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ABSTRACT

Twisted tape is a widely used technique for heat transfer enhancement. In the present study, the influences of
centre-trimmed twisted tapes (CTTT) on heat transfer rate, friction factor and thermal enhancement efficiency
were numerically investigated. The centre-trimmed twisted tapes were used as swirl flow generators inside the
circular duct. Investigations were performed in the Reynolds number range of 100 - 5,000 with four different
centre-cleared twin twisted tapes at twist ratio (TR) of H/W = 1.0, 2.0, 3.0 and 4.0. The governing equations are
solved with a finite-volume-based numerical method. A three-dimensional non uniform grid was generated, in
order to critically examine the flow and heat transfer. Results show that the centre-cleared twin twisted tape causes
considerable enhancement of heat transfer when compared with plain twisted tape (TT). The enhancement over
standard twisted tape increases with the increase of Reynolds number. The improved parameter is observed in the

range of Reynolds number below 800 and also above
TR=1.0and 3.0

Re 4000 for all TR, though the best performance is found at
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1. INTRODUCTION

Heat is a form of energy which is transferred whenever
there is difference in the temperature between a system and
its surrounding. The research on heat transfer has been
receiving important attention since long time ago, and has
found applications in several areas such as cooling of
electronic devices, manufacturing systems and solar energy
system.

For long years, research works on twisted tape used for
heat transfer augmentation have been done. Mixing of central
region and wall region fluid are promoted in a heat exchanger
consist of twisted tape. Swirl flow device is one of the
important devices for passive augmentation techniques.
Twisted-tape is one of them. Low heat transfer co-efficient in
tube-side transitional flow of viscous liquid is encountered in
many tubular heat exchangers are very useful in chemical
process industry. The overall heat transfer coefficient is
controlled by the low heat transfer coefficient of transitional
flow in the tube-side. Thus enhancements of inside heat
transfer coefficient result in increasing the overall
performance of a heat exchanger. Several passive and active
techniques that are available for augmentation of laminar

flow heat transfer have been discussed in detail by Bergles
and Webb [1], Bergles et al. [2, 3]. Using twisted tapes is one
of the useful way to augment laminar flow heat transfer since
the augmentation in heat transfer has been found to be much

more than the corresponding increase in pumping power.

Heat transfer increments techniques play an important role
here since heat transfer coefficients are normally low for
transitional flow in plain tubes. Insertion of centre trimmed
twisted tapes as shown in Figure. 1 in tube is one such
augmentation technique. Tape inserts are cheap; they can be
easily inserted to improve the thermal efficiency of the

existing systems.

Also, for a known heat load, smaller heat exchangers can
be manufactured, thereby reducing initial investments. Using
of twisted tapes reduce the dominant thermal resistance of the
viscous stream and reduce the required heat transfer surface
area. However, the thermal efficiency improvements are
accompanied by increased pressure drop. Twisted-Tapes are
inserted in the circular duct leaving some gaps along the
periphery and the corners of the duct cross-section. Full-
length twisted-tape inside a circular duct increases the duct

side surface heat transfer co-efficient of a heat exchanger.
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Figure 1. Circular duct having full-length twisted-tape with
centre trimmed and enlarged cross-sectional view

The rib height and rib pitch influence the heat transfer and
friction characteristics. Integral rib-roughness has been used
for the increasing the tube-side heat transfer coefficient in
low-flow automotive radiators. Farrel et al. [4] tested one
fully-ribbed and two broken ribbed flat radiator tube. They
calculated friction factors for 200< Re <11, 000. However,
the heat transfer coefficients were obtained only for turbulent
flow with Re > 2000. The broken-ribbed tube with the
maximum e/Dh yielded the highest heat transfer coefficient
as well as the highest friction factor. Olsson and Sunden [5,
6] investigated the effect of rib arrangements for different
geometrical tubes. Tubes are being compared by seeing the
flow area and the volume goodness factor. The rib-roughened
tubes showed the best performance than the base case. Saha
and Dutta [7] have observed that, for regularly spaced
twisted-tape elements, the thermohydraulic performance of
twisted tapes with multiple twists in the tape module is not so
different from that with single twist in the tape module.
Twisted tapes uniform-pitch counterparts perform better than
gradually decreasing pitch. Patil [8] researched with varying
width twisted-tape inserts with both friction factor and
Nusselt number is lower than those with full-width twisted
tapes. Saha et al. [9,10] have implemented regularly spaced
twisted-tape elements which are much better than full-length
twisted tapes under certain circumstances. Li et al. [11] have
introduced an optimal multi-layer spacer with non-woven
nets in the outer layers and twisted tapes in the middle layer.
Helical screw-tape inserts [12] behave the same way as the
twisted tapes. Twin and triple twisted tapes [13] are also
good enhancement devices. Dewan et al. [14] have reviewed
the studies on twisted tapes. Hong et al. [15] have employed
evenly spaced twisted tapes in a convergent—divergent tube.
Jagged twisted tapes perform better than the classical twisted
tapes [16]. Bhattacharyya et al. [17, 18] and Saha et al. [19]
have recorded that the centre-cleared twisted tapes in
combination with rib roughness perform quite better than the
one to one augmentation technique acting alone for laminar
flow through a circular duct up to a certain amount of
twisted-tape centre- clearance.

It has been noted from the literature review that the centre-
trimmed twisted tapes inserts has not been researched in the
earlier years. The flowing of the fluid due to centre-trimmed
twisted tapes generated swirl flow is likely to provide better
mixing in the flow resulting in increased heat and momentum
diffusion. This may increase heat transfer even if it may also
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give increased pressure drop. In this work, therefore,
numerical heat transfer and pressure drop results of full-
length centre-trimmed twisted tapes inserts in circular ducts
are talked about.

2. MODEL AND GOVERNING EQUATIONS
2.1 Model

This work investigate transport phenomenon in centre-
trimmed twisted tape tube . The range of Reynolds number is
100 - 5,000 and four different twist ratio (TR) 1.0, 2.0, 3.0
and 4.0. twisted tapes with centre-trimmed, with thickness of
0.001 m are fitted in the duct. Air (Pr 0.7) has been used as a
working fluid.

2.2 Governing equations

The normalised form of continuity, momentum and energy
equations for a three dimensional, steady state,
incompressible flow and laminar forced convection heat
transfer without viscous dissipation are given below.
Although Reynolds number is greater than 2100, but laminar
regime is assumed for simplicity.

Continuity equation:
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3. NUMERICAL SOLUTION PROCEDURE

Structured mesh was devoloped with very fine mesh, to get
accurate results with less number of nodes. Different sizes of
grids were tested as part of grid independence study. After a
entire grid independence check, a mesh consisting of 415,951
cells were used for the current computation. The length of the
tube is 2000 mm and the inner diameter of the tube is 20 mm,
which are fixed in this research. The fluid entering the duct at
a temperature of 300 K and wall temperature is at 500 K
through the experiment.



Three dimensional governing equations shown above are
discretized on a non-uniform structured grid using finite
volume method. The pressures were calculated using semi
implicit pressure linked equations (SIMPLE) scheme. With
twist, a swirling flow will be generated and with changing the
twist ratio, the number and intensity of these swirling flows
will changed with the flow direction. The width of the
twisted-tapes of the present study is 15 mm. The twist ratios
(TR), H/W= 1.0, 2.0, 3.0 and 4.0 (H is twist length, and W is
the wide of tape, as shown in Figure. 2) are tested along with
a plain twisted tape of twist ratio 3.0. The discretized
equations are then linearized using an processe called
implicit technique and solved using third order accurate
QUICK scheme. The convergence criteria for continuity,
energy and momentum are 107 and 10, 10, respectively.
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Figure 2. Layout of a circular duct containing a full-length
twisted-tape

The Reynolds number of air flow in the duct is calculated
from,

vDy _ pvDp
i (©)

Steady state values of the air and plate temperatures
(constant wall temperature) in the various locationat the were
used to determine the values of useful parameters, mainly
heat supplied to the air “Qy,” and heat transfer coefficient “h”
calculated as:

Re =

QL =m Cp (Tao - Tai) (7)
Qu

= fu 8

Ap (Tp=Tp) ®)

The convective heat transfer coefficient is then used to
obtain Nusselt number, Nu, as,

©)

The friction factor is determined from the measured values
of pressure drop (AP), across duct length.

__ 24PDy

f 24PDp,
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orf = (10)

To calculate the effect of heat transfer enhancement under
given pumping power, the performance evaluation criteria
Fan et al. [20] is employed as

(ﬂ )/(;_0)0.33

Nug

(11)
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where Nu and Nup are Nusselt numbers for the enhanced tube
and the smooth tube respectively, f and f, are friction
coefficients for enhanced tube and smooth tube respectively.

4. RESULTS AND DISCUSSIONS

The results of, friction factor, thermal performance factor,
heat transfer characteristics in the tube with centre-trimmed
twisted tape (CTTT) and plain twisted tape (TT), under the
transitional flow are shown in the present work. The effect of
ratio for twist (H/W) on the thermohydraulic performance is
also presented.
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Figure 3. Comparison of the numerical results with the
correlation data of the Nusselt number (Nu) and the friction
factor (f) of the plain tube: (a) Nu, (b) f.

To validate the computational values of, the Nusselt
number (Nu) and the friction factor (f) of the plain duct are
compared with the proposed correlation under fully
developed condition. From Figure 3 it is clearly observed that
the nonconformity among the computational results and the
correlation data is very narrow. Therefore, the present
computational predictions have reasonable correctness.

Correlation proposed by Churchill and Ozoe [21] for
laminar flow is,

1
Nu = 4.364[1 + (Gz/29.6)2]s{1 +
3

Gz
19.04

2
¥ T } 1/3 (12)
[1+((P1/0.0207)2/312x[ 1+(Gz/29.6)2]3



f = 64/Re (13)
Dittus and Boelter correlation [21],

Nu = 0.023Re%8pr0# (14)
Blasius correlation [21],

f = 0.448 Re™0275 (15)
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Figure 4 (a). Variation of Nusselt number with Reynolds
number of twisted tape for different twist ratio, (b) Variation
of friction factor with Reynolds number of twisted tape for
different twist ratio

The variation o Nusselt number along with Reynolds
number for different plain twisted tape (TT) with different
twist ratio is shown in Figure 4(a). One can see form the
Figure 4(a), that for each Re, the Nusselt number increase as
the Reynolds number increases. It is also noted that Nu
increase when twist ratio is small (TR 1.0). So, the small
twist ratio shows some promising heat transfer augmented
than the other tested twist ratio over the total range of
Reynolds. From Figure 4(b) it is seen that the friction factor
decreases with the increase of Reynolds number. The
frictions factors correspond with twisted tape were higher
than those of the plain duct. This is due to swirl flow,
secondary flow and recirculation; turbulence intensity and
drag forces produced by the twist in the duct. Also, one can
see that the twisted tape with small twist ratio has the
maximum friction penalty.

The performance of the heat transfer of CTTT is presented
in the form of Nusselt number. Changing of Nusselt numbers
with Reynolds numbers for the CTTT with different twist
ratio and non-centre-trimmed twisted tape are given in
Figure. Reynolds numbers is changed between 100 to 5000.
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Considerably Nusselt number (Nu) increases with increasing
Reynolds number, showing the increase of convective heat
transfer in Figure 5. CTTT TR 1.0 has the maximum Nusselt
number and the base case (TT) has the lowest heat transfer.
This implies that the heat transfer rate reversely proportionate
with twist ratio. Also it is seen that the Nusselt number for
CTTT is much higher than that of TT TR1.0 in the entire
Reynolds numbers range.
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Figure 5. Variation of Nusselt number with Reynolds
number of CTTT for different twist ratio

The influences of the Centre trimmed twisted tape inserts
on friction factor characteristics are represented in Figure 6.
The figure shows the relationship between the friction factor
and Reynolds number for different twist ratios for all tube
fitted centre trimmed twisted tape and plain twisted tapes.
For all cases, friction factor inversely proportionate with the
Reynolds number. It could be also seen from the figure that
the friction factor was in the similar trend both for the plain
twisted tape and the twin twisted tapes inserts. It can also see
from the figure that the friction factor inversely proportionate
with twist ratio. This is because the attributed to the use of
centre trimmed twisted tape inserts with a smaller twist ratio
which led to a higher viscous loss near the tube wall regions
caused by a stronger swirl flow or turbulence flow and long
residence time in the tube.

Figure 6. Variation of friction factor characteristics with
Reynolds number of CTTT for different twist ratio

Temperatures were measured at the outlet of the duct. This
data after non-dimentionlization (T/To) has been shown in
Figure 7. In all cases non-dimensional temperature is above
unity. Higher rise in temperature is obtain for centre trimmed
twisted tape (CTTT TR 4.0) in low Reynolds number range,
whereas CTTT TR 2.0 and CTTT TR 3.0 shows some
promising result in higher Reynolds number range.
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Figure 7. Non-dimensional temperature variation with
Reynolds number for different spring tapes

As increment in heat transfer is gradually came across with
pressure drop, thermal performance factor (n) is the
appropriate parameter used for evaluating the practical use of
the twisted tape. The factor is calculated by considering the
effect of heat transfer augmentation and the increase of
pressure drop, simultaneously. The changing of thermal
performance factor with Reynolds number of the tubes
equipped with centre trimmed twisted tape and plain twisted
tape is shown in Figure 8. By doing the entire computation
on trimmed twisted tape and plain twisted tape it was noticed
that efficient from the energy point of view and enhancement
efficiency was found to be greater than the unity all the time
in varied Reynolds number. The efficiency for enhancement
above unity indicated that the effect of heat transfer
enhancement due to the turbulator was more dominant than
the effect of rising friction and vice versa. As expected from
Figure 8, the tube inserts with TR 1.0 and TR 2.0 at lower
Reynolds number upto about 1000 provided higher thermal
enhancement efficiency and at higher Reynolds number (Re
5000) TR 3.0 can be recommended.

CTTT TR 3.0 CTTT TR4.0

Figure 8. Variation of enhancement efficiency (n) with
Reynolds number

5. CONCLUSION

A computational study have been conducted to check the
flow friction and heat transfer characteristics in a centre
trimmed twisted tape tube heat exchanger with at different
twist ratio, Re ranging from 100 — 5,000. Based on the
computational results, findings of this study could be
summarized as follows:
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i) In results it was found that the friction factor heat
transfer, and thermal enhancement efficiency augmented with
decreasing twist ratio.

ii) Nusselt number increased with increasing Reynolds
number while the opposite trends were found for the case of
friction factor.

iii) The Nu/Nup augmentation tends to slightly decrease
with the rise in Re.

iv) The thermal augmented efficiency for all the cases was
more than one, showed that the effect of heat transfer
enhancement due to the turbulators was more important than
the effect of rising friction and vice versa.
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NOMENCLATURE

Ap plain duct flow cross-sectional area
C centre-trimmed

D internal diameter of the channel

f dimensionless friction factor

g acceleration due to gravity

Gr Grashof number

Gz Graetz number

P wavy pitch

h, axially local heat transfer coefficient
L axial length, length of the channel
m mass flow rate

Nu Nusselt number

AP pressure drop

P wetted perimeter

Re Reynolds number

S Entropy

TR twist ratio

Greek symbols

B Synergy angle
Subscripts

f bulk fluid

i inlet

m mean

0 outlet

w channel wall
gen generation





