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Abstract: A numerical study was performed to investigate the thermal performance characteristics of
an enhanced tube heat exchanger fitted with punched delta-winglet vortex generators. Computational
fluid dynamics modeling was applied using the k–ε renormalized group turbulence model.
Benchmarking was performed using the results of the experimental study for a similar geometry.
Attack angles of 30◦, 50◦, and 70◦ were used to investigate the heat transfer and pressure drop
characteristics of the enhanced tube. Flow conditions were considered in the turbulent region in the
Reynolds number range of 9100 to 17,400. A smooth tube was employed for evaluating the increment
in the Nusselt number and the friction factor characteristics of the enhanced tube. The results show
that the Nusselt number, friction factor, and thermal performance factor have a similar tendency.
The presence of this insert offers a higher thermal performance factor as compared to that obtained
with a plain tube. Vortex development in the flow structure aids in generating a vortex flow, which
increases convective heat transfer. In addition, as the angle is varied, it is observed that the largest
attack angle provides the highest thermal performance factor. The greatest increase in the Nusselt
number and friction factor, respectively, was found to be approximately 3.7 and 10 times greater than
those of a smooth tube. Through numerical simulations with the present simulation condition, it is
revealed that the thermal performance factor approaches the value of 1.1. Moreover, the numerical
and experimental values agree well although they tend to be different at high Reynolds number
conditions. The numerical and experimental values both show similar trends in the Nusselt number,
friction factor, and thermal performance factor.

Keywords: delta-winglet vortex generator; attack angle; thermal performance factor; turbulent flow

1. Introduction

The high performance requirements of heat exchange devices have resulted in the development
of high performance heat exchangers. This has been followed by the consideration of the reduction in
energy consumption and material used to achieve an economical cost. The numerous designs that
have been reported are mainly used for heat-transfer enhancement to realize a high performance [1,2].
However, although these designs provide a high heat transfer rate, the requirements for the increase
in pumping power cannot be neglected. A large amount of attention has been focused on lowering
the pumping power to meet a desired performance under the design constraints. Experiments and
simulations have been used to develop numerous heat transfer enhancement methods to achieve this
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condition. The potential method is changed into the passive method by using insert devices to lower
the operating cost and reduce the energy consumption. This is evidenced by the fact that the passive
method does not require external energy. This method could provide a high heat transfer rate by
generating a secondary or vortex flow. This increases the turbulence intensity with a high temperature
difference, such that a high convective heat transfer coefficient can be achieved, thus resulting in a
high heat transfer rate.

Several studies have been conducted on such insertion. Several works are summarized hereafter.
The passive heat transfer enhancement methods that are still used by the majority of researchers are
swirl devices in the form of twisted tape [3–5], wire coil [6,7], helical screw [8,9], and vortex generators
in the form of a winglet [10–12]. These were investigated under various parameters to determine the
important factors that affect the performance of the heat exchanger. Torii and Yanagihara [13] studied
the effect of the free-stream velocity, vortex generator height, and angle of attack on the heat transfer
characteristics of the longitudinal vortex insert. They concluded that in the case of free stream velocity,
an improvement in heat transfer occurs from the transition region to the turbulent regime. While an
increase in the vortex height and angle of attack resulted in an increase in the heat transfer. The effect
of the insertion inside the tube on the heat transfer enhancement was numerically investigated by
Fu and Tseng [14]. They found that under a laminar flow condition, a tube with an insertion could
enhance the heat transfer rate to two times greater than that of an empty tube. Chen et al. [15] explored
the heat transfer enhancement in a finned oval tube heat exchanger fitted with punched delta-winglet
pairs (DWPs). With respect to the arrangement of the DWPs, through a numerically study, they found
that a change in the number of DWPs reveals a significant effect on the heat transfer enhancement.
The high thermal performance could reach up to 1.04, especially for a finned oval tube heat exchanger
with DWPs inline. The modeling of the heat transfer coefficients in a corrugated tube with a twisted
tape insert was studied by Zimparov [16]. He compared the obtained results to the results of an
experimental study. He found that the parameter that significantly affected the heat transfer coefficient
in the case of the corrugated tube was the wall roughness. Within the range of the study, he confirmed
that the difference between the numerical and experimental study results was less than ±20%.

A fin-and-oval-tube heat exchanger with longitudinal vortex generators (LVGs) was numerically
studied by Chu et al. [17]. The optimization of the design was achieved by evaluating its performance
on varying three parameters: The LVGs’ arrangement, angle of attack, and tube-row number.
They found that some combinations of these three parameters could enhance the heat transfer
significantly. A downstream position with a low tube-row number and an angle of attack of 30◦

results in a higher heat transfer performance. Hong et al. [18] presented a numerical simulation for
the heat transfer and flow characteristics of converging–diverging tubes (CDTs) with a twin twisted
tape insert. Within the range of the study, they considered the variation of the Reynolds number, pitch
length, rib height, pitch ratio, gap distance, and tap number to be applied in their simulation. None
of these was found to have an insignificant effect on the heat transfer and fluid flow characteristics.
The important finding was that the compound CDTs offer a high thermal performance with a value
greater than 1 for all the cases. The thermal-hydraulic performance of a perforated and typical helical
fin in an air-to-water heat exchanger was studied both for a numerical and experimental investigation
performed by Sheikholeslami and Ganji [19]. The parameters varied in their study were the Reynolds
number, pitch ratio, and open area ratio. They stated that the important parameter was the open
ratio, which gives a high thermal performance factor when the open-air ratio is high. The thermal
performance and friction coefficient results show the influence of the attack angles of 15◦, 30◦, and 45◦

at various blockage ratios on the winglet vortex generator insert [20]. Piroozfam et al. [21] investigated
three methods for enhancing the heat transfer in a heat exchanger. The methods were used while
presenting an obstacle in the channel, modifying the flow with wavy channels (corrugated plate),
and applying a sinusoidal flow. Each method affects the heat transfer enhancement of the system.
The performance of their system was improved by 40–50%.
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Although a considerable amount of research has been performed to study the effect of various
parameters, an increase in the heat transfer could not be achieved alongside an increase in the friction
factor (pressure drop). Therefore, there are further reasons for doing so relating the heat transfer
enhancement. Numerical studies gained a great deal of attention owing to their advantage of clearly
describing the physical phenomenon of the heat transfer enhancement. This could assist a design
engineer of a heat exchange device to select an appropriate parameter. After publishing Ref. [22],
we were motivated to extend the work to a numerical study of higher Reynolds numbers inside the
tube in order to address the limitation of the experimental apparatus at higher mass flow rates. This is
a reason why the present work has research novelty when compared to the previously published
study. In the present work, we numerically investigate the thermal-hydraulic performance of the
enhanced tube heat exchanger. Punched delta-winglet vortex generators (PDWVGs) are employed as
the insert device, which could enhance the convective heat transfer. We verify the obtained results by
comparing them with those of our previous experimental study [22] before comprehensively analyzing
the thermal performance.

2. Physical Model

The geometries of the enhanced tube heat exchanger and PDWVGs are discussed individually.
The heat exchanger, which is fabricated using aluminum, is a concentric tube heat exchanger that
comprises an inner and outer tube. The parameter and dimension details of the heat exchanger are
provided in Table 1.

Table 1. Parameters in the present numerical investigation.

Parameter Unit Value

Inner tube

• Inner diameter, Di
• Outer diameter, Do
• Length of the tube, Li

mm
mm
mm

14.3
15.8
2110

Outer tube

• Inner diameter, di
• Outer diameter, do
• Length of the tube, Lo

mm
mm
mm

24.3
25.4
2110

Furthermore, the PDWVGs were manufactured using an aluminum strip of 0.7 mm thickness
(t), 12.6 mm width (W), and 1200 mm length (L) [22]. The winglet was fabricated at the center of the
aluminum strip with a triangular shape and a constant height (c) of 8 mm and width (w) of 4 mm.
It was designed in an upward and downward direction of the strip. The attack angle was formed
owing to the difference in the reference line of the strip and the winglet body after punching this part
guiding the flow along the strip insert. The attack angle was adjusted to 30◦, 50◦, and 70◦. The distance
between each winglet (pitch, P) was fixed at 15 mm in the computations. The nomenclature of the
PDWVGs is depicted in Figure 1.

To examine the thermal performance, including the heat transfer, fluid flow, and thermal
performance characteristics, water was considered as the working fluid, i.e., hot water in the inner
tube and cold water in the outer tube. The thermo-physical properties of the water were assumed to
be temperature independent. Table 2 provides the thermo-physical properties of the water that were
set as the inlet values for the computations.
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Table 2. Thermo-physical properties of the hot and cold water at the inlet.

Fluid Temperature [K] cp [kJ/kg·K] ρ [kg/m3] µ [kg/m·s] k [W/m·K] Pr

Hot water 333.15 4.185 983.3 4.67(10–4) 0.654 2.99
Cold water 300.15 4.178 997 8.52(10–4) 0.613 5.81

On considering the thermo-physical properties of the water and inner diameter of the inner tube,
the Reynolds number can be defined as:

Re =
ρuDi

µ
(1)

where ρ is the water density; u is the water velocity; and µ is the water dynamic viscosity. Based on
the velocity variations, the Reynolds number was set to a value between 9100 and 17,400 and was
increased in increments of 700. The heat transfer characteristic in terms of the Nusselt number is
defined as:

Nu =
hDi

k
(2)

where h is the convective heat transfer coefficient, and k is the thermal conductivity of the water.
The fluid flow characteristics were examined using the friction factor, which is defined as follows:
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f =
∆P

(ρu2/2)(L/di)
(3)

The friction factor was calculated based on the pressure drop (∆P) between the inlet and outlet of
the tube.

3. Numerical Technique

To solve the numerical simulation, some assumptions are employed in the present study.
The numerical simulation is assumed to be three-dimensional, the working fluid flow is assumed to be
incompressible, and the flow is assumed to be in the turbulence region with constant properties. Three
governing equations for continuity, momentum, and energy were employed to solve the computational
problem. These equations are as follows:

Continuity equation:
∂

∂xi
(ρui) = 0 (4)

Momentum equation:
∂

∂xi
(ρuiuk) =

∂

∂xi

(
µ

∂uk
∂xi

)
− ∂p

∂xk
(5)

Energy equation:
∂

∂xi
(ρuiT) =

∂

∂xi

(
k
cp

∂T
∂xi

)
(6)

where ρ is the density of the fluid, u is the mean component velocity, p is the pressure, µ is the dynamic
viscosity of the fluid, cp is the specific heat, k is the thermal conductivity of the fluid, and T is the
temperature. The subscripts i and k indicate that the direction is towards i and k.

The numerical simulation problem was considered to be three-dimensional, turbulent, and steady.
The tube walls are considered to be adiabatic. A no-slip condition was set at the tube walls. Similar
to the wall of the tubes, the boundary condition between the fluid and the insert devices was also
considered as adiabatic. Fluent 15 was used to run the computational program [23]. Fluent works are
based on the finite volume method. This method was also applied to solve Equations (4)–(6) while
using the k–ε renormalized group turbulence model. Moreover, to solve the momentum and energy
equations, the standard-pressure and second-order upwind discretization was selected in the present
work. The semi-implicit method for pressure linked equations (SIMPLE) algorithm was used to solve
the pressure–velocity coupling. The tetrahedron-cell mesh configuration was used for the validation
of the plain tube and delta-winglet tapes (DWTs). Regeneration of the mesh in plain tube and DWTs is
given in Figure 2. Furthermore, the face sizing method was also used for the model in several areas.

Energies 2018, 11, x FOR PEER REVIEW  5 of 15 

 

3. Numerical Technique 

To solve the numerical simulation, some assumptions are employed in the present study. The 
numerical simulation is assumed to be three-dimensional, the working fluid flow is assumed to be 
incompressible, and the flow is assumed to be in the turbulence region with constant properties. 
Three governing equations for continuity, momentum, and energy were employed to solve the 
computational problem. These equations are as follows: 

Continuity equation: 𝜕𝜕𝑥௜ ሺ𝜌𝑢௜ሻ = 0 (4) 

Momentum equation: 𝜕𝜕𝑥௜ ሺ𝜌𝑢௜𝑢௞ሻ = 𝜕𝜕𝑥௜ ൬𝜇 𝜕𝑢௞𝜕𝑥௜ ൰ − 𝜕𝑝𝜕𝑥௞  (5) 

Energy equation: 𝜕𝜕𝑥௜ ሺ𝜌𝑢௜𝑇ሻ = 𝜕𝜕𝑥௜ ቆ 𝑘𝑐௣ 𝜕𝑇𝜕𝑥௜ቇ (6) 

where ρ is the density of the fluid, u is the mean component velocity, p is the pressure, μ is the 
dynamic viscosity of the fluid, cp is the specific heat, k is the thermal conductivity of the fluid, and T 
is the temperature. The subscripts i and k indicate that the direction is towards i and k. 

The numerical simulation problem was considered to be three-dimensional, turbulent, and 
steady. The tube walls are considered to be adiabatic. A no-slip condition was set at the tube walls. 
Similar to the wall of the tubes, the boundary condition between the fluid and the insert devices was 
also considered as adiabatic. Fluent 15 was used to run the computational program [23]. Fluent works 
are based on the finite volume method. This method was also applied to solve Equations (4)–(6) while 
using the k–ε renormalized group turbulence model. Moreover, to solve the momentum and energy 
equations, the standard-pressure and second-order upwind discretization was selected in the present 
work. The semi-implicit method for pressure linked equations (SIMPLE) algorithm was used to solve 
the pressure–velocity coupling. The tetrahedron-cell mesh configuration was used for the validation 
of the plain tube and delta-winglet tapes (DWTs). Regeneration of the mesh in plain tube and DWTs 
is given in Figure 2. Furthermore, the face sizing method was also used for the model in several areas. 

 
Figure 2. Grid generation. 

Figure 2. Grid generation.



Energies 2018, 11, 3170 6 of 15

4. Results and Discussion

4.1. Verification of the Numerical Results

The grid system was designed using the tetrahedral grid type (see Figure 2). The face sizing was
also performed in order to ensure that the grid is sufficiently dense and meets grid independence.
The grid system was approximately 1,016,617 cells utilized to calculate the smooth-tube case. To verify
the accuracy of the simulation result, the heat transfer, and fluid flow characteristics of the smooth-tube
obtained from the current study were compared with the established correlations. The Nusselt number
was compared by using the Petukhov and Gnielinski equations [24], while the friction factor was
evaluated using the Blasius equation [25].

The Petukhov Nusselt number equation is

Nu =
( f /8) Re Pr

1.07 + 12.7( f /8)1/2(Pr2/3 − 1
) (7)

for 104 < Re < 5 × 106.
The Gnielinski equation is given by

Nu =
( f /8)(Re − 1000)Pr

1 + 12.7( f /8)1/2(Pr2/3 − 1
) (8)

for 1 × 103 < Re < 5 × 106.
The Blasius correlation used to predict the friction factor is given by

f = 0.3164Re−0.25 (9)

for 4 × 103 < Re < 1 × 105.
The Petukhov correlation for friction factor is

f = (0.790 ln Re - 1.64)−2 (10)

Figures 3 and 4 show a comparison of the Nusselt number and friction factor for the smooth tube
with the established correlations, respectively. It was found that, for all cases, the difference between
the present results with the established correlations were very limited. Hence, we can conclude that the
results of the present simulation have reasonable accuracy. As compared to the established correlations,
the differences between the Nusselt number of the present study and that of Petukhov and Gnilienski
were 3.25% and 8.6%, respectively. Furthermore, the difference in the friction factor was less than 5%
as compared to the established correlation.

4.2. Effect of Attack Angle on Heat Transfer Characteristic

The tetrahedral grid was used for the meshing in the computations. To increase the accuracy of
the simulation, the grid was highly converged in the insertion area. The generated grid can also be
observed in Figure 2. A total of approximately 2,600,000 cells were used for the tube with PDWVGs.
The influence of the PDWVGs on the heat transfer characteristics can be clearly observed in Figure 5,
as compared to the smooth tube, the PDWGs result in a high Nusselt number (Nu). The Nu is strongly
affected by the temperature distribution of the fluid inside the enhanced tube. By maintaining the
inlet conditions of the cold and hot fluid constant for all the cases, it is expected that turbulent flow
generation will be apparent.
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Figure 6 shows a comparison of the temperature distribution of the smooth tube and the enhanced
tube with PDWVGs at a Reynolds number (Re) of 17,400 for various cross sections (x/D). For the tube
with PDWVGs, a better temperature distribution is obtained, which results in a better temperature
gradient than that obtained with the smooth tube, as shown in Figure 6. It can be observed that for
the tube with PDWVGs, for all variations, the temperature distribution can be more evenly spread.
In addition, it can be observed that as the attack angle increases, the temperature distribution also
follows a trend towards a homogeneous temperature distribution. The better temperature distribution
results in a higher temperature difference between the inlet and outlet of the tube, which improves the
convective heat transfer coefficient. Moreover, this phenomenon could also be explained using the
streamline contour, as depicted in Figure 7. In the case of PDWVGs, with the increase in the attack
angle, the vortex generation could grow more rapidly, which aids in improving the fluid mixing of the
core fluid and the fluid near the wall. Moreover, as shown in Figure 7, as the attack angle increases,
the main and corner vortex generation also increases, which could increase the flow velocity; as a
consequence, the heat transfer rate could also be increased [26]. In addition, the development of
vortices behind the wing structure aids in achieving a higher heat transfer rate. From the results,
we found that the values of Nu are larger by 122%, 190%, and 269% than those of the smooth tube for
the attack angles of 30◦, 50◦, and 70◦, respectively.
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4.3. Effect of Attack Angle on Fluid Flow Characteristic

Figure 8 shows the variations of the friction factors of the enhanced tubes as compared to the
smooth tube. It can be observed that the tube with PDWVGs offers a higher friction factor than that of
the smooth tube. Furthermore, the friction factor values also increase with the increase in the attack
angle. This is because the presence of the PDWVGs provides a larger blockage area. This could also be
explained using the velocity contour in Figure 9. Figure 9 shows the velocity contour of the smooth tube
and the enhanced tube with PDWVGs at a Reynolds number (Re) of 17,400 for various cross sections
(x/D). As observed in Figure 9, the velocity of the smooth tube is more uniform. While in the case of
the tube with PDWVGs, it is observed that the existence of the PDWVGs causes a strong disturbance
in the flow. Correspondingly, this increases the fluid friction near the wall, which increases the friction
factor value. Moreover, from Figure 9, it can be clearly observed that for the highest attack angle,
the velocity field is more highly intense than that in the case of a low attack angle, which means that the
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turbulence intensity is also high. It increases from the entrance to the exit of the tube. From the results,
we observed that the friction factor of the PDWVGs is higher by approximately 7.09, 8.79, and 10.1
times that of the smooth tube for the attack angles of 30◦, 50◦, and 70◦, respectively. In addition, it is
clear from Figures 6, 7, and 9 that numerical results provide a more in-depth understanding of the
physical phenomenon of the heat transfer enhancement.
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4.4. Thermal Performance Factor

The thermal performance of the enhanced tube heat exchanger is defined as the ratio of the heat
transfer and friction factor characteristics of the enhanced tube to those of the basic device, which
has a similar basic dimension without the design enhancement [27]. The equation for the thermal
performance factor (η) can be calculated as follows:

η =
ht

ho

∣∣∣∣
pp

=
Nut

Nuo

∣∣∣∣
pp

=

(
Nut

Nuo

)(
ft

fo

)− 1
3

(11)

Figure 10 shows the thermal performance factor evaluation as a function of the Reynolds number.
The numerical study was conducted under turbulent conditions with a high Reynolds number
(91,00–17,400). It is observed that for a low attack angle of 30◦, the PDWVGs’ performance was
poor in turbulent region. However, for high attack angles of 50◦ and 70◦, the PDWVGs offer a superior
performance by providing a high thermal performance factor. The average thermal performance factor
was revealed to have a value of 1.1, 1.01, and 0.98 for the attack angles of 30◦, 50◦, and 70◦, respectively.
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4.5. Comparison of Obtained Results with the Experimental Results

A comparative study was performed using the experimental results in [22]. Figures 11–13
show the comparison between the numerical and experimental study results. Benchmarking was
conducted to observe the accuracy of the results obtained in the numerical study. The advantage
of using a numerical study is that it can cover the velocity range that is possibly difficult to achieve
using an experimental setup. The numerical study was focused on a high-turbulent flow, while the
experimental study was focused on low-turbulent flow starting from the Reynold number of 5300.
It can be clearly observed that, for all the cases, there is no significant difference between the numerical
and experimental study results. The numerical and experimental results obtained for the low Reynolds
number region also matched well. From the figures, we can observe that the use of the PDWVGs
provided an advantage even in the case of a high Reynolds number. As the Nusselt number increased,
the friction factor decreased continuously in the range of 9100 ≤ Re ≤ 14,300 (see Figures 11 and 12).
This can be used as a guide towards achieving good system performance.
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5. Conclusions

A numerical study of an enhanced tube with PDWVGs installed with various attack angles has
been conducted. The following conclusions can be drawn:

• The Nusselt number (Nu), friction factor (f ), and thermal performance factor (η) of the PDWVGs
with various attack angles are found to be higher than those of the smooth tube. As the attack
angle increases, Nu, f, and η also increase.

• The highest increase in the Nusselt number and friction factor, respectively, was found to be up to
269% and 10.1 times higher than those of the smooth tube. These results have been sufficiently
confirmed through experiments.

• It was revealed that the thermal performance factor approaches a value of 1.1.
• The heat transfer mechanism was clearly elucidated using the streamline and temperature

distribution at the cross sections.

Author Contributions: A.T.W. conceived the main concept. A.T.W., M.A., and K.K. contributed to the investigation
and data analysis. M.A. and A.M. contributed significantly to the supervised research. A.T.W. wrote the
manuscript. All authors contributed in writing the final manuscript.

Funding: This research received no external funding to declare.

Acknowledgments: We are grateful to Universitas Sebelas Maret for funding this study. The partial financial
assistance provided by Tokyo Institute of Technology is gratefully acknowledged. The authors wish to thank
their former colleague, Dandy Anugerah Wicaksono, for his assistance during the data collection. The first author
also wishes to acknowledge the Program of World Class Professor scheme B (2018) supported by the Ministry of
Research, Technology and Higher Education of the Republic of Indonesia for the opportunity to have a research
visit to Tokyo Institute of Technology, Japan during the revision of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

c chord length of the delta-wing [m]
Cp specific heat capacity at a constant pressure [J/kg·K]
d diameter of inner tube [m]
D diameter of outer tube [m]
f friction factor
h average convective heat transfer coefficient of the plain tube (W/m2·K)
k thermal conductivity [W/m·K]
keff effective thermal conductivity [W/m·K]
L length of the inner tube [m]
Nu average Nusselt number
p pitch of the delta-wing [m]
Pr Prandtl number
Re Reynolds number
t thickness of the aluminum strip [m]
T temperature [K]
u velocity of hot water in the inner tube [m/s]
w width of the delta-wing [m]
W width of the aluminum strip [m]
Greek symbols
α angle of attack [◦]
αP pressure drop across the inner tube [Pa]
η thermal performance factor
µ dynamic viscosity [kg/m·s]
ρ density of hot water [kg/m3]
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Subscripts
i inner
o outer
p plain tube
t tube with T-Ws
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