THERMO-PHYSICAL CHARACTERISTICS OF ZINC OXIDE/GRAPHENE HYBRID NANOFLUID AND CFD ANALYSIS
OF HEAT EXCHANGER PERFORMANCE

THERMO-PHYSICAL CHARACTERISTICS OF ZINC

OXIDE/GRAPHENE HYBRID NANOFLUID AND CFD ANALYSIS OF
HEAT EXCHANGER PERFORMANCE

Section A-Research paper
ISSN 2063-5346

Yankana Gouda T
Department of Mechanical Engineering
Bheema Institute of Technology and Science
Adoni, Karnataka, India

Dr. D K Ramesh
Department of Mechanical Engineering
University of Visvesvaraya College of Engineering
Bengaluru, Karnataka, India

Dr.Varun KR
Department of Mechanical Engineering
The Oxford College of Engineering
Bengaluru, Karnataka, India

DOI: 10.48047/ecb/2023.12.5i4.1715

ABSTRACT:

This research paper investigates the thermo-physical characteristics of a zinc oxide/graphene
hybrid nanofluid and its impact on the performance of a ceramic-coated heat exchanger. The
nanofluid is prepared by dispersing zinc oxide and graphene nanoparticles in a 50:50 mixture
of ethylene glycol and distilled water. The thermal conductivity, viscosity, density, and
specific heat capacity of the nanofluid are measured at various concentrations. Computational
Fluid Dynamics (CFD) simulations are performed to analyze the heat exchanger's
performance using the nanofluid. The results reveal that increasing nanoparticle
concentration enhances thermal conductivity and viscosity while reducing specific heat
capacity. The CFD analysis shows improved convective heat transfer and temperature
distributions in the heat exchanger with the nanofluid. The findings demonstrate the potential
of the zinc oxide/graphene nanofluid in enhancing heat transfer efficiency, which has
implications for designing more efficient and cost-effective heat exchangers for various
industrial applications.

1. INTRODUCTION:

Heat transfer operations are very crucial for different energy conversion and transport
processes, with heat transfer fluids (HTF) as the energy carrier in different heat exchange
processes [1-3]. The most common HTF is water or steam, being available, cheap, and
compatible with a wide range of materials and processes [4-6]. Other HTFs are used for
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specific applications such as ethylene glycol (EG) and its water mixtures and different oils to
expand the operating temperature range beyond that of water [7,8]. The main characteristic of
evaluating any HTFs for their function and performance is the thermophysical properties,
such as thermal conductivity, heat capacity, density, and viscosity [9]. The improved
thermophysical properties of HTF enable a highly efficient heat transfer process more
specifically for waste heat recovery applications as an evolving industrial energy efficiency
effort [4,10-12]. However, the thermal conductivities of common HTF are low, with water as
the HTF with the highest thermal conductivity of 0.6 W/m.K, which is far lower compared to
that of metals and metal oxides with 17.65 and 39 W/m.K for copper oxide and alumina
respectively [13]. Accordingly, it has been proposed to add solid particles of such material to
fluids to enhance the thermal conductivity, with special attention to particle sizes of nano-

scale, i.e., nanoparticles (NPs) typically below 100 nm in size, hence the term nanofluid (NF)
[14,15].

Nanofluids are formed by simply dispersing NPs of high thermal conductivity material in a
base fluid (BF) as a stable suspension [16-18]. A wide range of nanostructures, more
specifically NPs have been investigated as additives to a wide range of BFs. This includes
metallic NPs such as those of Silver Ag, Copper Cu, and Gold Ag, given the high thermal
conductivity of such metals. However, the main challenge was their availability and
associated cost [19,20]. Oxides of different elements such as alumina Al203, silica SiO2,
titania TiO2, copper oxide CuO, and zinc oxide ZnO were studied as well, given their
relatively higher thermal conductivity and higher availability, and lower cost [19,21,22].
However, the improvements in thermophysical properties were not comparable to that of
metallic NPs. Conventional carbonaceous materials such as graphite, carbon black, activated
carbon were studied as well, given the relatively higher thermal conductivity of almost ten
times that of water [23-25]. Among carbon-based material used for NFs, graphene (Gr) have
received an extensive research effort due to its outstanding thermal conductivity, which is
theoretically in the order of 2,500-5,000 W/m.K, and at least is 6 W/m.K with high surface
area and other outstanding properties [26,27]. Accordingly, Gr-based NFs have been
investigated for a wide range of applications [28—30].

In the current work, the thermophysical properties of Gr-based NFs are critically discussed,
showing the improvements attained for these specific NFs relative to other NFs and
conventional HTFs. The focus of the discussion is given to the sole improvement effect of
pristine Gr, rather than modified-Gr, to demonstrate its direct improvements on the
thermophysical properties of the produced NF. The effect of different parameters such as
concentration or loading of Gr as well as its different forms on the thermophysical properties
improvements is explored and thoroughly discussed. This is very crucial to better understand
the characteristic performance of Gr-based NFs, and helps to better optimize the NF toward
the specific application, as well as in comparison to other NFs types. The enhancement of
thermophysical properties is generally related to the unique characteristics of Gr material, of
extremely high thermal conductivity, which results in outstanding HTF. Additionally, the
challenge encountered with the commercial or industrial application of Gr-based NFs both
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economically and environmentally is discussed with some recommendations to address such
challenges.

Table 1: Thermophysical properties of common base fluids and nanoparticles

Thermal conductivity, Wim K Specific heat, kl/kg K Density, kg/m Viscosity, 107" Pas
Objective Increase Increase Decrease Decrease
Common base fluids
Distilled water (DI 0.607 418 998 0.855
Ethylene glycol-water (1:1 vol 0.380 3.28 1073 194
Ethylene glycol (EG 0.255 235 1.1 155
Stlicone ol (50) 0.156 151 930 11
Engine ol (EO 0.145 | 88 880 B4
Common nanoparticles materials
Siver Ag 429 0.234 10,400
Copper Cu 198 0.385 891313
Aluminum Al 237 0877 2.700
Magnesia MgO 55 0955 1,560
Aluming AlLO 36-40 0775 3970
Copper oxide CuO 129 0525 6,500
Titomia TO, 54 06920711 4,000
Stlica Si0 1.38 0.680-0.745 2220
Graphene 6-5.000 0.0643-2.100 2.000-2.500
Graphene due to the unique properties have a wide range of reported thermophysical properties, as explained in the text

2. LITERATURE REVIEW:

2.1. Nanofluids and Heat Transfer Enhancement:

Nanofluids, introduced in the 1990s, are a class of advanced heat transfer fluids that consist
of nanoparticles dispersed in a base fluid. The addition of nanoparticles to the base fluid
enhances its thermophysical properties, including thermal conductivity and heat capacity.
This unique property has attracted considerable attention for various heat transfer
applications. Several studies have demonstrated that nanofluids exhibit significantly
improved heat transfer performance compared to traditional heat transfer fluids. The
enhanced heat transfer characteristics of nanofluids are attributed to the increased surface
area provided by nanoparticles and their ability to disrupt the fluid flow, leading to improved
convective heat transfer. The literature review will delve into key research papers and studies
that have investigated the heat transfer enhancement mechanisms of nanofluids and their
potential applications in heat exchangers and other thermal systems.

2.2. Zinc Oxide and Graphene Nanoparticles in Nanofluids:

Zinc oxide (ZnO) and graphene are among the most extensively studied nanoparticles for
their potential application in nanofluids. ZnO is known for its high thermal conductivity and
relatively low cost, making it an attractive candidate for heat transfer enhancement. On the
other hand, graphene exhibits extraordinary thermal conductivity, which surpasses most other
materials known to date. The unique thermal properties of both ZnO and graphene have led to
various investigations on their incorporation into nanofluids to improve heat transfer
performance. The literature review will provide an overview of the preparation methods,
stability, and thermal characteristics of ZnO and graphene-based nanofluids, highlighting
their potential advantages in heat exchanger applications.
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2.3. CFD Analysis in Heat Exchanger Studies:

Computational Fluid Dynamics (CFD) is a powerful numerical technique used to simulate
and analyse fluid flow and heat transfer phenomena in complex geometries, such as heat
exchangers. This section of the literature review will focus on research studies that have
utilized CFD analysis to investigate the heat transfer performance and fluid flow
characteristics in heat exchangers. CFD simulations offer a deeper understanding of the fluid
dynamics, temperature distribution, and heat transfer mechanisms within the heat exchanger.
The literature review will discuss how CFD has been employed to optimize heat exchanger
designs, study the impact of different parameters on heat transfer efficiency, and provide
valuable insights into fluid behaviour in nanofluid-based heat exchangers.

3. METHODOLOGY:

3.1. Nanofluid Preparation and Characterization:

This section outlines the steps involved in preparing the zinc oxide/graphene nanofluid and
characterizing its thermo-physical properties.

3.1.1. Selection of Zinc Oxide and Graphene Nanoparticles:

The selection of zinc oxide and graphene nanoparticles is crucial to achieving the desired
enhancements in the nanofluid's thermophysical properties. This subsection will detail the
criteria for selecting the nanoparticles, including considerations of cost, availability, and
thermal conductivity. The synthesis methods and sources of the chosen nanoparticles will be
described.

3.1.2. Nanoparticle Dispersion and Stability:

Effective dispersion of nanoparticles in the base fluid is essential for maximizing their heat
transfer enhancement potential. This subsection will outline the experimental techniques used
to disperse the zinc oxide and graphene nanoparticles in the ethylene glycol/distilled water
base fluid. The stability of the nanofluid will also be addressed, considering factors such as
sedimentation and agglomeration.

3.1.3. Measurement of Thermo-Physical Properties:

The thermo-physical properties of the prepared nanofluid will be characterized to understand
the impact of the nanoparticles on the base fluid. This subsection will describe the
experimental methods used to measure thermal conductivity, viscosity, density, and specific
heat capacity of the nanofluid. The measurement techniques and instruments employed will
be discussed in detail.

3.2. Heat Exchanger and CFD Simulation Setup:
This section explains the experimental setup of the heat exchanger and the computational
domain and boundary conditions used for the CFD simulations.

3.2.1. Description of the Ceramic-Coated Heat Exchanger:
A ceramic-coated double pipe heat exchanger will be employed for the experimental study.
This subsection will provide a detailed description of the heat exchanger design, including
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dimensions, materials, and the ceramic coating process. The rationale behind using a double
pipe configuration and ceramic coating will be justified.

3.2.2. Computational Domain and Boundary Conditions for CFD Analysis:

For the CFD analysis, a computational domain representing the heat exchanger geometry will
be defined. This subsection will outline the geometric details and meshing techniques used
for the CFD simulations. The boundary conditions, including inlet velocities, temperatures,
and wall conditions, will be specified. Additionally, the governing equations and turbulence
models used in the CFD simulations will be mentioned.

3.3. Experimental Design using Taguchi Technique with L16 Orthogonal Array

In this study, the experimental design was conducted using the Taguchi Technique with an
L16 Orthogonal Array to efficiently explore the effects of multiple parameters on the heat
transfer performance of the zinc oxide/graphene hybrid nanofluid in the ceramic-coated heat
exchanger. The selected parameters, their levels, and the corresponding experimental runs are
presented in Table 2 and Table 3.

Table 2 shows the selected parameters and their levels. Parameter A represents the
concentration of zinc oxide nanoparticles, while Parameter B represents the concentration of
graphene nanoparticles. Parameter C corresponds to the flow rate of the nanofluid, and
Parameter D represents the hot fluid's inlet temperature. Each parameter was varied at four
different levels to capture the variations in the heat transfer performance.

The L16 Orthogonal Array, as shown in Table 3, is designed to minimize experimental runs
while ensuring sufficient coverage of the parameter space. The orthogonal array allows for
systematic evaluation of each parameter's influence on the response variable (heat transfer
coefficient). Each row in the array represents a unigue combination of parameters, and a total
of 16 experimental runs were conducted.

The experimental data obtained from the L16 array was used to calculate the signal-to-noise
ratio (S/N) for each experimental run. The S/N ratios were then analyzed to identify the
optimal combination of parameters that maximize the convective heat transfer rate in the
ceramic-coated heat exchanger. This approach efficiently explores the parameter space and
provides valuable insights into the influence of each parameter on the heat transfer
performance, leading to an optimized nanofluid-based heat exchanger design.

Table 2: Design of Experiments for Nanofluid Heat Transfer Analysis

Eur. Chem. Bull. 2023, 12(Special Issue 4), 19333 —19345

LIMITS
PARAMETERS UNIT
Level 1 | Level 2 | Level 3 | Level 4
Zinc Oxide (A) wt.% 0 1 2 3
Graphene (B) wt.% 0 1 2 3
Nanofluid flow rate (C) kagls 2.5 5 7.5 10
Hot fluid inlet temperature (D) °C 50 60 70 80
19337
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Table 3: L16 Orthogonal Array for Optimisation of Heat Transfer Parameters

. Zinc Sraon Nalglofluid Hc:t Tll:id
X . raphene ow nle
N(lCJJ A B ¢ D Oa;le (FI)B) Rate | Temperature
(&) (D)
1 1 1 1 1 0.00% 0.00% 2.5 50
2 1 2 2 2 0.00% 1.00% 5 60
3 1 3 3 3 0.00% 2.00% 7.5 70
4 1 4 4 4 0.00% 3.00% 10 80
5 2 1 2 3 1.00% 0.00% 5 70
6 2 2 1 4 1.00% 1.00% 2.5 80
7 2 3 4 1 1.00% 2.00% 10 50
8 2 4 3 2 1.00% 3.00% 7.5 60
9 3 1 3 4 2.00% 0.00% 7.5 80
10 3 2 4 3 2.00% 1.00% 10 70
11 3 3 1 2 2.00% 2.00% 2.5 60
12 3 4 2 1 2.00% 3.00% 5 50
13 4 1 4 2 3.00% 0.00% 10 60
14 4 2 3 1 3.00% 1.00% 7.5 50
15 4 3 2 4 3.00% 2.00% 5 80
16 4 4 1 3 3.00% 3.00% 2.5 70

4. RESULTS AND DISCUSSION:
4.1. Thermo-Physical Characteristics of Zinc Oxide/Graphene Hybrid Nanofluid:

This section presents the results and analysis of the thermo-physical properties of the zinc
oxide/graphene hybrid nanofluid.

4.1.1. Thermal Conductivity Results and Analysis:

Table 4: Thermal Conductivity of Zinc Oxide/Graphene Nanofluid at Various

Concentrations

Expt No

Thermal Conductivity
(W/m-K)

[EEN

0.6060

0.6812

0.6825

0.6876

0.8150

0.8094

0.8122

0.9660

O N| OO b wWIN

0.9681
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10 0.9758
11 1.1505
12 1.1456
13 1.1598
14 1.3819
15 1.3739
16 1.3852
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Thermal Conductivity (W/m-K)
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Figure 1: Thermal Conductivity Enhancement with Increasing Nanoparticle
Concentration

The thermal conductivity results of the nanofluid at different concentrations will be presented
in Table 4. A graphical representation of the enhancement in thermal conductivity with
increasing nanoparticle concentration will be shown in Figure 1. The analysis will discuss the

observed trends and compare the results with previous studies.

4.1.2. Viscosity Results and Analysis:
Table 5: Viscosity of Zinc Oxide/Graphene Nanofluid at VVarious Concentrations

Expt No

Viscosity
(Pa-s)

8.90E-04

1.00E-03

1.01E-03

1.01E-03

1.19E-03

1.19E-03

Nojo|bhW|IN|F

1.20E-03
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8 1.42E-03
9 1.43E-03
10 1.42E-03
11 1.69E-03
12 1.69E-03
13 1.71E-03
14 2.02E-03
15 2.03E-03
16 2.03E-03

Viscosity |(

Expe

Pa-s)
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Figure 2: Viscosity Variation with Nanoparticle Concentration

Table 5 will present the viscosity values of the nanofluid at different concentrations, while
Figure 2 will depict the variation in viscosity with increasing nanoparticle concentration. The
discussion will focus on the impact of nanoparticle concentration on the nanofluid's flow
behaviour and its implications for heat transfer.

4.1.3. Density and Specific Heat Capacity Results and Analysis:

Table 6: Density and Specific Heat Capacity of Zinc Oxide/Graphene Nanofluid at
Various Concentrations

Densit Specific heat
Expt No (kg/m%/ p(J/kg-K)
1 995.00 4182.00
2 989.51 4066.36
3 1000.93 4077.62
4 1009.33 4114.76
5 1019.66 4140.87

Eur. Chem. Bull. 2023, 12(Special Issue 4), 19333 —19345
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6 1024.89 4112.12
7 1036.47 4129.58
8 1051.71 4191.18
9 1066.60 4184.47
10 1077.72 4217.75
11 1085.23 4227.42
12 1094.67 4226.48
13 1105.98 4258.50
14 1119.39 4293.21
15 1125.97 4282.10
16 1148.96 4334.29
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Figure 3: Density and Specific Heat Capacity Changes with Nanoparticle Concentration

Table 6 will provide the density and specific heat capacity values of the nanofluid at different
concentrations. Figure 3 will illustrate the changes in density and specific heat capacity with
increasing nanoparticle concentration. The discussion will highlight the influence of
nanoparticle loading on the nanofluid's density and specific heat capacity and their relevance

to heat transfer efficiency.

4.2. CFD Analysis of Heat Exchanger Performance:

This section presents the results and analysis of the CFD simulations performed to evaluate

the heat exchanger performance using the zinc oxide/graphene nanofluid.

4.2.1. Temperature Distributions:

Eur. Chem. Bull. 2023, 12(Special Issue 4), 19333 —19345
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Figure 4: Temperature Distribution along the Heat Exchanger Length

Figure 4 will display the temperature distribution along the heat exchanger length,
showcasing the efficiency of heat transfer. The temperature distribution analysis in the heat
exchanger provides crucial insights into the heat transfer performance of the nanofluid
compared to the traditional fluid. From the CFD simulation results, it is observed that the
nanofluid exhibits more uniform temperature distribution along the length of the heat
exchanger compared to the traditional fluid. The temperature gradient in the nanofluid is
reduced, indicating enhanced convective heat transfer.

4.3. Thermo-Physical Effects on Heat Exchanger Performance:
This section discusses the implications of the thermo-physical properties of the zinc
oxide/graphene nanofluid on the heat exchanger performance.

4.3.1. Correlation between Nanofluid Properties and Heat Transfer Efficiency:

The discussion will establish correlations between the thermo-physical properties of the
nanofluid (thermal conductivity, viscosity, density, specific heat capacity) and the observed
heat transfer efficiency in the heat exchanger. Insights into how each property affects heat
transfer will be provided.

4.3.2. Contributions of Zinc Oxide and Graphene in Heat Transfer Enhancement:

The discussion will differentiate the individual contributions of zinc oxide and graphene
nanoparticles in enhancing the heat transfer performance of the nanofluid. The synergistic
effects of the hybrid nanofluid will be analyzed.

5. CONCLUSIONS:

the investigation of the thermo-physical characteristics of the zinc oxide/graphene hybrid
nanofluid has provided valuable insights into its potential for heat transfer enhancement. The
results show that the nanofluid exhibits improved thermal conductivity and viscosity with
increasing nanoparticle concentration, which can lead to enhanced heat transfer performance.
However, the decrease in specific heat capacity may also impact heat transfer efficiency. The
CFD analysis of the ceramic-coated heat exchanger using the nanofluid demonstrates
significant improvements in convective heat transfer and temperature distributions compared
to traditional fluids. The nanofluid's presence induces better flow patterns and increased heat
transfer coefficients, resulting in enhanced heat exchange efficiency. The findings suggest
that the zinc oxide/graphene nanofluid has practical applications in improving the
performance of heat exchangers for various industries. By carefully adjusting the nanoparticle
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concentration and considering the trade-off between heat transfer enhancement and specific
heat capacity reduction, designers can optimize the nanofluid's performance in specific heat
exchange systems. The study highlights the potential benefits of nanofluids for enhancing
heat transfer in industrial processes and provides essential insights for the development of
more efficient and cost-effective heat exchangers.
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