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Abstract: Thermal management systems use jet impingement cooling as a critical component that ensures reliable
performance of high temperature electronics through efficient heat dissipation. Traditional refrigerants, such as
ethylene glycol (EG), face limitations in thermal efficiency under high heat flow conditions. Thermal efficiency issues
are overcome by hybrid nanofluids such as Al203-Ag/EG as they improve thermal conductivity and convective heat
transfer. The current literature reflects insufficient research regarding hybrid nanofluid properties in jet cooling
systems, especially how their compounds behave during collisions and how accurate predictive models can be
generated. The research investigates both experimental and numerical aspects of Al,0;-Ag/EG hybrid nanofluid
behavior during jet impingement cooling. Nanofluids in different volume concentrations from 0.1% to 1% are produced
through a two-step process and their stability is confirmed using zeta potential results and UV-Vis spectroscopy
measurements. The evaluation determines thermal conductivity values along with viscosity results and considers a
jet cooling system operating at speeds between 5 m/s to 20 m/s using heat fluxes from 5 W/cm? to 20 W/cm?.
Nanoparticle motion can be modeled by combining Brownian motion effects with thermophoretic forces through LBM
simulations. The mixture containing 1% nanoparticles provides a maximum heat conduction improvement of 22%
and a 55% increase in heat transfer compared to pure EG. Higher nanoparticle concentrations lead to a significant
increase in the Nusselt number with flow rate. Measurements of viscosity show that solutions in higher concentrations
follow non-Newtonian fluid behavior patterns. The developed predictive model matches the experimental data with
an accuracy ranging from -8% to +8%.

Keywords: Alumina-Silver, Ethylene Glycol, Jet Cooling, Nanofluids, Thermal Enhancement

as a possible solution to this problem, with numerous
researchers having successfully demonstrated their
ability to enhance thermal conductivity and convective
heat transfer [7-9]. More recent research has also
focused on the development of hybrid nanofluids
consisting of two or more different nanoparticles, which
have been proposed to have the ability to amalgamate
the benefits of individual nanoparticles and provide

1. Introduction

Jet impingement cooling has emerged as one of
the most effective active thermal management
techniques for high heat flux applications, as it
possesses the ability to provide exceptionally high heat
transfer coefficients at the point of impact. This has been
reflected in various applications such as cooling of

electronic devices, turbine blade cooling, and even in
advanced manufacturing processes [1-3]. Meanwhile,
the increasing need to provide compact and efficient
thermal management solutions has led to an increased
focus on developing and enhancing traditional heat
transfer fluids, which are normally limited by their
relatively low thermal conductivity [4-6]. Nanofluids,
consisting of nanoparticles suspended in heat transfer
fluids, have been widely researched in recent decades

enhanced thermal conductivity, thermal stability, and
even fluid viscosity [10-12]. The integration of hybrid
nanofluid heat transfer fluids with jet impingement
cooling systems is still relatively unexplored, particularly
in relation to realistic thermal and flow conditions.

In recent years, the research focus in this field
has been to understand the thermophysical properties
and heat transfer characteristics of nanofluid heat

Int. Res. J. Multidiscip. Technovation, 8(3) (202X) 454-470 | 454

()
N
o
O
o
p)
=4
o
- p—
S~
N
(=)}
on
<t
ot
(=]
-
—
o
Q



mailto:ammar.alshawki@uokufa.edu.iq
https://doi.org/10.54392/irjmt26327
https://crossmark.crossref.org/dialog/?doi=10.54392/irjmt26327&domain=pdf&date_stamp=2026-05-30

Vol 8 Iss 3 Year 2026

Ammar F. Abdulwahid et.al, /2026

transfer fluids in various flow fields, including pipe flow,
channel flow, and spray cooling [13-15]. The jet
impingement cooling system, however, possesses some
unique hydrodynamic and thermal characteristics,
including high velocity gradients, thin boundary layers,
and turbulence augmentation. The complexity of these
interactions is further compounded in the case of hybrid
nanofluids, in which the interactions between the
particles, their tendency to agglomerate, and the
rheological transitions in response to concentration can
significantly influence the flow and heat transfer
efficiency. Hence, a comprehensive study in which all
these aspects are simultaneously considered is critical
in establishing reliable guidelines for the effective
application of these fluids in jet impingment
configurations.

In recent years, several researchers have
attempted to address some of the aspects of the above
issue. For example, Mirahmad et al. [16] in their study
on the thermal conductivity and convective heat transfer
performance of hybrid nanofluids in forced convection
systems demonstrated enhanced thermal conductivity
and convective heat transfer performance. Mund et al.
[17] in their study on nanofluid jet impingment
demonstrated the potential for increasing the Nusselt
number by increasing the concentration of
nanoparticles, although at the expense of increasing the
viscosity. Bunpheng et al. [18] in their study on the
influence of nanoparticle loading in jet impingment
cooling demonstrated that the enhancement in heat
transfer is significantly influenced by the Reynolds
number and the stability of the nanofluid. Ayman-
Mursaleen et al. [19] in their study on the heat transfer
performance of hybrid nanofluids in turbulent flow
configurations demonstrated the potential for enhancing
the heat transfer performance significantly. Alshehemah
et al. [20] in their study on the rheological characteristics
of hybrid nanofluids demonstrated the transition from
Newtonian to non-Newtonian fluids for high
concentrations. Though these studies are extremely
useful, they are mostly restricted to one or the other
aspects of the performance of the fluids, with very few
studies attempting to simultaneously model the
experimental results.

A critical analysis of the existing literature has
also revealed some research gaps, and some of them
include: there is a lack of detailed research work that
encompasses thermophysical property characterization,
rheological analysis, and jet impingement heat transfer
performance under a single experimental framework.
Secondly, there is a need to further quantify the effects
of hybrid nanoparticle concentration on the onset of
Newtonian to non-Newtonian fluid behavior for jet
cooling application purposes. Thirdly, there is a lack of
consistency in linking experimental work with numerical
analysis, and in many instances, inconsistencies in
describing simulation methodologies and numerical
approaches can also be noted. Lastly, there is a lack of

detailed analysis of the stability of hybrid fluids under
cyclic thermal loading and their effects on heat transfer
performance.

Therefore, in view of the above research gaps,
the main aim of this research work is to carry out a
detailed analysis of hybrid fluid behavior under a jet
impinging cooling application by combining experimental
work and numerical analysis. For this purpose, this
research work aims to: characterize the thermophysical
property behavior of a hybrid fluid, such as thermal
conductivity and viscosity, over a range of
concentrations; evaluate the heat transfer performance
under various jet velocity conditions, heat flux, and
nanoparticle concentration; and develop a numerical
approach to predict heat transfer behavior under various
operating conditions.

The novelty of this study can be identified from
the fact that it takes a holistic approach by distinctly
addressing three main contributions. The first
contribution is the thermophysical characterization of the
hybrid nanofluid, including the evaluation of the fluid’s
rheology. The second contribution is the controlled jet
impingement experimental setup, which is used for
evaluating the heat transfer performance of the hybrid
nanofluid over a wide range of operating conditions. The
third contribution is the development of a well-defined
numerical modeling framework, which is used for
evaluating the heat transfer performance of the hybrid
nanofluid. This, in turn, helps in understanding the
discrepancies encountered during the evaluation of heat
transfer performance, as discussed in the existing
literature.

The rest of the paper is organized as follows. In
Section 2, the preparation of the hybrid fluid, the
experimental setup, and the measurement techniques
adopted for evaluating the thermophysical properties of
the hybrid fluid are discussed. In Section 3, the
numerical modeling framework adopted for evaluating
the heat transfer performance of the hybrid fluid is
discussed. In Section 4, the results obtained from the
experimental investigation, including the evaluation of
thermophysical properties, rheology, and heat transfer
performance, are discussed. In Section 5, the overall
findings of this investigation are discussed, along with
the recommendations for future work.

2. Materials and Methods

The thermal engineering community is
extensively investigating jet cooling techniques because
this method provides strong performance in handling
high heat fluxes. Jet impingement cooling systems use
conventional fluids that include water and ethylene
glycol (EG), but these fluids exhibit limited thermal
conductivity when used for high-power applications. The
literature has established that conventional fluids
provide satisfactory cooling under normal temperature
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ranges, but their performance deteriorates greatly when
exposed to extreme heat conditions. The fundamental
performance limitations of conventional coolants remain
a problem, although researchers have investigated
various techniques, including surface modifications and
flow optimization [21].

Nanotechnology has brought nanofluids to the
fore as a new candidate for improving heat transfer
performance in jet cooling systems. Research has
extensively studied the thermal behavior of base-liquid
suspensions containing mono-nanoparticles such as
aluminum oxide (Al,O3) and silver (Ag), especially when
these nanoparticles are dispersed in water or EG.
Research indicates that Al,O3/EG nanofluids improve
thermal conductivity by 20% over pure EG levels, but Ag-
based nanofluids show better improvements due to the
superior thermal properties of Ag nanoparticles [22, 23].

Most research studies concentrate on single-
type nanoparticles while the combined effects of hybrid
nanofluids in jet cooling applications require further
investigation. A key knowledge deficit exists regarding
Al,O03-Ag/EG hybrid nanofluid composites used for
impinging jet cooling applications. Research on hybrid
nanofluids in convective heat transfer systems is not
widely applied to high velocity jet cooling applications
according to literature review findings in [24].
Understanding the dynamic flow conditions of hybrid
nanoparticles interacting with base fluid remains
incomplete due to the lack of existing knowledge. The
research target aims to solve this gap by performing
systematic thermal performance evaluation of Al,O3-
Ag/EG hybrid nanofluids and creating analytical models
for jet cooling predictions. Table 1 shows the comparison
between previous studies highlighting key numerical
findings.

Table 1. Summary of Recent Studies on Nanofluid and Hybrid Nanofluid Cooling Performance

Author (Year) Nanoparticle Base Method Key Findings Limitation / Gap
System Fluid
Wanatasanapan | Al,Os;—Cu Water Experimental Thermal conductivity Limited
et al. [25] hybrid enhanced up to ~20% rheological
analysis
Nayebpashaee Fe;0,-Al,O3 Water/EG | Experimental Improved convective Stability over
[26] hybrid heat transfer in turbulent | long duration not
flow addressed
Syed [27] Graphene- Water Jet Significant Nu Focus on single
based impingement enhancement with Re nanoparticle
nanofluid (Exp.) increase system
Benkhedda et al. | TiO,—Ag Water Numerical + Hybrid system showed Limited validation
[28] hybrid Experimental higher heat transfer vs under varying
mono nanofluids heat flux
Silva et al. [29] CNT-AI,O3 Water Experimental Notable viscosity Pumping power
hybrid increase and non- impact not
Newtonian trend at quantified
higher concentration
Minh et al. [30] Al,0;—CuO Ethylene Experimental Enhanced thermal Limited jet
hybrid Glycol conductivity and stability | impingement
application
Manimaran et al. | Hybrid Water/EG | Review Confirmed role of Lack of unified
[31] nanofluid particle synergy in heat | predictive model
(various) transfer enhancement
Selvan et al. [32] | Ag-based Water Experimental High thermal Agglomeration
hybrid conductivity due to issues reported
nanofluid metallic nanoparticles
Yu et al. [33] TiO,—CNT EG/Water | Experimental | Improved heat transfer Limited
hybrid mix with moderate viscosity | rheological
rise modeling
Alshehri et al. Al,Os-Ag Ethylene Numerical Significant Nu Lack of
[34] hybrid Glycol enhancement under experimental
forced convection validation
Present Study Al,O;-Ag Ethylene Experimental | Combined property Addresses prior
hybrid Glycol + Numerical characterization, jet gaps
cooling performance,
and validated modeling
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Figure 1. Workflow of the integrated methodology
combining nanofluid preparation, property
characterization, jet impingement experiments, and
numerical modeling

Table 1 highlights the recent developments in
the field of nanofluid and hybrid nanofluid research,
specifically for thermal management applications. It is
clear that most of the recent research efforts have
focused on either thermophysical property improvement
or convective heat transfer enhancement, with a lack of
integration between the two for jet impingement cooling.
In addition, although various hybrid nanoparticles, such
as Al,O;—Cu, TiO,—Ag, and CNT-based materials, have
been used, the lack of investigation into stability,
rheological properties, and validation is a clear gap in
previous research. In particular, there is a lack of
research using jet impingment cooling with ethylene
glycol-based hybrid nanofluids. The novelty of this
research lies in the integration of thermophysical
property improvement, jet impingement cooling, and a
validated numerical model for the Al,O;—Ag/EG system.
The proposed methodology flowchart is shown in Figure
1.

2.1. Experimental Setup
2.1.1 Preparation of Nanofluids

Hybrid Al,O3-Ag/EG nanofluids were prepared
using a two-step dispersion method. Commercially
available aluminum oxide (Al,O3) and silver (Ag)
nanoparticles were used. The average size of the Al,O;
nanoparticles was in the range 30-50 nm, while the
average size of the Ag nanoparticles was in the range
20-40 nm, as mentioned in the supplier's datasheet. The
purity of the nanoparticles, whether Al,O; or Ag, was

higher than 99.5%. The nanoparticles were obtained
from the supplier, i.e., Sigma-Aldrich. The mass ratio of
Al,O; and Ag nanoparticles in the nanofluid is fixed at
80:20, as mentioned in previous studies.

The volume fraction of the nanoparticles,
denoted by ¢, is calculated using the following relation
equation (1):

¢=—"0 (1)

Vnp+Vbf

Where Vnp represents the total volume of
nanoparticles (Al,O; + Ag), and Vbf represents the
volume of base fluid (ethylene glycol). The required
mass of nanoparticles was calculated based on
densities of Al,O3 (approximately 3970 kg/m?) and Ag
(approximately 10,500 kg/m?).

For preparing nanofluids, 0.1%, 0.5%, and 1%
volume concentrations of nanoparticles in a base fluid
were selected. Calculated masses of nanoparticles were
initially mixed with ethylene glycol by magnetic stirring
for 30 minutes. Then, ultrasonication treatment by a
probe-type ultrasonic homogenizer (Sonics VCX-750, 20
kHz, 500 W) for 60 minutes was performed to ensure
uniform distribution of nanoparticles in ethylene glycol.
For stability improvement and avoiding agglomeration of
nanoparticles, a 0.1 wt% concentration of sodium
dodecyl sulfate (SDS) surfactant was also included.

The stability of prepared nanofluids was tested
by zeta potential analysis (Malvern Zetasizer Nano ZS)
and UV-Vis spectroscopy (Shimadzu UV-2600).
Suspensions with zeta potential > +30 mV were
considered stable.

2.1.2 Characterization of Thermal Properties

To perform thermal conductivity measurements,
a KD2 Pro Thermal Analyzer using the transient line heat
source method was employed. Before measurements,
the thermal analyzer was calibrated using standard
reference fluids, such as distilled water and glycerol, to
ensure accurate measurements within the range of the
manufacturer’s specifications. The measurements of
thermal conductivity of each fluid were carried out at
least three times for each fluid, and the results presented
are averages of independent measurements. The
maximum deviation in the results of repeated
measurements was within +2%.

To determine the dynamic viscosity of the
nanofluid samples, a Brookfield Viscometer, DV2T, with
a range of 10 to 1000 s™" in shear rate was utilized. The
viscometer was first calibrated using standard viscosity
oils before carrying out the experiment. The
measurements of viscosity of each concentration of the
nanofluid samples were carried out at least three times,
and the average values are presented.

The uncertainty in the measurement of viscosity
of the nanofluid samples was deduced to be within £3%
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based on the analysis of the accuracy and repeatability
of the viscometer. The calculations of the standard
deviation also showed that the measurements had
minimal variations. To confirm the reproducibility of the
measurements, independent samples of the nanofluid
were prepared and tested under the same conditions.
The observed non-Newtonian behavior of the fluids at
higher 458anoparticles concentration was observed in
all samples. The observed thermal conductivity
enhancement of 22% is also beyond the range of the
experiment’s uncertainty of +2%, thereby validating the
experiment’s results.

2.1.3 Jet Cooling System

The jet impingement cooling system consists of
a circular nozzle with a diameter D = 2 mm, where the
spacing between the jet and the surface, H, is varied
from 2 mm to 10 mm. This gives a spacing ratio H/D of
1 to 5. The jet impinges on a uniformly heated copper
plate with a surface area of 50 mm? x 50 mm?2. The
surface is subjected to a constant heat flux with a value
ranging from 5-20 W/cm?2.

The flow velocity is varied from 5 m/s to 20 m/s
using a precision gear pump provided by Cole-Parmer.
The measurements of the velocity are obtained using a
calibrated flow meter with +2% uncertainty. Multiple
measurements were performed to verify the results.

The Reynolds number (Re) was determined
using the following equation (2):

Re =22 2)

According to the operating conditions and
thermophysical properties of the nanofluid, the Reynolds
number varied from 5,000 to 20,000. This indicates a
transition from laminar to turbulent jet flow. The inlet
temperature of the working fluid was set at a constant
value of 25 + 1 °C using a constant temperature bath.
This ensured a constant thermal condition for the
experiments. The temperature measurement results
were obtained using K-type thermocouples. The
thermocouples have an accuracy of 0.5 °C. The jet
configuration used for this experiment was a confined
impingement jet. In this configuration, the boundaries
restrict the flow of the fluid. This restricts the flow of the
fluid and hence improves the heat transfer performance.
The jet configuration used for this experiment was the
same for all the test cases. In order to compare the
results for different 458anoparticles concentrations, the
experiments were conducted under the same conditions.
Only the 458anoparticles concentration was changed.

The heat transfer performance was evaluated
using the Nusselt number. The Nusselt number is

defined as equation (3):
hD

Nu =% (3)

Where h is the convective heat transfer coefficient, D is
the nozzle diameter, and k is the thermal conductivity of
the working fluid.

Heat Transfer Data Reduction Procedure to find
the heat transfer coefficient, an energy balance is
applied to the heated surface by equation (4):

q"=h (Ts=Tjet) (4)
Where q" is the imposed heat flux, Ts is the
average surface temperature measured using

thermocouples, and Tjet is the inlet fluid temperature.

The local heat transfer coefficient (h) was
calculated by equation (5) as:

h=-—"L (5)

Ts‘Tjet

The corresponding Nusselt number was then
obtained using equation (6):
hD

Nu="2 (6)

Where D is the nozzle diameter and k is the
thermal conductivity of the working fluid.

Assumptions and Heat Loss Correction

The following assumptions were made:

e Steady-state heat transfer conditions

e Uniform heat flux on the heating surface

e Negligible axial conduction within the

copper plate

e Constant thermophysical properties over
the tested temperature range

Losses due to natural convection and radiation
were estimated and corrected. The radiation losses were
computed using the Stefan-Boltzmann relation, and
natural convection losses were estimated using
standard correlations for ambient air. The total loss was
found to be less than 5% of the input heat flux.

2.1.4 Temperature Measurement and Stagnation
Region

The surface temperature measurements were
made by using K-type thermocouples that were placed
just under the heated surface (i.e., depth < 1 mm) in
order to minimize the conduction error. The
thermocouples were strategically placed at the
stagnation point and other radial locations.

The temperature at the stagnation point was the
reference point to assess the peak heat transfer.

Uncertainty Analysis

The uncertainty in the calculated heat transfer
coefficient and Nusselt number was estimated by
equation (7)
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ohy (822 5Tz
= |G+ G5 )
The uncertainties related to heat flux,

temperature measurement, and properties of fluids were
also taken into consideration.

The total uncertainties in the heat transfer coefficient and
Nusselt number were found to be within +5%.

2.2 Numerical Simulation
2.2.1 Governing Equations and Solver

The numerical simulation was carried out using
ANSYS Fluent software with a finite volume method
(FVM). The pressure-based solver was used to solve the
governing equations related to the conservation of mass,
momentum, and energy.

The equation
equation (8) is:

representing the continuity

V-(pV) =0 (8)
The momentum equation (9):
p(V"- VW) = —VP + uv?v~ 9)

The energy equation (10) is:

pcy(V” - VT) =kV2T (10)

For simulating nanoparticle transport, the two-
component model proposed by Buongiorno was used,
including:

e Brownian diffusion

e Thermophoretic diffusion

2.2.2 Turbulence Model and Numerical Scheme

The flow, for Reynolds numbers ranging from
5,000 to 20,000, was predicted using the k-w SST
model, as it is accurate in predicting near-wall jet
impingement effects. Second-order discretization
schemes were used in all equations to obtain accurate
results. The SIMPLE algorithm was used to couple
pressure and velocity.

2.2.3 Mesh and Grid Independence

A structured hexahedral element was used to
discretize the computational domain. A mesh
independence test was carried out using three different
sizes, and a grid size consisting of approximately 1.2
million elements was found to be optimum, as it ensured
that the variation in the Nusselt number was below 2%.

2.2.4 Boundary Conditions

e Inlet:
Uniform velocity profile (6—20 m/s) with fixed
temperature (25°C)

e Wall (Impingement Surface):
Constant heat flux (5-20 W/cm?), no-slip
condition

e Outlet:

Pressure outlet (atmospheric pressure)

e Symmetry/Side Walls (if
Adiabatic boundary condition

applicable):

2.2.5 Convergence Criteria

The solution was considered converged when
residuals fell below:

e 1078 for energy equation
e 1075 for continuity and momentum equations

Additionally, surface-averaged Nusselt number
stabilization was used as a convergence check.

2.3 Statistical Analysis

The experimental repeatability assessment
depends on the Analysis of Variance (ANOVA). Pairing
the total variance (SST) allows researchers to separate
it into between-group (SSB) and within-group (SSW)
components as (11).

SST = SSB + SSW (11)

The F-statistic determines significance as (12):

MSW _ SSB/(k-1)
MSB  SSW/(N—k)

(12)

The formula contains three terms: mean
squares MSB and MSW and two numerical values k for
groups and N for total sample size.

The model
through (13):

1 ~
€= ,/ﬁ =1 (i = 90)?

The formula uses experimental value y; and
predicted value ;.

error (¢) obtains quantification

(13)

2.4 Additional Methodological Details
2.4.1 Advanced Instrumentation

High-resolution thermal distributions on the
heated surface receive capture through infrared
thermography using FLIR A655sc equipment that
reports measurements with accuracy up to +1°C.
Radiative heat transfer which the IR camera detects
follows the rules specified by the Stefan-Boltzmann law
as (14).

— Tamp) (14)

Where eis surface emissivity ois Stefan-
Boltzmann constant (5.67x10-8W/m2K*), and Ts, Tams
are surface and ambient temperatures respectively.

grad = ec (T}
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Researchers use Scanning Electron Microscopy
(SEM, JEOL JSM-7800F) operated at 15kV accelerating
voltage to study the shape of nanoparticles together with
their dispersion patterns. EDS analysis confirms that the
Al,O3-Ag hybrid nanoparticles contain specific elements.

2.4.2 Key Supplementary Equations

The calculation of heat transfer coefficient relies
on an energy balance method as (15).

h=—"2 (15)

Ts=Tjetn

The equation establishes a relationship between
imposed heat flux q" and surface temperature Ts and jet
coolant temperature Tjet.

Nanofluid viscosity computation requires the
Brinkman equation that considers nanoparticle volume
fraction (¢) as (16):

The viscosities u,r and u,, correspond to
nanofluid and base fluid types.

(16)

2.4.3 Validation Approach Experimental results are
cross-validated through:

1 Two methods of measurement demonstrate less
than 3% difference to confirm proper
measurement operation.

2 Using SEM-EDS Analysis it is possible to verify
that  nanoparticle  composition  matches
theoretical hybrid ratios.

3 Experimental data from Brinkman Model
Validation demonstrates excellent accuracy
when comparing predicted and actual viscosity
figures until the volume fraction reaches 1%.
The predicted and measured data remain within
a 5% range of each other.

3. Results and Discussion

A one-way/two-way ANOVA was performed to
evaluate the statistical significance of key operating
parameters on heat transfer performance. The results
indicate that nanoparticle concentration and jet velocity
significantly influence the Nusselt number (p < 0.05).

The calculated F-values for jet velocity were higher than
those for nanoparticle concentration, indicating that flow
dynamics play a dominant role in convective heat
transfer enhancement.

Furthermore, interaction effects between
nanoparticle concentration and jet velocity were found to
be statistically significant, suggesting that the
enhancement mechanism is governed by coupled
thermo-hydrodynamic behavior rather than independent
parameter effects. To quantitatively assess the influence
of operating parameters, an ANOVA analysis was
performed. As summarized in Table 2, both jet velocity
and nanoparticle concentration exhibit statistically
significant effects on the heat transfer performance (p <
0.05). The higher F-value associated with jet velocity
indicates its dominant role in enhancing the Nusselt
number, while the interaction between parameters is
also found to be significant, confirming the coupled effect
of flow dynamics and nanoparticle loading.

Figure. 2 shows the thermal conductivity ratio
kynp ! knr bf measures change based on nanoparticle
concentration values. The thermal conductivity shows a
steady increase while the amount of nanoparticles
increases. The enhancement occurs because hybrid
nanoparticles have high conductive properties. The
observed enhancement exceeds the experimental
uncertainty (+2%), confirming the reliability of the
measured trend.

A representation of the heat transfer coefficient
exists through Figure. 3 that shows its dependence on
jet velocities and various concentration levels. Studies
show that transfer of heat improves when velocities
increase and loading amounts of nanoparticles rise. The
logarithmic scale represents a power-law relation
throughout.

Figure. 4 representation the average Nusselt
number receives input from nanoparticle concentration
data. The Nu enhancement reaches its maximum level
at the 1% concentration point. The research data verifies
how thermal and hydrodynamic enhancement operate
together. Experimental data errors can be examined
through the use of boxplot graphs as shown in Figure. 5.
All experimental test cases demonstrate relative and
absolute errors which stay below 5%. Experimental data
shows that the level of variability does not depend on
concentration.

Table 2. Summary of ANOVA results for key parameters affecting heat transfer performance

Parameter F-value p-value Significance
Jet Velocity 32.5 < 0.001 Highly significant
Nanoparticle Concentration 18.7 0.002 Significant
Interaction (V x @) 9.3 0.011 Significant
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Figure 2. Thermal conductivity increases with nanoparticle volume fraction due to enhanced heat transport in the
hybrid nanofluid
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Figure 3. Heat transfer coefficient increases with jet velocity and nanoparticle concentration under fixed operating
conditions.

The research shows in Figure. 6 temperature
contour profiles as flow velocity changes from 5 m/s to
20 m/s. The thermal boundary layer develops thinner
dimensions at higher flow speeds. The use of
concentrated nanoparticles generates temperature
distributions which appear evenly spread.

The data plot evaluation in Fig. 7 shows the
viscosity ratio's (u,s/uyy) variability against the shear
rate range from 10 to 1000 s-'. The solution displays non-

Newtonian characteristics during higher concentrations
of nanoparticles. An increasing concentration leads to
the reduction of power-law index. The non-Newtonian
behavior was consistently observed across repeated
measurements and independently prepared samples,
indicating strong reproducibility.

The Nusselt number results obtained from
experiments and simulations undergo comparison.
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Figure 4. Average Nusselt number increases with nanoparticle volume fraction, indicating improved convective
heat transfer.
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Figure 5. Experimental heat transfer measurements show acceptable absolute and relative error within uncertainty
limits

The results from the LBM simulation exhibit
agreement with experimental data that lies within £8% of
the actual values. A higher surfactant concentration
leads to more discrepancies because of the aggregation
effects which occur as Figure. 8 shows.

Different  surfactant concentrations are
characterized through zeta potential measurements
shown in Figure. 9. The best stability occurs when SDS
surfactant level reaches between 0.1 and 0.2 weight

percentages. The nanofluids stay stable during more
than 14 days when the zeta potential remains above |30|
mV.

The uncertainty in the calculated Nusselt
number was estimated to be within +5%, which is
significantly lower than the observed enhancement
(~55%), confirming the reliability of the reported
improvement.
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Temperature Contour Profiles at Different Jet Velocities
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Figure 6. Temperature contours show strong heat transfer at the stagnation region and radial thermal gradient
development
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Figure 7. Viscosity ratio indicates shear-thinning behavior at higher nanoparticle concentrations.

The results of the validation, as presented in
Table 3, clearly show that there is a high level of
agreement between the experimental and numerical
results over a wide range of operating conditions. In
addition, it is noted that the deviation is within £8% for all
the results, thereby proving the validity of the numerical
model. It is noted that the deviation slightly increases
with increased velocity and nanoparticle concentration.
This can be explained by the increased turbulence,
increased particle-particle interactions, and nanoparticle

agglomeration, which are not considered in the current
model. In conclusion, it is noted that the numerical model
is a reliable tool for predicting the heat transfer behavior
under jet impingement conditions.

For the purpose of characterizing the rheological
behavior of the nanofluid, the experimental results were
fitted using the power law model:

T=Ky™"
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Where 1\taut is shear stress, vy’ is shear rate, K
is the consistency index, and n is the flow behavior
index.

The extracted rheological parameters at
different nanoparticle concentrations are summarized in
Table 4.

The base fluid has a Newtonian characteristic
with a flow behavior index close to unity. With an

increase in nanoparticle concentration, there is a gradual
reduction in the flow behavior index, indicating a shift to
a shear-thinning (pseudo-plastic) fluid characteristic.
Non-Newtonian effects start to manifest for a
nanoparticle concentration above 0.5% by volume. This
can therefore be considered as the threshold for non-
Newtonian effects. The consistency index also increases
with concentration, indicating a rise in resistance to flow.
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Table 3. Validation of Numerical Model Against Experimental Data

Case | Velocity | Volume Fraction | Heat Flux | Nu Nu Deviation
(m/s) (%) (W/icm?) (Experimental) (Simulation) (%)
1 5 0.1 5 52 50 3.85
2 10 0.5 10 78 74 5.13
3 15 1.0 15 112 105 6.25
4 20 1.0 20 145 136 6.21
5 10 0.1 15 70 67 4.29
6 15 0.5 10 95 90 5.26

Table 4. Power-law Rheological Parameters

Volume Fraction (%)

0 (Base fluid)

0.1

0.5

1.0

K (Pa's") | n R?

0.0010 1.00 | 0.999
0.0012 0.98 | 0.998
0.0018 0.95 | 0.997
0.0026 0.91 | 0.996

High R? values (>0.996) confirm a good fit of the
power-law model to the experimental data.

The appearance of non-Newtonian effects has
important implications for pumping power. Although
thermal performance is enhanced at a higher
concentration, there will also be a rise in viscosity and a
shift to a shear-thinning characteristic, leading to a
possible increase in pressure drop.

3.1 Numerical Implementation

For the numerical simulation, a finite volume
method along with a pressure-velocity coupling scheme
was used. The governing equations for mass,
momentum, and energy conservation were solved for
steady-state conditions. For accuracy, second-order
schemes for spatial terms in the governing equations
were applied. Convergence for the simulation was
obtained when the residuals for the continuity,
momentum, and energy equations fell below 107®.
Proper boundary conditions for the simulation, such as a
uniform velocity inlet, constant heat flux for the target
surface, and pressure outlet, were applied. The
thermophysical properties of the hybrid nanofluid were
included in the simulation, and the values for the
thermophysical properties were obtained from
experiment.

3.2 Grid Independence Study

Grid independence is checked using three
different mesh sizes. This is necessary to ensure that the
results are not affected by the mesh size.

Table 5. Grid independence (mesh sensitivity) analysis
showing convergence of the predicted average Nusselt
number with increasing mesh resolution.

From the results, it is evident that the difference
in the Nusselt number between the medium and fine
mesh is less than 1%, thereby validating grid
independence. Hence, the medium mesh is chosen for
all simulations to obtain an optimum balance between
computational cost and accuracy. Grid independence is
necessary to ascertain that the numerical results are not
affected by mesh size. As depicted in Table 5, it is
evident that the difference in the calculated average
Nusselt number between the medium and fine mesh is
less than 1%. Hence, the medium mesh is chosen for all
simulations to obtain an optimum balance between
computational cost and accuracy.

The improvement in heat transfer and Nusselt
number with increasing jet velocity and nanoparticle
concentration is in agreement with the previously
reported results of nanofluid jet impingment heat
transfer. The enhancement in heat transfer with
nanoparticle concentration is well established in the field
of heat transfer. The addition of nanoparticles to the
base fluid is expected to enhance the effective thermal
conductivity of the fluid, thereby enhancing convective
heat transfer characteristics.

For example, experimental investigations have
reported substantial improvement in Nusselt number
with increasing nanoparticle concentration in jet
impingement heat transfer due to the improvement in
thermal transport properties and increased mixing [35].

Int. Res. J. Multidiscip. Technovation, 8(3) (2026) 454-470 | 465



Vol 8 Iss 3 Year 2026

Ammar F. Abdulwahid et.al, /2026

Table 5. Grid independence (mesh sensitivity) analysis showing convergence of the predicted average Nusselt
number with increasing mesh resolution

Mesh Level Number of Cells Average Nusselt Number Deviation (%)
Coarse 45,000 92.5 —
Medium 85,000 95.2 29
Fine 130,000 96.1 0.9
Moreover, recent investigations in hybrid literature that, unlike other conventional flow

nanofluid heat transfer have reported improvement in
heat transfer characteristics. The improvement in
Nusselt number is reported to be around 15-20%.

Moreover, review articles have established that
Reynolds number and nanoparticle concentration are
the governing parameters in jet impingement heat
transfer, and their increase will result in turbulence and
thinner thermal boundary layers, thereby increasing heat
transfer coefficient [36]. The results are in agreement
with this phenomenon, and increased jet velocities
enhance heat transfer due to increased turbulence,
resulting in higher heat transfer rates at the stagnation
point. The stability of the prepared hybrid nanofluid has
been examined through zeta potential and UV-Vis
spectrophotometry, and the results confirmed the
satisfactory stability of the prepared nanofluid over a 14-
day period. The obtained zeta potential values lie in the
stable region, i.e., |¢| > 30 mV, indicating considerable
electrostatic repulsion between the dispersed particles
and minimal tendency to agglomeration. To ensure the
stability of the nanofluid is maintained over the duration
of the thermal measurements, the duration and
conditions of the jet impingement tests were carefully
controlled. This ensured that the total time of the
experiments remained within the stability window.
During and after the experiments, no Vvisible
sedimentation and phase separation were observed.
Moreover, to confirm the stability of the nanofluid, the
thermophysical properties, i.e., thermal conductivity and
viscosity, were re-measured after carrying out the
experiments through repeated cycles of heating. Within
the bounds of experimental uncertainty, no significant
deviation in the thermophysical properties was detected,
which further confirms the stability of the nanofluid over
the entire period of the experiment. The UV-Vis
absorbance measurements, conducted prior to and
following the experiments, also confirmed minimal
change, indicating the stability of the nanofluid and
minimal tendency to agglomeration. By comparing the
obtained results, it is observed that the obtained
enhancement in heat transfer is within the range of
existing results, although some minor discrepancies in
the obtained results can be attributed to the specific
conditions of the experiments. The enhancement in heat
transfer for the jet impingement configuration is
attributed to the combined effects of thermophysical and
hydrodynamic properties. It is noted from the existing

configurations, the jet impingement configuration has a
strong stagnation region, high velocity gradients, and a
significantly thinned thermal boundary layer. All these
factors contribute to an increase in the local heat transfer
coefficient and the overall Nusselt number. However,
there is a simultaneous increase in viscosity, particularly
for a higher concentration of nanoparticles. This may
affect the momentum boundary layer and reduce the
flow mobility, resulting in a greater pressure drop and
increased pumping power requirement.

Furthermore, the onset of non-Newtonian
behavior for a higher concentration of nanoparticles may
alter the flow behavior near the wall and affect the
turbulence structures in the impinging jets region. To
confirm whether a synergistic effect is present in the
hybrid nanofluid, the thermal performance has been
compared to the expected additive contribution of both
nanoparticles [37]. The results show that there is indeed
a synergistic effect between Al,O; and Ag nanoparticles,
as the measured enhancement in thermal conductivity
and Nusselt number is greater than the expected linear
combination of both nanoparticles. It is important to note
here that the validation of the numerical model has been
performed for a relatively simpler case, based on integral
heat transfer results such as average Nusselt number.
This provides a good indication of thermal performance
but may not show detailed flow structures and
temperature distribution within the impinging jets region.
For further credibility of the numerical model, future work
should include validation of results against detailed
velocity and temperature fields using sophisticated
techniques such as Particle Image Velocimetry (PIV)
and infrared thermography. The presence of
nanoparticles further enhances this phenomenon by
increasing the thermal conductivity and energy transport
mechanisms such as microscale conduction and
convection, and Brownian motion.

This phenomenon can be explained by the
combined effects of both constituents, as silver (Ag)
nanoparticles possess a high thermal conductivity, and
aluminum oxide (Al203) provides stability to the mixture
by avoiding agglomeration. Nevertheless, at a certain
level of concentration, there is a possibility of a rise in
viscosity, which might reduce the thermal enhancement.
This phenomenon has significant importance for system
design. At a high concentration of nanoparticles, a non-
Newtonian behavior is observed, in which a decrease in
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viscosity is noticed as the shear rate is increased. This
phenomenon has significant importance for impinging
jets, as a high shear rate near the stagnation region may
reduce viscosity, thereby increasing fluid mixing.
Nevertheless, at a low shear rate, the apparent viscosity
increases, resulting in a rise in pressure drop, thereby
increasing energy consumption. Although a rise in
nanoparticle concentration results in enhanced heat
transfer, a high concentration may lead to a reduction in
energy efficiency. Hence, it is necessary to identify an
optimum concentration for nanoparticles to enhance
heat transfer as well as to avoid a rise in energy
consumption.

From an engineering point of view, it is
necessary to identify the overall performance of the
hybrid nanofluid by optimizing heat transfer
enhancement and hydrodynamic penalty. Although a
rise in nanoparticle concentration results in enhanced
heat transfer, a high concentration may lead to a
reduction in efficiency. Hence, there is a possibility of
identifying an optimum concentration for nanoparticles to
enhance heat transfer as well as to avoid a rise in energy
consumption. Moreover, under the conditions of
repetitive thermal loading, the long-term viability of the
nanofluid is dependent upon the stability and the level of
agglomeration. From the results obtained in the present
study, it is evident that the hybrid nanofluid is capable of
providing an optimal balance between the thermal and
flow resistances, thereby ensuring the viability of the
hybrid nanofluid for the intended cooling application.
Although the stability results are satisfactory in the initial
conditions, the possibility of agglomeration under
conditions of high shear rates and elevated
temperatures must also be taken into consideration.
Under the conditions of jet impingment, the nanofluid is
subjected to very high shear rates and temperature
gradients, which could result in the agglomeration of the
nanoparticles over time. The addition of SDS plays a
very important role in the stabilization of the hybrid
nanofluid by inhibiting the agglomeration of the
nanoparticles and ensuring the uniformity of the hybrid
nanofluid. However, the addition of surfactants could
result in the creation of an interfacial layer around the
nanoparticles, thereby affecting the thermal conductivity
and the thermal energy transfer from the nanoparticles
to the fluid. This could result in the reduction of the
thermal conductivity enhancement. However, the
improved stability of the hybrid nanofluid by the addition
of SDS is beneficial in the present study, as the negative
effects are compensated by the positive effects. In the
present study, it is evident that the addition of SDS is
beneficial, as the negative effects are compensated by
the positive effects. Moreover, the sedimentation and the
changes in thermal performance were not evident in the
present study, and the nanofluid is stable over the
duration of the study. However, the possibility of
microstructural changes cannot be ruled out.

Future  work  will include post-experimental
characterization, such as scanning and transmission
electron microscopy and particle size analysis, to
evaluate the aggregation behavior of the hybrid
nanofluid after long-term thermal and hydrodynamic
treatment. This will also add to the reliability of hybrid
nanofluid in cooling applications. Thus, even though this
study shows the promise of using hybrid nanofluid in
thermal applications, further research is necessary to
make it cost-effective and assess the environmental
impact before it is taken to industrial applications.

4. Conclusion

This study sought to evaluate the
thermophysical  properties and heat transfer
characteristics of Al,O;—Ag hybrid nanofluid, as well as
the predictive modeling of the heat transfer
characteristics of this nanofluid under jet impingement
conditions. As expected, the experiment revealed some
improvement in thermal conductivity and changes in
viscosity, including the appearance of non-Newtonian
behavior at high concentrations. The experiment also
showed that the heat transfer characteristics of Al,O3—
Ag hybrid nanofluid under jet impingement conditions
are enhanced, as revealed by the increase in heat
transfer coefficient and Nusselt number with increasing
nanoparticle concentration and jet velocity.

The numerical model developed in this
experiment showed satisfactory agreement with the
experimentally obtained data, thereby validating the
ability of this numerical model to predict the heat transfer
characteristics of Al,O;—Ag hybrid nanofluid within
acceptable limits of deviation. The results of this
experiment also showed that, even as the heat transfer
characteristics of Al,O;—Ag hybrid nanofluid are
enhanced, the viscosity of this fluid also increases,
thereby requiring an optimum range of operation to be
established.

From the results of this experiment, it is evident
that the objectives of this research have been achieved,
and it is now possible to assert that it is possible to
enhance the jet cooling characteristics of this fluid.
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