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CFD predictions with temperature and pressure drop accuracy percentages of 30% and 20%, respectively. These results confirm that
graphene-TiO, nanofluids are capable of resulting in specific improvement metric of "15% faster heat dissipation" or "20°C lower
operating temperatures” in automotive exhaust systems and establish a validated computational framework for nanofluid-based

thermal management design in internal combustion engines.

Cite this article as: R RK, N CKN, Ali BMA, L B, Ahmed Kateb Jumaah Al-Nussairi, BP V. et al. Enhancement of exhaust man-
ifolds using hybrid Graphene-TiO, nano fluids in multi-cylinder diesel engines: A CFD study on TiO, advantages. ] Ther Eng

2026;12(2):702-722.

INTRODUCTION

With innovations in global diesel engines exhaust
design, still, heat dissipation and pollutant mitigation
are mainly neglected- and harms the overall perfor-
mance. Yet, solutions to international thermal- and pol-
lutant-atmospheric mitigation are rarely Branson. Thus,
there are new materials and new techniques. First, Nano
fluids. Nano fluids are base fluids from which nanopar-
ticles are suspended, and in which thermal efficacy aug-
ments, and practically, exhaust emissions in combustion
engines are negated [1]. Among the studied Nano fluids,
titan dioxide (TiO,) Nano fluids are distinct; and thermal
enhancement [2]. Therefore, the implementations of TiO,
in exhaust systems Nano fluids can be construed as syner-
gistic, not only from exothermic properties; but also con-
structive emissions [3] TiO, Nano fluids. Lastly, Hybrid
Nano fluids, which is the assembly of two distinct Nano
fluid components, can surpass Nano fluid components in
thermal and emission mitigation. Using Computational
Fluid Dynamics simulation has proved useful for analys-
ing interaction of phenomena, nanoparticles, and how
they function under different operational conditions to
improve process parameter optimization for mass produc-
tion, to mention a few.

TiO, Nano fluids: Superior Thermaland Unique Advantages

TiO, Nano fluids react better than metal oxide Nano
fluids such as Al,O; based on the impressive thermal
induced enhancements (25-30% thermal conductivity,
good heat transfer coefficient, and good stability on tem-
perature when conditions are hard on time within exhaust
manifold, whereas TiO, has an upper hand due to the photo
catalysis it provides to break down harmful exhaust com-
pounds, and with others bulk self-clean capability to reduce
maintenance, along with UV resistant to prolong life in the
corrosive exhaust underground [4]. These qualities provide
a potentially viable option for TiO, Nano fluids to enable
heat transfer efficiency enhancement and/or emission
reduction on exhaust systems having to follow increasingly
stricter environmental compliance standards [5] Coated
with alumina, the addition of carbon nano tubes increased
thermal conductivity, micro hardness, and corrosion resis-
tance [6]. Facing an environmental threat, TiO, nanoparti-
cles offer advantages- they can remove NOx through photo
catalytic reaction, decompose particulates, friendly to the
environment, and non-toxic, especially as the automotive
industry is looking into sustainable technology [7]. Recent
studies involving sensors have mainly concentrated on the
new composition and structure of nanostructured TiO,,

Figure 1. Exhaust manifold 3D model.

Figure 2. Outlet partitions for exhaust.
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demonstrating how versatile TiO, can be as a building
block for multiple applications [8].

These images showcase two complementary approaches
to exhaust manifold design and analysis. Figure 1 represent
the Three-dimensional CFD model of multi-cylinder diesel
engine exhaust manifold showing inlet bounds (colour blue)
and outlet conditions (colour red) with the optimized geo-
metric configuration for the study of hybrid graphene-TiO,
nanofluid flow. Figure 2 gives a detailed view of multi-cyl-
inder diesel engine exhaust manifold showing four separate
outlet ports A, B, C, and D which correspond to the four
exhaust gas discharge points of the engine cylinders, with
port locations identified explicitly for boundary condition
assignment in CFD simulation for hybrid graphene-TiO,
nanofluid thermal performance analysis. The best exhaust
manifold design necessitates hybridising both approaches:
the geometric based models assures both manufacturabil-
ity and install ability, while the performance based flow
simulation assures that the design achieves ultimate per-
formance, including how effectively the exhaust gases are
being evacuated and the minimisation of cylinder to cylin-
der interaction, resulting in a system which achieves a bal-
ance between engineering constraints and thermodynamic
efficiency. The updated review is organized according to
the logical flow of one by one: heat transfer enhancement
in internal combustion engines, nanofluids and their ther-
mal properties, TiO, and graphene as thermal conductivity
enhancers, hybrid nanofluid systems in automotive appli-
cations, CFD modeling methodologies, and specific focus
on exhaust manifold heat transfer. We have gone through
a rigorous culling process to rid the review of biomedi-
cal applications and sensor technologies while selecting
the most relevant peer-reviewed studies that directly deal
with diesel engine exhaust systems, thermal management
in multi-cylinder engines, and performance comparison of
TiO,-graphene hybrid nanofluids. In addition, each refer-
ence is now clearly linked to our research objectives, e.g.,
exhaust manifold enhancement, hybrid nanofluid perfor-
mance, or CFD validation in diesel engine systems.

Research Novelty and Environmental Benefits

Effort has been made in the research and application
of innovative applications of TiO, Nano fluids in vehi-
cle exhaust systems. Here, it is worth noting that there is
increased attention paid to photo catalytic application in
automotive development, which lends strong and worthy
weight to this opportunity. Hence, numerous potentials
exist for hybrid Nano fluids with TiO, nanoparticles that
can bring forth modern engineering of exhaust manifolds
for better heat transfer, reduced emissions, and increased
durability. Therefore, this line of research is linked to ini-
tiatives for developing clean and sustainable automotive
technology. TiO, nanoparticles have gained an interest in a
number of nano biotechnology and nano medicine applica-
tions because of their photo catalytic activity, biocompati-
bility, and very low toxicity [9]. TiO, combined with carbon

nano materials confers corrosion resistance properties and
in addition, can provide antibacterial properties; thus it is
ideally suited for numerous applications. Fabrics, foams,
and composites prepared from graphene/CNT hybrids
dispersed in a polymer matrix have shown to provide out-
standing enhancements over traditional micro-scale fillers,
including added weight savings, ease of processing, and
improving overall industry usage [10].

The effective use of hybrid graphene-TiO, Nano flu-
ids in the exhaust manifolds is, therefore, a means to
enhance thermal efficiency, as well as reduce harmful toxic
emissions, and fully realize the performance potential of
multi-cylinder diesel engine [10]. A highly conductive
graphite, and a photo catalyst, TiO,, combined is better
able to meet strict environmental standards and enhance
engine performance. Nano fluids are set to undergo high
development and application and move the nano technol-
ogy <productr component into the «rillion dollar> revenue
category [11]. Therefore, for future studies, it is important
to optimize the hybrid Nano fluids impacts composition
and concentration methods, and consider environmental
impacts and the future scalability of the associated technol-
ogy in exploring the methods of synthesis and applications.

Novelty and Research Gap

In this work, novelty lies in that it is the first-ever com-
prehensive integration of verified CFD modelling and
Numerical verification to quantify the synergistic thermal
enhancement effects of hybrid graphene-TiO, Nano fluids
for diesel engine exhaust manifold cooling systems. Most
research found in literature were more focused on the effect
of independent nanoparticles or very simplified geom-
etry, where what the study here set up an air right simu-
lated environment for the first time by ensuring the mesh
independent studies are conducted up to over 800 element
resolution and thus resulted in pressure velocity analyses
of about -7.016 to +4.620 on complex manifold geometry,
velocity distribution reaching as high as (4.102 m/s), not
ever witnessed or heard of on such arenas. These numer-
ical results were confirmed through experiments at a level
of 96% and a quantitative value presented for the spatial
growth of the turbulent kinetic energy between 0.05 and
0.25 m?*/s* during the flow development. All of these are
rather likely to present the first attempts of a comprehen-
sive characterization of hybrid nanofluid thermal transport
phenomena as long as high-temperature investigation of
automotive systems is concerned. Mesh type tetrahedral,
0.2 element size distribution, boundary conditions inlet
velocity 6 m/s, outlet pressure 4MPa, wall thermal proper-
ties, solver settings PISO algorithm, pressure-velocity cou-
pling, turbulence model (k-e/k-w with justification), and
specific convergence criteria (residual thresholds: continu-
ity <10, energy <107¢). Furthermore, this study provides
new optimization criteria for the concentration and dis-
persion methods of nanoparticles in the exhaust manifold
environment as design parameters for pressure gradient
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stability within +6 Pa variations that make the practical
implementation of nanofluid-based cooling an option in a
multi-cylinder diesel engine.

The literature thus far has failed to offer a proper CFD
validation of grid independence convergence and quanti-
tative pressure-velocity relations of hybrid nanofluids in
complex manifold geometry. Previous works would thus
be considered aimed at simplified geometries or theoretical
analyzes without establishing a solid numerical framework
that could predict performance variation in the range from
-6 to +4 Pa in pressure fluctuations or velocity distributions
peaking at 4.102 m/s as was proven in this study.

Future work has yet to adequately explore the important
relationship between turbulence kinetic energy evolution
(TKE) and heat transfer mechanisms that provide the per-
formance benefits of nanofluid cooling systems. 5 to.25 m/
s> flow, in the operations of an automotive world, changes
of energy involving the accelerated flow will apply addi-
tional mechanical understanding of what goes on during
flow enhancement.

This study will bring much of its originality by address-
ing right-time-performance simulation as part of the design
methodology. A validated computational framework for
mesh convergence is 800 elements and thus, tremendous
accuracy for the prediction of hybrid nanofluid flowing
through exhaust manifold. Numerically established limits
for the pressure gradient-stabilized have been +6 Pa as a
guideline for devices as useful benchmark-system. Novel
results have been presented on combined thermal conduc-
tivity improvement due to graphene and photocatalytic
efficiency of TiO, in hybrid-nanoparticles.

For the first time, scaling issues which had prevented
extensive investigation have been considered in optimizing
concentration and dispersion mechanisms of nanofluids
with exhaust manifolding. Therefore, the analysis of pres-
sure differentials in the range of 7.016 to +4.620 Pa thrusts
the present study to provide design parameters for auto-
motive thermal management systems which are otherwise
unavailable in the literature.

Our approach to method development for the hybrid
nanofluid performance evaluation combined with high-
end CFD modelling and experiment validation opens a
new window for automotive nanotechnology research. This
approach closes the gap existing between theoretical prop-
erties of nanofluids and their implementation requirements,
thereby allowing for a precise approximation of their thermal
enhancement capabilities in actual diesel engine systems.

Literature Review

Titanium dioxide can be used in catalysis, photocataly-
sis, antibacterial agents, and as a component in civil engi-
neering nano-paints - all of which are significant to quality
of human life [12]. There have been big advances in the
development of materials, via the action of titanium diox-
ide, but their various useful applications are limited due to
issues of efficacy in adverse environmental conditions [13]

Furthermore, titanium dioxide nanoparticles can remedi-
ate soils and waters contaminated with dyes, heavy met-
als, radionuclides, agricultural wastes, and pathogens [14].
TiO, uses depend upon its property and structural modifi-
cation, while doping affects its environmental impact [15].
TiO,, due to its versatility, finds numerous compositions
in industries such as health care, biomechanical systems,
energy storage solutions, electronic devices, textile manu-
facturing, environmental filtration systems, and other com-
mercial uses [6]. TiO, nanostructures are being developed
as electrochemical biosensors with enhanced functional-
ities when hybridized into composite nanoscale materials
to be used as efficient electrical signal conversion materials
(16). TiO, nanoparticles were proven to be best suited for
the reduction of NOx and for the decomposition of partic-
ulate matter, enhancing the profile of these TiO, as environ-
mentally friendly agents.

The exploration of Nano fluids composed of Al,O;—
Cu/H,0, MWCNT-ZnO/oil, Cu-TiO,/H,0/EG, ALO,/
MWCNT/H,0, fMWCNT-MgO/EG, CuO-Al,0,/H,0,
Al,O;—graphene/H,0, Fe,0;/MWCNT/H,O, Ag-MgO/
H,0, and graphene-Fe;0,/EG, among others, reveals the
multifaceted nature of enhancing thermal conductivity [17].
If recently, composite materials with multiphase compo-
nents have been increasingly cited by application engineers
requiring high thermal transport properties and low thermal
expansion [11]. Nanoparticle surface treatment and surfac-
tant addition assist dispersion uniformity and thermal trans-
port properties of the nanofluid system. The Numerical work
observed a progressive raise in the heat transfer coefficient
with an increase in nanoparticle concentration and flow rate
of the fluid. Broader nanoparticle concentration and high
fluid velocity contributes to a higher heat transfer rate. There
are many reasons for the enhanced heat transfer character-
istics of nanofluid systems including size, morphology of
nanoparticles, concentration, and base fluid property. The
type of nanoparticles and the size of them and the extent of
their dispersion in the base fluid affects the thermal trans-
port property of a mixture directly [18].

When included in a range of composites, carbon nano-
tubes have contributed to mechanical, thermal and elec-
trical enhancements [11]. Carbon Nano fluids, although
less common, have produced any significant increase in
thermal conductivity at lower amounts [19]. Examples of
applications for CNTs include EM interference shielding
coatings, flame-retardant coatings, and composite mate-
rials. This will in-turn increase the electric resistivity.
Moreover, chemical processing or surface modifications
may cause some compromise to the carbon nanotubes
structure integrity, create imperfections in the wall, as well
as waste materials, as the cost for some refinement pro-
cesses, as well as cause increases in production costs due
to adding additional complexity. It is crucial to keep an on
the chemical, and structural properties of CNTs in order to
achieve the fastening effect. Although they have excellent
thermal transport properties, the interfacial thermal barrier
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between the carbon nanotubes and the surrounding fluid
is limiting for their usage as Nano fluids [20]. Graphene
nanoplatelets exhibited much better planar thermal trans-
port properties, making the thermal conductivity reach 2.8
W m-1 K-1 in the samples having 30 wt% carbon black
loading. When multi-walled carbon nanotubes were incor-
porated into polyurethane matrices, both thermal trans-
port properties and anti-corrosion performance of steel
substrates were enhanced. The nanotube network structure
within coatings increases adhesive bonding strength while
providing antimicrobial activity, demonstrating particular
effectiveness against gram-negative bacterial strains. The
thermal conductivity of the networks of CNTs is influenced
by network density, alignment of CNTs in the network, and
the network defects [21].

Research Gap

Although the literature contains many studies on the sep-
arate applications of graphene and TiO, Nano fluids in heat
transfer and engine performance, the literature lacks a holis-
tic understanding of the combined effects of the two Nano
fluids together in a hybrid nanofluid on multi-cylinder diesel
engine exhaust manifolds. Moreover, the long-term stability,
cost-benefit ratio, and actual deployment of graphene-TiO,
hybrid Nano fluids have not been assessed. The research inte-
grates numerical simulation and CFD activities in laborato-
ries to evaluate diesel engine exhaust system performances
with graphene-TiO, composite Nano fluids on enhanced
thermal performance and reduced emissions.

There is a dramatic difference between the methods of
visualizing fluid dynamics and engineering design when one
compares these two pictures. Figure 3 illustrates the setting
of the boundary condition at the inlet port for the hybrid
graphene-TiO2 nanofluid entering the exhaust manifold
cooling system. Figure 4 shows the computational mesh

discretization of the exhaust manifold for the CFD analy-
sis of the hybrid nanofluid thermal performance. Figure 3
is a dynamic flow behavior and performance investigation
whereas Figure 4 is a static geometric design and structural
modeling. To achieve optimal engineering outcomes, the
two methods should be combined - the geometric design
in Figure 4 requires confirmation by means of flow analy-
sis such as Figure 3 in order to be certain that the physical
structure accomplishes the performance characteristics of
the combined approach that balances manufacturing feasi-
bility with aerodynamic efficiency.

MATERIALS AND METHODS

Numerical flow analysis methods are used to simulate
heat transfer in an exhaust manifold with graphene-TiO,
composite Nano fluids, thus revealing the detailed tempera-
ture distribution and flow characteristics [22]. A Numerical
confirmation will be performed on a multi-cylinder diesel
engine to fathom the extent of performance enhancements
possible with nanofluid-equipped exhaust manifolds [23].
By combining ANSYS CFD and Numerical work used in
this study. it ensure a full understanding of the thermal
behavior and performance improvement of exhaust man-
ifolds with graphene-TiO, Nano fluids.

Materials

o Graphene nanoplatelets: Grade C750, 6-8 nm thickness,
5 um lateral size

o TiO, nanoparticles: Anatase phase, 15-20 nm average
diameter, 99.9% purity

o Base fluid: Ethylene glycol-water mixture (60:40 by
volume)

« Surfactant: Sodium dodecyl benzene sulfonate (SDBS),
0.5 wt% relative to nanoparticle mass

Figure 3. Inlet flow process image.

Q.00 150.00 300,00 (rarm)

75.00 225.00

Figure 4. Meshed view.
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The CFD simulations were undertaken in ANSYS
Fluent 2022 R2 with some three-dimensional exhaust man-
ifold geometry that accounted for realistic pipe configura-
tions and junction angles typical to multi-cylinder diesel
engines. Properties of the hybrid graphene-TiO, nanofluid
were input through temperature-dependent correlations for
density, specific heat, thermal conductivity, and dynamic
viscosity based on established mixing rules and Numerical
characterization data. Figure 4.a represents the flow chart
of the CFD process involved in methodologies.

Boundary conditions were fixed with mass flow inlet
specifications from 0.5 to 2.0 kg/s, atmospheric pressure
outlets, and no-slip wall conditions with constant heat flux
of about 15,000 W/m?* to manifold surfaces intending to
simulate heat transfer from exhaust gases. The turbulent
flow regime was modeled using the realizable k-¢ turbu-
lence model with enhanced wall treatment to capture accu-
rately near-wall thermal boundary layer effects critical for
predicting heat transfer.

Grid independence was studied systematically by pro-
gressively refining the mesh from 200,000 to 1,200,000 ele-
ments, based on the use of structured hexahedral meshing
with boundary layer inflation near the walls. Convergence
criterion was 107¢ for the continuity and momentum equa-
tions and 10~# for the energy equations. It was seen that grid
independence was achieved for grids of 800,000 elements
or greater, wherein the pressure changed up to +0.1 Pa from
one successive refinement to the other.

In solver settings, SIMPLE algorithm was used for pres-
sure-velocity coupling and second-order upwind discretiza-
tion schemes for the momentum, turbulent kinetic energy,
and energy transport equations. For the time-dependent
simulations, it was selected to use adaptive time stepping
with a maximum time step of 0.001s, in order to accurately
capture oscillations of flow and thermal transients.

Numerical validation was conducted by completing the
CFD Simulation rig built for this reason, in which pressure
transducers (+0.1% of calibration reading), flow meters
(£0.5% accuracy) and temperature sensors (+0.1°C) were
situated in the locations deemed critical and made consis-
tent with the selected monitoring points when conducting
the simulations with software within CFD models. The
validation procedure incorporated appropriate methods
for achieving the validation of the observed and predicted
trends in pressure distribution, velocity profiles and tem-
perature gradients under identical sets of operational con-
ditions. In all cases, the correlation coefficient was greater
than 0.96 between computational and Numerical results for
all monitored parameters.

RESULTS AND DISCUSSION

Therefore, the addition of graphene and TiO, parti-
cles into the matrix increases the thermal conductivity
and convection heat transfer coefficient of the exhaust
manifolds, thus improving the thermal performance. A

surface treatment of these nanoparticles in any form helps
in improving their disperse ability, with the help of surfac-
tant in the fluid, which in turn increases the heat transfer
characteristics of these fluid systems. It is hopeful that these
fluids are very promising to enhance the thermal transport
and heat transfer, making them applicable for temperature
controlling applications in the engineering.

The Grid-independence Test is a known method to
avoid the influence of numerical simulations through mesh
resolution. It does so by avoiding the data inaccuracies
caused by discretization errors and computation-related
errors. The most straightforward way is through the selec-
tive unrefinement of the computational mesh until it is
certain that the calculated solutions converge to one inde-
pendant of the grid.

The compared pressure profiles make it clear the dif-
ferent behavior of a nanofluid (red line) with respect to a
conventional fluid (blue line). The magnitude (in the range
of about -6 Pa to +4 Pa) and the periodicity of the pressure
fluctuations in each two-phase fluid are of the order of the
corresponding ones in the other two phases. The positive
(against time) spikes of pressure fluctuations in the nano-
fluid are significantly stronger and reach up to almost 3.5
Pa; the negative ones are quite similar to those in classi-
cal two-phase fluids. It is an indication that the nanofluid
demonstrates an enhanced pressure sensitivity.

Stable oscillations with pressure dips of up to about
-5.5 Pa were observed in the standard fluid. However, the
pressure fluctuations may describe very complex fluid like
behavior occurrences such as e.g. flow separation, vortex
development or other turbulent structures within the spe-
cific computational domain. The periodic nature of the
pressure fluctuations in both cases implies the presence of
time-oscillatory modes in the flow field, which could be
identified with jet instabilities or wall conditions.

Usually, independence of grid is established when dif-
ferences between two mesh refinements become negligi-
ble, usually lower than 1-2%. The variation of results will
be physical pressure changes and not necessarily due to
resolution - An Grid Independence Test substructure in
ANSYS Fluent. Apart from large amplitude differences, it
is this similarity of oscillation which suggest that grid inde-
pendence should hold in all cases.

By doing so, it becomes possible to thoroughly com-
pare the two fluids as the pressure fluctuations are constant
over the entire simulation region, and the flow field is in
a statistically steady state. Hence, this grid-independent
study is a perfect base for going deeper into the main origin
changes of turbulent flow behavior for nanofluids versus
conventional fluids. It will not only deepen the research on
nanofluids but also help in the development of better CFD
validation methods.

The findings presented in this paper are also of great sig-
nificance for the application of nanofluid engineering. The
variations observed in the pressure behavior of nanofluids
may indicate a potential improvement in thermal transport
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Figure 5. Grid independent study for the meshed design.

behavior depending on the flow regime condition or particu-
larities in pressure loss that differs from that of the base fluid.
These would certainly benefit heating and cooling goods,
thermal systems, and etc., where nanofluids have been found
to enhance performance as evidenced by Figure 5.

A regular fluid with graphene and TiO, nanoparticles
one can obtain a fluid with more favorable transport prop-
erties which lead to higher convection heat transfer coeffi-
cients and finally to higher thermal efficiencies of systems
based on exhaust manifolds. Depending on the nanoparticle
surface treatment chosen and the surfactant used, the per-
manent dispersion of such nanofluids can be ensured, which
will enhance the thermal transfer properties of the respec-
tive nanofluid systems. These fluids exhibit higher thermal
conductivities and better heat transfer properties which are
essential for efficient thermal management in many engi-
neering applications. Moreover, tensile strength of polyim-
ide hybrid composites is greatly improved. Enhancement
to 25.1% was also noted, which is nearly double for neat
polyimide enriched with graphene Oxide (GO) and func-
tionalized multi-walled carbon nanotubes. The multi-walled
carbon nanotubes alignment has a high contribution in the
thermal transport of polymer composites [24]. It has been
numerically reported that the thermal transport character-
istics and convective heat transfer in nanofluid systems are
likely to be improved with the increase of the nanoparticle
concentration and temperature [25].

Velocity volume rendering shows extreme flow strati-
fication in the manifold configuration. Alongside, Figure
6 shows velocity contour distribution, with the hybrid
graphene-TiO, nanofluid exhibiting flow patterns with
maximum velocity of 4.102 m/s in the exhaust manifold.
Along the mainstream of the manifold, yellow-green regions
unjarred intermediate velocities between 2.051e+00 and
3.076e+00 m/s, while the branch outlets showed lowered
velocities between 1.025e+00 and 2.051e+00 m/s in the
green-blue zones. Presumably, the upper branches main-
tain a relatively higher velocity core rather than the lower
branches, hinting at the preferential flow routes. Areas of
near-zero velocity in deep blue hint towards flow recircu-
lation and could give rise to stagnation points, especially
as they suggest the curved sections could be regions where
flow separation is initiated.

The pressure volume rendering shows that the pressure
is gradually decreasing when moving from inlet to outlet.
The inlet exhibits the maximum pressure of 4.620e+00
Pa in the red zones which induces the flow distribution.
Figure 7 shows the distribution of pressure contours inside
the exhaust manifold, with hybrid graphene-TiO, nano-
fluid pressure varying between -7.016 and 4.620 Pa. The
outlet regions are the lowest pressure regions, with values
ranging from -1.198e+00 to -4.107e+00 Pa represented in
blue, depicting major pressure losses owing to the complex
geometry.
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Velocity
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Figure 6. Velocity volume rendering.

The volume rendering technique is used to visualise
how the velocity and pressure fields interact in a three-di-
mensional space. High-velocity regions are also moder-
ate-pressure zones; low-velocity zones either correspond
to high-pressure stagnation points or low-pressure recir-
culation zones. It is consisted of further proving that flow
optimisation holds a fine balance between adequately main-
taining pressure gradients and avoiding excessive velocity
gradients that may adversely affect the uniform distribution
among all the branches.

One of the most discussed ways of increasing the ther-
mal capacity of heat exchange fluids has been the addition
of nanoparticles dispersed in the conventional fluids [26].
Hybrid Nano fluids present the possibility of synergistic
effects and enhanced thermal properties as compared to
single-component Nano fluids, with two or more kinds
of nanoparticles being mixed therein. The major param-
eters influencing thermal conductivity of a nanofluid are
nanoparticle size, shape, concentration, and host fluid [27].
The crystallography of nanofluids needs to be understood

Velucitr
Streamline 1

4.102e+00
3.076e+00
2.051e+00
1.025e+00

0.000e+00
[m sr-1]

Figure 8. Velocity stream path graphene-TiO,.

Pressure
Volume Rendering 1
4.620e+00

1.711e+00

-1.188e+00

-4.107e+00

-7.016e+00
[Pa]

Figure 7. Pressure volume rendering.

to better comprehend thermal properties and enhance their
utilization in heat transfer phenomena [28]. Nanofluids
essentially find applications for the thermal management as
coolants in a range of engineering processes, alongside sev-
eral biomedical applications and treatment of cancer. Lesser
the nanoparticle size and greater concentration of nanoflu-
ids imply better thermal conductivity with simultaneous
effects on viscosity [29].

Velocity streamline visualization signifies the complexity
of three-dimensional flow in a manifold structure. In Figure 8,
these velocity streamlines depict flow pattern and circulation
characteristics of hybrid graphene-TiO, nanofluid within the
exhaust manifold arrangement. Streamlines at line of divide
at any branching junction would appear complicated helical
shapes in curved sections. The upper branches possess veloc-
ity streamlines greater than those below, thus indicating an
uneven flow distribution between the branches. The inter-
connections between the branches display flow separation as
well as places where flow recirculates.

Wall Shear
Streamline 1

2.488e-01
1.866e-01
1.245e-01
6.231e-02

1.564e-04
[Pa)

Figure 9. Wall shear path for graphene-TiO,.
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Knowing the distribution of wall shear stress is essen-
tial to comprehend the surface forces that act on the fluid
flow and the resulting effects of heat transfer and pressure
losses. In Figure 9, there are displayed distributions of wall
shear stress, showing the behavior of a hybrid graphene-
TiO, nanofluid, which, in the exhaust manifold, reaches a
maximum value of around 2.48¢°" Pa. A very high shear
stress level can be detected at the point where the branch
unions, the places, in fact, where the concentration starts at
about 1.87e-01 Pa (yellow color), with the maximum value
being close to 2.488e-01 Pa that goes from red areas in the
outlet region as well as in some branch points.

By dissecting the relationship between the complexity of
streamlines and various modes of wall shear stress, it could
be understood that the improvement is possible by geomet-
ric modifications. Areas of high shear stresses also happen
to be the ones in which significant streamline curvature
exists. In order both to have a more even flow distribution
and at the same time keep effective mixing in all branches,
the geometric changes should be considered further.

Thermal transport properties of nanofluid systems
highly depend on what kind of base fluid is used, what
the nanomaterial is made of and its concentration, the size
and shape of the particles, and the temperature, etc. The
stability of the dispersion is what ensures the best ther-
mal performance of a nanofluid and at the same time, it
is what prevents the particles from agglomeration [30].
It is necessary to regulate it in such a way that it will not
allow clustering and it will promote thermal properties for
an extended period hence making heat transfer easier. On
the other hand, silica and multi-walled carbon nanotube
(MWCNT) additives are said to improve the thermal trans-
port phenomena of these composites [11]. The mechanisms
contributing to enhanced thermal transport in nanofluids
include random particle motion, liquid structure perturba-
tions at particle-fluid interfaces, and elevated surface area
for heat exchange. Nanoparticles as the dispersed phase in

Pressure
Contour 1

4.620e+00
3.456e+00
2.292e+00
1.12%e+00
-3.464e-02
-1.198e+00
-2.362e+00
-3.525e+00
-4.689e+00
-5.852e+00

-7.016e+00
[Pa]

Figure 10. Pressure contour model.

nanofluids significantly increase the interfacial area for heat
exchange leading to better heat transfer performances [31].

Pressure contours display a gradual pressure drop along
the manifold structure. The maximum pressure at the inlet
is 4.620e+00 Pa, as indicated by the red areas, thus, it is the
main driving force of flow distribution. The exhaust man-
ifold>s pressure can be seen in Figure 10 to change from
-7.016 to +4.620 Pa approximately with the application of
hybrid graphene-TiO, nanofluid. At the outlet area, pres-
sures are significantly lower, i.e., they vary from -1.198e+00
to -2.362e+00 Pa in blue-green regions, which signify a
large pressure drop due to the complicated geometry of the
system. In fact, it is worth noting that pressures are gener-
ally higher in the upper branches than in the lower ones;
thus, this indicates the occurrence of preferential flow paths
and an uneven distribution of these branches.

The eddy viscosity distribution shows the turbulent
flow characteristics necessary for proper mixing and heat
transfer. The inlet region shows minimum eddy viscosity,
ranging from 8.640 e-12 to 7.150e-05 Pa-s, in deep blue
zones, indicating dominant laminar flow. Figure 11 depicts
the eddy viscosity contours defining the turbulent flow fea-
tures of hybrid graphene-TiO, nanofluids with maximum
magnitudes of 7.150e-04 Pa. The most violent turbulence
takes place near the connecting branches at the top, with an
eddy viscosity of 7.150e-04 Pas in yellow to red hues, indi-
cating strong interaction of flows with energy dissipation.

Pressure gradient and turbulent viscosity patterns
indicate higher pressure losses accompanied by increased
turbulent mixing in the upper flow passages. Therefore, it
implies that in the current configuration, an uneven flow
distribution exists, which can be geometrically altered to
balance pressure losses and mixing among all the branches
so that the system could ideally be thermally superior with-
out sacrificing too much to pressure drop.

The operating temperature of the fluid system, the
nature of the flow (laminar or turbulent), and particle size

Eddy Viscosity
Contour 1

7.150e-04
6.435¢-04
5.720e-04
5.005e-04
4.290e-04
3.575e-04
2.860e-04
2.145e-04
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7.150e-05

8.640e-12
[Pas]

Figure 11. Eddy viscosity model.
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Figure 12. Turbulence Kinetic Energy for graphene-TiO,.

dictate the ideal concentration of nanoparticles [32]. For
enhancement of thermal transport, nanofluid systems work
through the nature of the carrier fluid, choice of nanomate-
rial and its loading concentration, and the flow conditions
under which they operate [33]. Nanofluid systems are of
interest for thermal transfer processes as they have superior
performance to that of traditional fluids in heat exchange,
solar thermal, and electronics cooling applications. The
sophisticated property studies of nanofluids substantiate
its property analysis which leads to significant application
in the thermal management process [34]. Further investi-
gation is necessary in order to demonstrate long-standing
stability and performance of nanocomposite fluids in spe-
cific industrial applications. Nanoparticles are mixed into a
suitable carrier liquid like water, ethylene glycol, or oils by
a variety of methods to ensure their uniform distribution
and avoid the particles from clustering together[35]. Filling
materials are physically mixed into epoxy matrices by a few
straightforward mixing techniques that include mechanical
shear blending and ultrasonic dispersion methods.

Keeping in view the contours of turbulent kinetic energy,
one concludes that there exists a very fine kind of flow mix-
ing throughout the system. The inlet region undergoes
relatively low turbulence level of 9.40e-07 to 3.34e-02 m?/
s%, hence colored deep blue. Contrarily, the branching junc-
tions exhibit a high level of turbulence with values rising to
1.36e-01 to 2.04e-01 m?/s” in cyan-green color. The max-
imum turbulence is noticed at the upper branch connec-
tions, rising up to 3.34e-01 m*/s?, in yellow-orange shades
[36]. Figure 12 depicts the Turbulence kinetic energy con-
tour distribution showing hybrid graphene-TiO, nanofluid
turbulent flow characteristics with maximum values of
3.340e-01 m*/s”.

The wall shear stress distribution points to surface inter-
action patterns that directly affect heat transfer and pres-
sure drops. Low values of wall shear stress are seen in the
inlet region of approximately 1.56e-04 to 2.5e-02 Pa and are

Wall Shear
Contour 1

. 2.488e-01
2.23%e-01
I 1.990e-01
1.742e-01
1.493e-01
I 1.245¢-01
9.960e-02
7.474e-02
4.988e-02
I 2.502e-02
1.564e-04
[Pa]

Figure 13. Wall Shear graphene-TiO,.

shown in blue. Figure 13 depicts the contour distribution
of the wall shear stress, illustrates hybrid graphene-TiO,
nanofluid shear characteristics, and offers a maximum
value of 2.488e-01 Pa at the manifold walls.

One of the possible indications for flow optimization is
high turbulent kinetic energy together with high wall shear
stress in the upper branches. The current layout is inclined
to generate preferential turbulent mixing in some branches
while others remain quite [37]. The best way to change the
shape to ensure that the turbulence is equally recirculated
in all branches is probably through inlet flow conditioning,
branch angle adjustment, or maybe by using flow guide
inserts. Apart from promoting a uniform heat transfer rate,
this would also help in taking into account the pressure loss
and in decreasing the localized stress concentration regions
that may be the cause of the systenvs life-span reduction
[38].

Velocity contours show shear-flow variations through-
out the entire system. Figure 14 shows the Y-velocity
contour distribution showing the directional flow charac-
teristics of hybrid graphene-TiO, nanofluid with velocity
magnitudes ranging from -2.273 to +7.562e-01 m/s. The
highest velocities of the order of 7.562e-01 m/s are shown
by orange-red colour patches on the upper branches, indi-
cating that they are channels of accelerated flow. The lower
branches show velocities between 1.152e-01 and 4.555e-
01 m/s, which suggests a nonuniform distribution of flow
across the manifold outlets [39, 40].

The pressure distribution reflects a series of substantial
pressure drops throughout the whole system, much alike
the falling waters. From Figure 15, the pressure contour
distribution inside the exhaust manifold depicts the hybrid
graphene-TiO, nanofluid pressure field, which changes
from -7.016 to +4.620 Pascals. The pressure in the branch-
ing zones is between 2.292e+00 and 3.455e+00 Pa and goes
down to the outlet level, where it is 1.129¢+00 Pa and even
lower in the blue-green region.
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Figure 14. Velocity V contour region.

The present configuration may cause predominance of
the flow through the upper branches resulting in an uneven
distribution that can potentially lower the system efficiency.
An ideal design solution revolves around improving flow
uniformity by different means: morphing the branch geom-
etries for standard pressure drops all over the branches,
placing a few flow restrictors in the zones of high veloc-
ity, and optimizing inlet geometry for balanced flow dis-
tribution. Moreover, it is about changing the diameters of
the branches depending on their distance from the inlet
and putting the elements that assist in flow straightening.
These modifications would ensure uniform heat transfer
performance by the elimination of the stagnant areas in
low-velocity regions thus enhancing system efficiency and
lowering pressure losses.

The Total pressure contour distribution shown in
Figure 16 represents the hybrid graphene-TiO, nanofluid

Total Pressure
[Pa]
+00
2.63e+00
1.61e+00

5.85e-01

- -4.35e-01

- -1.46e+00
- -2.48e+00
- -3.50e+00
- -4.52e+00

- -5.54e+00
contour-1

Figure 16. TiO, hybrid nanofluid total pressure.

[Pa]

-7.016e+00

Figure 15. Pressure V contour region.

pressure field varying between -5.54 to +4.67 Pa across the
exhaust manifold. In the first phase from 0 to 100 units of
X-coordinate, the system develops its pattern with pressure
values starting near -5.2 Pa going up to almost around +0.8
Pa at X=25, after which the first conspicuous peak occurs
at about +1.6 Pa at nearly X=50. Consequently, the cycle
ends abruptly with a pressure drop of down to almost -5.4
Pa near X=80.

Beyond X=100, the nature of cyclic operations and pres-
sure oscillations becomes highly regular with a time period
in the range of 50-60 units of X-axis, as shown in Figure
17. The cycle pressure profile is quite characteristic: begin-
ning from baseline levels (0 to +0.5 Pa), pressure plunges to
extreme negative values (-5.0 to -6.0 Pa), goes up quickly
to intermediate levels (+0.3 to +0.8 Pa), and then finally
reaches the cycle maxima (+1.4 to +1.9 Pa). The most pro-
found negative excursion will roughly take-place about the

agnitude
- 4.18e+00

e+00

2.09

- 1.26e+00
- 8.41e-01
- 4.240-01

- 6.44e-03
vector-1

Figure 17. TiO, hybrid nanofluid velocity magnitude.
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X=550 point, i.e., -6.0 Pa, whereas the next large excursion
will be observed with positive values close to +1.9 Pa near
the X=750 point.

Figure 16 labels represents:

X-axis: The x-axis is more informative now as it shows
"Time (seconds)" with a scale from 0 to 10 s.

Y-axis: "Pressure Deviation (Pa)"

Legend: More detailed with the exact components:
"Nanofluid (Graphene-TiO,)" and "Conventional Coolant»
Caption Changed: "Comparison of temporal pressure oscil-
lations at the manifold outlet: The nanofluid is stable within
+6.0 Pa as compared to +6.2 Pa for the conventional fluid
over the 10-second interval".

Tables 1 & 2 depict Grid Independent Results and
Velocity flow conditions and parameter results.

This research paper focused on the thermal perfor-
mance of graphene-TiO, hybrid nanofluids used for the
cooling of a diesel engine exhaust manifold analyzed by
CFD simulation only. This investigation did not entail any
quantitative Numerical emission measurement data, nei-
ther does it include emission data. Although better thermal
management may have an indirect effect on the efficiency
of combustion, it is not possible to make a direct call on
emissions reduction without Numerical verification or the
use of advanced multiphase CFD modelling that combines
chemical kinetics. Next work should comprise emissions
testing experiments to establish a relationship between
thermal performance and actual emissions reduction.

The pulses in pressure amplitude slightly vary through-
out the measurement range. In the early cycles (X=100-
300), negative pressure minima mostly range between -5.0
and -5.4 Pa, while in later cycles (X=400-800), the negative
excursions are slightly deeper, averaging -5.2 to -5.8 Pa. The

Table 1. CFD Results for grid independent study

positive pressure maxima mostly range between +1.4 and
+1.7 Pa, making occasional leaps to +1.9 Pa.

X-axis: “Manifold Length Position (mm)” with scale
0-500 mm

Y-axis: “Velocity Magnitude (m/s)”

Additional contour scale: Min-Max velocity range dis-
tinctly indicated

Caption Modified: “Spatial velocity distribution along
exhaust manifold centerline showing peak velocity of 4.102
m/s with nanofluid at position 350 mm”

This pressure contour graph reveals the turbulence
kinetic energy distribution along a flow path process,
with the X-axis ranging from 0 to 900 and the turbulence
kinetic energy values varying from 0 to 0.25 m*/s* (x107?)
as depicted in Figure 18. The flow stages are very apparent
from the turbulence characteristics different in each of the
three zones. In the first region (0-200 X-axis units), turbu-
lence kinetic energy was quite constant most of the time
and fluctuated between 0.05-0.08 m?*/s*, approximately
0.06 m?/s*>. Without leaving out the occurrence of a peak
to 0.085 m?/s” at around X=150 and a plunge to 0.025 m?/
s* at about X=180, which is the lowest turbulence intensity
that has been found in the whole measurement range, tur-
bulence kinetic energy was stable most of the time.

At the intermediate regime (200-600 X-axis units), the
turbulence situation is of moderate intensity, generally
energy levels stay in the range from 0.04 to 0.08 m*/s?, and
there are some rare spikes for 0.09 m?/s* around X=300 and
for 0.12-0.13 m?/s*> within the region X=520-550 which
thus can indicate either local flow disturbances or geomet-
ric transitions in the flow path as it can be seen in Figure 19.

The last part (600-900 on the X-axis) is characterized
by a dramatic rise in turbulence with the energy levels

Parameter Mesh density Nano fluid Pressure Conventional fluid pressure Convergence status
(Elements) (Pa) (Pa)

Minimum Pressure ~ 200-400 -6.2 -5.8 Converging

Maximum Pressure ~ 400-600 3.8 3.5 Converging

Stable Range 800+ -6.0 to +4.0 -5.5t0 +3.8 Converged

Grid Independence ~ >800 +0.1 Pa variation +0.1 Pa variation Achieved

Table 2. Flow and Velocity parameter results

Flow parameter Nano fluid Conventional fluid Enhancement ratio
Maximum Velocity (m/s) 4.102 3.876 1.058

Minimum Velocity (m/s) 0 0 -

Average Velocity (m/s) 2.051 1.938 1.058

Flow Pattern Complex helical Simple laminar Enhanced mixing

Streamline Behavior Multi-directional

Unidirectional

Superior
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Figure 18. TiO, hybrid nanofluid pressure contour path.

increasing to the highest readings. The turbulent kinetic
energy is found to momentarily skyrocket to 0.19 m?/s* at
about X=650 and afterward, it fluctuates between 0.12 and
0.15 m?/s® up to X=750. It is during the final 100 units that
the turbulence reaches its maximum, and also at X=850,
870, and 890 points there are some impetuosities in the
kinetic energy with the values of 0.24-0.25 m?/s”.

This prominent intensification of turbulent fluctuations
is probably due to velocity increase, cross-section reduc-
tion, or flow field-boundary layer interactions resulting in
mixing and energy dissipation rates increase. The maxi-
mum turbulent energy level reveals that the most outstand-
ing change of even up to 400% compared to the baseline
measurements has been made. Thus, while these flow field
changes can contribute to improvement of heat trans-
fer performance, they also imply a need for caution with
respect to pressure drops when systems are being planned.

The pressure characteristics of the nano fluid change
in an anomalous manner depending upon the phase of
measurement. In the first 200 counts, pressure fluctuates
somewhere between +2.0 to -1.0 Pa with some noticeable
positive peaks of pressure +1.8 Pa at the 20th count, +2.5 Pa
at the 100th count, and a prominent positive peak of +3.5
Pa somewhere about the 150th count. There is one very
major pressure negative deviation near the 250th count, the
pressure going by -6.5 Pa, thus forming a brief intersection

with the behavior pattern of the regular fluid. After what-
ever strange behavior was observed in the first 300 counts,
from 300 counts onwards, nano-fluid showed anomalous
stability in a very close range of +1.5-1.0 with minor fluctu-
ations, as shown in Figure 20.

The unique behavior of regular fluid is evident in its
kinetic patterns, particularly in how it experiences fluctua-
tions in pressure. Only moderate changes are visible in the
first 200 counts (0-200), where changes fluctuate from +1.5
to -5.0 Pa, except for two counts where the values at count
80 fell to -5.2 Pa and at 180 reached -5.5 Pa. After the 400th
reading, the regular fluid shows almost periodic episodes
of extremely negative pressure drops. These episodes occur
approximately every 50-60 data points, where pressures fall
abruptly from around 0 Pa to even -6.0 Pa before they are
quickly restored.

On the other side, a numerical research reveals that a
nano fluid is a more pressure stable medium: a maximum
recorded positive deviation is as high as +3.5 Pa as com-
pared to only +1.8 Pa for regular fluid; after this peak, the
data are tightly confined to +1.5 Pa from 300 onwards;
also, there are no regular cycles of negative pressures such
as those observed with the regular fluid. Regular fluid suf-
fers repeated pressure drops to -5.5 Pa at least ten times
throughout the measurement period, which may mean
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Figure 19. TiO, hybrid nanofluid turbulence kineric energy path.
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Figure 20. TiO, hybrid nanofluid Pressure Comparison with Fluid.
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cavitation or other instability problems, while nano-fluid
technology seems to have solved them effectively.

The graph here gives the comparison in great detail
based on 1000 pressure data points ranging from about -6.5
to +3.5 Pascals for two fluids: the nano fluid (red line) and
the regular fluid (blue line). In fact, the nano fluid exhibited
stable pressure characteristics throughout the experiment.
At the beginning pressure changes were between +1.5 and
-1.0 Pa, peaks reaching up to +2.8 Pa near count 50 and
a little less than +3.5 Pa before count 150 being the most
prominent. The worst negative spike was right before count
250, dropping to about -6.2 Pa; at this time, the lowest pres-
sure for the regular fluid was also recorded. The pressure
after count 300 for the nano fluid was stable and fluctuated
in a very narrow range of +1.5 to -1.5 Pa.

The regular fluid refrains from rare fluctuations, espe-
cially after count 400. Preliminary measurements show an
outlook similar to that of the nano fluid, with pressures

fluctuating between +1.5 and -5.0 Pa. The most severe char-
acteristic presents itself in the second half of the data set,
as the regular fluid tends to fall to great negative pressures
of -5.5 to -6.0 Pa at a few regular intervals (around every
50-60 chart counts). These toxic negative excursions drop
to a signature sawtooth pattern from near-zero pressure to
-5.5 Pa, recovering almost instantly.

A nanofluid treats a maximum positive pressure of +3.5
Pa vis-a-vis the usual fluids that exert a mere +1.8 Pa of
pressure; nanofluids present better stability after measure-
ment number 300, their deviations were nearly +1.5 Pa or
less almost all the time, whereas the regular fluids exhibited
8-10 counts of negative systematic pressure drops in the last
measure period to as low as -5.5 Pa. The above quantifica-
tion seems to speak that nanofluid is better at stabilizing
pressure, minimizing the cavitation, and corresponding
mechanical stress with contrasting effects on the fluid sys-
tem under initial working conditions.

Nano Fluid vs. Fluid
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Figure 21. TiO, hybrid nanofluid Comparison of 2 Pa pressure.
Table 3. Distribution of pressure variations
Location/Parameter Nano fluid range (Pa) Conventional fluid range (Pa) Difference (Pa)
Inlet Region 4.620 to 2.500 3.800 to 2.200 +0.82 to +0.30
Middle Section 1.500 to -2.000 1.200 to -1.800 +0.30 to -0.20
Outlet Region -4.000 to -7.016 -3.500 to -6.200 -0.50 to -0.82

Total Range -7.016 to +4.620

-6.200 to +3.800

Enhanced
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Validation of the Study

The chart presents a validation comparison of veloc-
ity profiles of nanofluids and conventional fluids at 1000
computational points, which is used as a verification for
CFD (Computational Fluid Dynamics). Such an exhaustive
validation exercise is essential for confirming the precision
and trustworthiness of the numerical simulations per-
formed in nanofluid applications. Confirming numerical
models by comparing their predicted velocity profiles with
numerical data or analytical results is the main message of
this analysis. The figure depicts that the velocity behavior
of both fluids is significantly different in terms of ampli-
tude and frequency even though they both show periodic
oscillations.

The fluid of reference, as indicated with the blue line,
maintained a generally stable high-velocity flow rate
of between 3.8 and 4.0 m/s with the exception of a few
drops in velocity to approximately 0.2 m/s that could be
noticed. These drastic reductions in velocity were some-
what equidistant from each other in the neighbourhood
of every 80 to 100 points of data of the time series, which
therefore implied the occurrence of regular flow insta-
bilities or boundary-related effects in the computational
area shown in Figure 22. The velocity at each drop was
immediately followed by a rebound, thus confirming
efficient momentum transfer and rapid flow character-
istic revival which are typical of a fluid dynamic system
in good operation.

Validation Comparison
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Figure 22. Numerical result compared for validation through CFD results.
Table 4. CFD and numerical results analysis
Parameter CFD prediction Numerical result Accuracy (%)
Velocity Range (m/s) 0-4.102 0-3.98 97
Pressure Oscillation (Pa) +6.0 +5.8 96.7
Flow Pattern Periodic Periodic Match
Turbulent Behavior Enhanced Enhanced Match
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This is in true contrast to the nanoparticles, as the
downstream velocity profile (red line) approaches a dif-
ferent nature from long residence duration in lows, inter-
rupted by short installs of highs. Therefore, the baseline
velocity is still quite low most of the time, generally between
0.4 and 1.0 m/s, while the variations may sometimes reach
2.0 to 2.5 m/s. The data revealed that the use of nanoparti-
cles might be a factor in the modification of the fluid flow.
It may happen, for example, as a consequence of an increase
of the viscosity, of the deeper particle-fluid interaction or of
variations in turbulence.

The variations in speed that were recorded might be
explained by the overall increase in speed of the micro-con-
vection as well as the changes in diffusivity and mass
transfer within the nano-fluids according to the Grid
Independence Test conducted in ANSYS Fluent. The very
low base velocities of the nano fluid may be the result of
an increase in the effective viscosity due to the presence
of suspended nanoparticles, while the sudden increases in
velocities may be due to complicated interactions between
particles and fluid or local accelerations that disrupt flow
patterns. Tables 3 and 4 illustrate the variations in pressure
distributions, as well as comparing the CFD results with the
numerical data positions.

Validating the CFD model through comparison is to
check whether various parameters-comprising average
velocity, turbulence intensity, and velocity profiles-are all
in coherence. The periodicity staying consistent with time
for both fluids in the validation domain further establishes
statistical convergence in the numerical simulation, thus
assigning physical significance to the outcome instead of
merely being numerical.

The results of the verification can be utilized in various
engineering scenarios. High-speed traditional fluids having
periodic fluctuations might be beneficial in those systems
where a steady high-speed flow with slight variations is
required. Nanofluids having lower baseline velocities and
higher-speed spikes may, however, be the ones that are the
best in situations demanding exact flow control or creating
mixing.

Summary of Key Findings

It is regarded as accomplished when the refining of the
grid beyond about 800 elements leads to convergence and a
pressure change of +0.1 Pa.

Velocity: Nanofluids demonstrate 5.8% more maxi-
mum velocity than one would expect due to their mixing
property.

The Pressure Variation Trend: The stable pressure gra-
dient within +6 Pa reveals a well-organized system.

Heat Transfer: The increase of turbulent kinetic energy
to higher values (0.05-0.25 m?/s” range) is indicative of a
better heat transfer process.

Validation: The model validity corresponds to more
than 96% of the agreement between the numerical results
and CFD predictions.

CONCLUSION

This research presents the immense potential of
graphene-TiO, hybrid Nano fluids for heat dissipation in
multi-cylinder diesel engine exhaust manifolds via inte-
grated CFD and experimental validation. The major find-
ings are:

(1) a 5% thermal conductivity enhancement and 6%
heat transfer coefficient improvement compared to the
baseline coolant, leading to the peak manifold temperature
reduction from 340°C,

(2) a controlled pressure differential of 7.016 Pa for
Nano fluid as against 4.620 Pa for conventional coolant 52%
increase that signifies enhanced convective mixing while
system stability was maintained within +6 Pa throughout
the domain,

(3) a steady increase in turbulent kinetic energy from
0.05 to 0.25 m?/s* over the 0-4 m/s velocity range, thus
directly facilitating thermal transport, and

(4) Experimental validation with 70% and 80% accura-
cies for temperature predictions and pressure drop respec-
tively, thus confirming the CFD model reliability.

Grid independence was confirmed beyond 800 mesh
elements, thus ensuring computational precision. The com-
bined effect of grapheness excellent thermal conductivity
and TiO;'s stability leads to a performance that is more than
that of single-component nanofluids.

From the point of view of a layman, the manufacturing
cost of T41-366 per liter and the estimated payback period
of 18-24 months for commercial diesel fleets are indicative
of economic feasibility. These measurable enhancements
heat dissipation 15% quicker and operation temperatures
20°C lower position graphene-TiO, Nano fluids as a prac-
tical means of automotive thermal management systems
of the future, with the verified computational framework
doing so providing a strong design tool for the optimization
of Nano fluid-based engine cooling applications.

Heat transfer enhancements of 15-25% and improve-
ments in energy efficiency of 8-12% are major contributors
to the operational benefits brought about by the initiative.
Hence, increased maintenance intervals by 20-30% and
reduction of lifecycle costs by 12-18% will become the most
remarkable operational changes, especially if contrasted
with the traditional cooling systems.

The study provides a useful guide for the industrial sec-
tor in terms of nanoparticle concentration 0.05-0.15 wt%
for graphene and 0.5-1.5 wt% for TiO, at a ratio of 1:10
which will be of great help for the implementation of indus-
trial application. Additionally, the graphene-TiO, hybrid
Nano fluid after thermal cycling between 80°C and 150°C
for 3000 hours still holds almost 90% of its original thermal
conductivity. The particle sedimentation rates of the mate-
rial are very low (less than 2%) with proper surfactant stabi-
lization. The conclusions here ease the doubters> concerns
of stability over long periods and serve the applicability of
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the hybrid Nano fluid technology in a harsh automotive
environment.

Opening new vistas in automotive thermal engineering,
the research manages to uplifts diesel engine performance
in a cost-effective manner, environmentally acceptable in
the automotive sector.

Emissions Data
Present Research Scope: Direct measurement of emis-
sions would entail a full engine test cell with exhaust gas
analyzers (NOx, PM, CO, HC), which was outside the
scope of this thermally focused CFD study.
Indirect Emission Advantages: We have not captured
the emissions directly, but our research indicates:
o Improved thermal management (15-25% better)
o More exhaust flow mixing and increased turbulence
o The release of TiO, as a photocatalyst for NOx reduc-
tion (referenced in our literature review)

From the Cost-Benefit Analysis to Implementation Plan

So, economic feasibility at this stage should factor in
production costs for graphene synthesis (316,500-41,250/
kg) and TiO, nanoparticles (34,125-12,375/kg) while
considering economies of scale and present markets.
The demonstration of the performance improvements
allowed 15-25% enhancements in heat transfer with 8-12%
improvements energy efficiency, relative to the payback
periods for usage of nanofluids when applied to commer-
cial diesel fleet realization of 18-24 months. Appropriately
calculated production costs of physical nanofluids in the
economically developing world run up to I41-66/liter.
However, such nanofluids offer 20-30% longer up times
between service due to consummate thermal management
and, hence, around 12-18% less in total life-cycle costs than
an equivalent conventional cooling system.

Long-Term Stability Improvement Protocol

Long-term stability verification contemplates thermal
cycling of nanofluid, within the temperature range of 80 to
150°C, for 5000 hours while approximating actual exhaust
manifold conditions as closely as possible. The test plan
shall monitor any particle agglomeration by means of
dynamic light scattering, retention in thermal conduc-
tivity by transient hot wire, and finally, any viscosity dec-
rements by rotational rheometry. An accelerated aging
study presumed the hybrid graphene-TiO, nanofluid to
maintain 90% of its thermal performance over 3000 h of
working time and less than 2% particle settlement with
sufficient surfactant stabilization somewhere between 0.1
and 0.3 wt%.

Optimized Nanoparticles Concentrations

Looking at the initial analysis of the optimization
matrix would suggest that optimal performance is achieved
from grapheme concentrations of approximately 0.05-0.15
wt% along with TiO, concentrations of approximately 0.5-
1.5 wt%. The viscosity penalties at graphene concentrations

above 0.2 wt% outweigh the corresponding thermal bene-
fits, while excessive particle interactions lowering stability
for TiO, concentrations above 2.0 wt%. The ratio of 1:10
(graphene: TiO,) yielded optimal thermal enhancement
with controlled increases in viscosity and has been illus-
trated in this study based on velocity distributions of 4.102
m/s and pressure stability within +6 Pa.

Alternative Base Fluid Considerations

The comparison study of ethylene glycol, propylene
glycol, and bio-based fluids shows that propylene glycol is
more biodegradable 15% (with only a small thermal per-
formance loss of 5%). The Numerical results can reveal
the increased heat transfer coefficients of nanofluid water,
however, a more efficient corrosion inhibition is required
for the automotive application. This research paper concen-
trated on hybrid graphene-TiO, nanofluids as heat transfer
enhancers. Subsequent research may consider renewable
fluid substitutes, providing their thermal characteristics
under similar setups.

Recommended Action Plan

Consequently, future work will be focused on system-
atic concentration optimization studies by response surface
methodology, comprehensive economic modeling anal-
ysis inclusive of scale-up fabrication costs, and the devel-
opment of methodology for standardized stability testing
for automotive nanofluids. As a result, the CFD framework
framework in this study, that has been validated consisted
of the computational tool in which the improvements will
be studied while following the presented grid independence
and validation accuracy.

The computational framework and Numerical method-
ology presented in this study provide great confidence for
the continued advancement of nanofluid thermal manage-
ment technologies. Investigating to implement mitigation
measures for the current limitations will ideally transfer
into more viable sustainable green propulsion systems, thus
enabling a viable fruition of advanced, next-generation
cooling technology for the diesel engine.

In the future, concentration optimization through
response surface methodology may be considered; scale-up
of manufacturing coupled with preliminary economic
modeling and development of standard protocols for sta-
bility testing for automotive nanofluid applications. The
validated CFD framework presented in this study would
provide an extremely strong computational back-end to
investigate the improvements mentioned, as it has already
been tested for both grid independence and Numerical vali-
dation accuracy. Additionally, the consideration of alternate
base fluids, specifically bio-base fluids, for environmen-
tal sustainability, and life-cycle analyses remain an area
of focus for the broader commercial acceptance of hybrid
nanofluid technology into next-generation thermal man-
agement systems. Future investigations will incorporate
in-situ emission measurements using portable emission
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measurement systems (PEMS) and engine dynamometer
testing to quantify NOx, PM, and HC reduction correlated
with the thermal enhancements demonstrated in this CFD
study. This will provide direct empirical validation of the
environmental benefits suggested by our thermal perfor-
mance improvements.
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