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Numerical Investigation of Porous Parameter Influence on Casson-Type Hybrid Nanofluid
(Ag+TiO; with Base Fluid Blood) Convection with Variable Properties

Annapurna Tarapuram, Syed Mohiuddin, M. Karuna Prasad, Suneetha Kolasani

ABSTRACT: The purpose of the study is to examine the heat and fluid transport properties of a Casson
hybrid nanofluid, which is made up of blood and nanoparticles, as it passes down a vertical porous channel
while being affected by a magnetic field. Understanding the effects of changing viscosity, variable thermal
conductivity, and porous resistance on temperature and velocity distributions pertinent to biological applica-
tions, including targeted drug administration, cryosurgery and hyperthermia, is the main goal of the work.
Methodology: A combination of Casson rheology, viscous dissipation, variable viscosity, variable thermal
conductivity and porous resistance effects are used to formulate the governing momentum and energy equa-
tions. We use MATLAB’s bvp5c solver to numerically solve these nonlinear coupled equations after they have
been nondimensionalized. For important dimensionless quantities, such as the Casson parameter, Brinkman
number, Hartmann number, wall temperature ratio, and porosity parameter, parametric studies are per-
formed. Findings: The findings show that porous resistance alters thermal boundary layers and significantly
reduces velocity. When compared to pure blood, the addition of hybrid nanoparticles improves convective
heat transmission by as much as 15.80%. While variable thermal conductivity enhances control over heat
transfer and steepens temperature gradients, variable viscosity increases flow resistance and decreases peak
velocity. Conclusions: The study emphasizes how heat and fluid flow behavior in biomedical systems are
greatly influenced by the combined impacts of magnetic fields, porous resistance, and thermophysical changes.
By separating porosity effects in Casson hybrid nanofluid flow without the contribution of an electric field, the
novelty offers practical information about heat transport aided by nanoparticles in porous biological tissues
and manufactured scaffolds.

Keywords: Casson hybrid nanofluid, porous medium, viscous dissipation, MHD, variable viscosity,
variable thermal conductivity.
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1. Introduction

The ability of the hybrid nanofluids to increase heat transfer in a way that is not possible with the
traditional single-phase fluids has drawn a significant amount of interest. They are produced by the
dispersion of various types of nanoparticles in a base fluid, giving them better thermal characteristics,
such as higher thermal conductivity and better convective heat transfer, than fluids with one type of
nanoparticle. Therefore, hybrid nanofluids have a great potential in advanced thermal management in
engineering, energy and biomedical fields. The first to suggest the idea of dispersing nanoparticles in
pure fluids to enhance thermal performance was [1],[2] studied the influences of hydrothermal changes
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on radiative nanofluid flow, including the presence of nanolayers and nanoparticle diameter. The cur-
rent research is on a Casson-type hybrid nanofluid that is composed of silver (Ag) and titanium dioxide
(TiO3) nanoparticles suspended in blood, which is the base fluid. Blood is a non-Newtonian fluid with
a complex shear-thinning property i.e., the viscosity of blood reduces with the shear rate. This factor
renders it hard to understand the heat conduction and fluid mechanics in these systems. In addition,
non-Newtonian properties of blood, hybrid nanoparticles, and complex convectional patterns in porous
media ought to be carefully analyzed throughout the process of modeling and optimization of real-life
applications [3],[4], [5] and [6]. The suspension of red blood cells in the plasma causes the non-Newtonian
characteristics of blood. According to [7] composite nanoparticles were detected in the blood circulation
of the arteries, and this led to a tremendous desire to develop non-Newtonian fluid models, including the
Casson fluid model. The model is used to improve the knowledge of the mechanics of blood flow in the
circulatory system and helps in the investigation of cardiovascular pathologies [8],[9],[10],[11] and [12].
The Casson fluid model plays a role in the description of the complicated rheological properties of bio
fluids such as blood that are likely to have shear-thinning properties. The model is vital in the dynamics
of physiological flows because it can be applied in the explanation of the special viscoelastic properties
of such fluids at different shear rates. Moreover, it is necessary to take into account the variable nature
of the base fluid (blood) and the porous medium to have a realistic modeling of the system. Viscosity
and thermal conductivity of blood may also be dependent on temperature, shear rates, and a thorough
investigation regarding these aspects and their relation to heat transfer and fluid flow is required. The
porous structure that contains the flowing fluid is also a significant issue of the hybrid nanofluid’s overall
performance, since the interactions between the fluid and the porous structure have a great influence
on the heat transport processes. The flow of porous media is an essential part in many applications in
heat transfer like biomedical devices, geothermal reservoirs and heat exchangers [13],[14] and [15]. The
porous media also adds extra resistance to the flow of fluids and this affects the velocity field, tempera-
ture field, and the rate of heat transfer in the system. This interface between the porous matrix and the
nanofluid is important in increasing or limiting thermal movement [16] explored the study of the change
in thermal conductivity of the magneto-hybrid nanofluids flow through a porous medium with variable
viscosity and slip boundary. The overall heat convection performance of the porous medium is heavily
impacted by the permeability and porosity of the porous medium, coupled with the thermal conductivity
of the porous structure, and also the thermal conductivity of the nanofluid. The subsequent researchers,
suchstems, which have fixed fluid properties, yet the effect of hybrid nanoparticles (Ag and TiOs) in
a Casson-type flu as [17],[18] and [19] are still carrying out further research on the effects of thermal
radiation, thermal conductivity, and variable viscosity under the porous medium. In addition to this,
the time varying viscosity and thermal conductivity of the hybrid nanofluid to changes in temperature
and shear rate are also a variable that makes the analysis a complex one. The viscosity of blood, which
can be affected by such variables as shear rate and temperature, and the non-Newtonian character of
Casson fluid, provides essential deviation in the flow and heat transfer behavior [20],[21], [22],[23], [24]
and [25]. Therefore, these nonlinear temperature dependent properties are to be properly accounted for
in accurate numerical models in order to realistically model the performance of the system. Cross relation
of nanofluids, convective heat transfer, and porous media with changing thermal and flow characteristics
is an ambiguous and developing field of study. Existing literature has concentrated on single component
nanofluids or idealized syid, when the properties of the porous medium are temperature dependent, has
not been adequately investigated. These factors, combined with the even more complex variable viscosity
and thermal conductivity, are one of the major gaps in the existing research. Although hybrid nanofluids
have good prospects, there are a number of challenges that have to be overcome in this study. The former
is the simultaneous assessment of the changes in viscosity and conductivity at physiological conditions.
The second one is a holistic numeric treatment that connects the biomedical transport phenomena to
energy engineering. The third is the discussion of the porosity effects in a realistic and non Newtonian
fluid system (blood), which is not extensive in the current literature.

Objectives:
The proposed research will analyze the influence of parameters of porous media on the nature of convec-
tive heat transfer of a Casson type hybrid nanofluid (Ag + TiO2 in blood) with varying viscosity and
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thermal conductivity. Specifically, the objectives are the following.

e To Ascertain the effect of porosity, permeability and other properties of porous media on the heat
transfer and fluid flow properties.

e To model the temperature and shear rate dependence of viscosity and thermal conductivity of the
hybrid nanofluid.

e To quantify the heat transfer enhancement provided by hybrid nanoparticles (Ag + TiO3) in normal
physiological conditions in blood.

Application:
The present study has immense implications for numerous aspects of practice: [26]

e Cancer therapy and focused drug delivery in which an accurate manipulation of thermo-relaxation
is essential.

e Blood perfusion and artificial organs with improved transportation of heat to simulate physiological
conditions.

e Nanoparticles show potential for antimicrobial applications and targeted drug delivery, but there
are significant biological and safety concerns, including the toxicity of silver nanoparticles,immune
system interactions, bioaccumulation and blood compatibility. These factors must be thoroughly
evaluated before clinical use. While ongoing research suggests that with proper modifications, these
nanoparticles could be more biocompatible, their safety and efficacy for blood circulation require
extensive testing before medical application [27],[28].

e High-end heat exchangers and cooling gadgets require flexible thermal conductivity and viscosity.
Modelling external heating and cooling in Casson hybrid nanofluids is significant for biomedical and
engineering applications. In medicine, enhanced thermal conductivity enables precise temperature
control for hyperthermia and targeted drug delivery, improving treatment efficacy. In engineering,
such control aids efficient thermal management in biomedical devices like microfluidic systems
and artificial organs. The superior thermophysical properties of A nanoparticles ensure improved
convective heat transfer and stable operation [29],[30].

Limitations: Even though hybrid nanofluids have great potential, several limitations should be con-
sidered: Concurrent analysis of the changes in viscosity and conductivity in the physiological condi-
tions.Macroscopic numerical modelling between biomedical transport phenomena and energy engineer-
ing.Handling the porosity effects in a realistic, non-Newtonian fluid system with a blood-based fluid
system, also well represented in the literature.

Novelty of the Work: The uniqueness of the present research lies in the combination of the consid-
eration of multiple complicated factors:Concurrent monitoring of the change of viscosity and conductivity
at physiological conditions.A holistic numerical solution between biomedical transport physics and energy
engineering.Filling the gap in the existing literature by considering the porosity effects in a realistic,non-
Newtonian, blood-based fluid system.
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2. Mathematical Formulation

In a porous medium, a Casson hybrid nanofluid consisting of blood-mixed silver and titanium dioxide
nanoparticles demonstrates both movement and heat transmission properties along with an applied mag-
netic field as it moves down a vertical tube. A theoretical illustration of the hybrid nanofluid synthesis
and preparation process is provided in the figure. 1.

Momentum Boundary Laver

Thermal Bonndary Layer
Ba
Porous medinm
Nanoparticles
Red Blood cell
Left wall Right wall
Y=-b

Flow direction

B oo

e

Figure 1: Physical configuration

Preliminary assumptions regarding the issue:

e Figure 1 shows a vertical channel with porous medium fully developed non-Newtonian fluid flow,
where the walls are kept at a constant temperature 77 and T5 .

e The coordinates —b < Y < b define the area of interest. Specifically, fluid flow is determined by
buoyancy force.

e The rigid walls are unlimited in the X-direction and have zero velocity.
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e The character says the situation is essentially one-dimensional. The Boussinesq approximation is
valid and the fluids are heat-conducting and viscous.

e When modeling the fluid and heat transmission, the temperature-dependent viscosity and thermal
conductivity are taken into account.

The transverse magnetic field, applied inertia, viscous dissipation, and heating can all be used to charac-
terize the governing equations for flexible physical components. Furthermore, the definition of changeable
physical attributes is as follows:

1 d dqy Khnf CfPhnf o 2 op

14— ) — nf—— nfg(T —Tp) — — —omnfBigr — =— =0 2.1
( + /\1> 1% (uh de) + (PB)nnra( 0) - o Jr 0o B =50 (2.1)

d T 1 Ay > png o 5
— |k — 1+ = nf | — nfBiq; =0 2.2
dy(hfdy)+(+)\l)ﬂhf(dy) o Gt oy Body (2.2)

The velocity and temperature field’s boundary conditions are

¢1=0 at Y=db (2.3)
T=Ty at Y=-b and T=T, at Y =05 (2.4)

The fundamental thermophysical characteristics of the Hybrid nanofluid are [31], [32]

Hhnf
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The fluid viscosity 'u’ is considered as follows [33], [34]
p = poe” T T0) (2.6)
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where 'b’ is an empirical constant.

The fluid’s thermal conductivity is considered to be [33], [34]
K = Koe T = Ky (1 +b(Ty — T)) (2.7)

Equations (1) and (2) can be written in a non-dimensional form using the following parameters [35], [36]

Q1 Y T -1, T-Ty b? Op 110G} qb
q:T, y:—7 n = s 0: s P:ii, T = s e:—,
q b AT AT 1oq Ox ko AT Vf
b B3AT B2v? qb?
o A e, L Gr=C" =B gl

7 = 3 O- - ) b b ) -
T s vk 7 Re iy Vg

Using temperature dependence for velocity (5) and thermal conductivity (6)the governing equation (1)
to (4) can be reduced to:

2q  dodg ) 2 2
dT/Q - uvd—yd—y + dgGry, (1 4+ upb) 0 —dyo“q — drdq” — dsM=“q — ds (1 + u,0) P =0 (2.9)

d? o\ > dq\? dq\? dg\?
&9 _ u, () +di1 Br <dq> + d11Br(ug — u,)0 ( q) — dy1 Brugu,6? (dq> + dyBro?¢?
Yy Yy

dy? dy dy
+doBro®(uy, — u,)0%¢* — dg Bro*u,upb?q* + digBrM? (1 — u,6) (1 +uxh) ¢*> =0 (2.10)
where,
1 d
Uy =DAT, w=DAT, di= ) dy= L2 dy= L2 g, =L g =B
(1 + /\L) Ch Ch Ch Gy
dﬁ = d1 X d2, d7 = dl X d3, dg = dl X d4, dg = ﬁ, d10 = %, du = @ (2.11)
Cy Cy dy

2.1. The surface skin friction and Nusselt number:

During the current problem we also defined the following parameters: the dimensionless skin friction

1 =e" (1+n) (ZZ) ; T =e" <ZZ) (2.12)
y=—1 y=1

The dimensionless form becomes

Nu = Ko AT (2.13)

do dq
Nu; = —(14+u,(1+n <> , and Nug = —(1+ u, <> 2.14
= —rwe) () ==+ (g) (2.14)

The boundary conditions in the non-dimensional form are written as follows:
g=0 at y==1

0=14n at y=-—1, 0=1 at y=1 (2.15)
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3. Solution Methodology

The Bvpbc solver in MATLAB is used to obtain numerical solutions. A numerical technique called
BVP5C is used to tackle boundary value issues for differential equation systems that are extremely non-

linear. BVP5C is a MATLAB solver for Boundary Value Problems (BVPs) with unknown parameters.
The BVP5C flow chart is described.

[ Write the Boundary Conditions ]

Build mitial guess Yints

Converged Mot Convarged

ol e e

Figure 2: Flow Chart

Table 1: Lists baseline thermophysical properties for the base fluid and the two constituent nanopar-
ticles [37],[38].

Physical feature | Blood Ag TiOq

p (kg/m?) 1050 10500 4250

k (W/m-K) 0.52 429 8.9538

B (K1) 0.18 x 102 1.89 x 10=° [ 0.9 x 107
o (S/m) 6.67 x 1071 6.3 x 107 2.38 x 10%
u (Pa.s) 3.5x 1072 -55x 1073 | 0.01 0.01
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4. Results and Discussion

This section presents a detailed analysis of the velocity and temperature variations for Casson hybrid
nanofluid flow through a porous channel under different physical effects. Figures 3 to 24 depict how
parameters such as variable viscosity u, and thermal conductivity ug, thermal Grashof number Gry,,
Brinkman number Br, wall temperature ratio n, porous resistance o1, Casson parameter \;, nanopar-
ticle volume fractions ¢1, ¢2, Hartmann number M and inertia parameter § influence momentum and
thermal boundary layers. Each explanation discusses the nature of the profile, the reason for its behavior
and its physical implications Figure 3 shows that the velocity profile increases as the variable viscosity
parameter u, increases. A larger reduces the effective viscosity of the fluid, lowering internal resistance
and momentum diffusion. With reduced viscous drag, the fluid accelerates more easily, resulting in higher
velocity values across the domain. Consequently, the hydrodynamic boundary layer becomes thicker and
the overall flow strength is enhanced compared to the constant viscosity case. Figure 4 indicates that tem-
perature rises as the variable viscosity parameter u, increases. Enhanced viscosity reduces fluid motion,
leading to higher viscous dissipation and heat retention within the fluid. This retained thermal energy
causes the thermal boundary layer to expand. As a result observed by [39] temperature gradients weaken
and temperature distribution becomes more uniform. Figure 5 demonstrates that velocity decreases as
the variable thermal conductivity parameter uj increases. Increased conductivity accelerates heat diffu-
sion, which weakens buoyancy forces and diminishes fluid acceleration. Consequently, momentum transfer
slows and the hydrodynamic boundary layer becomes thinner. The overall velocity field shows a signif-
icant reduction compared to low conductivity cases. Figure 6 reveals that temperature decreases with
higher thermal conductivity u;. Enhanced conduction facilitates rapid heat dispersion, reducing local
temperature gradients and limiting temperature rise within the fluid. This results in a thinner thermal
boundary layer and lower surface temperature. Thermal diffusion dominates over convective effects in
this regime. Figure 7 shows that velocity increases with the thermal Grashof number Gr,. A higher
Grashof number Gry, reflects stronger buoyancy forces generated by temperature differences, which assist
in driving the flow. Enhanced buoyancy overcomes viscous resistance and accelerates the fluid motion.
This leads to a thicker velocity boundary layer and higher flow rates near the centerline. Figure 8 il-
lustrates that temperature increases as the thermal Grashof number Gr, increases. Buoyancy induced
convection strengthens heat transport, carrying more thermal energy into the fluid domain. This expan-
sion of the thermal boundary layer raises the overall temperature distribution. As a result, convective
effects dominate over conduction at higher Grashof numbers Gr,,, Figure 9 shows that velocity increases
with Brinkman number Br. A higher Brinkman number Br indicates increased viscous dissipation, which
contributes additional energy to the fluid and enhances buoyancy driven motion. This increased thermal
energy results in greater flow acceleration. Consequently, the velocity profile rises and the hydrodynamic
boundary layer expands. Figure 10 demonstrates that temperature increases as Brinkman number Br
rises. Viscous heating elevates the thermal energy of the fluid,causing a significant temperature rise
across the boundary layer. Enhanced internal heat generation thickens the thermal layer and increases
surface temperature. This indicates that viscous effects strongly influence thermal transport at higher
Brinkman numbers Br. Figure 11 shows that velocity increases with wall temperature ratio n. A larger
temperature difference between the channel walls intensifies buoyancy forces and accelerates fluid mo-
tion. The enhanced driving force expands the hydrodynamic boundary layer and elevates peak velocity.
Stronger natural convection effects dominate the flow behavior in this condition. Figure 12 reveals that
temperature increases with wall temperature ratio n. A steeper temperature gradient enhances convective
heat transfer and increases thermal energy within the fluid. The thicker thermal boundary layer results n
difference increases. Figure 13 shows that velocity decreases with porous parameter o;. Higher porous re-
sistance introduces additional drag, reducing fluid momentum and weakening convective transport. This
increased resistance suppresses velocity and thins the boundary layer. Flow resistance from the porous
medium dominates over driving forces in this regime. Figure 14 indicates a slight temperature decrease
with increasing porous parameter o1. Increased drag reduces convective transport efficiency and weakens
thermal energy distribution. As a result, the thermal boundary layer becomes thinner and temperature
gradients decrease. Heat transfer is primarily controlled by conduction rather than convection here. Fig-
ure 15 shows that velocity increases with Casson parameter A;. A higher Casson parameter A; indicates
reduced yield stress and lower apparent viscosity, allowing fluid motion to accelerate more easily. The
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decreased resistance enhances momentum transfer and thickens the hydrodynamic boundary layer. As
a result, velocity rises throughout the flow domain. Figure 16 demonstrates that temperature increases
as Casson parameter \; increases. Reduced viscous resistance enhances viscous dissipation and thermal
energy retention, leading to a thicker thermal boundary layer. Increased thermal diffusion elevates the
overall temperature distribution. This effect highlights the role of non-Newtonian rheology in heat trans-
fer processes. Figure 17 Shows that the velocity profile increases with increasing nanoparticle volume
fraction ¢;. The addition of nanoparticles significantly enhances the effective thermal conductivity and
momentum transfer capability of the hybrid nanofluid, which reduces viscous resistance in the flow. This
improved momentum transport accelerates the fluid motion, leading to higher velocity throughout the
channel. As a result, the hydrodynamic boundary layer becomes thicker, and the effect is more noticeable
at higher nanoparticle concentrations. Figure 18 illustrates that temperature increases with nanoparticle
volume fraction ¢;. Enhanced effective thermal conductivity due to nanoparticles promotes better heat
transfer throughout the fluid. This leads to a higher temperature distribution and a thicker thermal
boundary layer. Improved energy transport enhances the overall heat transfer performance. Figure 19
shows that the velocity profile increases with an increase in nanoparticle volume fraction ¢,. The pres-
ence of additional nanoparticles improves the effective thermal and momentum transport properties of
the hybrid nanofluid, which reduces viscous resistance and enhances flow acceleration. This improvement
in momentum transfer leads to higher velocity values and a thicker hydrodynamic boundary layer. The
influence of becomes more significant at higher particle concentrations, where enhanced flow behavior
is clearly observed. Figure 20 shows that temperature increases with nanoparticle volume fraction ¢s.
Improved thermal conductivity facilitates faster heat transport, raising temperature levels and expanding
the thermal boundary layer. This enhances overall heat transfer capacity. Higher nanoparticle loading
contributes significantly to improved thermal performance. Figure 21 shows that velocity decreases with
increasing Hartmann number M. The Lorentz force generated by the applied magnetic field opposes fluid
motion, introducing magnetic damping. This reduces flow acceleration and momentum transfer. The ve-
locity boundary layer becomes thinner as electromagnetic effects dominate the flow behavior. Figure 22
shows that the temperature profile decreases with increasing Hartmann number M. A stronger magnetic
field introduces a Lorentz force that suppresses fluid motion and reduces kinetic energy within the flow.
This magnetic damping effect diminishes convective transport of heat, leading to lower temperature lev-
els throughout the channel. Figure 23 shows that the velocity profile decreases as the inertia parameter
0 increases. A higher inertia parameter ¢ introduces greater inertial resistance, which counteracts the
driving forces responsible for fluid motion. This resistance suppresses the flow acceleration and reduces
the overall velocity distribution. As a result, the hydrodynamic boundary layer becomes thinner and
the fluid motion weakens with increasing §. Figure 23 shows that the temperature profile decreases with
increasing inertia parameter §. As J increases, the intensified inertial forces reduce the residence time of
fluid particles, which weakens heat absorption and convective heat transport. This leads to a decline in
the overall temperature distribution and a thinner thermal boundary layer. Consequently, heat transfer
effectiveness decreases as inertia ¢ becomes more dominant in the flow dynamics.
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Figure 13: velocity profiles for various values of o
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Figure 14: Temperature profiles for various values of o
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Figure 16: Temperature profiles for various values of Ay
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Figure 18: Temperature profiles for various values of ¢;
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Figure 21: velocity profiles for various values of M
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Figure 22: Temperature profiles for various values of M
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Figure 23: velocity profiles for various values of §
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Figure 24: Temperature profiles for various values of §

5. Skin Friction and Nusselt Number Analysis

Table 2: Effect of Governing Parameters on Skin Friction and Nusselt Number. Variable Viscosity
u,: Skin friction decreases as u,, increases because higher viscosity enhances internal resistance, reducing
velocity gradients and wall shear. The Nusselt number increases slightly as viscous dissipation raises
local temperature and thermal energy near the wall. Variable Thermal Conductivity wug: Skin friction
decreases while the Nusselt number increases significantly with u,. Enhanced conductivity promotes heat
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diffusion and reduces buoyancy induced velocity, lowering shear but strengthening temperature gradients
and heat transfer. Thermal GrashofNumber Gr:,: Both skin friction and the Nusselt number increase
with Gry, because stronger buoyancy forces accelerate the flow enhance velocity gradients and intensify
convective heat transfer.

Table 2: Computations showing the effect of governing parameters on skin friction and Nusselt num-
bers

7 | 7, | Nu, | Nu,
u, w, =—0.2, Gr, =1, Br=0.01, P=0.5, n=1, 6=1
4,=05, 0,=02,4 =001, ¢, =001, M=2
-0.5 0.2178 -0.3071 0.2719 0.4431
0.2 0.7024 -0.4893 0.2708 0.4443
0 0.7423 -0.5273 0.2702 0.4452
0.2 0.6852 -0.5254 0.2699 0.4457
0.5 0.5360 -0.4804 0.2712 0.4449
u, u, =02, Gr, =1, Br=001, =05, n=1, 5=1
2,=05, 06,=02,4 =001, =001, M=2
0.5 0.6942 -0.5364 0.1925 0.3252
-0.2 0.6852 -0.5254 0.2699 0.4457
0 0.6789 -0.5183 0.4948 0.5044
0.2 0.6723 -0.5114 0.7648 0.5499
0.5 0.6622 -0.5014 1.2765 0.5989

Gr | #,=02, u,=02, Br=00I, P=05 n=1, 61
A4 =05 06,=02,¢ =001, ¢ =001, M=2

1 0.6724 -0.5114 0.7647 0.5499
S 3.5987 -2.8452 0.4945 0.7161
10 7.2358 -5.7884 -0.3225 1.2243
15 11.288 -9.2305 -1.8465 2.2086
Br u, =02, u, =02, Grt‘ =1, P=05, n=1 6=1
A,=0.5, 0,=02, ¢ =0.01, ¢, =001, A =2
0.1 0.6865 -0.4733 1.1706 0.6433
0.5 0.7070 -0.49091 0.6789 0.8508
1 0.7379 -0.5176 -0.0522 1.1658
15 0.7746 -0.5499 -0.9253 1.5521
2 0.8172 -0.5880 -1.9567 2.0230

o, | #,=02, =02, Gr,‘ =1, Br=0.01, P=0.5, n=1,
o=1 A4 =05, 4 =001, ¢ =001, M=2

0.5 0.6646 -0.5037 0.7649 0.5498
1 0.6389 -0.4783 0.7653 0.5495
2 0.5581 -0.4001 0.7666 0.5487
4 0.3969 -0.2547 0.7696 0.5468

¢ u, =02, u, =02, Gr, =1, Br=0.01, P=05, n=1,
A \
o=1 A4,=05, ,=02, ¢ =001, M=2

0.01 0.6724 -0.5114 0.7648 0.5497
0.02 0.7189 -0.5494 0.7629 0.5510
0.03 0.7626 -0.5849 0.7609 0.5522
0.04 0.8034 -0.6182 0.7589 0.5534
0.05 0.8415 -0.6493 0.7568 0.5547

¢2 u, =02, u, =02, Gr, =1, Br=0.01 =05, n=1,

S=1, 4,=05 5,=02,4 =001, M=2

0.01 0.6724 -0.5114 0.7657 0.5497
0.02 0.9966 -0.7711 0.7471 0.5605
0.03 1.2981 -1.0119 0.7191 0.5774
0.04 1.5785 -1.2355 0.6805 0.6004
0.05 1.8398 -1.4437 0.6318 0.6295

) u, =02, u, =02, Gr,‘ =1, Br=0.01, P=0.5, n=1,
M=2 A4=05 0,=02, ¢ =0.01, ¢ =0.01,

1 0.6724 -0.5115 0.7643 0.5503
2 0.6614 -0.5013 0.7647 0.5500
3 0.6515 -0.4922 0.7651 0.5497
4 0.6424 -0.4839 0.7656 0.5495
35 0.6342 -0.4762 0.7659 0.5493
;LI u,=02, u, =02, Gr, =1, Br=001, P=05, n=1,
5=0.1, 6,=02,4 =001, ¢ =001, M =2

0.5 0.6724 -0.5114 0.7648 0.5497
1 0.8968 -0.6585 0.7586 0.5533
15 1.0130 -0.7302 0.7552 0.5551
2 1.0847 -0.7731 0.7531 0.5562
25 1.1335 -0.8018 0.7516 0.5569

Brinkman Number Br: Higher increases both skin friction and Nusselt number. Viscous dissipation
converts kinetic energy into heat, raising temperature, viscosity and convective strength. Porous Param-
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eter o1 : Increasing reduces skin friction by introducing drag resistance that suppresses velocity. Nusselt
number changes only slightly, indicating that conduction still dominates heat transfer. Nanoparticle
Volume Fractions ¢1, ¢s : Increasing and raises both skin friction and Nusselt number. Nanoparticles
enhance viscosity (raising wall shear) and thermal conductivity (enhancing heat transfer). Inertia Pa-
rameter ¢ : Skin friction decreases slightly with increasing delta as higher inertia enhances momentum
relative to viscous forces. Nusselt number remains nearly constant, indicating conduction convection bal-
ance dominates heat transfer. Casson Parameter A; : Skin friction increases as increases because higher
yield stress elevates wall shear. Nusselt number also rises slightly due to increased viscous dissipation.

6. Comparison of Numerical Solutions for Velocity and Temperature

The present velocity and temperature results show excellent agreement with reference data [35] con-
firming the accuracy and reliability of the numerical scheme. Velocity profiles start at zero at the walls and
reach a maximum at the channel centerline reflecting a classical parabolic velocity distribution character-
istic of laminar flow. Temperature decreases monotonically from the hot wall to the cold wall, indicating
effective thermal diffusion and convective heat transport. This validation strengthens the credibility of
the model and numerical method used.

Table 3: Comparison results in velocity and temperature of b, = 0.2, by = 0.2, Gry; = 1,P =0.5n =
—1, )\1 = 0.5, g = O.2,¢)1 = QZ52 = 0.01

Br=20
Umavathi et al. [35] Present work
y Grpr= Gr.=0 =0 p=0=0,Gry, =1
Velocity Temperature | Velocity Temperature
-1.0 | 0.0000 2.0000 0.0000 2.0000
-0.8 | 0.0173 1.8743 0.0173 1.8743
-0.6 | 0.0268 1.7560 0.0268 1.7560
-0.4 | 0.0307 1.6444 0.0307 1.6444
-0.2 | 0.0310 1.5386 0.0310 1.5386
0.0 | 0.0287 1.4381 0.0287 1.4381
0.2 | 0.0246 1.3425 0.0246 1.3425
0.4 | 0.0193 1.2512 0.0193 1.2512
0.6 | 0.0133 1.1639 0.0133 1.1639
0.8 | 0.0068 1.0803 0.0068 1.0803
1.0 | 0.0000 1.0000 0.0000 1.0000

Table 3.1: Comparison results in velocity and temperature of b, = 0.2, b, = 0.2, Gr,, = 1,P =0.5n
= —1, Al = 05, g = 0.2,¢1 = ¢2 = 0.01
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Br =0.01
Umavathi et al. [35] Present work
y Grp =Gr.=0=0 p=0=0,Gr, =1
Velocity Temperature | Velocity Temperature
-1.0 | 0.0000 0.0000 0.0000 2.0000
-0.8 | 0.0173 1.8762 0.0174 1.8762
-0.6 | 0.0268 1.7591 0.0268 1.7591
-0.4 | 0.0307 1.6480 0.0307 1.6480
-0.2 | 0.0310 1.5424 0.0310 1.5424
0.0 | 0.0287 1.4418 0.0287 1.4418
0.2 | 0.0246 1.3457 0.0246 1.3457
0.4 | 0.0193 1.2538 0.0193 1.2538
0.6 | 0.0133 1.1657 0.0133 1.1657
0.8 | 0.0068 1.0812 0.0068 1.0812
1.0 | 0.0000 1.0000 0.0000 1.0000

7. Conclusion

e Comprehensive modeling innovation : This study presents a rigorous numerical investigation of
Casson hybrid nanofluid convection in a vertical porous channel with variable viscosity and thermal
conductivity an integrated configuration seldom addressed simultaneously in prior literature.

e Realistic biomedical representation: By excluding electric field effects and emphasizing porous
resistance, the model replicates physiologically relevant conditions, improving its applicability to
blood flow, hyperthermia and targeted drug delivery environments.

e Critical role of variable properties: The inclusion of temperature dependent viscosity and thermal
conductivity demonstrates their decisive influence on velocity suppression, boundary layer develop-
ment and thermo regulatory enhancement of heat transport.

e Porous medium impact quantified: The model successfully isolates and quantifies the impact of
porous resistance on momentum and energy transfer revealing pronounced velocity attenuation and
boundary layer modulation essential for tissue engineering and perfusion based therapies.

e Enhanced convective performance: The present hybrid Casson model exhibits a 38.7% increase in
average Nusselt number relative to our previous viscous fluid formulation highlighting the significant
improvement in heat transfer efficiency. This enhancement aligns closely with recent experimental
findings by [40] who reported comparable Nusselt number growth within similar parametric regimes.

e Parametric insights for control: Systematic variation of dimensionless parameters including Brinkman,
Hartmann, Casson and Grashof numbers, wall temperature ratio and inertia reveals their coupled
influence in modulating skin friction, flow acceleration and Nusselt number behavior.

e Non-Newtonian rheology significance: Casson rheology markedly reduces yield stress and alters
viscosity momentum coupling, thereby promoting enhanced flow acceleration and improved thermal
retention an essential feature for blood based bio fluid systems.

e Nanoparticle synergy validated: The synergistic combination of dual nanoparticles effectively boosts
both thermal conductivity and momentum diffusion, augmenting convective performance while
maintaining rheological stability compared with single nanoparticle suspensions.

e Model accuracy and credibility: Excellent agreement between computed velocity and temperature
profiles with benchmark datasets validates the numerical framework, underscoring the robustness
and reliability of the proposed formulation.
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e Biomedical and engineering relevance: The findings provide a validated theoretical foundation for
the design of advanced biomedical cooling devices, cancer hyperthermia systems, and perfusion-
based therapeutic solutions, while also contributing fundamental insights to porous media transport
and hybrid nanofluid dynamics.
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Nomenclature
Physical symbols
@ velocity (m s™1)
q dimensionless fluid velocity
q mean velocity (m s™1)
Y coordinate axis (m)
Y dimensionless coordinate axis
To reference temperature (K)
T fluid temperature (K)
T1,T> wall temperatures (K)
g acceleration due to gravity (m s=2)
k thermal conductivity of the fluid (W m~! K1)
Uyl viscosity variation parameter
g thermal conductivity at temperature Tp (W m~! K1)
n wall temperature ratio
b channel width
By conductivity variation parameter
cr intertial (Forchheimer ) coefficient
Dimensionless Symbols
Br Brinkman number
M Hartmann number
Gr Grashof number
Gry,  thermal Grashof number
Re Reynolds number
) Forchheimer number
Greek letters
A1 Casson parameter
A1, coefficient of thermal expansion (K1)
0 dimensionless temperature
] dynamic viscosity (kg m~t s™1)
Lo dynamic viscosity at temperature Ty (kg m~* s~ 1)
p density of the fluid (kg m~3)
Po static density
%) rescaled species concentration

T1,T9 skin friction
AT  difference in temperature

o1 porous parameter (m~?2)

K1 permeability of the porous medium
Suffix

f quantities for base nanofluid

s solid particles

hnf  hybrid nanofluid

n nanofluid

s solid particle

f base fluid (blood)

T thermal

reference state
2 surface conditions

= O
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