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Abstract: This research article numerically investigated the performance of non-oxide hybrid Boron Nitride Silicon
Carbide (BN+SiC/water) hybrid nanofluid in high heat flux miniaturized electronic hardware. 3d-CFD model validated
with established experimental data on a triangular section, obligue microchannel geometry is used to explore the
influence of total particle loading (0.5 to 1.5 %), relative particle proportion, on the Nusselt number (Nu), friction factor
() and thermal performance factor (TPF). The results compared with the benchmark conventional oxide hybrid
nanofluid system (Al,O3;+CuO/water) and found superior on overall thermo-hydraulic performance. Heat transfer
enhancement by 50% with respect to base fluid water, is quite an improvement in thermal enhancement, if we
compare with the benchmark oxide system reference of around 37%. It is also observed that relative SiC proportion
increases the performance of this system. Nanoparticle size and morphology effects on the thermo-hydraulic
performance is also studied in this work. Smaller size particles are found beneficial in a quantitative analysis in the
range of 10nm to 90nm average particle diameter. Non spherical high aspect ratio shapes nanoparticles enhance
the performance of the nanofluid observed in this study. This study not only introduced a novel advanced heat transfer
fluid but also allow the design customization insight for this BN+SiC/water hybrid nanofluid system.

Keywords: Hybrid Nanofluid, BN+SiC, Microchannel, Heat Transfer Enhancement, Particle Shape Effect, Particle
Size Effect, Numerical Simulation, Thermo-hydraulic Performance, Nanoparticle Morphology

1. Introduction

Recent shift of the technology towards the cloud
servers, data centers and other automation-based
equipment hardware have made the thermal
management a primary design challenge to the
scientists and engineers [1, 2]. Efficient heat dissipation
from the power electronics and battery hardware present
inside electric vehicles is an acute problem in automotive
sector. Requirement of faster charging system increases
the power densities which make the efficient cooling
system design very challenging [3]. Inefficient design of
thermal management system can lead to a catastrophic
failure of the hardware [4]. Constant increasing demand
of cooling in massive heat flux of highly integrated
electronics is not possible with conventional coolants
because of their low thermal conductivity [5].
Microchannel heat sinks having very high area to volume
ratio, suitable for high heat dissipation rate, is a passive
solution strategy [6, 7]. Design optimization of
microchannel geometry is crucial but not potential
enough to meet the cooling requirement required. A
parallel advancement in the working fluids themselves
are also essential [8].

Nanofluid as a coolant advances the heat
transfer technology promisingly for last two decades [9].

Nanofluids are the dispersed high thermal conductivity
nanoparticles (like Al203, CuO) within a conventional
base fluid having superior heat transfer capabilities [10,
11]. Many studies reported that a small concentration of
nanoparticles can enhance the heat transfer capacity of
nanofluid a significant amount and make it suitable as a
heat transfer fluid [12, 13]. But lacking of stability of
nanofluid causes blockage in the flow path and
diminished thermal efficiency limits their widespread
commercial adoption [14, 15]. Addition of nanofluid
increases pumping power required to maintain the flow
rate which can’t be ignored when implemented in
practice [16].

Researchers explored hybrid nanofluids, which
combines two or more different types of nanopatrticles. A
carefully chosen combination produced synergistic
effects, enhancing thermal properties even further while
mitigating some of the drawbacks of single-component
systems. Most of the work has centered on metal oxide
hybrids, with  systems like  Al,O5;-CuO/water
demonstrating thermal performance superior to their
single-component counterparts [17, 18]. MWCNT-SIO,
hybrids showed a noticeable enhancement in heat
transfer with a negligible pressure drop penalty [19].
These oxide-based systems, including the work by
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Vinoth and Sachuthananthan [20], provide benchmarks
for validating CFD models.

Non-oxide ceramics like silicon carbide (SiC)
and boron nitride (BN) are highly potential candidates for
heat transfer application because of their unique
thermophysical properties. Recent studies reveal that
BNs having high intrinsic thermal conductivity and ability
to enhance convective heat transfer coefficient when
used in a nanofluid. But the long-term stability issues
were there and addressed by the researchers through
surface modification techniques [21-23]. Similarly,
experiments with SiC nanofluids have demonstrated
notable performance gains in applications ranging from
plate heat exchangers to microchannel machining [24,
25]. Few recent studies reported the promising hybrid
non-oxide Cu-Graphene [26] and h-BN/SiC nanofluid
tailored for specialized grinding processes [27]. A
systematic investigation into an aqueous BN+SiC hybrid
nanofluid designed specifically for microchannel heat
transfer remains largely unaddressed. This is an
opportunity for further research in this area to fill this
research gap.

This gap becomes even more critical when one
considers the parallel evolution of microchannel design.
Passive enhancement of thermal efficiency can be
achieved in microchannel geometry by integrating
features like grooves, ribs or wavy flow paths. In this way
intentionally thermal boundary layers are disrupted and
introduced secondary flows which promote mixing and
augment convective heat transfer coefficient [28-30].
Microchannels that incorporate oblique or triangular
elements fall into this category of enhanced geometries.
These geometric modification improves thermal
performance but at the cost of high pressure drop [31-
32]. An optimal solution of right type of nanofluid
selection along with modified geometry is a key
challenge to balance the increased hydraulic resistance
and enhanced heat transfer benefit [33, 34].
Combination of novel non-oxide hybrid nanofluid
BN+SiC with complex geometry of flow passages in heat
sink design is largely unexplored. Understanding of this
potential, high-performance advanced cooling system
for the next generation thermal management systems is
not clear at this time. There is a clear need for a
systematic analysis of how nanoparticle properties,
especially morphology and concentration, influence the
delicate equilibrium between enhanced heat transfer
and increased friction losses within these advanced
channel designs.

The primary aim of this research is detailed
numerical study and optimization of the combined
interaction of microchannel enhanced geometry and
non-oxide hybrid advanced nanofluid. A single phase,
laminar and conjugate heat transfer CFD model of
complex geometry is prepared and validated against
published experimental data for oxide based nanofluid.
This model is then used to investigate the performance

of BN+SiC/Water hybrid nanofluid over a range of
operating conditions and parameters of the cooling
system to find the relation and synergic effect in terms of
thermo-hydraulic performance parameters. A
comprehensive parametric analysis will form the core of
this study, examining how key nanoparticle
characteristics including particle size, total volume
concentration, the blending ratio of BN to SiC, and even
particle shape impacts the system’s overall thermo-
hydraulic performance. By evaluating these effects in
terms of friction factor, average Nusselt number, and the
resulting thermal performance factor, we hope to provide
a much clearer picture of how particle-level properties
translate into macroscopic system behavior. Finally, the
results for BN+SiC hybrid nanofluid are compared with
benchmark results of Al203+CuO system. This work
provides a clear actionable insight to customize the
advanced cooling system described for specific
application.

2. Materials and Methods

This section elaborates the model geometry,
mesh, governing mathematical framework of the
numerical scheme and model validation with established
experimental results, implies the numerical methodology
used to study the thermo-hydraulic performance of
BN+SiC/Water hybrid nanofluid flowing through a
triangular section oblique microchannel. Detail material
properties and relations are included in this section. A
detailed parametric study plan is also provided in this
chapter.

2.1 Numerical Analysis
2.1.1 Geometry

A 1.5 scaled down geometry model of the
physical model of the experimental work by Vinoth and
Sachuthananthan [20] is used to ensure computational
feasibility without sacrificing crucial flow characteristics
for the CFD analysis in our study. Complex channel
geometry specifications are provided in the Table 1. The
flow path is oblique microchannel with triangular section
as shown in Figure 1(a).

Table 1. Triangular microchannel geometry
specification [20]

Triangular Microchannel
Parameters
Measurement
Fin width (mm) 0.900
Fin depth (mm) 0.900
Fin length (mm) 0.950
Fin pitch (mm) 0.800
Oblique angle (deg) | 26
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Figure 1 (a) 3D Geometry of the microchannel with triangular oblique sections, (b) Mesh details showing fluid and
solid domains

3D-model analyzed in this research is captured
not only the complex microchannel flow path but also the
adjacent copper substrate of the plate, same as used in
the actual foundation experiment. Geometry and mesh
are shown in Figure 1(a) and 1(b) respectively.

2.1.2 Governing Equations

In this 3-d steady state numerical simulation of
conjugate heat transfer, incompressible and laminar flow
model equations (equations 1-4) [35] are solved
neglecting viscous dissipation and body forces.

Continuity Equation:

Vu=0 (1)
Momentum Equation (Navier-Stokes):

Prg . V)U = =Vp + s V?u )
Energy Equation (Fluid Domain):

PrfCns(W.VTp = kcV?Ty (3)
Energy Equation (Solid Domain):

ksV2T, =0 (4)

Where u=velocity vector, p =pressure, T
=temperature, p =density, p =dynamic viscosity,
cp=specific heat capacity at constant pressure, and k
=thermal conductivity. The subscripts 'nf', 'f', and 's'
denote nanofluid, fluid, and solid, respectively.

2.1.3 Numerical modeling approach: single phase
analysis

In this study nanofluids are assumed to be
uniform, homogeneous and continuous medium with
equivalent single phase thermophysical properties
obtained from established correlations (equations 5-9)
with the properties of each phase and their
concentration. These single-phase assumption of the
nanofluid is not only computationally favorable for its
simplification but also produces quite accurate
predictions for dilute nanofluid systems with little particle

migration and interphase slip has been validated [36].
The successful application of this methodology hinges
on the precise calculation of the nanofluid mixture's
effective characteristics.

Maximum nanoparticle concentration in our
study was 1.5% suitable for improved thermophysical
properties of nanofluid as heat transfer fluid. But
definitely there is a chance of two-phase interaction
effects may incur error in the single-phase assumption.
This can be taken up as a future scope to study the two-
phase analysis for higher concentration and comparing
with single-phase results to obtain a comparative phase
transition insight.

2.1.4 Effective properties

Single-phase equivalent properties of the oxide
based nanofluids (Al2Os/water and Al2Os+CuO/water)
for validation and non-oxide based hybrid nanofluid
(BN+SiC/water) for the current study are calculated
using the established models and correlations based on
the base fluid (water) and constituent nanoparticles’ (BN,
SiC, Al:Os, CuO) properties. Isotropic average thermal
conductivity of anisotropic hexagonal boron nitride (h-
BN) has been used to reduce the computational
expense and this aligns with established single-phase
modeling of dispersed randomly oriented nanoparticles
without much error. Anisotropic thermal behavior can be
investigated and compared with this result in future work
to get a deep understanding of shape and particle
orientation effect. The volume fraction of nanoparticles
(p) is a key parameter. For hybrid nanofluids, the
properties depend on the total volume fraction (¢t =
Onp1 + Pnp2 ) and the individual fractions of each
nanoparticle type. The effective density (pnf) and specific
heat capacity (Cp.nf) are calculated using the mixture rule
[37, 38] shown in equation (5) and (6).

Pny = - (ptotal)pbf + Pnp1Pnp1 + Pnp2Pnp2 (5)

(pcp)nf =1- (ptotal)(pcp)bf + <pnp1(pcp)np1 +
Pnp2 (pcp)npz (6)
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The effective dynamic viscosity (unf) is estimated
using classical models like the Brinkman model [39],
which is commonly used for dilute suspensions for
spherical particles shown in correlation (7a).

_ Bbf 7

Mnf (1-@tota)®® ( a)
= 1-— Prpty—nppy 1-— Pnp2 N —npp, 7b

:unf ‘ubf( (Pmax) ( (Pmax) ( )

Considering the effect of the nanoparticle shape
effective viscosity is calculated based on the Krieger-
Dougherty modified equation model [40] for hybrid
nanofluid shown in correlation (7b). Where, n,,, and

Ny, are shape factors defined as n:%' for each

nanoparticle shape and i is sphericity of the
nanoparticle shape defined as ratio of surface area of
sphere of same volume with actual surface area of the
particles. For spherical nanoparticles 1 =1 and n = 3.
Pmax N the correlation indicates the maximum packing
fraction of the nanopatrticles. Typical values of the n and
®max Tor BN [41] and SiC nanoparticles [42] are shown
in Table 2.

The effective thermal conductivity (knf) is
estimated using models that account for particle shape
and potentially size effects. For the baseline case
assuming spherical particles, the Maxwell model [43]
adapted for hybrid mixtures or similar formulations can
be used. For studies involving shape effects, the
Hamilton-Crosser model [44] is employed as shown in
equation (8). The equation (8) turns into Maxwell model
for spherical nanopatrticles with n=3.

knp _ kpeff+(nerr—1)kpr—(Mefr—D@totat(kpf—Kpefs)
kpr kpefr+(err—1)kps+@total(kpf—kperf)

®)

Pnp1knp1+Pnp2knp2
Where k = TP TP P2 NP
peff

represents an
Ptotal

effective particle conductivity for the hybrid mixture, and

effective shape factor n,, = 22primpt?fnpzingz - por

Ptotal
size-dependent studies, we have used Koo-

Kleinstreuer-Li (KKL) model [45], which incorporates the
effect of Brownian motion, particularly for thermal
conductivity shown in the equation (9). Particles of
spherical shaped only has been considered for the study
of size effect.

knf = kstatic + kBrownian (93.)
_ 4 kT
kBrowm’an =5X%x10 B(pnplcp,npl W +
kpT
pnpch,an W) (9b)

Where k4. IS calculated based on Maxwell
model from equation (8) with n=3. In the equation (9b),
B is an empirical constant, kg is Boltzmann constant, T
is temperature (K), d,,, is diameter of nanoparticle.

The properties of the base fluid (water) are taken
from standard databases [46]. The bulk properties of the
nanoparticles (Al203, CuO, BN, SiC) are obtained from
CRC handbook of Chemistry and Physics [47] (see
Error! Reference source not found.).

Table 2. Typical values of shape parameters of nanopatrticles [41, 42]

Material Shape Aspect Ratio | Sphericity | Shape Factor | Maximum Packing Factor
Spherical | 1 1 3 0.63
Boron Nitride Flakes 10-100 0.3-0.5 6-10 0.2-0.35
Nanorods | 5-30 0.4-0.6 5-7.5 0.25-0.4
Spherical | 1 1 3 0.63
Silicon Carbide | Nanorods | 5-50 0.5-0.7 4.3-6 0.25-0.4
Whiskers | 10-100 0.3-0.5 6-10 0.2-0.3

Table 3. Bulk properties of base fluid and nanoparticles [46, 47]

Properties bf (Water) | Al,O3 | CuO | BN SiC
p [kgm™3] 995.1 3600 | 6500 | 2150 | 3150
u[kgm~ts~1] | 0.000855 - - - -
k [Wm™lK~1] | 0.62 36 18 100 180
Cp Ukg K™ | 4178 769 540 800 720
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2.1.5 Boundary conditions

Appropriate boundary conditions are applied to
the computational domain to represent the physical
constraints of the system:

e Inlet: A uniform velocity profile corresponding to
the specified flow rate (ranging from 0.02 L/min
to 0.1 L/min, adjusted for the 1:5 scaled
geometry) and a constant inlet temperature
(T, = 293.15 K) are imposed.

e Outlet: A pressure outlet condition with zero-
gauge pressure (P,,; = 0) is specified.

e Bottom Wall (Solid): A constant heat flux (g =
50 kW /m?) is applied to the outer surface of the
bottom solid wall, simulating the heat source.

e Outer Walls (Top and Sides of Solid): These
surfaces are assumed to be adiabatic (Z—j1 = 0),
neglecting heat loss to the surroundings.

e Fluid-Solid Interface: A no-slip condition (u = 0)
is applied at the channel walls. Conjugate heat
transfer is modeled by ensuring continuity of
temperature and heat flux across the interface

(Ty =T, and kyy (52) = ky (52).

2.1.6 Numerical scheme

To obtain numerical solutions for the governing
partial  differential equations (1-4), COMSOL
Multiphysics v5.5, a software package operating on the
Finite Element Method (FEM) was utilized. Laminar flow
and conjugate heat transfer physics is selected and
incompressible steady state study was carried out.
Unstructured tetrahedral mesh is selected with biasing
elements numbers to capture the more datapoints near
the steep velocity and thermal gradient regions along the
channel walls. To get a robust pressure-velocity coupling
LBB (Ladyzhenskaya-Babuska-Brezzi) stability
condition is used and to implement that second order
Lagrange elements for velocity components and 1St
order Lagrange elements for pressure was employed.
2" order Lagrange elements were used for temperature
for accurate prediction of thermal performance. An
iterative numerical solution of conservation equations
was achieved by a segregated solver. The solution
process was converged when the scaled residuals for all
governing equations consistently found below a
threshold of 10.

2.1.7 Grid Independence Study

Grid independent study ensures that simulation
results are not depending on the element size and at the
same time it is required to reduce the computational
expense. A series of mesh densities from coarse to fine
are used to carry out a specific simulation and results are
analyzed to decide the minimum number of elements
can be taken for the rest of the work without much error

due to size variation. Average Nusselt number (Nu) and
pressure difference (AP) along the channel length are
calculated in the postprocessing based on the solution
field data obtained in the simulation. Figure 2 is the
graphical presentation of the grid independent study for
Al>O3z/water nanofluid at a 1% volume fraction (¢=1%)
under a mid-spectrum flow rate. It clearly depicts that
any element density more than 5x 105 gives the
variation of the simulation results in terms of Nu and AP
are less than 1%. The selected mesh, detailed in Figure
1(b), consisted of 508,170 elements in total (355,880 in
the fluid domain and 152,290 in the solid domain).

2.1.8 Model Validation

Reliability of the CFD model is established by
comparing the results with the experimental data from
the work of Vinoth and Sachuthananthan [20].
Simulation was conducted in a 1:5 scaled down
geometry for flow rate range as described in the
reference experiment both Al2Os/water mono-nanofluid
and AlOs+CuO/water hybrid nanofluid at various
concentrations to validate current CFD model. This
validation result has been shown in Figure 3. Pressure
drop and average Nusselt number calculated based on
current CFD model and experimental data are compared
over a range of flow rates as described in the
experiment. A close alignment of the simulated and
experimental result to predict accurately the heat
transfer and friction loss performance, gives a
confidence to continue the remaining studies based on
BN+SiC/Water hybrid nanofluid.

2.2 Parametric Study

The validated CFD model is used to study the
performance of triangular obligue microchannel with
BN+SiC/water hybrid nanofluid. The performance
parameters of this heat sink are calculated in terms of
friction factor (f), Nusselt number (Nu) and TPF. TPF is

. Nupr/Nupr . .

defined as TPF = —""21_ The parametric study is
Fnf/fpp)/3 P Y

conducted to reveal the effects of nanoparticle

concentration, mixing ratio, size, and shape on the
performance parameters.

2.2.1 Concentration Study (BN+SiC / Water)

Sensitivity of total concentration of nanopatrticles in
the hybrid nanofluid and also the individual relative
fractions of BN and SiC are studied to check the heat
transfer, pressure drop and overall performance
guantified in terms of Nu, f, and TPF respectively.

2.2.1.1 Investigating Total Concentration Effects

In this strategy, the total concentration of
nanoparticles combining both BN and SIiC in % of
volume fraction (@wtar) varied from 0% (base fluid) to
1.5% at an increment of 0.25% [48] while keeping the
mixing ratio of BN to SiC fixed at 1:1 for a specified range
of flow rates (0.02 I/min to 0.1 I/min).
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Figure 3. Model validation: Comparison of simulated vs. experimental [20] (a) Pressure Drop (b) Nusselt number
for Al.Os/water and Al2Os+CuO/water nanofluids

2.2.1.2 Examining Mixing Ratio Variations

In order to find the optimum mixing ratio of BN
to SiC nanoparticles for a specified total volume fraction
(Pota=1%) a set of simulations were designed.
Volumetric mixing ratio of BN to SiC were varied across
the following proportions: 1 (100% BN and 0% SiC), 3:1
(75% BN and 25% SiC), 1:1 (50% BN and 50% SiC), 1:3
(25% BN and 75% SiC) and 0 (0% BN and 100% SiC).
Simulations were conducted across the same flow rate
range specified before.

2.2.2 Size & Structure Study (BN+SiC / Water)

The effect of nanoparticles’ size and shape on
the performance of the triangular oblique microchannel
heat sink was studied for 1:1 mixing ratio of
nanoparticles of BN to SiC and for optimum
concentration of total volume fraction of nanoparticles
from the prior study.

2.2.2.1 Size Effect (Diameter, dnp)

In this simulations effect of nanoparticle size on
thermo-hydraulic performance was examined assuming
both BN and SiC nanoparticles are spherical in shape
with average diameter (dnp) varied from 10nm to 90 nm
at an uniform increment of 10nm. To incorporate the
effect of particle diameter on thermal conductivity of
nanofluid KKL model [45] was used where Brownian
motion effect is inherent as shown in equation (9). These
simulations were conducted at the flow rate of 0.1 I/min
and for selected total volume fraction of nanoparticles of
0.5%, 1% and 1.5%. It is important to acknowledge that
potential implications for nanofluid stability need careful
consideration, as smaller particles generally offer better
colloidal stability but can also exhibit different
agglomeration behaviors [49].
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2.2.2.2 Structure Effect (Shape)

This study was conducted to get an insight of the
effect of realistic shapes of the nanoparticles on the
thermo-hydraulic performance. Hamilton-Crosser model
[44] (equation (8)) was utilized to evaluate the effective
thermal conductivity based on shape parameters of the
nanoparticles presented in Table 2. Krieger-Dougherty
modified equation model [40] (equation 7(b)) was used
to evaluate particle shape dependent effective viscosity
of the nanofluid to check the influence of particle
morphology on pressure drop and overall thermal
performance. Spheres, nanorods, and platelets/flakes
shapes of BN particles and spheres, nanorods, and
whiskers for SiC were considered in our research over
the specified range of flow rates and fixed mixing- ratio
of 1:1 for total concentration volume fraction cases of
0.5%, 1% and 1.5%. Results were compared with the
spherical assumed shapes and quantify the realistic
shape influence on overall thermo-hydraulic
performance.

3. Results and Discussion

The effects of nanoparticle concentration, BN to
SiC mixing ratio, particle dimensions and morphology on
the system's friction factor, average Nusselt number,
and the Thermal Performance Factor are presented and
analyzed in this section. Furthermore, the performance
of the novel BN+SiC system is contrasted with a
standard oxide-based hybrid nanofluid
(Al203+CuO/water) under identical operational settings.

For a widely applicable analysis, the primary
performance metrics of heat transfer and pressure drop
were evaluated using their non-dimensional
counterparts, the Nusselt number (Nu) and the Fanning
friction factor (f). Since these non-dimensional
parameters allow the results to be independent of the
specific scale of the microchannel, they are frequently
similar with those of earlier studies in the field.

The dimensional average heat transfer
coefficient (h) and pressure drop (AP) can be calculated
from these quantities. The heat transfer coefficient is

derived from the Nusselt number using the relation h =

Nu—k”f, where k, is the thermal conductivity of the

nanofluid and D, is the hydraulic diameter of the
channel. Pressure drop is obtained from the friction

factor via the equation AP:ZfDipnfumz. Where,
h

u,=mean fluid velocity. Results are presented based on
non-dimensional performance parameters Nu and f for
relative performance potential rather than device-
specific absolute values.

3.1 Effect of Total Nanoparticle Concentration
(Fixed 1:1 Mixing Ratio)

Effect of variation of total volume fraction (Qota)
of BN and SiC combined for a fixed mixing ratio 1:1 of

BN to SiC on f, Nu and TPF across the investigated flow
rates, were presented in Figure 4. Pure water (0%
volume fraction of nanoparticles) is considered as
reference base fluid, simulation results for the other
concentrations (0.25% to 1.5% at an increment of
0.25%) are compared and analyzed based on data
presented in Figure 4.

Friction factor consistently increases with the
increase of total nanoparticle concentration is clearly
observed from the Figure 4(a). On an average this
increment across the range of flow rate and
concentration (0.25% to 1.5%) is around 9% compared
to base fluid water. This increasing trend is expected as
the effective viscosity increases with particle
concentration, consistent with the model correlation
described in equation 7(a). Equation (5) clearly indicates
that density increases with particle concentration,
implies an increase in momentum responsible for higher
pressure drop or non-dimensional friction factor to
maintain the same flow rate.

An incremental trend is observed for the non-
dimensional heat transfer performance parameter Nu
with the increase of total concentration of nanoparticle
loading. Average overall increment across the flow rate
and concentration range is about 50%. This
enhancement of thermal performance can be justified by
the improvement of the effective thermal conductivity
with the increase of particle concentration as per
mathematical correlation shown in equation (8).
Potential boundary layer modifications might offer
secondary contributions, the enhanced thermal
conductivity is typically the dominant factor in single-
phase representations [50].

To understand the thermal benefit at the
expense of pumping loss in practice, TPF comparison is
plotted in Figure 4(c). It has been observed in general
TPF increases with total concentration of nanopatrticles
in the specified range and a net gain in overall TPF on
an average across the range of study is found to be
around 20% in comparison to water. Thermal benefit
dominates the frictional losses in this condition, implies
a technically feasible cooling system solution provided
the high concentration is well dispersed and stable in the
base fluid.

In figure 5(a) comparative simulation data of
friction factor and Nu of benchmark oxide hybrid
Al203+CuO/water system with non-oxide BN+SiC/water
system is presented. Figure 5(b) compares the TPF of
the same system benchmark oxide and non-oxide hybrid
nanofluid over the specified range under the similar
conditions. These data plots of these two figures reveals
that thermal performance of BN+SIiC system is
enhanced by approximately 50% in comparison to 37%
increment in Nu of Al203+CuQO system. Though friction
factor in non-oxide system has been observed to
increase by 9% in comparison to increment of 6% for
oxide system.
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Figure 5. Thermo-hydraulic performance comparison of BN+SiC hybrid nanofluid with Al203+CuO (a) f & Nu (b) TPF

But TPF of non-oxide system is observed an
enhancement of 20% in comparison to 10% for oxide
system. The inherent thermal properties and possible
beneficial synergistic interactions between BN and SiC
likely account for this performance edge over the
Al203+CuO pair, supporting the potential of BN+SiC
fluids.

3.2 Effect of
Concentration)

Mixing Ratio (Fixed Total

Figure 6 displays the simulation results of the
influence on performance parameters f, Nu and TPF due
to variation of mixing ratio of BN to SiC ( cases : 100:0,
75:25, 50:50, 25:75, 0:100) across the range of flow
rates specified and for constant total concentration of 1%

nanofluid.
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Performance Factor

It has been observed from Figure 6(a) and 6(b)
that across the complete range of study with the increase
of relative proportion of SiC in the BN+SiC hybrid system
friction factor and Nu both are increasing. Friction factor
enhancement can be justified by the increase of fluid
momentum with the relative increase of higher density
SiC in compare to BN. High isotropic thermal
conductivity of SiC, improves overall effective thermal
conductivity of the nanofluid with the increase of SiC
relative proportion, ultimately enhances thermal
performance parameter Nu.

The TPF also followed an increasing trend as
the SiC relative fraction increased (Figure (c)). This
implies that the thermal enhancement benefit gained
from incorporating more SiC effectively outweighs the
rise in frictional losses. Within the scope of the tested
ratios, these results suggest that maximizing SiC content
yields the most favorable overall thermo-hydraulic
performance.

3.3 Effect of Nanoparticle Size

Figure 7 shows the impact of nanoparticle size
on the thermal performance of the hybrid nanofluid. It is
observed that Nu increases monotonically with the
decrease of the average nanoparticle diameter studied

in the range of 90nm to 10nm for a fixed flow rate of 0.1
I/min and 1:1 mixing ratio for three different total
concentrations 0.5%, 1% and 1.5% respectively. This
result is consistent with the literature [51] and can be
explained by the fact that smaller particles have larger
surface area for the same concentration of larger
particles, increases heat transfer area. Again, Smaller
particles enhance the heat transfer performance more
because they are more actively involved in Brownian
motion, responsible for high energy transport
incorporated through the KKL model [45].

From a practical view, smaller particles also tend
to offer better long-term suspension stability [52],
although extremely small particles might face challenges
with agglomeration if not properly stabilized.

3.4 Effect of Nanoparticle Shape

Acknowledging that real-world nanoparticles
often possess non-spherical morphologies; our final
parametric evaluation examined the impact of particle
shape. Various combinations were considered such as
BN as spheres, nanorods, or flakes, and SiC as spheres,
nanorods, or whiskers at a 1.0% total concentration and
a 1:1 mixing ratio.
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Shape-dependent property models, notably the
Hamilton-Crosser model for thermal conductivity
(equation (8)) using relevant shape factors (n), were
applied. Figure provides an overview comparing the

Friction Factor Penalty Ratio (FFPR = ];Lf), Heat
bf

Nunf

Transfer Enhancement Ratio (HTER = , ), and TPF

Nubf
across different shape pairings.

Nanoparticle shape profoundly influences both
flow resistance and heat transfer. As shown in Figure ,
while all combinations increased FFPR relative to water,
those pairing a high-aspect-ratio particle (whisker, flake,
nanorod) with a sphere generally incurred higher
penalties due to increased hydrodynamic drag.
Conversely, significant HTER improvements were
observed, particularly when both particle types were
non-spherical (e.g., BN: Nanorods+ SiC: Whiskers, BN:
Flakes+ SiC: Nanorods/Whiskers). Thermal

performance can be enhanced by large surface area,
increased probability of micro-mixing and by formation of
highly conducting network. These features can be
related to the shape effect on thermo-physical properties
[44]. The most favorable combination of BN and SiC
structures based on the TPF is found to be flakes or
nanorods of BN and whiskers or nanorods of SiC. These
can be concluded from this observation that high aspect
ratio shape particles are having high overall
performance considering both thermal benefit and
hydraulic loss. The optimal choice depends on the type
of application. However, the enhanced TPF of non-
spherical combinations are having potential long-term
stability challenges, as these shapes are often more
susceptible to aggregation [49].
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3.5 Practical and

Considerations

Implications Stability

In this research it has been observed that
optimized combination of BN and SiC with high aspect
ratio combinations are beneficial over the existing
nanofluid systems. But non spherical particles can
agglomerate and settle easily in the microchannel flow
path if not properly stabilized and can degrade the
overall thermo-hydraulic performance. Ensuring durable
and uniform dispersion is therefore of primary
importance and will likely require advanced stabilization
strategies, including nanoparticle surface
functionalization or precise control of suspension pH.
Viscosity increment over time can also increase the
pumping loss, need to be considered in practice. Hard
SiC can also erode the channel surface over time is also
a concern in application. The mentioned challenges are
not covered in this numerical study.

This work provides a strong theoretical basis
and highlights the potential of nanoparticle shape
customization, future research must focus on long-term
performance assessment and experimental validation.
Developing robust stabilization methods and
systematically assessing stability under realistic
operating conditions will be essential steps toward the
practical deployment of BN+SiC hybrid nanofluids in
next generation cooling systems.

4. Conclusion

This research work revealed the novel non-oxide
hybrid (BN+SiC/water) nanofluid potential as a heat
transfer fluid in a systematic numerical parametric study
in a complex oblique triangular section microchannel.

Effect of total concentration of BN and SiC in
water (over a range from 0.5% to 1.5%) on f, Nu and TPF
are studied and found enhancement in Nu of 50%,
friction factor by 9% and TPF by 20% in comparison to
pure water. Results are also compared with the
benchmark oxide hybrid nanofluid (Al203+CuO/water) at
the similar conditions and it is found that BN+SiC system
are better heat transfer fluid considering overall thermal
efficiency. For fixed total concentration of hanopatrticles,
effect of mixing ratio of BN to SiC on performance
parameters have been studied. It can be concluded from
the results that enhancement of Nu and TPF is observed
for higher relative proportion of SiC for its higher intrinsic
thermal conductivity. Size effect on the performance
parameters are also studied and results revealed that
reducing the diameter of nanoparticles from 90nm to
10nm enhances the Nu. Effect of morphology of the
nanoparticles are also studied concluded that the high
aspect ratio particle shapes are more beneficial for
overall thermal performance. Combining BN Nanorods
with SiC Whiskers yielded the optimal TPF, balancing
thermal gains and frictional penalties.

This detail parametric study of novel
BN+SiC/water system contribute in field of ever-
increasing challenge of advanced cooling system design
by customizing the structure, size, relative and total
concentration of nanoparticles to use as per
requirement. Definitely before commercialization further
experimental validation for long term stability,
performance and rheological studies are required.

This  highly  potential  hybrid  nanofluid
combination with complex microchannel geometry is a
novel cooling solution of the current continuous evolving
high heat flux devices like data center hardware, high
energy battery pack and fast charger etc. This research
can be extended by further studies using two-phase
model for high concentration nanofluid and also
capturing anisotropic characteristics of h-BN in the
model, would give a more insight of the system. An
experimental synthesis and characterization of this
newly suggested BN+SiC system is required along with
proper stability analysis. These efforts are essential for
the practical implementation of BN+SiC nanofluids in
thermal management systems.
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