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In the present work, a novel tube insert (bidirectional conical strip inserts) is proposed, and the heat
transfer performance and flow characteristics of this insert are studied numerically. Effects of three geo-
metric parameters (numbers of bidirectional conical strip (n), central angle (a) and pitch ratio (P⁄ = p/D))
are also investigated. The results indicate that cold fluid in the core region and the hot fluid near the tube
wall are rapidly exchanged as the fluid flows through the bidirectional conical strip, and multiple longi-
tudinal swirling flows are formed downstream of the bidirectional conical strip. Therefore, the heat trans-
fer (the Nusselt number) is significantly enhanced by 2.35–9.85 times compared to the smooth tube.
Moreover, because of the cooperation between the forward and the reverse conical strips, the formation
of the dead zone and eddy on the back of the conical strips is inhibited. Thus, the increase in flow resis-
tance is smaller than many other published works, as the friction factor is enhanced to 2.37–21.18 times
of the smooth tube. The overall heat transfer performance (PEC value) is located in range of 1.75–3.93.
Both the Nusselt number and friction factor increase with the increasing numbers of bidirectional conical
strip, central angle and the decreasing pitch ratio. However, the friction factor is more sensitive to geo-
metric parameters, so the maximum overall heat transfer performance (PEC value) is obtained at moder-
ate geometric parameters (n = 3, a = 40� and P* = 3). In addition, Correlation formulas for Nusselt number
and friction factor are derived.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Heat exchange tubes are common units in various heat
exchangers, which are widely applied in many industries such as
power generation, waste heat recovery, chemical industry, etc.
Heat transfer enhancement techniques for heat exchange tube
have a great significance for energy saving and environmental pro-
tection. With the development for several decades, a variety of
techniques for heat transfer enhancement in tube flow have been
proposed and investigated.

In general, the passive methods are widely used because of their
requiring no external power [1,2]. There are two common passive
methods to enhance the convective heat transfer in tube flow. One
is shaped tube or modification of tube wall, which focuses on the
heat transfer augmentation in tube boundary layer, such as corru-
gated tube [3–6], ribbed tube [7,8], grooved tube [9,10], helically-
finned tube [11], elliptical axis tubes [12], etc. The other is tube
inserts, which enhances the heat transfer in the core flow and is
widely researched because of its ease of manufacture and installa-
tion. Twisted tape, the most widely used tube insert, can induce
turbulence and vortex motion (swirling flow) and consequently
result in a higher heat transfer coefficient. Since Manglik and Ber-
gles et al. [13,14] conducted experimental investigations on heat
transfer and pressure drop in a tube fitted with twisted tape in
laminar and turbulent flow regime, researchers all over the world
have proposed and investigated various modifications of twisted
tape [15]. Saha et al. [16] experimentally investigated the friction
and heat transfer characteristics of laminar flow in a tube with reg-
ularly spaced twisted-tape inserts. They found that compared to
the full-length twisted-tape, the friction factor for regularly spaced
twisted-tape inserts was substantially decreased. Wongcharee
et al. [17] studied the heat transfer and friction characteristics of
laminar flow in tube fitted with alternate clockwise and counter-
clockwise twisted-tapes. Guo et al. [18] proposed a center-
cleared twisted-tape and numerically studied its heat transfer
and friction factor characteristics in laminar flow regime. They
found that the friction factors of center-cleared or centrally hollow
narrow twisted tapes were obvious less than that of the traditional
twisted tapes. Some cut or perforated twisted tapes have been
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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 bidirectional conical strip, mm
d proximal diameter of the bidirectional conical strip, mm
f friction factor
f0 friction factor of a smooth tube
h heat transfer coefficient, W/m2�K
L the full length of tube, mm
Nu Nusselt number
Nu0 Nusselt number of a smooth tube
n the number of bidirectional conical strip
P pressure of water, Pa
p the pitch of bidirectional conical strip, mm
P⁄ pitch ratio
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

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
u flow velocity, m/s
uc velocity at the center position of inlet Cross-section, m/s

Greek symbols
a central angle of single bidirectional conical strip, �
d thickness of the bidirectional conical strip, mm
h the attack angle of bidirectional conical strip, �
k thermal conductivity of water, W/m�K
l dynamic viscosity of water, kg/m�s
q density of water, kg/m3
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proposed and reported to improve the overall heat transfer perfor-
mance in tube flow, such as V-cut twisted tape insert [19], square-
cut twisted tape [20], multiple square perforated twisted tape [21]
and so on. In addition to the twisted tape inserts, researchers have
proposed and reported a variety of tube inserts. Ozceyhan et al.
[22] numerically studied the heat transfer enhancement in tube
flow using circular cross sectional rings. Tu et al. [23] found the
tube with small pipe inserts could obtain a better thermal perfor-
mance due to the pipe inserts pushing the maximum velocity
water to the wall side. Louvered strip inserts fitted in circular tube
Fig. 1. Geometry model of bidirectional conical strip inserts, and the schematic
diagram of a tube with bidirectional conical strip inserts.

Fig. 3. Nusselt number and friction factor obtained by different grid systems for
bidirectional conical strip insert with n = 2, P* = 2 and a = 30�, at Re = 900.

Fig. 2. Grids generated for computation domain.
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were numerically studied by Fan et al. [24] to characterize the
thermo-hydraulic performance in turbulent flow regime. Zhang
et al. [25] performed field synergy principle and entransy dissipa-
tion extremum principle analysis to investigate the mechanism of
Fig. 4. Validation results for the Nusselt number ratio and friction factor ratio of a
tube with curved delta wing vortex generator inserts.

Fig. 5. Comparisons of Nusselt number and friction factor between the laminar
model and SST k-x turbulence model.

Fig. 6. Flow structures in the tube with bidirectional conical strip at Re = 900
the heat transfer enhancement of a tube fitted with double spiral
spring. Deshmukh et al. [26] carried out an experimentally study
on heat transfer enhancement in tubes using curved delta wing
vortex generator inserts in laminar flow regime. A twisted conical
strip insert was proposed by Pourramezan et al. [27] for thermal
augmentation of turbulent flow in a circular tube. Zhu et al. [28]
reported a wavy-tape insert prototype for heat transfer enhance-
ment in laminar flow regime in a tube. Jasiński [29] proposed a ball
turbulators and conducted a study on its thermo-hydraulic charac-
teristics in a circular tube flow. Nanan et al. [30] experimentally
and numerically studied the turbulent forced convective heat
transfer behaviors in a tube inserted with baffle turbulators and
compared the thermo-hydraulic characteristics of several different
structures of baffle. Z. Cao et al. [31,32] proposed modulated heat
transfer tubes with consecutive conical-mesh inserts and mesh
cylinder inserts, which can modulate flow and temperature fields
and increase velocity gradient near tube wall and hence enhance
heat transfer in tube.

However, the augmentation of heat transfer in tube flow is
always accompanied by a significant increase in flow resistance,
which causes increase of pumping power. Hence, how to achieve
a high heat transfer rate without much increase in the pressure
drop becomes the goal and direction for heat transfer enhance-
ment research. Motivated by this target, some researchers have
carried out several heat transfer optimization studies [33–36] in
tube flow based on the second law of thermodynamics. All the the-
oretical results show that a flow pattern with multiple longitudinal
swirl flows can obtain a high overall heat transfer performance. To
achieve the multiple longitudinal swirl flow structure in tube flow,
we proposed central slant rods inserts in our previous work [37].
We found that the tube with central slant rods obtained an effec-
tive enhancement in heat transfer with little increase in the pres-
sure drop. In addition, we found a higher overall heat transfer
performance could be obtained if the vortex strength can be fur-
ther intensified. Deshmukh et al. [26] reported that conical strip
could form strong vortexes in tube flow. However, at the same
time, dead zone and eddy, which would significantly increase the
flow resistance in tube, were induced on the back of the conical
strips. Based on the analysis above, we have proposed the bidirec-
tional conical strip inserts, as shown in Fig. 1. The cooperation
between the forward and the reverse conical strips may inhibit
the formation of the dead zone and the eddy on the back of the
conical strips. In addition, a parameter study was also conducted
to optimize the geometric configurations of the inserts for practical
applications.
, n = 2, P* = 2 and a = 40�, (a) streamline; (b) tangential velocity vectors.
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2. Physical model description

The bidirectional conical strip insert is made by attaching the
conical strips to a central rod in forward and reverse directions,
which are in interval and symmetric distribution, as shown in
Fig. 1. The conical strips are carved up from a conical ring with a
certain central angle a and its thickness (d) is 0.5 mm. The diame-
ters of the big end (D1) and the small end (d) of the conical strip are
18 and 6 mm, respectively. The diameter of the central rod is
2 mm, and the conical strips are attached to the central rod at a
30� slant angle (h = 30�). The heat exchanger tube in this work
has a full length (L) of 500 mm and an inner diameter (D) of
20 mm. The effects of three geometric parameters on heat transfer
and flow resistance are investigated in the present work. They
include three central angles (a = 20�, 30�, 40�), three strip pitch
ratios, which are defined as the ratio of strip pitch to the tube inner
Fig. 8. Results of tube with bidirectional conical strip insert at Re = 900, n = 2, P* = 2 and
axial sections, (c) temperature contours of cross sections.

Fig. 7. Circumferential local Nusselt number along the tube wall perimeter.
diameter (P⁄ = p/D = 2, 3, 4), and three numbers of bidirectional
conical strip (n = 2, 3, 4). Each bidirectional conical strip includes
one pair of forward and reverse conical strips.
3. Numerical model description

3.1. Governing equations and boundary conditions

The range of Reynolds number studied in this paper is from 300
to 1500, which is in laminar flow regime for flow in a smooth cir-
cular tube. The computation domain in this work is assumed to be
three-dimensional, laminar and steady. Water is selected as the
working fluid. The following assumptions are made to obtain the
mathematic model: (1) the physical properties of fluid are con-
stant; (2) The fluid is Newtonian, incompressible, isotropic and
continuous; (3) The deformation and vibration of insert are
neglected; (4) the influences of viscous heating, thermal radiation
and gravity are negligible. The governing equations of continuity,
momentum and energy for time-averaged fluid flow are listed as
follows:

Continuity equation :
@ui

@xi
¼ 0 ði ¼ 1—3Þ ð1Þ

Momentum equation : qui
@ui

@xi
¼ � @p

@xi
þ @

@xi
l @ui

@xi

� �
ði ¼ 1—3Þ

ð2Þ

Energy equation : qcpðui
@T
@xi

Þ ¼ k
@2T
@x2i

 !
ði ¼ 1—3Þ ð3Þ

where k and q is heat conductivity coefficient and density of fluid
respectively.

A constant heat flux condition of 2000 W/m2 is imposed on the
tube wall. The fully developed profiles of velocity and temperature,
which are defined as Eqs. (4) and (5), are employed at the inlet to
a = 40�: (a) tangential velocity vectors of axial sections, (b) temperature contours of
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eliminate the inlet effect. The outlet is set as the outflow condition.
On the tube wall and surfaces of bidirectional conical strip insert,
no slip condition is applied. Radiation and heat conduction of bidi-
rectional conical strip insert are not taken into consideration. The
surfaces of bidirectional conical strip insert are regarded as heat
insulation surfaces.

Inlet velocity profile : u ¼ uc 1� r2

R2

� �
ð4Þ

Inlet temperature profile : 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. q is the heat flux
imposed on the tube wall. R and r are the inner radius of the tube
and the radial distance, respectively.

All the simulations are carried out by using the CFD commercial
software Fluent 14.0, based on the finite volume method. The SIM-
PLE algorithm is applied to achieve the pressure-velocity coupling
and second upwind discretization schemes for energy and momen-
tum equations is adopted in numerical simulations. The residuals
of less than 10�6 for continuity and momentum equations and less
than 10�8 for energy equation are set as the minimum convergence
criterion.
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3.2. Computation scheme

The Reynolds number (Re) is defined as:

Re ¼ qumD
l

ð6Þ

where um is the mean velocity of fluid in the tube inlet, which is
defined as:

um ¼
R R
0 2pru drR R
0 2pr dr

ð7Þ

The heat transfer coefficient (h) is written as:

h ¼ q
Tw � Tm

ð8Þ
Fig. 9. The local Nusselt number distribution along the flow direction.

Fig. 10. Tangential velocity vectors and vorticity contours in the z-direction on outlet cr
angles at P* = 2 and Re = 900.
where Tw is the average temperature of the tube wall and Tm is fluid
bulk temperature inside the tube.

The Nusselt number (Nu) and friction factor (f) are given by:

Nu ¼ hD
k

ð9Þ
f ¼ DP
1
2qu2

m

� 	ðL=DÞ ð10Þ

where DP is the difference of the mass-averaged pressure between
the inlet and outlet.

To evaluate the overall heat transfer performance of the tube
fitted with bidirectional conical strip insert, the widely used per-
formance evaluation criterion (PEC), proposed by Webb [38], is
adopted. The formula of PEC is given by:

PEC ¼ Nu=Nu0

ðf=f 0Þ1=3
ð11Þ

where Nu0 and f0 are the average Nusselt number and friction factor
of the fully developed smooth tube flow, respectively.
3.3. Grid generation and independence test

The commercial software Gambit 2.4.6 is applied to generate
the three-dimensional grid system for computational domain.
The grid system consists of hexahedron, pyramid, tetrahedron
and prism grids as shown in Fig. 2. Near the tube wall, highly
refined prism grids, which are extruded from the surface of the
tube wall and perpendicular to the boundary layer, are employed
to accurately simulate the boundary layer effects. Near the surfaces
of the inserts, local grid refinement is adopted. To improve the
quality of the meshes and save computing resources, the majority
of the volume is filled with hexahedron grids. Tetrahedron and
pyramid grids are generated to fill the gap between the hexahe-
oss-section of tube with different numbers of bidirectional conical strip and central
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dron and prism grids and establish a connection between quadran-
gle and triangle faces.

Grid independence test is carried out for bidirectional conical
strip insert with n = 2, P⁄ = 2 and a = 30�, at Re = 900. Grid systems
with four different grid numbers (2,034,253, 4,325,068, 6,252,381
and 8,564,697) are conducted for verifying the accuracy of numer-
ical simulations. From the grid independence test results that dis-
played in Fig. 3, it is indicated that deviations between the grid
systems with 6,252,381 and 8,564,697 elements are sufficiently
small, about 1.3% for Nusselt number and 1.1% for friction factor.
The grid system with 6,252,381 grid elements is dense enough
for the simulations, and thus it is employed in the present work.
4. Validation of numerical model

To validate the accuracy of the numerical methods in simulat-
ing characteristics of heat exchange tube with insert, the heat
transfer and flow resistance characteristics of tube with curved
delta wing vortex generator inserts are simulated by using the
numerical methods in this work. And comparison between the
numerical results and the experimental results presented in Ref.
[26] are shown in Fig. 4. It is clear that the simulation results agree
well with the experimental results, and the deviations between
numerical and experimental results are limited to 14% for Nusselt
number and 12% for friction factor. As the experimental uncertain-
ties are about 14.4% for Nusselt number and 10.3% for friction fac-
tor, the deviations between numerical and experimental results,
which may be attributed to the unavoidable discrepancies between
the numerical methods and experimental measurements, are
allowable. Therefore, the numerical model adopted in this study
has a reasonable accuracy.

Considering that the flow is expected to depart from the lami-
nar regime toward pulsating or pseudo-laminar flow regime
induced by the inserts under the considered Reynolds number
range, and to justify that the laminar model applied in the present
study is able to wholly capture the flow regime, the inserts with
Fig. 11. Temperature contours on outlet cross-section of tube with different num
n = 2, P⁄ = 2 and a = 40�, which induces the strongest disturbance
to the fluid, is investigated by using SST k-x turbulence model
[39]. The comparisons of results between the laminar model and
SST k-x turbulence model are displayed in Fig. 5. The deviations
between laminar model and SST k-x turbulence model are limited
to 0.9% for Nusselt number and 0.8% for friction factor. Thus, the
numerical approach with laminar model is accurate enough to
wholly capture the flow regime in the considered Reynolds num-
ber range in this study.
5. Results and discussion

5.1. Flow structure and heat transfer

Prior to discussing the heat transfer performance, it is necessary
to analyze the flow structures for understanding the mechanism of
the heat transfer enhancement in a heat exchange tube fitted with
bidirectional conical strip insert. Flow structures in the tube with
bidirectional conical strip insert at Re = 900, n = 2, P⁄ = 2 and
a = 40� are shown in Fig. 6. From the Fig. 6(a), it is observed that
the fluid in the core region is directed toward the tube wall by
the forward conical strips. It is separated at both sides after hitting
the tube wall. And then this fluid is replenished to the back of the
adjacent reverse conical strips, which can eliminate the possible
flow dead zone and eddy on the back of the reverse conical strips
and avoid great increase of the pressure loss in the tube flow, as
the blue arrows show. Meanwhile, the fluid near the tube wall is
directed toward the core region of tube by the reverse conical
strips. This fluid is also separated at both sides and replenished
to the back of the adjacent forward conical strips, as the red arrows
show. The cooperation of the forward and reverse conical strips
makes the core fluid and the boundary fluid in the tube rapidly
exchanged when the fluid flows through the bidirectional conical
strips. Moreover, a longitudinal swirling flow is formed between
each pair of adjacent forward and reverse conical strip. Thus, mul-
tiple longitudinal swirling flows are generated in tube, as shown in
bers of bidirectional conical strip and central angles at P* = 2 and Re = 900.
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Fig. 6(b). This flow pattern in the tube results in a sufficient flow
mixing between cold fluid in core region and hot fluid near the
tube wall, and consequently magnifies the temperature gradient
of the fluid in thermal boundary layer, hence enhancing the heat
transfer.

The circumferential local Nusselt number along the tube wall
perimeter is shown in Fig. 7. The circumferential local Nusselt
numbers in the areas around 0� and 180�, where withstand a
strong fluid impingement induced by the forward conical strips,
are greatly enhanced and are much higher than that of the smooth
tube, while the circumferential local Nusselt numbers in the areas
around 90� and 270�, where the fluid is guided back to the core
region by the reverse conical strips, are apparently lower than that
in the areas around 0� and 180� but higher than that of the smooth
tube. In general, the average Nusselt numbers of the enhanced
tubes are effectively improved compared to smooth tube.

Fig. 8(a) and (b) show the tangential velocity vectors and tem-
perature distributions in axial sections of tube with bidirectional
conical strip insert at Re = 900, n = 2, P⁄ = 2 and a = 40�. It is clear
that the fluid is guided to the tube wall by forward conical strips,
and the fluid on back of forward conical strips is also drawn to
the tube wall. Therefore, the cold fluid in the core region is drawn
to the boundary of the tube wall. Similarly, the hot fluid near the
tube wall is guided and drawn to the core region of the tube by
reverse conical strips. Fig. 8(c) shows the temperature contours
Fig. 12. Effects of the number of bidirectional conical strip and central angle on the he
number ratio; (b) friction factor ratio; (c) PEC values.
of different cross sections. It is observed that the hot fluid at the
boundary and the cold fluid in core region are rapidly exchanged
and sufficiently mixed when the fluid flows through the bidirec-
tional conical strips. The temperature of the fluid near the wall is
significantly reduced and the temperature gradient near the tube
wall is effectively increased. As a result, the heat transfer perfor-
mance is remarkably improved.

The local Nusselt number distributions along the flow direction
of enhanced tubes and smooth tube are shown in Fig. 9. It is clear
that the local Nusselt number along the flow direction of smooth
tube is always around 4.36, which is the theoretical value of the
fully developed tube flow. For enhanced tube, the local Nusselt
number fluctuates significantly in the first two periods, and then
tends to be stable. It is because that the hot fluid near the tube wall
and the cold fluid in core region are rapidly exchanged in the first
two periods, and then the temperature of the fluid tends to be uni-
form. In addition, the local Nusselt numbers of enhanced tubes are
much higher than that of the smooth tube, which means the heat
transfer performance of the enhanced tube, compared to the
smooth tube, is remarkably improved.

5.2. Effects of geometric parameters

Fig. 10 shows the tangential velocity vectors and vorticity con-
tours in the z-direction on outlet cross-section of tube fitted with
at transfer, flow resistance and overall thermal performance at P* = 2: (a) Nussel
t
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inserts with different numbers of bidirectional conical strip and
central angles at P⁄ = 2 and Re = 900. It is clear that two, three
and four pairs of multiple longitudinal swirl flows are generated
in the tube with bidirectional conical strip insert for n = 2, 3 and
4, respectively. Moreover, the vorticity in z-direction increases
with the increase of the number of bidirectional conical strip and
central angle, which means that the disturbance to the fluid is
greater and the mixing of the fluid is more sufficient at a larger
number of bidirectional conical strip or a larger central angle.

The temperature contours on outlet cross-section of tube fitted
with inserts with different numbers of bidirectional conical strip
and central angles at P⁄ = 2 and Re = 900 is displayed Fig. 11. It is
obvious that the temperature distribution of the outlet cross-
section becomes more uniform as the number of bidirectional con-
ical strip and central angle increase. Moreover, the temperature
gradient near the tube wall increases with the increase of the num-
ber of bidirectional conical strip and central angle. Therefore, the
heat transfer coefficient in the tube increases with the increasing
number of bidirectional conical strip and central angle.

Fig. 12 shows the variations of the Nusselt number ratio, friction
factor ratio and the overall heat transfer performance (PEC) with
the numbers of bidirectional conical strip and central angles at
P⁄ = 2. The effect of the number of bidirectional conical strip is
described by lines of the same symbols and different colors, while
the effect of the central angle is described by the lines of the same
colors and different symbols. Based on the analysis of Figs. 10 and
11 above, it is easy to understand that both the Nusselt number
ratio and friction factor ratio increase with the increase of the
numbers of bidirectional conical strip and central angles. From
Fig. 12(b), we found a phenomenon that when n � a is the same,
the friction factor ratio is basically coincident. It may be because
when n � a is the same, the area of conical strips that facing the
flow is the same, and the viscous dispassion and kinetic energy
losses caused by the inserts may be the same. Therefore, the flow
resistance is consequently coincident. In addition, under the larger
number of bidirectional conical strip, the friction factor ratio
increases faster along with the increase of the central angle. There-
Fig. 13. Results of outlet cross-section of tube with different pitch ratios at Re = 900, n = 3
contours in the z-direction.
fore, when n = 2, the PEC value increase with the increasing central
angle; when n = 3, the PEC values of a = 30� and 40� are roughly the
same and larger than that of a = 20�; when n = 4, the moderate cen-
tral angle a = 30� can obtain the largest PEC value, as shown in
Fig. 12(c).

To analyze the effect of the pitch ratio, results of outlet cross-
section of tube with different pitch ratios at Re = 900, n = 3, and
a = 30� are displayed in Fig. 13. As the pitch ratio decreases, the
vorticity contours in the z-direction gets stronger, which means
the disturbance to the fluid increases. And the temperature distri-
bution of the outlet cross-section becomes more uniform with the
decreasing pitch ratio. The stronger disturbance to the fluid and
more uniform of temperature distribution result in larger flow
resistance and higher heat transfer coefficient, respectively. Thus,
both the Nusselt number ratio and the friction factor ratio increase
with the decreasing pitch ratio, as shown in Fig. 14(a) and (b). But
the friction factor is more sensitive to the pitch ratio. Therefore, the
PEC value increases with the increase of pitch ratio, as shown in
Fig. 14(c).
5.3. Correlations for Nusselt number and friction factor

In order to predict the heat transfer and flow resistance, corre-
lations for Nusselt number and friction factor are derived from the
cases with three pitch ratios, three numbers of bidirectional coni-
cal strip, three central angles and five Reynolds numbers. The
formulas of correlations are given as follows:

Nu ¼ 0:24781Re0:33946n0:56548P��0:1595a0:55242 ð12Þ
f ¼ 1:2373Re�0:54603n0:81067P��0:53792a0:75412 ð13Þ

where the ranges of the parameters in this study are that Re = 300–
1500, n = 2–4, P⁄ = 2.0–4.0, a = 20�–40�.

The Nusselt numbers and friction factors predicted from Eqs.
(12) and (13) agree well with the numerical results with the devi-
, and a = 30�, (a) temperature contours; (b) tangential velocity vectors and vorticity



Fig. 14. Effects of pitch ratio on the heat transfer and flow performance at n = 3, a = 30�: (a) Nusselt number ratio; (b) friction factor ratio; (c) PEC values.

Fig. 15. Comparisons of Nusselt number and friction factor between correlations and numerical results: (a) Nusselt number, (b) friction factor.
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Fig. 16. Comparisons between the present work and previous works (a) Nusselt number ratio, (b) friction factor ratio, (c) PEC value.
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ations limited to ±12% for Nusselt number and ±14% for friction
factor, as shown in Fig. 15.

5.4. Comparison with previous works

The comparisons of Nusselt number ratio, friction factor ratio
and overall heat transfer performance (PEC) with the previous
works, including multiple regularly spaced twisted tapes [40],
twisted tape [17], helical screw tape [41],small pipe inserts [23],
conical strip insert [42], multiple conical strip inserts [43], curved
delta wing vortex generator [26], central slant rod [37], twisted
tape with winglet vortex generators [44] and several corrugated
tubes [45–50], are shown in Fig. 16(a)–(c). It is clear that the heat
transfer of the bidirectional conical strip inserts is lower than that
of the curved delta wing vortex generator. However, the pressure
drop in the present work is much lower than that of the curved
delta wing vortex generator. Hence, the overall heat transfer per-
formance of the bidirectional conical strip inserts is higher than
that of the curved delta wing vortex generator at a higher Reynolds
number. Compared to other previous works in Fig. 16, the bidirec-
tional conical strip inserts obtains a higher heat transfer coefficient
but a moderate flow resistance, and therefore achieves a higher
overall heat transfer performance.
6. Conclusions

In this paper, a novel tube insert (bidirectional conical strip
inserts) is proposed for heat transfer enhancement, and the heat
transfer performance and flow characteristics of this insert are
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studied numerically. The flow structure and mechanism of heat
transfer performance are analyzed. Moreover, the effects of three
geometric parameters (numbers of bidirectional conical strip, cen-
tral angle and pitch ratio) are also investigated. The following con-
clusions are obtained.

(1) As the fluid flows through the bidirectional conical strip, the
cold fluid in the core region is rapidly exchanged with the
hot fluid near the tube wall. And multiple longitudinal swir-
ling flows are formed downstream of the bidirectional coni-
cal strip, which result in a sufficient flowmixing and a larger
temperature gradient of the fluid in thermal boundary layer,
thereby enhance the heat transfer. Moreover, the combina-
tion of the forward and reverse conical strips inhibits or
eliminates the formation of the dead zone and eddy on the
back of the conical strips. Therefore, the increase in flow
resistance is relative smaller than relevant published works.
The average Nusselt number and friction factor of tube with
bidirectional conical strip inserts are 2.35–9.85 and 2.37–
21.18 times those of smooth tube, respectively. The PEC val-
ues in tube with bidirectional conical strip inserts vary from
1.75 to 3.93.

(2) Both the Nusselt number and friction factor increase with
the increase of numbers of bidirectional conical strip, central
angle and the decrease of pitch ratio. And the maximum
overall heat transfer performance (PEC value) was obtained
by geometric model with n = 3, a = 40� and P⁄ = 3.

(3) Correlation formulas are derived with the deviations limited
to ±12% for Nusselt number and ±14% for friction factor.

(4) Compared to the relevant published works, the bidirectional
conical strip inserts can obtain a higher heat transfer with-
out much increase in flow resistance, and therefore achieve
a high overall heat transfer performance.
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[29] P.B. Jasiński, Numerical study of thermo-hydraulic characteristics in a circular
tube with ball turbulators. Part 3: Thermal performance analysis, Int. J. Heat
Mass Transf. 107 (2017) 1138–1147.

[30] K. Nanan, C. Thianpong, M. Pimsarn, V. Chuwattanakul, S. Eiamsa-ard, Flow
and thermal mechanisms in a heat exchanger tube inserted with twisted
cross-baffle turbulators, Appl. Therm. Eng. 114 (2017) 130–147.

[31] Z. Cao, J. Xu, D. Sun, J. Xie, F. Xing, Q. Chen, X. Wang, Numerical simulation of
modulated heat transfer tube in laminar flow regime, Int. J. Therm. Sci. 75
(2014) 171–183.

[32] Z. Cao, J. Xu, Modulated heat transfer tube with short conical-mesh inserts: a
linking from microflow to macroflow, Int. J. Heat Mass Transf. 89 (2015) 291–
307.

[33] J.-A. Meng, X.-G. Liang, Z.-X. Li, Field synergy optimization and enhanced heat
transfer by multi-longitudinal vortexes flow in tube, Int. J. Heat Mass Transf.
48 (16) (2005) 3331–3337.

https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.128
https://doi.org/10.1016/j.ijheatmasstransfer.2018.07.128
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0005
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0005
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0005
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0010
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0010
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0015
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0015
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0015
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0020
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0020
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0020
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0025
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0025
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0025
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0030
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0030
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0030
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0035
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0035
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0035
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0040
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0040
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0040
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0045
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0045
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0045
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0050
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0050
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0050
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0050
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0055
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0055
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0055
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0060
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0060
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0060
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0065
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0065
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0065
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0070
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0070
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0070
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0075
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0075
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0075
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0080
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0080
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0080
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0085
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0085
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0085
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0085
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0090
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0090
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0090
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0095
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0095
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0095
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0100
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0100
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0100
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0105
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0105
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0105
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0105
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0110
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0110
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0110
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0115
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0115
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0115
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0120
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0120
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0120
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0125
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0125
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0125
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0130
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0130
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0130
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0135
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0135
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0135
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0140
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0140
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0145
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0145
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0145
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0150
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0150
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0150
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0155
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0155
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0155
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0160
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0160
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0160
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0165
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0165
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0165


1076 P. Liu et al. / International Journal of Heat and Mass Transfer 127 (2018) 1064–1076
[34] W. Liu, Z. Liu, H. Jia, A. Fan, A. Nakayama, Entransy expression of the second
law of thermodynamics and its application to optimization in heat transfer
process, Int. J. Heat Mass Transf. 54 (13) (2011) 3049–3059.

[35] H. Jia, Z.C. Liu, W. Liu, A. Nakayama, Convective heat transfer optimization
based on minimum entransy dissipation in the circular tube, Int. J. Heat Mass
Transf. 73 (2014) 124–129.

[36] W. Liu, P. Liu, J.B. Wang, N.B. Zheng, Z.C. Liu, Exergy destruction minimization:
a principle to convective heat transfer enhancement, Int. J. Heat Mass Transf.
122 (2018) 11–21.

[37] P. Liu, N. Zheng, F. Shan, Z. Liu, W. Liu, Numerical study on characteristics of
heat transfer and friction factor in a circular tube with central slant rods, Int. J.
Heat Mass Transf. 99 (2016) 268–282.

[38] R. Webb, Performance evaluation criteria for use of enhanced heat transfer
surfaces in heat exchanger design, Int. J. Heat Mass Transf. 24 (4) (1981) 715–
726.

[39] M.K.F. Menter, R. Langtry, Ten years of industrial experience with the SST
turbulence model, Turbulence, Heat Mass Transf. 4 (2003).

[40] X. Zhang, Z. Liu, W. Liu, Numerical studies on heat transfer and flow
characteristics for laminar flow in a tube with multiple regularly spaced
twisted tapes, Int. J. Therm. Sci. 58 (2012) 157–167.

[41] P. Sivashanmugam, S. Suresh, Experimental studies on heat transfer and
friction factor characteristics of laminar flow through a circular tube fitted
with helical screw-tape inserts, Appl. Therm. Eng. 26 (16) (2006) 1990–1997.

[42] Y. You,A. Fan,W. Liu, S.Huang, Thermo-hydraulic characteristics of laminarflow
in anenhanced tubewith conical strip inserts, Int. J. Therm. Sci. 61 (2012) 28–37.
[43] P. Liu, N. Zheng, F. Shan, Z. Liu, W. Liu, An experimental and numerical study
on the laminar heat transfer and flow characteristics of a circular tube fitted
with multiple conical strips inserts, Int. J. Heat Mass Transf. 117 (Supplement
C) (2018) 691–709.

[44] Z.-M. Lin, L.-B. Wang, M. Lin, W. Dang, Y.-H. Zhang, Numerical study of the
laminar flow and heat transfer characteristics in a tube inserting a twisted tape
having parallelogram winglet vortex generators, Appl. Therm. Eng. 115 (2017)
644–658.

[45] A. García, J.P. Solano, P.G. Vicente, A. Viedma, The influence of artificial
roughness shape on heat transfer enhancement: corrugated tubes, dimpled
tubes and wire coils, Appl. Therm. Eng. 35 (2012) 196–201.

[46] J. Cheng, Z. Qian, Q. Wang, Analysis of heat transfer and flow resistance of
twisted oval tube in low Reynolds number flow, Int. J. Heat Mass Transf. 109
(2017) 761–777.

[47] J.-A. Meng, X.-G. Liang, Z.-J. Chen, Z.-X. Li, Experimental study on convective
heat transfer in alternating elliptical axis tubes, Exp. Therm Fluid Sci. 29 (4)
(2005) 457–465.

[48] J. Du, Y. Hong, S.-M. Huang, W.-B. Ye, S. Wang, Laminar thermal and fluid flow
characteristics in tubes with sinusoidal ribs, Int. J. Heat Mass Transf. 120
(2018) 635–651.

[49] H.H. Balla, Enhancement of heat transfer in six-start spirally corrugated tubes,
Case Stud. Therm. Eng. 9 (2017) 79–89.

[50] Z.S. Kareem, S. Abdullah, T.M. Lazim, M.N. Mohd Jaafar, A.F. Abdul Wahid, Heat
transfer enhancement in three-start spirally corrugated tube: Experimental
and numerical study, Chem. Eng. Sci. 134 (2015) 746–757.

http://refhub.elsevier.com/S0017-9310(17)34451-4/h0170
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0170
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0170
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0175
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0175
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0175
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0180
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0180
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0180
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0185
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0185
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0185
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0190
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0190
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0190
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0195
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0195
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0200
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0200
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0200
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0205
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0205
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0205
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0210
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0210
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0215
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0215
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0215
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0215
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0220
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0220
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0220
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0220
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0225
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0225
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0225
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0230
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0230
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0230
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0235
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0235
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0235
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0240
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0240
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0240
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0245
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0245
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0250
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0250
http://refhub.elsevier.com/S0017-9310(17)34451-4/h0250

	Heat transfer enhancement for laminar flow in a tube using bidirectional conical strip inserts
	1 Introduction
	2 Physical model description
	3 Numerical model description
	3.1 Governing equations and boundary conditions
	3.2 Computation scheme
	3.3 Grid generation and independence test

	4 Validation of numerical model
	5 Results and discussion
	5.1 Flow structure and heat transfer
	5.2 Effects of geometric parameters
	5.3 Correlations for Nusselt number and friction factor
	5.4 Comparison with previous works

	6 Conclusions
	Conflict of interest
	Acknowledgments
	Appendix A Supplementary material
	References


