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H I G H L I G H T S

• The longitudinal vortex generator is presented for heat transfer enhancement.

• PIV experiment is conducted to verify the flow pattern in the enhanced tube.

• Two mechanisms for heat transfer enhancement in tube are analyzed.

• Nu and f are enhanced by 2.55–7.10, 2.21–11.27 times, respectively.

• The performance ratio R3 is superior in laminar flow.
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A B S T R A C T

In this work, numerical simulation and particle image velocimetry (PIV) experiment are performed to investigate
the heat transfer performance in a circular tube fitted with a longitudinal vortex generator in laminar flow. The
spacing length (S), central angle (α), and slice height (H) of the longitudinal vortex generator are investigated for
optimizing the structure of the insert. The results show that multiple pairs of longitudinal vortexes are generated,
and the fluid can scour the tube wall owing to the concave surface of the insert. The heat transfer and flow
resistance increase with the increase of the central angle and slice height and with the decrease of the spacing
length. The overall thermal-hydraulic performance evaluation R3 is used to evaluate the comprehensive impact
of heat transfer and friction factor, and it shows good performance in laminar flow.

1. Introduction

Heat exchangers have been widely applied in many industries over
the past few decades. With the increase of energy consumption, heat
transfer devices are designed or adapted to achieve a higher heat
transfer rate and lower pumping power. Among various heat transfer
techniques, tube inserts are widely used in industries owing to their
ease of installation and detachment. Twisted tape is a classic insert that
produces strong secondary recirculation in the tube. Different kinds of
twisted tapes have been investigated including typical twisted tapes
[1,2], helically twisted tapes [3], alternate-axes twisted tapes [4], and
others [5–7]. Generally, a twisted tape performs better under laminar
flow. Coiled wires are also widely used as swirling flow devices. An
experimental study on helical wire coils was performed by García et al.
[8]. They observed that the heat transfer performance was better within
the transition region. Esparza and Rojas [9] numerically investigated
the effect of helical wire coils on flow resistance under laminar flow.

Conical ring is another kind of insert that uses the scouring effect of
fluid and creates a uniform temperature field. Promvonge [10] ex-
perimentally investigated conical rings in three arrangements. They
observed that the heat transfer rate was largely enhanced, but the
friction factor increased faster than the Nusselt number. Eiamsa-ard
et al. [11] investigated the performance of perforated conical rings and
observed that both the heat transfer and friction factor decreased with
the increase in the number of perforated holes. Several alterations of
conical rings have been applied under different situations [12–17].
These works were focused on decreasing the upwind area of the conical
ring and inducing swirl flow in the tube.

Recently, new types of tube inserts have been investigated by re-
searchers. Tu et al. [18] presented a novel small pipe insert under la-
minar flow. The scouring effect of the fluid contributes to the uni-
formity of temperature. A novel louvered strip insert was studied
numerically by Fan et al. [19] under turbulent flow. Several parameters
were analyzed to achieve better heat transfer performance. The thermo-
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hydraulic performance of vortex rod inserts was investigated by Zheng
et al. [20] under laminar flow. Longitudinal swirling flow was gener-
ated and strengthened along the tube. Skullong et al. [21] experimen-
tally investigated the perforated delta winglets on a perforated tape in a
circular tube. Zhu et al. [22] analyzed the performance of a novel wavy-
tape insert under laminar flow. The heat transfer performance was
enhanced owing to pairs of vortices.

In the studies discussed above, the conventional tube inserts, such as
twisted tapes, helical wire coils, and conical rings, showed good heat
transfer performance, but inevitably generated a large pressure drop,
bringing about additional pumping power consumption. To decrease
the friction factor as well as increase the heat transfer rate, the long-
itudinal vortex generator is presented at this work. Based on the opti-
mization methods in [23,24], the longitudinal vortex generator is de-
signed discontinuously with multiple slices for creating multiple
longitudinal vortexes, which is proved to be one of the optimized flow
structures for heat transfer enhancement with limited pressure loss in
the laminar flow. The concave surface of the slice is designed for

guiding the fluid to the wall region. The combination of longitudinal
vortex and scouring effect makes it unique and superior in the perfor-
mance of heat transfer. The PIV measurement [25–27] is adopted to
display and verify the flow field in the tube.

2. Design of the longitudinal vortex generator

The physical model of the longitudinal vortex generator is depicted
in Fig. 1. The slice of the generator is cut partially from a hollow cir-
cular truncated cone with a constant cone angle (θ0) of 40° and thick-
ness (δ) of 0.3 mm. The central axis of the truncated cone (axis1) is not
consistent with the axis of central rod. The angle of the two axes is θ0/2,
as illustrated in Fig. 1(a). The diameter (D0) of the circular cone is
determined by the slice height (H) and slant angle (α). The connecting
rod (h= 3mm) is prepared for better connection of the inverted conical
slice to the central rod (d= 2mm). In this study, the slant angle
(α=40°) and the number of the slices (N=4) remain constant for
good flow field of multiple longitudinal vortexes and characteristics of

Nomenclature

cp specific heat at constant pressure of water, J/(Kg⋅K)
D diameter of the tube, mm
D0 diameter of circular cone, mm
d diameter of the central rod, mm
f friction factor of enhanced tube
fc equivalent friction factor of smooth tube
f0 friction factor of smooth tube
h(z,ϕ) local heat transfer coefficient, W/(m2⋅K)
H slice height, mm
Nu Nusselt number of enhanced tube
Nuc equivalent Nusselt number of smooth tube
Nu0 Nusselt number of smooth tube
Nuz(avg.) circumferential averaged local Nusselt number
N the number of slice
P pressure of water, Pa
PIV particle image velocimetry
q heat flux, W/m2

R tube radius, mm
Re Reynolds number

Rec equivalent Reynolds number of smooth tube at equal
pumping power

r radial distance of fluid particle, mm
S spacing length of the insert, mm
T temperature of water, K
Tc temperature of water at the center of the tube, K
Tm bulk temperature of water, K
Tw(z,ϕ) local temperature of the tube wall, K
u velocity of water, m/s
ui velocity component in three-dimensional space, m/s
uc velocity of water at the center of the tube, m/s
um mean velocity of water, m/s
Uz velocity component in z-direction, m/s
α slant angle of the slice, (°)
δ thickness of the slice, mm
θ central angle of the slice, (°)
θ0 cone angle, (°)
λ thermal conductivity of water, W/(m⋅k)
μ dynamic viscosity of water, kg/(m⋅s)
ρ density of water, kg/m3

Fig. 1. Geometry under study: (a) geometry of a longitudinal swirl flow generator; (b) illustration of the spacing length; (c) illustration of the central angle (θ).
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scouring effect. The spacing length (S= 40–160mm) is investigated to
obtain suitable spacing length under a certain pumping power. The
central angle (θ=50°, 60° and 70°) is chosen to investigate the heat
transfer characteristics of the vortex generator. A larger central angle is
not considered, for it may not be suitable for generating longitudinal
vortex. The slice height (H=8mm and 9mm) is chosen to investigate
the scouring effect on the tube wall. Smaller slice height (H < 8mm) is
not appropriate for guiding the fluid to the wall region. The insert is
fitted in a circular tube with an investigation length of 550mm and a
downstream length of 50mm. The diameter of the tube (D) is 20mm
and the thickness of the wall is neglected in modeling.

3. Mathematical model and numerical method

3.1. Governing equations and boundary conditions

Water is used as the working fluid. Laminar model is adopted in the
study. To simplify the physical model and computation, several as-
sumptions are adopted as follows: (1) the fluid is incompressible, iso-
tropic, and continuous, and the physical properties of water remain
constant under heating; (2) the gravity of the fluid, viscous heating, and
thermal radiation are ignored; (3) the displacement and vibration of the
insert are not considered. Based on these assumptions, the continuity
equation (1), momentum equation (2), and energy equation (3) in la-
minar flow can be given as follows:
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To better simulate the performance of the inserts and eliminate the
inlet effect, fully developed velocity and temperature profiles are im-
posed at the inlet [28], as expressed in Eqs. (4) and (5), respectively.
The outflow condition is specified at the outlet of the tube. A constant
heat flux q= 2000W/m2 is imposed on the tube wall.
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The governing equations listed above are solved using commercial
computational fluid dynamics software Fluent 16.0. The SIMPLE algo-
rithm is adopted for the pressure–velocity coupling. The second-order
upwind scheme is used in the momentum term. The convergence cri-
terion is set as 10−6 for the continuity and momentum equations and as
10−8 for the energy equation.

3.2. Data acquisition

The Reynolds number in smooth tube is defined as

=Re
ρu D

μ
.m

(6)

It should be stated that the Reynolds number is defined in the same
way for the enhanced tube using the same inlet condition of the smooth
tube, correspondingly.

The local heat transfer coefficient and the average Nusselt number
of the circumferential local value are calculated as follows:
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Then the total average Nusselt number can be deduced by:
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The friction factor is expressed as follows:
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The overall thermal-hydraulic performance of the tube fitted with a
longitudinal swirl flow generator is defined as [15]

=R Nu
Nu

3 .
c (11)

The equivalent Nusselt number Nuc is calculated as following ways:

=Re f Re f( ) ( ) .a a c c
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This expression gives the value of Reynolds number Rec which is
equivalent to smooth tube having same pressure drop as that of pro-
duced by the insert.

For Rec < 2100,

=Nu 4.36c (13)
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For Rec > 2100 [29],
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where = − −f lnRe(0.782 1.51)c c
2.

3.3. Grid generation and model validation

The commercial software Gambit 2.4.6 is used for the generation of
an unstructured mesh system in the model. The mesh system is shown
in Fig. 2. The prism grid is generated to better simulate the flow in the
boundary layer. Hexahedron grids are created in the core flow region.
Tetrahedron and pyramid grids are applied for better connection be-
tween the hex core grids and prism grids.

Grids with three different numbers of elements are adopted in the

Fig. 2. Mesh generation in computational domain.
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grid independence test for the model with θ=50°, H=8mm and S/
D=8.0, at Re=900, as illustrated in Table 1. The accuracy of nu-
merical solutions is validated by calculating the deviation of Nu and f. It
is determined that the deviations between 7,893,324 and 11,469,470
elements are less than 0.5%. Considering the computational time and
accuracy, the grid system of 7,893,324 elements is employed in this
study.

The insertion of longitudinal vortex generator in the tube may have
an effect on the flow state. Thus, the SST k-ω turbulent model is adopted
for comparison of the laminar model with θ=50°,H=8mm and S/
D=8.0, as presented in Fig. 3. The results show a good agreement with
maximum deviation within 1.1% and 3.0% for Nu and f, respectively.
Therefore, the laminar model is acceptable for simulating the cases of
longitudinal vortex generator in tube.

To further verify the validity of the numerical method in the present
work, the Nusselt number and friction factor are calculated in the
smooth tube and in the enhanced tube in [16]. The differences between
the numerical and theoretical results in smooth tube are shown in
Fig. 4. The maximum deviation is within 2%. For the validation of the
enhanced tube, the vortex generator (p/pl=3.7, b/d= 1, α=30°) and
boundary condition keep the same as those in the experiment. The
maximum deviations between the results of numerical simulation and
experiment are about 11.5% for Nusselt number and 8.5% for friction
factor, as shown in Fig. 5. These deviations can be attributed to the
uncertainty in the experimental measurement (14.4% for Nusselt
number and 10.3% for friction factor). Consequently, the numerical
methods applied in present work are acceptable and convincing.

4. Result and discussion

4.1. Flow structures and temperature distribution

Fig. 6(a) shows the streamlines in the transverse planes and
streamwise direction of the tube with a longitudinal vortex generator of
H=8mm, θ=60°, and S/D=4.0 at Re=1200. Four pairs of counter-
rotating vortices are generated along the streamwise direction. The
stream moves in a rotational form at the back of the insert owing to the
force of pressure difference, as depicted in Fig. 6(b). The Q criterion
[30] is adopted to demonstrate the structure of the longitudinal swirl
flow in Fig. 6(c). It shows that the longitudinal vortexes, displayed in
green, have a long flow path, and tend to be reinforced by the incoming
flow. The vortex pairs have a tendency to separate from each other
along the streamwise direction owing to the pressure difference.

The tangential flow structures of the fluid in the tube with a long-
itudinal vortex generator are shown with Re=1500, H=9mm,
θ=70°, and S/D=4.0 in Fig. 6(d). The fluid is guided to the wall
region owing to the insert with a concave surface, which is regarded as
the scouring effect of the fluid. In contrast to the longitudinal vortex,
the scouring of the fluid has a limited region of influence, but has a
more direct influence on the mixing of the fluid in local areas.

Fig. 7 shows the mechanism of enhancement of heat transfer at the
cross section Z= 15mm. The scouring effect of the fluid and the
longitudinal vortex region are illustrated with red arrows and black
oval circle, respectively. The boundary layer is extruded and the tem-
perature gradient increases correspondingly. Therefore, the heat
transfer rate in this region is relatively high, and the temperature in this
part is higher than that in the core flow region.

The process of fluid impingement to the core flow region (noted in
black arrow) is facilitated by the scouring effect. The counter-rotating
vortexes encounter each other in the impinging region (noted in red
oval circle). The momentum of the two vortexes is weakened owing to
the inconsistence of velocity. Therefore, the boundary layer in the im-
pinging region is relatively thick. Subsequently, the two vortexes im-
pinge into the central region (noted in black circle), enhancing the heat
transfer in this zone. In conclusion, nine regions are created in the tube
by the interaction of vortex pairs and the scouring effect of the fluid,

Table 1
Grid independent test.

Grid number of elements Nu Error of Nu f Error of f

4,903,084 19.61 −0.97% 0.2372 1.21%
7,893,324 19.42 −0.26% 0.2401 −0.25%
11,469,470 19.37 Baseline 0.2395 Baseline
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Fig. 3. Comparison of Nu and f under laminar model and SST k-ω model.

Fig. 4. Comparison of numerical and theoretical results in smooth tube.

Fig. 5. Comparison of Nua/Nus and fa/fs between numerical results and ex-
perimental data in [16].
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Fig. 6. (a) Streamlines in transverse planes and streamwise direction; (b) Streamlines flowing through the insert; (c) Vortex core region; (d) Tangential velocity
vectors and contour of axial section.

Fig. 7. Temperature distribution on the cross section at Z=15mm.
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Fig. 8. Local Nusselt number distributions in (a) circumferential direction at the outlet; (b) flow direction.

Fig. 9. Diagram of PIV experimental system: 1. Computer, 2. Synchronizer, 3. Laser generator, 4. Lenses, 5. Charge-coupled device camera, 6. Insert, 7. Laser light
sheet, 8. Flowmeter, 9. Control valves, 10. Water tank, 11. Water pump, 12. Rectangular tank.

Fig. 10. Comparison of velocity vectors in the tube with the longitudinal swirl flow generator of θ=70°, H=9mm and S/D=2.0 at Re=900. (a) PIV experiment;
(b) numerical simulation.
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contributing to good heat transfer enhancement.
Fig. 8(a) shows the local Nusselt number distributions in cir-

cumferential direction at the outlet of H=8mm, θ=70°, and S/
D=2.0, at Re=300. It is evident that the Nusselt number changes
periodically around the circumferential direction. The peaks and
troughs of the curve correspond to the vortex and impinging regions in
the tube, respectively. The distributions of average Nusselt number in
the flow direction are presented in Fig. 8(b). It is visible that the Nusselt
number is much larger than that of the smooth tube, and changes
periodically due to the interruptions of the insert. Consequently, the
flow patterns prove to be effective for the enhancement of heat transfer
in the tube.

4.2. Verification of Stereo-PIV experiment

The longitudinal vortex structures in the numerical simulation are
verified using the Stereo-PIV experiment [13], shown in Fig. 9. The
experimental system consists of three main sections: (1) PIV test sec-
tion, (2) water circulation section, and (3) data acquisition and analysis
section. In the PIV test section, the three-dimensional coordinate frame
is applied for the fixation of measuring devices with the minimum scale
of 0.01mm. The Nd:YAG laser generator and a group of lenses are
applied to create the light sheet with the wave length of 532mm and
the pulse duration of 6 nm. The thickness of light sheet is about 1mm,
which is enough for the illumination of flow field in the tube and thin
enough for the calibration of the experiment. The light-guiding arm
above the test tube is applied for better adjustment of the light sheet.
Two CCD cameras with 60mm lenses (Nikon micro-Nikkor) are applied
to capture the PIV images at both side of the test tube with the angle of

45°. The tube insert is made of a photosensitive resin material using 3D
printing technology. The thickness of the conical slice is 0.8 mm with
the machining errors of± 0.2mm. The longitudinal vortex generator is
0.2 m long, and is installed in a transparent tube with an inner diameter
of 20mm. The rectangular tank is put to hold the transparent tube, and
two water prisms are attached to the rectangular tank to reduce the
optical deformation of PIV images. The buoyant hollow glass spheres
are adopted as tracer particles with the specific weight of 1 g/m3 and
the diameter of 12 μm. The water circulation section is driven by the
centrifugal pump, displayed with blue line in Fig. 9. The length of
upstream section of the steel tube is 2.5 m for the stabilization of the
stream. The flow flux is controlled by the electromagnetic flowmeter
with an accuracy of± 0.65%. 400 pairs of images with the resolution of
2048×2048 pixels are obtained by the cameras to calculate the
average vector fields. The images are analyzed by the INSIGHT 4G
software and calculated by Davis 8.3.0 software. In the calculation of
vector fields, the interrogation window of 32×32 pixels is adopted
with a 50% overlap.

The measurement is obtained approximately 10mm downstream
from the tube insert. Before the measurement, the calibration is carried
out by self-calibration using the calibration board shown in Fig. 9. The
calibration grid is a 2mm spaced lattice of white dots with a diameter
of 0.5mm printed on the end section of a black cylinder. Some of the
dots are distributed in groove with a depth of 0.5mm for self-calibra-
tion in Davis 8.3.0 software. The position and focal length of two
cameras should be adjusted until the central of calibration board in the
image is consistent with the cross cursor in the computer screen. Once
the calibration is carried out, the relative location of the two cameras
and the light sheet is fixed. Fig. 10 demonstrates the experimental and
numerical results in the tube with the longitudinal swirl flow generator
of θ=70°, H= 9mm and S/D=2.0, at Re=900. Four pairs of vortex
structures are generated both in the experimental and numerical flow
fields. Furthermore, the distribution of velocity vectors in the PIV ex-
periment is consistent with those obtained in the numerical simulations.
For more intuitionistic comparison, the distributions of velocity com-
ponent in z-direction at y= 0 is presented in Fig. 11 for the insert of
θ=70°, H= 9mm, and S/D=2.0, at Re=900. Here, u*= uz/um is
adopted to eliminate the difference of flow rate of the experiment, re-
presenting the velocity in z-direction versus the mass-weight averaged
velocity in the area. Generally, the simulation results agree well with
the experimental results in the variation of velocity along the x-direc-
tion. The maximum deviation of the relative velocity u* is about 11% at
the boundary region. It might be attributed to the reflection of the tube
wall. Therefore, the PIV experiment verifies the existence of long-
itudinal vortex structures in the tube and the reliability of the numerical
simulation in general.

Fig. 11. Distributions of velocity component in z-direction at y=0.

Fig. 12. Different spacing ratios in the axial sections at Re=900, (a) velocity contours; (b) temperature contours.
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4.3. Effects of geometric parameters

4.3.1. Effects of the spacing ratio
Fig. 12 presents the variation of velocity and temperature dis-

tributions in transverse planes along the tube with different spacing
ratios at Re=900, H=8mm, and θ=50°. The fully developed velo-
city and temperature profiles change significantly and become more
uniform along the tube. As the spacing ratio decreases, the mixing of
fluid strengthens, and the temperature becomes uniform in a shorter

distance from the inlet.
The numerical results of the heat transfer characteristics with dif-

ferent spacing ratios and central angles are presented in Fig. 13. Both
the Nusselt number and friction factor increase with the decrease of the
spacing ratios under different central angles. Furthermore, the growth
rate of the Nusselt number decreases with the increase of the Reynolds
number, indicating that the enhancement of heat transfer is less evident
at high Reynolds numbers. It is also observed that the pressure loss
becomes less apparent at larger spacing ratios. The influence of spacing

Fig. 13. Effects of the spacing length on (a) Nusselt number, (b) friction factor, and (c) overall thermal-hydraulic performance.

Fig. 14. Effects of the central angle on (a) Nusselt number, (b) friction factor, and (c) overall thermal-hydraulic performance.
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ratio on the overall thermal-hydraulic performance R3 is presented in
Fig. 13(c). The performance ratio R3 indicates the heat transfer aug-
mentation in the enhanced tube versus that in the smooth tube at equal
pumping power. Therefore, the results are relevant to the heat transfer
and friction loss, which indicate a trade-off between the profit and cost.
The R3 values increase first at laminar flow region, and then decrease
rapidly at the transition flow region. It can be explained that the heat
transfer rate in laminar flow region is much less than that in transition
flow region in the smooth tube. Thus the increase of Nusselt number is
more evident in laminar flow region in the enhanced tube. At laminar
flow region, the R3 values decrease with the increase of spacing ratios.
As the Reynolds number increases, the R3 values show a relatively low
level at different spacing ratios, especially at smaller spacing ratios.

4.3.2. Effects of the central angle
The variation of Nusselt number and friction factor with the central

angle is displayed in Fig. 14(a) and (b) at S/D=4.0 and H=8mm. As
the central angle increases, the windward area of the insert is expanded,
and the mixing of fluid is intensified. Therefore, the Nusselt number is
larger as the central angle increasing. However, it inevitably causes
greater momentum loss and fluid resistance, thus creating larger fric-
tion factor. The variation of R3 values with central angles is shown in
Fig. 14 (c). The R3 values increase with the increase of the central angle

at laminar flow region, and show a relatively low level at the transition
flow region, especially for large central angle. Generally, the variation
of R3 values with central angles is less distinct than that of spacing
ratios.

4.3.3. Effects of the slice height
Fig. 15 presents the velocity contours and tangential velocity vec-

tors at cross section Z= 105mm at different slice heights of S/D=4.0,
θ=70°, and Re=1500. A larger slice height contributes to a stronger
mixing of the fluid and a more uniform velocity field. Moreover, the
tangential velocity is strengthened and the boundary layer is suppressed
in a wider range of the wall area. Fig. 16 shows the wall temperature
distribution in the axial direction and temperature contours at different
cross sections (Z= 85mm, 105mm, and 125mm). The scouring effect
of the fluid is strengthened by the slice with H=9mm and the wall
temperature drops in a wider circumferential area. From the tempera-
ture contours at different cross sections, the temperature field is more
uniform at H=9mm along the streamwise direction.

The effects of the slice height on the Nusselt number are presented
in Fig. 17 (a). The Nusselt number increases with the increase of slice
height at different spacing ratios and central angles. With the increment
in Reynolds number, the Nusselt number increases faster at H=9mm
than that at H=8mm, especially for larger spacing ratios and central
angles. The friction factor increases with the increase of slice height, as
shown in Fig. 17(b). By vertical comparison, the growth rate of the
friction factor decreases as the spacing ratio increases, denoting that the
friction factor is less sensitive to the slice height at higher spacing ra-
tios. Fig. 17 (c) shows the effects of the slice height on the R3 values. It
can be noticed that the R3 values at H=9mm are higher than those at
H=8mm under laminar flow condition, indicating a significant in-
fluence of the slice height on the heat transfer performance. At the
transition flow region, the configurations of H=8mm show some
advantage over those of H=9mm, especially at larger spacing ratios.
Generally, the performance ratio R3 is greater than 1.0, which is fa-
vorable for heat transfer.

4.4. Comparison with previous works

To better evaluate the overall heat transfer performance of the
longitudinal swirl flow generator, the comparison of R3 values among
present and previous works is presented under similar boundary con-
dition (Re < 2100 and constant heat flux for enhanced tube) in Fig. 18.
Logarithmic coordinates are adopted to better display the data. The
previous published works include vortex rod inserts [20], modified
twisted tape [4], center-cleared twisted tape [5], curved delta wing

Fig. 15. Velocity contours in the Z-direction and tangential velocity vectors at
cross section Z=105mm with the inserts of different slice heights.

Fig. 16. Wall temperature distributions and temperature contours at different cross sections.
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[16], and multiple conical strips insert [13]. In the equivalent laminar
flow region (Rec < 2100), the R3 values in the present work are higher
than those of the curved delta wing, modified twisted tape and vortex
rod. It can be attributed to the superior effects of multiple longitudinal
vortex and scouring the tube wall. When compared with the center-

cleared twisted tape, the size of the insert near the wall region is limited
in present work, thus creating a relatively limited disturbing area in
tube and reaping relatively lower R3 values. The performance of vortex
generator in the equivalent transition flow region is not eminent among
the inserts. It can be explained that in the transition flow, the heat
transfer in boundary flow region is poorer than that in the core flow
region. Thus more attention should be paid to the enhancement near
the tube wall. The present work is focused on the disturbance in the
core flow region. Thus a relatively low R3 value is obtained in the
transition flow. However, compared with the similar inserts disturbing
the core flow region such as multiple conical strips insert and vortex
rod, the longitudinal vortex generator shows a superior performance.
Therefore, the longitudinal swirl flow generator is a promising device
for the enhancement of heat transfer in a tube, especially in the
equivalent laminar flow region.

5. Conclusions

In this work, the effect of longitudinal vortex generator on the heat
transfer enhancement of a circular tube is investigated numerically. The
PIV experiment verifies the flow structure of the insert. The results
show that the longitudinal vortex and the scouring effect of the fluid are
favorable for the enhancement of heat transfer with less flow friction
increment. The Nusselt number, friction factor, and R3 values are en-
hanced by 2.55–7.10, 2.21–11.27, and 1.17–6.15 times those of the

Fig. 17. Effects of the slice height on (a) the Nusselt number, (b) friction factor, and (c) overall thermal-hydraulic performance.
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Fig. 18. Comparison of R3 values among present and previous works.
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smooth tube, respectively. Furthermore, the Nusselt number and fric-
tion factor increase with the decrease of spacing ratio and the increase
of central angle and slice height. The R3 values are higher in the
equivalent laminar flow region, and are more significantly affected by
the spacing ratio and slice height than the central angle. Consequently,
the insert with a large slice height, moderate spacing ratio and central
angle is recommended for better overall thermal-hydraulic performance
in laminar flow condition.
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