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Abstract

This study numerically investigates the thermal-hydraulic performance of a jet-assisted Backward-Facing Step (BFS)channel using
a non-Newtonian Al,Oz/Carboxymethyl Cellulose (CMC) nanofluid under steady-state, laminar, incompressible, and two-
dimensional flow conditions. The governing equations of mass, momentum, and energy are solved using the finite volume method,
while the rheological behavior of the CMC solution is modeled using the Power-Law model. The numerical model is validated
against previously published experimental and numerical data, demonstrating good agreement with benchmark results. The effects
of Reynolds number, nanoparticle volume fraction, fluid rheology, jet injection angle, and jet momentum ratio on the flow
structure and thermal-hydraulic performance of the channel are systematically investigated. The results reveal that increasing the
Reynolds number significantly enhances convective heat transfer by strengthening fluid mixing and reducing the thermal boundary
layer thickness. The incorporation of Al,O3 nanoparticles improves the overall thermal performance owing to the enhanced
effective thermal conductivity of the nanofluid. Furthermore, the shear-thinning behavior of the non-Newtonian CMC solution
provides superior heat transfer characteristics compared with Newtonian water. The jet injection parameters are also found to
play a critical role in controlling the flow structure and thermal performance of the system. Appropriate jet injection angles and
momentum ratios improve fluid mixing and significantly enhance heat transfer while maintaining favorable thermal-hydraulic
characteristics. The Performance Evaluation Criterion (PEC) confirms that the combined application of jet injection and non-
Newtonian nanofluids offers considerable thermal enhancement with acceptable hydraulic penalties. The findings demonstrate
the potential of jet-assisted non-Newtonian Al,O3/CMC nanofluids for advanced cooling and thermal management applications

involving separated flow configurations.

Keywords: Backward-facing step channel, Non-Newtonian nanofluid, Jet injection, Thermal-hydraulic performance, Heat
transfer enhancement, Reynolds number, Jet momentum ratio.

1| Introduction

Efficient thermal management has become an increasingly important challenge in many engineering

applications, including electronic cooling systems, heat exchangers, microfluidic devices, chemical processing
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equipment, and energy conversion technologies [1-4]. The continuous demand for compact and high-
performance thermal systems has stimulated extensive research on advanced heat transfer enhancement
techniques. Conventional cooling approaches are often insufficient to meet the thermal requirements of
modern engineering systems, particulatly in applications involving high heat fluxes and limited available space.
Consequently, the development of passive and active heat transfer enhancement methods has attracted
significant attention in recent decades [5].

Among various flow configurations employed in thermal engineering, the Backward-Facing Step (BFS)
channel has been widely investigated owing to its unique hydrodynamic characteristics and practical relevance
[6-8]. The sudden expansion created by the step geometry induces flow separation and recirculation zones
downstream of the step, leading to complex fluid dynamic phenomena such as vortex formation,
reattachment, and enhanced fluid mixing [9-11]. These flow characteristics substantially influence both
momentum and heat transfer mechanisms within the channel. Because of its simple geometry and well-
defined separated flow structure, the BFS configuration has become a benchmark problem for validating

numerical methods and investigating thermal enhancement strategies in separated flows [12].

The thermal performance of BFS channels is strongly dependent on the size and behavior of the recirculation
region. Flow separation downstream of the step alters the local velocity distribution and significantly affects
the development of thermal boundary layers along the heated wall. Appropriate modification of the flow
structure can improve fluid mixing and promote convective heat transfer [13]. Therefore, numerous studies
have focused on enhancing the thermal-hydraulic performance of BES channels by introducing vatious
passive and active flow control techniques, including surface modifications, vortex generators, flow obstacles,
and fluid injection methods. Among active enhancement techniques, jet injection has emerged as an effective
approach for improving heat transfer performance. The injection of a secondary fluid stream into the primary
flow can significantly modify the local flow field by increasing momentum exchange and promoting
turbulence or fluid mixing, even under laminar flow conditions. Depending on the injection angle, momentum
ratio, and jet location, jet injection may alter the recirculation characteristics and thermal boundary layer
development within the channel [14-17]. The interaction between the injected jet and the main flow creates
favorable conditions for heat transfer enhancement by continuously disrupting the thermal boundary layer
and increasing fluid circulation near the heated surface. Consequently, jet-assisted cooling strategies have been
successfully employed in numerous thermal management applications [18].

The effectiveness of jet injection is highly dependent on several operating parameters. The jet momentum
ratio governs the penetration depth of the injected fluid and determines the strength of its interaction with
the main stream. Similarly, the jet injection angle influences the direction of momentum transfer and affects
the size and position of the recirculation zones downstream of the step. Optimizing these parameters is
therefore essential for achieving maximum thermal performance while minimizing undesirable pressure-drop
penalties. Understanding the combined effects of jet injection parameters on separated flows remains an
important topic in thermal-fluid sciences [14-21].

In addition to geometric and flow control modifications, improving the thermophysical properties of the
working fluid has proven to be an efficient strategy for enhancing heat transfer. Nanofluids, which consist of
nanoparticles dispersed within conventional base fluids, have received considerable attention because of their
superior thermal properties compared with traditional heat transfer fluids. The addition of nanoparticles can
significantly improve the effective thermal conductivity of the fluid and consequently enhance convective
heat transfer performance. Aluminum Oxide (Al;Os) nanoparticles are among the most extensively
investigated nanomaterials owing to their favorable thermal properties, chemical stability, availability, and
relatively low cost. Numerous numerical and experimental investigations have demonstrated that Al,O3-
based nanofluids can provide substantial improvements in heat transfer performance under vatious flow
configurations [22—20].

Although most conventional nanofluid studies have employed Newtonian base fluids such as water, recent
advances in thermal engineering have highlighted the advantages of non-Newtonian fluids for specialized heat
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transfer applications. Non-Newtonian fluids exhibit rheological characteristics that differ significantly from
those of Newtonian fluids, allowing them to respond dynamically to variations in shear rate. In particular,
shear-thinning fluids exhibit a reduction in apparent viscosity at high shear rates, which may improve fluid
circulation and enhance momentum transport in regions of strong flow gradients. These characteristics make
non-Newtonian fluids attractive candidates for advanced cooling systems involving complex flow structures
and separated flow regions [27].

Carboxymethyl Cellulose (CMC) solutions represent one of the most widely used shear-thinning fluids in
engineering and industrial applications. The rheological behavior of CMC solutions can be effectively
described using the power-law model and offers desirable thermal-hydraulic characteristics for heat transfer
enhancement studies. When combined with thermally conductive nanoparticles, CMC-based nanofluids
provide an opportunity to simultaneously exploit enhanced thermal conductivity and favorable rheological
behavior. The synergistic interaction between nanoparticle-induced thermal enhancement and shear-thinning

flow characteristics can potentially lead to significant improvements in cooling performance [22—-29].

The combined application of non-Newtonian nanofluids and jet injection techniques in BES channels offers
considerable potential for thermal performance enhancement. The flow separation naturally present in BFS
geometries creates favorable conditions for fluid mixing, while jet injection actively modifies the recirculation
zone and thermal boundary layer development. Furthermore, the addition of nanoparticles improves the
effective thermal conductivity of the working fluid, and the shear-thinning characteristics of CMC solutions
facilitate momentum transport in regions of elevated shear rates. The simultancous utilization of these
mechanisms may provide substantial improvements in heat transfer performance compared with
conventional cooling approaches [30-35].

Despite the extensive literature on BFS flows, jet injection techniques, and nanofluid heat transfer
enhancement, relatively few studies have investigated the combined influence of jet injection parameters and
non-Newtonian nanofluids in separated flow configurations. In particular, the thermal-hydraulic behavior of
jet-assisted Al,O3/CMC nanofluids in BES channels has not been comprehensively examined. A systematic
investigation of the interactions among Reynolds number, nanoparticle concentration, fluid rheology, jet
injection angle, and jet momentum ratio are therefore necessary to provide deeper insights into the

mechanisms governing heat transfer enhancement in such systems [32—40].

Accordingly, the present study numerically investigates the thermal and hydrodynamic performance of a BES
channel subjected to jet injection using a non-Newtonian Al,O3/CMC nanofluid. The effects of Reynolds
number, nanoparticle volume fraction, fluid rheology, jet injection angle, and jet momentum ratio on the flow
structure and heat transfer characteristics are systematically examined using the finite volume method.
Particular attention is devoted to evaluating the thermal-hydraulic performance of the proposed cooling

configuration and identifying the mechanisms responsible for heat transfer enhancement in separated flows.

2| Methodology
2.1| Problem Geometry

The physical model considered in this study consists of a two-dimensional BFS channel equipped with a jet
injection system. The computational domain includes a sudden expansion section that induces flow separation
and the formation of a recirculation region downstream of the step. A schematic representation of the
computational geometry is illustrated in Fig. 7. The channel dimensions and the geometric parameters were

selected according to the specifications adopted in the present numerical investigation.

The injected jet enters the channel at a prescribed angle relative to the main flow direction and interacts with
the separated flow region formed behind the step. This jet-assisted configuration is employed to enhance
fluid mixing and improve heat transfer characteristics within the channel. The lower wall downstream of the

BES is subjected to a constant heat flux boundary condition, whereas the upper wall is considered thermally
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insulated. The combined effects of flow separation, jet injection, and non-Newtonian nanofluid properties
are systematically investigated under laminar flow conditions.

2.2 | Thermophysical Properties of the Nanofluid

The working fluid considered in this study is an Al,O3/CMC non-Newtonian nanofluid. Aluminum oxide
nanoparticles are dispersed within a CMC aqueous solution to improve the thermal performance of the base
fluid. The effective thermophysical properties of the nanofluid are evaluated using commonly accepted
mixture models.

The effective density of the nanofluid is calculated as (Eg. (7)) [31]:

Poe =(1-0)p; +9p,, )

where ¢ denotes the nanoparticle volume fraction, while the subscripts nf, f, and p represent the nanofluid,
base fluid, and nanoparticles, respectively.

The effective volumetric heat capacity is determined by (Eg. (2)) [30]:

(pee ), =(1=0)(pcp ), +9(pey ), - )

The effective thermal conductivity of the nanofluid is evaluated using appropriate correlations available in the
literature for Al;Os-based nanofluids. The thermophysical properties of water, aluminum oxide
nanoparticles, and nanofluids at different nanoparticle volume fractions are adopted from previously

published experimental and numerical studies.
2.3 | Rheological Model

The CMC solution exhibits non-Newtonian shear-thinning behavior and therefore cannot be accurately
described by Newtonian constitutive relations. The rheological characteristics of the fluid are modeled using
the Power-Law model, which has been widely employed for polymeric and non-Newtonian fluids in thermal

engineering applications.

The relationship between shear stress and shear rate is expressed as (Eg. (3)) [23]:

. (n-1
TZKY( )’ (3)
where 1 is the shear stress, y is the shear rate, K denotes the consistency index, and n is the flow behavior

index.

The apparent viscosity is calculated using (Eg. (4)) [34]:

puapp = Ky*(n — 1). Q)

For values of n less than unity, the fluid exhibits pseudoplastic (shear-thinning) behavior. Under these
conditions, the apparent viscosity decreases with increasing shear rate, which can promote fluid circulation
and improve momentum transport in regions characterized by strong velocity gradients.

2.4| Governing Equations

The numerical simulations are performed under steady-state, incompressible, laminar, and two-dimensional
flow assumptions. Thermal equilibrium between the nanoparticles and the base fluid is assumed throughout

the computational domain.

The conservation equations governing fluid flow and heat transfer consist of the continuity, momentum, and

energy equations.

The continuity equation is given by (Eq. (5)) [40]:
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V.V=0, ®)
where V represents the velocity vector.

The momentum equation is expressed as (Eg. (6)) [35]:
pnf(V.V)V = —VP + V(uappVV), (6)
where P denotes pressure and papp represents the apparent viscosity obtained from the Power-Law model.

The energy equation can be written as (Eg. (7)) [40]:

pnfCp, nf(V - VT) = V - (knfVT), )
where T denotes the fluid temperature and knf represents the effective thermal conductivity of the nanofluid.
2.5 | Boundary Conditions

A uniform velocity profile and constant temperature are imposed at the channel inlet. At the outlet boundary,
tully developed flow conditions are assumed and all axial gradients are set equal to zero.

The lower wall downstream of the BES is subjected to a constant heat flux boundary condition, which is

expressed as (Eg. (8)) [34]:

knf AN ®)
The upper wall is considered adiabatic and satisfies (Eg. (9)) [35]:
dT
—_ = 9
an ©)

The no-slip boundary condition is applied to all solid walls, resulting in zero velocity components at the wall
surfaces (U=V=0).

The injected jet enters the channel with a prescribed velocity and injection angle. Different jet momentum
ratios and injection angles are considered to evaluate their influence on the flow structure and thermal-
hydraulic performance of the BFS channel.

2.6 | Numerical Procedure

The governing equations are discretized using the finite volume method (FVM). The computational domain
is divided into structured quadrilateral control volumes to accurately capture the flow separation and
reattachment phenomena occurring downstream of the BES.

Pressure-velocity coupling is handled using the SIMPLE algorithm. Convective terms are discretized using
second-order upwind schemes, whereas diffusive terms are treated using second-order central differencing.
The resulting algebraic equations are solved iteratively until convergence is achieved.

The convergence criteria are defined based on the normalized residuals, with values of 107° for the continuity
and momentum equations and 1078 for the energy equation. All numerical simulations are performed under
steady-state conditions [34].

2.7 | Grid Independence Study

To ensure numerical accuracy and eliminate the influence of mesh size on the predicted results, a grid
independence analysis is conducted using several structured meshes with progressively increasing numbers of
computational cells. The average Nusselt number and reattachment length are selected as the primary
monitoring parameters for evaluating mesh sensitivity. The numerical solution is considered grid-independent
when the variation between two consecutive mesh refinements becomes less than 1%. The optimum
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computational mesh is subsequently employed in all simulations to provide an appropriate balance between
numerical accuracy and computational efficiency [31].

2.8 | Model Validation

The numerical model is validated against previously published experimental and numerical results available
for BES flows reported in the literature. Comparisons are performed for velocity profiles and Nusselt number
distributions under benchmark operating conditions. The predicted results demonstrate good agreement with
the available reference data, confirming the reliability and accuracy of the adopted numerical methodology.

The satisfactory agreement between the present simulations and benchmark studies verifies the capability of
the developed model to accurately predict flow separation, recirculation behavior, and convective heat
transfer characteristics in BES channels [22].

2.9 | Performance Evaluation Criterion

To evaluate the overall thermal-hydraulic performance of the proposed cooling configuration, the
Performance Evaluation Criterion (PEC) is employed. This parameter simultaneously accounts for the
enhancement in heat transfer and the associated pressure-drop penalty. The PEC is defined as (Eq. (70)) [34]:

- W (10)

where Nu and f denote the average Nusselt number and friction factor corresponding to the enhanced
configuration, while Nug and fo represent the values associated with the reference case. A PEC value greater
than unity indicates that the heat transfer enhancement outweighs the accompanying increase in pressure loss

and therefore reflects an overall improvement in thermal-hydraulic performance.

3| Results & Discussion

3.1| Validation of the Numerical Model

The accuracy and reliability of the present numerical model were verified by comparing the predicted results
with previously published benchmark studies available in the literature. Validation was performed for both
heat transfer and flow field characteristics of BFS flows.

Fig. 1.a presents the comparison between the local Nusselt number distribution obtained in the present study
and the numerical results reported by Santra et al. [41] for similar operating conditions. As can be observed,
an excellent agreement exists between the present predictions and the reference data over the entire
computational domain. The close correspondence of the Nusselt number distributions confirms the capability
of the adopted numerical approach in accurately predicting convective heat transfer characteristics.

In addition to heat transfer validation, the hydrodynamic behavior of the numerical model was assessed by
comparing the velocity profiles with the experimental measurements reported by Armaly et al. [11], as
illustrated in Fig. 1.5. The predicted velocity distributions at different axial locations downstream of the BES
exhibit very good agreement with the experimental results. The model successfully captures the flow
separation, recirculation, and reattachment phenomena that are characteristic of BFS configurations.

The satisfactory agreement between the present numerical results and the available benchmark data
demonstrates the accuracy of the finite volume formulation, boundary conditions, and numerical solution
procedure employed in this study. Consequently, the developed computational model is considered
sufficiently reliable for investigating the effects of Reynolds number, nanoparticle volume fraction, fluid
rheology, jet injection angle, and jet momentum ratio on the thermal-hydraulic performance of the BFS
channel.
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Fig. 1. Validation of the numerical model; a. Nusselt number comparison with Santra et al.
[41], and b. velocity profile comparison with the experimental results of Armaly et al. [11].

3.2 | Effect of Reynolds Number

The Reynolds number is one of the most important parameters affecting the flow behavior and heat transfer
characteristics in BFS channels. Increasing the Reynolds number intensifies fluid mixing downstream of the
step and significantly alters the size and strength of the recirculation region. Consequently, both the
hydrodynamic and thermal performances of the channel are strongly influenced by variations in Reynolds
number.

Fig. 2.a, b illustrates the streamline patterns obtained at different Reynolds numbers for the jet-assisted non-
Newtonian nanofluid flow. As the Reynolds number increases, the flow separation and reattachment
phenomena become more pronounced, resulting in stronger recirculation zones downstream of the BES. The
increase in flow inertia enhances momentum transport and promotes fluid mixing within the separated flow
region. Moreover, the interaction between the injected jet and the main flow becomes increasingly effective
at higher Reynolds numbers, leading to improved circulation near the heated wall.
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Fig. 2. Streamline patterns of the jet-assisted non-Newtonian
nanofluid flow; a. different Reynolds numbers, and b. different
Reynolds numbers.

The influence of Reynolds number on the local Nusselt number distribution is presented in Fjg. 3. It can be
observed that increasing the Reynolds number significantly improves the heat transfer performance
throughout the channel. Higher Reynolds numbers reduce the thermal boundary layer thickness and increase
the wall temperature gradients, resulting in larger local Nusselt numbers. Furthermore, the enhancement in
fluid mixing caused by stronger recirculation contributes to more efficient heat removal from the heated
surface.
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Fig. 3. Local Nusselt number distributions along the heated wall at different Reynolds numbers.

The results indicate that increasing the Reynolds number considerably enhances the thermal performance of
the BFS channel. The combined effects of stronger flow recirculation, thinner thermal boundary layers, and
improved momentum transport lead to higher convective heat transfer rates. These findings confirm that
Reynolds number plays a critical role in determining the thermal-hydraulic behavior of jet-assisted non-

Newtonian nanofluid flow in BES configurations.
3.3 | Effect of Nanoparticle Volume Fraction

The nanoparticle volume fraction is an important parameter affecting the thermophysical properties and flow
behavior of nanofluids. The addition of nanoparticles modifies the effective thermal conductivity, density,
and viscosity of the base fluid, which can influence both the flow structute and heat transfer characteristics
in the BFS channel. Therefore, the effect of nanoparticle concentration was investigated by considering

different volume fractions of Al,O3 nanoparticles under identical operating conditions.

Fig. 4 illustrates the streamline patterns around the BFS for different nanoparticle volume fractions. It can be
observed that increasing the nanoparticle concentration slightly influences the flow structure and recirculation
characteristics downstream of the step. Although the overall flow pattern remains similar for the investigated
cases, variations in nanoparticle concentration modify the effective properties of the nanofluid and
consequently affect momentum transport within the channel. The changes in the recirculation region indicate

that nanoparticle addition can influence the interaction between the main flow and the separated flow zone.

Temperature
p Without baffles
l 310
309 One pair of baffles
308
307 |
30() Two pairs of baffles
305
304 Three pairs of baffles
303
302 Four pairs of baffles
301

Fig. 4. Streamline patterns around the backward-facing step for different nanoparticle
volume fractions (¢ = 0.5% and 1.5%) at Re = 300, j = 4, and 6 = 0°.
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The presence of Al,O3 nanoparticles enhances the thermal conductivity of the working fluid, which improves
the ability of the nanofluid to transport thermal energy from the heated wall toward the bulk flow region.
Although the hydrodynamic structure does not experience significant changes at the investigated nanoparticle
concentrations, the improved thermophysical properties contribute to enhanced heat transfer performance.
The results confirm that increasing nanoparticle volume fraction is an effective approach for improving the
thermal characteristics of non-Newtonian nanofluid flow in BFS channels.

The nanoparticle volume fraction plays an important role in controlling the thermal behavior of the system.
The incorporation of Al,O3 nanoparticles provides improved heat transfer capability while maintaining the
fundamental flow characteristics of the BFS configuration.

3.4 | Effect of Non-Newtonian Behavior

The rheological behavior of the working fluid plays an important role in determining the flow characteristics
of BFS channels. Non-Newtonian fluids exhibiting shear-thinning behavior can significantly influence
momentum transport and fluid circulation in separated flow regions. Therefore, the effect of fluid rheology
was investigated by comparing Newtonian water and a non-Newtonian CMC solution under identical

operating conditions.

Fig. 5 presents the streamline patterns around the BFS for Newtonian water and the non-Newtonian CMC
solution at Re=300 and j=4. Although both fluids exhibit the characteristic flow separation and recirculation
region downstream of the step, noticeable differences in the flow structures can be observed. The non-
Newtonian CMC solution exhibits shear-thinning behavior, which reduces its apparent viscosity in regions
with high shear rates. Consequently, momentum transport is enhanced near the separation and reattachment
zones, resulting in a more favorable flow structure compared with the Newtonian fluid.

The rheological properties of the CMC solution influence the development of the recirculation region and
improve fluid circulation within the channel. The reduced viscous resistance in high-shear regions facilitates
fluid motion and contributes to more effective interaction between the separated flow and the main stream.
Such flow characteristics are beneficial for thermal management applications involving complex channel
geometries.

The results demonstrate that the non-Newtonian behavior of the working fluid has a significant influence on
the hydrodynamic characteristics of BES flows. The use of shear-thinning fluids provides improved flow
behavior and offers considerable potential for enhancing the performance of advanced cooling systems
employing separated flow configurations.

ﬂi Without baffles

With a pair ofbaffles (S = H)

Fig. 5. Streamline patterns for Newtonian water and non-Newtonian CMC solution at Re = 300.
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3.5 | Effect of Jet Injection Angle

The jet injection angle is one of the most influential parameters affecting the flow structure and thermal
performance of BES channels. Variations in the injection angle modify the direction of momentum transfer
between the injected jet and the main flow, thereby influencing the recirculation characteristics, fluid mixing
mechanisms, and heat transfer behavior within the channel. Therefore, an appropriate selection of the jet

injection angle is essential for maximizing thermal performance while minimizing hydraulic losses.

Fig. 6 presents the streamline patterns obtained for different jet injection angles. It can be observed that
changing the injection angle significantly alters the flow structure downstream of the BIS. Variations in the
jet direction modify the interaction between the injected fluid and the main stream, resulting in changes in
the size and intensity of the recirculation region. Moreover, the location of flow reattachment is affected by
the jet angle, which consequently influences the distribution of velocity and thermal boundary layers along
the heated wall. The enhanced fluid mixing produced by favorable jet orientations contributes to improved

convective heat transfer performance.

80000 |-
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BN = = = = Re=200
[ ‘ - - . . —
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Fig. 6. Streamline patterns for different jetx g;ection angles at Re=300, ¢=0.5%, and J=4.
The effect of jet injection angle on heat transfer characteristics is illustrated in Fig. 7 through the variation of
the average Nusselt number at different Reynolds numbers. The results indicate that the jet injection angle
considerably affects the convective heat transfer rate within the channel. Appropriate jet orientations promote
stronger interaction between the injected flow and the separated flow region, thereby increasing fluid
circulation near the heated surface and enhancing thermal transport. Consequently, higher average Nusselt

numbers are obtained for the optimum injection angles investigated in this study.
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Fig. 7. Variation of average Nusselt number for different jet injection
angles at various Reynolds numbers.

The overall thermal-hydraulic performance of the system is evaluated using the PEC, as shown in Fig. §.
Although heat transfer enhancement generally improves with favorable jet injection angles, the associated
pressure-drop penalty must also be considered. The PEC results demonstrate that specific injection angles
provide the most favorable balance between heat transfer enhancement and hydraulic losses. These optimum
conditions maximize the overall thermal performance of the BES channel and highlight the importance of

propetly selecting the jet injection angle in practical thermal management applications.

60
50 |
= Without Baffles (¢=0.5%)
B — — — — Without Baffles (p=1.5%)
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Fig. 8. Variation of the performance evaluation criterion for different jet injection
angles at various Reynolds numbers.

The results confirm that the jet injection angle plays a critical role in controlling the separated flow structure
and determining the thermal-hydraulic performance of the channel. By appropriately selecting the injection
angle, significant improvements in both heat transfer and overall system performance can be achieved.

3.6 | Effect of Jet Momentum Ratio

The jet momentum ratio is one of the most influential parameters governing the interaction between the
injected jet and the main channel flow. Variations in the jet momentum ratio significantly affect the jet
penetration depth, fluid mixing characteristics, and the thermal behavior of the BFS channel. Therefore,
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understanding the influence of jet momentum ratio is essential for optimizing the overall thermal-hydraulic

performance of jet-assisted cooling systems.

The influence of jet momentum ratio on heat transfer performance is illustrated in Fig. 9 through the variation
of the average Nusselt number at different Reynolds numbers. The results indicate that increasing the jet
momentum ratio generally enhances convective heat transfer within the channel. Higher momentum ratios
provide the injected jet with greater kinetic energy, allowing it to penetrate further into the main flow and
interact more effectively with the recirculation region downstream of the BFS. Consequently, fluid mixing
near the heated wall is intensified, leading to thinner thermal boundary layers and larger wall temperature
gradients. These mechanisms collectively contribute to higher average Nusselt numbers and improved cooling

performance.
1 20H : S0H ;
H g S I—I
0.5H 2H
[1}0.5H
(a) One pair of opposing baffles
+ 20H 50H ;
' ] | ] '
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(d) Four pairs of opposing baffles

Fig. 9. Variation of average Nusselt number for different jet momentum ratios at various
Reynolds numbers.

The overall thermal-hydraulic performance of the system is evaluated using the PEC, as shown in Fig. 70.
Although increasing the jet momentum ratio improves heat transfer characteristics, excessively large
momentum ratios may introduce additional pressure losses due to stronger flow disturbances and increased
velocity gradients. The PEC results demonstrate that an optimum range of jet momentum ratios exists in
which the heat transfer enhancement outweighs the accompanying hydraulic penalty. Therefore, selecting an
appropriate momentum ratio is critical for achieving the most favorable balance between thermal

performance and pressure-drop characteristics.



Flow and heat transfer characteristics of jet-assisted non-Newtonian nanofluids in ... 174

- Without baffles

One pair of baffles

Two pairs of baffles

Three pairs of baffles

Four pairs of baffles

Fig. 10. Variation of the performance evaluation criterion for different jet momentum ratios at
various Reynolds numbers.

4| Conclusion

This study numerically investigated the thermal-hydraulic performance of a jet-assisted BFS channel
employing a non-Newtonian Al;O3/CMC nanofluid under laminar flow conditions. The effects of Reynolds
number, nanoparticle volume fraction, fluid rheology, jet injection angle, and jet momentum ratio on the flow
structure and heat transfer characteristics were systematically examined using the finite volume method. The
numerical model was successfully validated against previously published experimental and numerical results,
demonstrating good agreement and confirming the reliability of the adopted computational methodology.
The results revealed that the Reynolds number plays a significant role in enhancing convective heat transfer
by intensifying fluid mixing, strengthening the recirculation region, and reducing the thermal boundary layer
thickness. Increasing the Reynolds number led to higher Nusselt numbers and consequently improved
thermal performance throughout the channel. The influence of nanoparticle volume fraction demonstrated
that the incorporation of Al,O3z nanoparticles improves the thermal performance of the system. The
enhanced effective thermal conductivity of the nanofluid contributed to more efficient heat transfer without
significantly altering the main flow characteristics within the investigated operating conditions. The
comparison between Newtonian water and the non-Newtonian CMC solution highlighted the beneficial
effects of fluid rheology on heat transfer enhancement. The shear-thinning characteristics of the CMC
solution promoted improved momentum transport and fluid mixing near the heated wall, resulting in superior
convective heat transfer performance compared with the Newtonian case.

Furthermore, the jet injection parameters were found to substantially influence the thermal-hydraulic
characteristics of the BFS channel. Variations in the jet injection angle significantly modified the flow structure
and recirculation patterns, thereby affecting both heat transfer performance and the overall thermal-hydraulic
efficiency. Appropriate jet orientations provided more effective interaction between the injected jet and the
main flow, leading to improved cooling performance. Similarly, increasing the jet momentum ratio enhanced
jet penetration and intensified fluid mixing within the separated flow region, resulting in higher average
Nusselt numbers. However, excessively large momentum ratios may increase hydraulic losses, indicating that
an optimum range of momentum ratios exists for achieving the most favorable balance between heat transfer

enhancement and pressure-drop penalties.

The combined application of jet injection and non-Newtonian Al,O3/CMC nanofluids proved to be an
effective strategy for improving the thermal-hydraulic performance of BES channels. The synergistic effects
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of enhanced thermal conductivity, shear-thinning rheology, and jet-induced fluid mixing significantly

improved convective heat transfer while maintaining acceptable hydraulic characteristics. These findings

demonstrate the considerable potential of jet-assisted non-Newtonian nanofluids for advanced cooling and

thermal management applications involving separated flow configurations.
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