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Abstract:- In this study, the heat transfer and the thermo-hydraulic performance of pipe flow with propeller-type vortex generator
inserts at the pipe inlet are numerically examined. The geometric effect of the blade angle associated with different air mass flow rates
on the thermal performances was determined. In the present work, four-blade angles, 15°, 30° 45°, and 60° were considered over a range
of Reynolds number that was varied from 5000 to 30,000. A mathematical model was developed to simulate the flow. Thermal
characteristics of the model and the governing equations were discretized and solved using finite element method in three-dimensional
steady flow. The results were compared with existing experimental data. A good agreement was observed between the model and the
experiment. Larger average heat transfer coefficient was achieved for a smaller blade angle, and on average, a reduction of 15° in the
blade angle resulted in a 4% increase in the outlet temperature as well as an 8% increase in the Nusselt number. The augmented vortex
generator caused a sudden rise in the local heat transfer coefficient after the insert, and later a cyclic behavior for this coefficient is
experienced. Considering both thermal and pressure drop points of view, the optimum blade angle was determined to be 60°, using the
performance evaluation criteria.
Keywords:- Heat transfer enhancement; Propeller-type vortex generator; Swirl flow; CFD simulation; Entropy generation

NOMENCLATURE
atm
Be
𝐶𝑝
FEM
G
h
I
k
l
L
𝑚̇
Nu
p
PEC
R
Re
S
T
u
U
V

atmospheric pressure
Bejan number
specific heat capacity at constant pressure (J/kg K)
finite element method
reciprocal wall distance
convection heat transfer coefficient (W/m2/K)
identity matrix
thermal conductivity (W/m/K)
shift position of the inserted blades (m)
length of the pipe channel (m)
mass flow rate (kg/s)
Nusselt number
pressure (Pa)
performance evaluation criteria
universal gas constant (J/K/mol)
Reynolds number
entropy (W/K)
temperature (°C)
velocity vector (m/s)
average velocity (m/s)
domain volume (m3)

𝜇
𝜌
𝜎
𝜃

Greek symbols
dynamics viscosity (Pa s)
density (kg/m3)
a gap between the computational domain
blade angle

Subscripts
0
Smooth pipe without vortex generator
in
inlet
gen generation
m
mean
out
outlet
ref
reference
w
wall
x
x-direction
y
y-direction
z
z-direction

1. INTRODUCTION
The need for higher performance of heat exchangers holds broad applications in many fields, such as power and thermal
engineering, chemical engineering nuclear power, solar energy thermal transfer, etc. Therefore, technologies focusing on the
enhancement of heat transfer in heat exchangers has always been a hot topic. One of the methods that have widely been adapted
and investigated in the literature is the use of augmentation techniques. Such methods proved to bring compact designs and
substantial energy savings. Recently, serious attempts have been made to introduce different augmentation techniques to enhance
the heat transfer process in the heat exchanger devices. The heat transfer augmentation techniques can be classified into active
and passive methods, depending on whether extra power is needed for the enhancement process or not [1].
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The use of vortex generators is widely regarded as one of the effective techniques to enhancement heat transfer, where many
researchers have investigated such methods both experimentally and numerically. Patil and Tandel [2] studied several geometries
and different types of vortex generators as passive technique applications. They also provided a comprehensive review of the
effects of orientation of the inserts on the friction factor and convective heat transfer coefficient.
Among the various augmentation techniques, the insertion of a twisted tape swirl generator is regarded as one of the practical
methods. Such augmentation technique causes notable enhancement in the thermal characteristics by reducing the thermal
boundary layer thickness in the flow regime [3–5]. Bhuiya et al. [6] experimentally studied the thermal and hydraulic performances
of perforated double counter twisted tape inserts in a heat exchanger tube. The results showed a significant increase in both the
heat transfer rate as well as the friction factor, where the change in heat transfer rate and friction factor were found to be 80 to
290% and 111 to 3535% in comparison to the empty tube values, respectively. Roohi et al., [7] investigated the thermo-hydraulic
performance of a rectangular microchannel with longitudinal vortex generators, and in another study [8] they investigated the
effect of nanofluids in a microchannel with vortex generator, where the performance-enhanced from 2.5-29% using Al2O3
nanoparticles. Among the other simple structure, low cost and easy installment augmentation techniques that are widely adopted
are a ring, small pipe, and delta wing vortex generators, which were reported to enhance the rate of heat transfer in a circular tube
[9–14].
Another type of augmentation technique that has been investigated by Huang at al. [15] is the inset of a porous material. The
researcher confirmed that the use of such materials enhanced the heat transfer characteristics using the same pumping power. The
effect of porosity, spacer length, pore type, and clearance were among the different parameters that they investigated. Recently,
other kinds of inserts have also been investigated, such as vortex rods [16], mesh cylinders [17], cylindrical blade tube inserts
[18], multiple conical inserts [19], conical strip inserts [20]. They have been applied and examined for heat transfer enhancement
in the pipe flow.
One of the efficient passive methods to enhance the thermal characteristics is the propeller-type vortex generator insert at the
air intake of the flow passage. The merits of such a system are to reduce equipment investment as well as decrease the volume
size compared with its counterpart of the plain passage. A propeller-type vortex generator insert brings several advantages such
as enhancing the thermal characteristics due to swirl flow generation, which is generally referred to as vortical flow [21] as well
as the low cost and both easy fabrication and maintenance. The swirl flows can be categorized into two types: non-decaying
(steady) and decaying (unsteady) [22]. The swirl is continuous for the non-decaying case, while it is not continuous for the latter.
Recently, Bali and Sarac [23] experimentally investigated the heat transfer and the pressure drop characteristics for decaying
turbulent swirl flow in a circular pipe with a propeller-type vortex generator.
There has been a limited number of studies in the literature that investigate the relationship between entropy generation in
swirl pipe and swirled intensity [24–27]. The reported work aimed at investigating such a relationship at constant Reynolds
number and fluid–wall temperature difference. It was found that the relationship between entropy generation, swirl number, and
temperature difference is nonlinear. Using the entropy generation minimization method, the field of synergy principle, and
entransy dissipation extreme principle, Lie et al., [27] reported the justification of the augmentation techniques applied for heat
transfer enhancement. In their work, they reported the existence of a research gap between theories and techniques in convective
heat transfer enhancement, where further theoretical studies are needed to promote technique developments in this area.
In this study, the propeller-type vortex angles generator inserts with four blades at different blade angles, which are located at
the intake of the tube, have been investigated numerically. The effects of the blade angles on the vortex formation, the heat transfer
enhancement, and consequently the entropy generation of suggested vortex generators are investigated.
2. MATHEMATICAL MODEL
A 3-D depiction of the flow channel with the augmented vortex generator is shown in Figure 1. The vortex generator is shifted
with a distance l, of 5 cm for all considered configurations. The pipe length, L, and diameter D are fixed at 1.978 m and 0.0547
m, respectively. The tilt angle, 𝜃 , is shown in Figure 1-(b), where 𝜃 = 0° and 𝜃 = 90° mean the flow direction is perpendicular
to the blades, and parallel to the flow direction, respectively.
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(a)

(b)

Figure 1: Schematic depiction of the mathematical model: (a) the pipe with the augmented vortex generator, (b) the tilt angle of the blades.

In this study, four different configurations are considered. The values of the parametric geometry considered in this study are
given in Table 1. These values are selected to match the experimental setup given in [28,29].
Table 1: The values of the geometrical parameters.
𝜽 (°)
15
30
45
60

𝒃 (mm)
2.104
4.534
7.853
13.6

𝑾 (mm)
89.405
87.419
83.295
74.870

𝒓 (mm)
5.21
5.94
7.64
12.02

𝑹 (mm)
26.71
27.44
29.14
33.52

2.1 Governing equations
The governing equation that describes the physical characteristics of the problem are mass, momentum, and energy balances.
The flow is assumed to be weakly compressible, turbulent, and non-isothermal. The steady flow continuity equation, for the flow
domain, is given as follows:
𝛻 ∙ (𝜌 𝒖) = 0

(1)

where 𝜌 is the density and 𝒖 is the velocity vector in x, y and z directions. The momentum balance equation is given by ReynoldsAveraged Navier-Stokes equations (RANS), and the model that has been implemented in this study is the algebraic yPlus model
which is suitable for internal flows. More discussion about the reasons for selecting this model in comparison to the widely known
transport equation models such as the 𝑘-𝜀 or the SST is provided is provided in section 3. The RANS model is given in the
following set of equations:
2
𝜌(𝒖 ∙ ∇𝒖) = −∇𝑝 + ∇ ∙ ((𝜇 + 𝜇 𝑇 )(∇𝒖 + (∇𝒖)𝑇 ) − (𝜇 + 𝜇 𝑇 )(∇ ∙ 𝑢)𝑰)
3
𝜌𝒖𝑙𝑤
𝑅𝑒𝑤 =
𝜇
∇𝐺 ∙ ∇𝐺 + 𝜎𝑤 𝐺(∇ ∙ ∇𝐺) = (1 + 2𝜎𝑤 )𝐺 4
1 𝑙𝑟𝑒𝑓
𝑙𝑤 = −
𝐺
2

(2)

where 𝜇 𝑇 is the turbulent dynamic viscosity, 𝑰 is the identity matrix, 𝑅𝑒𝑤 is the Reynolds number near the wall, 𝑙𝑤 is the wall
distance, 𝑙𝑟𝑒𝑓 is the reference length scale, which is set to one-tenth of the shortest side of the geometry. 𝐺 in the third equation is
the reciprocal wall distance and 𝜎𝑤 the smallest gap between the computational domain and the physical wall. This parameter is
assumed to be half the height of the mesh adjacent to the wall. The steady energy balance equation is given in the following form:
𝜌𝐶𝑝 𝒖 ∙ ∇𝑇 = ∇ ∙ (𝑘∇𝑇) + 𝛷

(3)

where 𝐶𝑝 is the specific heat at constant pressure, 𝑘 the thermal conductivity, 𝑇 the temperature and 𝛷 is the viscous dissipation
function given by the following expression:
𝜕𝑢 2
𝜕𝑣 2
𝜕𝑤 2
𝜕𝑢 𝜕𝑣 2
𝜕𝑤 𝜕𝑣 2
𝜕𝑢 𝜕𝑤 2
𝛷 = 2 [( ) + ( ) + ( ) ] + ( + ) + (
+ ) +( +
)
𝜕𝑥
𝜕𝑦
𝜕𝑧
𝜕𝑦 𝜕𝑥
𝜕𝑦 𝜕𝑧
𝜕𝑧 𝜕𝑥
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2.2 Boundary conditions
The following boundary conditions were implemented for the mathematical model. At the entrance of the pipe inlet:
𝑢 = 𝑣 = 0, 𝑤 = 𝑊𝑖𝑛 ,

𝑇 = 𝑇𝑖𝑛

(5)

where 𝑊𝑖𝑛 is the inlet velocity in the z-direction and it is fixed by matching the considered Reynolds numbers. The inlet
temperature 𝑇𝑖𝑛 is kept at 22°𝐶 to match the experimental data. The outlet boundary conditions are given as follows:
𝜕𝑢
𝜕𝑧

=

𝜕𝑣
𝜕𝑧

𝜕𝑤

=

𝜕𝑧

= 0,

𝜕𝑇

=0

(6)

𝑇 = 𝑇𝑤

(7)

𝜕𝑧

The boundary conditions on the wall surface is given by:
𝑢 = 𝑣 = 𝑤 = 0,

The wall surface temperature of the pipe is fixed at 100°C. No-slip boundary condition was implemented over the blade’s surfaces.
2.3 Material properties
The material properties that were used in the numerical model are expressed as follows. The density of the air is given using
the ideal gas equation as:
𝜌=

𝑝
𝑅𝑇

(8)

where R is the air gas constant. Forth-order degree polynomials are used to determine the specific heat, the thermal conductively,
and the dynamic viscosity, respectively, as follows:
𝐶𝑝 = 1047.64 − 0.37 𝑇 1 + 9.45 × 10−4 𝑇 2 − 6.02 × 10−7 𝑇 3 + 1.29 × 10−10 𝑇 4

(9)

𝑘 = −0.0022 + 1.15 × 10−4 𝑇 1 − 7.90 × 10−8 𝑇 2 + 4.12 × 10−11 𝑇 3 − 7.44 × 10−15 𝑇 4

(10)

𝜇 = −8.38 × 10−7 + 8.36 × 10−8 𝑇 1 − 7.69 × 10−11 𝑇 2 + 4.64 × 10−14 𝑇 3 − 1.07 × 10−17 𝑇 4

(11)

Further details about the material properties could be found in [30].
2.4 System performance
In order to evaluate the performance of the system, the convection heat transfer coefficient (h) and the Nusselt number (Nu)
need to be first evaluated on the wall surface. The convection heat transfer coefficient is defined as follows:
𝜕𝑇
∙ 𝑛⃗
𝜕𝑛⃗
ℎ=
𝑇 − 𝑇𝑚
−𝑘

(12)

where 𝑛⃗ is the normal unit vector perpendicular to the surface and 𝑇𝑚 the mean temperature inside the flow domain, which changes
across the z-direction. The local Nusselt number is calculated according to the following formula:
𝑁𝑢 =

ℎ𝐷
𝑘

(13)

̅̅̅̅) over the entire volume (V), the
where D is the diameter of the pipe. To calculate the average value of the Nusselt number (𝑁𝑢
following expression is implemented:
̅̅̅̅
𝑁𝑢 =

1
∫ 𝑁𝑢 𝑑𝑉
𝑉

(14)

The two factors that are causing the irreversibilities, i.e., entropy generation, in the flow domain; are the heat transfer process
and the viscous dissipation in the fluid motion. The volumetric rate of entropy generation can be evaluated according to the
following expression:
̇ ′′′ = 𝑆𝑔𝑒𝑛
̇ ′′′ + 𝑆𝑔𝑒𝑛
̇ ′′′ =
𝑆gen
𝑇
𝐹

𝑘
𝜇
(∇𝑇)2 + 𝛷
2
𝑇
𝑇

(15)

̇ ′′′ is the entropy generation due to heat transfer, 𝑆𝑔𝑒𝑛
̇ ′′′ the entropy generation due to viscous dissipation 𝛷. The total
where 𝑆𝑔𝑒𝑛
𝑇
𝐹
entropy generation rate can be given by integrating (15) over the flow domain as follows:
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̇
̇ ′′′ 𝑑𝑉
𝑆𝑔𝑒𝑛
= ∫ 𝑆𝑔𝑒𝑛

(16)

Bejan number (Be) is used to define the ratio of irreversibility due to heat transfer to the total irreversibility of the flow, i.e.,
heat transfer and viscous dissipation. The Bejan number is given according to the following expression:
𝐵𝑒 =

̇ ′′′
𝑆𝑔𝑒𝑛
𝑇

(17)

̇ ′′′ + 𝑆𝑔𝑒𝑛
̇ ′′′
𝑆𝑔𝑒𝑛
𝑇
𝐹

The overall performance evaluation criteria (PEC) of the system, as suggested by Webb [31] is given by:
𝑃𝐸𝐶 =

𝑁𝑢⁄𝑁𝑢0
(𝑓⁄𝑓0 )1/3

(18)

2∆𝑝𝐷
𝜌𝑈 2 𝐿

(19)

where f is the friction factor coefficient defined as:
𝑓=

where ∆𝑝 is the pressure drop between the inlet and the outlet of the pipe channel, U is the average velocity, and Nu0 and f0 given
in equation (18) denote to the average Nusselt number and friction factor of a corresponding smooth pipe without a vortex
generator.
3. NUMERICAL PROCEDURE AND MODEL VALIDATION
The mathematical model described in equations (1)-(3), were solved by a Galerkin finite element method (FEM) in COMSOL
Multiphysics software [30]. The model is solved using segregated stationary solvers where the convergence criterion was set to
1×10-4 for the relative tolerance, and Algebraic multigrid solvers were used for the linear systems.
Before selecting the yPlus turbulence model, the SST turbulence model was tested at different Re and compared with the
experimental data. Although the SST model is considered as a superior model in comparison to the algebraic turbulence model.
Nevertheless, for this problem, i.e., internal flow, the results of the SST model significantly deviated from the experimental results
at large Re when compared to the yPlus. For the highest Re, the difference was around 39% for the SST model, while it was only
8% for the yPlus model. Therefore, the yPlus model has been selected to carry our calculation for the current work.
A grid independence study conducted to assure that the solution is independent of the mesh refinements. A summary of the
results for three different grids for 𝜃 =30° is shown in Table 2, where the relative error is shown for each case in comparison to
the solution given on the finest mesh. The finest mesh configuration, where the change in the solution varied from 1-6% for the
temperature field, 7-10% in the pressure drop. Therefore, the configurations of the finest mesh were selected to carry the rest of
the parametric study.
Table 2: Grid independence study.

1
2
3

Element
number
417387
959840
3201222

𝑇𝑜 [°C]
60.2
62.2
63.3

Relative
error %
6%
1%
-

∆𝑃 [Pa]
316.2
326.6
352.9

Relative
error %
10%
7%
-

The finest grid for the configuration with 𝜃 =30° is shown in Figure 2. A very fine grid near the blades inside the flow domain
are used in addition to boundary layer elements near the walls to capture a better flow characteristic in the vicinity of these
boundaries.
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Figure 2: Depiction of the finest grid used in the current study for 𝜃 = 30°.

̅̅̅̅ vs. Re. The solid
Figure 3 shows a comparison between the current results and the experimental data [29] for the average 𝑁𝑢
lines represent the results predicted by the model, while the dashed lines represent the results obtained from the experiment. The
model developed in this study produced results that are close to the experiment, where the relative error between the model and
the experiment is well below 10%. The only exception case was for the highest Re=30000 and 𝜃=15°. Still, the relative error was
about 14% in this extreme situation. Moreover, for the case of a smooth pipe, the figure shows a comparison between model and
experiment as well as the Dittus-Boelter equation [32]. The values of the model and the Dittus-Boelter equation are in very close
agreement until the highest Re where the model gives slightly smaller results in comparison to the Dittus-Boelter equation.

115.0
θ=60⁰

Average Nu

95.0

θ=15⁰
75.0

θ=60⁰, exp.
θ=15⁰, exp.

55.0

Smooth pipe, model
Smooth pipe, exp.

35.0

Smooth pipe, Dittus-Boelter equation
15.0
5000

10000

15000

20000

25000

30000

Re

Figure 3: Average Nu (model and experiment) vs. Re for the different blade angles.
4. RESULTS AND DISCUSSION
In this study, the influence of the four-blade angles over the heat transfer and fluid flow characteristics were investigated, i.e.,
𝜃 = 15°, 30°, 45° & 60°. For each blade angle, four different flow rates were investigated, i.e., 𝑅𝑒 = 5000, 10000, 20000 &
30,000. The results for the different augmented vortex generators are compared to both experimental and numerical results of a
smooth pipe with no vortex generator.
The average temperature at the outlet of the pipe channel is shown in Figure 4. A sharper decay in the temperature is noticed
as Re is increased from 5000 to 10000 in comparison to the higher Re. The augmentation of the vortex generator increased the
outlet temperature, which implies an enhancement in the heat transfer process. The highest temperature is achieved for the smallest
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𝜃 since this configuration caused the highest swirling effect. The intensity of the swirling phenomenon decreased by increasing
𝜃, which can be better seen in the following figure.
90

θ=60⁰
θ=45⁰
θ=30⁰
θ=15⁰
Smooth pipe

85

T [⁰C]

80
75
70
65
60
55
50
5000

10000

15000

20000

25000

30000

Re

Figure 4: Outlet temperature vs. Re for the different blade angles.

To show the effect of the blade angles on the 3-D field solution, two Re are considered 5000 & 20000. The considered Re
show the characteristic of the solution at relatively low and high flow rates. Since the deviation between the solution and the
experimental data was much smaller for the case of Re=20000 in comparison to Re=30000, therefore the former Re was picked
to represent the high flow rate.

°𝐶

(a)

°𝐶
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(b)

°𝐶

(c)

°𝐶

(d)
Figure 5 shows the temperature profile inside the pipe channel for the different 𝜃 at Re=5000. Decreasing 𝜃 increased the
intensity of the vorticity of the flow as discussed earlier and as can be seen in the streamline plots. Another observation that can
be made here is that decreasing 𝜃 enhanced the heat transfer process as the outlet temperature increased for 𝜃=15°.

°𝐶

(a)
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°𝐶

(b)

°𝐶

(c)

°𝐶

(d)
Figure 5: Temperature profile with Re=5000, (a) θ=60°, (b) θ=45°, (c) θ=30°, (d) θ=15°.

The temperature profile for the case of Re=20000 is shown in
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°𝐶

(a)

°𝐶

(b)

°𝐶

(c)
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°𝐶

(d)
Increasing the flow rate decreased the interaction time between the fluid and the hot surfaces, which resulted in
decreasing the outlet temperature in comparison to Re=5000. Also, decreasing 𝜃 from 60° to 15° caused 11°C increment in the
outlet temperature. It is noticed that decreasing 𝜃 by 15° increased the temperature on average by 5%.
Figure 6.

°𝐶

(a)

°𝐶

(b)
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°𝐶

(c)

°𝐶

(d)
Figure 6: Temperature profile with Re=20000, (a) θ=60°, (b) θ=45°, (c) θ=30°, (d) θ=15°.

The local heat transfer coefficient (h) on the surface of the pipe which is calculated using equation (12) is shown in Figure 7
and Figure 8 for Re of 5000 and 20000, respectively. It is worth mentioning that the solution presented in these two figures are
shown for the first 0.5 m length of the pipe in order to have a clearer view of the effect of these vortex generators. For the case of
Re of 5000 (Figure 7), several observations are made. First, it is noticed that the swirling phenomenon caused by the inserted
vortex generator leads to a cyclic behavior of h, where the frequency increases by decreasing 𝜃. The second observation is that a
sudden spike in h is experienced just behind the vortex generator and the intensity of this spike again increases by decreasing 𝜃.

Figure 7: Convection heat transfer coefficient along the pipe length for the different blade angles and Re=5000.
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The convection heat transfer coefficient for the case of Re of 20000 is presented in Figure 8. The solution presented in this
case has similar behavior regarding the cyclic behavior and the sudden spike of h in comparison to the case of Re=5000. In this
case, h is noticeably higher for 𝜃=15° after L=0.2 m in comparison to the other configurations.

Figure 8: Convection heat transfer coefficient along the pipe length for the different blade angles and Re=20000.

As mentioned earlier, two factors are contributing to the total irreversibility exhibited by the fluid flow. The first one is the
heat transfer process, and the second one is the viscous dissipation in the flow region. To assist the contribution of each source of
irreversibility, Figure 9 and Figure 10 show, the Bejan number (Be) given by equation (17), evaluated at Re 5000 and 20000.
Figure 9 shows Be of the different blade angles at Re of 5000. At the entrance of the pipe channel, Be is extremely small, which
indicates that the viscous dissipation is the primary cause of irreversibility. Shortly after the inserted vortex generator, Be starts
to increase significantly to the value of unity, which indicates that all the irreversibility is caused by the heat transfer process.

(a)

(b)

(c)

(d)

Figure 9: Bejan number for a flow with Re=5000, (a) θ=60°, (b) θ=45°, (c) θ=30°, (d) θ=15°.

Figure 10 shows Be of the different blade angles at Re of 20000. It is noticed that increasing Re decreases Be, which means
that viscous dissipation plays a more significant role in the irreversibility process. This figure shows that decreasing 𝜃 affects Be
negatively, i.e., the viscous dissipation is the main contributor to the irreversibility. On any rate, Be starts to become 1 after 0.3 m
of the pipe entrance. Although, Be provided a clear picture of the contribution of each factor, yet the total value of 𝑆𝑔𝑒𝑛 is needed
to better evaluate the behavior of the system.
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(a)

(b)

(c)

(d)

Figure 10: Bejan number for a flow with Re=20000, (a) θ=60°, (b) θ=45°, (c) θ=30°, (d) θ=15°.

̇ ) is shown in Figure 11 for all the blade angles. Interestingly, decreasing 𝜃 decreased 𝑆𝑔𝑒𝑛
̇ .
The total entropy generation (𝑆𝑔𝑒𝑛
This could be explained in light of the temperature distribution shown in

°𝐶

(a)

°𝐶

(b)
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°𝐶

(c)

°𝐶

(d)

Figure 5

and

°𝐶

(a)
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°𝐶

(b)

°𝐶

(c)

°𝐶

(d)
̇
where the gradient of the temperature profile is smoother for the case of 𝜃=15°, which means smaller 𝑆𝑔𝑒𝑛
due to heat
̇
transfer. Also, as noted earlier, decreasing 𝜃 enhanced the heat transfer process which directly leads to a smaller 𝑆𝑔𝑒𝑛 . This result
is consistent with the work of You et al., [33] were increasing the size of the obstacle in the flow region, i.e., decreasing 𝜃 in the
̇ . Although, decreasing 𝜃 caused smaller 𝑆𝑔𝑒𝑛
̇ , yet this happened at the expense of higher pumping
current work, lead to lower 𝑆𝑔𝑒𝑛
power. The following analysis will assist the best configuration for the blade angle.
Figure 6
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Figure 11: The total entropy generation vs. Re for the different blade angles

Figure 12 shows the variation in Nusselt number ratio versus the Reynolds number for the different blade angles 15°, 30°, 45°,
and 60°. As can be seen from the figure, the ratio of Nu rises with increasing Re. Another observation that is made from this figure
is that decreasing 𝜃 increases Nu ratio, which means enhancing the heat transfer process. On average ,decreasing the blade angle
by 15° will enhance the Nu ratio by 8%.
1.60
1.50

Nu/Nu0

1.40
1.30
1.20
θ=60⁰
θ=45⁰
θ=30⁰
θ=15⁰

1.10
1.00
0.90
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10000

15000

20000

25000

30000

Re

Figure 12: Nusselt number ratio vs. Re for the different blade angles.

Figure 13 demonstrates the variations of the ratio of friction factor with and without the insert against the Reynolds number
for different blade angles. The result indicates that the ratio of the friction factor increased as the blade angle decreased. For the
case of 𝜃=15° and Re=30000, the friction factor increased to 21 folds. Therefore, although the configuration where 𝜃=15° gave
the best heat transfer rate, yet it caused the highest pressure drop. Therefore, a thermo-hydraulic criterion should be used in order
to better select the most efficient blade angle.
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Figure 13: Friction factor number ratio vs. Re for the different blade angles.

The criterion that takes both the heat transfer as well as the pressure drop into consideration is the performance evaluation
criteria (PEC), which is given by equation (18). Figure 14 shows the PEC of different configurations vs the considered Re. The
PEC ranged from 0.55 to 1.167, over the considered range of Re. Although smaller 𝜃 gave a better thermal performance, yet when
the hydraulic characteristics are considered, lowering 𝜃 is not desirable. The highest performance is achieved for a blade angle of
60o. For this blade angle, the highest PEC was 1.167 at Re=30000.

1.1

PEC

0.9
0.7
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θ=45⁰
θ=30⁰
θ=15⁰

0.5
0.3
0.1
5000

10000

15000

20000

25000

30000
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Figure 14: The performance evaluation criteria vs. Re for the different blade angles.

As for the performance of the configuration under consideration, it appears that this type of vortex generator is inferior in
terms of performance to other configurations suggested in the literature, such as staggered-winglet perforated-tapes [34]. The PEC
of these perforated tapes ranged from 1.25-1.71 for 4180≤Re≤26,000. Another type of vortex generator is the V-finned twisted
tapes [35], which are reported to provide a better performance 1.21-1.75 over the range of 4000≤Re≤30000. Although the twisted
tapes provided higher combined thermal and hydrodynamic performance, yet this comes with a more complex manufacturing cost
and process. Therefore, although the suggested model is inferior in terms of performance, yet it simpler to manufacture and install.
5. CONCLUSIONS
The propeller-type vortex generator was numerically investigated, at different blade angles and Reynolds numbers. The
numerical results obtained were in close agreement with the experimental data, over the range of the investigated Reynolds
number.
The used vortex generator proved to enhance the heat transfer process noticeably. This enhancement was inversely
proportional to the blade angle, where lowering the blade angle 𝜃, positively enhances the heat transfer rate on the expense of
higher pressure drop. It is found that decreasing 𝜃 by 15°, caused an increase in the outlet temperature by 4%, on average. The
vortex generator also showed a cyclic pattern for the local convection heat transfer coefficient along the tube axis, where it
increased by decreasing 𝜃.
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The total entropy generation was investigated as well as the Bejan number. Decreasing 𝜃 resulted in decreasing the total
̇ . The reason for this phenomenon, was due to the enhancement of the heat transfer process where the
entropy generation 𝑆𝑔𝑒𝑛
gradient of the temperature profile was smoother by decreasing 𝜃. Also, it is observed that decreasing 𝜃 caused a higher viscous
dissipation resulting in a lower Be at the pipe entrance.
Three different criteria were examined in this study; these were the ratio of Nusselt number, friction factor, and the
performance evaluation criteria. The results showed that a decrease in 𝜃 results in an increase Nin u as well as the f. Therefore,
the combined effect, i.e., heat transfer and fluid flow, was shown using PEC where 𝜃=60° gave the best configuration for this
type of applications.
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