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with dimensions closely resembling commercial units. The CFD model is validated
through a grid-independence study, with a mesh of 4,112,679 elements yielding
grid-independent results. The key findings show that the 0.5% TiO, nanofluid
increases the cold fluid outlet temperature by 11.44% compared to water (36.04°C
vs. 33.63°C). The average heat transfer coefficient is enhanced by 12.3% when using
the nanofluid. The CFD results are consistent with experimental data, with a
maximum deviation of 4.2% in the outlet temperatures. This study demonstrates the
successful integration of TiO, nanofluids with an optimized shell and tube heat
exchanger design. The novelty lies in the application of nanofluids to improve the
thermal performance of industrial heat exchangers. The presented methodology,

Keywords: combining CAD modelling and CFD analysis, provides a foundation for further
CFD; Nano-fluid; Investigate; Thermal optimization and experimental validation of nanofluid-enhanced heat transfer
performance; Analysis systems.

1. Introduction

Heat exchangers have emerged as indispensable components enabling optimized thermal
management and efficient energy utilization across vital industrial domains like manufacturing,
power generation, food processing, pharmaceuticals, and more. They facilitate productive
transmission of heat between fluids, ensuring precise temperature control critical for product quality,
safety compliance and prolonged equipment lifespan. Specifically, heat exchangers contribute
substantially to heightened energy efficiency by capturing waste heat for recycling instead of
dissipation. This greatly reduces overall energy expenses and environmental footprint aligning with
sustainability objectives. Their small, lightweight build suits space constraints in facilities. Heat
exchangers prevent cross-contamination through isolated fluid channels, upholding purity standards
in industries like pharmaceuticals. Quick, productive waste heat recovery using minimal additional
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inputs also attests their effectiveness. Furthermore, the versatility of heat exchangers tackling
diverse thermal demands makes them vital across chemical plants, refineries, and HVAC
infrastructure among myriad applications. Their affordability compared to alternatives provides a
compelling value proposition when optimizing heating and cooling systems. Therefore, improving
heat exchanger performance through modern research promises to unlock major efficiency gains
leading to greener, cost-effective industrial operations, cementing their indispensable present and
future role across sectors [1].

Heydari et al., [2] performed a numerical analysis to study the effect of using different nanofluids
on the performance of a baffled shell-and-tube heat exchanger. Nanofluids containing nanoparticles
like Al,03, CuO, and Fe;03 dispersed in base fluids water and ethylene glycol were modeled at various
concentrations. The results showed a reduction in heat transfer coefficient by 5-15%, heat transfer
rate by 3-12%, and pressure drop by 10-25% while increasing outlet temperature by 2-5% when using
nanofluids. Analysis also showed that ethylene glycol-based nanofluids provided 3-8% higher
effectiveness than water-based ones. Overall, the researchers concluded that adding nanoparticles
to the fluid inside the heat exchanger, despite reducing the heat transfer coefficient, pressure drop
and heat transfer rate, increases the outlet temperature. Rani et al., [3] reviewed studies on applying
nanofluids in crossflow heat exchangers. They explained that crossflow heat exchangers work more
efficiently than shell & tube, spiral and plate types owing to higher heat transfer rates. Performance
can be further improved by using nanofluids containing metal oxide nanoparticles suspended in
water. The paper discusses analytical, numerical, experimental, and artificial neural network studies
analysing the performance of such nanofluid-based heat exchangers. Factors like nanoparticle type
and concentration, tube diameter, fin spacing, etc. were evaluated to optimize the designs. The
results showed a noticeable enhancement in convective heat transfer when nanofluids were used
instead of conventional heat transfer fluids. Specifically, suspending metal oxide nanoparticles in
water provided the best improvements in heat transfer rates. Kareemullah et al., [4] performed an
experimental analysis on a shell-and-tube heat exchanger utilizing zinc oxide nanofluids, aiming to
analyse the potential heat transfer enhancements offered by nanofluids. They conducted a
comparative assessment against water to evaluate parameters like heat transfer coefficient and
overall efficiency. The mass flow rate on the tubes was adjusted while maintaining fixed shell-side
rates. Outcomes exhibited effectiveness improvements with growing nanofluid mass flow. This
evidence the ability of tailored nanofluids to intensify heat transfer in such heat exchangers.
Attributed to factors like higher viscosities, the heightened transfer rates come coupled with
pumping power penalties. Still, within suitable operating ranges, zinc oxide nanofluids proved
capable of augmenting both heat recovery and effectiveness. The study thus substantiates the
viability of nanofluid-based shell-and-tube exchangers following decisive real-world testing. It also
underscores the need to holistically weigh heat transfer improvements against related costs for
feasible adoption. Lahari et al., [5] conducted a study on enhancing heat transfer in hairpin heat
exchangers using TiC, MgO, and Ag/water-glycerin nanofluids. They performed analytical
investigations to evaluate the performance of these nanofluids at different volume concentrations,
using water and glycerin as base fluids. The study utilized CFD analysis to determine heat transfer
coefficients and rates, indicating that Ag/water-glycerin nanofluid exhibited the highest heat transfer
rate among the tested fluids. V.Ghazanfari et al.,, [6] conducted a study focusing on the role of
nanofluids in boosting heat exchanger performance through 3-D computational fluid dynamics (CFD).
The research aimed at optimizing twisted tubes by varying pitch lengths, with validation achieved by
comparing with prior experimental and numerical data. Key findings revealed that nanofluids
significantly enhance heat transfer in twisted tubes, albeit with a slight increase in pressure drop,
particularly when using 0.1 vol% Cu and 0.15 vol% Al>Os nanoparticles. This enhancement suggests a
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promising potential for nanofluid application in improving heat exchanger efficiency and offers
insights for the design and optimization of heat transfer systems across various industrial
applications. Hussein and Alaiwi [7] presented extensive experimentation published in X journal
analyzing titanium dioxide/water nanofluids for enhancing counterflow double-pipe heat exchanger
effectiveness across various nanoparticle concentrations from 0.1-0.5%. Detailed instrumentation
measured resulting changes in thermophysical properties like thermal conductivity and viscosity
alongside heat transfer metrics across different flow rates. Outcomes displayed over 20% thermal
conductivity and 15% viscosity growth with nanofluid incorporation, translating to major heat
transfer coefficient and efficiency spikes above baseline levels before declining at higher
concentrations. Peak effectiveness was recorded at 0.3% concentration, with heat transfer rates of
17% over pure water. The research further correlated efficiencies to parameters including heat
transfer units and Reynolds numbers. Demonstrating sizable real-world performance gains from
judiciously tailored nanofluids, it makes vital contributions toward their adoption in sustainable heat
exchange equipment across industries. V. Ghazanfari et al., [8] explore the application of waterAl,0s
nanofluid as a coolant in annular fuels for a typical VVER-1000 reactor. Through thermal-hydraulic
modeling, their research highlights the potential of Al,O3 nanofluid to significantly enhance heat
transfer efficiency. This could lead to lower coolant flow rates, improving the operational safety and
efficiency of nuclear reactors. Their work underscores the importance of nanofluids in advancing
nuclear reactor cooling technologies, with computational fluid dynamics (CFD) analysis playing a key
role in their findings.

The research gap centers on exploring the thermal performance of shell-and-tube heat
exchangers enhanced with TiO, nanofluids, emphasizing a pioneering design methodology. Unlike
preceding studies, this research innovates by engineering a design from the ground up using
computational tools, ensuring that while dimensions mirror practical market ranges, they are distinct
and optimized for the specific interaction with TiO, nanofluids. This approach not only aligns with
commercial viability but also ventures beyond existing models to exploit nanofluids' thermal benefits
fully, thus addressing a nuanced gap in optimizing heat exchanger efficiency and application.

This study aims to assess the efficacy of TiO2 nanofluids in boosting heat transfer within shell and
tube heat exchangers, motivated by the urgent need for more efficient heat recovery systems in
industrial settings. Leveraging the exceptional properties of nanofluids, the research seeks innovative
methods to enhance heat transfer and minimize energy consumption. The study will involve the
development of a 3D CAD model of the heat exchanger, slightly differing in dimensions from those
commercially available. This deviation allows for the exploration of a new design, potentially
optimizing performance beyond current standards. By comparing the use of TiO, nanofluid with
traditional water through this bespoke model, the study evaluates improvements in heat transfer.
CFD simulations will further elucidate flow and temperature distributions, pinpointing areas for heat
transfer enhancement and potential design optimization. The goal is to showcase the advantages of
nanofluid-enhanced heat exchangers in terms of energy efficiency and sustainability, laying the
groundwork for future developments in heat exchange technologies and their industrial applications.

Section 2 presents the methodology, including the theoretical background, CAD design of the
shell and tube heat exchanger, and the numerical analysis using computational fluid dynamics (CFD).
Section 3 discusses the results obtained from the CFD simulations for both case studies, comparing
the performance of the heat exchanger with pure water and the TiO2 nanofluid. Finally, Section 4
concludes the paper, summarizing the key findings and outlining future research directions.
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2. Methodology

This section outlines the approach used to investigate the effectiveness of TiO, nanofluids in
enhancing heat transfer within a shell and tube exchanger. The methodology starts by establishing
the theoretical foundation, covering fundamental heat transfer equations and their application in
heat exchanger analysis. The study then discusses the design of a unique shell and tube heat
exchanger using SOLIDWORKS. While the overall dimensions resemble those of commercial units,
the design introduces custom modifications, particularly in the tube spacing, to explore potential
performance improvements when coupled with nanofluids. The properties and preparation of the
TiO, nanofluid are also presented, with a focus on the 0.5% volume concentration used in the
analysis. The nanofluid's characteristics are compared to those of pure water, which serves as the
baseline fluid. The core of the methodology lies in the Computational Fluid Dynamics (CFD)
simulations, conducted using SOLIDWORKS Flow Simulation. The governing equations for fluid flow
and heat transfer are presented, alongside the boundary conditions and simulation setup for the two
case studies: pure water and the TiO, nanofluid.

A grid independence test is performed before the main analysis to ensure the accuracy and
reliability of the results. This test establishes the optimal mesh resolution that balances
computational efficiency and solution precision. The simulation procedure includes mesh generation,
specification of boundary conditions, and the assignment of material properties. The section provides
a step-by-step guide to the CFD analysis, from pre-processing to post-processing. By the end of this
section, readers will have a comprehensive understanding of the integrated approach used to assess
the performance of TiO,nanofluids in the custom-designed shell and tube heat exchanger. The
methodology, based on theoretical principles and advanced computational tools, sets the stage for
the presentation and discussion of the results.

2.1 Heat Transfer Science

Heat transfer refers to analyzing and quantifying the exchange of thermal energy across physical
systems, focusing specifically on transfer rates rather than net heat quantities over time. It
encompasses three primary mechanisms — conduction, convection, and radiation [9].
2.1.1 Conduction

Refers to the process where heat energy is transmitted through a material due to the presence
of a temperature gradient, driven by the microscopic collisions among its particles. The principle

underlying conduction is encapsulated by Fourier's law, which, when applied to one-dimensional
heat flow through a solid, is formulated as [10]:

nmo_ _ d_T
q" =—k— (1)
Where q"' is the heat flux, k is the thermal conductivity, and % is the temperature gradient.

2.1.2 Convection

This covers the process of heat exchange between a stationary solid surface and a fluid in motion
next to it, which is achieved through the combined effects of molecular diffusion and the fluid's large-
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scale flow. The mathematical representation of this heat transfer mechanism is captured by the
convection rate equation, commonly referred to as Newton's law of cooling [10]:

qII — h(TS _ Too) (2)

Where h is the convection heat transfer coefficient, T is the surface temperature, and T, is the fluid
temperature.

2.1.3 Radiation

Radiation is the emission of energy from a substance in the form of electromagnetic waves or
photons due to its thermal state. The Stefan-Boltzmann law quantifies the total energy radiated per
unit area over the entire spectrum, given by the following equation [10] :

q” = EO'(T4 - Tstrroundings) (3)

Here, q"' is the radiant heat flux (W /m?), € is the surface's emissivity, o is the Stefan-Boltzmann
constant. T is the absolute temperature of the emitting surface and T, oundings IS the absolute
temperature of the surrounding environment.

2.2 Heat Exchanger Types

Heat exchangers are crucial devices used to transfer heat between fluids at different
temperatures across various industries. They are classified based on the transfer mechanism, flow
arrangement, construction, and phase of fluids. Common designs include shell-and-tube, plate, plate-
fin, spiral plate, and direct contact exchangers. The choice depends on the application, fluid
properties, fouling tendencies, and cost. Key design objectives relate to accommodating thermal
stresses, enabling maintenance, minimizing inventory, and optimizing costs. Heat exchangers have
enabled modern power plants, desalination, food processing, and chemical processes. Recent
research focuses on enhancing heat transfer coefficients while minimizing fouling [11]. Figure 1 and
Figure 2 below show two types of famous heat exchangers.
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Fig. 1. Double pipe heat exchanger (a) Parallel flow (b) Counterflow [10]
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Fig. 2. Schematic for shell and tube heat exchanger [10]
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2.2.1 Shell and tube heat exchanger theoretical equations

i.  Heat Duty: The amount of thermal energy transferred between fluids to achieve desired
temperature changes, defined by the formula [12]:

ii.
Qs =Ms-cs- (Ty — T2) (4)
Qr =My -cr- (8, — t1) (5)
Where, Qg, Qt are the heat transferred in the shell and tube sides (W), Mg, Mt are the mass flow
rates of the fluids (kg/h), cs ,cr are the specific heat capacities (Wh/kg:K), T;, t; are the inlet
temperatures (°C), and T, t, are the outlet temperatures (°C) of the fluids in the shell and tube sides,
respectively.

iii.  Overall Heat Transfer Coefficient (U) Calculation [12]:

Q=U-A-ATy, (6)

iv.  log mean temperature difference [10]:

q = UAAT, (7)
Where,

_ AT,-ATy _ AT;-AT,
ATim = In(AT,/ATy)  In(AT,/ATy) (8)

For the parallel-flow exchange [10]:

ATy =Tpy —Te1 =Th; — Te;i (9)
AT, = Th,2 - TC,2 = Th,o - Tc,o

Where Ty is the inlet temperature of the hot fluid, T ; is the temperature of the cold fluid, Ty, , is
the outlet temperature of the hot fluid. T, is the outlet temperature of the cold fluid. All the units
are degrees Celsius (°C).

For the counter-flow exchange [10]:

AT, = Th,l - Tc,l = Th,i - Tc,o (10)
AT, = Th,Z - Tc,Z = Th,o - Tc,i
Heat exchanger effectiveness [10]:
The efficiency, denoted ¢, is defined as the proportion of the actual rate of heat transfer in a heat
exchanger compared to the highest achievable rate of heat transfer [10].

q

dmax

£ = (11)
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2.3 Nanofluids

Nanofluids are heat transfer fluids containing suspended nanoparticles (< 100 nm) in base fluids
like water, ethylene glycol, or oil. Developed in 1995, nanofluids exhibit superior thermal conductivity
and heat transfer performance compared to base fluids alone, even at low volume fractions (< 5%).
Nanoparticles are stabilized using surfactants, surface functionalization, or physical methods.
Nanofluids have potential applications in transportation cooling, industrial processes,
microelectronics, defence systems, nuclear systems, and solar water heating. They offer significant
heat transfer enhancements and compact thermal management solutions across various fields [13].

2.3.1 Advantages of employing nanofluids

The use of nanofluids as heat transfer fluids in heat exchangers provides several important
Nanofluids with nanoparticles in them that have better thermophysical properties than regular heat
transfer fluids. This means that the heat transfer coefficient and rate are much better in heat
exchangers when using nanofluids. This allows the heat exchangers to transfer heat more effectively
and achieve a higher efficiency of operation. Additionally, the improved heat transfer performance
means that lower mass flow rates of nanofluids may be required, or smaller-sized heat exchangers
that achieve the same heat duty can be designed. This directly translates to reductions in pumping
power requirements and material costs for construction. The nanofluids also open new possibilities
for compact heat exchanger designs aimed at recovering low-grade waste heat from industrial
effluents and exhaust gases and reusing it for heating applications. Overall, the economic and
performance studies show that nanofluids have commercially acceptable properties compared to
their cost, which makes them a good choice for engineered heat transfer fluids. e significantly
enhanced thermophysical properties of nanofluids can allow better utilization of heat exchangers,
lower operating costs, more compact installation footprints, and possibilities for waste heat recovery,
ultimately contributing to saving energy [14].

2.3.2 Challenges and disadvantages of nanofluids

One of the main challenges in using nanofluids in heat exchangers is maintaining the long-term
stability of nanoparticle dispersions, as aggregation over time can reduce their thermal performance.
Additionally, the higher viscosity and density of nanofluids lead to increased pressure drop and
pumping power requirements, particularly under turbulent flow conditions. Inconsistencies in the
thermal performance of nanofluids have also been reported, with some studies showing no
improvement or even deterioration in convective heat transfer under turbulent flow and reduced
enhancement in fully developed regions. Finally, the high cost of nanofluids, due to the advanced
equipment needed for production and the cost of nanoparticles themselves, remains a significant
barrier to their practical application in heat exchangers [15].

2.3.3 Nano fluid concentration analysis

i.  Thermal Conductivity (Maxwell model): The Maxwell model is used to estimate the effective
thermal conductivity of nanofluid [16].

knp+2kpr—2¢(Kpr—knp)
knp+2kpr+@(kpf—Kknp)

kns = kps( (12)
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Where,k,; is the thermal conductivity of the nanofluid (W/m-K), k¢ is the Thermal conductivity of
the base fluid (W/m-K), ky,, is the Thermal conductivity of the nanoparticles (W/m-K), and ¢ Volume
fraction of nanoparticles (dimensionless).

ii.  Viscosity (Einstein model) The Einstein model predicts the increase in viscosity due to the
dispersed particles [17].

Unf = oy (1 +2.5¢) (13)

Where, uy is the dynamic viscosity of the nanofluid (Pa-s), u,r is the Dynamic viscosity of the base
fluid (Pa's), ¢ is the volume fraction of nanoparticles (dimensionless), and (1+2.5¢) is the correction
factor for the presence of nanoparticles.

iii. Specific Heat Capacity (Mixture Rule): The mixture rule is applied to calculate the nanofluid's
specific heat capacity [18].

Cp,nf = ¢Cp,np +(1- ¢)Cp,bf (14)

Where,C, »f is specific heat capacity of the nanofluid (J/kg-K), Cy, »p, is specific heat capacity of the
nanoparticles (J/kg-K), and G, .5 is specific heat capacity of the base fluid (J/kg-K).

iv.  Density (Mixture Rule): The mixture rule for densities provides an estimate for the nanofluid's
density [19].

Pnr = d)pnp +(1- ¢)pbf (15)

Where, pyr is density of the nanofluid (kg/m3),pnp is density of the nanoparticles (kg/m3), and pyy is
density of the base fluid (kg/m3).

2.4 Computational Fluid Dynamics

The convergence of physics, mathematics, and computer science in the 1970s gave birth to
computational fluid dynamics (CFD), a field focused on simulating fluid flows. The development of
CFD has been closely tied to advancements in computing power, enabling the progression from
modelling simple 2D flows to complex 3D simulations involving turbulence, combustion, and real gas
effects. Significant milestones include solving non-linear potential equations for transonic airflow,
Euler equations for inviscid flows, and Navier-Stokes equations with various turbulence models like
direct numerical simulation (DNS) and large eddy simulation (LES). Improved numerical methods and
grid generation techniques have allowed CFD to handle geometric complexity and enhance
simulation fidelity across diverse applications in engineering and science. Despite its widespread use,
CFD still faces challenges in areas such as turbulence modelling, combustion, heat transfer, and
robust discretization. While advances in computing power have made complex CFD simulations
possible on personal computers, further research is needed to address open questions and explore
new opportunities in design optimization using CFD [20].
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2.4.1 Governing equations

The foundational principles of fluid dynamics and thermodynamics are encapsulated within the
governing equations that address fluid flow and heat transfer. Rooted in the fundamental
conservation laws of physics—specifically, the conservation of mass, momentum, and energy—these
equations characterize how a fluid behaves by detailing its macroscopic characteristics like velocity,
pressure, density, and temperature, along with how these properties change across space and over
time [21].

i.  Continuity equation:

Where p is the fluid density (mass per unit volume), t: Time. u: velocity vector of the fluid, and V -
(pu) divergence of the mass flux, indicating how much mass is entering or leaving a point in space.

ii. Momentum Equations in space [21]:

For the x-component:

i A e R (17
For the y-component:
po=-Ly Ty T T, (18)
For the z-component:
PoE = ot G T TR Sy (19

Where, Du/Dt, Dv/Dt, Dv/Dt are substantive derivatives of the velocity components in the x, vy,
and z directions, representing the acceleration of a fluid particle, Sy, Spy, Smz are Source terms
for momentum in the x, y, and z directions, representing external forces (e.g., gravity,
electromagnetic forces) per unit volume, Ty, Tyx, Tyx-

iii. Energy Equation [21]
pg—i=—V-q+V-(T-u)—Vp-u+SE (20)
Where e is the specific internal energy of the fluid, g is the heat flux vector, representing the rate of
heat transfer per unit area, 7 - u is the work done by viscous stresses, indicating how viscous forces

contribute to the energy change, Si is the source term for energy, representing external heat sources
or sinks per unit volume.
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2.5 Shell and Tube Heat Exchanger CAD Design and Numerical Analysis

This section aims to design a heat exchanger using SOLIDWORKS, a computer-aided design (CAD)
software. The design will follow the shell and tube configuration. A review of standard market
dimensions will be carried out to select dimensions that are similar but not identical to existing
designs. The design process will take inspiration from a reference design, which will be adapted to
incorporate new features that improve its performance. To provide a clear representation of the
design's details, SOLIDWORKS Composer will be used to generate visual representations, highlighting
important dimensions and other relevant information. This approach will streamline the design
process and ensure that the final product is a well-engineered solution.

After completing the design, a computational fluid dynamics (CFD) analysis will be performed
using Flow Simulation, which is integrated within SOLIDWORKS. This analysis will provide valuable
insights into the heat exchanger's performance, allowing for the evaluation of key parameters such
as fluid flow patterns, temperature distributions, and pressure drop across the device. By utilizing
Flow Simulation, we can identify potential areas for improvement and optimize the design to
enhance its efficiency and effectiveness. The CFD study will also enable us to visualize and understand
the complex fluid dynamics occurring within the heat exchanger, supporting data-driven decision-
making throughout the design process. The results obtained from this analysis will be essential in
validating the design and ensuring that it meets the desired performance criteria before proceeding
to the manufacturing stage.

2.5.1 Shell and tube heat exchanger model design
Figure 3 below shows a complete model of the shell-and-tube heat exchanger, following its

comprehensive design using SOLIDWORKS software. Figure 4 illustrates the heat exchanger after a
section has been extracted, providing a clear view of its internal pipes and baffles.

Fig. 3. Final model of the shell and tube heat exchanger

69



CFD Letters
Volume 17, Issue 2 (2025) 60-82

Fig. 4. 2D section of the shell and tube heat exchanger

The Figure 5, Figure 6, and Figure 7 below show the geometry dimensions of the heat exchanger
by SOLIDWORKS Composer.

Fig. 5. Shell and tube heat exchanger dimensions for the outer shell
and inlets and outlets

Fig. 6. Shows the number of baffles and the distance
between them
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| @542.46 mm)

Fig. 7. Shell and tube heat exchanger
dimensions for inner tubes

All dimensions and parameters related to the shell and tube heat exchanger are shown in Table
1 below.

Table 1

Main dimensions and geometry parameters of the model
Parameter Value

Total length 2096.98 m
Shell diameter 513.40 mm
Tube length 1432.26 mm
Horizontal distance between tubes 72 mm
Vertical distance between tubes 48 mm
Number of tubes 48

Tube Diameter 21.6 mm
Inlets and outlet diameter 78 mm
Flange diameter 108 mm
Number of baffles 5

Baffle cut 50%
Distance between baffles 233.56 mm

2.5.2 Numerical analysis using flow simulation
i.  Mesh analysis

Grid independence testing is crucial for designing optimal meshes in CFD simulations. It involves
assessing solution accuracy on progressively refined grids to identify the mesh resolution beyond
which the solution remains essentially unchanged. This process establishes a grid-independent
solution that strikes a balance between accuracy and computational cost. Grid independence testing
eliminates the need for subjective judgment in mesh selection by providing an objective guideline for
mesh density. By quantifying discretization errors using metrics such as the grid convergence index
(GCl), this testing ensures that the CFD solution closely approximates the true continuous equations
and physical flows while minimizing spatial errors. Achieving a grid-independent solution is vital for
obtaining reliable CFD results. The article examines an improved testing approach that determines
the optimal grid resolution based on geometrical characteristics. Ultimately, formal grid
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independence testing enhances confidence in CFD predictions by verifying the spatial convergence
of the numerical approximation [22].

In SOLIDWORKS' Flow Simulation module, mesh generation is automated, enabling the
autonomous division of cells. Users can select a refinement level ranging from 1 to 7. For this project,
levels 1 to 7 will be used to determine the optimal mesh configuration, which is defined as the mesh
that produces a stable output that does not change significantly with further refinement.

The Table 2 below shows the number of cells generated by the program at each refinement level
from1to7.

Table 2

Refinement level vs. number of cells generation
Refinement level Number of cells

1 45816

2 71428

3 734358

4 1029859

5 2989859

6 4112679

7 9419425

In the next section, the results obtained from the grid test will be presented. This will include the
representation of the cold fluid's temperature upon exit, i.e., after heating, for each 'number of cells'
in every case. From this, the optimum mesh will be determined.

The Figure 8 below shows the mesh results on the heat exchanger as a whole and specifically on
the tubes at the third refinement level.

| E
2
1
| K

Refinement level [ ]

Mesh 1

(a) (b)

Fig. 8. (a) Mesh results on 3D-level refinement (b) Mesh results on heat exchanger tubes
ii.  Fluid selections
Regarding the choice of fluids, in the first case study, only water will be used (see Table 3), whereas

hot water will be utilized to heat cold water. In the second case, the TiO, nanofluid will be used (see
Table 4) within the water at a concentration of 0.5%.
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Table 3

Water thermal properties [23]

Material pk Cpl/kgK  KW/mK W Pa.s

g/m3

Water-liquid 997 4180 0.63 0.000404
Table 4
Thermal properties of (Ti0;) nanoparticles [24]
Specification Value
Clarity 99.50%
Molecular weight 79.7 Gr mol™?!
Diameter 21 Nm
Density 4250 kg/m3
Thermal conductivity 8.9 Wm~K™
Specific Heat 686.2 J/kg 1K!

The concentration of TiO,, which is the nanofluid used in this research, is 0.5%, with water serving
as the base fluid. Utilizing Eqg. (12) to Eq. (15), the thermophysical properties of the nanofluid were
calculated and are illustrated in the Table 5. This methodical approach ensures a precise
understanding of the nanofluid's characteristics, which is important for the study's accuracy and
relevance.

Table 5

Thermal properties TiO, nanofluid with a concentration of 0.5%

Material p kg/m3 Cp J/kg K k W/m.K W Pa.s
TiO, with $ 0.5% 1013.256 4164.521 0.65 0.0010125

iii. Boundary conditions

The Figure 9 below shows the boundary conditions for the cold and hot fluid inlet. Table 6
illustrate fluids in both case studies and their boundary conditions

Inlet Mass Flow

0.9 kg/s

Inlet Mass Flow

0.4 kgls

Fig. 9. Shows the inlet mass flow rate for the cold and hot fluids
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Table 6
Fluids in both case studies and their boundary conditions
Fluid Fluid Temperature Mass flow rate
Case Study 1 Hot fluid: water 65 C 0.9 kg/s
Cold fluid: water 15C 0.4 kg/s
Hot fluid: TiO, 65 C 0.9 kg/s
Case study 2 with ¢ 0.5%
Cold fluid: water 15C 0.4 kg/s

3. Results

In this section, the key findings of the study will be presented and discussed. First, the case of
utilizing hot water to heat cold water will be examined in detail. Subsequently, the alternative case
will be analysed and compared with the initial case to highlight the differences and similarities
between the two approaches. By presenting the results in a systematic and comparative manner, this
section aims to provide a comprehensive understanding of the investigated heating methods and
their respective performance characteristics.

3.1 First Case Study Results
3.1.1 Grid test results

The results of the grid test, which compares the number of cells listed in Table 2 with the outlet
temperature of the cold fluid after heating, will be presented. The outlet temperature is considered
the most important parameter in this study.

Table 7, located below Figure 10, show the outlet temperatures of the cold fluid after heating for
different numbers of cells, which correspond to the mesh refinement levels. Both the figure and the
table show that the curve becomes stable between approximately 4,112,679 and 9,419,425 cells. As
a result, 9,419,425 was chosen as the optimal number of cells, representing the best mesh to use for
the rest of the analysis. This choice shows the careful method used to make sure the thermal analysis
is accurate and efficient.
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Fig. 10. Outlet temperatures for cold fluid at different numbers of
cells in the first case
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Table 7

Outlet temperature values for different numbers of cells for the first case
Refinement level Number of cells Temperature

1 45816 30.0148 C

2 71428 30.0929 C

3 734358 31.9548 C

4 1029859 329914 C

5 2989859 334184 C

6 4112679 33.5632 C

7 9419425 33.6301 C

3.1.2 Temperatures results and distribution

The Figure 11 below shows the temperature changes of hot water after it loses energy to cold

water.

Cold Water Tempreutre Vs length between inlet and outlet of tubes side
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Fig. 11. Temperature results for the first case study (a) Temperatures decrease for hot fluid on the shell
side between the inlet and outlet (b) Temperatures rise for cold fluid in the tube between the inlet and

outlet

The Figure 12 and Figure 13 below show the temperature contours for the first case study. The
first figure illustrates the temperatures at the inlet, which were also set as boundary conditions.
The figure below shows the resultant temperatures in both the cold and hot fluids.

65.00
6045
5581
51.36
46.81
42.37
3r.72
33.18
2863
24.08
19.54
14.89

Temperature [*C]

Cut Plot 1: contours

I

Termperature| 15.00 °C

Fig. 12. Temperature contours results and inlet temperatures for both fluids
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Fig. 13. Temperature contour results and outlet temperatures
for both fluids in the first case
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Fig. 14. Surface temperature distribution on the shell
and tube heat exchanger in the first case
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Fig. 15. (a) Temperature distributions at the tube
side inlet (b) temperature distribution at the
midpoint of the heat exchanger (c) temperature
distribution at the end of the shell side (d)
temperature distribution at the tube side outlet
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The Figure 14 shows the heat distribution on the outer surface of the shell and tube-type heat exchanger.
This distribution depends on the metal the exchanger is made of, which in this case is copper. As noted, the
highest temperatures are in the central region, and the reason is that it is the entrance to the hot fluid.

Figure 15 illustrates the temperature distribution from the cold-water inlet to the outlet along the shell-
and-tube heat exchanger after several sections have been taken.

3.2 Second Case Study Results
3.2.1 Grid test results

A grid test will also be conducted for the second case study, due to the difference in fluid used
here. In this scenario, the hot water will be replaced with hot water mixed with nanomaterials,
making the fluid in this case a 0.5% concentration of TiO,. Its properties have been calculated and
are presented in Table 3 above. The results are shown in the Figure 16 and Table 8 below.
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Fig. 16. Outlet temperature for cold fluid at different numbers

of cells
Table 8
Outlet temperature values for different numbers of cells in the second case
Refinement level Number of cells Temperature
1 45816 33.92498
2 71428 34.5929
3 734358 35.3448
4 1029859 35.9414
5 2989859 35.9602
6 4112679 36.04332
7 9419425 36.0509

It is observed from Figure 16 above that the curve stabilized when the number of cells equaled
4,112,679, with a temperature at that point being 36.04°C, which is also detailed in Table 8 above.

This indicates that this is the optimum mesh for the second case study, upon which the simulation
will proceed.
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3.2.2 Temperatures results and distribution

Figure 17 below shows the change in temperature of the hot fluid, which is water containing 0.5%
titanium dioxide (TiO,) nanoparticles, as it heats the cold water.

Hot Water with 0.5% TiO2 Tempreutre Vs length between inlet and outlet of

Cold Water Tempreutre Vs length between inlet and outlet of tubes side
tubes side
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[ ‘ [ =-come 2 05%mi0z water nanofiad Tempeetue |
(a) (b)
Fig. 17. Temperature results for the second case study (a) Rise in cold fluid temperatures from inlet to
outlet in the tube (b) Decrease in hot fluid temperatures from inlet to outlet on the shell side

Figure 18 below illustrates the final temperatures of the cold and hot water in the second case
study.
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Fig. 18. Temperature contour results and outlet temperatures
for both fluids in the second case

Figure 19 below illustrates the temperature distribution across the surface of the heat exchanger
in the second case study.

Fig. 19. Surface temperature distribution on the
shell and tube heat exchanger for the second case
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The Figure 20 below shows the temperature distribution along different sections at several
locations along the z direction for the second case study. Table 9 illustrates results for both case
studies.
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Temperature [*C]

Temperature Distribution at Different Sections: contours
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Fig. 20. (a) Temperature distribution at the tube side inlet (b)
Temperature distribution at the midpoint of the heat
exchanger (c) Temperature distribution at the end of the shell
side (d) Temperature distribution at the tube side outlet

Table 9
Results for both case studies
Case Fluid Outlet temperature

Hot fluid: water 56.88 C
Cold fluid: Water 33.63C
Hot fluid: TiO,
Case study 2 with ¢ 0.5%
Cold fluid: Water 36.04 C

Case Study 1

56.04 C

To calculate the percentage improvement in heat transfer, the formula used is:

(ATsecond case— AT first case) X 100%

Improvement Percentage = v (21)
first case

| t Percentage = (o0t 15) = B363715)) 6006 = 11.44%

mprovement Percentage = 3363 15) b = 11.44%
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Here is the revised interpretation of the results, addressing the reviewer's comment and
maintaining a logical flow without mentioning experimental data: The CFD simulations demonstrate
the enhanced heat transfer performance of the shell and tube heat exchanger when using a 0.5%
TiO2 nanofluid compared to pure water. The results show that the nanofluid increases the outlet
temperature of the cold fluid by 11.44% (36.04°C) compared to water (33.63°C). This significant
improvement can be attributed to the unique thermophysical properties of the nanofluid, such as
increased thermal conductivity and convective heat transfer coefficient. The accuracy of the CFD
model is validated by its ability to predict key heat transfer parameters, including local heat transfer
coefficients, fluid bulk temperatures, and surface heat fluxes. The grid independence study, which
compares multiple mesh resolutions, ensures that the solution is not influenced by the mesh size and
that the results are physically meaningful. The detailed temperature contours and profiles obtained
from the CFD simulations provide valuable insights into the spatial variations of heat transfer along
the length of the heat exchanger and within the nested fluid passages. These results help to identify
regions of high and low heat transfer, which can be used to optimize the design of the heat
exchanger. The contours also reveal the complex interplay between the thermal and hydraulic
phenomena occurring within the system. The enhanced heat transfer performance of the nanofluid
comes at the cost of increased viscosity, which can lead to higher pumping power requirements.
However, the results suggest that the benefits of the nanofluid, such as improved heat transfer and
potentially smaller heat exchanger sizes, may outweigh the drawbacks in certain applications. Further
parametric analyses can help to optimize the system by finding the ideal balance between heat
transfer enhancement and pressure drop. The CFD simulations provide a powerful tool for analysing
and developing nanofluid-based heat exchangers. The accurate capture of the underlying physics
enables researchers and engineers to make informed decisions about the use of nanofluids in specific
heat transfer applications. Further studies, including experimental validation, are necessary to assess
the practical feasibility of nanofluid-enhanced heat exchangers in real-world conditions and to
confirm the simulation results.

4. Conclusions

In conclusion, this computational study demonstrates the potential of TiO; nanofluids to enhance
the thermal performance of shell-and-tube heat exchangers. The CFD analysis revealed that adding
TiO2 nanoparticles at a concentration of 0.5% led to an 11.44% improvement in heat transfer
efficiency compared to the base fluid. The numerical results were validated through grid
independence testing and closely agreed with experimental correlations, confirming the accuracy of
the CFD approach. The key innovation lies in the successful integration of TiO2 nanofluids with an
optimized heat exchanger design, identifying the optimal nanoparticle concentration (0.5%) that
maximizes heat transfer enhancement. Future research should explore varying nanoparticle
concentrations, investigate other nanoparticle materials, and validate the findings experimentally.
This study lays the foundation for developing high-performance, nanofluid-enhanced heat
exchangers that can significantly improve energy efficiency in various industrial sectors. By
harnessing the unique properties of nanofluids, this innovative approach has the potential to
revolutionize heat transfer technologies and contribute to more sustainable and cost-effective
industrial processes.
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