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Our previous study has demonstrated that the conical strip inserts have a good thermo-hydraulic
performance in the tubular turbulent flow regime. This paper investigates its thermo-hydraulic perfor-
mance of laminar flow numerically. Effects of some geometrical parameters are studied. Computation
results show that the average Nusselt number of enhanced tube is augmented by 3.70e5.51 times
(average Nu ¼ 16.15e24.05), while the average friction factor increases by 5.31e14.77 times (average
f ¼ 0.59e1.51) those of plain tube. The values of performance evaluation criterion (PEC) range between
1.17 and 2.97. Numerical results indicate that larger strip size (characterized by a geometry angle),
smaller strip-wall gap and smaller strip pitch can effectively enhance the heat transfer rate, but also
increase the flow resistance. The impact of slant angle depends on the magnitude of Reynolds number.
Moreover, it is shown that the Nusselt number and friction factor are sensitive to the geometry angle,
while the most sensitive factor of PEC value is the strip pitch. Relatively high PEC value is obtained at
a parameter combinationwith small slant angle, strip-wall gap, strip pitch, and moderate geometry angle
(a ¼ 30�, d/D ¼ 0.10, s/D ¼ 1.5, b ¼ 60�) among all the investigated conditions.

� 2012 Elsevier Masson SAS. All rights reserved.
1. Introduction

Heat exchangers play significant roles in various industrial
fields, such as power generation, air conditioning, and petro-
chemical industry, etc. Development of heat transfer augmenta-
tion has been highlighted for decades, because it could reduce
energy consumption, save materials, etc. Researchers have made
many contributions to technique development for heat transfer
enhancement [1]. Thermal augmentation techniques are usually
divided into two categories, i.e., passive technique and active
technique, according to whether extra power is needed besides the
power for fluid flow. The passive techniques are more widely used
in practical application as no extra power is needed. Various tube
inserts such as the twisted tapes, conical rings, porous media
inserts, etc. [2], fall into this category. Many tube inserts could
enhance the heat transfer rate because swirls are generated in tube,
which facilitate disturbing thermal boundary layer and intensifying
fluid mixing. However, thermal augmentation is often accompa-
nied by the increment of flow resistance. Therefore, enough
attention should be paid to the variation of flow resistance in
developing thermal augmentation techniques.
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Up to now, numerous types of tube inserts have been developed
[3]. For example, wire coil inserts are efficient in turbulent thermal
augmentation by disturbing the fluid in the viscous sub-layer and
log layer near the wall. Twisted tapes are most widely used for
thermal augmentation of laminar and turbulent flow, because the
inserts can generate spiral flow, which effectively facilitates the
mixing of fluid, as well as disturbing thermal boundary layer [4e7].
In addition, twist tapes have other advantages, such as steady
performance, simple configuration, easy assembly/disassembly.
Based on conventional twisted tapes, developments have been
made for better performances, such as segmented twisted tapes
[8,9], broken twisted tapes [10], serrated twisted tapes [11], helical
screw tapes [12e14], and center-cleared twist tape [15].

Conical ring is another type of tube inserts for heat transfer
augmentation. Effects of the pitch and diameter, as well as the
arrangement of conical rings were experimentally investigated in
turbulent flow. Despite of the substantial increase of the flow
resistance, the enhancement efficiency of conical rings could
exceed unity [16e18]. Moreover, modifications have been studied
for better performances [19e21], for example, cut-out conical rings
[19], combination of conical-nozzle and swirl generator [20],
combination of conical-ring and twisted-tape [21], etc.

Recently, Eiamsa-ard et al. [22] developed a louvered strip
insert. They experimentally investigated the effects of forward and
backward arrangements, and inclined angle on the thermo-
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hydraulic performance of turbulent water flow. The results showed
that the performance evaluation criterion (PEC) was around
1.17e1.98 for backward arrangement, and 1.11e1.8, for forward
arrangement. More recently, Fan et al. [23] performed a numerical
study on the thermo-hydraulic performance of turbulent airflow in
a circular tube fitted with louvered strip inserts. The results show
that the Nusselt number is augmented by 2.75e4.05 times as that
of the smooth tube. The value of performance evaluation criterion
(PEC) lies in the range of 1.60e2.05, which demonstrates that the
louvered strip insert has a very good overall thermo-hydraulic
performance.

In our previous study [24], a conical strip insert was developed
for thermal augmentation, and a good thermo-hydraulic perfor-
mance was shown in the turbulent flow regime. In the present
work we are about to investigate its performances in the laminar
flow regime through numerical simulation. Main attention will be
paid to the effects of some geometrical parameters, such as
the slant angle (a), geometry angle (b), dimensionless strip-wall
gap (d/D) and strip pitch (s/D).

2. Numerical modeling

2.1. Physics model

Fig. 1 schematically shows the enhanced circular tube fitted
with conical strip inserts. Those strips are uniformly arranged with
two strips as a group and connected to a central rod. The inner
diameter, D, of the tube is 20 mm. The conical strip is a part of
a cone surface, whose dimension is characterized by a geometry
angle, b (¼30, 45, 60 and 90�). The dimensionless strip-wall gap,
d/D equals to 0.10, 0.15, 0.20 and 0.25. The angle between the
conical strip and central rod is defined as slant angle, a (¼30, 40 and
50�). The strip pitch is normalized by tube diameter, s/D (¼1.5, 2.25
and 3.0). Air at the ambient condition acts as the working fluid.
Tube wall thickness is not considered and heat conduction in the
central rod is also neglected. Heat conduction in the strips (thick-
ness of 1 mm) and convection heat transfer between the strips and
fluid are taken into account. The material of the conical strips is
stainless steel.

2.2. Governing equations

The following assumptions are made during the numerical
modeling:

1) The strip insert is stiff. Thus, the deformation and vibration are
neglected;

2) The flow is stable, fully developed;
3) The fluid is continuous, Newtonian, incompressible, isotropic,

and with constant physical properties;
4) The influences of gravity and viscous heating are negligible.

The three-dimension stable incompressible flow and heat
transfer model is used for the numerical study. The conservation
equations, including continuity, momentum and energy equations
Fig. 1. Schematic of the enhanced t
in the Cartesian coordinate system are presented below in a tensor
form.
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where T and p are fluid temperature and pressure, u is fluid velocity
vector; r and cp are fluid density and specific heat at constant
pressure; l and m are thermal conductivity and viscosity,
respectively.

2.3. Computation region, mesh and boundary conditions

Under the assumption that the flow is fully developed, and to
reduce the computation load, only a quarter of the section between
two strips is selected as the computation region and periodic
boundary is specified for it. In addition, it also facilitates the
comparisons between the thermo-hydraulic performances under
different conditions by using the concept of periodic flow
boundary. Gambit 2.3, the preprocessor of CFD simulation is used
for geometrical modeling and mesh generation. Fig. 2(a) presents
the geometrical model and it is meshed with unstructured grids, as
shown in Fig. 2(b). Momentum boundaries of all solid walls are of
no slip and no penetration. In order to obtain an approximately
constant temperature increase of the fluid under different inlet
flow velocities, we set the heat flux on the tube wall to be
proportional to the Reynolds number.

2.4. Computation scheme and validation

Three dimensional double-precision version of Fluent 6.3 is used
as the solver. All above-mentioned equations accompanied by
boundary conditions are discretized with finite volume formula-
tion. The momentum and energy terms are treated with the
second-order upwind scheme, while the pressure term is treated
with standard scheme. Numerical computations are done with
pressure-based solver. Pressure and velocity are coupled with the
‘SIMPLE’ algorithm. The convergent criterions are set as: relative
residual of 1E-5 for both continuity and momentum and 1E-8 for
energy. Mesh independence was checked by using three sets of
grids (100,000, 150,000 and 330,000). The relative difference
between the computation results of the latter two was within 3%.
ube with conical strip inserts.



Fig. 2. Mesh generation of a cycle for the enhanced tube with conical strip inserts. (a)
Geometrical model and coordinate system; (b) meshes.
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Thus the grid system of 150,000 was adopted in the final
computations.

To validate the numerical method described above, plain
circular tube with a diameter of 20 mm is modeled with uniform
heat flux imposed on the wall under laminar flow condition. The
computed Nusselt numbers and friction factors are compared with
those of the well-known theoretical formulas, i.e., 4.364 and 64/Re
for Nusselt number and friction factor, respectively. The compari-
sons are presented in Fig. 3, which demonstrate the computation
results are in a good agreement with theoretical values (relative
discrepancy within 3%). Therefore, it could be assumed that the
present numerical predictions have reasonable accuracy.

In order to find out the critical length for the fully developed
flow, computation was made using a full-length tube with 14 pairs
of strips at Re ¼ 900 as an example [25]. The velocity field is shown
in Fig. 4(a), fromwhich it is clearly seen that the flow becomes fully
developed after 6e7 pairs of strips from the inlet, and the flow
pattern of fully developed flow agrees well with that computed
with periodic model in Fig. 4(b). This verifies that periodic flow
boundary can be adopted in the computations.
Fig. 3. Comparison between the numerical results and theoretical data of Nusselt
number and friction factor of plain tube in the fully developed laminar flow regime: (a)
Nu, (b) f.
3. Numerical results

3.1. Calculation methods of thermo-hydraulic performances

After the convergence, the fields of velocity, pressure and
temperature are obtained, from which thermo-hydraulic perfor-
mances are calculated, including heat transfer rate, flow resistance
and overall thermo-hydraulic performance.

Heat transfer rate is presented in the form of Nusselt number,
Nu, which is calculated as

Nu ¼ hD
l

(4)

here h is the convective heat transfer coefficient at tube wall and it
is calculated as

h ¼ q
Tm;w � Tm;f

(5)

where q is the heat flux of tube wall, Tm,w and Tm,f are the mean
temperatures of tube wall and fluid, respectively. In the cylindrical
coordinate system, they are calculated as

Tm;w ¼ 1
A

ZA
0

TwdS (6)
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where Tw and Tf are the temperatures of tube wall and fluid,
respectively. ux is the axial velocity of cross section, and A is the
surface area of tube wall, while dS is the micro-element of area. The
friction factor, f, is calculated as

f ¼ 2DpD
Lru2m;x

(8)

where um,x is the mean axial velocity of cross section, which is
calculated as

um;x ¼ 8
D2

ZD=2
0

uxrdr (9)



Fig. 4. Contours of X-velocity of different sections at Re ¼ 900 for the full-length enhanced tube and periodic model, the dimensionless strip pitch is 1.5. (a) Full-length tube, (b)
periodic model.
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The widely used performance evaluation criterion (PEC) is
adopted here to evaluate the overall thermo-hydraulic perfor-
mance of the enhanced tube. It is calculated through the following
formula [26]

PEC ¼ Nu=Nu0
ðf =f0Þ1=3

(10)

where Nu and f are the Nusselt number and friction factor of the
enhanced tube, respectively; while Nu0 and f0 are the counterparts
of the plain tube at the same Reynolds number, respectively.

The average Nusselt number, friction factor and PEC value are
respectively defined as their average values over the whole inves-
tigated Reynolds numbers in the current study.
3.2. Variation of the Nusselt number

Fig. 5(a)e(d) demonstrates the effects of slant angle, geometry
angle, dimensionless strip-wall gap and pitch on the Nusselt
number, respectively. It is noted from Fig. 5 that the parameter
combination of a ¼ 30�, b ¼ 90�, d/D ¼ 0.15 and s/D ¼ 1.5 yields the
best heat transfer rate, whose average Nusselt number is
augmented by around 5.51 times that of the smooth tube. This
verifies that the conical strip could enhance heat transfer rate
effectively in the laminar flow regime. Moreover, some general
tendencies can be drawn from Fig. 5(a)e(d). First, the Nusselt
number rises with the increment of the Reynolds number. Second,
the Nusselt number rises with the increment of the geometry angle,
or with the decrement of dimensionless strip-wall gap or strip pitch
when other parameters are fixed. In other words, the larger the
geometry angle, or the smaller the dimensionless strip-wall gap or
strip pitch, the higher the heat transfer rate is. Thirdly, the impact of
the slant angle depends on the magnitude of Reynolds number.
When the Reynolds number is above w500, the Nusselt number of
enhanced tube increases with the increment of slant angle, other-
wise the trend is opposite.
To facilitate comparing the effects of the slant angle, geometry
angle, dimensionless strip-wall gap and pitch on the heat transfer
enhancement, all curves in Fig. 5(a)e(d) are put together in
Fig. 5(e). From this figure, one can see that thermal performance of
the enhanced tube is most sensitive to the geometry angle. For the
conical strip with a ¼ 30�, d/D ¼ 0.15 and s/D ¼ 1.5, a relatively
larger geometry angle has a much better effect on heat transfer
enhancement, and the average Nusselt number is about 24.1 at the
geometry angle of 90�, which is about 40% larger than that of 30�

geometry angle. Moreover, it is also seen that impacts of the strip
pitch and strip-wall gap on the Nusselt number are not as signifi-
cant as that of the geometry angle, but their impacts are relatively
larger than that of the slant angle. When the dimensionless strip
pitch decreases from 3 to 1.5, or the dimensionless strip-wall gap
decreases from 0.25 to 0.1, the average Nusselt number increases by
w30% and 22%, respectively. The impact of the slant angle is rela-
tively weaker, and the average Nusselt number increases by less
than 10% when slant angle changes from 30� to 50�.
3.3. Variation of the friction factor

Effects of the slant angle, geometry angle, dimensionless strip-
wall gap and pitch on the friction factor f and the ratio f/f0 are
depicted in Fig. 6(a)e(d), respectively. Contrast with the Nusselt
number, the friction factor decreases with the increment of the
Reynolds number, while the ratio f/f0 varies in an opposite
tendency. Moreover, it is noted from Fig. 6(a)e(d) that for all the
investigated cases the average friction factor of the enhanced tube
is increased by 5.31e14.77 times that of the plain tube (average
f ¼ 0.59e1.51). In addition, the friction factor f and the ratio f/f0 rise
with the increment of the slant angle or geometry angle, or with the
decrement of dimensionless strip-wall gap or strip pitch of conical
strip when the Reynolds number is the same. In other words, the
larger the slant angle or geometry angle, or the smaller the
dimensionless strip-wall gap or strip pitch, the larger the flow
resistance and flow resistance increment (i.e., f/f0) are.



Fig. 5. Variation of the Nusselt number with Reynolds number for different slant angle, geometry angle, dimensionless strip-wall gap and pitch: (a) b ¼ 60� , d/D ¼ 0.15, s/D ¼ 1.5, (b)
a ¼ 30� , d/D ¼ 0.15, s/D ¼ 1.5, (c) a ¼ 30� , b ¼ 60� , s/D ¼ 1.5, (d) a ¼ 30� , b ¼ 60� , d/D ¼ 0.15, (e) curve pool.
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Similarly, for the convenience of comparing the influence of
slant angle, geometry angle, dimensionless strip-wall gap and
pitch on the flow resistance, we put all the f and f/f0 curves of
Fig. 6(a)e(d) in Fig. 6(e), (f) respectively. From Fig. 6(e), (f) one can
see that the flow resistance of the enhanced tube is most sensitive
to the geometry angle, and a relatively larger geometry angle
leads to much larger friction factor f and ratio f/f0. For the conical
strip with a ¼ 30�, d/D ¼ 0.15 and s/D ¼ 1.5, the average friction
factor f and the ratio f/f0 rise by about 152% and 178% respectively
when the geometry angle increases from 30� to 90�. Moreover,
impacts of the strip pitch and strip-wall gap on the flow resistance
are not as significant as that of the geometry angle, but their
impacts are relatively larger than that of the slant angle. The
average friction factor f and the ratio f/f0 increase by 56.8% and
56.7% when the dimensionless strip pitch changes from 3.0 to 1.5.
As the dimensionless strip-wall gap is decreased from 0.25 to 0.10,
f and f/f0 increase by 30% and 44.6%. The influence of slant angle is
relatively weaker. The variations of average friction factor f and
ratio f/f0 are about 25.6% and 13.5% when slant angle changes from
30� to 50�.

3.4. Variation of the performance evaluation criterion (PEC)

Fig. 7(a)e(d) shows the effect of above-mentioned parameters
on the overall thermo-hydraulic performance of the enhanced tube.
From this figure it is noted that the overall performance of



Fig. 6. Variation of the friction factor f and the ratio f/f0 with Reynolds number for different slant angle, geometry angle, dimensionless strip-wall gap and pitch: (a) b ¼ 60� ,
d/D ¼ 0.15, s/D ¼ 1.5, (b) a ¼ 30� , d/D ¼ 0.15, s/D ¼ 1.5, (c) a ¼ 30� , b ¼ 60� , s/D ¼ 1.5, (d) a ¼ 30� , b ¼ 60� , d/D ¼ 0.15, (e) f curve pool, (f) f/f0 curve pool.
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enhanced tube increases monotonically with the Reynolds number
in laminar flow regime. The PEC value lies in the range of 1.17e2.97,
while the average PEC value ranges from 2.08 to 2.37 for all the
investigated cases, which demonstrates that the conical strip insert
has a good overall thermo-hydraulic performance in the laminar
flow regime.

However, as can be seen from the definition of PEC (i.e., Eq. (10)),
the value of PEC is proportional to Nu/Nu0 and inversely propor-
tional to (f/f0)1/3. Thus, the relation between the PEC value and slant
angle, geometry angle, strip-wall gap and pitch is very complicated.
From Fig. 7(a), it can be seen that the relation between the PEC
value and slant angle is relatively weaker and depends on the
magnitude of Reynolds number. In brief, among the three slant
angles, the case of 30� yields the best average PEC value of 2.32, and
the relative variations are within 3% between each other.
From Fig. 7(b), one can see that the impact of the geometry angle
on PEC value is relatively larger. The maximum relative variation of
average PEC value is about 5% for the four geometry angles.
Moreover, it is seen that despite all the PEC values increase with
Reynolds number, the PEC gradients of various geometry angles
differ a lot and depend on the magnitude of Reynolds numbers. In
general, a relatively larger geometry angle facilitates to yield larger
PEC value at smaller Reynolds number, while a smaller geometry
angle helps to obtain better overall performance at larger Reynolds
number. For the whole Reynolds number range of laminar flow,
strips with a geometry angle of 60� are more likely to obtain larger
PEC value.

It is seen from Fig. 7(c)e(d) that the PEC value rises monoto-
nously with the decrement of dimensionless strip-wall gap and
strip pitch. In other words, the smaller the dimensionless strip-wall



Fig. 7. Variation of the PEC value with Reynolds number for different slant angle, geometry angle, dimensionless strip-wall gap and pitch: (a) b ¼ 60� , d/D ¼ 0.15, s/D ¼ 1.5, (b)
a ¼ 30� , d/D ¼ 0.15, s/D ¼ 1.5, (c) a ¼ 30� , b ¼ 60� , s/D ¼ 1.5, (d) a ¼ 30� , b ¼ 60� , d/D ¼ 0.15, (e) curve pool.
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gap or strip pitch, the better the overall performance is. Moreover, it
is observed from the figure that the maximum relative variation of
average PEC value with dimensionless strip-wall gap is about 5.5%,
slightly larger than that of geometry angle. The variation of average
PEC value with the strip pitch is much more notable. When the
dimensionless strip pitch is changed from 3.0 to 1.5, the average
PEC value is increased by about 10.5%.

Fig. 7(e) depicts all the data in Fig. 7(a)e(d) for the convenience
of comparison. From this figure it is clearly seen that for all the
investigated cases, the best parameter combination is a ¼ 30�,
b ¼ 60�, d/D ¼ 0.10 and s/D ¼ 1.5, under which the largest average
PEC value of 2.37 yields. Moreover, it is observed that larger strip
pitch results in lower PEC value at almost all laminar Reynolds
number. Smaller geometry angle and larger strip-wall gap should
be also avoided at small Reynolds numbers. Furthermore, strips
with a larger geometry angle should not be adopted for the appli-
cation of larger Reynolds number.

4. Discussions

The numerical results demonstrate that the heat transfer rate
and flow resistance of enhanced tube are strongly related with the
parameter combination of the conical strip inserts. The reason is
that these parameters have substantial effects on fluid mixing and
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boundary layer disturbing inside the tube. Thus, we present the
flow and temperature fields of the cases at Re¼ 900 as examples to
discuss the effect of the geometrical parameters.

Fig. 8(a)e(c) and Fig. 9(a)e(c) show the contours of velocity and
temperature fields in the longitudinal and horizontal sections of
enhanced tube for different slant angles, respectively, while Fig. 8(i)
and Fig. 9(i) are the contours of velocity and temperature fields of
the plain tube, whose heat flux of tube wall is 1/3 times that of
enhanced tube. It is clearly seen from Fig. 8(a)e(c) that the fluid
mixing and boundary layer disturbing are greatly intensified by
conical strip inserts, and the intensity increases with the increment
of slant angle. Thus the flow boundary layer becomes thinner and
friction factor increases at larger slant angle, in accordance with
what is shown in Fig. 6(a). Meanwhile, as shown in the horizontal
sections of Fig. 9(a)e(c), the fluid temperature in core region grows
more uniform at larger slant angle, and the temperature gradient
near wall becomes larger. As a result, the heat transfer rate
increases with slant angle, too.

The effects of dimensionless strip-wall gap on the flow resis-
tance and heat transfer rate are analyzed with the contours of the
velocity and temperature fields in the longitudinal and horizontal
sections of enhanced tube, as shown in Fig. 8(a), (d), (e), (f) and
Fig. 9(a), (d), (e), (f), respectively. It is observed that both the flow
and temperature fields are disturbed by the conical strips.
Fig. 8. Contours of velocity magnitude in the longitudinal and horizontal sections at Re ¼ 90
of conical strips is 60� .
Moreover, it could be seen in both the longitudinal and horizontal
sections (i.e., Fig. 9(a), (d), (e) and (f)) that as the strip-wall gap is
reduced, the thermal boundary layers become thinner by more
severe disturbances, and the fluid temperature in core region
becomes more uniform. As a result, the heat transfer rate rises.
Meanwhile, as can be seen from Fig. 8(a), (d), (e) and (f), with the
decrement of strip-wall gap, the flow boundary become thinner,
and bulk flow velocity increases due tomore blocking area of strips.
These will also lead to an increase of the flow resistance.

The contours of velocity and temperature fields in the longitu-
dinal and horizontal sections of enhanced tube are presented in
Fig. 8(a), (g), (h) and Fig. 9(a), (g), (h) for different strip pitches,
respectively. It is clearly seen that the smaller the distance from the
strip, the smaller the disturbance on fluid is. Therefore, with the
increment of strip pitch, both the heat transfer rate and flow
resistance are decreased.

Fig. 10(a)e(d) and Fig. 11(a)e(d) depict the contours of velocity
and temperature fields in the cross section (X/D ¼ 1.4) of enhanced
tube at Re ¼ 900 for different geometry angle, while Fig. 10(e) and
Fig. 11(e) show the corresponding contours of plain tube. It’s clearly
seen that both the flow and temperature fields of enhanced tube
are intensively disturbed by conical strip inserts. With the incre-
ment of geometry angle, the disturbed region expands, and the
temperature field becomes more uniform in core region. Thus, the
0 for different slant angle, dimensionless strip-wall gap and pitch. The geometry angle



Fig. 9. Contours of temperature in the longitudinal and horizontal sections at Re ¼ 900 for different slant angle, dimensionless strip-wall gap and pitch. The geometry angle of
conical strips is 60� .
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heat transfer rate increases. As a result, the temperature of tube
wall is decreased, as shown in Fig. 11(a)e(d). At the same time, the
flow resistance rises as well.

The overall performance of the enhanced tube, which is char-
acterized by the PEC value, is determined by the Nusselt numbers
and friction factors before and after the thermal augmentation.
The relation between PEC value and geometrical parameters is
much more complicated. For instance, larger geometry angle and
smaller dimensionless strip-wall gap and pitch can effectively
Fig. 10. Contours of velocity magnitude in the cross section of X/D ¼ 1.4 at Re ¼ 900 for diff
0.15 and 1.5, respectively.
enhance the heat transfer rate, however they could also increase
the flow resistance. Too large geometry angle results in good heat
transfer rate, but the PEC value is not large because flow resistance
is considerably increased. Too small geometry angle has high PEC
value at large Reynolds number, however, it behaves badly at low
Reynolds numbers because of the small heat transfer rate. Larger
strip pitch and strip-wall gap facilitate lower flow resistance,
however, they yield lower overall performance due to small heat
transfer rate. In summary, for all the investigated cases, the
erent geometry angles. The slant angle, dimensionless strip-wall gap and pitch are 30� ,



Fig. 11. Contours of temperature in the cross section of X/D ¼ 1.4 at Re ¼ 900 for different geometry angles. The slant angle, dimensionless strip-wall gap and pitch are 30� , 0.15 and
1.5, respectively.
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parameter combination of small slant angle, dimensionless strip-
wall gap and pitch, as well as moderate geometry angle, i.e.,
a ¼ 30�, b ¼ 60�, d/D ¼ 0.10 and s/D ¼ 1.5, yields the best overall
performance over the whole investigated Reynolds numbers
range.

5. Conclusions

Conical strip inserts were studied for the laminar thermal
augmentation in a circular tube in the present study. Variations of
the Nusselt number, friction factor, and performance evaluation
criteria (PEC) with the slant angle, geometry angle, strip-wall gap
and strip pitch were obtained through numerical methods.
Computation results show the average friction factor of enhanced
tube is increased by 5.31e14.77 times (average f¼ 0.59e1.51), while
the average Nusselt number is augmented by 3.70e5.51 times
(average Nu ¼ 16.15e24.05) that of the plain tube. The average PEC
value lies in the range of 2.08e2.37. Numerical results indicate that
larger geometry angle, or smaller strip-wall gap, or smaller strip
pitch can effectively enhance the heat transfer rate, but also
increase the flow resistance. The impact of slant angle depends on
the magnitude of Reynolds number. Moreover, it is shown the heat
transfer rate and flow resistance of enhanced tube are most
sensitive to the geometry angle. The influences of dimensionless
strip-wall gap and pitch are secondary, and the slant angle is the
weakest factor. The PEC value rises monotonically with the incre-
ment of Reynolds number. It is most sensitive to the strip pitch,
while the impact of slant angle is the weakest. In brief, relatively
high PEC value can be obtained by the parameter combination of
small slant angle, strip-wall gap and strip pitch, as well as moderate
geometry angle (d/D ¼ 0.10, a ¼ 30�, s/D ¼ 1.5, b ¼ 60�) over the
whole investigated Reynolds numbers.
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