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NUMERICAL EVALUATION OF THERMO-HYDRAULIC PERFORMANCE INDEX OF A
DOUBLE PIPE HEAT EXCHANGER USING DOUBLE SIDED LOUVERED WINGLET
TAPE

R Thejaraju ¥, KB Girisha?, SH Manjunath3, BS Dayananda*

ABSTRACT

The decade has witnessed great importance of numerical techniques for scientists and researchers in deciding
the correctness, stability, and reliability of new designs. In the present study a numerical technique has been
implemented to investigate the thermo-hydraulic performance of the Louvered winglet tape inside the tube section of
the double pipe heat exchanger. The Louvered winglet tape has been examined with the slope angle of 50, 100, 150
and 210 to study their thermal characteristics. The Reynolds number 4000-30000 was examined on slope angle of 50,
100, 150 and 210 to study their flow characteristics in the turbulent domain. A smooth pipe was examined to evaluate
heat transfer characteristics in terms of Nusselt number and friction coefficient over augmented tube with Louvered
winglet tape. The results show a satisfactory performance of Louvered winglet tape over the smooth tube with a similar
trend of friction factor, Nusselt number, and thermo-hydraulic performance index (THPI). The percentage of increment
of the Nusselt number of the results is found to be 237.04%, 258.4%, 275.11%, and 289.72% when compared to smooth
pipe with respect to slope angle of 50, 100, 150 and 210, respectively. The amount of increase in the friction factor in
comparison with plain tube is 5.13, 6.73, 8.33, and 11.73 times of that of smooth pipe with respect to slope angle of
50, 100, 150 and 210, respectively. The Louvered winglet tape with slope angle 150 has shown to be promising with
respect to higher THPI when considering with other slope angle of 50, 100, and 210. The maximum THPI of 1.85 was
obtained for slope angle 150 at Re 12000. Similarly, the THPI values for other slope angle 50, 100, and 210 are 1.71,
1.78 and 1.69. In addition to better performance the Louvered winglet tape can be easily fabricated and adapted for a
wide variety of heat transfer industries.

Keywords: Numerical Technique, Louvered Winglet Tape, Thermo-Hydraulic Performance Index, Slope
Angle

INTRODUCTION

From olden days it was always foreseen from the scientists and engineers that the industries get the best heat
equipment devices for their heat transfer process. Today industries like petroleum, cement, pharmaceuticals, power,
medical devices, cooling solutions, and sustainable energy fields are always looking for optimized heat transfer
techniques to overcome them given task in a better way. So double pipe heat exchanger (DPHE) is one of the simplest
types of heat exchanger which has its application in diverse fields.

For improvising the efficiency of the heat transfer process in the heat exchangers, enhancement techniques
are most welcome in designing the compact heat exchangers, supercritical boilers and chilling plates. Insertion of fins,
tapes, strips, coiled wire, swirl generators, vortex generator, and wire mesh are some of the passive types of
optimization techniques which are adopted by numerous researchers. The main aim of adopting an optimization
technique is to increase the heat transfer (Nusselt number) and decrease the pumping power (friction factor) by creating
the disturbance in thermal and velocity boundary layer.

The Delta winglet type (DWT) tape inserts are one of the unique insertion methods which have found its place
in various applications. The inserts can be manufactured easily with a more economical way with next to the twisted
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tape. Some of the recent works on DWT are the study on thermal performance characteristics of Double-sided Delta-
wing Tape Insert by Smith[1] showed that the heat transfer increase with the increase in wing-width ratio and decrease
in the wing-pitch ratio, and achieved a maximum thermal performance factor of 1.29 with a forward wing arrangement.
Promvonge [2] 60° winglet pair insert experimented under airflow conditions from Reynolds number 5300-24000. The
variation of enhancement factor was from 1.03-1.31 with respect to different pitch and blockage ratios. The effects of
different arrangement of delta winglet vortex generators (DWVG) was investigated by Aliabadi [3] in comparison with
a plain tube with water as a testing fluid. The maximum performance enhancement criteria (PEC) of 1.41 were achieved
from DWVG class 4 vortex generator. Wavy-ribs vortex generator (VG) by Withada [4] proved to be one of the
augmented method in heat exchanging system with a maximum PEC factor of 1.47-1.52 at Re 3000 for 30° and 45°
ribs.

A new design of DWT by Skullong [5] on air flow had obtained an overall optimization of 1.48 for an
inclination angle of the wing of 30° and pitch ratio 1. Withada’s [6] punched DWVG proved better heat transfer rate
for the laminar flow with an optimization factor of 2.8 for Re 2000 and angle of attack 25°. Staggered-winglet by
Skullong [7] proved to be one of the augmentation technique which has its maximum enhancement factor of 1.71 at
Re 4180, baffle ratio 0.15 and pitch ratio 1. Skullong perforated-Curved-winglet tape[8] investigation reveals that the
maximum PEC is about 1.62 for a baffle ratio of 0.1 and pitch ratio 1. A triple wing VG by Gautam [9] was tested
under a circular tube showcasing a maximum improvement of 1.63 in the overall performance.

Some of the other VG designs which influenced the heat transfer rate and flow friction are winglet VG by
Islam[10,11], punched DWVG by Lei[12], Wijayanta [13], Skullong [14], double-sided DWT by Wijayanta [15,16]
and flow divider type turbulators by Sandeep [17] are some of the recent augmented techniques. A Stepped conical
Nozzle turbulators was designed by Orhan [18] saw an overall optimization of 11% compare to plain tube. Nanofluids
are also used in heat exchanger with augmented techniques to hence to overall performance. Recently, Bayareh [19]
have shown a significant rise in Nusselt number with corrugated tube and Water-CuO nanofluid. Triangular twisted
tape with nanofluids by Pavan Kumar [20] has also that compound method with inserts and nanofluid can result in
better optimization.

Based on the past research it shows that heat transfer can be optimized by modifying the geometric of insert,
provide better recirculation, resulting in proper mixing and increase in the flow path. The VGs and DWTSs are usually
used to produce the vortices and recirculation in a longitudinal direction. The main advantage of louvered winglet tape
insert (LWT) is that the THPI can be increased from 1.35 to 1.85 times over plain tube. The louvered shape was first
investigated as an insert by smith[21] to study DPHE with forward and backward arrangement experimentally, later a
numerical study was carried out by Liu[22] to study its parametric effect of slant angle and pitch in a circular tube.
Recently a comparison study was carried out between different shapes of inserts over louvered shape insert by
Yaningsih[23]. Motivated by the above facts, louvered shape proves to be one of key geometric design to increase the
heat transfer rate. So the current study involves the applications of the louvered shape in winglet tape insert for
augmenting the DPHE in optimizing the heat transfer with reduced pressure drop. The current study aims to investigate
numerically the effect of pressure drop and heat transfer characteristics of the LWT in the DPHE. The study quantifies
the effect of different slant angle of double-sided louvered winglet tape on the heat transfer rate from Re 6000 to Re
30000.

PHYSICAL MODEL

The numerical model adopted for cfd analysis is as shown in figure (1). Where the figure 1(a) shows the cross-
section view of LWT inside a DPHE from the front view and side view. The DPHE has two major sections in its
configuration, namely tube section, and shell section. The working fluid throughout the simulation is air; the hot air
passes in the tube section with LWT and cold air passes at the shell. A counter-flow phenomenon is adopted because
of its uniform temperature difference over the entire length of the flow path between the fluids.
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Figure 1. (a) Section view of DPHE with LWT (b) Geometric details of LWT (c) Side view of LWT at different
slope angle

Figure 1(b) displays the details and arrangement of the LWT inside the DPHE. The investigation of LWT was
carried off with a slope angle of 5°, 10°, 15° and 21°. The isometric view of the winglet tapes shows the pitch length
between two consecutive inserts. The side view of LWT at different slope angle inside the tube is showcased in figure
1(c). The geometric details of the numerical model are listed in table 1.

Table 1. Geometric details of DPHE

Parameter Value Dimension

Tube

Outer Diameter 22 mm

Inner Diameter 20 mm

Length 1200 mm
Shell

Outer Diameter 42 mm

Inner Diameter 40 mm

Length 1200 mm
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The thickness of the tube and LWT insert was maintained at 1 mm throughout. The pitch between two
consecutive inserts on the opposite side is 20mm and on the same side, it is 40mm. A constant pitch was maintained
throughout the analysis. The material used for the tube in the cfd analysis was aluminum. The detail properties of
aluminum and air at different temperature are shown in table 2 and were assumed to be temperature independent.

Table 2. Property details of air and aluminum

TinK p in Kg/m® Cpind/kg | TinW/m- | oinm?s | pinKg/m- |vinm?s Pr
K K s
Hot Air 360 0.9719 1008 0.03024 3.086e-5 2.139%e-5 2.201e-5 | 0.71
Cold Air 300 1.184 1007 0.02588 2.141e-5 1.849e-5 1.562e-5 | 0.72
Aluminum - 2719 871 202.4 - - - -

The flow parameters at the inlet of the shell and tube sections are defined by Reynolds number which can be
defined as:

U;d;
Re — pUidi1 (1)
i

Where, My is the dynamic viscosity of the fluid, d;; is the inner diameter of the tube, U; is the inlet velocity

of the tube and p is the fluid density. The Reynolds number for tube side has been varied from 4000 to 30000 and at
the shell side, it is fixed for 6000. The heat transfer coefficient is determined by the Nusselt Number which defined as:

hidiy
r

Nu = )
Where, T is thermal conductivity of the fluid, d;; is the inner diameter of the tube and h;is the heat transfer

coefficient at the tube. The power lost due to the pumping of fluid through the tube can determine by the friction factor,
which is defined as:

AP
- = 3
= Gueryaran ®)
The pressure drop is evaluated between the inlet and outlet of the tube, which intern predicts the friction
factor.

NUMERICAL METHOD
Cfd technique was used to model the present fluid domain. The technique incorporates mainly three important

governing equations continuity equation, momentum equation, and energy equation. Where the continuity equation
describes the conservation mass, momentum equation describes the conservation of forces and energy equation
describes the conservation of energy (temperature). The governing equations are as follows:

Continuity Equation:

3}
s (pu;) =0 )
Momentum Equation:
S (o) =2 %) _op
0x; ('Duluk) - 0x; (‘uf 0x; 0xy ®)
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Energy Equation:

P 9 (ror
s (pw;T) = P (c_,, 6_xl-> (6)

Where, p is the density of the fluid, u is the mean component velocity, p is the pressure, ps is the dynamic
viscosity of the fluid, Cp is the specific heat, I is the thermal conductivity of the fluid, and T is the temperature. The
subscripts i and k indicate that the direction is towards i and k.

(@)

(b)

Figure 2. () Surface mesh (b) Boundary layer mesh

The numerical problem was solved as a three dimensional, steady-state, incompressible and turbulent heat
transfer flow problem. STAR-CCM+ V13.06 cfd software was used to solve the domain with the above conditions.
Figure 2 (a) shows the polyhedral mesh which is generated over the surface and figure 2 (b) shows the boundary layer
meshing of the domain near the wall and the inserts. The models applied in STAR-CCM+ to solve the fluid domain
are RANS model with realizable k-epsilon two-layer, segregated flow with exact wall distance and segregated fluid
temperature on energy. The segregated solid energy model was used to solve the heat transfer calculations with solid.

Velocity inlet boundary conditions were applied for inlet of tube and shell based on the Reynolds number.
Coupled boundary condition was assigned for the interface boundaries between solid and fluid domains. Pressure outlet
condition was applied for the outlets. Temperature for the hot and cold fluid was assigned as the inlet conditions along
with the velocity. The no-slip condition was applied for the walls and adiabatic condition was applied to the walls
exposed to the outer atmosphere. Surface custom control technique was adopted in STAR-CCM+ for automated grid
generation.
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RESULTS AND DISCUSSION

Usually, the augmented heat exchangers performance is measured by their thermal-hydraulic performance
index. From past studies, the thermal-hydraulic performance index can also be called as enhancement efficiency,
overall thermal enhancement ratio, thermal enhancement factor, thermal performance factor, overall heat transfer
enhancement ratio, and performance index. The value of thermal-hydraulic performance index is important for an
insert and, which wholly depends on friction factor and Nusselt number. For a good insert, the value of thermal-
hydraulic performance index should be always greater than unity. In order to obtain higher values of thermal-hydraulic
performance index the proposed insert should produce maximum Nusselt number with minimum possible pressure
drop (friction factor).
Grid generation and Empirical relations

Based on past research the slope or slant angles of the inserts are selected with respect to the tube diameter
and length of the insert. For the present case, with constant pitch the diameter of tube is 20mm and length of the insert
is 15mm. So the maximum possible slope angle for LWT is 21° beyond which, it was coinciding with the tube surface.
The minimum slope angle of 5° was selected based on the performance of the heat exchanger as below that there was
not much improvement in the thermal-hydraulic performance index. At last the heat exchanger with LWT was
investigated for slope angles of 5°, 10°, 15° and 21°. The maximum slope angle of 21° is chosen for the analysis instead
of 20° because the variations in the value of Nusselt number and friction factor were minimal. The intention was to
observe the performance of LWT at its maximum possible slope angle for different flow conditions.
The grid was generated for four different sizes to examine the independency test of the mesh. The mesh was generated
for slope angle of 5°,10°,15° and 21°at all the Reynolds number varying from 4000 to 30000. Figure 3 shows a sample
case at Reynolds number 12000 with the variation of Nusselt number with respect to different grid size. The grid sizes
which were tested were 1e7, 2e7, 4e7 and 8.5e7. The Nusselt number variation between grid size 4e7 and 8.5e7 was
found to be less than 1%. So the grid size of 4e7 was used for further analysis with different flow conditions.
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Figure 3. Grid independency test at Re =12000
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Nusselt number is one of the dimensionless parameters which is used for measurement of heat transfer
coefficient in heat transferring devices. The Dittus-Boelter and Gnielinski equations are extensively used for
determining the Nusselt number in a smooth tube.

The Dittus-Boelter equation for 10*<Re<5x10°:

Nu = 0.023(Re)*/5(Pr)1/3 @)

Gnielinski equation for 1x103<Re<5x10°:

_ (f/8)(Re-=1000)Pr
Nu = 1+12.7(f/8)1/8(Pr2/3-1)
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Figure 4. Nu Vs Re for smooth pipe

Figure 4 shows the comparison of the Nusselt number of present simulation with Gnielinski and Dittus-
Boelter correlation having a percentage difference of 5.095 and 1.93 respectively. Friction factor with respect to the
Reynolds number is determined by the Blasius and Petukhov correlation in a smooth tube.

The Blasius correlation for 4x103<Re<1x10°

f =0.316/Re'/* 9)
The Petukhov correlation for friction factor is
f= (0.79InRe — 1.64)_2 (10)
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Figure 5 shows the comparison of the friction factor of present simulation with Blasius and Petukhov
correlation having a percentage difference of 4.74 and 0.34 respectively.

Effect of LWT on Thermal Characteristics
The effect of LWT on thermal characteristics has been studied through the value of the Nusselt number. The

variation of Nusselt number with different slope angle and Reynolds number in comparison with a plain tube is
displayed in figure 6. The increase in the Nusselt number results in an increase in temperature distribution inside the
heat exchanger. Results in enhancing the heat transfer coefficient between hot and cold fluids. The Nusselt number
increases with an increase of slope angle 5°,10°,15°% and 21°. The variation of Nusselt number at 21° shows to be almost

near to that of 15° which will be discussed in the latter part.
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Figure 6. Nu Vs Re for LWT

850



Journal of Thermal Engineering, Research Article Vol. 6, No. 5, pp. 843-857, October, 2020

Figure 7 shows the distribution of the temperature between the smooth pipe and enhanced tube with LWT at
Reynolds number 12000 with different x/di; cross-sections. The temperature contours show that a better distribution
of the temperature can be obtained by incorporating the LWT inside the tube. More evenly distribution of temperature
can be seen in the tube with LWT when compared with the smooth tube. The phenomenon of temperature distribution
at different cross-section can be further explained through streamlines contour. Figure 7 shows the streamline contours
for different x/di; cross-section in comparison with smooth pipe and enhanced tube. The streamlines contour shows
that the greater the slope angle is higher the growth of vortices. A smaller slope angle low-intensity vortex can be found
near the corners and high-intensity vortex can be seen at the center region of the pipe. The vortex generated on top
region is seen to reach for greater areas when compared to the vortex at bottom. The vortex on both the sides gets
intensified to larger region when the slope angle increases, including near the corners. Finally the development of the
vortexes inside tube intensifies the heat transfer rate between the two flowing fluids. The percentage of increase of
Nusselt number from the results were found to be 237.04%, 258.4%, 275.11%, and 289.72% when compared to smooth
pipe with respect to slope angle of 5°, 10°, 15° and 21°, respectively.

xd =12.05 xd =24.05 x/d =36.05 xd =598
i il il il

Smooth
Pipe
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Lov s

o
Lov 10

Lov 15

o
Lov2l

Temperature (K)
300.00 30545 310.91 316.36 321.82 327.27 332.73 338.18 343.64 349.09 354.55 360.00

Figure 7. Temperature distribution at Re=12000
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Figure 8. Streamlines at Re=12000

Effect of LWT on Fluid friction characteristics

Figure 9 shows the variation of the friction factor with respect different slope angles of the LWT. It is proven
concept that the friction factor reduces with respect to increase in the Reynolds number. The friction factor increase
with the presence of LWT and this is due to increase of blockage area in the pipe. With the increase in the slope angle
the friction factor also increases at respective Reynolds number. Figure 10 shows the velocity contours of LWT in
comparison with smooth pipe at Reynolds number 12000.
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The blockage area can be easily rectified by figure 10. The velocity contour is very smooth for the smooth
pipe, where else the velocity contour for pipe with LWT shows lot of turbulence and recirculation. The friction near
the wall will increase the friction factor as an increase in pressure drop when compared to smooth pipe. From the figure
10 velocity field intensify with the increase of slope angle up to 15° and reduces at 21°. From the figure 9 it is observed
that the amount of increase in the friction factor in comparison with plain tube is 5.13, 6.73, 8.33, and 11.73 times of
that of smooth pipe with respect to slope angle of 5°, 10°, 15° and 21°, respectively. So the numerical results from
figures 7, 8 and 10 give a clear idea of the physical phenomenon of flow regime.
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Thermo-Hydraulic Performance Index

The LWT inserts enhance the rate of heat transfer with an increase in flow friction. The method proposed by
Webb [21] is generally adopted by researchers to evaluate the performance of a particular insert. Equation 11 shows
the proposed method in its numerical form;

Nu;/Nug

TP =G

(11)

Where it denotes the ratio of Nusselt number to that of Friction factor with respect to the augmented and
smooth tube.

—=—|ov 5

1.99|—e—lov 10
1|—*—Ilov 15
18| lr—lov 21
1.7
% 164
|—
1.5 1
1.4 1
v
13 T T T T v T v T y T : T 3
0 5000 10000 15000 20000 25000 30000

Reynolds Number
Figure 11. Thermo-hydraulic performance index

Figure 11 shows the thermo-hydraulic performance index (THPI) with respect to the Reynolds number. The
analysis was carried out from Reynolds number 4000 as low-30000 as high. From figure 11, the performance of the
LWT at Reynolds number 4000 was found to be lower for all the LWT slope angles. Similarly, the performance of
LWT at Reynolds number 12000 was found to be high for all the LWT slope angles. However the angle of attack 15°
was found to be very superior when compared to other slope angles. The angle of attack 21° was found to be very
inferior when compared to other slope angles. The maximum THPI of 1.71, 1.78, 1.85 and 1.69 was observed at
Reynolds number 12000 for slope angle of 5°, 10°, 15° and 21°.

Comparison with past research works

The thermo-hydraulic performance index of louvered winglet tape has been compared with recent studies on
heat transfer enhancement, namely curved winglet, delta winglet, louvered strip insert, and triple wing vortex
generators. The slope angle of 15° LWT is compared with punched delta-winglet vortex generator[12] of P=2D,
perforated curved winglet tape [8] of d=1.5 mm, louvered strip insert[23] of slant angle 25°, perforated triple wing
vortex generator[9] of f=30% TR =2 and punched delta-winglet vortex generator[14] of Bg=0.3 Pr=2. Figure 12
displays the comparison of LWT with other vortex generators. The maximum THPI of 1.85 is attained at Re 12000 by
LWT with an increment of 16.35%, 24.43%, 28.85%, 32.79% and 40.6% , respectively, PCWT [8], PTWVGI[9], P-
DWVG[14], PDWVG[12] and Louvered strip [23].
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CONCLUSION

The 3D numerical simulation was successfully carried out on LWT with a slope angle of 5°, 10°, 15° and 21°.
The effect of heat transfer and friction coefficient was examined on LWT for Reynolds number and slope angle varying
form 4000-30000 and 5° — 219, respectively. The findings from the current research are as follows:

1. Application of the LWT in the DPHE has resulted in increases of Nu and f. The friction factor is observed to
be in the path of decrement when Reynolds number increases and this trend is followed by different slope
angle of LWT.

2. The maximum value of THPI, friction factor and Nusselt number was found to be at Reynolds humber 12000
for the slope angle 15°.

3. The LWT with slope angle 15° has shown to be promising with respect to higher THPI when considering with
other slope angle of 5°, 10°, and 21°. The maximum THPI of 1.85 was obtained for slope angle 15° at Re
12000. Similarly, the THPI values for other slope angle 5° 10°, and 21° are 1.71, 1.78 and 1.69.

4. The 3D simulations on LWT are shown to be very promising when compares to other DWT of recent trends
and the comparison graph is also shown in figure 12.
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NOMENCLATURE
L length of the test section (mm)
t tube thickness (mm)
d diameter of the inner tube (mm)
D diameter of the outer tube (mm)
P Pitch distance between two consecutive LWT on the opposite side (mm)
P, Pitch distance between two consecutive LWT on the same side (mm)
T temperature (K)
Cp specific heat of working fluid (Kj/kgK)
Pr Prandtl number
Re Reynolds number
Nu Nusselt number
f friction factor
THPI thermo-hydraulic performance index
Nuy LWT Nusselt number
Nug smooth tube Nusselt number
11 LWT friction factor
fs smooth tube friction factor
Greek Symbol
A slope angle of LWT(®) = 5°,10%,15° and 21°
p density of working fluid (kg/m®)
r thermal conductivity of working fluid (W/mK)
a thermal diffusivity of working fluid (m?/s)
u viscosity of working fluid (Pa.s)
v Kinematic viscosity of working fluid (m?/s)
Subscripts
i internal
e external
1 inner diameter
2 outer diameter
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