator was also used by Panahi and Zamzamian [7] and Mashoofi et al. 

[8] for shell and coiled tube and tube-in-tube heat exchangers, respectively. Both confirmed 

the high performance of this type of turbulators for Nusselt number improvements.  

Adding nanoparticles to the working fluid is an effective and powerful method  of 

improving the thermophysical characteristics of the fluids in different industrial equipment 

[9-11]. Sheikholeslami et al. [12] examined the effect of Al2O3 nanopowder on the 

performance improvement of solar collectors under a turbulent flow regime. They observed 

that adding nanoparticles to the working fluid can significantly reduce thermal 

irreversibility. They found a 92.86% increment in thermal performance by using four 

twisted turbulators. In another numerical study, Bazdidi-Tehrani [13] evaluated the effect 

of CMC/CuO nanopowder on forced convection and heat transfer in a heat exchanger tube 

fitted by twisted tapes. They concluded that the nanoparticles could significantly improve 

the performance of the non-Newtonian fluid in the heat exchanger tube. Esfahani et al. [14] 

performed an entropy production analysis for the Cu powder-water flows through wavy 

channels and concluded that thermal entropy generation was the primary term in most parts 

of the pipe. Also, they found that thermal entropy generation was diminished with 

increasing volume fraction of the nanoparticles. Akbarzadeh et al. [15] numerically 

investigated the two-phase nanofluid flow characteristics inside solar heaters by corrugated 

absorber plates. They used the SST κ-ω model for the numerical simulations of nanofluid 

flows inside the corrugated tubes. It was concluded that the triangular ducts provide higher 

Nusselt numbers compared to the sinusoidal walls. 
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As mentioned above, one of the passive ways for turbulator performance 

improvements is perforation which was investigated by Vaisi et al. [3] in different hole 

shapes. Nakhchi and Esfahani [16] investigated the effect of perforated hollow cylinders 

as turbulators and reported better heat transfer and reduced the flow resistance up to 86.2%. 

Also, Nakhchi et al. [17] used the perforated louvered strips for a heat exchanger. They 

found the Nusselt number and the thermal performance increment, due to better fluid 

mixing between the tube walls and core region. They also used perforated conical rings 

(PCR) for heat exchangers and found that recirculating flows via the holes increase the heat 

transfer and decrease the pressure loss in the heat exchangers [18, 19]. Not only does 

perforation enhance the turbulator efficiency, but turbulator-cutting or groove also 

enhances the effectiveness of the turbulator. In a recent experimental study, the effect of 

double-cut twisted tape on heat transfer improvements was considered by Nakhchi et al. 

[20]. They found that by increasing the cut ratio from 0.25 to 0.90, the Nusselt number was 

enhanced up to 177.4%. 

Entropy generation and exergy describe the second law of thermodynamics, 

defining the irreversible loss of thermal energy systems [21, 22]. Recently, many 

researchers focused on entropy generation investigation in heat exchangers. Han et al. [23] 

used a multi-objective optimization for a helically coiled tube heat exchanger for entropy 

production. They reported that the entropy generation number (EGN) did not always 

correspond to the flow resistance. Guo et al. [24] optimized the design of a shell and tube 

heat exchanger through entropy production. For this aim, they considered the corrected 

entropy production number, which can avoid the entropy generation paradox as an 

objective in thermal equipment design. The same optimization for the entropy generation 
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minimization was also used before by Sahiti et al. [25] for the pin fins heat exchangers. 

Zheng et al. [26] considered the entropy generation analysis for a rib-grooved heat 

exchanger and confirmed that the effect of the ribs and grooves was advantageous from the 

thermodynamic viewpoint. There are also a large number of research studies focused on 

the heat exchanger design, through entropy generation minimization analysis in different 

applications, such as crude oil preheating [27], transient processes [28], and compressed 

air heat exchangers [29]. 

1.2. Knowledge Gap and Novelty  

Based on the above literature review, the knowledge gap in the field of heat exchanger 

performance improvement by using passive techniques can be expressed as follows: 

 The first gap is linked to the limited number of numerical investigations on vortex 

generators with perforations and holes. As discussed earlier, perforations can 

produce additional flow disturbance which can intensify the fluid mixing and 

thermal boundary layer disruption. However, the number of studies in this field are 

limited, and most of them are experimental. It is essential to perform a numerical 

investigation to investigate the details of the flow behaviour, and recirculation 

flows near the holes of the turbulators.   

 The second gap is linked to the combined use of perforated turbulators with 

nanopowder additives at the same time. It is mentioned that nanoparticles can 

improve the thermal characteristics of the heat exchangers. However, there are no 

numerical or experimental studies to simultaneously investigate the impact of CuO 

nanoparticles and the perforated vortex generators.  
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 The third gap is linked to the thermal performance of the double-pipe heat 

exchangers. As mentioned earlier, thermal efficiency enhancement is essential in 

the design of thermal systems. Therefore, it is crucial to perform a new study to 

improve the thermal efficiency compared to the previous numerical or experimental 

studies.   

To overcome these knowledge gaps, the present numerical work concentrates on the 

following novelties and objectives: 

 Proposing novel perforated hollow cylinder turbulators with greater thermal 

efficiency in comparison with the previous studies. 

 Using CuO nanopowder additives together with the perforated turbulators to 

improve the heat transfer rate even more.  

 To numerically examine the impact of the perforated index and diameter ratio of 

the perforated cylindrical turbulators on the heat transfer improvement. 

It should also be mentioned that heat transfer enhancement and second-law analysis 

are essential in designing different heat exchangers. Using passive methods such as 

nanoparticles and turbulators can improve the thermal performance of the double-pipe heat 

exchangers. However, the impact of the nanoparticles on the manufacturing costs and 

economic benefits needs to be investigated too. In the present study, the effect of the newly 

designed perforated cylindrical turbulators together with CuO nanoparticles with different 

volume fractions on the heat transfer and friction loss inside heat exchanger tubes under 

turbulent flow regime will be numerically investigated for the first time. The effects of the 
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design parameters of the novel perforated cylindrical vortex generators on the entropy 

generation rate will also be investigated for the first time.  

2. Problem Description 

The schematic view of the heat exchanger pipe equipped with perforated cylindrical 

turbulators is depicted in Fig. 1. The turbulators are connected by a connecting rod with a 

diameter (d) of 1mm. The geometries of the hollow cylinders are designed based on the 

experimental work of Singh et al. [30] to show the contribution and novelty of the present 

numerical study compared to the experiments and to make validations. A Nanofluid with 

CuO nanoparticles and water as the base fluid is considered as the working fluid. The 

volume fraction of the nanoparticles (𝜙 = 𝑉 /𝑉 ) is varied between 0 (pure water) and 

1.5% in the present simulations. The number of perforations on the cylindrical turbulators 

are changed based on the perforation index parameter (𝑃𝐼 = ) from 8% to 16%. The 

diameter ratio of the perforated cylindrical turbulators to the heat exchanger diameter 

(𝐷𝑅 = ) is in the range of 0.50-0.90, in contrast the diameter (𝐷 ) and the length 

(𝐿 ) of the heat exchanger pipes are assumed to be 66mm and 1360mm, respectively. 

The diameter of the perforations (𝛿 ) and the thickness of the cylindrical turbulators 

(𝑡 ) are remained constant at 2mm, and 1mm, respectively. The inflow temperature of 

the nanofluid is selected as 300K, while a constant wall heat flux of 1000 Wm-2 is imposed 

on the heat exchanger walls. An additional length of 800mm is also included at the inlet of 

the pipe to reduce the hydraulic entrance impact on the flow structure and to ensure that 

the inflow is fully developed. The Reynolds number 𝑅𝑒 = (𝑢 𝐷/𝜈) is in the range of 6,000 

and 17,000 in this thermo-economic analysis, and the flow is fully turbulent. The 
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cylindrical turbulators have adiabatic and no-slip velocity walls, which are accurate and 

popular assumptions in modelling the turbulators. The connecting rod is not presented in 

the graphs to better illustrate the physical discussions. 

 

 

 

 

 

 

Fig. 1 Schematic view of the double-pipe heat exchanger pipe equipped with perforated 
cylindrical turbulators 

Connecting Rod 

Perforated Cylindrical 
Turbulators  

 

Heated Wall 

Turbulent 
Outflow 
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3. Solution Method 

The governing equations (continuity, momentum, and energy) for steady, incompressible, 

and three-dimensional flows based on the RANS model are as follows [31]:  
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where ρ, u, p, T, μ, Pr and Prt are fluid density, nanofluid velocity, pressure, temperature, 

dynamic viscosity, Prandtl number, and turbulent Prandtl number, respectively. 

2 /t kC   is the turbulent viscosity and i juu   is defined as [32]: 
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Ansys ICEM 19.1 is employed for mesh generation through the heat exchanger. As 

depicted in Fig. 2, the tetrahedral mesh is applied inside the tube, while prism mesh with 

nine inflation layers with an enhancement rate of 1.1, is used near the tube walls to detect 

the turbulent viscous sub-layer effects. As can be seen, a finer mesh is generated near the 

turbulators to predict better the vortex generation of nanofluid flow in these areas. The 

maximum element size was assumed to be less than 0.1mm in the computational domain. 

y+ values near the pipe surface were smaller than 1 in the whole finite volume simulations. 

ANSYS Fluent 2020 R1 is used for the CFD simulations by using finite volume method. 

The SIMPLE algorithm is selected to solve the Navier-Stokes equations. The momentum, 

energy, k, and  are discretized with a second-order upwind scheme. To control the 

convergency of the results, the residual values of continuity and momentum equations are 

chosen to reach below 10−6, while 10−8 is used for the energy equation. 

Tetrahedral and hexahedral volumetric elements are utilized for mesh generation inside the 

pipe, and close to the pipe walls, respectively. Various RANS turbulent models, including 

standard k-ɛ, (RNG) k-ɛ, k  and SST k  were employed in the present study. After 

validation with the previous experimental data [30] (See Table 1), it was observed that the 

RNG k-ɛ model performed more accurately compared to the others. Thus, it was selected 

for further simulations. This model can predict the recirculations near the holes of the 

vortex generators. The enhanced wall-function method, with an inlet turbulence intensity 

of 5%is implemented in the configurations. 
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Fig. 2 Mesh generation inside the tube fitted by perforated cylindrical turbulators with 

detailed views  
 
 

Table 1 Validation of various RANS models with experimental data [30] for average 

Nusselt number of perforated cylinders with PI=8% and DR=0.5. 

Re Exp. [30] k   k   RNG k   SST k   

6,000 46.67 45.23 45.71 46.39 45.98 

11,000 74.82 72.16 73.06 74.58 73.77 

16,000 96.88 98.04 97.05 96.72 97.24 

 

The main dimensionless physical parameters for measuring the performance of heat 

exchangers, Reynolds number, Nusselt number, and friction factor (f), can be expressed as 

[34]: 

Re iu D


   (8) 

9-Layers inflated 
mesh near the wall 
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In the above equations, iu is the axial nanofluid velocity, D is the tube diameter,  is the 

kinematic viscosity, and k is assumed to be the thermal conductivity of the fluid, 

respectively. The main physical properties of Cuo-H2O nanofluid, including density  eff , 

specific heat  effC , and viscosity  eff  for nanoparticle volume fractions varying from 

0 (pure water) to 2%, could be calculated by employing these equations [34, 35]: 
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where  , f , and p are volume fraction of nanoparticles, base fluid, and CuO nanoparticles, 

respectively. The Thermal conductivity of nanofluid can also be evaluated by [36]: 
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The thermo-physical properties of CuO nanoparticles are selected as 540 / .pC J kg K , 

36500 /p kg m   and 18 / .pk W m K .  

The thermal and viscous volumetric entropy productions can be expressed as [37]: 
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where u, v and w are velocity components in x and y and z directions, respectively. t  and 

/t p t tk C Pr  are turbulent viscosity and thermal conductivity, respectively. These 

functions may be expressed in dimensionless forms as [38]:  
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The total entropy production number and the Bejan number are defined by [38, 39]: 
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3.1. Grid independence study 

It is essential to perform a grid independence test to find the most appropriate number of 

elements to achieve the most accurate numerical results. Table 2 depicts the grid test studies 

for the double-pipe heat exchanger equipped with perforated cylindrical turbulators with 
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PI=24% and DR=0.7 at Re=17,000. The average Nusselt number is utilized for the 

evaluation. The different number of elements are employed for the CFD simulations. It was 

observed that the deviation between the grid numbers of 1,278,305 and 1,828,114 is only 

0.04%. Thus 1,278,305 grid is considered for further simulations. Fig. 3 shows that the y+ 

values remain less than unity on the walls of the cylindrical turbulators by using inflated 

boundary-layer mesh near the walls. 

Table 2 Grid independent test for Re=17,000, PI=24% and d/D=0.7 with 1%  . 

Number of elements Nu Dev. % 
455,180 84.97 - 
902,458 92.66 9.05 

1,278,305 95.08 2.61 
1,828,114 95.12 0.04 

 

  

 

a) PI=8%, DR=0.5 b) PI=24%, DR=0.5 

  

c) PI=8%, DR=0.9 d) PI=24%, DR=0.9 

Fig. 3 Contours of y+ values on the surface of the perforated cylindrical turbulators  

4. Results and Discussion 

Fig. 4 shows the effects of perforation intensity (PI) and diameter ratio (DR) of the 

cylindrical turbulators on axial velocity contours at Re=6,000 for CuO-water with 
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0.5%   nanofluid. As seen, for two cases of PI=8% and PI=24% with DR=0.7, the flow 

velocity near the tube walls is high, and the axial velocity through the cylindrical turbulator 

is not uniform. But, for the two cases with PI=8% and PI=16% with DR=0.9, the axial 

velocity near the tube wall is smaller. Moreover, inside the cylinders, the axial velocity is 

stronger and more uniform. It can also be concluded that increasing the DR (from 0.7 to 

0.9) reduces the turbulence in the cylindrical vortex generators. In addition, expanding the 

PI makes a more uniform velocity profile inside the cylinder with a more negligible effect 

than the diameter ratio. So, the cases of (a) and (d) in Fig. 4 provide better mixing, and they 

are more suitable for heat transfer viewpoints. Fig. 5 indicates the Y-velocity contours for 

the case of (PI=16%, DR=0.5) at Re=8,000 and 0.5%  . Due to smaller DR, more flow 

from holes is observed, which makes swirl flow generations. Physically speaking, 

detachment and reattachment of the fluid stream make swirl and vortex generations, as seen 

in Fig. 5-b.  

 

 
a) PI=8%, DR=0.7 

 
b) PI=8%, DR=0.9 

 
c) PI=16%, DR=0.9 

 
d) PI=24%, DR=0.7 
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Fig. 4 Effects of perforation intensity (PI) and diameter ratio (DR) of the cylindrical 
turbulators on axial velocity contours at Re=6,000 and 0.5%  . 

 

 

 

a) Y-velocity contours 

 

b) Details of the flow structure 

Fig. 5 Contour of velocity in y-direction over cylindrical turbulator (PI=16%, DR=0.5) 
and details of the flow structure at Re=8,000 and 0.5%  . 

Turbulent kinetic energy contours of CuO nanofluid flow over cylindrical 

turbulators at Re=6,000 and different geometries are depicted in Fig. 6. As seen, in a 

constant PI value (8%), by increasing the DR, turbulent kinetic energy is increased due to 

better mixing flow in larger hollow tubes. Also, for PI=24%, the same treatment is observed 

primarily in the downstream regions which more significant turbulence and kinetic energy 

observed. By comparing the figures in a constant DR (for example, DR=0.5, 0.7 or 0.9), 

increasing the PI caused a reduction in turbulent kinetic energy, especially in outer regions 
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of the cylinder. This fact can be described by the lower mass flow rate and consequently 

smaller flow disturbance and turbulence in perforated cylinders with more holes. So, the 

case with smaller PI and more extensive DR (case 3) has enormous turbulent kinetic energy 

among other tested geometries by these definitions.  

 

 

 

  
a) PI=8%, DR=0.5 b) PI=8%, DR=0.7 

  
c) PI=8%, DR=0.9 d) PI=24%, DR=0.5 

  
e) PI=24%, DR=0.7 f) PI=24%, DR=0.9 

Fig. 6 Turbulent kinetic energy contours of nanofluid flow over cylindrical turbulators 
with different geometries at Re=6,000. 

For the entropy generation and based on Nakhchi and Rahmati [40], different 

entropy generation terms and Bejan number are calculated and presented in the following 

contours. Bejan number, which is the ratio of thermal entropy generation to the sum of 



18 
 

thermal and viscous entropy generation, is shown in Fig. 7 for different geometries at 

Re=6,000 and 0.5%  . As seen, in DR=0.5 and PI=8%, the Bejan number in most 

regions is near zero, so according to Bejan definition, thermal entropy generation is 

negligible. By increasing the DR to 0.7 and 0.9 (in constant PI), the thermal entropy 

generation will be dominant and consequently, in most regions (except in inlet), the Bejan 

number reaches unity. This phenomenon is due to more turbulence and mixing flow 

observed in before contours. Although in low PI values, the same treatment is observed by 

its increment, but in greater PI values (for 24%), viscous entropy generation (especially in 

entrance) will be dominant so that the Bejan number will be reduced. Fig. 8 demonstrates 

these discussions by presenting the viscous entropy generation.  

 

 

a) PI=8%, DR=0.5 

 
b) PI=16%, DR=0.5 

 
c) PI=24%, DR=0.5 

 
d) PI=8%, DR=0.7 

 
e) PI=24%, DR=0.7 

 
f) PI=8%, DR=0.9 
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g) PI=24%, DR=0.9 

Fig. 7 Contours of the Bejan number over perforated tubes with different geometries at 
Re=6,000 and 0.5%  . 

 

 

 

 

a) PI=8%, DR=0.5 b) PI=8%, DR=0.7 c) PI=8%, DR=0.9 

d) PI=24%, DR=0.5 e) PI=24%, DR=0.7 f) PI=24%, DR=0.9 
Fig. 8 Cross-section views of viscous entropy generation inside heat exchanger with 

cylindrical turbulators at Re=6,000 and 0.5%  . 

To find the effect of CuO nanoparticles volume fraction on viscous entropy 

generation, Fig. 9 is depicted for four values of 0, 0.5, 1.0 and 1.5 % at Re=6,000. This 

graph shows that increasing the nanoparticles volume fraction caused an increase in 
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viscous entropy generation, especially around the hollow cylinder due to flow from holes. 

In these areas, the Bejan number will be near zero, while in other places Bejan number 

reaches unity due to thermal entropy generation dominant. The CuO nano additives 

increase the frictional entropy production rate near the walls of the cylindrical vortex 

generators, which is due to the collisions between the nanoparticles with higher volume 

fractions.  

 

a) Pure water b) 0.5%   

c) 1.0%   d) 1.5%   
Fig. 9 Effects of CuO nanoparticles volume fraction on viscous entropy generation inside 

heat exchanger fitted with cylindrical turbulators at Re=6,000. 

Fig. 10 shows the effects of design parameters (nanoparticles volume fraction, 

perforation index, and diameter ratio) on the heat transfer enhancement inside the heat 

exchanger tube equipped with perforated cylindrical vortex generators. The results are 

provided for various Reynolds numbers. By decreasing the value of the perforation index, 

heat transfer augments. Physically speaking, reducing the number of perforations (PI) from 

8% to 24% will intensify the jet formation, and recirculation flows near the holes of the 

cylinders. Consequently, the thermal boundary layer disruption will become more 

noticeable and heat transfer raises. The results show that the heat transfer improvement at 

( = 0.7) is greater than the other diameter ratios. As discussed earlier, this is mainly 

due to more vital flow detachment and reattachment near the edges of the cylindrical 

turbulators with a diameter ratio of 0.7. The results show significant improvement in the 
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average Nusselt number compared to the smooth pipe without any inserts. The recirculation 

flows intensify the fluid circulation between the core regions and the double-pipe heat 

exchanger walls. It is observed that the average Nu number for the cases of cylindrical 

insert (DR=0.7) with PI= 8%, 16% and 24% are 133.2%, 112.5%, and 97.4%, respectively, 

higher than the heat exchanger tube without cylindrical turbulators. Fig. 10b depicts the 

impact of nanoparticle volume fractions on heat transfer improvement at different 

Reynolds numbers for PI=8% and a diameter ratio of 0.7. As expected, the heat transfer 

raises by increasing the nanoparticles volume fraction from 0 (pure water) to 1.5%. This 

heat transfer augmentation in the presence of CuO nanoparticles is mainly due to the 

improved thermophysical properties of the working fluid. According to the definition of 

the effective thermal conductivity in Eq. (14), the thermal conductivity of the working fluid 

is improved by raising  . Therefore, the temperature gradients near the heat exchanger 

walls become more significant, and heat transfer between the heated walls and the core 

region would be intensified.  
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a)  

 
b)  

Fig. 10 Variations of the average Nu number vs the Re number for a) different 
geometries, b) nanoparticles volume fractions 

Fig. 11-a depicts the friction loss coefficients of the nanofluid flow inside the 

double-pipe heat exchangers equipped with different cylindrical turbulators with different 

diameter ratios and perforation index. The friction loss is reduced by raising the Re number, 

which agrees with the friction variations in the Moody chart. The results illustrate that the 

friction factor is noticeably reduced by increasing the perforation index. This reduction is 

mostly because of smaller vortex generations and disturbance through the perforations of 

the cylindrical turbulators with more perforations. The cause of the increment in friction 

compared to the plain tuber is the cylindrical turbulators against the turbulent nanofluid 

current and the extra vorticity generated behind the perforations and the pipe wall. The 

graph illustrates that the pressure loss increases around 325% for the cylindrical inserts 

with PI=8% and DR=0.7 compared with the smooth pipe. The pressure loss of nanofluid 

flow in the double-pipe heat exchangers fitted by cylindrical vortex generators with 

DR=0.5 is 17.3% lower than perforated turbulators with DR=0.7 and with the same 
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perforated index (PI=8%) at Re=17,000. As presented in Fig. 11b, the friction factor is 

raised by increasing the nanoparticles volume fraction from 0 to 1.5%. This augmentation 

is because of the improved viscosity of nanofluid in comparison with water without any 

nanoparticles. The CuO nanoparticle interaction increases the wall shear rate. Using 

nanofluids with ϕ = 0.5%, 1%, 1.5% increases the friction factor about 2.7%, 7.3% and 

9.8%, respectively compared to pure water. 

 
a)  

 
b)  

Fig. 11 Variations of the friction factor vs the Re number for a) different geometries, b) 
nanoparticles volume fractions. 
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Fig. 12 illustrates the impact of the nanoparticles volume concentration on the 

thermal entropy production for various Re numbers. It is observed that the entropy 

production is decreased around 92.7% by raising the Re from 6,000 to 17,000. Physically 

speaking, heat transfer enhancement reduces the thermal irreversibilities of the nanofluid 

flows inside double-pipe heat exchangers enhanced by cylindrical turbulators. There are 

37.5, 45.4, 58.5, 68.9 and 80.5% decrements in thermal entropy production rate at 

Re = 6000, 8000, 11000, 14000 and 17000, respectively, by increasing ϕ from 0 to 1.5%. 

 

Fig. 12 Effects of the nanoparticles volume concentration on the thermal entropy 

production for PI=8% and DR=0.7. 

The connection between the viscous entropy production and flow velocity for 

different nanoparticles volume concentrations are presented in Fig. 13. It is seen that the 

viscous entropy production is considerably intensified by raising the Re from 6,000 to 

17,000. The cause of this intensification is an increase in the friction loss of the turbulent 

flow through the double-pipe heat exchanger pipe by fluid velocity increment. The 
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frictional entropy production is enhanced by 286.9, 212.5, 189.4, and 153.0% for ϕ = 0, 

0.5, 1.0 and 1.5% as the Reynolds number is increased from 6,000 to 17,000. As mentioned 

before, the viscous entropy production is reduced by raising the volume concentration of 

the CuO nanoparticles. 

 

Fig. 13 Effects of nanoparticles volume concentration on the viscous entropy production 

for PI=8% and DR=0.7. 

Fig. 14 shows the contribution of thermal and viscous entropy generation in total 

entropy production inside double-pipe heat exchanger fitted by perforated cylindrical 

turbulators with PI=8% and DR=0.7. The results are provided at two different Reynold 

numbers. The impact of viscous entropy generation becomes noticeable by raising the CuO 

nanoparticles volume fraction from 0 to 1.5% for all of the cases. This means that 

increasing the volume fraction of nanoparticles has a considerable effect on friction factor 

increment, and therefore, the entropy production due to the friction becomes larger. 

Moreover, it is observed that the contribution of the frictional entropy generation is 
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significantly increased by increasing the inlet velocity. By raising the Reynolds number 

from 6,000 to 17,000, increments of 47%, 57%, 64% and 70% in viscous entropy 

generation rate are observed for 0  , 0.5%, 1.0% and 1.5%, respectively. The highest 

contribution of the viscous entropy generation is 89% for 1.5%  at Re=17,000. Similar 

trends for the entropy generation are observed for all the perforated cylindrical turbulators 

with different design parameters.  

                   Re=6,000 

           

    Re=17,000 

    
(a)  (b)  (e) (f)  

    
(c)  (d)  (g) (h) 

 

Fig. 14 The contribution of thermal and viscous entropy generation for different 
Reynolds numbers and nanoparticles volume fractions. 

 

Thermal efficiency   1/3
/ /s sNu Nu f f   is one of the critical parameters in the 

design of heat exchangers. Fig. 15 shows a comparison between the thermal efficiency 

obtained in the present study with the previous studies. The results are presented for 

turbulent nanofluid flow improved with CuO nanopowder (ϕ = 1.5%) with PI=24% and 

DR=0.7. It is observed that among recent studies, the proposed vortex generators with 
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nanopowder additive provide higher thermal efficiency, which is one of the main novelties 

of the present work. The highest thermal efficiency of 1.931 is obtained for the perforated 

vortex generators Re=6,000, which is 18.25% higher than the highest thermal efficiency 

reported in the previous studies with the same Reynolds number.  

 

 
Present study, nanopowder 
with perforated insert 

 Non-uniform TT [41] 

 Typical louvered strip [42] 

 TT with alternate axis [43] 

 Peripherally-cut  TT [44] 

 Square-cut TT [45] 

 Twin twisted tape [46] 

 Arc-TT & alternate axis [47] 

 Cross hollow TT [48] 

 V-baffled tape [49] 

 Delta-winglet TT [50] 

 Conical Rings [51] 

 

 

 

Fig. 15 Comparison between the thermal efficiency (η) obtained in this study (perforated 

turbulators and CuO nanopowder) with previous passive equipment. 

5. Conclusion 

Heat transfer analysis and second-law analysis are performed on turbulent CuO-water 

nanofluid flow inside heat exchangers, fitted by perforated cylindrical turbulators. The 

effects of the design parameters including Reynolds number (6,000<Re<17,000), 

perforated index (8%<PI<24%), diameter ratio (0.5<DR<0.9) and nanoparticles volume 

fraction on the flow structure, heat transfer enhancement and thermal characteristics are 

ηmax=1.931 
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evaluated. The effects of the design parameters on the entropy production rate inside 

double-pipe heat exchangers are also investigated. The main findings of the present study 

are as follows: 

 Increasing the PI caused a reduction in turbulent kinetic energy, especially in the 

outer regions of the cylindrical turbulator. This fact can be described by the lower 

mass flow rate and consequently more negligible flow disturbance and turbulence 

in cylinders with more perforations. 

 The average Nu numbers for the cases of PI= 8%, 16% and 24% with the same 

diameter ratio (DR=0.7) are 133.2%, 112.5%, and 97.4%, respectively, higher than 

the heat exchanger without inserts. 

 There are 286.9, 212.5, 189.4, and 153.0% growth rates in the frictional entropy 

production for ϕ = 0, 0.5, 1.0 and 1.5%, respectively, as the Re number is 

augmented from 6,000 to 17,000. 

 The friction factor raises by raising the nanoparticles volume fraction. Using 

nanofluids with ϕ = 0.5%, 1%, 1.5% increases the friction factor about 2.7%, 7.3% 

and 9.8%, respectively compared with pure water.  

 The heat transfer and friction loss augmentation in the presence of CuO 

nanopowder are due to the improved nanofluid viscosity and more interaction 

between the particle and the fluid. 
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