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work presents a numerical study on Nusselt number, friction factor, and thermal
performance characteristics through a circular pipe built-in with/without dimples on
twisted tape. The analysis results for a turbulent flow range of 4500<Re<20000 are
obtained with a twist ratio of the strip is 3.0. The analysis is carried for full-length tape
with constant heat flux. The governing equations are numerically solved by a finite
volume method using the RNG k—€ model. The simulation results of Nusselt number
versus Reynolds number of the plain, plain twisted tape and dimple twisted tape tube
with the experimental data give a variation of 4.15%, 3.89%, and 7.65%. The friction
factor of the dimple twisted tape tube is 60 to 70% higher than that of the plain twisted
tube at different Reynolds numbers. The thermal performance factor of the dimple

Keywords: twisted tape and plain twisted tape tube is 30 to 35% respectively higher than that of
Finite volume method; Turbulent flow; the plain tube. Due to thermal performance factor is above unity yields a promising
Friction factor; convection heat transfer;  heat transfer enhancement. By the present study, an optimum geometrical parameter
Dimple twisted tape can be selected for use in heat exchangers.

1. Introduction

A commonly used passive technique to enhance heat transfer is by inserting twisted tapes in
tubes. By inserting twisted tape, a swirl flow will be produced thereby enhancing the heat transfer
coefficient, however, an increase in friction factor is considered a disadvantage of the technique.

Experimental work of Seemawute and Eiamsa-ard [1] on twisted tape found that with less width
of twisted tape insert in a round tube, the pressure drop will be less thereby giving more
augmentation of energy transfer.

Liao and Xin [2] investigated experimentally and found that the Stanton number of the finned
tube was increased up to 5.8 times the smooth tube with continuous twisted tape, while the friction
factor was increased almost 6.5 times the empty smooth tube.
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Yadav and Padalkar [3] conducted a computational investigation of turbulent energy transfer
enhancement characteristics of fluid flow inside a circular tube with a partially decaying and partially
swirling flow. More energy transfer was provided by the flow in the induced tube than that in the
plain tube.

Chiu and Jang [4] conducted numerical and experimental studies on thermo-hydraulic
characteristics inside a circular tube with longitudinal strip inserts (both with hole and without holes)
and twisted tape inserts at three different angles (“15.3°", 24.4°" and 34.3°") and found “heat transfer
coefficient and pressure drop in the tube with longitudinal strip inserts were higher than a plain tube.
The coefficient of heat transfer and pressure drop were respectively 13-28 percent and 140-220
percent higher than those of the plain tubes.

Abed et al., [5] has numerically studied the characteristics of heat transfer and friction factor for
various twisted tapes (V-cut) and (PTT) inserted within a horizontal tube, with twisted ratios (TR=4.0
& 6.0). Abed et al., [5] the following conclusions are therefore drawn. The use of twisted tape
enhances the intensification of energy transfer. A better heat transfer increase than that of the (PTT)
with all twisted ratio values is given by the V-cut twisted tape.

The physical behavior of thermal and fluid flow in a tube with loose-fit twisted tape in a turbulent
flow regime has been published by Eiamsa-ard et al., [6]. The effect of the clearance of the twisted
tapes energy transfer characteristics between the edge of the tape and the wall of the tube is
investigated numerically by applying the various turbulent models at two different twist ratios of 2.5
and 5.0. The result of the simulation showed that the twist with the lowest clearance ratio provided
the highest heat transfer intensification and the highest thermal efficiency index.

Promvonge and Eiamsa-ard [7] used combined inserts of conical ring and tape insert to intensify
the heat transfer. Chang et al., [8] used a broken twisted tape inserts to analyze heat transfer
characteristics of pressure drop and Nusselt number. The effect of TT in the smooth tube was studied
in various configurations like conventional, and found an augmentation of energy transfer and
pressure drop [9,10]. And also, they stated that the heat transfer coefficient and friction factor also
increased.

Salman et al., [11] conducted numerical investigations using CFD simulation of heat transfer and
friction factor characteristics in swirling flow conditions. The tube fitted with quadrant-cut twisted
tape (QCT) were significantly increased with a decrease in twist ratio and cut depth. In addition, the
QCT insert configuration with a twist ratio of 2.93 and a cut depth of 0.5 cm produces a higher rate
of heat transfer than other twist ratios.

Eiamsa-ard et al., [12] studied influences of straight delta winglet(S-DWT) and oblique delta—
winglet (O-DWT) twisted tape for various wing cut depth ratios. O-DWT was found more efficient
than S-DWT, leading to an improvement in the rate of heat transfer.

For the turbulent flow range 4000< Re< 20,000, Sarviya and Fuskele [13] experimentally
investigated heat transfer and pressure drop effects in a circular tube inserted with continuous
rectangular cut edges of the twisted tape with twist ratios 5 and 3. Compared to plain tubes, an
increase in the heat transfer rate along with the friction factor is observed by reducing the twist ratio.
The heat transfer rate is improved by twisted tape inserts with continuous rectangular cut edges for
twist ratios 5 and 3 by 2.21 and 2.23 times that of plain tubes and 1.63 and 1.42 times that of
conventional twisted tape. The effects of twisted tape in various configurations such as clockwise
and counter-clock wise, regularly spaced dual, perforated, and even short length were studied and
most of the studies showed energy transfer intensification and pressure drop with different inserts
were recorded [14-17].

One of the key passive techniques which can increase the heat transfer rate is the twisted tape
(TT) insert. There are numerous types and configurations of TTs which researchers have widely
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studied in fluid flows, including turbulent and laminar flows [18]. Using TTs in a channel usually
contributes to a high rate of heat transfer and a decrease in pressure at the same time. The thickness
of the thermal boundary layer that goes lower when the TT is used is the cause of the increased heat
transfer. So, this small, viscous sub-layer makes the transfer of heat very important. The increased
pressure drop is also due to blockage of flow, greater contact surface area with long flow direction,
and even the swirl flow effect leads to higher turbulent intensity [18].

It can be inferred from the review work of Maradiya et al., [19] that the increase in heat transfer
occursin all cases due to a reduction in the region of the flow cross-section, an increase in turbulence,
and tangential flow formed by different types of inserts. The heat transfer enhancement is
significantly influenced by geometrical insert parameters such as width, length, twist ratio, etc. In the
case of multiple twisted tapes, twist direction is also an important parameter, because the counter-
swirl flow performs better than the co-swirl. The function of inserts is more important in the laminar
flow than in turbulent flow in increasing turbulence strength. Therefore, wire coil inserts are used to
enhance heat transfer in a turbulent flow.

Experiments performed by Vashistha et al., [20] for single twisted tape, co-swirl, and counter-
swirl centered double twisted tape and four co-swirl and counter-swirl centered twisted tapes. The
counter-swirl performed better than the co-swirl and the four twisted tape performed better than
the double and single twisted tape, they concluded.

The effect of artificial roughness on heat transfer enhancement was studied by Garcia et al., [21].
In a circular tube fitted with ball turbulators at a Reynolds number range of 5000-35000, the heat
transfer and friction factor characteristics of turbulent water flow are investigated by Yuan et al., [22]
through numerical simulation and the Nusselt number increases and the friction factor decreases as
the number of Reynolds increases in a tube with BTs. For an improved tube, the Nusselt number is
about 1.26-2.01 times as much as that of the plain tube, while the friction factor raises sharply by
about 3.74 to 10.27 times.

To test the thermal-hydraulic efficiency of a turbulent single-phase flow inside a tube fitted with
a square cut twisted tape (STT), a numerical solution was performed by Wijayanta et al., [23]. Also
researched for contrast was the classically twisted tape (CTT) insert. As the K- the renormalized
turbulent model was used for the Reynolds number range of 8000-18000 with water as the working
fluid, different twist ratios of 2.5, 4.5, and 6.5 were investigated. The empirical results revealed that
the tube fitted with the STT with the twist ratio of 2.5,4.5 and 6.5 resulted in an improvement of
45.4-80.7 percent and 2.0-3.3 times respectively in the values of Nusselt number and friction factor
in the inner tube relative to the plain tube (PT). In comparison maximum, the thermal efficiency of
1.23 was achieved.

Juera-ong et al., [24] have been investigated the heat transfer and flow characteristics of a single
row of orifice jets on boundary layer on a flat plate by dividing in to two parts and their results showed
that increasing momentum flux ratio can enhance heat transfer significantly.

Japar et al., [25] numerically investigates the effects of hydrodynamic entrance on heat transfer
and fluid flow for 100-800 Reynolds number at constant heat flux. And their result reveals that hydro
dynamic and heat transfer increases as Reynolds number increases.

Yusof et al., [26] investigates numerical stagnation point flow and radiative heat transfer of a non-
Newtonian fluids through slippery Riga plate with the effects of thermal radiation, magnetic field,
velocity and thermal slip, and viscous dissipation. And they have been found that temperature
decreases when the velocity slip parameter and thermal slip parameter are increased.

Harish et al., [27] have been numerically investigated flow field in order to augment heat transfer,
through a circular pipe built in with and without Dimples on twisted strip. And their result showed
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that the Dimple twisted tape and plain twisted tape tube is 4 to 15% and 3 to 12 % respectively higher
than that of plain tube in terms of thermal performance factor.

However, the above-mentioned studies focused on thermo-hydraulic characteristics of plain
tubes and twisted tubes only. And also, there appeared only a few studies were concerned with the
comparisons of thermal performance factor and friction factor of PT, PTT, and DTT. This research
aims to investigate the thermo-hydraulic characteristics of the turbulent flow for PT, PTT, and DTT
were checked in the present work with the experimental results of Seemawute and Eiamsa-ard [1],
Gnielinski correlation, and the Kidd correlation. By the present study, an optimum geometrical
parameter can be selected for use in heat exchangers.

2. Methodology
2.1 Description and Assumption of Model

The geometry of the flow domain is as shown in Figure 1; pipe length is 1000mm with an ID of
19mm the thickness of the strip is Imm. The single twisted ratio of the strip is 3.0 and the domain of
full-length tape has been chosen. The numerical analysis will be validated with the experimental work
of Seemawute and Eiamsa-ard [1] which is one of the sources.

2.2 Model Geometry
The various geometry was used for analysis shown in Figure 1 has the dimension of length
1000mm, internal diameter 19mm. The full-length twisted tape has been selected for analysis which

has a thickness, pitch, and width of 1, 54, and 18mm. Further to intensify heat transfer dimples are
provided on the strip which is as shown in Figure 2.

t
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“ﬁ ke Y I : |
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Fig. 1. The geometry of flow domain PTT

Y/w=3.0, LR=1, D=19mm, W=18mm, y=54mm.
The geometry of DTT is shown in Figure 2 with a Diameter of Dimple is10mm and the Pitch of the
dimpleisy.

EE T D

Fig. 2. The geometry of Dimple Twisted Tape DTT

2.3 Governing Equations and Boundary Conditions
Continuity equation

V.V =0 (1)
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Momentum equation

%w. (pVV) =-Vp + V. u(VV) (2)
Energy equation

pCp (S +V.VT) = V. (k.VT) (3)

Turbulence kinetic energy and equation for Renormalization group k—€ model is given in Eq. (4)

9 9 9 ok
3¢ (Pr) + 5 - (prewy) = - [ak.ueffa_xj)] + Gy + Gp - pe (4)

J

For dissipation ¢

d a ] o¢ . g2
7t (pe) + ox; (peu;) = . [as.ueff a_xj )] + Cls;(Gk + C3:Gp )~ Coep 7 (5)

j

Each region of the domain has been specified with boundary conditions. The internal region has
been specified as the fluid domain.

The boundary condition for wall
U, V=0, 0 and g=wai
At the inlet of the pipe is
U=Uin, V=0, T=Tin
A fully developed flow has been specified at the outlet with P=0.
Nu=hD/k (6)
The non-dimension number
Re= pUD /i (7)
2.4 Grid Resolution

To obtain high accuracy of numerical results grid independence test was conducted, four different
grids were used for each domain as shown in Table 1. The temperature at the exit of the domain has
been chosen as the variable for the grid independence test for Reynolds number 20000. Results of
temperature for grid resolution test of the plain tube as shown in Table 1 for PT, there is a variation
of 2.12%, 3.0%, and 3.1% in comparing the values of temperature obtained in the grids with the total
number of cells 476372, 524705 and 553621 respectively with the grid with the number of cells

438509. Cells 596230 give the variable output of temperature at outlet less than cells 553621. Hence
cells 553621 have been optimized for analysis. For PTT Figure 3 indicates a variation of 2.8%, 3.4%,
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and 4.0% in comparing the values of temperature in the grids the number of cells 563472, 1036053,
and 1223856 respectively with the grid with the number of cells 523085. The cells 1282560 give the
variable output of temperature less than cells 1223856. Hence cells 1223856 have been optimized
for analysis.

Table 1
Grid resolution study
Domain Number of cells
PT 438509 476372 524705 553621 596230
PTT 523085 563472 1036053 1223856 1282560
335
\/ T30 \/
325
m— CELL 523085
= 320
.E. m— CELL 563472
313 CELL 1036053
310 —— CELL 1223856
305 e CELL 1282560
b T |

o

-0.01 -0.008 -0.006 -0.004 -00021.2E-17 0002 0004 0006 0008 001

r{m)
Fig. 3. Results of temperature for grid resolution of PTT tube

3. Computational Results and Discussions

Results of Nu obtained for RNG k—s model and friction factor f, for PT, PTT, and DTT tube is
compared with experimental data of Seemawute and Eiamsa-ard [1], correlation of Gnielinski (PT)
and Kidd (PTT). Effect of PTT, DTT inserts on energy transfer, and friction factor is reported in the
present section.

The Gnielinski correlation is given as

f
=)(Re—1000)P

= —a)Fe1000rr (8)
1+12.7(f/8)2(Pr3-1)

The Kidd correlation is defined as

1.1 0.7 0.2 0.8
— 08p,.04| Y _ Tp D/ \055 m+2-268/D w
Nu = 0.024Re®®Pro4 [ [ [1 4+ P/ ]x[ = ] [1‘[—%’5] ()

The friction factor is obtained from the Petukhov correlation for the plain pipe is given in Eq. (10).

f=(0.790 In Re-1.64)2 (10)
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The results of the experiment of Seemawute and Eiamsa-ard [1] and, Gambill and Bundy
correlation were used for the validation of the friction factor of the tube induced with PTT and DTT
as shown in Figure 5. And The Gambill and Bundy correlation is given as Eq. (11).

_o2 [m+2-26/D L8 2 12 0.0525[20001081 [r4+2-25/p]%388 [ = 1762
f = 0046Re ' _46 _48 + 1.31 Re _48 _46 (11)
220
200
180 m—Seemawute and
160 Eiamsa-ard
% 140 e BT T st lation )
120
Kidd
100
80 e T Simulation)
60
Q 4000 8000 12000 16000 20000
Re
Fig. 4. Nu vs. Re, Validation of simulation work with experiment and correlation
work
0.45
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0.25
[T
0.2
0.15 '-.\ DOTT{simulation)
0.1 _\t
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e Gamibill @and Bundy
a
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Fig. 5. Friction factor vs. Re Validation of simulation work with experiment and
correlation work

3.1 Effect of PTT and DTT
Figure 4 and Figure 5 indicate validation of PTT, DTT simulation work with experimental work and
correlation. The Nusselt number of (PT) correlates with the experimental performance of Seemawute

and Eiamsa-ard [1] With a maximum deviation of 4.15 percent, but with a maximum deviation of 6.10
percent following the Gnielinski correlation. The Nusselt number has a maximum deviation of 3.89
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percent compared to the experimental data for PTT insert [1]. A maximum deviation of 7.54 percent
is provided by its agreement with the Kidd correlation (PTT).

The Nusselt number for DTT inserts has a maximum variance of 3.5 percent relative to Kidd
correlation (PTT), but it is in line with experimental findings Seemawute and Eiamsa-ard [1] with a
7.65 percent overall deviation.

3.2 Effect of Friction Factor

Simulation results of PTT fairly predict Gambill and Bundy correlation from around Re=5000 to Re
=8000. The value of friction factor is higher at low Reynolds number because momentum overcomes
the viscous force of fluid as Reynolds number increases. Above Re=8000 the simulated (PTT) match
with experimental results of Seemawute and Eiamsa-ard [1] with a maximum deviation of 5.15% but
it is in agreement with the Gambill and Bundy correlation with a maximum deviation of 5.10%.

The friction factor versus Re number of PTT, DTT, Seemawute, and Eiamsa-ard [1] (Experiment)
and Gambill and Bundy correlation work are shown in Figure 5, with the increase of Re number
friction factor tends to decrease. It is observed that any insert within a tube when compared with
plain tube there is a trend of reducing friction factor with increasing Reynolds number this is due to
blockage of flow and thereby reducing the momentum of flow. The dimples on the twisted tube will
have high friction over the plain tube. The presence of a dimple on the tube causes fluid disturbance
increasing pressure. The friction factor of DTT is 60 to 70% higher than that of PTT at different
Reynolds numbers.

3.3 Velocity Contour

To understand flow physics Velocity of flow at selected locations is shown in Figure 6 for plain
tube, twisted tape tube and dimple twisted tape tube. The location of 0.7(frame c) in the DTT in
Figure 6(C) increases the swirl and the magnitude of the velocity in this region higher than that in the
upstream regions, the domain for plain tube maximum velocity is induced at the center of the pipe
and diminishes has it move towards the wall of the pipe. Indicating flow is fully developed at this
location. The velocity for a plain tube is the same at all locations we can observe from Figure 6(A).
Velocity is the same at all locations for a plain tube. When the plain twisted tape and dimples on
twisted tape are induced velocity will increase than that of the plain tube due to the swirl of flow
generated.

(A) :
3:0 17e-001
1.008e.001
©0.000e+000
[m s~-1]
(a) (b) (c)
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Fig. 6. Contour plot of velocity for PT(A), PTT(B) and DTT(C) tube for Re=20000 at axial location (a)
0.5m, (b) 0.55m, (c) 0.7m

3.4 Temperature Contours

The temperature contours for plain, twisted tape, and dimple twisted tape tube at different
locations for Reynolds number 20000 as shown in Figure 7. The temperature contours for a plain
tube are the same at all locations. Due to inserts which causes fluid to undergo mixing thereby
increasing the temperature at all locations when compared with a plain tube. Due to the absence of
DTT, there is a decrease of temperature of around 8.5% in the plain twisted tube when compared
with dimple twisted tape tube. In Figure 7(B), the temperature contours at different locations for
twisted tape tube is 6.5% higher than that of plain tube Because of an insert of strips causes flow
disturbance which gives rise to augmentation of energy transfer. Due to the presence of dimples on
strips, a small amount of surface area will increase and also disturbance to the flow field hence at an
axial location of 0.7m (Figure 7(C) (Frame c) the temperature is found to be 1.5% to 2.0% higher than
upstream axial locations of 0.5m (Figure 7(C) (frame a) and 0.6m (Figure 7(C) (Frame b).

(A)

(a) (b) ()
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Fig. 7. Temperature contour plots PT(A), PTT(B) and DTTT(C) for Re=20000 at axial location (a)
0.5m, (b) 0.55m, (c) 0.7m

3.5 Effect on the Thermal Performance Factor

The implication of inserts in the tube on the thermal performance factor is shown in Figure 8. The
increase in heat transfer rate yields the highest thermal performance which is obtained for dimple
extrusion on twisted tape. However, all inserts are yielding thermal performance above unity which
gives rise to the intensification of heat transfer. It is observed that the thermal performance of the
induced tube that is PTT and DTT are above unity. It compares the thermal performance of plain tube
and induced tube with same pumping power and is mathematically given by Eq. (12)

1 = Nu/Nuy, (f/fp)*/? (12)

105

THERMAL PERFOR
(=]
-]
L
=]
|

075
4000 6000 2000 10000 12000 14000 16000 18000 20000
Re
Fig. 8. Effect of PT, PTT, and DTT on thermal performance

factor vs. Reynolds number
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4. Conclusions

The following conclusion can be drawn from the present analysis.
I. The DTT tube presents better heat transfer intensification than PTT and PT.

Il. The rate of heat transfer is always higher for full-length TT pipe with dimples than that of
PTT.

Ill. The simulation results of Nusselt number versus Re number of the PT, PTT, and DTT with
the experimental data gives a variation of 4.15%, 3.89%, and 7.65%.

IV. Thermal performance factor for PTT and DTT is greater than unity leads to enhancement
of heat transfer.
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