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Abstract

The main aim of this study is to evaluate thermal performance and exergy analysis of a shell-
and-tube heat exchanger with a new technique called air bubble injection. The study has
been carried out with different parameters such as flow rate, fluid inlet temperature, and
different air injection techniques. The air has been injected at different locations such as the
inlet of pipe, throughout the pipe, and in the outer pipe of the heat exchanger. Based on the
results, the performance of the heat exchanger enhances with an increase in the flow rate
and the fluid inlet temperature. The exergy loss and dimensionless exergy loss increase with
a rise in the flow rate. The maximum and dimensionless exergy losses are obtained at a
maximum flow rate of 3.5 | min~1. With the air bubble injection in the heat exchanger, it has
been observed that the temperature difference increases, which leads to an increase in the
exergy loss. The injecting air bubbles throughout the tube section shows that minimum
dimensionless exergy is 27.49% concerning no air injection.
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Abbreviations

List of symbols

A Tube area, (m?)

Cp  Specific heat, (J kg™")

H Heat transfer coefficient (W m™2 K~
m Mass flow rate. (kg s™1)

(0] Heat transfer rate, (W)

h

T Temperature, (°C)

U Overall heat transfer coefficient. (W m~2 K~!

)

Subscripts

Avg Average

C Cold fluid
h Hot fluid

i Inlet

m Mean

0 Outlet

w Wall
Introduction

Studies have used several methods to improve the performance of the various heat
exchangers, for example, introduction of baffles, turbulence, vibrating the surfaces, etc. The
researchers have used active and passive methods to increase the efficiency of heat transfer
devices [1,2,3,4,5,6]. During the previous decades, concerns to constrained petroleum
products and enormous natural issues brought about by the continuous pattern of vitality
utilization have motivated scientists to look for approaches to preserve vitality or streamline
frameworks for the energy consumption [7, 8]. The improvement in the performance of
heat transfer devices can be mentioned as a promising method to obviate this issue
[9,10,11,12,13]. The application of nanofluids is also one technique to enhance the
performance of heat transfer devices [14,15,16,17,18]; on the other hand, this is not
possible to use the nanofluids in all industries due to some higher cost of operating. An
active method of air or gas injection in fluids has been introduced to create the turbulence
in the heat transfer devices so that more energy can be transferred, which leads to a
minimum loss of energy. Jiacai et al. [19] analytically revealed an explanation for how the
bubble reduces the skin friction drag in boundary layers. The study explained the behavior
of bubbles over the flowing fluid, and many correlations have been tried to develop for the
bubble effect. Mattson and Mahesh [20] studied analytically the effect of the bubble over
different parameters under turbulent boundary layer. Through the study, it has been
revealed that how bubble size affects the turbulence. Larger size bubble can form more
separation in a turbulent flow while smaller size bubble just makes impacts close to the wall
or the point of generation. Jacob et al. [21] explored the impact of air bubbles and revealed
that the shear stress and the Reynolds stress close to the wall for two-stage streams have



been diminished with the downstream of infusion compared with the single-stage stream.
Heyhat et al. [22] carried out a study to evaluate the performance and exergy loss in s
double-pipe heat exchanger with air bubble injection at different flow rates and angles of
the heat exchanger. They revealed that the heat transfer performance has been significantly
improved with the air injection method. The exergy loss has been increased from 2% to
226% with the air bubble injection in the heat exchanger. Pourhedyat et al. [23] studied the
thermal performance and exergy behavior of a vertical heat transfer device with the air
bubble injection method. In the work, they have revealed that the thermal performance has
been significantly improved as the air has been injected in the system. On the other hand,
air injection methods also lead to the destruction of exergy while the loss of exergy with the
air injection method is less as compared to the introduction of turbulators, inserts, etc.
Dizaji et al. [24] conducted experiments and carried out exergy analysis on a shell-and-tube
heat exchanger (placed vertically) with an air injection method to improve its thermal
performance. They reported that exergy loss has been increased with an air bubble
introduction in the existing method. The effectiveness of the device has been augmented by
36% with air injection as compared to without air injection method. With air injection, the
number of transfer units has been increased up to four times and exergy loss has been
increased from 1% to 3%. Winkel et al. [25] injected fine bubbles through porous metals in a
turbulent flow and observed the effect of bubbles on different concentrations of salt in
water. It has been observed that fine bubbles' effect on the thermal boundary layer is
different in fresh water and salt water. The size of the bubble has been reduced with a
concentration of salt and bubble size does not saturate with at low concentration of salt. It
was concluded that bubble size has a significant effect on drag reduction in fresh water and
salt water. Mahdi et al. [26] published a comprehensive literature review on the nanofluids
used for thermosyphons in which the articles with optimum concentration of the nanofluids
were used. Khorasani and Dadvand [27] performed an experiment on the air injection
method in helical and coiled tube heat exchangers to analyze the performance and exergy
loss in the system. The effectiveness, number of transfer units, and exergy have been
evaluated at a different air flow rate, and they were compared with the heat exchanger
without air injection methods. The effectiveness (actual heat transfer with respect to
maximum possible heat transfer) of the device has been augmented with air injection
compared to no air injection method. The exergy loss has been increased from 1.8% to
14.2% with the air injection method. The exergy loss analysis is carried out for parallel flow
and counter flow configuration, and it is observed that exergy loss is more in the counter
flow method. Ahmadi et al. [28] successfully optimized the use of nanofluids in micro-
channels and optimized the design of the heat exchanger using the finite volume method.

Akpinar and Bicer [29] investigated the exergy loss in a double-pipe heat exchanger which
has been equipped with a swirl generator. The experimentation has been carried out for
turbulent flow at Reynolds number 8500-17,500. They revealed that with the swirl
generator in the heat exchanger, Nusselt number had been increased up to 130% and the
friction factor has been three times compared to the heat exchanger without any swirl
generators. The dimensionless exergy loss for the heat exchanger equipped with the swirl
generator was 1.25 times more than that without a swirl generator. Nandan and Singh [30,
31] reported in their studies that the heat transfer performance of a shell-and-tube heat
exchanger is significantly enhanced with the use of air injection techniques. The air has been
injected in three different locations, i.e., (1) inlet of shell side, (2) inlet of tube side, and (3)



throughout the tube. The heat transfer has been augmented up to 40% with air bubbles
injections. Among the three different cases, maximum enhancement has been observed
when air has been injected throughout the tube. The dimensionless exergy loss was 45%
higher with air bubbles injection compared to without air injection methods. In another
study, Thakur and Singh [32, 33] investigated the performance of a shell-and-tube heat
exchanger with nanofluids and air bubble methods. The study has been carried out with the
variation of Reynolds number (4000-24,000), nanoparticle concentrations (0—0.2%), and
fluid inlet temperature. It was concluded that shell-and-tube heat exchangers have superior
performance with the application of nanofluids in comparison with the base fluid. The
performance has been significantly enhanced with air injection along with the nanofluids.
The turbulence with air injection is a responsible factor to improve the performance of the
shell-and-tube heat exchanger. Some of the authors have worked with different metal oxide
nanofluids to enhance the performance of heat transfer in areas such as microelectronics,
normal channel, and heat pipes and successfully optimized the performance of the
nanofluids [34,35,36].

The thermal performance increased with the addition of nanoparticles for higher
concentrations, and it has been improved up to 40% compared to the base fluid. Xia et al.
[37] investigated the two-fluid flow heat exchanger for the entrance dissipation
minimization, and in this study, three types of heat exchangers were considered in which
counter heat exchanger realized the entrance minimization in the heat transfer process. A
similar type of study was done by Wei et al. [38] on cross-section tube exchanger in which
heat transferability of the heat exchanger was calculated with and without insertion of the
fins. Some studies have done on the different heat exchangers with H, T, X, and disc-shaped
heat exchanger and optimization of various parameters have been done [3, 39,40,41,42,43].
Experimental and numerical investigations [3, 44, 45] were done in case of a double-pipe
heat exchanger with a variation of Reynolds number and other parameters to make it more
viable toward commercial use [46]. Xie et al. [47] worked on a supercharged boiler with
different parameters and observed that with an increase in an outer diameter of the heat
transfer tube the complex function decreases first and then increases. Furthermore, some
efforts were done to reduce the dimensionless pumping power in the evaporator [48].
Instead of using some traditional correlation to predict the thermal conductivity, a few
studies [46, 49,50,51] are published with the use of an artificial neural network (ANN) and
MARS which are quite close to predicting the change in the thermal conductivity of the base
fluid with the introduction of nanofluids in it.

The study aims to analyze the performance and exergy analysis of a small-scale shell-and-
tube heat exchanger with the air injection method. The exergy loss analysis in the horizontal
heat exchanger was reported very limited. To implement this goal, the effects of air
injection at different locations have been studied. Also, exergy loss analysis with air injection
at different locations has been studied. The effect of air bubble injection on the number of
thermal units (NTU) is investigated. The performance of the heat exchanger can be
estimated with the effectiveness of the device. In this study, the shell-and-tube heat
exchanger has been placed horizontally since the heat exchanger is used horizontally in
most industries.
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Fig. 1. Schematic diagram of the experimental facility

Experimental

To analyze the performance and exergy analysis, a laboratory-scale test setup has been
prepared to conduct the experimentation. The schematic diagram of the test facility has
been shown in Fig. 1. In this experiment, the water is heated in a reservoir of 10-| capacity
with a proportional integral differential (accuracy £ 0.1 °C) controller, and the reservoir was
completely insulated to minimize the heat loss to surroundings. The test section (shell-and-
tube heat exchanger) is also insulated from outside to prevent heat loss. The shell-and-tube
heat exchanger consists of a shell made of mild steel with an inlet, outlet, and four straight
tubes made of copper having an inlet and outlet on the same side. The shell-and-tube heat
exchanger used in the experiment is similar to the AEU TEMA standards having straight tube
passes. Also, the inlet and outlet of the tubes are on the same side, which consists of four
passes. The leakage between the tube and the shell side has been prevented by using
proper sealing. Additionally, there is a provision to clean the tubes easily by opening the
head of the shell-and-tube heat exchanger. The shell has an internal diameter of about

53 mm while the tubes have internal and external diameters of about 10 mm and 12.5 mm,
respectively. The tubes are arranged in a square profile. The air injection pump (accuracy



of £ 0.5%) is used for injecting the air to the tube and shell side. The air pump has a capacity
of 3.5 I min~* and can generate a maximum pressure of 0.02 MPa. The air is injected at three
different locations such as (1) inlet of the tube, (2) inlet of the shell, and (3) throughout the
tube. The air is injected through a plastic tube in which small holes were provided at
specified length intervals. The cold and hot fluid flows are controlled by flow meters of the
accuracy of £ 0.5%. For measuring the temperature, thermocouples (accuracy £ 0.1 °C) are
attached at different locations which are connected to a data logger system. The flow
meters and thermocouples were calibrated before the experimentation. To minimize the
variation in output reading, each experiment has been conducted three times.

Data calculations

The overall heat transfer coefficient is calculated by using the following correlation.

U= Qi (1)
Ao ATimTD
where A, is the tube area and ATivo is logarithmic mean temperature difference.
The logarithmic mean temperature difference is given as follows:
T _ (T]ll - Trci:I - (Tho - j-rcoj’
LMTD = 1 | T (2)
TM_JR:G

The heat transfer rate, heat transfer coefficient, and the Nusselt number can be obtained by
using the following equations:

Qavg = %(Qh + Q) (3)
where

Qn =1 X cpn X (Thi — The) (4)
and

Qc = M X cpe X (Teo — Tty) (5)

The convective heat transfer coefficient and the Nusselt Number are given as follows:

N Qa.vg
h= X (T — o) ©)
Nu=" - 4 @)



The (Number of Transfer Units) NTU and the effectiveness can be determined by using the following
equations.

NTU = Ao xUs (8)
Cmin

where Cpin = Min {Cy, and Cg}

Ch = 1itp X Cph (9)

Cec =me X Cpc (10)

and the effectiveness is given as

i Quvg -

Cmin X (Tw — Tai)

Exergy analysis and the dimensionless exergy loss can be calculated using Akpinar and Bicer
[13] study method and can be given as follows:

E=FE, + E; (12)
where
T
. =9 {mh X Cpn X ]nTL“’} (13)
hi
. i
Eczﬂ{mcx(}’pcx]n—} (14)
Tu

and the dimensionless exergy loss is given as follows:

E

- Te x Cmin . (15)

Results and discussions

To ensure the accuracy of the testing system, a few experiments were conducted with
normal operating conditions, and the results of these experiments have been compared
with Dittus—Boelter [52] equation. The validation of experimental results has been done
with Dittues—Boelter [52] equation as shown in Fig. 2. There is a good agreement between
the experimental and calculated results so that only 5-7% error in all operating conditions
can be observed.
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Fig. 2. Experimental results validation with theoretical results
Heat transfer coefficient

The heat transfer coefficient is measured as the heat transfer from the fluid flows to the
solid surface on which fluids are flowing. In a shell-and-tube heat exchanger, the convection
occurs in two places. First, the heat from the hot water is transferred to the outer tube
surface while the second is from hot water to cold water is flowing shell side. Now, this heat
from the tube surface is carried away by the cooling water, thus overall process takes place.
As has been observed, the flow rate affects the heat transfer rate. Similarly, with an increase
in the flow rate, the heat transfer coefficient also increases in all cases, as shown in Fig. 3.
Furthermore, injecting the air bubbles in the flowing water enhances the heat transfer
coefficient. It has been observed that injecting air bubbles throughout the tube section
showed a minimum heat transfer coefficient of about 337 (W m=2 K1) which corresponds to
49% with respect to without air injection. As the air is injected throughout the tube, it
creates more bubbles in the fluids which further creates more turbulence in the fluid. The
turbulences of fluids alter the regime and augmentation of the heat transfer coefficient. The
constant flow rate occurred in the shell side when the air was injected on the shell side. The
mean velocity of the fluid is also increased with air injection. While the maximum heat
transfer is around 869 (W m=2 K=Y which corresponds to 41% contributed to the case



without air injection system at hot water temperature that is at 40 °C at different ranges of
Reynolds number. The minimum heat transfer coefficient in the air injection at the shell side
without air injection is 264.45 (W m~2 K™) which corresponds to 23% while the maximum
value obtained is 786.62 (W m=2 K™!) at 50 °C and 841 (W m~2 K1) at 70 °C for different
ranges of Reynolds number.
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Fig. 3. Heat transfer coefficient under different air injection methods for fluid temperature a 40 °C, b 50 °C, ¢
60°Candd 70 °C

Similarly, the minimum heat transfer coefficient in air injection at the tube inlet side without
air injection is 403 (W m~2 K1), which corresponds to 24%. As the air is injected in the tube
side, it alters the thermal boundary layer and enhances the Reynolds number. It has been
observed that the impact of the air bubbles at higher Reynolds is more as compared to the
low Reynolds number. On the other hand, the obtained maximum value is 866 (W m=2 K1)

at 60 °C at different ranges of the Reynolds number. The maximum heat transfer coefficient
is measured to be 907 (W m=2 K1) at 70 °C for the Reynolds number of 22,000 as the air has
been injected throughout the tube. The more number of holes in the throughout tube
method creates more bubbles which leads to more heat transfer. It has been concluded that
injecting the air bubble leads to an increase in the turbulence of the flowing fluid. This
increase in the turbulence enhances the heat transfer rate.
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Nusselt number

Nusselt number is one of the most important parameters which determines the convection
rate and the performance of heat exchangers. With an increase in the flow rate of the hot
water, an improvement in the Nusselt number has been observed due to a rise in the heat
transfer rate. From Fig. 4, it has been observed that the maximum Nusselt number is
obtained at a higher flow rate or the higher Reynolds number. Hence, Nusselt number can
be stated as a function of Reynolds Number. As the air bubbles are injected at different
points, it starts to move in the upward direction, which creates turbulence in the flow rate,
then this turbulence improves the heat transfer rate. Apart from this, the effect on the
thermal boundary layer also leads to a heat transfer augmentation, and the bubble flow
regime also has some effects which alter the turbulence of the fluid which is flowing inside
the tubes. These are some reasons which can be mentioned that lead to the augmentation
of the heat transfer capacity. With the injection of air at different points in the shell-and-
tube heat exchanger, an enhancement in the Nusselt number has been observed at
different flow rates and temperatures. It can be mentioned that injecting air bubbles
throughout the tube section shows that the minimum enhancement in the Nusselt number
was 13.81% without air injection, while the obtained Nusselt number is around 37.37 which
corresponds to 15.62% without air injection at a maximum hot water temperature of 70 °C
at different ranges of Reynolds Number. The minimum Nusselt number in the tube side air
injection without air injection was higher than 8.81%. On the other hand, the maximum was
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9.37% at 70 °C at different ranges of Reynolds Number. Similarly, the Nusselt number in the
shell-side air injection without using air injection was higher, which was about 5.45%, while
the maximum value was 6.25% at 70 °C and different ranges of the Reynolds Number.
Additionally, similar enhancements have been observed at other temperatures.

The Nusselt number in the present has similar trends with the work of Pourhedyat et al.
[23], and it has good agreement with the published work. An enhancement has been
observed due to the motion of the bubbles, which creates extra turbulence which enhances
the heat transfer rate; ultimately, it results in improving the Nusselt number. It has been
observed that by using the air injection method throughout the tube, the enhancement in
Nusselt number is more than that of the air injection at either shell entrance or the tube
entrance.

Effectiveness

Effectiveness is the change in the fluid temperature with a smaller capacity rate to the
maximum possible temperature difference in the heat exchangers. It indicates the
performance of a heat exchanger and how much the heat exchanger is effective for a
specific purpose. The effectiveness depends on the actual heat transfer rate and the
maximum possible heat transfer rate.

The heat transfer rate depends on the mass flow rate of the fluid; thus, the flow rate affects
the effectiveness of the heat exchanger. Figure 5 shows the effect of flow rate on the
effectiveness of the shell-and-tube heat exchanger. Maximum effectiveness has been
obtained at a maximum flow rate or maximum Reynolds number. As the heat transfer rate
increases with the air injection, the effectiveness also enhances. Through the experimental
analysis, it has been observed that injecting air bubbles throughout the tube section shows
minimum effectiveness of about 0.3337 which corresponds to 14% without air injection
while the maximum effectiveness is around 0.0.416 which corresponds to 17% without air
injection at a maximum hot water temperature of 70 °C at different ranges of Reynolds
number. The minimum effectiveness in air injected at the shell side without air injection is
0.2981 which corresponds to 3%. On the other hand, the maximum value is 0.366 which
corresponds to 6% at 70 °C at different ranges of Reynolds Number. Similarly, the minimum
effectiveness in air injected at the tube side without air injection is 0.321 which corresponds
to 11% while the maximum value is 0.389 which corresponds to 14% at 60 °C and different
range of the Reynolds number. Additionally, a similar trend has been observed with other
temperatures. The obtained results at different temperatures and flow rate conditions at
different air injection conditions have been shown in Fig. 5. It has been observed that the
present work has quite similar trends with the work of Heyhat et al. [22] as some operations
are different in both works (Table 1).
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Fig. 5. Effectiveness of the heat exchanger under different air injection methods for fluid temperature a 40 °C,
b 50 °C,c60°Candd70°C

Table 1 Parametric conditions

S. No Parameters Range

1 Reynolds number 4000-22,000

2 Fluid temperature/°C 40-70

3 Air injection 1. Without air injection

2. Air injection at shell side
3. Air injection at tube side
4. Air injection throughout the tube

Exergy loss

Exergy is the thermodynamic property defined as the maximum amount of the useful work
that can be achieved from a reversible system in a specific environment. It is one of the
important parameters when any actual device is compared with a real device. In heat
exchangers, the exergy gained by one fluid is compared with the exergy given out by

12



another fluid. A temperature difference is one of the major causes of the losses in heat
exchangers. It has been observed from the experimental result that exergy loss and
dimensionless exergy loss increase with a rise in flow rate, which has been shown in Fig. 6.
Maximum exergy loss is obtained at a maximum flow rate of 3.5 | m™ for the hot fluid and
cold fluid side, and similarly, the dimensionless exergy loss, which is based upon the exergy
of the sum of hot fluid and cold fluid side with respect to maximum work is also increasing
with air injection as compared to the without air injection in heat exchanger under the same
operating conditions.
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Fig. 6. Dimensionless exergy loss at different air injection methods for fluid temperature a 40 °C, b 50 °C, c
60°Candd 70 °C

The increase in the flow rate leads to a rise in the temperature difference. As a result, the
exergy loss and the dimensionless exergy loss augment. With the air bubble injection in the
heat exchanger, it has been observed that the temperature difference increases, which
leads to an increase in the exergy loss. Additionally, the increment in exergy loss results in
augmenting the dimensionless exergy loss. It can be stated which injecting air bubbles
throughout the tube section show minimum dimensionless exergy coefficient of about
0.03241 which corresponds to 27.49% with no air injection in the tube while the maximum
exergy loss is around 0.03569 which related to 31.02% with no air injection at a maximum
hot water temperature of 70 °C at different ranges of Reynolds number. The minimum
exergy loss in the air at the shell side concerning no air obtained is 0.02601 which
corresponds to 2.32% while the maximum value obtained is 0.02801 which corresponds to
3.01% at 60 °C at a different range of Reynolds number. Similarly, the minimum
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dimensionless exergy loss for air at tube inlet with respect to no air injection is 0.02721
which corresponds to 7.04% while the maximum value is 0.0302 which corresponds to
10.86% at 60 °C and different range of the Reynolds number. A similar trend has been
observed for other temperatures. The work has been carried out on a small-scale shell-and-
tube heat exchanger with the air injection technique to measure the performance and
exergy analysis. In the research, different air injection methods are suggested, and their
effect has been analyzed. The air injection technique is a good promising method as
compared to other conventional methods, i.e., use of turbulators, inserts, to improve the
performance of the heat exchanger because this technique has low exergy loss as compared
to other methods.

Conclusions

In this research, the performance and exergy loss in a shell-and-tube heat exchanger has
been calculated. The effect of air injection in the flowing fluid has been analyzed by injecting
air at the shell side, tube side, and throughout the tube. Finally, the obtained results have
been compared to the case without air injection. The air injection technique is one of the
promising techniques to improve the performance of heat exchangers. Among the three
different cases, the air injection throughout the tube is more effective followed by air
injection in tube inlet and shell side air injection. The maximum heat transfer coefficient was
observed approximately 41% when air injected throughout the tube as compared to the no
air injection in the shell and tube side. With injecting air bubbles throughout the tube
section, enhancement in the Nusselt number was 13—-25% for the case without air injection
at a maximum hot water temperature of 70 °C. Maximum effectiveness has been obtained
at a maximum flow rate or maximum Reynolds number. As the heat transfer rate increases
with the air injection, the effectiveness also enhances. The exergy loss has been increased
by introducing air injection in all cases, i.e., injection of air at (a) shell side, (b) tube side, and
throughout the tube. The injecting air bubbles throughout the tube section show minimum
dimensionless exergy which is 27.49% for no air injection while the maximum is around
31.02% for no air injection at the maximum hot water temperature of 70 °C.
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