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Abstract 

In the present study, heat transfer and thermal efficiency of double-pipe heat exchangers with 

novel Double-Perforated Inclined Elliptic (DPIE) turbulators were experimentally 

investigated. The range of Reynolds number was between 5,000 and 18,000 under turbulent 

flow regime. The inclination angle of the elliptic inserts (𝛼), and the perforation diameters (d) 

varied from 15o to 25o, and 0.5mm<d<1.5mm, respectively. The perforated vortex generators 

can significantly increase the flow perturbations and disrupt the thermal boundary layer to 

enhance the heat transfer without noticeable impact on the friction loss. The experiments 

revealed that the average Nusselt number was increased by 217.4% by using DPIE turbulators 

compared to the tube without vortex generators. The recirculations through the perforations of 

the elliptic turbulators, increase the fluid mixing between the walls and the core area. The 

maximum thermal efficiency parameter of 1.849 was obtained for DPIE vortex generators with 

d/b=0.25 and 25   . It was found that the heat transfer is increased around 39.4% by using 

DPIE inserts with d/b=0.25 compared to the typical louvered strips without perforations. The 

main benefits of the proposed novel turbulators are their much higher thermal efficiency 

compared to the previous turbulators at wide range of Reynolds numbers, and their simple 

installation together with low manufacturing costs.  

 
1 Corresponding author, M. Hatami, Tel/Fax:+98-935-860-2679, E-mail: m.hatami@xjtu.edu.cn 
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1. Introduction 

Passive techniques have found many applications for enhancing heat transfer in thermal 

systems such as heat exchangers, boilers, cooling process, and microchannels in recent years. 

They have many advantages compared to active methods such as their relative simplicity, lower 

manufacturing costs and lower maintenance and repair costs [1-3]. In passive techniques 

increasing turbulence in the flow is the key aspect of heat transfer improvements, while the 

pressure drop or friction factor usually retains at a lower possible level. Several passive 

methods such as Baffles, ribs, winglets, perforated turbulators, louvered strips, inclined 

elliptical strips, different helical inserts, ring inserts and springs are the most commonly used 

turbulators to improve the thermal efficiency [4, 5].  

Many researchers rely on parametric studies in order to analyse and enhance the capabilities 

of the turbulator used for passive techniques [6]. Hatami et al. [7] used a delta winglet turbulator 

to increase the heat recovery from the exhaust of a diesel engine. They found that a 50% 

improvement in exergy recovery can be obtained in comparison with the previous designs due 

to flow recirculation generated by winglets. Zheng et al. [8] reviewed the recent studies on the 

multi-longitudinal vortices and reported that the vortex generators improve the thermal-

hydraulic performance of the heat exchangers. In another study, a simple perforated hollow 

cylinder insert is used by Singh et al. [9] to improve the heat transfer and pressure drop. They 

introduced some experimental correlations for the Nu and frictional loss according to the 

geometry of holes in perforated inserts. They found that heat transfer and friction factor were 

150–230% and 160–450% greater than those of the plain tube values, respectively. Not only 
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making holes on the inserts enhance their performances, but also cutting the edges leads to 

even further heat transfer improvements. Nakhchi and Rahmati [10] used transverse-cut twisted 

turbulators (TCTT) in a numerical study to enhance the outcomes of Cu-water nanofluid heat 

transfer. Their results showed that TCTTs with deeper cuts (b/c = 0.7) can produce greater 

recirculations and flow disturbances and thus better performance compared to other geometries 

of cutting shapes. Self-rotating turbulators are other novel inserts used by Goh et al. [11] for 

increasing entropy generation and turbulent convection in heat exchangers. Their experiments 

revealed that maximum improvements of Nusselt number was 360% and 240%, for non-

rotational and rotational inserts, respectively. Liou et al. [12] used the wing-shaped turbulators 

for their numerical study to investigate their effects on helical flows and wake regions in a 

channel. Also, Helical coils and spring shaped inserts are widely used by researchers as new 

techniques of heat transfer improvements. Panahi et al. [13] used helical wire turbulators for a 

shell and coiled tube heat exchanger and revealed that this type of turbulators considerably 

increased the average heat transfer parameter and pressure loss.  

Using perforated vortex generators is another effective and novel method which increases 

the turbulence and consequently improves the heat transfer characteristics. Vaisi et al. [14] 

used the perforated twisted tapes in a double tube heat exchanger, experimentally. They 

reported that perforated discontinuous turbulator with circular and square perforations with the 

same hydraulic diameter as for discontinuous turbulator without perforation result in 20.8 % 

and 15 % growth in heat transfer and 27.7 %, 22.8 %, reduction in the pressure drop coefficient, 

respectively. The thermal performance parameter is an essential factor in the design of heat 

exchangers. Nearly all of the turbulators can increase the heat transfer rate, but they also 

increase the pressure drop, which is unfavourable. Therefore, a thermal efficiency parameter 

most be used to evaluate the impact of the proposed vortex generator on the heat transfer and 

friction loss at the same time. In a recent experimental study, Dagdevir and Ozceyhan [15] 
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investigated the effects of perforated and dimpled twisted tapes on thermal efficiency 

improvement of heat exchangers. They found that the highest thermal performance parameter 

of 1.42 can be achieved for perforated twisted tapes with pitch ratio (Pd/y) of 0.25. Nakhchi 

and Esfahani [16] numerically examined the effects of perforated hollow cylinders on thermal 

efficiency enhancement of heat exchangers. They investigated the effect of the perforated 

index, diameter ratio of the hollow cylinders and Reynolds numbers and found that maximum 

thermal performance will occur for d/D=0.74 and perforated index of 24%. In another 

numerical study, Nakhchi and Esfahani [17] performed a parametric study for the perforated 

conical rings inside heat exchanger pipes. They observed that Nusselt number decreased around 

35.4% by increasing the perforations from 4 to 10. Also, they investigated the perforated 

conical rings, numerically and found with 4 holes, the Nusselt improved about 278.2% [18]. 

As a novel insert, Nakhchi et al. [18] investigated the effect of perforation of louvered strips in 

thermal systems and found that double louvered strip inserts with the angle of 15o and 25o, had 

30.1% and 45.84% increment in Nusselt number, respectively. Additionally, cutting the inserts 

and the perforation of inserts are widely introduced by researchers as an efficient technique for 

improving the performance of different thermal systems [19-21].  

Louvered strips and elliptic turbulators as efficient turbulators are widely used by 

researchers in both numerical and experimental techniques. For instance, Yaningsih et al. [22] 

investigated the effect of slant angle at three values of 15, 20 and 25 degrees and introduced 

some empirical correlations based on experimental results. They found that the louvered strips 

offered an increment in heat removal and friction loss by 77.0% and 335.0%, respectively. 

Also, in a similar study, Eiamsa-ard et al. [23] compared the results of backward and forward 

louvered strip inserts and reported that forward louvered inserts had better results in Nusselt 

number increment and friction loss at 284% and 413%, respectively. Rivier et al. [24] 

experimentally investigated the effects of the newly proposed elliptic turbulators on heat 
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transfer enhancement inside pipes at wide range Reynolds numbers under laminar and turbulent 

flow regimes. They concluded that the turbulators with a bend angle of 60° have better thermal 

efficiency factor. In the numerical study of Kim et al. [25], the authors performed an 

optimization analysis on heat transfer enhancement inside heat exchangers fitted with elliptic 

dimple turbulators. They used SST turbulence model for their simulations. They concluded that 

the optimal elliptic design improves Nu by 32.8% compared to the reference circular design. 

Rajaseenivasan et al. [26] used circular and V-shaped turbulators inside a solar heater to 

improve the thermal performance of the system. Their experiments revealed that maximum air 

temperature of 66 °C can be achieved by using circular vortex generators. Fan et al. [27] and 

Mohammed et al. [28] used the louvered inserts numerically for the circular tube and DPHEs, 

respectively. They concluded that the Nusselt number is more responsive to inclination angles 

than the elliptic pitch and had maximum value at the maximum slant angle and minimum 

inserts pitch.  

1.2. Novelty and objectives 

Based on the literature review, the knowledge gap can be summarized as follows: 

 The first gap is related to a limited number of studies in the field of perforated vortex 

generators. In addition, most of them are numerical papers, and there are no 

experimental studies in the field of elliptic turbulators with perforations. 

 The second gap is concerning the thermal performance parameter. It is an essential 

factor in the design of heat exchangers. As discussed later, the proposed DPIE vortex 

generators provide a much higher thermal efficiency parameter in a wide range of 

Reynolds numbers than the previous models.  
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 The third gap is linked to the complex geometries of the previously proposed vortex 

generators, making them costly and inefficient to be utilized in realistic industrial 

applications.  

To address these gaps, the present experimental study has the following objectives: 

 Design of novel perforated elliptic turbulators with much higher thermal performance 

compared to the previous models. 

 To design a simple and efficient vortex generator with easy installation and low 

manufacturing costs compared to previous complex turbulators. 

 To Experimentally investigate the effects of hole diameters on heat transfer 

enhancement inside heat exchanger pipes. 

 To develop dimensionless correlations to make them applicable in heat exchanger 

industries. 

Moreover, recent studies revealed that using elliptic vortex generators and louvered strips 

can enhance the heat transfer rate up to 77.0%, which is considerably higher than the other 

proposed vortex generators in the past few years. However, there is no experimental research 

to investigate the effect of perforations on the elliptic turbulators. Using perforations can 

significantly improve the heat transfer rate and thermal efficiency, that is necessary in 

designing of heat exchangers and reduces the operating costs. This has motivated us to propose 

the newly designed perforated elliptic turbulators to experimentally examine the heat transfer 

improvement and thermal performance augmentation in the presence of these novel vortex 

generators. The geometrical parameters of the turbulators are chosen based on the experimental 

study of Yaningsih et al. [22] for validation and to investigate the thermo-hydraulic 

performance improvement compared to the recent studies. Moreover, we employed double 

strips instead of single strips at each pitch distance to achieve better heat transfer rates due to 

the increased recirculation flows near the holes of the turbulators. The impacts of the slant 

angle and hole diameters on the heat transfer rate will be investigated experimentally. One of 
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the other significant advantages of the proposed perforated inclined elliptic turbulators is their 

simple manufacturing and installation, which help the designers to increase the efficiency of 

the double-pipe heat exchangers with a low manufacturing cost.  

2. Experimental Setup 

Fig. 1 illustrates the schematic view of the experimental equipment with its turbulators used in 

the present study. The experimental setup contains a hot-water loop, double-pipe heat 

exchanger, cold-water loop, and measurement tools. The double pipe heat exchanger operates 

through conduction, where the heat from one flow is transferred across the inner tube walls, 

which is manufactured of copper. The double pipe heat exchanger is utilized in counterflow, 

where its fluids move in reverse direction (Fig. 1b). In this double-pipe heat exchanger, hot 

water moving throughout the inner tube transports its heat to cold water flow in the outer 

annular tube. The system operates in steady state conditions. The hot-water loop contains a hot 

water tank (35 Litre), a 2-kW heating element inside the tank, a 151-W circulating water pump 

(Wilo-RS25) with a maximum head of 7.8 m, a calibrated crystal-conical rotameter with 

(8 ± 0.1 𝐿𝑃𝑀)  capacity, piping system with some control valves and a ½” strainer. The 

rotameter was calibrated by using a precise low-pressure sampling pump with adjustable 

pumping power. The flow rate of the crystal rotameter was measured for specific flow rates in 

the design range. The calibration accuracy of the rotameter can be determined by comparing 

the flow rate at ten different flow measuring points. All hot-pipe system tools and the storing 

container are made of stainless steel with appropriate insulating width. The heating element is 

controlled by a highly precise BEM402-K1220 thermostat (± 0.5% 𝐹𝑆) to maintain the inlet 

temperature of the hot water in the double-pipe heat exchanger test section at a specific 

temperature (80 ℃). The cold-water loop includes an MT conical rotameter with the accuracy 

of ±0.1 LPM, piping systems and two valves to control the water flow rate, and domestic urban 

water is used for the cooling system of the heat exchangers. The inlet temperature of domestic 
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cold water was steady and constant at 17.7 ℃ during the experiments. Some small valves are 

placed on the cold-water outer flow loop to make it possible to test both parallel-flow and 

counter-flow heat exchanger systems. The hot water flows through the inner tube while the 

outer annular tube is cooled with domestic cold water. Four TP101 digital thermometers with 

the operating temperature range of -50 to 300 centigrade degree and the calibration accuracy 

of ±0.1 ℃ are utilized to measure the hot-and the cold-water temperatures at the inlet and 

outlet of the test section. The pressure drop amongst the inflow and the outlet of the inner pipe 

was evaluated by pressure taps and a digital pressure transducer (DPT) with a measurement 

error of ±1 Pa. The experiments were performed in steady-state conditions. The external 

annular tube was thoroughly insulated with glass wool with 60mm thickness to diminish the 

heat transfer from the test section to the environment. Note that the insulations are not shown 

in Fig. 1-a to a better presentation of the test section.  

The test section includes a double-pipe heat exchanger fitted by the double perforated inclined 

elliptic (DPIE) turbulators inside the hot-water tube. The double-pipe heat exchanger has an 

inner hot-water pipe made of copper with a thickness(t1), diameter(d1), and length(L1) of 0.75 

mm, 14.3 mm, and 855 mm, respectively. While the outer annular tube for the cold-water 

supply is made of steel with a thickness(t2), Outer diameter(d2), and length(L2) of 1.0 mm, 23.4 

mm, and 840 mm, respectively. The double perforated inclined elliptic turbulators are made of 

polished stainless steel and are fitted on a connecting rod  2t mm passing through the inner 

tube. The details of the geometrical parameters of the DPIE vortex generators are presented in 

Fig. 2. For the purpose of validations and to investigate the improvements of the proposed 

model, the geometrical parameters of the turbulators are chosen according to the experimental 

study of Yaningsih et al. [22] for conventional single louvered turbulators with no perforations. 

The pitch (S) between the DPIE vortex generators is remained constant at 40 mm. The 

perforation numbers (Np) varied from 0 to 5, and the diameter of the perforations (d) is in the 
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range of (0mm <d < 1.5mm). The inclination angle (α) between the DPIE strips and the linking 

shaft was between 15 to 25 degrees. The reason for selecting this range of the inclination angles, 

is the limitations in experimental equipment. To properly insert the elliptic turbulators inside 

the pipe, it is necessary that the inclination angle remain below 28 degrees. Moreover, if the 

inclination angle is reduced to lower than 15 degrees, then the installation of the elliptic 

turbulators on the connecting rod become noticeably difficult and it will cause intersection with 

the connecting rod. The thickness of the elliptic strips (δ) and the diameters of the elliptic 

turbulators (b, c) remained constant at 1mm, 6mm and 10mm, respectively. The perforation 

index (PI) can be expressed as the ratio of the perforated holes to the total elliptic area, and it 

be written as 𝑁𝑑 /4𝑏𝑐. The details of the geometrical parameters of the test cases in the present 

study are provided in Table 1.  

 

a) Experimental setup (before insulation) 
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b) Schematic of the experimental apparatus  

Fig. 1 Schematic view of the experimental setup improved by double-perforated inclined 

elliptic (DPIE) vortex generators.  

  

a) 𝛼 = 25°, 𝑑 = 1.5𝑚𝑚, PI=4.68% b) 𝛼 = 15°, 𝑑 = 1.5𝑚𝑚, PI=4.68% 

Insulation 

S 

Perforations (d) 

DPIE 

Connecting 
rod 

b 

δ 

α 

t 
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c) 𝛼 = 25°, 𝑑 = 1𝑚𝑚, PI=2.08% d) 𝛼 = 15°, 𝑑 = 1𝑚𝑚, PI=2.08% 

Fig. 2 Geometrical parameters of DPIE inserts with the connecting rod. 

Table 1 Dimensions of the experimental cases. 

Case 
Slant 
angle 
(𝛼) 

Hole diameter 
(d, mm) 

Perforation 
index (PI) 

Pitch 
(S, 

mm) 

Number of 
Perforations 

(Np) 
Type 

1-3 
(Validation) 

15, 20, 
25 

0 0 40 0 Single VG 

4-6 15 0.5-1.5 0.52-4.68 40 5 
Double 

VG 

7-9 20 0.5-1.5 0.52-4.68 40 5 
Double 

VG 

10-12 25 0.5-1.5 0.52-4.68 40 5 
Double 

VG 
 

3. Data Reduction 

To calculate the heat transfer coefficient in the double-tube heat exchangers equipped by DPIE 

turbulators, it is necessary to calculate the heat absorption from the cold-water in the annular 

channel as [22]: 

𝑄 = �̇� 𝐶 , 𝑇 , − 𝑇 ,  (1) 
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where �̇�  [kg/s] is the mass flow rate, 𝐶 ,  [J/(kg K)] is the specific heat, Tc,in and Tc,out [K] 

are the inlet and outlet temperatures of the water, respectively. The heat transferred from the 

hot water, Qh [W] is calculated as: 

𝑄ℎ = �̇�ℎ𝐶 , 𝑇ℎ, − 𝑇ℎ,  (2) 

where �̇�ℎ , Tc,in and Tc,out are the heated fluid mass flow rate, the inlet and outlet temperature 

of hot fluid, respectively. The thermal analysis showed that the total heat loss via the insulations 

to the environment by radiation and natural convection was less than 2% during the 

experiments. Therefore, the average value of the heat flow is selected for calculation of the 

average heat transfer coefficient (U) of the inner pipe by [23]: 

2
h c

avg

Q Q
Q


  (3) 

avg i LMTDQ TUA  (4) 

Where Ai is the surface of the inner copper tube of the text section and can be calculated as: 

𝐴 = 𝜋𝐷 𝐿 (5) 

where 𝐷  is the diameter of the inner tube of the double-pipe heat exchanger. In order to 

calculate the internal heat transfer coefficient, which is the main goal of the present study, hi 

can be calculated as [22]:   

ℎ =
1

1
𝑈

−
𝐷 ln (

𝐷
𝐷

)

2𝑘
−

𝐷
𝐷 ℎ

 

(6) 

where 𝐷  is the diameter of the outer annular pipe of the double-pipe heat exchanger. To 

evaluate hi, it is necessary to find the value of the outer heat transfer coefficient (ho). This 

parameter is calculated by using the correlation of Dittus–Boelter as [29]: 
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𝑁𝑢 =
ℎ 𝐷ℎ

𝑘
= 0.023 𝑅𝑒 . 𝑃𝑟 .  (7) 

where 𝐷ℎ = 𝐷 − 𝐷  is the hydraulic diameter and Pr is the Prandtl number of the working 

fluid and 𝑅𝑒 = 𝜌𝑉𝐷/𝜇 is the Reynolds number, and μ is the dynamic viscosity of the working 

fluid. The Reynolds number is varied from 6,000 to 18,000 in the present experimental study 

to achieve a fully turbulent flow structure. It must be pointed out that that the thermal 

conductivity k of the fluid is computed at the local mean bulk fluid temperature. Finally, the 

average Nusselt number of the central tube of the double-tube heat exchangers equipped by the 

elliptic turbulators can be determined as: 

i i
i

h D
Nu

k
  

(8) 

The friction loss, (f) is determined by: 

𝑓 =
𝛥𝑃

1
2

𝜌𝑉

𝐷

𝐿
 (9) 

V is the mean velocity in the internal heated tube. The thermal efficiency parameter (𝜂) is 

specified as the ratio of the heat transfer augmentation ratio to the dimensionless friction ratio. 

The overall thermal efficiency at constant pumping power can be written as [16]: 

𝜂 =
(𝑁𝑢/𝑁𝑢 )

(𝑓/𝑓 ) /
 (10) 

Where 𝑁𝑢  and 𝑓  are the Nusselt numbers and friction loss for a smooth pipe with no DPIE 

turbulators, respectively. 

3.1. Uncertainty analysis 

It is crucial to assess the error in the experimental calculations. The uncertainty analysis is 

important because the magnitude of the physical parameters needs to be considered when 

evaluating the heat transfer and pressure drop results of the proposed elliptic vortex generators 
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before performing further analysis. For the calibration of the TP101 temperature measurement 

devices, a two-point adjustment technique (ice mix and steaming water) is utilized. 

Furthermore, a mercury-based thermometer is used in the reference temperature bath to double-

check the precision of the measurement. The measurements are done after achieving steady-

state conditions. Table 2 shows the uncertainties of the measurement tools in the present 

experimental investigation.  

Table 2 Uncertainties of the measurement tools 

Name of devise  Working range Measured parameter Uncertainty  
TP101 thermocouple -50 to 300 [°C] Water temperatures 0.1 [°C] 

MT Rotameter 0 to 8  / minLit   Volumetric flow rate  0.1 LPM  

Differential pressure 
transducer 

0 to 4000 [Pa] Pressure  1[ ]Pa  

Omega Multi meter  0-220 [V], 1-20 [A] Heating element 
0.2[ ]

0.002[ ]

V

A




  

Digital Vernier 0 to 400 [mm] Dimensions 0.1[ ]mm   

BEM402 Thermostat  0 - 400 [°C] How-water tank temp. ± 0.5% FS 
 

According to the approach suggested by Moffat [30] the uncertainties of Re, Nui and f are 

determined by: 

22 2
2

2
1/

R

Re

e
h

hU D

DU    
 

                      
  (11-a) 

2 1/2
2 2

Nu

Nui i

i i

D

h

k

D k

h                    
 (11-b) 

2 2
2

2 2 2
1/

2i

if L

Df P L V

P D V

    


                              


  

 (11-c) 
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The highest uncertainty of the computed parameters is shown in Table 3. It is observed that the 

uncertainties for all of the output parameters are within a precise range. This means that the 

experiments are trustworthy due to the precise measurement tools employed in this work. 

Table 3 Uncertainty values of the computed parameters 

Parameter Uncertainty 
Reynolds number,  Re   3.1%   

Nusselt number,  Nui   4.2%  

Friction loss,  f   4.3%  

 

4. Results and Discussion 

 

4.1. Validation 

At the first step of the analysis, an  investigation  is carried out for a simple inclined 

louvered strip to validate the results with the experimental data of Yaningsih et al. [22]. As 

seen in Fig. 3 (a-b) for the Nusselt number and friction loss, the obtained results in this study 

are in excellent agreements with the previous study, which confirms the accuracy of 

measurements in the current study. The results are depicted for two inclined angles of 15 and 

25o for the louvered strips without any perforation. It can be seen from Fig. 3 that Nu number 

will be improved by increasing the slant angle. Moreover, the obtained experimental results 

are closer to the experiments at lower Reynolds numbers.  It is observed that the heat transfer 

is increased by raising the inclination angle. This improvement is because of the stronger 

recirculations and more thermal boundary-layer disruption between the pipe surface and the 

vortex generators. A similar behaviour is also detected for the friction loss; the inclination angle 

plays an important role in the variations of the pressure drop in double-pipe heat exchangers. 
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(a) 

 

(b) 

Fig. 3 Validation of results in this study for typical LS without perforations and the 

experimental data of Yaningsih et al. [22]. 

Based on the literature review, which concluded that perforation was an efficient 

method for enhancing the heat transfer through making more turbulence, double perforated 

inclined elliptic (DPIE) turbulators are designed with different geometries. Fig. 4 and Fig. 5 
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demonstrate the Nusselt number and friction parameter, respectively for DPIE with d/b=0.25 

at three slant angles of 15, 20 and 25o. As seen in these figures, DPIE vortex generators have 

significant effects on the Nu and f compared to the plain tube, while the slant angle increment 

increases Nusselt number and friction factor due to more turbulence over the flow. So, the slant 

angle of 25o has the maximum value for both Nu number and pressure loss. The experiments 

illustrate that the heat transfer is augmented by 217.4% by using DPIE vortex generators 

compared to the plain pipe without turbulators. The highest Nu number of 243.1 is obtained 

for the perforated elliptic vortex generators with the inclination angle of 25 degrees and 

d/b=0.25 at Re=18,000. The main physical reason for the heat transfer enhancement in the 

presence of perforated elliptic turbulators with higher inclination angles, is the thermal 

boundary layer disruption near the heated pipe walls. The recirculation flows increase the fluid 

mixing between the cold centre region and the heated walls to improve the heat transfer rate. 

Moreover, the friction loss of the turbulent water flow inside the heat exchanger tube equipped 

with DPIE inserts is increased around 153.1% compared to the plain heat exchanger pipe 

without turbulators at Re=18,000. Raising the inclination angle, increase the flow perturbation 

between the pipe wall and the elliptic turbulators. The vortex generations near the holes of the 

perforated elliptic turbulators with larger inclination angles, become noticeable. Therefore, the 

pressure drop is expected to be increased by raising the inclination angle of the elliptic vortex 

generators 
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Fig. 4 The effects of DPIE slant angle   on the average heat transfer coefficient. 

 

Fig. 5 The effects of DPIE inclination angle   on the friction factor coefficient. 

The diameter ratio (i.e., the relation of perforation diameters to the elliptic strips 

diameter or d/b) is a significant parameter that has considerable impact on the heat transfer 

characteristics. Fig. 6 illustrates the effect of d/b on the Nusselt number against the Reynolds 

number for the inclined angle of 25o. As seen, d/b ratio is changed from 0, 0.083, 0.167 to 0.25 
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which physically means increased the perforation diameters. By increasing the d/b, the Nusselt 

number is also improved due to more flow through the larger perforations and making greater 

turbulence flow in the heat exchanger. Another important physical parameter for heat transfer 

augmentation in the existence of elliptic inserts with larger holes, is the additional recirculation 

flows between the pipe wall and core region through the larger perforations. These 

perturbations and vortex production disrupt the thermal boundary layer near the heated pipe 

walls and increase the temperature gradient in this region. It may be deduced that the heat 

transfer is increased around 39.4% by using perforated elliptic turbulators with d/b=0.25 

compared to the typical louvered strips without perforations (d/b=0).  

 

Fig. 6 The effects of diameter ratio (d/b) of the perforated elliptic turbulators on the average 
heat transfer coefficient. 

 

Fig. 7 shows the impact of the perforation ratio on the friction loss of turbulent water 

flow inside the heat exchanger pipe. It is found that the pressure drop decline by raising the Re 

for all of the tested elliptic turbulators. The Friction factor increment of 9.5%, 11.2% and 14.0% 

are observed for the double perforated elliptic turbulators with d/b=0.083, 0.167 and 0.250, 
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respectively, compared to the typical elliptic inserts without perforations. It can be deduced 

that using perforated elliptic vortex generators improves the heat transfer rate (39.4%) with a 

small increment in the friction loss (14%). Consequently, the thermal performance can be 

increased by using the proposed DPIE inserts compared to the previous models.    

 

Fig. 7 The effects of diameter ratio (d/b) of the perforated elliptic turbulators on the friction 
loss coefficient. 

Although in all cases the Nusselt number improved, the friction factor also increased. 

Therefore, in order to find the most efficient cases, an overall thermal performance is defined 

as presented in Eq. (10). In Fig. 8 the overall thermal efficiency is shown for various inclined 

angles and diameter ratios. As seen, among the tested cases, the case of d/b=0.25 and α=25ͦ can 

be introduced as the best efficient case with maximum thermal performance at all Reynolds 

number. Furthermore, as the second case, the case of d/b=0.25 with α=20o at larger Reynolds 

number is efficient, while the case of d/b=0.25 with α=15o is suitable for low Reynolds 

numbers. The results show that the thermal efficiency of the DPIE turbulators with larger holes 

is considerably greater than the typical elliptic inserts without holes. The thermal performance 
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is increased around 17.6% by increasing the inclination angle   from 15 to 25 at Re=12000 

with the same diameter ratio (d/b=0.25).  

 

Fig. 8 Thermal performance factor against Re number for different DPIE turbulators. 

The empirical correlations of the Nusselt number and the friction loss for double-pipe heat 

exchanger fitted by DPIE vortex generators are provided in Eqs. (12-13). The correlations are 

created by curve fitting of the experimental results. The Nusselt number and friction loss are 

functions of cut ratio  0 / 0.25d b  , slant angle  15 25   and Reynolds number 

 6000 Re 18000  at the same time. According to the mean average deviation evaluation (

1

/
i

iMAD x x n


  ), the average and total deviations for Nu number correlation are 1.42% 

and 3.61%, respectively. The proposed correlations are as follows: 

 
0.903

0.898 10.3 2.08
0.061Re 1 /

90
Nu Pr d b

   
 

 (12) 

 
1.368

0.54 0.625083.25Re 1 /
90

f d b
    

 
 (13) 
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Figs. 9-10 shows a comparison among the predicted heat transfer coefficient and friction loss 

with the experimental measurements as functions of physical parameters and perforated 

diameter ratio of the inclined elliptic turbulators. It is observed that the correlations can predict 

the heat transfer rate and pressure loss with maximum errors of ± 10%, and 14%, relative to 

the experimental data. 

 

Fig. 9 Comparison of experimental average Nu number with predicted data for DPIE 
turbulators. 

 

Fig. 10 Comparison of friction data with predicted data for DPIE turbulators. 
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Finally, a comparison among the thermal enhancement factor of present study when 

d/b=1.25 and α=25o and previous other turbulators is provided in Fig. 11. As seen, among all 

cases, the presented double-perforated inclined elliptic vortex generator in this experimental 

study has the best values for thermal efficiency at a wide range of Reynolds numbers, which 

make it as most efficient passive device for heat transmission improvements. The maximum 

thermal efficiency parameter of 1.849 is achieved for DPIE vortex generators with d/b=0.25 

and 25   at Re=16,000, which is 15.5% higher than the highest thermal efficiency reported 

in the previous papers in the field of vortex generators. The novel perforated elliptic turbulators 

provide much higher thermal performance than the previous models in the range of 9000 ≤

𝑅𝑒 ≤ 16000. Moreover, the proposed vortex geometries can be manufactured and installed 

inside heat exchangers without raising the design costs compared to previous complex 

turbulators.  
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 Present study, DPIE insert 

 Non-uniform TT [31] 

 Typical louvered strip [22] 

 TT with alternate axis [32] 

 Peripherally-cut  TT [33] 

 Square-cut TT [34] 

 Twin twisted tape [35] 

 Arc-TT & alternate axis [36] 

 Cross hollow TT [37] 

 V-baffled tape [38] 

 Delta-winglet TT [39] 

 Conical rings [40] 

 

 

Fig. 11 Comparison amongst the thermal efficiency factor of the current study

 / 1.25 25,d b     with previous other turbulator devices. 

5. Conclusion  

In the present research, experiments were done to examine the thermal efficiency of the double-

pipe heat exchangers by proposing novel double-perforated inclined elliptic (DPIE) vortex 

generators. The flow was turbulent, and the Reynolds number, perforated diameter ratio (d/b), 

and the inclination angle of the elliptic inserts were in the range of 5000 Re 18,000  , 

0 / 0.25d b  , and 15 25   , respectively. The main findings of the present study are as 

follows: 

 It was found that the suggested perforated elliptic turbulators can noticeably improve 

the thermal efficiency factor of the double-pipe heat exchanger tubes. Two correlations 

were also proposed to calculate the average Nusselt number and friction loss as 

functions of the design parameters.  

 The perforations intensify the recirculation flows and vortex production between the 

holes of the elliptic inserts and the walls of the heat exchanger. The thermal boundary-
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layer disruption is the main physical reason for heat transfer enhancement compared to 

the typical louvered inserts.  

 The experimental data revealed that the heat transfer can be increased up to 217.4% by 

using DPIE vortex generators with d/b=0.25 in comparison to the smooth pipe without 

vortex generators. 

 The Friction factor increment of 9.5%, 11.2% and 14.0% are observed for the double 

perforated elliptic turbulators with d/b=0.083, 0.167 and 0.250, respectively, compared 

to the typical elliptic inserts without perforations.   

 The highest Nu number of 243.1 is obtained for the perforated elliptic vortex generators 

with the inclination angle of 25 degrees and d/b=0.25 at Re=18,000. 

 The thermal performance is increased around 17.6% by raising the inclination angle 

  from 15 to 25 at Re=12000 with the same diameter ratio (d/b=0.25). The highest 

thermal performance parameter   of 1.849 is achieved for DPIE vortex generators 

with d/b=0.25, and 25   at Re=16,000. 
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