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Abstract
This study investigates thermal performance enhancement by utilizing vortex generators (VGs). VGs come in many designs, 
and this paper proposes optimizations for the sinusoidal vortex generator (SVG) when used in an annular conduit to improve 
heat transfer with minimal pressure drop. Two vital parameters of the SVG are analyzed, namely, blockage ratios (BRs) (0.1 
and 0.2) and attack angles (α) (0–90°). The investigated fluid regime is turbulent, with the Reynolds number (Re) ranging 
from 5973 to 11,947. Three rows of SVGs are fitted on the surface of the inner pipe, where constant heat flux is applied, while 
the outer pipe wall is entirely insulated. The results indicate that the highest Nusselt number is enhanced by 20.4% over the 
smooth pipe when the case with BR = 0.2 and α = 90° is used at Re = 5973. However, the friction factor increases by 56.5% 
for the same case. Two types of transverse vortices are identified, where one type has its rotational axis normal to the inner 
pipe surface, and the other has its rotational axis parallel to the inner pipe surface. Those vortices with the axis perpendicular 
to the pipe surface merge with the fluid above the SVG to develop longitudinal vortices in different BRs and α. The case 
with BR = 0.2 and α = 15° yields the greatest average performance evaluation criterion (PEC) compared to other tested cases 
with a value of 1.054. This study finds that SVGs can contribute to a more efficient annular pipe-based heat transfer system.

Keywords  Annular conduit · Heat exchanger · Sinusoidal vortex generators · Thermo-hydraulic performance · Turbulent 
flow

Abbreviations
BR	� Blockage ratio
DPHE	� Double-pipe heat exchanger
DW	� Distilled water
Nu	� Nusselt number
PEC	� Performance evaluation criterion
Re	� Reynolds number
SST	� Shear stress transport
SVG	� Sinusoidal vortex generator
VG	� Vortex generator

List of symbols
α	� Attack angle
f	� Friction factor

h	� Average heat transfer coefficient (W m−2K−1)
q	� Heat flux (W m−2)
Ts	� Average inner wall temperature (°C)
Tb	� Fluid bulk temperature (°C)
Dh	� Hydraulic diameter (mm)
k	� Thermal conductivity (W m K−1)
�	� Density (kg m−3)
v	� Velocity (m s−1)
�	� Viscosity ( Pas)
ΔP	� Pressure drop (Pa)
L	� Length (m)
Pr	� Prandtl number
a	� Ratio of the outer diameter of the inner tube over 

the inner diameter of the outer tube
x	� Flow direction (m)

Subscripts
s	� Smooth pipe
ann	� Annular conduit
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Introduction

The double-pipe heat exchanger (DPHE) consists of two 
concentric pipes, where one fluid flows within the inner 
pipe while another fluid flows in the annular space between 
the inner and outer pipes. DPHEs have been utilized in 
various industries due to their relatively simple design, 
which includes air conditioning and refrigeration, waste 
heat recovery, and food production. When the heat trans-
fer efficiency of DPHEs is enhanced with fins, large-scale 
applications like power plants can be viable as the hot 
exhaust gases can be more efficiently utilized to heat the 
cold fluid through the device [1]. Many approaches can 
be taken to improve the thermal performance of DPHEs. 
One such way is applying a fluid with better thermophysi-
cal properties, which include phase change materials and 
nanofluids [2, 3]. On the other hand, fins, inserts, or vortex 
generators (VGs) could also be used to improve the overall 
heat transfer performance [4]. Meanwhile, to evaluate the 
thermo-hydraulic performance of the enhanced geometry 
with fins or VGs, the performance evaluation criterion 
(PEC) proposed by Webb [5] in 1981 can be used. The 
PEC is defined as the ratio of the Nusselt number enhance-
ment to friction factor enhancement resulting from VGs or 
other enhancements. A higher PEC value corresponds to 
a higher heat transfer generated with a lesser increase in 
pressure drop. Thus, less pumping power was required to 
achieve the same heat transfer with a smaller equipment 
size.

VGs have been widely investigated in different heat 
exchangers due to their outstanding thermal performance. 
There are two patterns of VGs, namely, longitudinal VGs 
and transverse VGs. Longitudinal VGs, including wings, 
winglets, or winglet pairs, could generate longitudinal vor-
tices, where fluid is strongly mixed without obstructing 
the main flow. Whereas transverse VGs, such as baffles 
or circular fins, generate transverse vortices that create a 
significant pressure drop in the recirculation zone area. 
Longitudinal vortices could enhance heat transfer glob-
ally and locally, while transverse vortices only improve 
local heat transfer [6]. Therefore, longitudinal vortices are 
more effective and preferable in improving heat transfer 
compared to the transverse vortices.

Some researchers have explored the thermal perfor-
mance of various VGs in the annular tube of double-pipe 
heat exchangers. The studies aimed to achieve maximum 
heat transfer by combining VG with other fins or applying 
VG individually. For example, Arjmandi et al. [7] inves-
tigated the simultaneous use of VGs and twisted tape in 
the annular tube of a DPHE with various pitch ratios of 
0.09–0.18 and angles of 0°–30°. They discovered that the 
pitch ratios were critical in affecting the heat exchanger 

efficiency, with the best geometry obtained at the pitch 
ratio of 0.18, angle of 30°, and Reynolds number (Re) of 
20,000. Zhang et al. proposed various VGs in the heli-
cal annular passage, such as triangular winglet pair VGs 
[8], delta and rectangular wing/winglet pair VGs [9], and 
streamlined winglet pair VGs [10]. They concluded that 
streamlined winglet pair VGs could achieve the highest 
PEC value among all the tested designs. The optimal 
case depended on the Re range, the height, the number 
of VG, and the attack angle (α) of the streamlined wing-
let pair VGs. Mousavi et al. [11] reported on the findings 
of the airfoil-shaped VGs with different thicknesses of 
0.21–0.3 mm and pitch ratios of 2.9–6.78 in a double-pipe 
heat exchanger. The results showed that the highest PEC 
value was 1.91 with a geometry thickness of 0.3 mm, pitch 
ratio of 2.9, and Re of 6000. This was the highest found 
when comparing the results with other studies. Maakoul 
et al. [12] carried out a numerical investigation of helical 
fins with different fin spacings ranging from 50 to 200 mm 
on the annular side of the double-pipe heat exchanger. The 
best average PEC found was 1.06 at the fin spacing of 
0.1 using helical fins in place of longitudinal fins. Wang 
et al. [13] investigated the staggered helical fins with vari-
ous torsion angles and fin numbers in a double-pipe heat 
exchanger. The results indicated that the pressure drop was 
significantly reduced, and the overall performance was 
enhanced by 10–30% compared to the traditional helical 
fins. Bai et al. [14] investigated three densely longitudi-
nal fins, including arc-shaped fins, folded fins, and long 
straight fins mounted in an annular heat exchanger. The 
short arc-shaped and fold fins enhanced the Nusselt num-
ber by 35 and 27%, respectively, compared to the straight 
fins. However, severe flow separations in the flow resulting 
in the friction factor increase by 2209 and 1088%, respec-
tively. Nair et al. [15] explored the influence of rectangu-
lar swirl-inducing fins with angles 10°–40° in an annular 
heat exchanger. They found that the 30° angled fin could 
not increase heat transfer because of the tiny longitudinal 
vortices tracing the heat in the near wall region, while the 
40° fin achieved the highest heat transfer. Wang et al. [16] 
analyzed perforated curve fins with different hole numbers 
0–16 in an annular passage. This design showed the PEC 
higher than 1 when the Re was lower than 4277, while the 
enhanced heat transfer could not comprise the improved 
pressure drop at higher Re ranges.

Various vortex generators have been investigated 
for use in circular pipes, including delta wing/winglets 
[17–23], delta winglet pairs [24], rectangular winglets 
[25, 26], and other novel types [27–36] such as elliptical 
insert, sinusoidal ribs, louvered V-winglet, conical strip, 
and longitudinal swirl generators. Pourhedayat et al. [20] 
reported a new arrangement of triangular winglets in a 
circular channel and analyzed various parameters, such 
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as longitudinal and latitudinal pitches, angle of winglets, 
winglet arrangement, and aspect ratio. The heat transfer 
rate was enhanced using the forward configuration and 
reducing the longitudinal pitch and aspect ratio. Moreo-
ver, the latitudinal pitch of 20 mm achieved the best ther-
mal performance among all test cases, with pitch values 
ranging from 0 to 40 mm. Liu et al. [25] explored the 
thermal behavior of rectangular winglet VGs in circular 
pipes with Res ranging from 5000 to 17,000. Increasing 
the slant angle or winglet height enhanced the Nusselt 
number and friction factor. However, the PEC value was 
raised and then reduced with the increasing slant angle 
and winglet height. The PEC value was more than 1 if 
the Re was less than 8000. Abdelmaksoud et  al. [27] 
compared the heat transfer performance of various VG 
designs (straight, triple-curved, and double-curved) in cir-
cular tubes. The thermal performance was increased when 
reducing the pitch ratios from 5 to 2. Triple-curved vortex 
generators achieved the highest PEC value compared to 
other designs, whereas the PEC was less than 1 in turbu-
lent regions when the Re was higher than 6000. Chok-
phoemphun et al. [28] investigated the influence of wing-
let VGs on heat transfer performance with an α of 30° in a 
circular tube. They observed that the Nusselt number and 
friction factor enhanced with the increase in the blockage 
ratio (BR) but decreased with the reduction of the pitch 
ratio. PEC values of 1.35–1.59 were obtained by apply-
ing winglet VGs with Re ranging from 5300 to 24,000. 
Du et al. [29] employed sinusoidal ribs in a circular tube 
with laminar flows. They analyzed different rib heights, 
amplitudes, widths, numbers, and pitches and concluded 
that the PEC value was enhanced by raising rib height 
but reducing rib amplitude, width, and pitch. Moreover, 
raising the number of ribs from 1 to 3 increased the PEC 
value, while increasing the numbers beyond 3 had the 
opposite effect.

Based on the literature review, the previous studies 
have extensively examined flat surface vortex generators 
but have found them to produce limited vortices. Gen-
erating multiple vortices from a single VG is crucial for 
improving local and global fluid mixing. Therefore, this 
paper introduces the sinusoidal vortex generator (SVG) 
fitted in an annular conduit. The unique sinusoidal shape 
is expected to generate more vortices than the flat surface. 
This study investigates the influence of vortices induced 
by the SVG in a detailed way. Additionally, the α and BR 
are investigated for the SVG to maximize heat transfer 
performance while minimizing the impact of pressure 
drop increase. Furthermore, the thermo-hydraulic per-
formances of different SVG configurations are evaluated 
under turbulent flow conditions. This investigation strives 
to design a more efficient annular pipe-based heat transfer 
system.

Methodology

Geometry design

As shown in Fig. 1a, the entire length of the annular conduit 
is 1.5 m. Three zones of SVGs are equipped along the inner 
pipe wall with an interval of 300 mm. The inner pipe wall is 
subjected to a continuous heat flux of 38,346 W m−2 at the 
mid-section for 1200 mm (150 mm at the beginning and end-
ing are insulated), while the outer wall is completely insulated. 
Only the turbulent fluid domain is considered in this study, 
where the volume flow rate varies from 10 to 20 L min−1, 
corresponding to the Re ranging from 5973 to 11,947. Fig-
ure 1b displays the dimensions of the SVG with BR = 0.1 and 
α = 45°. The BR is defined as the height of the SVG relative to 
the hydraulic diameter of the annular channel, while the α is 
the angle between the flow direction and the centerline of the 
SVG. A circular ring with a width of 8 mm and a thickness of 
0.5 mm supports the SVG. Four SVGs are placed symmetri-
cally in a counter-rotated direction with α ranging from 0° to 
90°. Two BRs of 0.1 and 0.2 are studied with different SVG 
heights. The sinusoidal shape of the SVG, created with an 
amplitude of 1 mm, enhances the turbulence in the fluid flow 
compared to a flat surface type VG. The displacement between 
the leading edges of two SVGs changes with different α, rang-
ing from 3.43 to 9.21 mm, leaving enough space between the 
opposing SVGs to develop the longitudinal vortices at α = 90°. 
Moreover, although the circular ring causes an additional pres-
sure drop, it is negligible due to its small thickness. This study 
aims to identify the optimal α and BR for the best PEC when 
using SVGs in an annular heat exchanger. Distilled water (DW) 
as the cooling fluid passes the annular channel with an inlet 
temperature of 20 °C. The boundary conditions are summa-
rized in Table 1.

Numerical methods

Three-dimensional steady-state flow in the annular passage is 
analyzed by ANSYS Fluent. Conservation equations for the 
steady turbulent flow are described from Eqs. (1) to (3) [14].

Continuity equation:

Momentum equation:

Energy equation:
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The thermophysical properties of the DW shown in Table 2 
are constant due to the negligible variations in fluid tem-
perature. Gravity is not included in this study. The shear 
stress transport (SST) k–ω model is utilized, where the 
simulation grid cell has a first layer thickness of 0.028 mm 
to ensure that the dimensionless wall distance y+ is lower 
or equal to 1. Combining the chosen turbulence model and 
grid with strict y+ consideration ensures that the generation 
of vortices from the SVG is as accurate as possible with 
reasonable computational resource requirements. The cou-
pled algorithm is used for coupling the velocity–pressure 

(3)
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(a) Annular conduit with SVGs

(b) SVGs with BR=0.1 and α=45°
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Fig. 1   Dimensions of a annular conduit with SVGs and b SVGs with BR = 0.1 and α = 45°

Table 1   Summary of boundary conditions applied for all the simula-
tions

Parameter Boundary condition

Inlet Velocity inlet
Outlet Pressure out
Inner pipe wall Constant heat flux 

(38,346 W m−2)
Outer pipe wall Fully insulated
Inlet fluid temperature 20 °C
SVG Conductive
Re 5973–11,947
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field, as it is robust to converge for addressing the complex 
geometries. The second-order upwind scheme is applied to 
discretize all equations to achieve more precise results than 
the first-order upwind scheme. The simulation is terminated 
once the residuals for the continuity, velocities, energy, k, 
and ω are below 10–6.

The grid independence study is implemented to study the 
variations in Nusselt number regarding the mesh element num-
ber and quality. The method used is based on the methodology 
by Roache et al. [38] to determine the Richardson extrapo-
late. The annular conduit with SVGs at α = 90° and BR = 0.1 
is selected for the mesh independence study at Re = 11,947. 

Figure 2 shows that tetrahedral meshes are used for all domains 
with eight inflation layers set for the inner wall, outer wall, and 
VG regions with a growth rate of 1.2. The course, medium, 
and fine mesh are used with the number of elements 2,830,748, 
6,872,857, and 12,676,788, respectively. The average Nusselt 
number difference between the course and medium mesh is 
found to be 12.45%, while it reduces to 2.69% when refin-
ing the mesh to the fine level. Therefore, the medium mesh is 
selected to simulate all cases to minimize computational costs 
while ensuring reasonably accurate results.

Parameter definitions

This section includes all equations used for evaluating the 
thermal performance of annular conduits with various SVG 
designs.

Equation (4) defines the average heat transfer coefficient.

(4)
h =

q
(

Ts − Tb

)

Table 2   Thermophysical properties of the DW at 20 °C [37]

Properties DW

Thermal conductivity /W m K−1 0.6024
Viscosity /Pas 0.00079
Specific heat capacity /J kg−1 K−1 4182
Density /kg m−3 998.5

Fig. 2   Grid independence study 
a mesh in the fluid computa-
tional domain and b Nusselt 
number variations versus 
element numbers in the annular 
conduit with SVGs at BR = 0.1, 
α = 90°, and Re = 11,947

(a) Mesh in the computational domain

(b) Nusselt number variations in the conduit with SVGs 
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Equation (5) defines the average Nusselt number.

Equation (6) defines the Reynolds number.

Equation (7) defines the friction factor.

Equation (8) defines the PEC value [13].

To validate the accuracy of the simulation results, Gnielinski 
and Petukhov equations are employed in Eqs. (9) and (14), 
respectively, to validate the Nusselt number [39, 40]. At the 
same time, the friction factor is validated by Petukhov and 
Blasius equations shown in Eqs. (15) and (16), respectively 
[31]. These equations are suitable for turbulent flows.

where the parameters used for Gnielinski correlation are 
defined in Eqs. (10)–(13).
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Validations

The simulation results of smooth annular pipe are validated 
by theoretical correlations. As described in Fig. 3, the devia-
tions for the average Nusselt number between the simulation 
result and Petukhov and Gnielinski equations are 8.66 and 
4.46%, respectively. Furthermore, the average friction factor 

(10)k1 = 1.07 +
900

Re
−

0.63

(1 + 10 Pr)

(11)fann =
(

1.8 log10 Re
∗ − 1.5

)−2

(12)Re∗ = Re

(

1 + a2
)

ln a +
(

1 − a2
)

(1 − a)2 ln a

(13)Fann = 0.75a−0.17

(14)Nu =

(

f

8

)

Re Pr

1.07 + 12.7
(

f

8

)0.5(

Pr
2

3 −1
)

(15)f = (0.79 ln (Re) − 1.64)−2

(16)f = 0.316Re−0.25

Fig. 3   Validations between the 
simulation results and theoreti-
cal corrections for smooth pipes
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deviations for Petukhov and Blasius correlations are 11.51% 
and 11.46%, respectively. Therefore, the current numerical 
model can accurately estimate the heat transfer performance 
of the annular conduit for the various tested SVG designs.

Results and discussion

Fluid flow characteristics

Figure 4 shows the Q criterion iso-surface colored by the 
velocity magnitude of various conduits featuring a BR of 0.2 
and Re of 11,947. Q criterion visualizes the vortical struc-
tures and flows turbulence intensity along the channel. In 
all cases, transverse and longitudinal vortices are present in 
the SVG regions. The transverse vortices form due to flow 
separation resulting from the sudden expansion of the chan-
nel, whereas the longitudinal vortices develop around the 
transverse vortices as the flow interacts with the SVG edges, 
as explained by the horseshoe phenomenon. These horse-
shoe vortices are more effective in cooling down the inner 
wall in the near-fin regions but diminish in strength as they 
move away from the SVG area due to reduced velocities. 

Additionally, small vortices arise before the SVGs due to the 
sudden reduction of the flow channel. Increasing the α of the 
SVGs enhances flow velocities and leads to more powerful 
vortices initialized near the SVG zone. A weak vortex region 
is also found between two SVGs, with lower flow velocities 
than in other areas.

Velocity streamlines shown in the image on the left in 
Fig. 5 are from the transverse cross-section located 20 mm 
behind the SVG, while the image on the right presents the 
top view of the flow. At an α of 90°, the left image of Fig. 5g 
shows three different vortices that arise from a single SVG. 
Vortex A, originating from the leading edge, is less intense 
than the vortex C, formed at the trailing edge. Moreover, 
two counter-rotated transverse vortices are observed behind 
the VG in the right image of (g). These transverse vortices 
merge with the incoming flow above the VG, leading to fluid 
twisting and the development of a large longitudinal vortex 
B with its center positioned near the low-pressure zone of 
the leading-edge area. For α = 75°, the longitudinal vortices 
generated by the trailing edges are slightly weaker than those 
at 90°. In addition, the transverse vortices with a similar 
size cause vortex B to separate into two longitudinal vorti-
ces with a counter-rotated direction. When α is reduced to 
60°, the transverse vortices near the leading-edge flow area 

(a) α = 0° (b) ° (c) °

(d) ° (e)

α = 15

α = 45 α = 60° (f)

α = 30

α = 75°

(g) α = 90°

Velocity Magnitude:  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75

Fig. 4   Q criterion colored by the velocity magnitude in various conduits with BR = 0.2 and Re = 11,947
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become stronger, shifting the longitudinal vortex center near 
the trailing vortex C. At α = 45°, only one transverse vortex 
is observed in the flow. The increased displacement between 
two VGs results in the connection between the vortices B 
and C. If decreasing the α to 30° and 15°, the vortices caused 
by the trailing edges are completely absorbed by the power-
ful vortex B. The weakest vortices are observed at α = 0° 
with the tiny vortex A generated between the two vortices 
B. The sinusoidal curve results in the pressure difference in 
the two sides of the VG, where the twisting flow causes the 
generation of vortex B.

Figure 6 describes the velocity streamlines and pressure 
contours of the annular conduit with α of 0°, 45°, and 90° 
and BRs of 0.1 (left) and 0.2 (right). The pressure contour 
indicates a decrease in pressure as the flow passes through 
the SVG for all cases. The main fluid turns the direction to 
fill the gap between the SVG and the outer wall. The pres-
sure drag is caused due to fluid separation caused by the 
sudden expansion of the channel. Subsequently, a secondary 
flow is observed after the SVG, which breaks the inner wall 
thermal boundary layer, leading to enhanced fluid mixing 
and high local heat transfer. Only small transverse vortices 
are found for all cases with a BR of 0.1. However, as the 

Fig. 5   Streamlines in transverse 
planes in various conduits with 
BR = 0.1 and Re = 11,947

(a)

(b)

(c) 30°

Vortex B

Vortex B

Vortex BVortex A
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(d)

(e)

(f)

Vortex A Vortex B Vortex C

Vortex B Vortex CVortex A

Vortex CVortex BVortex AFig. 5   (continued)

(g)

Vortex Vortex A Vortex B
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SVGs height increases, more substantial fluid mixing and a 
larger recirculation zone are generated due to stronger flow 
separation. Furthermore, the pressure drop increases when 
either α or BR increases. The most significant pressure drop 
is observed for the case with BR = 0.2 and α = 90°.

Effects of SVGs on Nusselt number

Figure 7 illustrates the Nusselt number variations for dif-
ferent annular conduits with their respective SVG design 
at different Res, BRs, and α. The heat transfer is generally 
improved when augmenting the BR from 0.1 to 0.2. For 
both BRs, the model with α = 90° performs the best due to 
the strongest vortices observed in Fig. 4. When increasing 
the Re from 5973 to 11,947, the Nusselt number difference 

between the low α cases and the 90° case reduces, except 
for the 0° case. For example, the 15° case shows the lowest 
Nusselt number among all the SVG cases at Re = 5973 and 
BR = 0.1, while it increases to the second highest value at 
Re = 11,947. Hence, larger α can be used to achieve better 
Nusselt numbers at low Re, while smaller α cases are pref-
erable for high Re. Moreover, the lowest Nusselt number is 
obtained at the 0° case among the enhanced designs due to 
the weakest vortices formed in the flow domain.

Figure 8 illustrates the Nusselt number enhancement of 
annular conduits with various SVGs compared to the plain 
tube. The results show that increasing the BR causes a fur-
ther improvement in the Nusselt number for the same α. In 
addition, at Re = 5973, the highest Nusselt number enhance-
ment is obtained by 20.4% in the case with BR = 0.2 and 

(a) °

(b) 45°

(c)

α = 0

α =

α = 90°

Pressure:  -40 -20 0 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

Fig. 6   Velocity streamline and pressure contour at BR = 0.1 (left) and BR = 0.2 (right) and Re = 11,947 with different α a α = 0°, b α = 45°, and c 
α = 90°
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α = 90°, while it only improves by 4.6% in the case with 
BR = 0.1 and α = 0°. The augmentation of the Nusselt num-
ber is more significant at low Re, gradually decreasing with 
the increasing Re. However, the Nu/Nus ratio increases as 
Re rises for the 15° case with BR = 0.1. It indicates that a 
low α with low BR is effective in enhancing heat transfer at 
high Re, where the generated vortices in the flow can cause 
higher heat transfer improvement compared to that at low 

Re. About 15° and 30° cases display a similar trend for Nu/
Nus ratio as the vortex patterns are similar for both cases, 
which are observed in Fig. 5. As Re increases, the small 
vortices generated by the SVG at larger α are not efficiently 
improving heat transfer as well as the large vortices. There-
fore, Nu/Nus decreases for these SVG cases with larger α. 
In addition, the Nusselt number is enhanced by 3.4% for the 
model with BR = 0.1, α = 0°, and Re = 11,947 compared to 

Fig. 7   Nusselt number varia-
tions of various conduits with a 
BR = 0.1 and b BR = 0.2

(a) BR =  0.1      

(b) BR = 0.2
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the plain pipe. In contrast, it increases by 14.4% for the case 
with BR = 0.2, α = 90°, and Re = 11,947.

To understand the vortices evolution along the conduit 
in detail, the velocity contour and streamlines of the 15° 
and 45° cases are presented in axial directions with dif-
ferent cross-sections in Fig. 9. Four different locations 
are selected after the SVG in the flow direction at x of 
0.46 m, 0.47 m, 0.55 m, and 0.72 m, where Re and BR 
were kept at 11,947 and 0.1, respectively. In the 15° case, 

four large vortices are observed in different cross-sections 
within the channel. The vortices originate near the SVG at 
x = 0.46 m. It became larger and more powerful to mix the 
flow throughout the domain at x = 0.47 m. At x = 0.55 m, 
the vortices are smaller, and their centers gradually shift 
toward the freestream of the flow. These two interacting 
vortices create a high-pressure zone in between. When 
the flow reaches the position at x = 0.72 m, the longitu-
dinal vortices diminish in size and strength, resulting in 

Fig. 8   Nusselt number enhance-
ment of various conduits with a 
BR = 0.1 and b BR = 0.2

(a) BR = 0.1

(b) BR = 0.2
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Fig. 9   Velocity contour and 
streamlines at different cross-
sections of the pipe with SVGs 
a α = 15° and b α = 45° at 
Re = 11,947 and BR = 0.1

x = 0.46 m x = 0.47 m

x = 0.72 m

x = 0.72 mx = 0.47 mx = 0.45m

x = 0.75 m

x = 0.55 mx = 0.46 m

Flow direction

x = 0.55 m

(b) 

x = 0.46 m x = 0.47 m

x = 0.55 m x = 0.72 m

Velocity Magnitude:  0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65
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reduced cooling of the inner wall temperature. However, 
the 45° case generates four large and four small vortices at 
x = 0.46 m. These small vortices contribute to local fluid 
mixing near the wall but are less efficient in enhancing 
heat transfer compared to large vortices. At x = 0.47 m, the 
large vortices are fully developed and capable of mixing 
the whole fluid domain, while the small vortices weaken 
the energy of the large vortices due to their opposing 

directions. Consequently, the vortex velocity shows a sig-
nificant decrease at x = 0.55 m. Furthermore, the 45° case 
exhibits a wider low-velocity zone compared to the 15° 
case due to greater displacement between the centers of 
the two vortices. The closer proximity between the vor-
tices facilitates more effective interaction and fluid mix-
ing. Therefore, the low α cases of 15° and 30° involving 

Fig. 10   Friction factor varia-
tions of various conduits with a 
BR = 0.1 and b BR = 0.2

(a) BR = 0.1

(b) BR = 0.2
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consistent prominent vortices tend to perform better as 
Re increases.

Effects of SVGs on friction factor

Figure 10 shows the friction factor variations of all cases at 
various Res. The pressure drop is influenced by the friction 
factor and fluid velocity. All geometries with SVG exhibit 
a significant increase in friction factor compared to the 

smooth pipe. The pressure drop increases with the increas-
ing α and BR, as shown in Fig. 6. The case with an α of 90° 
shows the highest friction factor due to the strong longitu-
dinal and transverse vortices, which are observed in Fig. 4. 
The friction factor of the model with α = 90°, BR = 0.2, and 
Re = 5973 is 56.5% higher than that of the smooth pipe. In 
contrast, the lowest friction factor is found in the 0° case, as 
the pressure drop is generated mainly due to the sinusoidal 

Fig. 11   PEC variations of vari-
ous conduits with a BR = 0.1 
and b BR = 0.2

(a) BR = 0.1

(b) BR = 0.2
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shape. The average friction factor improves by only 4% at 
BR = 0.1 and α = 0° compared to the smooth pipe.

Effects of SVGs on PEC

Figure 11 shows the PEC variations for all cases with vari-
ous BRs and α. The reference data are the smooth pipe with 
the PEC value equal to 1. A higher PEC indicates a lower 
pumping power consumption for better heat transfer at the 
specific Re. For BR = 0.1, the 90° case shows the highest 
PEC value when the Re is less than 8363, while the 15° 
case shows the best PEC when Re is higher than 8363, as 
explained by the enhanced Nu/Nus ratio in Fig. 8. The heat 
transfer enhancement is more significant than the pres-
sure drop for low α at high Re. Thus, the 15° and 30° cases 
display better PEC values than other cases when the Re is 
higher than 9558. For BR = 0.2, cases with smaller α yield 
better PEC values than those with a larger α. Increasing the 
height of SVGs reduces the average PEC values for cases 
with α equal to 60°, 75°, and 90°, and it becomes less than 1 
at the high Re. However, applying SVGs could still benefit 
heat transfer in a certain range of Re. Overall, the case with 
BR = 0.2 and α = 15° shows the greatest PEC value with an 
average value of 1.054.

Conclusions

The thermo-hydraulic performance of SVG conduits with 
BR of 0.1 and 0.2 and α ranging from 0° to 90° has been 
investigated. By visualizing the flow streamlines, two types 
of transverse vortices are observed, where one type had its 
rotational axis normal to the inner pipe surfaces, while the 
other had its rotational axis parallel to the inner pipe surface. 
The height of the SVG is crucial in generating the transverse 
vortices with the axis parallel to the pipe surfaces, while 
the transverse vortices with the axis perpendicular to the 
pipe surfaces are affected by the α. Meanwhile, the α and 
sinusoidal curvature of the SVG is essential in creating the 
longitudinal vortices. About 0°, 15°, and 30° cases display 
consistent longitudinal vortices along the channel, while 
high α cases also produce small vortices. These small lon-
gitudinal vortices are inefficient in improving heat transfer 
as well as the large vortices at high Re. In addition, the pres-
sure drop can be enhanced by raising the height or α of the 
SVG. The largest Nusselt number augmentation of 20.4% is 
achieved in the case with BR = 0.2, α = 90°, and Re = 5973, 
while only a 4.6% improvement is observed with BR = 0.1, 
α = 0°, and Re = 5973 when compared to the smooth pipe. 
Meanwhile, the friction factor increases by 56.5% compared 
to the smooth tube with BR = 0.2, α = 90°, and Re = 5973, 
while the average friction factor improves by 4% compared 

to the smooth pipe when BR = 0.1 and α = 0° are used. The 
thermo-hydraulic performance decreases with the increased 
SVG height at higher α due to the increased pressure drop. 
Overall, the case with BR = 0.1 and α = 90° shows the high-
est PEC value at Re = 5973, while the case with BR = 0.2 
and α = 15° displays the greatest averaged PEC value of 
1.054 among all cases.

In addition, there are several works that could be 
explored in the future studies. The longitudinal vortices 
are more powerful in cooling the inner wall temperature 
near the SVGs. The optimized spacing between the SVGs 
could be investigated to achieve the best thermo-hydraulic 
performance. Furthermore, the influence of the sinusoi-
dal wave on generating the longitudinal vortices could be 
optimized by adjusting various parameters of the SVG, 
such as the magnitude, frequency, and phase. Addition-
ally, the co-rotated arrangement of SVGs can be explored 
as it causes swirling flow with less pressure drop than the 
counter-rotated arrangement.
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