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a b s t r a c t

In the present work, characteristics of heat transfer, flow resistance, and overall thermo-hydraulic perfor-
mance of turbulent airflow in a circular tube fitted with louvered strip inserts were investigated through
numerical simulation. Our main attention was paid to the effects of the slant angle and pitch of the tur-
bulators. The results show that the Nusselt number is augmented by 2.75–4.05 times (Nu = 108.71–
423.87) as that of the smooth tube. The value of performance evaluation criterion (PEC) lies in the range
of 1.60–2.05, which demonstrates that the louvered strip insert has a very good overall thermo-hydraulic
performance. Moreover, the computational results indicate that larger slant angle and small pitch can
effectively enhance the heat transfer rate, but also increase the flow resistance. Furthermore, it is noted
that the Nusselt number and friction factor are more sensitive to the slant angle than the inserts pitch.
Comparatively steady and good overall thermo-hydraulic performance can be obtained at a moderate
slant angle together with a small pitch. All these data show that the louvered strip is a promising tube
insert which would be widely used in heat transfer enhancement of turbulent flow.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Shell-and-tube heat-exchangers are extensively used in various
industrial fields such as petrochemical industry, power generation,
air-conditioning, etc. In those devices, heat is transferred from the
hot side to the cold side via the tube walls. In cases of low heat
transfer rate, additional approaches are necessary to intensify the
heat transfer process. Scientists and engineers around the world
have made great contributions to heat transfer augmentation tech-
niques [1]. Usually, these techniques are classified either as passive
or active. Their major difference is that direct application of exter-
nal power is not needed for the passive techniques. Thus, they are
more frequently adopted in practical applications. Numerous types
of turbulators, such as the twisted tape, helical screw-tape, porous
media inserts, etc. belong to the passive techniques [2]. The general
mechanism of heat transfer enhancement by using tube inserts is
that the turbulators can intensify the swirl flow and reduce the
thickness of the thermal boundary layer as well. Therefore, heat
transfer rate can be augmented. Unfortunately, flow resistance
increment is accompanied inevitably. To comprehensively evaluate
the overall thermo-hydrodynamic performance of various aug-
mentation methods, many performance evaluation criteria (PEC)
ll rights reserved.
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have been proposed by different researchers. The one that is most
frequently applied is given in Eq. (1) [3],

PEC ¼ Nu=Nu0

ðf=f0Þ1=3 ð1Þ

where Nu and Nu0 are the Nusselt numbers of the enhanced tube
and smooth tube, and f and f0 are the friction factors of the
enhanced tube and smooth tube, respectively. From Eq. (1) it can
be seen that the PEC value of an effective enhancement technique
should be at least larger than unity. The larger the PEC value, the
better the overall thermo-hydraulic performance is. Meanwhile, it
is also noted from Eq. (1) that a higher heat transfer rate does not
mean a better overall performance. This tells us that full attention
should be paid to flow resistance increase when developing a novel
heat transfer augmentation technique.

Up to now, a variety of tube inserts have been developed by
many researchers [4]. For instance, the twisted tape is the most
widely used due to its steady performance, simple configuration
and being easy to install and disassemble. The main mechanism
for the heat transfer augmentation by applying a twisted tape is
that it can generate swirls which enhance fluid mixing of the
near-wall and central regions [5–8]. To improve the overall ther-
mo-hydraulic performance of tubes fitted with twisted tapes, some
modifications on the conventional twisted tape have been made.
For example, segmented twisted tapes [9,10], broken twisted tapes
[11], serrated twisted tape [12], center-cleared twisted tape [13],
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Nomenclature

cp the specific heat at constant pressure, kJ/kg K
D the tube diameter, m
f friction factor
h the average heat transfer coefficient in the tube, W/m2 K
k turbulent kinetic energy, m2/s2

L the full length of tube, m
L0 the length of investigated region, m
L1 the length before investigated region, m
L2 the length after investigated region, m
Nu average Nusselt number
p pressure, N/m2

q heat transfer rate per unit tape length, W/m
Re the Reynolds number
S pitch of louvered strip, m
T temperature, K
u flow velocity in x direction, m/s
v flow velocity in y direction, m/s

w flow velocity in z direction, m/s

Greek symbols
a slant angle (�)
b field synergy angle between the flow and temperature

gradient fields (�)
h field synergy angle between the flow and pressure gra-

dient fields (�)
q density of air, kg/m3

k thermal conductivity, W/m K
e turbulent dissipation rate, m2/s3

Subscripts
0 plain tube
m mean
w wall
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and helical screw-tape [14–16], etc. were proposed and investi-
gated. Additionally, many other kinds of tube inserts were also de-
signed and studied, such as coiled wire turbulators [17–19],
circular rings [20], porous medium inserts [21,22], louvered-ring
turbulators [23–25], conical strip inserts [26], etc. Some research-
ers even adopted the combination of two enhancement techniques
[27–29].

Recently, Eiamsa-ard et al. [30] developed a louvered strip insert
which looks like a leaf, only that the strip is planar. They experi-
mentally investigated the effects of forward and backward arrange-
ments, and inclined angle on the thermo-hydraulic performance of
turbulent water flow. The results showed that the performance
evaluation criterion (PEC) was around 1.17–1.98 for backward
arrangement, and 1.11–1.8, for forward arrangement. However,
they did not investigate the effect of the pitch of the louvered strip
inserts. Also, the thermo-hydraulic performance of turbulent gas
flow has not been reported yet. Therefore, in the present paper,
we investigate the heat transfer and flow resistance characteristics
of turbulent air flow in a circular tube fitted with the louvered strip
inserts through numerical simulation. Our main attention will be
paid to the effects of two parameters, i.e., the slant angle and pitch
of the louvered strip inserts.
2. Numerical modeling

2.1. Physics model

A schematic of the physical model is shown in Fig. 1. The lou-
vered strip is a planar leaf-shaped turbulator which connects with
a central rod of 1 mm diameter. The length, width and thickness of
the louvered strip are 16 mm, 10 mm and 1 mm, respectively. As
demonstrated in [30], the backward arrangement has a higher
PEC value as compared with that of the forward arrangement.
Thus, we only adopt the backward arrangement in the present
work. The effect of different combinations of the slant angle
(a = 10�, 20� and 30�) and pitch (S = 30, 45 and 60 mm) will be
investigated. The length and inner diameter of the tube are
L = 500 mm and D = 19.6 mm, respectively. The length of the inves-
tigated region is L0 = 300 mm, with an upstream section of
L1 = 100 mm and a downstream section of L2 = 100 mm. Air is se-
lected as the working fluid. Heat conduction in the louvered strips
and central rod is neglected. The thickness of solid wall is also not
considered.
2.2. Governing equations

The problem under consideration is assumed to be three-
dimensional, turbulent and steady. The following assumptions
are made for the derivation of governing equations: (1) the physi-
cal properties of fluid are constant; (2) fluid is incompressible, iso-
tropic and continuous; (3) fluid is Newtonian fluid; (4) the effect of
gravity is negligible. Equations of continuity, momentum and en-
ergy for the fluid flow are given below in a tensor form.

Continuity equation:
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Momentum equation:
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Energy equation:
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In the present study, k–e RNG turbulence model is used as follows:
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where q is the density of air; u, v, w refer to the flow velocities in x,
y, z directions, respectively; cp is the specific heat at constant pres-
sure; k is thermal conductivity; l is dynamic viscosity; k is turbu-
lent kinetic energy; e is dissipation rate; In Eqs. (5) and (6),

leff ¼ lþ lt , lt ¼ qCl
k2

e , Cl ¼ 0:0845, ak ¼ ae ¼ 1:39, C�1e ¼ C1e�
g 1� g

g0

� �
=ð1þ bg3Þ, C1e ¼ 1:42, C2e ¼ 1:68, g0 ¼ 4:377, g ¼ ð2Eij�

EijÞ1=2 k
e, Eij ¼ 1

2
@ui
@xj
þ @uj

@xi

� �
, b ¼ 0:012.

To validate the CFD model, we take the case of Re = 19,692 as an
example, and compare the experimental data in ref. [30] with our
simulation results. The discrepancies of the Nusselt number (Nu)
and overall thermo-hydraulic performance (PEC) are 2.4% and
4.0%, respectively. This verifies that the selection of the RNG k–e
model in our numerical simulation is reasonable.



Fig. 1. (a) Geometry of the louvered strip insert, and (b) schematic of a circular tube fitted with louvered strip inserts.
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2.3. Boundary conditions

The constant heat flux condition is specified on the tube wall.
The enhanced wall function method was adopted for the treatment
of tube wall and surfaces of louvered strips. At the tube inlet, fully
developed flow and temperature boundary conditions are applied.
The inlet velocity and temperature profiles were obtained via the
following scheme. First, we used uniform inlet velocity and temper-
ature profiles for the smooth tube and conducted one computation.
Then, re-computation was performed using the outlet velocity and
temperature profiles of the first time. After several times of compu-
tation applying this approach, fully developed flow and tempera-
ture profiles can be obtained. An example of Re = 24,000 is given
in Fig. 2. From Fig. 2(a) it is clearly seen that the superposition of
velocity profiles at the inlet and outlet of the tube are quite well.
Meanwhile, after subtracting a constant (25.922 K), the tempera-
ture profile at the outlet matches very well with that at the inlet,
as shown in Fig. 2(b).

At the outlet, a pressure-outlet condition is used. On the tube
walls, and the surfaces of the louvered strips and central rod, no
slip conditions are imposed.
Fig. 2. Fully developed flow and temperature boundary conditions applied at the
tube inlet: (a) velocity, and (b) temperature.
2.4. Computation scheme and validation

Fig. 3 schematically shows the meshes generation of the com-
putation domain. Rectangular and triangular cells were used to
mesh the surfaces of tube wall and inserts, respectively; while
for the internal space of the circular tube, tetrahedral meshes were
adopted. Local grid refinement was applied in the boundary layers.
Adaptive grid refinement was also performed in the preliminary
computations. The grid independence has been checked by using
different grid systems and around 2,000,000 grids are employed
to conduct the following computations.

All the above-mentioned equations accompanied by boundary
conditions are discretized using finite volume formulation. In the
equations, the momentum, turbulent kinetic energy, turbulent dis-
sipation rate and temperature terms are modeled by the second-
order upwind scheme. The numerical solution procedure adopts
the ‘SIMPLE’ algorithm. The convergent criterion is set as the rela-
tive residual of all variables to be less than 10�6. The commercial
CFD software package, Fluent 6.3, is used for the numerical
simulation.



Fig. 3. Meshes generation of the computation domain.

Fig. 4. Data verification of the Nusselt number Nu and friction factor f for smooth
tube: (a) Nu, and (b) f.
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To verify the numerical method described above, we compared
the computational results with the well known empirical formulae
for fully developed turbulent flows. From the comparison pre-
sented in Fig. 4, it is seen that the agreement between the CFD re-
sults and empirical correlations are fairly well. Therefore, the
present numerical predictions have reasonable accuracy.
3. Results and discussion

3.1. Calculations of the Nusselt number, friction factor and PEC

After computing the velocity and temperature fields, heat trans-
fer coefficient between the fluid and wall is calculated as

h ¼ q
Tw � Tm

ð7Þ

where Tm is bulk temperature of the fluid:

Tm ¼
R R

0 uTr drR R
0 ur dr

ð8Þ

The Nusselt number and friction factor can be calculated as

Nu ¼ hD
k

ð9Þ
Fig. 5. Variation of the Nusselt number with Reynolds number for different slant
angles. The pitch of the inserts is 30 mm in this case.
f ¼ 2DPD
Lqu2

m
ð10Þ

where um is the mean velocity of the transverse plane in the tube.
DP could be determined by the difference between the mass-aver-
aged pressures at the inlet and outlet of the investigated region.

To evaluate the effect of heat transfer enhancement under given
pumping power, the performance evaluation criterion (PEC) is em-
ployed, as shown in Eq. (1).
3.2. Variation of the average Nusselt number

The variations of the average Nusselt number versus the Rey-
nolds number are shown in Figs. 5–7 for louvered strip inserts with
different pitches. It is noted that the average Nusselt number is
augmented by around 2.45–4.05 times as that of the smooth tube.



Fig. 6. Variation of the Nusselt number with Reynolds number for different slant
angles. The pitch of the inserts is 45 mm in this case.

Fig. 7. Variation of the Nusselt number with Reynolds number for different slant
angles. The pitch of the inserts is 60 mm in this case.

Fig. 8. Variation of the Nusselt number with Reynolds number for different slant
angles and pitches.

Fig. 9. Variation of the friction factor with Reynolds number for different slant
angles. The pitch of the inserts is 30 mm in this case.

Fig. 10. Variation of the friction factor with Reynolds number for different slant
angles. The pitch of the inserts is 45 mm in this case.
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This verifies that the louvered strip has a good effect of heat trans-
fer enhancement. Moreover, some general tendencies can be
drawn from Figs. 5–7. First, the average Nusselt number increases
with the increase of the Reynolds number. Second, the average
Nusselt number increases with the increase of the slant angle of
louvered strip when the Reynolds number and the inserts pitch
are the same. In other words, the larger the slant angle, the higher
the convective heat transfer rate is.

To facilitate examining the effect of inserts pitch on the heat
transfer enhancement, we plot all those data in Fig. 8. From this
figure, one can see that when the slant angle is 30�, a relatively
small pitch has a much better effect on heat transfer enhancement,
which is clearly illustrated by the three red lines in Fig. 8. However,
with the decrease of the slant angle (a = 20�), the impact of inserts
pitch grows not so significant. When a = 10�, the influence of in-
serts pitch becomes very limited, as shown in Fig. 8.

3.3. Variation of the friction factor

Figs. 9–11 depict the variations of the friction factor versus the
Reynolds number for louvered strip inserts of different pitches. It is
noted that the friction factor of the enhanced tube is about 3.9–
16.2 times that of the smooth tube. Contrast with the Nusselt num-
ber, the friction factor decreases with the increase of the Reynolds
number. Moreover, the friction factor increases with the increase
of the slant angle of louvered strip when the Reynolds number
and inserts pitch are the same. In other words, the larger the slant



Fig. 11. Variation of the friction factor with Reynolds number for different slant
angles. The pitch of the inserts is 60 mm in this case.

Fig. 13. Variation of the PEC value with Reynolds number for different slant angles.
The pitch of the inserts is 30 mm in this case.

5210 A.W. Fan et al. / International Journal of Heat and Mass Transfer 55 (2012) 5205–5213
angle, the larger the flow resistance is. This variation tendency is
the same as that of the Nusselt number.

Similarly, for convenience of examining the effect of inserts
pitch on the friction factor, we put all the data of Figs. 9–11 in
Fig. 12. From this figure, one can see that when the slant angle is
30�, a relatively small pitch results in a much larger friction factor,
which is clearly illustrated by the three red lines in Fig. 12. How-
ever, with the decrease of the slant angle (a = 20�), the impact of
inserts pitch is also reduced. When a = 10�, the influence of inserts
pitch is very weak, as shown in Fig. 12.
Fig. 14. Variation of the PEC value with Reynolds number for different slant angles.
The pitch of the inserts is 45 mm in this case.
3.4. Variation of the performance evaluation criterion (PEC)

The variation tendencies of performance evaluation criterion
(PEC) versus the Reynolds number are shown in Figs. 13–15 for
louvered trip inserts of different pitches. From these figures it is
seen that the PEC value lies in the range of 1.60–2.05, which dem-
onstrates that the louvered strip insert has a very good thermo-
hydraulic performance. Different from the Nusselt number and
friction factor, the variation of PEC is not monotonically. In other
words, it first increases with the increase of the Reynolds number,
and then decreases with the further increase of the Reynolds num-
ber. At a moderate Re, the PEC reaches its peak value. Furthermore,
the PEC of a relatively small pitch decreases more quickly when the
Fig. 12. Variation of the friction factor with Reynolds number for different slant
angles and pitches.

Fig. 15. Variation of the PEC value with Reynolds number for different slant angles.
The pitch of the inserts is 60 mm in this case.
Reynolds number is larger than its critical value. Thus, under large
Re conditions, the PEC of the case with a small pitch can drop to a
value less than that of a large pitch, as shown in Figs. 13–15.



Fig. 17. Velocity contours at Re = 24,000: (a) S = 30 mm, a = 10�, (b) S = 30 mm,
a = 20�, (c) S = 30 mm, a = 30�, (d) S = 45 mm, a = 30�, and (e) S = 60 mm, a = 30�.
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To reveal the reason for the non-monotonic variation tendency
of PEC, we examined the plots of Nu/Nu0 and (f/f0)1/3 with Reynolds
number, although not presented here. It is shown that Nu/Nu0

reaches its peak value at a moderate Re, while the variation of (f/
f0)1/3 is very small. Therefore, the variation tendency of PEC is
accordance with that of Nu/Nu0.

Fig. 16 depicts all the data in Figs. 13–15. From this figure it is
clearly seen that when the Reynolds number is small, a better ther-
mo-hydraulic performance can be achieved by using a larger slant
angle (a = 30�) together with a relatively small pitch (S = 30 and
45 mm). However, when the Reynolds number is large, a moderate
slant angle (a = 20�) together with a short pitch (S = 30 mm) should
be selected to obtain a largest PEC value. Meanwhile, the PEC val-
ues of this combination (a = 20� and S = 30 mm) are also relatively
high at low Re. Thus, to achieve a relatively good thermo-hydraulic
performance over the whole Re range, the best parameter combi-
nation should be a = 20� and S = 30 mm.

For comparison, we also present the PEC values of continuous
twisted tape [7] and broken twisted tape [11] in Fig. 16. It is evi-
dent that the PEC values of continuous twisted tape are less than
unity in the turbulent flow regime. Although the thermo-hydraulic
performance has been improved to some extent in the case of bro-
ken twisted tape, the PEC values are still much lower than the
counterparts of the louvered strip insert. This demonstrates that
the louvered strip insert has a very good thermo-hydraulic perfor-
mance in the turbulent flow regime.
3.5. Discussions

The numerical results demonstrated that the heat transfer rate
and flow resistance depend on the parameters combination of the
louvered strip. This is because the fluid mixing, boundary layer dis-
turbing, and convective heat transfer have close relation to those
geometric parameters. Thus, we present the flow and temperature
fields of the case at Re = 24,000 as example to analyze the effect of
the geometric parameters, as shown in Figs. 17 and 18, respec-
tively. From Fig. 17(a)–(c), it is clearly seen that the fluid mixing
and boundary disturbing are greatly intensified when the slant an-
gle of the louvered strip is increased from 10� to 30�. Thus, the flow
boundary layer becomes thinner at larger slant angles. This will re-
sult in a significant increase in the friction factor, as have been
shown in Figs. 9–12. Similarly, due to the good effect of fluid mix-
ing and boundary disturbing at large slant angle, the temperature
field grows more uniform in the core flow region, and the temper-
Fig. 16. Variation of the PEC value with Reynolds number for louvered strip inserts
of different slant angles and pitches. For comparison, PEC values of continuous [7]
and broken [11] twisted tapes are also presented here.

Fig. 18. Temperature contours at Re = 24,000: (a) S = 30 mm, a = 10�, (b) S = 30 mm,
a = 20�, (c) S = 30 mm, a = 30�, (d) S = 45 mm, a = 30�, and (e) S = 60 mm, a = 30�.
ature gradient becomes larger in the boundary layer simulta-
neously. Therefore, heat transfer will be substantially enhanced
and the outlet temperature will be higher at large slant angles of
the louvered strip.

It is well known that flow and heat transfer have interaction on
each other in convective heat transfer processes, therefore, thermal
augmentation has a relationship to the distributions of both veloc-
ity and temperature fields. In the past decade, the field synergy
theory was first proposed by Guo et al. [31–33], further developed
by Tao et al. [34,35] and Liu et al. [36–39], and applied by other



Fig. 20. The field synergy angle (h) between the flow field and pressure gradient
field. The pitch of the louvered strip inserts is 30 mm.
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researchers for heat exchanger optimization design [40]. This prin-
ciple indicates that in a convective heat transfer process, the heat
transfer rate depends not only on the magnitudes of the flow veloc-
ity and temperature gradient (driving force of the heat transfer)
but also on their synergy [31–35]. Similarly, the flow resistance
closely relates to the coordination between the flow field and pres-
sure gradient (driving force of the flow) field [36–39]. Therefore,
synergy angles b and h were proposed to evaluate and help analyz-
ing the thermal and hydraulic performances of a heat transfer pro-
cess. The definitions of those two synergy angles are given in Eqs.
(11) and (12), respectively [31–39].

b ¼ arccos
U � rT
jUjjrTj ð11Þ

h ¼ arccos
U � rp
jUjjrpj ð12Þ

According to the field synergy principle, the better the coordina-
tion between the velocity and temperature gradient fields, the high-
er the convective heat transfer rate is; while the better the
coordination between the velocity and pressure gradient fields,
the lower the flow resistance is. More specifically, a smaller b means
a higher heat transfer rate (a larger Nu); while a smaller h means a
lower flow resistance (a smaller f), providing that those synergy an-
gles are acute angles (i.e., less than 90�).

For the present study, the underlying physics of the effects of
the slant angle on the Nusselt number and friction factor can be
further explained by the field synergy theory. Figs. 19 and 20 give
an example of the synergy angles, b and h, at different slant angles
of the louvered strip inserts when the pitch is 30 mm. It is clearly
shown in Fig. 19 that when the slant angle of the inserts is larger,
the synergy angle, b, is smaller, which implies that a larger Nusselt
number can be obtained. This qualitatively well agrees with the
variation tendency of Nu presented in Fig. 5. The mechanism is that
a larger slant angle can change the flow direction more signifi-
cantly to the radial direction (i.e., produce a larger radial velocity
component), which can disturb the boundary layer more inten-
sively. Similarly, it is evident from Fig. 20 that when the slant angle
of the inserts is larger, the synergy angle, h, is also larger. This im-
plies that the coordination between the velocity and pressure gra-
dient fields becomes worse, which leads to a larger fiction factor.
This is consistent with the variation tendency of f shown in Fig. 9.

Explanation of the effect of inserts pitch is relatively simple.
When the inserts pitch is small, more insert elements could be
added into the investigated region, as shown in Fig. 17(c)–(e) and
Fig. 19. The field synergy angle (b) between the flow field and temperature
gradient field. The pitch of the louvered strip inserts is 30 mm.
Fig. 18(c)–(e). Thus, both the flow resistance and heat transfer rate
will be increased.

As for the PEC value, its variation tendency is more complex.
This is because it depends on the Nusselt number and friction fac-
tor of the enhanced tube and smooth tube simultaneously. In more
details, the PEC value is proportional to the ratio, Nu/Nu0, and in-
versely proportional to the ratio (f/f0)1/3. From Figs. 8 and 12, we
have already known that the Nusselt number and friction factor
are more sensitive to the slant angle than the inserts pitch. There-
fore, comparatively steady and good overall thermo-hydraulic per-
formance is obtained at a moderate slant angle (a = 20�) together
with a small pitch (S = 30 mm).
4. Conclusions

Characteristics of the Nusselt number, friction factor, and per-
formance evaluation criterion of turbulent flow in a circular tube
fitted with louvered strip inserts were investigated through
numerical simulation. The computation results show that the Nus-
selt number is augmented by around 4 times that of the smooth
tube, which confirms that the louvered strip has a good effect of
heat transfer enhancement. The PEC value lies in the range of
1.60–2.05, which demonstrates that the louvered strip insert has
a very good overall thermo-hydraulic performance.

Effects of the geometric parameters of the louvered strip were
examined. The numerical results indicate that: (1) larger slant an-
gle and small pitch can effectively enhance the heat transfer rate,
but also increase the flow resistance. This is due to the higher tur-
bulence intensity; (2) the Nusselt number and friction factor are
more sensitive to the slant angle than the inserts pitch, because a
larger slant angle can produce a larger radial flow velocity; (3)
comparatively steady and good overall thermo-hydraulic perfor-
mance is obtained at a moderate slant angle (a = 20�) together with
a small pitch (S = 30 mm), which is a tradeoff between the heat
transfer enhancement and flow resistance increase.

In addition to those good performances, the louvered strip is
also easy to fabricate. Thus, it is a promising tube insert which
can be widely used in heat transfer enhancement of turbulent flow.
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