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1 Introduction

Heat exchanger is simply one of the most important and widely used process equip-
ments found in industrial sites [1]. It opens up the possibilities for application in
industries like refrigeration, air-conditioning [2], production of electricity at nuclear
and thermal power plants, automotives and many more. Hence, finding ways and
means to improve thermal performance are of great importance. High-performance
heat transfer system (HTS) holds an important role in the majority of industrial appli-
cations. Heat transfer can be carried out by either active HTS or passive HTS. Active
HTS methods use external means to promote heat transfer such as electromagnetic
fields, surface vibration and spray atomizer. Active HTS requires external power
source depending on end applications, and hence, power cost should be taken into
consideration during selection of active HTS [3].

To overcome the challenges of active HTS, passive techniques are introduced,
which provide heat transfer enhancement at low cost without the use of external
power source. One of the widely accepted techniques is to use insert tapes of different
configurations. Several experimental investigations has been performed to enhance
heat transfer using various types of insert such as mesh, strip, wire, coil, twisted
tapes and helical insert. There have been several experimental investigations of the
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heat exchanger tube with insert that showed higher heat transfer rate, friction factor
and effectiveness than the plain tube. Halit Bas et al. [4], in 2012, experimentally
investigated heat transfer enhancement in a tube fitted with twisted tape insert. They
concluded that the twist ratio (Y/D) plays a significant role as compared to clearance
ratio (C/D) for heat transfer enhancement. For the same clearance ratio of 0.0178
and varying twist ratio of 2, 2.5, 3, 3.5 and 4, heat transfer enhancement of 1.75,
1.70, 1.64, 1.60 and 1.58, respectively, was achieved. Hence, increase in Reynolds
number due to increase in twist ratio leads to decrease in heat transfer enhancement.
Heat transfer enhancement was found to be higher for C/D = 0.0178 than C/D =
0.0357 for all twist ratios. A similar study on the thermal performance of a heat
exchanger was carried out by Eiamsa-ard et al. [5] with regularly spaced twisted
tape inserts. These inserts were used to generate swril in the heat exchanger tube.
They found out that full length twisted tape insert (s = 0) provided higher heat
transfer rate, friction factor and thermal performance than regularly spaced twisted
tape insert (s = 1.0, 2.0, 3.0). For the same twist ratio, the twisted tape insert with
different space ratio, s = 0, 1.0, 2.0 and 3.0, gave enhancement of heat transfer of
56.8%, 46.2%, 30.5% and 22.6% and friction factor of 4.22, 3.78, 3.17 and 2.63
times, respectively, when compared with plain tube. Hence, increase in space ratio
decreases the augmented heat transfer, friction factor and thermal performance. They
also concluded that increase in twist ratio decreases the augmented heat transfer and
friction factor.

Objective of this chapter is to determine the heat transfer and pressure drop char-
acteristics of turbulent flow in the pipes fitted with X-shaped tape insert for a U-
shaped tube heat exchanger. The operational performance of the tube incorporated
with X-shaped tape insert was compared theoretically through CFD modelling for
variable mass flow rates of cold and hot water. In this chapter, Sect. 2 illustrates
and explains the experimental set-up and the thermal model of the heat exchanger.
Section 3 compares the results obtained for the heat exchanger with and without
X-shaped insert experimentally, and the results are then verified with CFD values.
Finally, Sect. 4 concludes the experiment and major findings.

2 Experimental Section

In this section, test setup of the U-shaped heat exchanger established to conduct the
experiments is discussed and reported. Figure 1 depicts the experimental setup of
the test section along with sensors and controller mounted on the system. The cold
water was supplied from an overhead tank to the inner annulus of the U-shaped tube,
and the water was drained out into the underground tank. Constant flow rate of water
was maintained by the overhead tank. The hot water was supplied in the counter-
flow direction within the outer annulus of the U-shaped tube by a centrifugal pump.
Wooden flanges served as the support structure for the tube. The test section was
fitted with X-shaped tape insert during the experiment to observe the heat transfer
enhancement. Individual section plates of dimension 1000 mm x 8 mm x 3 mm
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Fig. 1 a Detail view of X tape. b X-shaped tape insert employed in the tube top view. ¢ X-shaped
tape insert employed in the tube front view. d The experimental setup

were joined together at 90° using spot welding, thus forming an X-shaped tape insert
as shown in Fig. 1b. Longitudinal slots along the length of the insert were created
to incorporate turbulence to the flow and increase the surface area. Furthermore, the
edges of the slots were filed for a proper surface roughness. Material used for the
fabrication of the insert was mild steel. Temperatures at various intermittent sections
of the U-shaped tube were measured by resistant temperature detectors (RTD).
Pressure drop of water across the tube was measured by U-tube manometer.
Rotameter was used to measure and regulate mass flow rate of water. Heat transfer
loss to the surroundings was minimized by a layer of asbestos thread and aluminium
foil wrapped around the U-shaped tube. The heat transfer characteristics of water
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flowing through concentric tube of U-shaped tube heat exchanger fitted with and
without the X-shaped insert has been investigated. Counter-flow configuration for
the heat exchanger was used in the test section for the working fluid. The hot water
was supplied at 70 °C at constant mass flow rate of 40, 50 and 60 LPH for different
experiments. While cold water was supplied at 38 °C, its mass flow rate was varied
from 40 to 140 LPH in the regular interval of 20 LPH.

2.1 Thermal Model

Well-developed heat transfer correlations were used to determine the heat transfer
rate in the heat exchanger.

0= me(Tco_Tci) (D

Logarithmic mean temperature difference (LMTD) of water at inlet and outlet
was calculated by using Eq. 2.

(Tho - Tci) - (Thi - Tco)
LMTD = T ()
Thi_Tco

where Tho, Thi, Tco, T.i are the temperatures of hot and cold water at outlet and inlet
of the U-shaped tube, respectively. Overall heat transfer coefficient, Nusselt number,
effectiveness and friction factor was calculated by using Eq. (3)—(11).
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PR (10)
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3 Results and Discussion

3.1 Experimental Results

The experimental investigation was undertaken to study the heat transfer characteris-
tics of U-shaped tube fitted with and without X-shaped tape insert. The experiments
were performed with variable mass flow rates of cold water for a constant mass flow
rate of hot water within the tube. The augmented heat transfer rate and overall heat
transfer coefficient for variable mass flow rate of cold water is shown in Figs. 2 and 3,
respectively. Similarly, results are recorded for three different flow rates (40, 50, 60
LPH) of hot water. As heat transfer rate is mainly dependent on specific heat capacity
and mass flow rate of water, it was evident that the heat transfer rate was found to be
considerably high for tube fitted with X-shaped insert as compared to tube without
the insert. Results showed that maximum heat transfer rate and overall heat transfer
coefficient of 1463 W and 639.58 W/m?K, respectively, was achieved at flow rate of
140 LPH of cold water and 40 LPH of hot water. Compared to tube without insert,
maximum increase in heat transfer rate and overall heat transfer coefficient of 2.5
times and 3.15 times, respectively.
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Fig. 3 Plotted graph
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The augmentation of heat transfer rate and overall heat transfer coefficient due to
the incorporation of X-shaped insert in the U-shaped tube is discernible due to the
turbulence created by insert which again increases with increase in mass flow rate.

Performance of heat transfer system was characterized by its effectiveness of heat
transfer. The effectiveness (€) is defined as the ratio of actual heat transfer rate to
maximum heat transfer rate. The variation of effectiveness (€) with mass flow rate
of cold water is shown in Fig. 4. Effectiveness was measured for three different flow
rates of hot water. As evident from the graph, the € is larger in a U-shaped tube
with X-shaped insert as compared to the plain U-shaped tube. Results showed that
maximum effectiveness of 0.83 was achieved for tube fitted with X-shaped tape insert
at flow rate of 40 LPH of cold water and 60 LPH of hot water.
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between effectiveness (€) [FA—"with xape 60 Iph(ot)
and variable mass flow rate Mt
. [—@— without x tape 50 Iph(hot)
(LPH) of cold water for 0.8 o uoutx(ape 50 bond
different mass flow rates of without x tape 40 Iph(hot)
hot water »
% 0.6
C
[
=
©
£ 04
i
" .\.\0——0—0—0
00 T T T

T T T
40 60 80 100 120 140
Mass Flow rate(cold water,Iph)



An Experimental and CFD Analysis on Heat Transfer and Fluid ... 1337
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Moreover, it can be observed that the effectiveness decreases with the increase in
mass flow rate of cold water at a given mass flow rate of hot water. The variation
of friction factor with mass flow rate of cold water is shown in Fig. 5. As expected,
significantly higher values of friction factor were observed for a tube fitted with
X-shaped tape insert as compared to the plain tube. It was also observed that the
friction factor decreased with increase in mass flow rate of cold water. Minimum
friction factor of 0.386 was observed for the tube fitted with X-shaped tape insert at
flow rate of 140 LPH of cold water. Increase in the turbulence and blocking effect
due to X-shaped tape at the insert wall account for such observations.

3.2 Modelling Results

Present-day fluid mechanical complications cannot be solved without the use of
computational fluid dynamics (CFD). CFD software gives the authority to simulate
flows of gases and liquids, heat and mass transfer, etc. The software can also help to
build a virtual prototype before it can be applied in the real world. The images and
data obtained can predict the performance of the system. Computer software can help
in simulating the interaction of fluids with the complex surfaces used in engineering
applications. CFD simulation was carried out for the U-shaped tube with and without
the insert. The temperature and pressure difference across the tube were measured
at various mass flow rates of cold water which were then verified with data obtained
from numerical modelling as shown in Tables 1, 2, 3 and 4. The measured and the
computational results were found to be in reasonable agreement to each other. From
Tables 1 and 2, it can be inferred that the average temperature of cold water was
higher when the plain U-shaped pipe is fitted with X-shaped tape insert. Similarly,
it can be inferred from Table 3 and 4, that the pressure drop is more when X-shaped
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insert is used. These results show the augmentation of heat transfer rate and overall
heat transfer coefficient when the X-shaped tape insert is incorporated in the heat
exchanger.

Tables 5 and 6 show the results and percentage error of the values of Nusselt
number obtained for various mass flow rates of cold water. The results obtained
for different mass flow rates of cold water shows increase in Nusselt number with
increase in mass flow rate. Also, with the incorporation of X-shaped tape insert the
further increase in Nusselt number is observed. This eventually leads to the increase
in heat transfer rate and overall heat transfer coefficient of the system. In addition,
from Tables 7 and 8 it is evident that the friction factor increases considerably by the
addition of X-shaped insert in the U-shaped tube. Figure 6 shows CFD simulation of
the pressure and temperature distribution profile of the heat exchanger, respectively.

4 Conclusion

In conclusion, the heat transfer characteristics of a heat exchanger were studied for
the U-shaped tube fitted with an X-shaped tape insert. Experiments were performed
for different flow rates of hot and cold water passing through the heat exchanger.
The results obtained from the experiment were substantiated with results of the
computational fluid dynamics simulation. Experimental results obtained showed the
conclusive proof of augmentation of heat transfer rate and overall heat transfer coef-
ficient. The incorporation of X-shaped tape showed maximum enhancement of heat
transfer rate and overall heat transfer coefficient of 2.5 and 3.15 times, respectively, as
compared to the U-shaped tube at 40 LPH of hot water and 140 LPH of cold water. It
was observed that with increase in flow rate of cold water (inside the tube), increases
the turbulence due to the X-shaped tape insert. Hence, the turbulence created by the
presence of X-shaped insert has to be one of the main reasons for enhancement of
heat transfer rate. The simulated results were found in proper agreement with the
experimental results having an error in the range from 2 to 5%.

5 Authors Information

The manuscript was written through contributions of all authors. All authors have
given approval to the final version of the manuscript.
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(a)
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Fig. 6 a Pressure distribution and b temperature distribution of the fluid with insert
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