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Abstract: Features of the tubular type of heat exchanger were examined experimentally in the current
study. A rig is fitted with a novel insert as a negative heat transfer increase technique. The core fluid
used is air under steady heat flux and a turbulent discharge state (6000 < Re < 19,500) conditions.
Two heat transfer augmentation inserts are employed; one is the basket turbulators utilized as a
turbulator and placed inside the heat exchanger with a constant pitch ratio (PR = 150 mm), and the
other is the basket turbulators together with twisted tape that are installed at the core of the basket
turbulators. The measurements illustrated that the Nusselt number (Nu) was found to be higher by
about 131.8%, 169.5%, 187.7%, and 206.5% in comparison with the plain heat exchanger for basket
turbulators and the combined basket-twisted tape inserts with y/w = 6, 3, and 2, respectively. The
highest thermal efficiency factor of the increased tubular heat exchanger is 1.63 times more elevated
than that of the simple heat exchanger on average, due to a binary basket-quirky strip for a twisting
percentage y/w equal to 2 under steady pumping energy. Further, practical correlations for the
Nusselt number, as well as friction characteristics, were established and presented.

Keywords: heat transfer enhancement; binary basket—twisted strip inserts; friction characteristics;
thermal performance characteristics; turbulent flow

1. Introduction

Owing to the growing energy costs and manufacturing materials, researchers have
given significant attention to building up efficient, compact, and economical thermal sys-
tems for different engineering applications such as nuclear reactors, chemical processing
industries, solar heaters, etc. A highly efficient thermal system comes with augmented heat
transfer using passive, active, or a combination of multiple passive or active techniques.
The primary goals of these strategies are to increase the thermal efficiency of the existing
systems whilst also actually reducing their size, weight, and operating costs. Consequently,
the suitable design of these approaches constitutes a difficult problem in order to achieve
heat transfer optimisation at reasonable increase in frictional forces. Using a passive strat-
egy based on introducing turbulators in the flow route as augmentations, such as helical
inserts [1,2], it was found that with increasing pitch, vortex shedding frequencies also
rise, and that the highest amplitude of the vortex generated by conical-ring turbulators
occurred at low pitches. It is discovered that the Nu number grows with rising Re number,
and the optimum heat transfer is reached for the arrangement with the smallest pitch, for
corrugated and grooved geometries [3-5]. As the pitch length is increased, the frequency
of vortex shedding is also observed to rise, and the peak amplitude of vortex generated by
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conical-ring turbulators occurs at small pitches. Findings were made to show increasing Nu
with rising Re, and maximum heat transfer is achieved at the minimum pitch configuration
for ribbed and grooved geometries [3-5]. The dimensions of the grooves, the rotational
speed, and the axial velocity of the fluid show a significant impact on their heat transfer. The
results of vortex generators [6,7] show that increases in distance between two vortex genera-
tors increase the mean Nusselt number, and other types of turbulators [8-10] are commonly
used to improve heat transfer inside thermal systems due to the simple manufacturing
process, easily employed compared to the active technique. Employing conical-ring turbu-
lators at three-pitch ratios (PR) 2, 3, and 4, Ibrahim et al. [11] demonstrated augmentations
of 330, 419, and 765 percent, respectively. They also discovered that using the diverging
conical-ring with a smaller setup can increase the enhancement effectiveness by 1.291 (PR).
Xu et al. [12] examined the effect of winglet vortex generators on a horizontal circular tube
in a forced convection setting with a Re number range of 6000-34,000. They concluded that
winglet tensor flow with a pitch ratio of 1.6, a barrier ratio of 0.3, and an attack angle of
45° boosted the heat transfer rate by up to 4.88 times under constant heat flux conditions.
The perforated inserts are usually used to generate strong turbulence/vortex flows, which
helps further improvement of turbulence intensity with reasonable increment in pressure
loss. Chamoli et al. [13] performed an investigation of the perforated vortex generators’
influences on forced convection in a circular tube. They observed that the perforated
insert improves the thermal performance by 1.65 times under constant pumping power
conditions. In comparison with the conventional conical-ring, Nakhchi et al. [14] claimed
that the recirculation flow by holes of perforated conical-rings with varying geometrical
characteristics can improve the heat transfer rate by about 35.48% and decrease the pressure
loss by about 88.06%. Attempts to enhance thermal efficiency took place by utilising the
advantages of twisted-tape swirl generator inserts as cross hollow twisted-tape [15]. A
plain tube’s experimental data are compared to the standard validation. With the increase in
the hollow width from 6 mm to 10 mm, the Nu number and friction factor (f) subsequently
increase. Compared to the flat tube, Nu and f increase by 93 percent-120 percent and
883 percent-1042 percent, respectively, for the 6 mm hollow width rise. Perforated double
and triple counter twisted-tape [16,17] evaluated the impacts of perforated double and
triple-counter twisted-tapes on heat transmission and fluid friction properties in a heat
exchanger tube. Except for 1.2 percent porosity, the measurements showed that the Nu, f,
and thermal enhancement efficiency improved with porosity reduction. The findings also
demonstrated better heat transfer of the tape-fitted tube, accompanied by a consequent
rise in the f. The thermohydraulic features inside the heat exchanger tube inserted with
multiple-twisted-tapes [18]. The measurements revealed a signed rise in heat transfer and
f in comparison with single-twisted tape, compound-twisted tape, and twisted tube [19].
An effort to examine the thermo-fluidic transportation capability of a laminar flow passing
through tubular-heat exchangers utilizing a composite design consisting of the combination
of twisted-tapes and twisted-tubes. The results show that raising the twist-pitch and Re
improves the total efficiency with twisted-tape with rectangular-cut [20]. Nu numbers in a
tube with a rectangular-cut twisted-tape insert increased 2.3-2.9 times while f increased
1.4-1.8 times to a smooth tube with perforated helical twisted-tapes [21]. The testing find-
ings show that using perforated helical twisted-tapes reduces friction loss when compared
to helically twisted-tape and helical screw-tape [22]. Heat transfer properties and f were
tested on helical screw elements with variable twisted ratios and helical screw inserts
with various pitch lengths. The research reveals that the total Nu and f reduce as the
spacer length or twisted ratio increases for flat tube, spiral ribs, and twisted-tapes [23]. The
findings of V-Shape twisted jaw [24] reveal in excess of unity thermal power factor readings
with an increasing trend as the number of turbulators increases, demonstrating the practi-
cality of employing these turbulators realistically. For the tube with punched delta-winglet
vortex generators [25], a better temperature distribution is obtained, resulting in a better
temperature gradient than that obtained with the smooth tube. It was also discovered that,
as the attack angle increases, the temperature distribution also follows a trend towards a rel-
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atively homogenous temperature profile, and tape inserts combined with cables nails [26].
Prior research indicated that the twisted-tape swirl generator has excellent heat transfer
performance by producing strong swirling flow and that the perforated twisted-tape was
helpful in lowering pressure loss. However, according Promvonge et al. [27], a composite
heat transfer enhancement achieved by combining various heat transfer augmentation ap-
proaches may be used to provide an augmentation that improves the thermal performance
of either of the procedures functioning independently. They discovered that using a conical-
ring and twisted-tape with a twisted ratio TR = 3.75 increases the enhancement efficiency
by 1.96 times. Eiamsa et al. [28] offered another experimental research to clarify the impact
of the combination insert of regularly /constant wire coil pitch ratio and the twisted-tape
on thermal performance behaviours. According to the findings, combining inserts with
decreasing coil pitch ratios can boost enhancement efficiency by up to 1.25 times.

Kurnia et al. [29,30] summarized the contribution of entropy production due to both
heat transfer and viscous dissipation, in addition to the Bejan number over different
twisted band designs, and found that helical tubes having twisted-tape inserts exhibit
poorer heat entropy production compared to tubes without. This suggests that for heat
transfer equipment, a helical tube with a twisted-tape insert appears to be more effective.
The augmentation of heat transmission by various types of inserts, as described in the
preceding literature, is largely reliant on the designs and geometries of the inserts. In light
of this, it is created a novel design of inserts (basket turbulators) to improve a tubular heat
exchanger. When compared to a heat exchanger without inserts, basket turbulators with
a spacing ratio of 4.2 can increase heat transfer rate by 115.9 percent, according to their
research. The analysis of the work [31] indicates promising findings on the problem of
heat transfer augmentation and inspires the current effort to extend the research using
basket turbulators in conjunction with twisted-tapes swirl generators placed inside a
circular tube under the same operating circumstances. The compound augmentation is
supposed to provide a high heat transfer rate by introducing swirl flow and significant
fluctuation. As a result, the thermal performance, heat transfer, and friction losses of a
tubular heat exchanger coupled with compound augmentation, i.e., basket turbulators with
twisted-tapes swirl generator with three twist ratios (y/w =2, 3, and 6) are investigated
experimentally in the current work. There is no evidence of such coupled augmentations
in the literature. The experiments were divided into three parts: a study of the thermal
performance, heat transfer rate, and friction losses of the basket turbulators in a turbulent
flow regime (6000 < Re < 19,500) under constant heat flux, the introduction of a novel
compound augmentation, and the development of empirical correlations to predict the rate
of heat transfer and friction losses. Therefore, the novelty of the current paper is carrying
out an experimental study on novel inserts using basket turbulators with twisted-tapes
swirl generators.

2. Experimental Apparatus Description

To perform the experiments, an open-loop experimental apparatus located in a normal
environment (1 atm) is used. The experimental apparatus is shown by the photographic
view and schematic diagram in Figures 1 and 2. The experimental setup mainly consists of
a tubular heat exchanger, augmentation inserts, a data collection method, and measurement
devices. The heat exchanger is built of an aluminium conduit with an outside diameter of
5 cm, an inner diameter of 4.5 cm, a thick of 0.25 cm, and a length of 13.50 cm. Figure 3 shows
the geometric configurations of the tubular heat exchanger, basket turbulators, and twisted-
tapes inserts. The twisted-tapes are made of galvanized iron and have twist ratios of TR = 2,
3,and 6 (w = 1.5 cm, y = 3-9 cm). Five pieces of basket turbulators, which are made from the
iron bar, are used in this experiment with a constant distance between them (PR = 150 mm).
The basket turbulators are inserted into the heat exchanger in a wall-attached position,
and the twisted tapes are tightly fitted into the centre of the basket turbulators. The heat
exchanger is Ohmically heated using continuously whining flexible nickel-chrome wire to
obtain a boundary condition with a homogeneous heat flux. A voltage regulator is applied
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Thermocouple Probe

\

to regulate the input power and automatically maintain the heat flux within acceptable
limits along with the heat exchanger. Twenty-two calibrated thermocouples (type k)
with a temperature range from —58 to 1298 °C are used in positions which are eighteen
thermocouples installed along the heat exchanger’s wall to determine the distribution of
the wall temperature. To acquire the bulk air temperature, four thermocouples are fitted in
the input and exit sections. Table 1 shows the placement of the thermocouple along the heat
exchanger. All thermocouples are linked to a selection switch, which is subsequently linked
to a multi-channel digital data logger system. The exterior surface of the heat exchanger
was thermally insulated by an asbestos layer and a fibreglass sheet to reduce heat loss.
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Figure 1. Photographic view of the using experimental apparatus.
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Figure 2. Schematic of the using experimental apparatus.
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Figure 3. Geometric configurations of twisted tapes.
Table 1. Thermocouple’s location.
No. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
Position-x-mm) 10 20 30 50 70 90 130 170 230 290 380 470 570 670 770 900 1040 1180

3. Governing Equations

In this experiment, air supplied by an electrical blower serves as the working fluid
and is circulated through the heat exchanger. In a steady-state instance, the net heat
energy transmitted from the electrical heater to the air through the heat exchanger wall
was calculated as Equation (1), whereas real heat was specified as follows [31,32]:

Qnet = Vinput : Iinput — Qs

_ Qnet + Qcon. .
Qactual - —2 ’

)

@
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where: )
Qcon. =mg - Cpga - (Tyo — Tpi); ®)

Based on Equation (2), the mean rate of heat transfer is denoted as:

T Quctual
h= ; 4
Att . (Tav,w - Th) ( )

where Ty, T}, are the air bulk temperature and average wall temperature, respectively,
which are obtained as follows [32]:

Ty +Tpi)

Tb - P ’ (5)
18
O T .

Tuv,w = %/‘ (6)

The (Nu) mean is defined as below [29]:

h-D
Nuy; = h} @)
ka
The (Re) can be expected as below:
-D
Re= 4D, )
Va

Friction factor (f) is estimated as follows:
o AP
TRV
(5) (%)

Enhancement efficiency (¢) was calculated as follows for a constant pumping power [33]:

g—ﬁ— Nu  (Nu\(f\? (10)
- ho - NMO - NUO fo
4. Error Analysis and Uncertainties of Experimental Data

The experimental data are always subjected to a certain level of uncertainty due to the
errors in the measuring devices. Based on the ANSI/ASME standard [34], the approach
proposed by McClintock and Kline [35], the uncertainty of experimental measurements is
determined by the following equations.

)

() )G G ] o
()-GO (r0m) (om)]

Reynolds number:
() - J il (Zranw) + (Zroso) + (sa ki) + (ai(Re)Au)Z] 13)
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Friction factor:

(%) - }[(ajpmmm)z +(2pan) + (o nms) + (afze(fmeﬂ (11

The greatest uncertainties for the Nu, Re, and f were determined as 4.12 percent, 1.85 per-
cent, and 3.6 percent, respectively. Table 2 lists the accuracy values of measuring instruments.

Table 2. Accuracy of Measurement Instruments.

Measured Parameters Value
Temperature +05°C
Air velocity +£0.75m/s
Current of the heater £0.0003 Amp
Voltage of the heater 0.04 Vol

5. Results
5.1. Confirmation of the Plain Heat Exchanger Findings

The findings of the linked experiment’s heat transfer were referred to as the (Nu),
while the results of the friction losses were referred to as the (f). Prior to conducting the
tests, the Nu and f values of the heat exchanger without inserts were recorded and verified
to assess the reliability of the measurement and test equipment over the entire test range.
The Nu and f findings were compared to previous empirical correlations of Promvonge [27]
for Nu number and Blasius [36] and Petkhov [37] for f under comparable conditions, as
shown in Figures 4 and 5, respectively. These findings show that the Nu and f values match
well to values derived from prior empirical correlations available within 5.4 percent and
4.47 percent, respectively.

50

EPre&;ent work

—#—Promvonge work [14]

60 -

50

40

30 1

Average Nusselt number, Nu

20+

10 T T T T T T T T
4000 6000 8000 10000 12000 14000 16000 18000 20000 22000

Re

Figure 4. Confirmation of Nusselt number for plain heat exchanger.
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= 0.030 -

0.025 ~

0.020 T T T T T T T T
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Figure 5. Confirmation of friction factor for plain heat exchanger.

5.2. Impact of Combined Basket—Twisted Tape Inserts

Figure 6 depicts the impact of the basket and combination basket-twisted tape inserts
on heat transfer rate. The average Nu and Re numbers were noted to be directly related
to each other. This might be related as the turbulence intensity goes up with rising Re,
which resulted in an increase in convective heat transfer. The use of basket turbulators
alone resulted in a considerable increase in heat transmission rate with variation in Re.
The average Nu of the basket turbulators was found to be around 131.8 percent greater
than that of the ordinary heat exchanger for constant pitch ratio (PR = 150 mm). The
reason for this might be related to the heat exchanger creating a spiral or secondary flow
with relatively high turbulent intensity, which leads to the disruption and reintegration
of the thermal boundary layer, which further improves the convection heat transfer and
momentum process. Using twisted-tape in combination with basket turbulators results
in stronger swirl flow around the core region and more mixing occurring within the heat
exchanger core and the wall region, which is why the average Nu is higher than that of
basket turbulators alone. Figure 6 shows that when the combined basket-twisted tape
is introduced with a rising Re number and decreasing twist ratio, the average Nusselt
number increases. Due to the increased turbulence intensity and longer flow length with a
low twist ratio (y/w = 2), the greatest heat transfer rate was attained. The average Nu of
the combined basket-twisted tape inserts was increased by 169.5 percent, 187.7 percent,
and 206.5 percent for y/w = 6, 3, and 2, respectively, when compared to the simple heat
exchanger. Figure 7 depicts the fluctuation of the f with the Re number. The employment
of basket and coupled basket-twisted tape inserts results in an extra pressure loss when
compared to the basic heat exchanger, as predicted. The dissipation of dynamic pressure
owing to increased forces generated by swirling flow, as well as the increase in air contact
surface area induced by the presence of basket-twisted tape inserts, account for a major
portion of the pressure loss. The f of basket turbulators can be up to three and a half times
that of a conventional heat exchanger, while the variation in friction factors induced by
differing twist ratios might be up to 5-6.5 times greater.
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Figure 6. Difference of Nusselt number and Re number for heat exchanger trim by basket alone and
combined basket-twisted tape inserts.
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Figure 7. Difference of friction factor with and Reynolds number for heat exchanger trim by basket
alone and combined basket-twisted tape inserts.

5.3. Thermal Performing Assessment

Figure 8 illustrates the fluctuation of thermal performance factor (&), computed by
Equation (10), with Re number. It is evident that the thermal efficiency reduces with the
rising Re number and increases with the use of basket and combination basket-twisted tape
inserts, notably in the 6000-12,000 Re number range. It is worth mentioning that the case of
combined basket-twisted tape with a modest twist ratio outperforms those with a greater
twist ratio and the case of basket alone in terms of thermal performance. Figure 9 compares
all of the evaluated instances and their influence on the thermal performance factor. When
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basket and combination basket-twisted tape inserts with N = 5 and y/w =6, 3, and 2 are
used, the average thermal performance factor is 1.40, 1.49, 1.56, and 1.63 times, respectively.

24
—— Basket alone

Basket - Twisted tape, yv/w =6
wp 2.2+ —#— Basket - Twisted tape, y/w =3
g —=— Basket - Twisted tape, y/w =2
T 2.04
&
%]
=]
2 1.8
=
S
= 1.6
-7
j=5
S 1.4-
-
-7
-
M 12

1.0 —T1 r 1 r 1 1 1T T T T T T
4000 6000 S000 10000 12000 14000 16000 13000 20000 22000

Re

Figure 8. Variation of thermal performance factor with Reynolds number for heat exchanger fitted

with basket alone and combined basket-twisted tape inserts.

Basket + TT,
viw=2

1.63

Basket + TT,

viw=3

=
th
(=,

Basket + TT,
viw=0

1.49

Basket alone 1.4

L
0.0 0.2 0.4 0.6 0.8 1.0 12 14 1.6 18

Thermal performance factor, £
Figure 9. Percentage of thermal performance factor enhancement.

5.4. Empirical Correlations

Using coupled basket-twisted tape inserts with y/w = 6, 3, and 2, empirical cor-
relations were generated for turbulent flow regimes with Re numbers ranging between
6000-19,500. The Nu and f of the plain heat exchanger were correlated based on the experi-
mental results and are provided below in Equations (15) and (16), respectively [37,38].

Nu = 0.0158Re%8% py04 (15)

f = 0.5229Re 2% (16)
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Correlations depending on (Re), (Re), Prandtl number (Pr), number of basket inserts
(N), and twist ratio (y/w) were suggested for the case of combined basket-twisted tape
inserts as follows [37,38]:

Nu = 0.11618R€0'625P1’0'4N0'541 (Y/W) —0.011 (17)

f = 0.6284ReO2N0 (y /) ~0 0! (18)

The predicted values of the Nu were found to be within 7.2 percent of the experimental
data for the average Nu, as shown in Figure 10.

160

140

120+

100 -~

Predicted (Nu)

==}
=
L

60 -

4[" T 1 1 1
40 60 30 100 120 140 160

Experimental (Nu)
Figure 10. Expected data of Nu vs. trial data.

6. Conclusions

The heat transfer and pressure drops of a circular heat exchanger with a basket and
combined basket-twisted inserts are investigated using three types of twist ratios (TR = 2,
3, and 6) in a turbulent flow condition with Re values varying between 6000-19,500. The
experimental findings show that using combination basket—twisted tape inserts generates
greater heat transfer rates than using a basket alone in a heat exchanger.

For y/w = 6, 3, and 2, the greatest rate of heat transfer attained by utilizing the
combination basket-twisted tape improved by 169.5, 187.7, and 206.5 percent, respectively,
as compared to the simple heat exchanger. For y/w = 6, 3, and 2, the thermal performance
factor attained by employing the combination basket-twisted tape inserts improved by
1.49, 1.56, and 1.63 times, respectively, in comparison with the simple heat exchanger.
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Nomenclature

Ayt Inner Surface Area of tube Test Section, m?
Cpa Specific Heat of Air, J/kg K

D Hydraulic Diameter, m

f Friction Factor

h Coefficient of Heat Transfer, W/m2.K

I Current, A

A% Voltage, volt

K, Thermal Conductivity, W/m.K

L Length of Tube Test Section, m

m, Air Mass Flow Rate, kg/s

N Number of Turbulators pieces

Nug  Average Nusselt Number of Plain tube Case

Pr Prandtl Number

Qs Heatlosses, W

Qun.  Convective Heat Transfer from the Test Section, W
Re Reynolds Number

Th 1 Temperature of Air at the Test Section Entrance, °K
Th,0 Temperature of Air at the Test Section Exit, °K
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