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In this work, numerical simulations on the flow structures and heat transfer enhancement of laminar flow
in a heat exchanger tube fitted with multiple conical strips inserts have been carried out. And stereo-
scopic particle image velocimetry (SPIV) measurements on the flow structures have been conducted to
verify the numerical results. Both the experimental and numerical results show that multiple longitudi-
nal vortexes are generated in tube, and the flow structures obtained by simulations agreed well with
those of the PIV measurements. Numerical results show that heat transfer and friction factor were
respectively enhanced by approximately 2.54–7.63 and 2.40–28.74 times compared to the plain tube,
and the overall heat transfer performance (performance ratio R3) was located in the range of 1.23–
6.05. Moreover, effects of the number of conical strips (n), central angle (a), slant angle (h) and the pitch
(p) have been investigated. It is found that both the heat transfer rate and flow resistance increase with
the increasing number of conical strips, central angle and the decreasing pitch, and they both increase
first and then decrease with the increase of slant angle. Compared with the previous published works,
the tube with multiple conical strips inserts can obtain a moderate heat transfer and low flow resistance,
and thus achieve a high overall heat transfer performance.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Heat transfer equipment is indispensable devices in a variety of
engineering areas and industrial fields such as power generation,
chemical industry, and waste heat recovery [1]. Heat exchanger
tubes exist in a wide variety of heat transfer equipment. To
increase the heat transfer rate of the tube flow, numerous studies
on heat transfer enhancement techniques have been carried out.
Among the heat transfer enhancement techniques for tube flow,
tube inserts are widely researched because of their ease of manu-
facture and installation. In previous work, the twisted tape insert
has been extensively studied. Manglik and Bergles [2,3] experi-
mentally investigated the heat transfer and pressure drop of a tube
fitted with typical twisted tape inserts. They presented the predic-
tive correlations of Nusselt number and friction factor for laminar,
transition, and turbulent flows. It was found that the inserts could
effectively enhance the heat transfer in the tube by disturbing the
flow and creating a thinner thermal boundary layer. However, a
drawback of this insert is the sharp increase of pressure drop in
the tube, which means more pump power consumption. Motivated
by the goal of minimizing the increased flow resistance and
improving thermal-hydraulic performance, researchers have pro-
posed various modifications of typical twisted tape inserts. Saha
[4,5] conducted an investigation of heat transfer enhancement in
a circular tube fitted with regularly spaced twisted tape elements.
Guo [6] and Bhattacharyya [7] studied, numerically and experi-
mentally, the characteristics of heat transfer and friction factor in
a tube with a center-cleared twisted tape insert under laminar
flow, respectively. The numerical results showed that the twisted
tape with a central clearance ratio of 0.3 obtained the best
thermal-hydraulic performance. A centrally hollow, narrow,
twisted tape insert under laminar flow in a tube was numerically
studied by Li et al. [8]. The results indicated that the flow resistance
decreased with the increase of the hollow width, and the best over-
all heat transfer performance was achieved with a moderate hol-
low width. Saysroy [9] carried out an investigation on heat and
fluid flow behaviors of turbulent flow in a tube with square-cut
twisted tape inserts. Their results showed that the highest thermal
enhancement factor was 1.32 times higher than that of the classi-
cal twisted tape. Helical screw tape and wavy-tape are other forms
of tape inserts. Physical quantity synergy and entropy generation
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Nomenclature

cp specific heat at constant pressure of water, J/kg K
D inner diameter of the tube, mm
D1 distal diameter of the conical strip, mm
d proximal diameter of the conical strip, mm
f friction factor
f0 friction factor of a plain tube
h heat transfer coefficient, W/m2 K
L the full length of tube, mm
Nu Nusselt number
Nu0 Nusselt number of a plain tube
n the number of conical strip
P pressure of water, Pa
p the pitch of conical strip, mm
PIV particle image velocimetry
PEC comprehensive heat transfer performance coefficient
q heat transfer rate per unit area, W/m2

R inner radius of the tube, mm
r the distance between the fluid particle and the center of

the tube, mm
R3 comprehensive heat transfer performance coefficient

Re Reynolds number
T temperature of water, K
Tc temperature at the center position of inlet Cross-

section, K
ui the velocity component in the three-dimensional space,

m/s
Tw temperature on the tube wall, K
Tm fluid bulk temperature inside tube, K
Tin mass average temperature of inlet, K
Tout mass average temperature of outlet, K
u flow velocity, m/s
uc velocity at the center position of inlet Cross-section, m/s

Greek symbols
a central angle of single conical strip, (�)
d thickness of the conical strip, mm
h the attack angle of conical strip, (�)
k thermal conductivity of water, W/m K
l dynamic viscosity of water, kg/m s
q density of water, kg/m3

Fig. 1. (a) Geometry model of multiple conical strips inserts, (b) schematic diagram
of a tube with multiple conical strips inserts.
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analysis were performed to study the mechanism of heat transfer
enhancement in a tube fitted helical screw tape by Zhang et al.
[10]. Zhu et al. [11] proposed the wavy-tape insert for pipe heat
transfer augmentation under laminar flow. They discussed the
effects of the wavy-tape amplitude and width on the thermal-
hydraulic performance. Longitudinal vortex generators are another
type of insert elements. Eiamsa-ard [12] and Fan [13] conducted
investigations on heat transfer and pressure loss of louvered strip
inserts in the tube with water and air as the working fluids, respec-
tively. The convective heat transfer behavior of a tube fitted with
baffle turbulators under turbulent flow was experimentally and
numerically studied by Nanan et al. [14]. They found that com-
pared with other baffle turbulators, twisted cross-baffles gave the
highest heat transfer enhancement and the overall thermal perfor-
mance because of the high longitudinal vortices created in the tube
core. Tu et al. [15,16] experimentally and numerically investigated
the heat transfer and flow resistance characteristics of a tube fitted
with small pipe inserts for laminar and turbulent flows. A circular
heat exchange tube equipped with drainage inserts was experi-
mentally and numerically studied by Li et al. [17] to analyze the
heat and flow behaviors in turbulent flow. You [18] carried out a
study on thermo-hydraulic characteristics of flow in a tube with
conical strip inserts. Recently, Deshmukh [19] experimentally
investigated the curved delta wing vortex generator insert in a
tube to analyze the heat transfer enhancement performance for
laminar flow. A numerical simulation on the thermo-hydraulic
characteristics of turbulent flow in a circular tube fitted with
twisted conical inserts was performed by Pourramezan et al.
[20]. They found that the higher slant angle generated a swirling
flow within the tube and resulted in higher PEC values. The conical
ring is another type of tube insert element that can direct the fluid
to scour the tube wall, thus reducing the thickness of the thermal
boundary layer. Promvonge [21,22] conducted studies on heat
transfer enhancement performance of tube with different configu-
ration of conical-nozzle turbulators. Promvonge [23] experimen-
tally investigated the effects of the conical ring turbulator inserts
on the heat transfer rate and friction factor. The results indicated
that the Nusselt number was enhanced up to 333% with the com-
parison of the plain surface tube. However, a substantial increase
in friction factor was caused by conical ring inserts. Attempts have
been made to reduce the flow resistance. Experimental investiga-
tion of heat transfer and turbulent flow friction in a tube fitted with
perforated conical rings was carried out by Kongkaitpaiboon [24].
Somchai et al. [25] numerically studied the heat transfer and flow
resistance behaviors in a exchanger tube with hexagonal conical-
ring inserts. Their results showed that both the modifications of



Table 1
The values of geometrical parameters investigated.

Geometrical model Number of conical strips (n) Central angle, a (�) Slant angle, h (�) Pitch, p (mm)

1 2 20 30 40
2 2 30 30 40
3 2 40 30 40
4 2 50 30 40
5 2 60 30 40
6 3 20 30 40
7 3 30 30 40
8 3 40 30 40
9 3 50 30 40
10 3 60 30 40
11 4 20 30 40
12 4 30 30 40
13 4 40 30 40
14 4 50 30 40
15 4 60 30 40
16 3 40 15 40
17 3 40 45 40
18 3 40 60 40
19 3 40 75 40
20 3 40 30 60
21 3 40 30 80

Fig. 2. Grids for the computation domain.

Fig. 3. Comparisons between the numerical results and theoretical values of the plain tube.
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conical ring inserts observably reduced the friction factor in the
tube flow.

Based on the literature surveyed above, we can conclude that
creating longitudinal swirl/vortex or directing the fluid to scour
the tube wall effectively enhances the heat transfer in tube flow.
Meng et al. [26] conducted a study on steady laminar convection
heat transfer with the field synergy equation. It was found that
the multi-longitudinal vortex flow created the optimum velocity
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field with the best heat transfer performance and the least flow
resistance increase. Several optimization investigations on heat
transfer in the tube flow were performed by our group [27–32].
The results indicated that the multiple longitudinal swirl flow is
a flow pattern that gains enormous heat transfer enhancement.
Besides, an analysis on heat transfer and flow behaviors in a tube
with central slant rods was carried out in our previous work
[33]. It was found that multiple longitudinal swirl flow structures
were generated in the tube, and the heat transfer coefficient was
obviously enhanced with a much lower flow resistance increase
compared with the other tube inserts. Previous studies [18,19]
investigated the heat transfer performance of vortex generator
with two conical strips. However, the thermal-hydraulic perfor-
mance of vortex generator with multiple conical strips, which
may generate multiple longitudinal swirl flow structures in tube
flow, has scarcely been investigated in the open literature. To fill
in this gap, investigation on the heat transfer and flow resistance
Fig. 4. Comparisons between the numerical and exp

Fig. 5. Comparisons of the physical model and the corresponding computation model of
model.
of tube fitted with multiple conical strips inserts was carried out
by numerical simulation in this work. Moreover, the stereographic
PIV which is a well-developed method [34–36] that can measure
three-dimensional vectors on planar domains is applied to mea-
sure the flow structures of tube with multiple conical strips inserts.

2. Numerical model description

2.1. Geometrical model

The geometrical model of the conical strip and the schematic
diagram of a tube with the multiple conical strips insert are shown
in Fig. 1. The conical strips are carved up from a hollow circular
truncated cone with a certain central angle a. The geometric
parameters of the multiple conical strips are as follows: the diam-
eter of the big end of the conical strip (D1) is 18 mm; the diameter
of the small end of the conical strip (d) is 6 mm, the slant angle (h)
erimental results for the proposed tube insert.

multiple conical strips insert with n = 3, a = 40�, (a) physical model, (b) computation



Fig. 6. Schematic of the stereoscopic-PIV system. 1. computer, 2. PIV supply unit, 3. laser, 4. lenses, 5. CCD cameras, 6.water prism, 7. light sheet, 8. test section, 9. inserts, 10.
control valves, 11. water pump, 12. water tank, 13. Electromagnetic flowmeter, 14. upstream tube.

Fig. 7. (a) Stereo-PIV experiment system equipment, (b) the top-down view of test section: 1. three-dimensional coordinate frame, 2. light guiding arm, 3. lenses, 4. laser, 5.
test section, 6. CCD cameras, 7. water prism, 8. multiple conical strips inserts, 9. rectangular transparent tank.
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is 30�, the pitch of the multiple conical strips (p) is 40 mm, and the
thickness of conical strip (d) is 0.5 mm. Conical strips are attached
to a central rod with a diameter of 2 mm. The full length of heat
exchanger tube for simulation (L) is 500 mm, with an inner diam-
eter of 20 mm. To generate two, three and four pairs of longitudinal
vortexes in tube respectively, inserts with three different numbers
of conical strips at a given location (n = 2, 3, 4) were studied in the
current work. To investigate the effect of central angle on heat
transfer performance and taking into account that the limitation
of n � a < 360�, inserts with five different central angle (a = 20�,
30�, 40�, 50�, 60�) were selected for numerical simulation in this
study. In addition, to simply study the effects of slant angle and
the pitch of the multiple conical strips, we investigated five differ-
ent slant angles (h = 15�, 30�, 45�, 60�, 75�) and three pitches (p =
40, 60, 80 mm) while keeping other geometric parameters con-
stant (n = 3, a = 40�). Details of the values for these parameters
which were used in the current study are listed in Table 1.
2.2. Governing equations

Water was selected as the working fluid in this work. The fol-
lowing assumptions are made for computation model: (1) the fluid
is Newtonian, incompressible, isotropic, and continuous. And the
physical properties of the fluid are constant and are set to be:
q = 998.2 kg/m3, l = 1.003 � 10�3 kg/m s, cp = 4182 J/kg K and
k = 0.6 W/m K; (2) the insert is stiff (the deformation and vibration
of insert are ignored); and (3) the effects of viscous heating, ther-
mal radiation, and gravity are not taken into consideration.

The flow field in this work is assumed three-dimensional, lam-
inar, and steady. The governing equations of continuity, momen-
tum, and energy for fluid flow are given as follows:

Continuity equation :
@ui

@xi
¼ 0 ði ¼ 1 � 3Þ; ð1Þ

Momentumequation : qui
@ui

@xi
¼� @p

@xi
þ @

@xi
l@ui

@xi

� �
ði¼1�3Þ; ð2Þ



Fig. 8. The contours of velocities and uncertainties in three direction at Re = 300, (a) x direction, (b) y direction, (c) z direction.
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Energy equation : qcp ui
@T
@xi

� �
¼ k

@2T
@x2i

 !
; ði ¼ 1 � 3Þ ð3Þ

All the governing equations were solved by using the commer-
cial CFD software Fluent 14.0, which is based on the finite volume
method. The SIMPLE algorithm was used to obtain a solution for
the coupling between pressure and velocity. The minimum conver-
gence criterion was that the residuals were less than 10�6 for con-
tinuity and momentum equations and less than 10�8 for energy
equation.
2.3. Grid generation and independence test

The three-dimensional grid system for the computational
domain was generated using the commercial software Gambit
2.4.6. The grid system used in the present numerical work is shown
in Fig. 2. To simulate the boundary layer effects accurately, a highly
refined grid, consisting of prism grids, was adopted in the region
near the tube wall. In addition, local grid refinement was applied
in the region near the insert surfaces. Hexahedron grids in hex core
were generated to capture the characteristics of the fluid flow in
the core region. Tetrahedron and pyramid grids were generated
to fill the gap between the hex core and prisms.

A grid independence test was carried out for conical strips
insert with n = 3, a = 40� at Re = 900. Three grid systems with dif-
ferent grid numbers (2634127, 6325318, and 10087596) were used
for testing the accuracy of the numerical simulations. The results
indicate that the deviations of Nu and f between the grid systems
with 6325318 and 10087596 elements are limited to 1.99% and
0.96%, respectively. Therefore, the grid system with 6325318 grid
elements is sufficiently dense for the simulations, and the grid sys-
tem is adopted in this study.



Fig. 9. Comparison of tangential velocity vectors in cross-section between the PIV experimental and numerical results: Ⅰ Re = 300, Ⅱ Re = 900; (a) Experimental, (b) Numerical.
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2.4. Boundary conditions and computation scheme

On the tube wall, a constant heat flux condition was specified.
In order to eliminate inlet effect, the fully developed profiles of
velocity and temperature which are defined as Eqs. (4) and (5)
were imposed at the inlet. An outflow condition was used at the
outlet, and a no slip condition was applied on the tube wall and
surfaces of the conical strips insert. Heat conduction and radiation
of the conical strips insert were ignored in this study. Therefore, a
heat insulation condition was used on the surfaces of conical strips
insert.

Inlet velocity condition : u ¼ uc 1� r2

R2

� �
; ð4Þ

Inlet temperature condition : T ¼ Tc þ qR
k

r
R

� �2
� 1
4

r
R

� �4� �
; ð5Þ

where uc and Tc are the velocity and temperature at the center posi-
tion of the inlet cross-section, respectively. In addition, R is the
inner radius of the tube, r is the radial distance, and q is the heat flux
on the tube wall.

The Reynolds number (Re) and heat transfer coefficient (h) are
given as:

Re ¼ qumD
l

; ð6Þ

h ¼ q
Tw � Tm

; ð7Þ
where um is the mean velocity of fluid in the tube, Tw is the average
temperature on the tube wall, and Tm is fluid bulk temperature
inside the tube.

Tm ¼ 1
2
ðTin þ ToutÞ; ð8Þ

where Tin and Tout are mass average temperature of inlet and outlet,
respectively.

The Nusselt number (Nu) and friction factor (f) are defined as
follows:

Nu ¼ hD
k

; ð9Þ

f ¼ DP
1
2qu2

m

� 	
L=Dð Þ ; ð10Þ

where k and q is heat conductivity coefficient and density of fluid
respectively, DP is the pressure drop between the inlet and outlet.

The performance ratio R3 [37] is defined as following ways:

ðReaÞ3 f a ¼ ðRecÞ3 f c ð11Þ
where

Rea – Augmented case Reynolds number;
Rec – Equivalent Reynolds number of plain tube at same pres-
sure drop (equal pumping power);
fa – Augmented case Friction factor;
fc – Equivalent plain tube friction factor.

According the fc = 64/Rec



Fig. 10. Comparison of z-vorticity in cross-section between the PIV experimental and numerical results: Ⅰ Re = 300, Ⅱ Re = 900; (a) Experimental, (b) Numerical.
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Rec ¼ ððReaÞ3 f a=64Þ
0:5 ð12Þ

This expression gives a value of Reynolds number which is
equivalent to plain tube having same pressure drop as that of pro-
duced by the insert. At this equivalent Reynolds number Rec, calcu-
late the Nuc value for plain tube flow. The expression formula of
performance ratio R3 is defined as:

R3 ¼ Nua=Nuc ð13Þ
2.5. Validation of numerical model

To verify the reliability of the numerical model applied in this
study, the Nusselt number (Nu) and friction factor (f) of the plain
tube, calculated by the numerical simulation, were compared with
their theoretical values (Nu0 = 4.36, f0 = 64/Re) for a plain tube
under fully developed laminar flow. Comparisons between the
numerical results and theoretical values are illustrated in Fig. 3.
It is observed that the numerical results agree well with the
theoretical values. The deviations for Nusselt number and friction
factor are limited to 4.31% and 1.48%, respectively.

To further verify the accuracy of the numerical methods, some
experimental results in Ref. [19] were used. The comparisons of
heat transfer and flow resistance between the numerical and
experimental results are displayed in Fig. 4. It is observed that
the numerical results agree with the experimental results, and
the maximum deviations between the results of numerical simula-
tion and experiment are about 14% for Nusselt number and 11% for
friction factor. These deviations can be attributed to the uncer-
tainty in the experimental measurement, which is about 14.4%
for Nusselt number and 10.3% for friction factor. Therefore, the
numerical methods applied in the present work have a reasonable
reliability.
3. Experimental setup

In the present experiments, a model of multiple conical strips
inserts with n = 3, a = 40� was selected to measure the flow struc-
ture in cross-section downstream the inserts. The conical strip was
machined from organic glass. And the multiple conical strips insert
was manufactured by gluing conical strips to an organic glass rod
with a diameter of 2 mm. The physical model and the correspond-
ing computation model are shown in Fig. 5(a) and (b), respectively.

The Stereo-PIV system is shown in Fig. 6. For the measurement,
the test section is a transparent tube with an inner diameter of 20
mm and wall thickness of 2 mm, fixed inside a rectangular trans-
parent tank made of organic glass. In the upstream of the test sec-
tion, a steel pipe with an inner diameter of 20 mm and a length of
about 2.5 m was used for the flow to develop. A centrifugal pump
was used to drive the fluid circulate in the experiment loop and an
electromagnetic flowmeter was applied to measure the flow rate.
Due to the comprehensive control of the control values and bypass,
the flow can be kept under a very low Reynolds number ranging
from 200 to 2000. For the experiments, flow measurement was



Fig. 11. Comparison of z-velocity in cross-section between the PIV experimental and numerical results: Ⅰ Re = 300, Ⅱ Re = 900; (a) Experimental, (b) Numerical.
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taken under Re = 300, and Re = 900, at 10 mm downstream of the
inserts.

Two dual-frame cameras, operating at 7.5 Hz, were applied to
record the PIV images. The images have a resolution of 2048 �
2048 pixels and 12-bit dynamic range. In order to obtain a suitable
viewing area, 60 mm cameras lenses (Nikon micro-Nikkor) with a
minimum f-number of 2.8 were used. The two cameras look at the
angle of 45� to the light sheet from both sides of test section,
respectively. Nearly neutrally buoyant hollow glass spheres with
average diameter of 12 lm were added to the water as tracer par-
ticles. The specific weight of hollow glass spheres is about 1 g/cm3

(very close to water density), so the particles can remain in suspen-
sion for long time and have an excellent trace performance. For the
measurement, a dual cavity frequency-doubled pulsed Nd:YAG
laser was used to illuminate the test section of the tube from the
top as shown in Fig. 7. The light sheet was formed with a group
of lenses, and a light guiding armwas applied to adjust the position
of the light sheet. In the test section, two water prisms were
attached to the both sides of the rectangular tank, and both the
tank and the water prisms were filled with water in order to min-
imize the optical deformation of the PIV images.

The data acquisition was performed with a software (TSI Insight
4G) and calculation of the vector field was performed by a com-
mercial PIV-software (Lavision, Davis 8.3.0). In this experiment,
we used the size of the interrogation window of 32 � 32 pixels
with a 50% overlap. And the average vector fields were calculated
from 300 pairs of photos for the Reynolds number being 300 and
900.
During the PIV experiments, we have compared the average
vector fields calculated from the first 200 and 300 pairs of photos,
the results indicate that the results are basically the same. In addi-
tion, the similar flow structures are obtained at two different Rey-
nolds numbers and they both agree well with the numerical
results. Therefore, the PIV experiments in the present work have
a good repeatability.
4. Results and discussion

4.1. Experimental results

4.1.1. Uncertainty analysis
Though it is difficult to identify the PIV measurement uncer-

tainty, we use correlation statistics methods [38] for PIV uncer-
tainty quantification. This method has been embedded into the
PIV-software (Lavision, Davis 8.3.0), so we can analyze the uncer-
tainty by using this method in the PIV-software. For a detailed
description of this method, please refer to Bernhard Wieneke [38].

Fig. 8(a)–(c) shows the contours of velocities and uncertainties
in three direction at Re = 300 as an example, respectively. In the
enhanced tube, the tangential velocity in the cross section is much
smaller than the velocity in the main direction, i.e., the velocities in
x- and y-direction are much lower than that in z-direction. There-
fore, the relative uncertainties of velocities in x- and y-direction in
the PIV measurement are much larger than that in z-direction. In
addition, it is the limitation of the PIV experiment that the velocity



Fig. 12. Flow behaviors of tube fitted with the inserts with n = 3 and a = 40� at Re = 900, (a) tangential velocity vectors of axial section; (b) tangential velocity vectors and
contours of z-velocity at different cross-sections.

Fig. 13. Flow structure and temperature field of inserts with n = 3 and a = 40� at Re = 900, (a) three dimensional streamlines; (b) temperature fields and tangential velocity
vectors in cross-section.
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near the wall is difficult to be measured accurately. Therefore,
there is a small region of large uncertainty near the right side of
tube wall, as shown in Fig. 8.
4.1.2. Comparison between the PIV experimental and numerical results
The PIV experiment was carried out on a cross-section at 10

mm downstream of the multiple conical strips inserts. Thus, the



Fig. 14. Temperature field of tube fitted with the inserts with n = 3 and a = 40� at Re = 900, (a) distribution of temperature at different axial sections; (b) distribution of
temperature at different cross-sections.

Fig. 15. Temperature fields and tangential velocity vectors in cross-section at a = 40� and Re = 900 for different number of conical strips.
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simulation results of the same position were selected to compare
with the experimental results. As shown in Fig. 9, three pairs of
vortex structures are generated in the tube with multiple conical
strips insert. Moreover, the distributions of the multiple vortex
structure of the experimental and simulation results are basically
the same. To further compare the vortex structure of experimental
and numerical results quantitatively, the distributions of vorticity
in the z-direction on cross-section are displayed in Fig. 10. It is
observed that the vorticity in the z-direction of the simulation
results at different Reynolds numbers agree well with the experi-
mental results in terms of both the distributions and the values.
Fig. 11 shows the comparison of z-direction velocity component
in the cross-section between the PIV experimental and numerical
results at different Reynolds numbers. It is clear that the numerical
results have the same z-direction velocity distribution as the
experimental results, when the slight differences are neglected.

Based on the analysis of PIV experimental and numerical results
above, it can be concluded that multiple longitudinal swirl flow
structures are generated in the tube fitted with multiple conical
strips inserts, and the simulation model applied in this work has
a reasonable reliability.
4.2. Heat transfer enhancement mechanism

To better understand the mechanism of the heat transfer
enhancement of a heat exchange tube fitted with multiple conical
strips inserts, the case with n = 3 and a = 40� at Re = 900 was taken
as an example to analyze the flow structure and temperature field.
Fig. 12 shows the flow behaviors when the fluid flows through the
conical strips. As shown in Fig. 12(a), both the core fluid on the
front and back side of the conical strips are guided to the tube wall.
From the tangential velocity vectors at different cross sections in
Fig. 12(b), it is found that the fluid is brought to scour the tube
wall, when the fluid flows through the conical strips, and multiple
longitudinal vortexes are formed downstream the conical strips. In
addition, the contours of z-velocity at different cross-sections in
Fig. 12(b) indicate that the high-speed fluid in core region is led
to the tube wall and the velocity gradient in boundary layer is sig-
nificantly enhanced, which facilitates thinning the thermal bound-
ary layer and hence enhances the heat transfer.

Fig. 13(a) displays the three dimensional streamlines in the
tube with the proposed inserts. It is observed that multiple (three
pairs when n = 3) longitudinal swirl flows are formed in the tube.
Fig. 13(b) presents the temperature fields and tangential velocity
vectors in cross-section z = 50 mm. It is found that the cold fluid
in the core region is brought to wash the tube wall, as the blue
lines show, while the hot fluid near the tube wall is brought back
to the center of the tube, as the red lines show. Fig. 14(a) and (b)
present the distributions of temperature at different axial sections
and cross sections, respectively. As shown in Fig. 14, a sufficient
mixing of cold central fluid and hot boundary fluid near the wall
in the tube is achieved in a very short distance, when the fully



Fig. 16. Effect of the number of conical strips on heat transfer and flow
performance: (a) Nusselt number; (b) friction factor; (c) performance ratio R3.

702 P. Liu et al. / International Journal of Heat and Mass Transfer 117 (2018) 691–709
developed flow of plain tube flows through the inserts. Therefore,
the thermal boundary layer is markedly thinned and the heat
transfer in tube is significantly enhanced.

4.3. Effect of geometric parameters

4.3.1. Effect of the number of conical strips
Fig. 15 shows the temperature fields and tangential velocity

vectors in cross-section at z = 40 mm, a = 40� and Re = 900 for dif-
ferent number of conical strips. It is clear that when n = 2, 3 and 4,
two, three and four pairs longitudinal vortexes are generated in the
tube flow, respectively. In addition, as the number of longitudinal
vortexes increases, the fluid mixing increases gradually, which
results in the more uniform temperature distribution and larger
temperature gradient near the tube wall. In addition, it is observed
that the area of high temperature fluid near the tube wall
decreases with the increase of the number of conical strips. There-
fore, the heat transfer coefficient increases with the increase of the
number of conical strips.

Variations in the Nusselt number, friction factor, and perfor-
mance ratio R3 with the increase of the Reynolds number at a =
40� are displayed in Fig. 16(a)–(c). From Fig. 16, it is clear that both
the Nusselt number and friction factor increase with the increasing
number of conical strips and Reynolds number. This can be attrib-
uted to the fact that the inserts with more number of conical strips
can form more longitudinal vortexes, more uniform temperature
distribution and larger temperature gradient near the tube wall,
which means higher heat transfer coefficient. At the same time,
the inserts with more number of conical strips also have a larger
windward area and conduct a stronger disturbance in the tube
flow, which means a higher flow resistance. Moreover, the friction
factor ratio is more sensitive to the number of conical strips than
the Nusselt number ratio. As shown in Fig. 16(c), performance ratio
R3 increase with the increase of the number of conical strips under
low Reynolds number (Re < 900), but the performance ratio R3
reach the best value at a moderate number of conical strips (n =
3) under high Reynolds number (Re � 900). The same rules were
obtained at other central angles.

4.3.2. Effect of central angle
Fig. 17 shows the tangential velocity vectors and vorticity in z-

direction in cross section z = 45 mm at different central angles
when n = 3 and Re = 900. The tangential velocity vectors in the
cross section are significantly enhanced as the central angle
increases. Moreover, the vorticity in z-direction in the tube flow
increases with the increase of central angle. These all reflect that
the range and the strength of the disturbance induced by the mul-
tiple conical strips inserts are expanded, which means more suffi-
cient fluid mixing between the wall and the core regions and
higher heat transfer coefficient.

Fig. 18 shows the temperature distributions of tube wall and
cross section z = 45 mm at different central angles when n = 3
and Re = 900. The temperature of the tube wall is high on some
part and low on other parts, which indicates that the multi-
longitudinal swirling flow induced by the multiple conical strips
inserts influences significantly the temperature field. In addition,
the area of high temperature region on tube wall and the average
temperature of the tube wall decrease as the central angle
increases. Under the boundary condition of the constant heat flux
on tube wall, the lower temperature on the tube wall means the
higher heat transfer coefficient. Therefore, the heat transfer is
enhanced as the central angle increases. From the temperature dis-
tribution in the cross section z = 45 mm, it is observed that more
cold fluids impinge towards the wall and hot fluid towards the core
region at lager central angle, thereby inducing more sufficient fluid
mixing between the wall and the core regions and larger tempera-
ture gradient near the tube wall.

Variations in the Nusselt number and the friction factor with
the increase of central angle for different Reynolds numbers and
different numbers of conical strips are displayed in Figs. 19 and
20, respectively. From Fig. 19, it is clear that the Nusselt numbers
all increase with the increasing central angles. From Fig. 20, it is
observed that the friction factors all increase with the increasing
central angles, and its growth rate is getting larger as the number
of conical strips increases. Moreover, it is observed that the Nusselt



Fig. 17. The tangential velocity vectors and vorticity in z-direction in cross section z = 45 mm at different central angles when n = 3 and Re = 900.

Fig. 18. The temperature distributions of tube wall and cross section z = 45 mm at different central angles when n = 3 and Re = 900.
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number and the friction factor also increase with the increase of
the Reynolds number and the number of conical strips, which is
consistent with the conclusion in Section 4.3.1.

The variation of the performance ratio R3 with the central angle
at different Reynolds numbers and different numbers of conical
strips is shown in Fig. 21. It indicates that the performance ratio
R3 increases first and then decreases with the Reynolds number
increasing, and obtains the best value at Re = 600 or 900. In addi-
tion, at low Reynolds number (Re � 600), where the flow resistance
is low, the performance ratio R3 increases with the increase of the
central angle, while the performance ratio R3 decreases with the
increase of the central angle at high Reynolds number (Re � 900).
The highest performance ratio R3 is obtained at n = 4, a = 50� and
Re = 600.
4.3.3. Effect of slant angle
Figs. 22 and 23 show the tangential velocity vectors and the

contours of velocity on the axial plane x = 0 for different slant
angles at n = 3, Re = 900. As shown in Fig. 22, the fluid in the core
region is guided towards the tube wall by the conical strips. When
h < 60�, as the slant angle increases, the intensity and the angle of
the impingement on the tube wall by the fluid increase. However,
when h � 60�, it is observed that backflow eddy, which may reduce
the intensity of the scour on the tube wall and induce a great loss
of momentum and pressure drop in the tube, is generated on the
back of the conical strips. From Fig. 23, it is observed that the
velocity gradient near the tube wall increases with the increasing
slant angle when h < 60�. Moreover, when h � 60�, flow dead zone
is generated on the back of the conical strips. Especially, when h =



Fig. 19. Effect of central angle on heat transfer at different numbers of conical
strips.

Fig. 20. Effect of central angle on the flow resistance at different numbers of conical
strips.
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75�, the amount of fluid guided towards the tube wall is markedly
reduced, because most of the fluid passes through the area
between adjacent conical strips. Therefore, the velocity gradient
near the tube wall at h = 75� is much lower than that of enhanced
tube at other slant angles.
Fig. 24 shows the temperature distribution on the tube wall for
different slant angles at Re = 900. As the slant angle increases, the
area of high temperature region on tube wall and the average tem-
perature of the tube wall decreases first and then increases and



Fig. 21. Effect of central angle on performance ratio R3 at different numbers of
conical strips.

Fig. 22. Tangential velocity vectors on the axial plane x = 0 for different slant angles
at Re = 900.
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reaches its lowest value at h = 45�. Therefore, the best heat transfer
coefficient will be obtained at h = 45�.

The variations of the Nusselt number, the friction factor and the
performance ratio R3 with the increasing slant angle for different
Reynolds number is shown in Fig. 25(a)–(c). It is clear that both
the Nusselt number and the friction factor increase first and then
decrease with the increase of the slant angle. The Nusselt number
achieves the largest value at h = 45�, which is consistent with the
analysis of flow structure and temperature distribution above.
The friction factor achieves the largest value at h = 45� when Re
� 600 and at h = 60�when Re > 600, as shown in Fig. 25(b). The rea-
son for this phenomenon is that the intensity of the scour on the
tube wall increases with the increasing slant angle when h < 60�.
When h � 60�, the formation of flow dead zone and backflow eddy
on the back of the conical strips will induce the increase in the
pressure drop in tube. In the same time, the amount of fluid guided
towards the tube wall is reduced and the velocity gradient near the
tube wall when h � 60� especially at h = 75�, as shown in Fig. 23,
which may result in decrease of flow resistance in tube. From
Fig. 25(c), it is observed that as the slant angle increases, the per-



Fig. 23. The contours of velocity on the axial plane x = 0 for different slant angles at
Re = 900.

ig. 25. Effect of slant angle on heat transfer and flow performance: (a) Nusselt
umber; (b) friction factor; (c) performance ratio R3.

Fig. 24. Temperature distribution on the tube
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wall for different slant angles at Re = 900.



Fig. 26. Results of outlet cross-section of tube with different pitches at Re = 900, n = 3, a = 40� and h = 30�, (a) temperature contours; (b) Tangential velocity vectors and
vorticity contours in the z-direction.
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formance ratio R3 increases first and then decreases when Re � 600
and decreases when Re > 600.

4.3.4. Effect of the pitch
Fig. 26 shows the temperature distribution, tangential velocity

vectors and vorticity contours in the z-direction of the outlet
cross-section for different pitches at Re = 900. It is observed that
more sufficient mixing of fluids between the boundary and the
core regions and more uniform temperature distribution are
obtained at smaller pitches, as shown in Fig. 26(a). This is because
more conical strips are inserted in the tube (with a fixed length) at
the smaller pitch, so the strength of the multiple longitudinal swir-
ling flow is enhanced, as shown in Fig. 26(b).

The variations of the Nusselt number, the friction factor and the
performance ratio R3 with the increasing Reynolds number for dif-
ferent pitches is shown in Fig. 27(a)–(c). Both the Nusselt number
and the friction factor increases with the decrease of the pitch,
which is consistent with the analysis of the temperature distribu-
tion and flow structure above. The performance ratio R3 increases
with the decreasing pitch when Re � 600 but decreases with the
decreasing pitch when Re > 600, as shown in Fig. 27(c). It is because
that the growth rate of the friction factor with the decrease of the
pitch is larger than that of the Nusselt number.

4.4. Comparison with previous works

In this section, the comparisons of Nusselt number ratio, fric-
tion factor ratio and performance ratio R3with the previous works,
including multiple regularly spaced twisted tapes [39], twisted
tape [40], helical screw tape [41], small pipe inserts [16], conical
strip insert [18], curved delta wing vortex generator [19] and cen-
tral slant rod [33], are shown in Fig. 28(a)–(c). From Fig. 28, it is
observed that the heat transfer of the present work is lower than
that of the relevant published works, such as conical strip insert
and curved delta wing vortex generator, but the flow resistance
is much lower than that of the relevant published works. Therefore,
the overall heat transfer performance of the present work is higher
than the relevant published works, especially at larger Reynolds
numbers. In summary, the tube with multiple conical strips inserts
can obtain a moderate heat transfer and low flow resistance, and
thus achieve a high overall heat transfer performance.

5. Conclusions

In this work, we have measured the flow structures in a tube
with multiple conical strips using stereoscopic-PIV, and investi-
gated the heat transfer and flow performance by numerical simu-
lation. It was found that multiple longitudinal vortexes were
generated in the tube flow and the flow structures obtained by
numerical simulation agreed well with those of the PIV measure-
ments in terms of both the vortexes structures and z-direction
velocity distributions. Moreover, effects of the number of conical
strips and the central angle on the heat transfer, flow resistance
and thermal-hydraulic performance were numerically studied.
Based on the results, the main conclusions are as follows:

(1) The multiple conical strips insert forms multiple longitudi-
nal vortexes in tube flow which results in a long flow path
and sufficient fluid mixing between the boundary and the
core regions and consequently enhances the heat transfer.

(2) For the Reynolds numbers ranging from 300 to 1500, the
Nusselt number and friction factor in the tube with multiple
conical strips are enhanced by approximately 2.54–7.63 and
2.40–28.74 times respectively, compared to the plain tube.
The performance ratios R3 are located in the range of
1.23–6.05.



Fig. 27. Effect of the pitch on heat transfer and flow performance: (a) Nusselt
number; (b) friction factor; (c) performance ratio R3.

Fig. 28. Comparison between the present work and the previous published works:
(a) Nusselt number ratio; (b) friction factor ratio; (c) performance ratio R3.
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(3) Both the Nusselt number and friction factor increase with
increase of the number of conical strips and the central angle
and the decrease of the pitch. Both the Nusselt number and
friction factor increase first and then decrease with the
increase of slant angle. The highest performance ratio R3 is
obtained at n = 4, a = 50�, h = 30� and p = 40 mm when Re
� 600 and n = 3, a = 40�, h = 30� and p = 80 mm when Re >
600.
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(4) Compared with the previous works, the tube with multiple
conical strips inserts can obtain a moderate heat transfer
and low flow resistance, and thus achieve a high overall heat
transfer performance.
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