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In this experimental study, titanium dioxide (TiO;) nanoparticles were synthesized using an
ultrasound-assisted technique. The structural as well as morphological characteristics of the
produced TiO, nanoparticles were studied through X-ray diffraction (XRD) and scanning
electron microscopy (SEM). Heat transfer, as well as exergetic parameters of propylene
glycol-water (PGW)-based TiO, nanofluid in a shell-and-tube heat exchanger, were then
explored. The nanofluid was made ready by mixing 60% water and 40% propylene glycol,
incorporating TiO, nanoparticle concentrations of 0.1 vol.%, 0.2 vol.%, and 0.3 vol.% through
a two-step process. The flow rate of the nanofluid was varied between 6-12 1/min, while the
flow rate of the hot water was maintained at 12 1/min. The study revealed that increasing
both the flow rate and nanoparticle concentration of the nanofluid significantly improved the
heat transfer rate () as well as the overall heat transfer coefficient (U). Specifically, at a
nanoparticle concentration of 0.3 vol.% and a flow rate of 12 1/min, the heat transfer rate
increased by 44.3%, and the heat transfer coefficient increased by 46.1%. Furthermore, the
average effectiveness of the heat exchanger improved with nanoparticle concentrations of 0.1
vol.%, 0.2 vol%, and 0.3 vol.%, showing increases of 11.91%, 29.88%, and 41.82%,
respectively. The research also indicated that exergy loss as well as the dimensionless exergy
loss initially increased with higher nanoparticle concentrations but then decreased as the
concentration continued to rise. Notably, at a concentration of 0.3 vol.% and a nanofluid flow
rate of 6 1/min, the highest exergetic sustainability index (0.44) and the lowest environmental
impact factor (2.3) were observed.
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1. Introduction

The rapid increase in climate change, global
warming, the effect of greenhouse gases, and the
growing energy demand have led the modern

conversion systems, heat exchangers are
essential components. The thermal and physical
characteristics of heat transfer fluids are
important variables that affect the heat
exchanger's performance [1-4]. The most

world to make every effort to save and effectively
transfer energy. A heat exchanger, which makes
energy transfer across various media easier, is a
crucial tool in this endeavor. In energy
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commonly used form of heat exchanger among
the several types is the shell and tube heat
exchanger, which finds usage in a variety of
industrial applications such as energy
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conversion, evaporation, condensation, heating,
cooling, ventilating, power utility systems, and air
conditioning engineering [5]. Researchers have
been attempting to increase the heat transfer
rates of heat exchangers, reduce their size,
weight, and cost, minimize energy losses, and
improve energy and fuel efficiency. There are
several approaches to augment the effectiveness
of heat exchangers, including the incorporation of
fins, the use of microchannels, and the expansion
of the heat transfer area. Furthermore, increasing
the thermal conductivity of the working fluid
plays a significant role in enhancing heat transfer
efficiency [6]. Common fluids, such as water,
refrigerants, motor oil, paraffin oil, propylene
glycol, ethylene glycol, and vegetable oil, typically
exhibitlower thermal conductivities compared to
solid materials. One method that researchers
have explored to enhance thermal conductivity is
the addition of solid particles with higher thermal
conductivity to a base fluid [7]. However,
suspended particles, whether micrometer or
millimeter-sized, can lead to several significant
issues, such as clogging, abrasion, high-pressure
drops, and particle sedimentation. Despite thia,
nanoparticles, having an average size of less than
100 nm, are used to avoid these issues [8,9].
Among their various technical applications,
nanofluids—suspensions of colloidal
nanoparticles in a base fluid—are anticipated to
replace conventional fluids soon [10, 11].
Notably, metal oxide nanoparticles are generally
inexpensive and easy to synthesize. In this
experimental study, TiO2Z nanoparticles have
been synthesized using a modified sulfuric acid
method through ultrasound [12].

Nanofluids are created by dispersing selected
nanoparticles in a base fluid at varying
concentrations. Ethylene glycol (EG) or
propylene glycol (PG) are commonly used as an
antifreeze, with PG being preferred in food
applications due to its safety despite having
lower physical properties than EG [13]. Although
thermal conductivity is a primary contributor to
improving heat transfer in nanofluids, it is not the
only mechanism. Due to the motion of the
nanoparticles, which can result in micro-
convection effects and improved momentum
exchange within the fluid, nanofluids also show
improved convective heat transfer. If precise
thermophysical characteristics are applied,
single-phase Nusselt number correlations can
frequently be used to characterize this behavior.
The experimental research conducted by
Buschmann et al. [14] shows that Newtonian
nanofluids exhibit consistent heat transfer
patterns devoid of unusual behaviors, and the
improvement seen is correlated with better
particle dynamics and thermal conductivity.
Furthermore, according to Aksoy et al. [15],
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nanofluid sprays improve heat transfer by
primarily coating the heated surface and then
continually self-sustaining the optimal coating
due to the continuous deposition of
nanoparticles. Hamilton [16] presented a model
of thermal conductivity for a two-phase mixture
based on theoretical research. The term
“nanofluid” to describe fluids containing
suspended nanoparticles was introduced by Choi
[17]. In comparison with water without
nanoparticles, a concentration of 5 vol.% water-
based CuO nanofluid can raise its thermal
conductivity by 60%, as suggested by Li et al.
[18]. Masuda et al. [19] suggested that the
thermal conductivities of liquid-dispersed ultra-
fine particles, specifically Al203 and TiOz at a
concentration of 4.3 vol.%, were enhanced by
approximately 32% and 11%, respectively. For
EG and PG-based TiO2 nanofluids, Cabaleiro et al.
[20] investigated thermal conductivity at
nanoparticle concentrations of up to 8.5 vol.%,
reporting an increase in thermal conductivity of
up to 15.4%. In addition, anatase nanocrystalline
nanofluids  demonstrated  slightly  better
enhancements. Sundar et al. [21] observed the
thermal as well as rheological properties of PGW-
based Fe30s nanofluids, noting a thermal
conductivity increment of 20.53% and 17.26%
for 20:80% and 40:60% PG/water nanofluids,
respectively, at a particle concentration of 0.5
vol.% along with a temperature of 60°C. Hussein
et al. [22] investigated the use of water-based
TiOz and SiOz nanofluids to enhance heat transfer
in automobile radiators. Their results indicated
that heat transfer improves as the volume
concentration of the nanofluid increases.
Devireddy et al. [11] analyzed EGW-based TiO2
nanofluids as automotive radiator coolants, using
a 60% water and 40% ethylene glycol mixture
with TiOz concentrations of 0.1 vol.%, 0.3 vol.%,
and 0.5 vol.%. They found a maximum rate of heat
transfer increase of 37% compared to the base
fluid. In a different research, Palanisamy and
Kumar [23] found that with a cone helically coiled
tube heat exchanger, the Nusselt numbers for
water-based multi-walled carbon nanotube
(MWCNT) nanofluids at 0.1 vol.%, 0.3 vol.%, and
0.5 vol.% concentrations were, respectively,
28%, 52%, and 68% higher compared to water.
According to Jagadishwar and Babu [24], PGW-
based TiO2 nanofluids were tested in an
automotive radiator at different flow rates with
concentrations of 0.1 vol.%, 0.2 vol.%, and 0.35
vol.%. At specific concentrations and flow rates,
they showed that the heat transfer rate rose as
the flow rate increased.

In order to improve the performance of the
disc-and-doughnut shell-and-tube heat
exchangers (STHXs), Mohammadzadeh et al. [25]
investigated  several = tube  geometrical
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arrangement configurations along with the
inclusion of ternary nanoparticles. In comparison
to the triangular 30° STHX, the study
demonstrated that the heat transfer to pressure
drop ratio increased by 79.73% at a mass flow
rate of 1.6 kg/s. The fluid with a ternary
nanoparticle concentration of 5% performed the
best among all those tested. Heat transfer
improved with an increase in the volume fraction

of nanoparticles, but pressure drop also
increased. Shell-and-Tube Heat Exchangers
(STHE) are essential in many industrial

applications, as examined by Mohammadzadeh et
al. [26] in another study. For baffles angled
between 0° and 30°, the results showed that the
pressure drop in the shell section increased by
56.8 to 60.9%. There was also a higher total heat
transfer coefficient, by about 4.5-6% for the 30°
inclined baffles compared to the 0° inclined
baffles. A 3D numerical study of the melting
behavior of a phase changing material (PCM) in a
helix-shaped coil-tube heat exchanger was
conducted by Khedher et al. [27]. According to
the results, central return tube layouts improved
charging capacity and beginning melting rates
when compared to a typical coil. After 5000 s
from the start of melting, the top inlet design
outperformed the bottom inlet by 16.5% in
melting rate. In contrast to the traditional system,
the arrangement with the central return tube at
the top showed incremental gains in energy
storage of 18.8%, 13.1%, and 1.9% for
operational time intervals of 1000, 5000, and
10,000, respectively. Paikar et al. [28]
demonstrated that the pressure drop and heat
transfer coefficient within the shell-and-tube
heat exchanger (STHE) tubes were enhanced by
the use of single and double-blade turbulators
(SBT and DBT). For instance, the heat transfer
coefficient improved by 25.41% and 33.43%,
respectively, when SBT and DBT were employed
at a mass flow rate of 0.338 kg/s. Furthermore,
compared to the base model (heat exchanger
without a turbulator), the pressure drops with
the SBT and DBT increased by 6.32 and 8.62
times, respectively, at a mass flow rate of 0.45
kg/s. To evaluate the performance of phase
change materials (PCMs), Moghaddam et al. [29]
conducted a study that focused on two aspects:
the incorporation of fins and the use of porous
media during the melting process within a triple-
concentric-tube heat exchanger. The importance
of shell-and-tube heat exchangers (STHX) was
examined by Mohammadzadeh et al. [30],
focusing on various types of baffles, including
segmental, double segmental, helical, disc-and-
doughnut, clamping anti-vibration, and Flower-B.
Their study demonstrated that using clamping
anti-vibration, Flower-B, helical, and double
segmental baffles reduced the shell side pressure
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drop by 14% to 28%. Although these designs
resulted in lower overall heat transfer
coefficients, the disc-and-doughnut baffles
achieved higher overall heat transfer
coefficients—ranging from 21% to 24%—
compared to segmental baffles.

Exergy is the maximum useful work a
reversible system can deliver in a given
environment [31,32]. The second law of
thermodynamics analysis, or exergy analysis, is
key to understanding the thermodynamic
behavior of heat exchangers. This method
combines the second law of thermodynamics
with mass and energy conservation to evaluate
energy systems [33].

In a developing country like Bangladesh, the
energy crisis is a significant concern. To
effectively address this issue, accurate
information on energy consumption and losses is
crucial. Traditional energy analysis focuses on
the quantity of energy used and lost, while
neglecting the quality and internal inefficiencies
of the equipment, which makes it increasingly
inadequate [34,3]. Conversely, exergy analysis
provides insights into the usable work potential
of a system. By assessing exergy losses, it allows
for a better evaluation of process inefficiencies
and can indicates whether design improvements
could reduce inefficiencies in energy systems
[35].

Due to its significant potential in sustainable
energy, exergy analysis has become a major area
of study worldwide [36]. Durmus [37]
investigated heat transfer, pressure loss, and
exergy both with and without cut-out conical
turbulators in a heat exchanger, deriving and
discussing several empirical correlations to
describe the results. The effects of flow,
thermodynamic as well as geometrical factors, on
the exergetic performance of a tube-in-tube
helically coiled (TTHC) heat exchanger were
studied by Dizaji et al. [38]. Their experimental
investigation showed that increasing flow rates,
coil diameter, and the temperature of the hot
fluid input led to an increase in energy loss.
Utilizing CuO/water nanofluids, Khairul etal. [39]
looked into the exergy loss in a corrugated plate
heat exchanger. They discovered that exergy
destruction was reduced by 24%, 16.25%, and
8% compared to water for nanoparticle
concentrations of 1.5 vol.%, 1.0 vol.%, and 0.5
vol.%, respectively. Esfahani and Languri [40]
examined the exergetic effectiveness of a shell-
and-tube heat exchanger with graphene oxide
nanofluid at concentrations of 0.01 wt.% and 0.1
wt.%. They found that distilled water brought
about 22% and 109% more exergy loss compared
to nanofluids having concentrations of 0.01 wt.%
and 0.1 wt.%, respectively, under laminar flow
conditions.
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Despite numerous prior studies evaluating
the performance of heat exchangers, there
remains a limited understanding of how the PGW
mixer affects heat transfer as well as exergetic
performance in shell-and-tube heat exchangers.
This research began with the fabrication and
characterization of TiOz nanoparticles. The
subsequent analysis focused on the heat transfer
as well as the exergetic efficiency of the shell-and-
tube heat exchanger by varying the flow rates and
nanoparticle volume concentrations of a PG and
water-based TiOz nanofluid.

2. Experimentation

2.1. Materials

TiO2 powders were purchased from Taj
Scientific, Chittagong, Bangladesh (manufactured
by PT. Smart-Lab, Indonesia). The Postgraduate
Laboratory of the Department of Physics, CUET,
provided 98% H2S04 and 25% NH4OH solution.
2.2.TiO; Nanoparticle and
Characterization

In this study, TiOz nanoparticles were
prepared using an ultrasound-assisted method
[12]. The procedure was modified to align with
available lab facilities and to enhance cost-
effectiveness. To prepare the precursor for the
TiO2 nanoparticles, 20 grams of anatase TiO:
particles were placed in a 500 ml beaker. Then,
40 ml of 98% sulfuric acid (H2S04) was added
dropwise to the TiO2 particles in the beaker. The
mixture was then subjected to ultrasound
treatment at a frequency of 40 kHz for 45 minutes
in an ultrasonic bath. This was followed by
heating the beaker at 100 °C in an oven. The
ultrasonic waves created intense mixing and
facilitated the reaction between TiOz and H2504
[12]. This process helped to break down the
chemical bonds in the TiO: particles and form
new structures at elevated temperatures (Eq. 1).
After adding distilled water to the beaker, the
mixture was stirred for five minutes using a glass
rod. Ammonium hydroxide solution (25%) was
then used to adjust the pH to a range of 8 to 11.
The solution was filtered through filter paper to
remove by-products. After filtering, the product
was washed and filtered three additional times.
Subsequently, the sample was transferred to
another beaker and dried at 30 °C for 30 minutes
in a water bath. The final product was then
calcined, or annealed, for two hours at a
temperature of 500 °C. The complete TiO:
nanoparticle synthesis procedure is depicted in
Figure 1. After calcination, the final product was
thoroughly crushed utilizing a mortar and pestle.
Figure 2 illustrates several important steps in the
synthesis of the nanoparticles.

Preparation
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The possible chemical reactions during the
interaction of TiO2 with H2S04 are shown in the
following equations (1-4) [12]:

Ultrasonic

energy (1)

TiO, + 2H,S0, =% H,[Ti0(50,),] + H,0

H,[Ti0(S0,),] - Ti0SO, + H,SO, (2)

Ti0SO, + (n + 1)H,0 - Ti0,.nH,0 + H,S0,  (3)

Ti0,.nH,0 - TiO, + nH,0 (4)
The crystal structure as well as the
microstructure  of the fabricated TiO:

nanoparticles were studied using XRD (GBC
Scientific; Cu_Kal: A = 1.54062 Ao radiation
source) and SEM (Hitachi S3400N) analysis.

In this study, the crystallite size of the
particles has been estimated by using the Debye-
Scherer formula as presented in Eq. (5):

kA
" Bcosh

(5)

where D is the crystallite size, k is the Scherrer
constant (0.89), A is the X-ray wavelength
(0.15406 nm), B is FWHM (full width at half
maximum), and 6 is the diffraction angle.

Precursor solution Stirring in ultrasonic bath Heating at 100°C

Fabricated
TiO; nanoparticles

Drying in water bath

Calcination

Fig. 1. Schematic representation of TiO; nanoparticles
synthesis process

Adding 40 ml I1,SO, (98%) with 20 gm TiO, powder
¥

Stirring with ultrasonic bath for 45 minutes

¥

Heating at 100 °C

¥

Dissolving in distilled water

Adjusting pH of the solution by adding 25% NH,OH
solution

Washing. filtering. and drying
¥

Calcination at 500 °C for 2 hours

Fig. 2. A flow diagram showing how TiO: nanoparticles are
made utilizing the modified H2S04 technique
with ultrasonic assistance
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The d-space, or interplanar separation
between atoms, was computed using Bragg's Law
as shown in Eq. (6).

2dsinf =nA (6)
where, d is inter-planar spacing.
The crystal system of anatase TiO2

nanoparticles is tetragonal-body centered. The
following formulas in Eq. (7) and Eq. (8) were
utilized to calculate the lattice parameters (a=Db
and c) and the volume (V) of the nanoparticles'

unit cell using Miller indices (hkl) and d-spacing:
1 h*2+k* 12
@ a2 e

(7)

V = a%c

(8)

2.3.Preparation of TiO; Nanofluid

TiO2 nanofluid was prepared in this work
utilizing a two-step process that involved adding
varying  volume  percentages of TiO2
nanoparticles to a base fluid consisting of 40% PG
and 60% water. To make nanofluids, the amount
of nanoparticles required was calculated using
the law of mixing. With a propylene glycol-water
mixture (PGW) (40:60) as a base fluid, the weight
of the nanoparticles needed for producing the
nanofluid of a specific volume fraction was
determined using the following Eq. (9) [3]:

Wnanoparticle

Pnanoparticle
Wnanoparticle  Whase fluid
+

% vol. concentration, ¢ =

9)

Pnanoparticle Pbase fluid

The required amount of TiO2 nanoparticles
for a specified concentration was dissolved ina 1
L PGW mixture. The solution was then mixed for
10 hours using a magnetic stirrer, followed by 1
hour of sonication in an ultrasonic bath. A total of
5 1 of nanofluid with specific volume
concentrations was prepared. The investigation
utilized TiO2 nanoparticles at concentrations of
0.1 vol.%, 0.2 vol.%, and 0.3 vol.%. The necessary
components and the procedure for nanofluid
preparation are depicted in Figure 3.

Equations (10-13) derived by Pak and Cho
[41] were utilized to calculate the density,
specific heat, and thermal conductivity of the
materials involved. The thermal characteristics of
the base fluid, water, and the nanoparticles are
presented in Table 1 [21, 42-46].

Prf = @Ppnp + (1 — @)pps (10)
@(pCp)np+(1-9)(pCp)
Conf = . o = (11)
nf
tng = Hpr(1 4+ 2.5¢ + 6.2¢0%) (12)
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-k Knp+2be_2(p(be_Knp)
"I Kpp + 2 Kpp + @(Kps — Kpp)

Ky (13)

Table 1. Thermal characteristics of TiO2 nanoparticle,
water, and base fluid

Material Density Specific Thermal
(kg/m3) heat conductivit
(J/KgK) y (W/mK)
TiO2 3895 689.62 8.5
Water 998.9 4181 0.613
PGW (40:60) 1026.5 3747.186 0.388

Stirring with Magnetic Stirrer Ultrasonic bath

]

Weighing
nanoparticles
in weight scale

— Prepared nanofluid

Fig. 3. Nanofluid preparation procedure

2.4. Experimental Setup and Procedure

This study utilized a shell-and-tube heat
exchanger of the NFU type, as defined by TEMA
(Tubular Exchanger Manufacturers Association)
nomenclature © 1988. The "N" indicates a
channel with a removeable cover and tube sheet,
"F" denotes a longitudinally baffled two-pass
shell, and "U" refers to the U-tube bundle. The
heat exchanger consisted of two stainless steel
tubes, each with an inner diameter of 0.009
meters, an outer diameter of 0.0095 meters, and
a length of 0.49 meters. The cylindrical shell had
a length of 0.3045 meters and an outer diameter
of 0.15 meters. It utilized a parallel-flow
arrangement, as shown in the SolidWorks model
in Figure 4.

The experimental setup was designed to
assess the exergetic performance and heat
transfer rate of a shell-and tube heat exchanger.
The setup included two 0.5-hp centrifugal pumps
(RFL Water Pump, Centrifugal 1"X1"-0.5 HP
(RCm-130)), two flow measurement devices
(PRM FMZ400410 GPM 1-10 GPM Water
Rotameter Flow Meter with + 4% accuracy), two
flow regulator valves, and various pipes, joints,
and other components. Additionally, the setup
featured a cold fluid storage tank and an electric
heater for hot fluid storage. To minimize heat loss
between the test apparatus and the surrounding
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air, glass wool, insulating tape, and aluminum foil
were used for insulation. The details of the water
pumps that were utilized in the experiment are
shown in Table 2. A schematic diagram and a
photograph of the experimental setup are shown
in Figures 5 and 6, respectively.

Sout

tout

()

Fig. 4. Solidworks model of the test section (a) Shell-and-
tube heat exchanger model with flow directions;
(b) Section view of a heat exchanger

Table 2. Details of the water pumps that were used
in this experimental study

Specifications Value

Model BBY03343
Motor power 0.5 hp (0.37 KW)
Motor voltage 220V

Max. head 24 m

Max. flow rate 501/min

Sn. 1inch

Dn. 1inch

A closed-loop heat exchanger was connected
to two buckets, as depicted in Figure 6. One
bucket contained hot water, heated by an electric
heater, while the other contained a nanofluid
serving as the coolant. Two separate pumps were
employed to circulate the nanofluid and hot
water through a 1-inch-diameter conduit. The
shell side was designated for the circulation of the
nanofluid, whereas the tube side was utilized for
the hot water. To measure the Volumetric flow
rate, two flow meters (rotameters) were installed
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in the loop. Flow rates were adjusted using gate
valves, maintaining a steady flow of 12 liters per
minute for the hot fluid. The nanofluid flow rates
were varied at 6, 8, 10, and 12 liters per minute.
Four nitrogen-filled laboratory thermometers
(ZEAL, manufactured in England; range: -10 to
110 °C with a precision of + 0.1 °C) were
positioned on the pipe at both the entrance and
exit of the hot water and nanofluid to monitor the
necessary temperatures. Data  collection
occurred during a sustained flow period.

Flow Control \lx/
Valve

' Flow Control
O Valve

Hot Water

Storage Nanofluid
with (cold)
Heating Storage

System

Th,ont‘

Fig. 5. Schematic diagram of the experimental setup

2.5.Calculation Method

2.5.1.  Thermal Performance

The heat transfer rate of the nanofluid (cold
fluid) can be estimated using the following Eq.
(14) [47]:

Qc = M, Cpc(Tc,out - Tc,in)

where, 11 is the mass flow rate, Cycis the specific
heat, Tcin and Tcour are the inlet and outlet
temperatures of the nanofluid, respectively.

(14)

Thermometer

Lt

Nanofluid
(cold) Storage

Flow Control
Valve

oy N AN

v
W

Water (hot)
Storage with
Heating System

\

N\
N\

Fig. 6. Image of the experimental setup
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Now, the U of nanofluid can be calculated by
Eq. (15):

Qc
Uy=—— 15
©™ A, F AT, (15)
where, ATn is the log mean temperature

difference (LMTD), Ao is the total tube area (outer
side), and Fis the LMTD correction factor that can

be obtained from a chart using two parameters P
and R [47].

The effectiveness of an NFU type shell-and-
tube heat exchanger can be estimated using the
following Eq. (16) [47]:

Actual heat transfer rate

" Maximum possible heat transfer rate

_ 0 (16)
Qmax
where,
0 = 1CCpe(Teue = Ten) = hCon(Tuoue = Ta)  (17)
Qmax = Coin(Thin — Te,in) (18)

here, Cp;n, = The smaller of mcCy,. and maC,,

2.5.2.  Exergy Analysis

The exergy balance for a certain steady-state
control volume may be expressed as follows:

z:Ein = z:Eout - z:Eproduct

The following formula (Eq. (20)) can be used
to determine the exergy loss of a steady-state
open system:

E=E,+E,

(19)

(20)

where, the following Eq. (21) [38] can be used to
represent Eh and Ec, which stand for the energy
change of the hot and cold fluids, respectively:

T
E=T, [mhcph ln( ”"’”t>
Th,in

Teout
+m.C ln( c.ou )]
crpe Tc,in

The assessment of dimensionless exergy loss
was conducted by normalizing the exergy loss in
relation to the availability of the hot fluid stream
using Eq. (22) [38]. In alignment with established
research methodologies, a reference
environment of 298 K and 1 atm was employed.
This approach ensures both standardization and
comparability across the evaluation.

(21)

E
e = T
i G {4, [in (752
' 22
) ) (22)
. Th,out
my, Cph (Th,in - Th,out) - Te In m
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When energy is exchanged in a heat exchanger
from a fluid stream with a higher temperature to
one with a lower temperature, the second law
efficiency, also known as the exergetic
effectiveness, is described as following the Eq.
(23) [38]:

_ jut (“Pc,out_ “Pc,in)
1y (Ph,in— Ph,out)

e Cpc{(Tc,out_Tc,in)_Te[ln( %)] } (23)

o(ma )l
Th,ou'c
The reference temperature and pressure were

taken as 298 K (the standard ambient conditions)
and atmospheric pressure, respectively.

my Cph{(Th,in_Th,out)_Te

2.5.3. Sustainability and Environmental Impact
Analysis

In order to achieve sustainable development,
itis essential to use sustainable energy resources
effectively. The environmental impact of energy
processes is closely tied to exergy analysis. In
thermodynamically ideal and reversible
processes, there are no exergy losses, resulting in
an exergy efficiency of 1 (or 100%) and no
negative environmental effects; these processes
are fully sustainable. Conversely, in actual
irreversible processes, exergy is destroyed,
leading to losses. As exergy efficiency approaches
Zero, sustainability diminishes, and
environmental impact increases significantly. By
enhancing exergy efficiency, we can promote
longer-term  development while reducing
environmental effects. When exergy efficiency
approaches 100%, sustainability becomes nearly
limitless, and environmental impacts are
minimized. The process nears reversibility when
exergy is converted from one form to another
without any losses [49].

The exergetic sustainability index (SI) is a
valuable metric for evaluating the sustainability
of energy processes and is commonly employed
to quantify exergy performance in various
applications [48]. The sustainability index can be
estimated using established methodologies, as
outlined in Eq. (24) [49].

n

Sl =——

e (24)

Conversely, the environmental impact factor
(EIF) helps to determine the extent to which a
system's exergy losses may affect the
environment. A system with a lower EIF is more
ecologically friendly. The following Eq. (25) [49]
can be used to calculate the environmental
impact factor:

1
EIF = —

SI (25)
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3. Results and Discussion

3.1. XRD Analysis

The XRD pattern of the synthesized TiO:
nanoparticles is presented in Figure 7, with
detailed peak information summarized in Table 3.
The XRD analysis confirms that the produced
TiO2 nanoparticles exhibit a tetragonal anatase
structure. This pattern is consistent with JCPDS
data (PDF No: 21-1272) as well as findings from
other experimental studies [50, 51]. Notable
peaks appear at 26 values of 25.4°,37.06°,37.91°,
38.67°,48.15° 53.96°,55.16°,62.78°, 68.84°, and
70.356°, corresponding to the (101), (103),
(004), (112), (200), (105), (211), (204), (116),
and (220) lattice planes. The prominent peaks
observed at 25.4° and 48.15° indicate that the
synthesized TiO2 nanoparticles are
predominantly in the anatase phase [50, 51].

Based on the width of the XRD peak at <101>,
the average crystallite size of the produced TiO2

particles, was approximately 40.07 nm. Table 4
presents the unit cell volume and lattice
characteristics of the synthesized TiO:
nanoparticles. Notably, both the unit cell volume
and the lattice characteristics of these
nanoparticles align very closely with the
experimental data for anatase TiO2 [42].
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Fig. 7. XRD pattern of the synthesized TiO2 nanoparticle

Table 3. XRD data of synthesized TiO, nanoparticle

Plane 20 FWHM Crystallite Size Inter-planar Spacing
(hKl) (deg) (rad) (nm) (A%)
101 254 0.003508 40.07 3.50
103 37.04 0.003543 40.82 2.42
004 379 0.004076 35.56 2.37
112 38.67 0.005201 27.94 2.33
200 48.15 0.004016 37.40 1.89
105 53.99 0.004251 36.20 1.697
211 55.16 0.004363 35.45 1.66
204 62.78 0.005204 30.87 1.48
116 68.84 0.00548 30.83 1.36
220 70.36 0.005707 29.39 1.34

Table 4. Disparities between the produced TiOz nanoparticle's unit cell volume and
lattice properties with experimental measurements

Sample a (nm) c (nm) V (nm3)
Synthesized TiO2 0.377 0.9488 0.1349
Experimental [52] 0.3785 09514 0.1363
Deviation (%) 0.396% 0.273% 1.02%

3.2. SEM Analysis

The FESEM micrograph presented in Figure 8
illustrates the morphology and structural
characteristics of the synthesized TiO2
nanoparticles. The SEM images shown in Figures
8(a) and 8(b) reveal particles consistent in size
and shape, although some agglomeration and

elongated particles are evident alongside the
predominantly spherical TiO2 nanoparticles.
Analysis using Image] software indicates that the
average grain size of these nanoparticles is
approximately 50.03 nm. The detailed
distribution of the grain sizes of the produced
TiOznanoparticles is provided in Figure 9.
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Fig. 8. The synthesized TiOz nanoparticles in a scanning
electron microscope picture at (a) 50,000 magnification
and (b) 100,000 magnification
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Fig. 9. Grain size distribution of the fabricated
Ti0z nanoparticles

3.3. Heat Transfer Analysis

The effects of nanofluid flow rate and
nanoparticle concentration on heat transfer rate
and the overall coefficient of heat transfer are
demonstrated in Figures 10 and 11. Both the heat
transfer rate and overall heat transfer coefficient
rise in tandem with the volumetric concentration
of nanoparticles and the flow rate of the
nanofluid.

237

This enhancement is attributed to increased
collisions between nanoparticles and a greater
mass flow rate, which together improve thermal
conductivity and other thermal properties. In
addition to enhanced conductivity, dynamic
phenomena such as Brownian motion,
nanoparticle deposition, and micro-convection
may also contribute to the observed
improvements in heat transfer. These
mechanisms facilitate local mixing and optimize
the behavior of the thermal boundary layer [14].

The maximum values recorded during this
experimental investigation are a heat transfer
rate of 503.17 W and an overall heat transfer
coefficient of 1141.64 W/m?K, achieved at a
nanoparticle concentration of 0.3 vol.% and a
flow rate of 12 I/min. In comparison to the base
fluid, the average enhancements in heat transfer
rate are 10.9%, 27.36%, and 38.25% for
nanoparticle concentrations of 0.1 vol.%, 0.2
vol.%, and 0.3 vol.%, respectively. Similarly, the
mean enhancements of overall heat transfer
coefficient are 11.96%, 30.4%, and 42.25% at the
same concentrations.

The effectiveness of the heat exchangers is
significantly  influenced by the volume
concentration of nanoparticles, as illustrated in
Figure 12. At nanoparticle concentrations of 0.1
vol.%, 0.2 vol.%, and 0.3 vol.%, the average
increases in effectiveness compared to the base
fluid (PGW) are 11.91%, 29.88%, and 41.82%,
respectively. The highest effectiveness of the heat
exchanger was observed at a nanofluid flow rate
of 10 1/min. However, effectiveness declined with
further increases in flow rate. Therefore, it can be
concluded that maintaining the flow rate within
permissible limits is crucial for optimizing heat
exchanger performance.
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Fig. 10. Variation of the heat transfer rate with nanofluid
(cold fluid) flow rate for base fluid and different
nanoparticle volume concentrations at a
constant hot fluid (tube side) flow
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3.4. Exergetic Performance Analysis

Figures 13 and 14 illustrate how the volume
concentration of nanoparticles affects exergy
loss as well as dimensionless exergy loss. It is
observed that due to the increment of the rate of
flow of the nanofluid (the cold fluid), exergy loss
as well as dimensionless energy loss increase.
However, these losses significantly decrease with
higher nanoparticle volume concentrations. This
trend could be attributed to the increased
irreversibility of the system at higher flow rates,
resulting in greater exergy loss due to elevated
frictional losses. Conversely, the incorporation of
nanoparticles enhances the thermal properties of
the fluid, promoting improved heat transfer and
reducing  exergy loss. Specifically, at
concentrations of 0.1 vol.%, 0.2 vol.%, and 0.3
vol.%, the average exergy losses are 18.19%,
29.44%, and 45.39%), respectively.
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Notably, for a nanofluid flow rate of 6 1/min
with a nanoparticle concentration of 0.3 vol.%,
the minimum dimensionless exergy loss was
recorded at 0.0696, while maintaining a constant
hot fluid flow rate of 12 I/min.

Figure 15 depicts the effects of nanoparticle
volume concentration as well as nanofluid flow
rate on exergetic effectiveness. It is noted that the
exergetic effectiveness increases with higher
nanoparticle concentrations but decreases with
increased flow rates. At a nanofluid flow rate of 6
1/min, the maximum exergetic effectiveness of
30.34% is achieved at a 0.3 vol.% concentration
of nanoparticles. The average increments in
exergetic effectiveness at concentrations of 0.1
vol.%, 0.2 vol.%, and 0.3 vol.%, are 12.16%,
24.57%, and 33.75%, respectively.

300

—&— PGW

—®— 0.1% Nanofluid
250 - |—4A— 0.2% Nanofluid
—¥— 0.3% Nanofluid

N

=

S
1

150

Exergy Loss (W)

100

50

0 T T T T
6 8 10 12

Flow rate (Litres/min)
Fig. 13. Exergy loss versus nanofluid (cold fluid) flow rate
for base fluid and different nanoparticle volume

concentrations at a constant hot
fluid (tube side) flow
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rate of nanofluid (cold fluid) for the base fluid and various
nanoparticle volume concentrations at a
constant hot fluid (tube side) flow
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Exergetic effectiveness plays a crucial role in
determining the exergetic sustainability index
(SI), which increases with higher nanoparticle
volume concentrations but decreases as the shell
side (nanofluid) flow rate rises. The
environmental impact factor (EIF) is inversely
related to the sustainability index.

Figures 16 and 17 illustrate the effects of the
volume concentration of nanoparticles and the
flow rate of the nanofluid on both the SI and the
EIF. With a 0.3 vol.% concentration and a flow
rate of 6 1/min of nanofluid, the system achieves
its maximum SI value of 0.44, accompanied by a
minimum EIF value of 2.3. Moreover, a reduction
in the EIF reveals that the system or process is
more environmentally friendly.
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Fig. 16. Changes in the exergetic sustainability index (SI) for
the base fluid and varying nanoparticle volume
concentrations with respect to nanofluid flow rate at a
constant hot fluid (tube side) flow
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Fig. 17. Environmental impact factor (EIP) versus nanofluid
flow rate for the base fluid and varying nanoparticle volume
concentrations at a constant hot fluid (tube side) flow

4. Conclusions

This study presents a comprehensive
exploration of heat transfer and exergetic
performance using TiO2-PGW nanofluids in a
shell-and-tube  heat exchanger. A key
contribution of this work is the utilization of in-
house synthesized TiO2 nanoparticles, produced
through a chemical process with H2SOs4 and
NH4OH, aided by ultrasound. The XRD analysis
confirmed the nanoparticles to be tetragonal
anatase-phase TiO2, revealing an average
crystallite size of 40.07 nm and a grain size of
50.03 nm as observed via SEM. The following are
the primary conclusions:

e As the flow rate of the nanofluid and
nanoparticle volume concentration
increased, both the overall heat transfer
coefficient and the rate of heat transfer
improved. At a nanoparticle concentration of
0.3 vol.% and a flow rate of 12 1/min, heat
transfer rate increased by 44.39% and the
overall heat transfer coefficient by 48.13%
compared to the base fluid. The average
increment in heat exchanger effectiveness at
0.1 vol%, 0.2 vol%, and 0.3 vol.%
concentrations was 11.91%, 29.88%, and
41.82%, respectively.

e As the flow rate of the nanofluid increased,
exergy loss and dimensionless exergy loss
also increased. In contrast, both losses
decreased  significantly = with  higher
nanoparticle volume concentrations.

o Exergetic effectiveness increased with the
concentration of nanoparticles; however, it
decreased as the flow rate of the nanofluid
increased. At a flow rate of 6 1/min, the
highest exergetic effectiveness of 30.34%
was achieved with a 0.3 vol.% concentration
of TiO2 nanoparticles.
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e The lowest environmental impact factor
(2.3) and the highest energetic sustainability
index (0.44) were observed at a nanoparticle
concentration of 0.3 vol.% and a nanofluid
flow rate of 6 1/min.

The findings of the experimental analysis
indicate that while increasing both the volume
concentration of nanoparticles and the flow rate
of the nanofluid enhances overall heat transfer, it
is essential to minimize the shell side flow rate of
the nanofluid. This reduction is crucial for
decreasing exergy loss and making the process
more environmentally friendly and sustainable.
This study enhances the understanding of PGW-
based nanofluids, focusing on their
environmental impact and energy efficiency, and
suggests further research on hybrid nanofluids
and their application in real-world energy
systems.

5. Discussions

The results of this investigation unequivocally
demonstrate the performance advantages
offered by TiO2-PGW nanofluids in a shell-and-
tube heat exchanger configuration. The
experimentally observed enhancement in heat
transfer performance with increasing
nanoparticle concentration is supported not only
by improved thermal conductivity but also by
several other mechanisms. In addition to
enhancing convective heat transfer, the
nanoparticles' Brownian motion and micro-
convection effects promote thermal mixing at the
microscale.

Although TiO2 nanoparticles were effectively
dispersed through prolonged stirring and
sonication, the potential long-term impacts of
sedimentation were not evaluated in this study
and require further investigation. Due to
equipment constraints, advanced surface
characterization techniques, such as FTIR and
zeta potential analysis, were not conducted to
assess the surface chemistry and dispersion
stability of the nanoparticles. Assuming
temperature-independent behavior,
thermophysical properties were calculated using
established empirical models.

However, interfacial thermal resistance and
temperature-dependent property variations
were not taken into account, which may slightly
influence accuracy. Furthermore, the long-term
operational stability and reproducibility of the
results were not assessed in this investigation.
Future research will focus on the performance of
TiO2-PGW nanofluids under cyclic thermal
loading and continuous operation.
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Nomenclature

Cp Specific heat [J/kg.K]
d Tube diameter [m]
E Exergy loss [W]

m Mass flow rate [Kg/s]

0 Heat transfer rate [J/s]

U Overall heat transfer coefficient, [W/m2Kk]

v Stream availability

n Second law efficiency

) Volume concentration [%]

ATm  Logarithmic mean temperature difference [K]

p Density [kg/m3]
Subscript

br Base fluid

c Cold fluid
h Hot fluid
i Inner side of the tube
np Nanoparticles
0 Outer side of the tube
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