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An analysis of the thermo-hydraulic characteristics of a heat exchanger tube fitted with a novel vortex
rod insert has been conducted numerically under uniform heat flux conditions. The vortex rods had three
relative rod length ratios (LR ¼ b/D ¼ 0.15, 0.25, and 0.35) and three relative rod pitch ratios (PR ¼ p/
D ¼ 1, 1.5, and 2), and they were studied for numerous Reynolds numbers (Re) that ranged from 300 to
1800 using water as the working fluid. With these vortex rods, longitudinal swirling (or vortex) flow can
be generated for better fluid mixing between the wall and core flow regions, thereby allowing for a high
heat transfer rate with a moderate increase in the pressure drop. The results indicate that the presence of
the vortex rods elicits a considerable heat transfer enhancement in the tube, Nu/Nu0 ¼ 1.1e3.9, with an
increase in pressure drop, and f/f0 ¼ 1.4e5.3. Both the Nu/Nu0 and the f/f0 ratios increase with Re and LR
increases and with PR decreases. The performance evaluation criterion (PEC) values of all vortex rod cases
are above unity except for the cases with LR ¼ 0.15 at Re ¼ 300. The case at which LR ¼ 0.35 and PR ¼ 1
provides the maximum PEC value of approximately 2.22 at Re ¼ 1800. These results provide evidence
that the vortex rod insert is a promising technique for laminar convection heat transfer enhancement.

© 2015 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heat exchangers are extensively used in many engineering
areas, such as air-conditioning, power generation, the chemical
processing, waste heat recovery, and steel production. In order to
improve the heat transfer rate and the thermal performance, and
reduce the size of the heat transfer system, thereby reducing
installation and operating costs, heat transfer enhancement tech-
niques are usually needed [1]. These techniques can be classified
into two group types. The first refers to active methods that require
extra external power sources. The other refers to the passive
method that requires no extra external power sources for the sys-
tems [2]. In general, the passive method is more frequently applied
in practical situations and has drawn significant attention because
of its rapid installation, easy maintenance, and low cost. One
important group relevant to the passive method type includes
inserted elements, such as helical or twisted tapes, coil wires,
vortex rings, louvered strips, and angled fins. These elements
typically function as vortex or swirl generators by generating
: þ86 27 87540724.

served.
longitudinal swirling flow and modifying the velocity distribution.
This induces a better fluid mixing between the central region and
the region close to the wall and thus enhances the heat transfer
rate. However, this technique is realized at the cost of an increase in
the pressure drop. It is challenging to achieve an enhancement in
the heat transfer rate with a moderate flow resistance.

Motivated by the realization of an object that achieves a high
heat transfer rate without much increase in the pressure drop, re-
searchers all over the world have expended tremendous efforts
towards the investigation of various insert elements. Since
Whitham [3] reported that the twisted tape could improve heat
transfer in heat exchangers, the utilization of twisted tapes for heat
transfer enhancement has been extensively reported. Saha et al. [4]
experimentally investigated the heat transfer under laminar flow
conditions and the pressure drop characteristics in a circular tube
fitted with regularly spaced twisted tape elements connected by
thin circular rods. In their study, they found that regularly spaced
twisted tape performed significantly better than the full-length
twisted tape at high Reynolds numbers, and that the pressure
drop decreased by 40%. Wang et al. [5] presented the configuration
optimization of a regularly spaced short-length twisted tape in a
circular tube for turbulent heat transfer using computational fluid
dynamics (CFD) modeling. Delta-winglet twisted tape inserts were
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Fig. 1. Schematic diagram of (a) the vortex rods and (b) a tube fitted with vortex rods.
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experimentally investigated by Eiamsa-ard and his co-workers [6].
The elicited results show that the mean Nusselt number and the
mean friction factor increased with a decreasing twisted ratio and
an increasing depth of the wing-cut ratio. Subsequently, Eiamsa-
ard and Promvonge [7] assessed the performance of alternate
clockwise and counterclockwise twisted tape inserts used in a heat
exchanger tube. Recently, Eiamsa-ard and Kiatkittipong [8] studied
the thermal performance effects of multiple twisted tapes placed in
different arrangements, using TiO2 nanoparticles (at different
concentrations) as the working fluid. By conducting a numerical
study on the heat transfer and friction characteristics of laminar
flow in a tube fitted with center-cleared twisted tape, Guo et al. [9]
demonstrated that the flow resistance could be reduced using
narrow width and center-cleared twisted tapes. Zhang et al. [10]
presented a simulation of multi-longitudinal vortices induced in a
tube by triple and quadruple twisted tapes. Helical screw tape is a
modified form of a twisted tape. Unlike the twisted tape that
generates swirling flow in two parallel flow directions, helical
screw tape, provides a single, smooth, helical direction of flow that
reduces the pressure drop significantly. Zhang et al. [11] performed
a physical quantity synergy analysis to investigate the mechanism
of the heat transfer enhancement of a tube fitted with helical screw
tapewithout core rod inserts, and conducted an entropy generation
analysis to optimize the helical screw tape. Helical wire coils fitted
inside a round tube were experimentally studied by Garcia [12] to
characterize the thermo-hydraulic behavior in laminar, transient,
and turbulent flows. Saraç and Bali [13] carried out a study on heat
transfer and pressure drop characteristics of a decaying swirling
flow produced by the insertion of vortex generators with a pro-
peller geometry. An experimental investigation on turbulent con-
vection in a round tube equipped with propeller-type swirl
generators was undertaken by Eiamsa-ard et al. [14]. Their results
indicate that the use of the propeller led to a maximum efficiency
enhancement of 1.2. Naphon [15] studied the heat transfer char-
acteristics and pressure drop of the coil wire insert that could
enhance the heat transfer significantly, especially in the laminar
region. Yakut et al. [16,17] reported the effects of conical ring tur-
bulators on heat transfer, pressure drop, flow-induced vibration,
and vortices, based on the evaluation of entropy generation,
revealing that the conical ring turbulators show merits as energy-
saving devices only at low Reynolds numbers, since a low pres-
sure drop is generated in the flow region. Promvonge and Eiamsa-
ard [18] experimentally examined the combined effects of the
conical ring and twisted tape in a circular tube. The conical strip
insert is a modification of the conical ring. Guo et al. [19] studied
the thermo-hydraulic performance of a conical strip for reducing
the upwind area, and found that the performance factor could be
enhanced by 36e61% if conical ring inserts were replaced with
conical strip inserts for turbulent flows within a Re range of
5000e25,000. Fan et al. [20] numerically investigated the heat
transfer and flow characteristics of a circular tube inserted with
louvered strips. Their results demonstrate that the louvered strip is
a promising tube insert that could be extensively used for heat
transfer enhancement of turbulent flows.

Recently, some new types of inserts have been developed
[21e24]. Caliskan [21] performed an experimental investigation of
heat transfer in a channel with newwinglet-type vortex generators
using the infrared thermal imaging technique. A nonconventional
insert fabricated with a central rod on which curved delta-wing
vortex generators were attached on opposite sides (at specific
axial locations) was presented by Deshmukh and Vedula [22].
Promvonge et al. [23] introduced and used a novel inclined vortex
ring turbulator for heat transfer enhancement that aimed to create
counter-rotating vortices inside the tube to help increase the tur-
bulence intensity, and to convey the colder fluid from the core
region to the heated wall region. Tu et al. [24] experimentally
investigated the characteristics of heat transfer and the friction
factor in turbulent flow through a circular tube with small pipe
inserts. Their results show that pipe inserts could transfer more
heat for the same pumping power given for their unique structure,
compared to other inserts.

Based on the literature publications listed above, the use of
conventional inserts, such as the twisted tape, helical screw tape,
and the propeller-type swirl generator, will inevitably result in a
large increase in the friction factor (even though the heat transfer
can also be increased at the same time), thus leading to a low
thermo-hydraulic performance. The new types of inserts utilized in
Refs. [21e24] are considerably simple in structure compared to
conventional inserts. Moreover, they can still function as vortex or
swirl generators for mixing fluids by conveying the colder fluid
from the core region to that of the heated-wall region, and result in
uniformity of temperature with moderate flow resistance. In
addition, Liu and his co-workers [25e27] pointed out that longi-
tudinal swirling flow with single vortex or multi-vortexes could
lead to heat transfer enhancement without much increase in the
pressure drop, from the viewpoint of heat transfer optimization.
These prior research studies have provided the authors a hint, in
that, it is possible to design a simple structure to generate longi-
tudinal swirling flow to mix fluids. In this work, a novel insert
element has been proposed, called “vortex rods,” consisting of thin
rods. Vortex rods act as vortex generators. The geometries of vortex
rod inserts are shown in Fig. 1, where some thin rods are mounted
on three straight rods and are inserted in the tube. The utilization of
the vortex rod inserts is expected to achieve a high heat transfer
rate with moderate pressure drop owing to the longitudinal
swirling flow generated by the vortex rod inserts. In the present
study, a numerical analysis of the thermo-hydraulic characteristics
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is presented in a heat exchanger tube fitted with vortex rods under
laminar flow conditions, using water as the working fluid.
2. Physical model

The geometries of the vortex rods are depicted in Fig. 1. Vortex
rods made of stainless steel (0.001 m in diameter) are mounted on
three connecting rods of 0.001 m in diameter and are inserted in
the tube. The slant angle (a) of the vortex rods is fixed at 60�. The
length (L) and diameter (D) of the tube are 0.5 m and 0.02 m,
respectively. The length and pitch of the vortex rods are denoted as
b and p, respectively. The effects of three relative rod length ratios
(LR ¼ b/D ¼ 0.15, 0.25, and 0.35) and three relative rod pitch ratios
(PR ¼ p/D ¼ 1, 1.5, and 2) on the thermo-hydraulic characteristics
will be investigated.
Fig. 2. Generation of meshes of the computation domain.
3. Mathematical model and numerical methods

3.1. Governing equations and boundary conditions

The present problem under consideration is assumed to be
three-dimensional, laminar, and steady. The following assumptions
are made for the derivation of the governing equations: (1) the
vortex rods are stiff and thus the vibration and deformation are
neglected, (2) the fluid is continuous and incompressible, and (3)
the influences of gravity and viscous heating are not taken into
consideration. Equations of continuity (Eq. (1)), momentum (Eq.
(2)), and energy (Eq. (3)), for the fluid flow are given in a tensor
form, as listed below. In particular,

vðruiÞ
vxi

¼ 0 (1)

v

vxj

�
ruiuj

� ¼ �vP
vxi

þ v

vxj

"
m

 
vui
vxj

þ vuj
vxi

!#
(2)

where r is the density of fluid, ui is a mean component of velocity in
the direction of xi, P is the pressure, and m is the dynamic viscosity of
water.
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in which CP and k are the specific heat at constant pressure and the
thermal conductivity of the fluid, respectively.

To eliminate the inlet effect and guarantee a fully developed
flow, the fully developed profiles of velocity and temperature are
specified at the inlet [28], as indicated by Eqs. (4) and (5), respec-
tively. At the outlet, a pressure-outlet condition is used. On the tube
wall, a constant heat flux is imposed. No slip conditions are applied
on the surfaces of the vortex rods and the tube wall.
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where uc and Tc are the velocity and temperature at the centerline
of the tube, respectively. Moreover, q is the heat flux density on the
tube wall, R is the inner radius of the tube, and r is the radial
distance.
3.2. Simulation parameters

The Reynolds number (Re) is given by

Re ¼ rumD
m

(6)

where um is the mean streamwise velocity in the tube.
The average heat transfer coefficient (h) and the Nusselt number

(Nu) are estimated as follows:

h ¼ q
Tw � Tm

(7)

Nu ¼ hD
k

(8)

where Tw is the average temperature of the wall and Tm is the bulk
temperature of the fluid.

Correspondingly, the friction factor (f) can be written as

f ¼ DP
ðL=DÞru2m



2

(9)

in which DP could be determined by the difference between the
mass-averaged pressures at the inlet and the outlet of the investi-
gated region.

To evaluate the overall thermo-hydraulic performance of the
enhanced tube at an identical pump power, the extensively used
performance evaluation criterion (PEC) proposed by Webb [29] is
adopted. It is calculated based on the following formula:

PEC ¼ Nu=Nu0
ðf =f0Þ1=3

(10)

where Nu0 and f0 are the Nusselt number and the friction factor of
the plain tube, respectively.
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3.3. Grid system

The computational domain is resolved using an unstructured
mesh generated with the commercial software ICEM CFD 14.0. The
meshes consist of prisms, tetrahedrons, hex core, and pyramids, as
shown in Fig. 2. To better simulate boundary layer effects, prism
grids, which are orthogonal to the surfaces and with faces
perpendicular to the boundary layer flow direction, are extruded
from the surface of the tube. A Hex core mesh, with hexahedron
grids filling the majority of the volume, is generated to capture the
characteristics of the fluid flow in the core region. To fill the areas
between the surface of the prisms and the hex core, tetrahedron
grids are used. Pyramids are applied to establish a conformal
connection between triangle and quadrangle faces. In addition, the
local grid refinement is applied in the vicinity of the vortex and the
connecting rods. Adaptive grid refinement is also performed during
the preliminary computations. Grid independent tests of three
different grid numbers (1771057, 2318640, and 3259193) for vortex
rodswith LR¼ 0.25 and PR¼ 1.5, at Re¼ 1500, have been conducted
for validating the accuracy of numerical solutions. The Nu and f
values obtained by the three grid systems are illustrated in Fig. 3.
The results indicate that the deviation between the calculated
values for the grids comprising 2318640 and 3259193 elements is
considerably small. This finding demonstrates that the grid system
with 2318640 elements is adequately dense for the simulations.
Therefore, this grid system is adopted in the subsequent simulation
reflecting a compromise of computational time and solution
precision.

3.4. Numerical method

The commercial software Fluent 14.0 is used for the CFD simu-
lations. The governing conservation equations accompanied by the
boundary conditions are discretized using the finite volume
formulation. The standard pressure and second order upwind dis-
cretization schemes for the momentum and energy equations are
employed in the numerical model. To achieve pressureevelocity
coupling, the semi implicit method for pressure-linked equations
(SIMPLE) algorithm is selected because it is more stable and
economical compared to other algorithms. The computation is
assumed to be converged when the relative residual values are less
than 10�6 for all variables and less than 10�8 for the energy equa-
tion, or when all the relative residual values are kept unchanged.
Fig. 3. Nusselt number and friction factor calculated by different grid systems for
vortex rods with LR ¼ 0.25 and PR ¼ 1.5 at Re ¼ 1500.
4. Results and discussion

4.1. Verification of smooth tube

The current numerical results are first validated in terms of the
Nusselt number and the friction factor. The calculated Nusselt
number and friction from the smooth tube case are compared to
those of the well-known theoretical formulas, i.e., to 4.36 and 64/
Re, respectively. Fig. 4 shows that the agreement between the
computational results and the theoretical values is satisfactory (the
relative discrepancy is within 6%), which demonstrates that the
present numerical predictions have a reasonable accuracy.
4.2. Flow structures

Prior to discussing the results, it is necessary to understand the
flow structure and behavior of the tube fitted with vortex rods. An
effective method to visualize the flow in the tube inserted with
vortex rods is to analyze the generated streamlines. These
streamlines can then be used to capture the swirling motion
associated with the vortices in the tube flow, as depicted in Fig. 5.
The streamlines are presented for Re¼ 900 at LR ¼ 0.25 and PR ¼ 1.
Fig. 5(a) and (b) shows the streamlines in transverse planes along
the tube fitted with vortex rods and the streamlines in the
streamwise direction with superimposed velocity maps, respec-
tively. Fig. 6 presents the swirling strength iso-surface and the
vortex core region. The effects induced by the vortex rods are
represented by the mainstream flow separation and the vortex
formation. As the incoming flow passes over the vortex rods, it
separates into a multistream flow because of the pressure differ-
ence across the vortex rods before their helical motion along the
tube.

From Fig. 5(a), it is observed that three pairs of counter-rotating
vortices or longitudinal swirling flows are generated inside the
tube. Each pair of longitudinal swirling flows is created by the rods
mounted on the same connecting rod, and the mainstream flow is
finally divided into six helical streams. To better visualize the
coherent structure of the vortex, the streamlines along the
streamwise direction with superimposed velocity maps are depic-
ted in Fig. 5(b). Six helical streams are generated and evenly
distributed along the tube. The direction and region of the vortex
core can be visualized by considering the iso-surfaces of the
swirling strength, as shown in Fig. 6. When the incoming flow
Fig. 4. Verification results for the Nusselt number and the friction factor for a smooth
tube.



Fig. 5. Streamlines in (a) the transverse planes and (b) in the streamwise direction
with superimposed velocity maps at Re ¼ 900, LR ¼ 0.25, and PR ¼ 1.5.
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passes over the vortex rods, three pairs of vortex cores (or equiv-
alently, six vortex cores) are created behind the rods. The region of
the vortex cores is small at first and increases gradually along the
tube. This means that the swirling strength of the flow is gradually
enhanced as the longitudinal swirling flowmoves inside the tube. It
can be concluded that the flow structure of the tube fitted with
vortex rods is considerably different from that of the smooth tube.
The flow pattern in the presence of the vortex rods results in a long
flow path and relatively intense flow mixing between the wall and
the core flow regions.
4.3. Heat transfer

Fig. 7 shows the temperature distribution on thewall of the tube
fittedwith vortex rods under a uniform heat flux condition. There is
a major change in the temperature distribution on the tube wall.
The temperature of the tube wall is high on some parts and low on
other parts, indicating that the longitudinal swirling flow induced
by the vortex rods influences significantly the temperature field
since it can induce better fluid mixing between the wall and the
core flow regions.
Fig. 6. Vortex core region at Re ¼
The 3-D plot of local Nusselt number on the tube wall along the
flow direction is displayed in Fig. 8. The local Nusselt number was
calculated by:

hlocal ¼
q

Tlocal � Tm
(11)

Nulocal ¼
hlocalD

k
(12)

where hlocal is the local heat transfer coefficient, Tlocal is the local
wall temperature.

It is evident from Fig. 8 that there is a major change in the local
Nusselt number distribution on the tube wall. The area near the
vortex robs has relatively higher Nusselt number. This can be
attributed to the longitudinal swirling flow induced by the vortex
rod that fluids between the wall and core flow regions are better
mixed, and more heat is conveyed from the wall.

To reveal the major change in the temperature distribution, a
closer inspection of the temperature field in the transverse plane of
z* ¼ z/L ¼ 0.5 and at Re ¼ 900 with superimposed velocity vectors
has been conducted, as depicted in Fig. 9. In the figure, it is apparent
that three pairs of counter-rotating vortices near the wall are
generated behind the vortex rods. The interaction between the
counter-rotating vortices induced by each vortex rod generates an
impingement zone near the wall. Thus, three impingement zones
(denoted as A1, A2, and A3) are created. In these zones, cold fluids
are swallowed from the core flow region and then impinged on the
tube wall resulting in a high temperature gradient and a thin
boundary layer near the wall. The high momentum of the fluid on
the wall directly enhances the heat transfer from the impinged
surface. Therefore, the temperature values in these zones are higher
than those in the core region but relatively lower than those in
other zones.

The interaction between the adjacent vortices created by
different rods also induces three impingements zones (denoted as
B1, B2, and B3). The direction of these impingements is towards the
core flow region that is different from that of the impingements
created by counter-rotating vortices. A distinctive feature in B1, B2,
and B3, especially in the regions near the tube wall, is the
impingement of some parts of the two vortices flowing in opposite
directions. As a result of the impingement, the velocity of fluids in
the transverse plane is much reduced and the swirling strength of
the vortex flow is weakened at the same time, leading to the
relatively low temperature gradient near the wall. In other words,
the heat transfer rate in the regions near the tube wall is reduced,
and this explains why the temperature values in these regions are
higher than those in other zones. Except for the parts flowing in
opposite directions, two vortices flow together and impinge
900, LR ¼ 0.25, and PR ¼ 1.5.



Fig. 7. Temperature distribution on the wall of the tube fitted with vortex rods.

Fig. 8. 3-D plot of local Nusselt number on the tube wall along the flow direction.
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towards the core flow region. This leads to a better fluid mixing
between the wall and the core flow regions. In conclusion, the
interaction between the vortex flows results in seven zones (six
zones near the tube wall and one zone in the middle of the tube),
covering almost the entire cross-sectional area, and reflected by a
chaotic fluid mixing pattern within the tube except for the three
small regions near the wall. The phenomena described above lead
Fig. 9. Temperature distribution in the trans
to an excellent heat transfer pattern indicated by a thin thermal
boundary layer and the high temperature gradient.

Fig. 10 shows the contour plots of the temperature field in
transverse planes (z* ¼ 0.3, 0.5, 0.7, and 0.9) along the tube for
vortex rods with LR ¼ 0.15, 0.25, and 0.35, at Re ¼ 900 and PR ¼ 1.
The temperature fields at different transverse planes are similar for
the same LR values. The only differences exist in the regions of these
verse plane at z* ¼ 0.5 and at Re ¼ 900.



Fig. 10. Contour plots of the temperature field in transverse planes with LR ¼ 0.15,
0.25, and 0.35, at Re ¼ 900 and PR ¼ 1.

Fig. 11. Temperature distributions in transverse planes with PR ¼ 1, 1.5, 2, at Re ¼ 900
and LR ¼ 0.15.
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fields where higher and lower (than average) temperatures are
recorded. Because of the excellent fluid mixing between the wall
and the core regions, the regions where higher and lower tem-
perature values are noted are reduced gradually in space, and
temperature fields are distributed almost uniformly within the
entire flow. It is noted that there is a major change in the temper-
ature distributions for different LR values within the same trans-
verse plane. The temperature field distributes more uniformly with
an increase in LR values since larger LR values imply the existence of
longer vortex rods. Therefore, the range of the disturbance induced
by the vortex rods is expanded. More cold fluids impinge towards
the wall and hot fluids towards the core region, thereby indicating
the merits of employing longer vortex rods for enhanced heat
transfer.

Fig. 11 shows the temperature distributions in various trans-
verse planes with PR¼ 1, 1.5, 2, at Re¼ 900 and LR¼ 0.15, reflecting
the development of the temperature field along the tube fittedwith
vortex rods. All three cases studied demonstrate the similar
developing trend, namely, that the uniformity of the temperature
field increases gradually along the tube owing to the longitudinal
swirling or vortex flow pattern induced by the vortex rods. The
fluids between the wall and the core regions are better mixed at
lower PR values. This is becausemore vortex rods are inserted in the
tube (with a fixed length) at a lower pitch ratio, so the strength of
the longitudinal swirling flow is enhanced.

The variation of the Nu/Nu0 ratio with Re for vortex rods at
various LR and PR values is shown in Fig. 12. The Nu/Nu0 ratio tends
to increase with the rise of Re and LR values for all PR values. A
higher PR value leads to a decrease in the value of Nu/Nu0. Vortex
rods with LR ¼ 0.35 and PR ¼ 1 elicit the highest Nu/Nu0 value. The
maximum Nu/Nu0 at LR ¼ 0.35 is found to be approximately 3.9 for
PR ¼ 1, and approximately 3.6 and 3.2 for PR ¼ 1.5 and PR ¼ 2
respectively. A better assessment of the results plotted in Fig. 12
reveals that the use of the vortex rods at the different LR and PR
values studied yields heat transfer rates of approximately 1.1e3.9
times higher compared to the smooth tube with no vortex rods,
depending on the choice of the LR and PR values. The heat transfer
enhancement indicated by the thin thermal boundary layer and the
high temperature gradient can be attributed to the longitudinal
swirling flow induced by the vortex rods.
4.4. Pressure drop

Fig. 13 shows the variation of the friction factor ratio f/f0 with Re
values for vortex rods at various LR and PR values. According to the
figure, the friction factor ratio is found to increase with increases in
Re and LR values but to decrease with increasing PR values. The
PR ¼ 1 vortex rod case provides the highest f/f0 value, while the
PR ¼ 2 vortex rod case yields the lowest f/f0 value for all LR values.
The friction factor for the vortex rods is approximately 1.4e5.3
times higher than that of the smooth tube. The pressure loss in
terms of the friction factor for the tube fitted with vortex rods can
be explained by the dissipation of the dynamic pressure of the
fluids caused by the combined effect of the flow blockage (due to
Fig. 12. Variation of Nu/Nu0 ratio with Re.



Fig. 13. Variation of f/f0 ratio with Re. Fig. 15. Comparisons with previous work.
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the presence of the vortex rods) and the impingement flows
induced by the vortex rods.

4.5. Overall thermo-hydraulic performance evaluation

Fig. 14 displays the evaluation of the overall thermo-hydraulic
performance of the water flowing in the tube (inserted with vor-
tex rods) in terms of the performance evaluation criterion (PEC).
The performance evaluation criterion for the vortex rods tends to
increase with increasing Re values but decreases with increasing PR
values. The PEC values of all the vortex rod cases are above unity
except for the cases with LR ¼ 0.15 at Re ¼ 300. This indicates that
the tube fitted with vortex rods is advantageous compared to a
smooth tube for Re > 300. In addition, the case of vortex rods at
LR ¼ 0.35 and PR ¼ 1 provides the best overall thermo-hydraulic
performance at Re ¼ 1800. At PR ¼ 1, the maximum PEC values of
the vortex rods with LR ¼ 0.15, 0.25, and 0.35 are, respectively,
approximately 1.56, 2.00, and 2.22.

4.6. Comparison with previous work

Fig. 15 shows the comparison of the overall thermo-hydraulic
performance between the proposed vortex rod in the present
Fig. 14. Variation of PEC with Re.
work and previous work. Some widely used turbulators/baffles in
practical applications, such as twisted tape [30], coiled wire insert
[31], delta-winglet turbulator [32] and V-baffle [33] are selected to
perform the comparisons. It is clear from the figure that the vortex
rod provides higher thermo-hydraulic performance than the delta-
winglet turbulator and coiled wire insert but lower performance
than V-baffle. The vortex rod performs better than twisted tape as
the Reynolds number is less than 1200. The results indicate that the
vortex rod is a promising tube insert for heat transfer enhancement
in practical applications. In order to further improve the overall
thermo-hydraulic performance of vortex rod, more geometric pa-
rameters would be studied in the future work.
5. Conclusions

A numerical analysis was conducted to examine the character-
istics of heat transfer and flow friction in a heat exchanger tube
fitted with vortex rods at different LR and PR values under condi-
tions of laminar flow. Details of the flow structures were presented
and analyzed. Based on the numerical results, the following main
conclusions are deduced:

(1) Vortex rod inserts affect the flow structure in the exchanger
tube. The vortex rod inserts with simple geometries generate
pairs of counter-rotating vortices or longitudinal swirling
flows in the tube. Vortex induced impingement leads to a
better fluid mixing between the wall and the core flow re-
gions. Mixing increases the temperature gradient of the
thermal boundary layer and causes uniformity in the fluid
temperature that enhances heat transfer.

(2) The presence of vortex rods provides a considerable heat
transfer augmentation in the tube, leading to a range of
values for Nu/Nu0 ¼ 1.1e3.9 with a moderate increase in the
pressure drop, and to a range in values for f/f0 ¼ 1.4e5.3. Both
the Nu/Nu0 and the f/f0 ratio increase with an increase in the
Re and LR values. They also exhibit an increase upon re-
ductions in the PR values.

(3) The PEC values of all the vortex rod cases are above unity
except for the cases with LR¼ 0.15 at Re¼ 300. This indicates
that the tube fitted with vortex rods is advantageous over a
smooth tube for Re> 300. The case of vortex rods at LR¼ 0.35
and PR ¼ 1 provides the maximum PEC value of approxi-
mately 2.22 at Re ¼ 1800.
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Nomenclature

b length of vortex rods, m
Cp specific heat at constant pressure, J kg�1 K�1

CFD computational fluid dynamics
D diameter, m
f friction factor
h heat transfer coefficient, W m�2 K�1

hlocal local heat transfer coefficient, W m�2 K�1

k thermal conductivity of fluid, W m�1 K�1

L length of tube, m
LR relative rod length ratio ¼ b/D
Nu Nusselt number
Nulocal local Nusselt number
p pitch length of vortex rods, m
P pressure, Pa
DP pressure drop, Pa
PR relative rod pitch ratio ¼ p/D
PEC performance evaluation criterion
q heat flux density, W m�2

R inner radius of the tube, m
r radial distance, m
Re Reynolds number
T temperature, K
u flow velocity, m s�1

xi space coordinates in Cartesian system, m
x, y, z Cartesian coordinates
z* non-dimensional distance in z-direction

Greek symbols
a slant angle of vortex rods, �

r fluid density, kg m�3

m dynamic viscosity, kg m�1 s�1

Subscripts
0 smooth tube
c center
m mean
w wall
i, j Cartesian coordinates
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