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Abstract. Multilayer fluid models play a crucial role in comprehending fluid–fluid and fluid–
nanoparticle interactions within the petroleum industry, geophysics, and plasma physics due to
their diverse industrial applications. The current research aims to investigate the impact of a heat
source/sink on a non-Newtonian hybrid nanofluid that saturates a porous medium positioned
between a transparent viscous fluid filling a vertical channel. The model governing nonlinear
coupled differential equations are nondimensionalized using appropriate fundamental quantities.
Subsequently, the regular perturbation method is employed to solve the transformed dimensionless
governing equations. Upon comparing the data, it is evident that current results closely align with
the previously published findings. The parameter Q2 causes an increase in both θs(ζ) and θt(ζ)
across all three regions. Increasing Casson parameter leads to a decrease in θt(ζ).

Keywords: multilayer fluid model, porous media, hybrid nanofluid, pulsatile flow, non-Newtonian
fluid, vertical channel.

1 Introduction or the first section

A well-known technique to alter fluids’ thermal conductivity is using metal or metal oxide
nanoparticles. Choi successfully carried out the studies by adding nanoparticles to the
base fluid because metals have a higher thermal conductivity coefficient than common flu-
ids, making them the most advantageous nanoparticles. According to his research, fluids
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with nanoparticles have greater thermal conductivity, which speeds up heat transmis-
sion. Dharmaiah et al. [6] explored the effect of nonlinear thermal radiation on an MHD
nanofluid flow via a wedge with dissipative effects for Jeffrey fluid. Raza et al. [22]
explore the impact of molybdenum disulfide (MoS2) nanoparticles morphologies on the
magnetically driven fluid dynamics (MHD) flow of nanofluid in a channel with the com-
bined effects of heat radiation and magnetic field. Several research studies on nanofluid
flow were conducted [8, 18, 20, 27, 30]. Successful studies of the impact of two different
types of nanoparticles in the base fluid (hybrid nanofluid) have been conducted [12,
13, 24]. Many other biological, medical, and biomechanical disciplines use the suspen-
sion of nanoparticles in blood to study biological systems [1, 26]. Photothermal ther-
apy (PTT), a popular cancer treatment method, uses gold nanoparticles. Incoming pho-
tons are absorbed by gold nanoparticles, which then turn them into heat to destroy can-
cer cells. Due to their distinctive optical properties arising from localised surface plas-
mon resonance (LSPR), gold nanoparticles absorb light with very high efficiency (cross-
section at), providing effective PTT at low radiation energy [10]. Because of the inefficient
heat transfer caused by their abnormal circulatory system, tumours are more susceptible
to hyperthermia than healthy tissues. Gold nanoparticles generate heat that, when ex-
posed to light, promotes biomolecule denaturation and cellular membrane rupture, which
kills tumour cells [32]. Reddy [23] looked at how bioconvection affected the flow of
an electrokinetically-driven gold–copper/blood hybrid nanofluid in a horizontally uneven
channel. In systems biology, which is used to treat cancer and enhance the functionality
of medical equipment, entropy is estimated with the aid of this theoretical research.
Chabani et al. [4] studied the magneto-hydrodynamic flow of a Ag–Al2O3/H2O hybrid
nanofluid in a adjusted porous trapezoidal enclosure for applications featuring the cooling
of heated circular engineering systems and solidification of molten materials. Dhif et
al. [7] conducted the thermal analysis for this sort of storage collector for near-steady state
settings employing a nanofluid heat storage material based on KNO3–NaNO3 binary salt
combination as PCM and Al2O3–SiO2 nanoparticles for efficient flat plate collectors.

The fluid system used for all the above investigations consisted of only one fluid flow.
Because of its many applications in research, medicine, geophysics, industry, petroleum
engineering, and hydrogeology, it is important to study the dynamics of a system of two
or more incompatible fluids [3, 25]. Oil recovery, blood flow through capillary vessels,
equipment cleaning, biofilms and mucus flow in living cells, atmospheric carbon dioxide
removal, groundwater management, crude oil flow through pipelines, bubble generation in
microfluidics, and bubble trains flow in various complex porous systems are few examples
of the multilayer fluid flow [2, 14]. In terms of technology, multilayer fluid models are
crucial for comprehending interactions between fluids and nanoparticles and how these
interactions affect flow and heat transfer properties. Nazeer et al. [19] presented a theo-
retical analysis of a two-phase non-Newtonian fluid with heat transfer. A brief parametric
analysis of their investigation demonstrates that the channel’s slick walls significantly
influence the momentum of both phases. Shehzad [29] studied completely developed
multilayer coatings with steady Newtonian and non-Newtonian fluids through parallel
inclined plates. The primary finding is that region II’s temperature and velocity profiles
rose when the Jeffrey parameter grew.
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In a wide spectrum of engineering and scientific systems, pulsatile flows are ubiq-
uitous. Examples include blood circulation [15] and pulmonary ventilation in biological
flows [11,21], as well as sediment transport in coastal flows, reciprocating flow in internal
combustion engines [28], and movement of sediment. Although it is crucial for both
knowledge expansion and technological progress, pulsatile flow turbulence still poses
obstacles because of its complexity. Through the use of nozzle-style stenosis, Clark [5]
examined both pulsatile and nonpulsatile flows and reported extremely disturbed flow
statistics and the impact of the Reynolds number on velocity fluctuations. Non-Newtonian
fluid (NNF) flows in constrained channels are of great interest in a variety of engineering
and biological applications. Lee [16] and Huwang [9] are two early studies that examined
laminar and simple steady flows in restricted channels. Mahapatra et al. [17] investigated
irregular laminar flows in a confined space. The blood flow in a live body is inherently un-
stable and pulsative, which contributes to the pulse’s cyclical nature. Both computational
research and experimental examination of it are difficult.

A significant conclusion arises from the research gaps in previous literature: no prior
investigation has delved into the heat transport and entropy generation capabilities of
a titanium–gold/blood hybrid nanofluid within a multilayer flow configuration in a vertical
channel. Addressing these gaps, this study explores a unique and previously uncharted
facet of multilayer flow dynamics explicitly examining how porosity influences the pul-
satile flow of a titanium–gold/blood hybrid nanofluid, while considering viscous dissi-
pation and heat source effects within a porous channel. This research contributes novel
insights with direct implications for various fields, including fluid dynamics, medical ap-
plications, and materials science, making it highly pertinent and pioneering in multilayer
flow studies.

2 Mathematical formulation

Consider a convective flow in which two viscous fluid layers are squeezed together by
a hybrid nanofluid layer in an infinite vertical channel. The channel is considered to
be parallel to the x- and y-axis and taking perpendicular to channel. The following as-
sumptions are taken when constructing the model. The flow has developed between three
regions. The range −d 6 y 6 0, 0 6 y 6 d, and d 6 y 6 2d are the regions I, II, and III,
respectively. The region 0 6 y 6 d is filled with hybrid nanofluid having the viscosity
µhnf , density ρhnf , thermal conductivity khnf , the thermal expansion coefficient (βT )hnf ,
and specific heat (cp)hnf . The region −d 6 y 6 0 and d 6 y 6 2d is filled with viscous
fluid having the viscosity µf , density ρf , thermal conductivity kf , the thermal expansion
coefficient (βT )f , and specific heat (cp)f . All three locations’ flows are considered to be
fully developed and incompressible. The fluid velocity is relatively low, this simplifies the
analysis as the convective terms may be considered negligible compared to other terms in
the equations. Due to buoyancy forces, the fluid rises in the channel. The left wall of the
region I has the temperature Tw2, and right wall of the region III has the temperature Tw1

(Tw1 > Tw2) (see Fig. 1). It is assumed that an unique unsteady pressure gradient drives
the fluids in all three regions. The hybrid nanofluid flow saturated with porous matrix
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with permeability κ. Based on the above assumptions, the governing equations can be
expressed as follows [31].

Region I:

∂v1
∂y

= 0,

ρf
∂u1
∂t

= −∂P
∗

∂x
+ µf

(
1 +

1

β

)
∂2u1
∂y2

+ g(ρfβT )f(T1 − Tw2),

(ρcp)f
∂T1
∂t

= kf
∂2

T1
∂y2 + µf

(
1 +

1

β

)(
∂u1
∂y

)2

+Q∗1(T1 − Tw2).

Region II:

∂v2
∂y

= 0,

ρhnf
∂u2
∂t

= −∂P
∗

∂x
+ µhnf

(
1 +

1

β

)
∂2u2
∂y2

+
(
(ρβT )hnfg

)
(T2 − Tw2)

− µhnf

κ

(
1 +

1

β

)
u2,

(ρcp)hnf
∂T2
∂t

= khnf
∂2T2
∂y2

+ µhnf

(
1 +

1

β

)(
∂u2
∂y

)2

+
µhnf

k

(
1 +

1

β

)
u22

+Q∗2(T2 − Tw2).

Region III:

∂v3
∂y

= 0,

ρf
∂u3
∂t

= −∂P
∗

∂x
+ µf

(
1 +

1

β

)
∂2u3
∂y2

+ g(ρβT )f(T3 − Tw2),

(ρcp)f
∂T3
∂t

= kf
∂2T3
∂y2

+ µf

(
1 +

1

β

)(
∂u3
∂y

)2

+Q∗3(T1 − Tw2).

Boundary conditions:

u1 = 0, T1 = Tw2 at y = −d,

u1 = u2, T1 = T2,

µf

(
1 +

1

β

)
∂u1
∂y

= µhnf

(
1 +

1

β

)
∂u2
∂y

, kf
∂T1
∂y

= khnf
∂T2
∂y

at y = 0,

u2 = u3, T2 = T3,

µhnf

(
1 +

1

β

)
∂u2
∂y

= µf

(
1 +

1

β

)
∂u3
∂y

, khnf
∂T2
∂y

= kf
∂T3
∂y

at y = d,

u3 = 0, T3 = Tw1 at y = 2d,
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Table 1. Thermophysical properties of base fluid (blood)
and nanoparticles (gold and titanium).

Blood Au Ti
ρ (kg m−3) 1050 19282 4510
βT (K−1) 0.18 · 10−5 14 · 10−6 0.9 · 10−5

k (W m−1K−1) 0.52 310 20.9
cp (J kg−1K−1) 3617 129 540

where ui, vi, Ti, and Q∗i (i = 1, 2, 3) are the velocities along x-direction, the veloc-
ities along y-direction, the temperatures, and the internal heat generation/absorption of
regions I, II, and III, respectively. κ is the porous media, and β is the Casson parameter.
The unsteady pressure gradient is given by

− 1

ρf

∂P ∗

∂x
= A

[
1 + ε exp(iωt)

]
,

where ε� 1 is a suitable chosen positive quantity, A is a known constant. Table 1 shows
the thermophysical properties of blood and nanoparticles (gold and titanium) fluid. The
physical characteristics of the nanofluid are defined as [32]:

µhnf

µf
=

1

(1− φTi)
2.5

(1− φAu)
2.5 ,

ρhnf
ρf

= (1− φAu)

(
(1− φTi) + φTi

ρTi

ρf

)
+ φAu

ρAu

ρf
,

(ρCp)hnf
(ρCp)f

= (1− φAu)

(
(1− φTi) + φTi

(ρCp)Ti

(ρCp)f

)
+ φAu

(ρCp)Au

(ρCp)f
,

αhnf =
khnf

(ρCp)hnf
,

(ρβt)hnf
(ρβt)f

= (1− φAu)

(
(1− φTi) + φTi

(ρβt)Ti

(ρβt)f

)
+ φAu

(ρβt)Au

(ρβt)f
,

khnf
kbf

=
(kAu + (n− 1)kbf − (n− 1)φAu(kbf − kAu))kbf

(kAu + (n− 1)kbf + φAu(kbf − kAu))kf
,

where

kbf =
kf(kTi + (n− 1)kf − (n− 1)φTi(kf − kTi))

kTi + (n− 1)kf + φTi(kf − kTi)
.

Similarity transformations:

U1 =
ωu1
A

, U2 =
ωu2
A

, U3 =
ωu3
A

,

θ1 =
T1 − Tw2

Tw1 − Tw2
, θ2 =

T2 − Tw2

Tw1 − Tw2
, θ3 =

T3 − Tw2

Tw1 − Tw2
,

P =
P ∗

Aρfd
, ζ =

y

d
, η =

x

d
, τ = ωt,
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Gr =
(βT )fg(Tw1 − Tw2)ωd

2

Aυf
, H2 =

ωd2

υf
,

Q1 =
Q∗1d

2

µfcpf
, Q2 =

Q∗2d
2

µfcpf
, Q3 =

Q∗3d
2

µfcpf
, Pr =

µf (cp)f
kf

.

Region I:

H2 ∂U1

∂τ
= −H2 ∂P

∂η
+

(
1 +

1

β

)
∂2U1

∂ζ2
+Gr θ1, (1)

H2 ∂θ1
∂τ

=
1

Pr

∂2θ1
∂ζ2

+ Ec

(
1 +

1

β

)(
∂U1

∂ζ

)2

+Q1θ1. (2)

Region II:

ρhnf
ρf

H2 ∂U2

∂τ
= −H2 ∂P

∂η
+
µhnf

µf

(
1 +

1

β

)
∂2U2

∂ζ2
+

(ρβT )hnf
(ρβT )f

Gr θ2, (3)

−µhnf

µf

(
1 +

1

β

)
σ2U2

(ρcp)hnf
(ρcp)f

H2 ∂θ2
∂τ

=
khnf
kf

1

Pr

∂2θ2
∂ζ2

+
µhnf

µf

(
1 +

1

β

)
Ec

(
∂u2
∂ζ

)2

+
µhnf

µf

(
1 +

1

β

)
Ec σ2U2

2

+Q2θ2. (4)

Region III:

H2 ∂U3

∂τ
= −H2 ∂P

∂η
+

(
1 +

1

β

)
∂2U3

∂ζ2
+Gr θ3, (5)

H2 ∂θ3
∂t

=
1

Pr

∂2θ3
∂ζ2

+ Ec

(
1 +

1

β

)(
∂U3

∂ζ

)2

+Q3θ3. (6)

The nondimensional form of the boundary conditions are:

U1 = 0, θ1 = 0 at ζ = −1,

U1 = U2, θ1 = θ2,
∂U1

∂ζ
=
µhnf

µf

∂U2

∂ζ
,

∂θ1
∂ζ

=
khnf
kf

∂θ2
∂ζ

at ζ = 0,

U2 = U3, θ2 = θ3,
µhnf

µf

∂U2

∂ζ
=
∂U3

∂ζ
,

khnf
kf

∂θ2
∂ζ

=
∂θ3
∂ζ

at ζ = 1,

U3 = 0, θ3 = 1 at ζ = 2.

(7)

3 Solution of the problem

The solution equations for Ui and θi (i = 1, 2, 3) can be written as follows [25]:

Ui(ζ, t) = Ui,1(ζ) + εeiωtUi,2(ζ), θi(ζ, t) = θi,1(ζ) + εeiωtθi,2(ζ). (8)
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By substituting Eq. (8) into Eqs. (1)–(7) and setting the coefficients of similar powers
of ε to zero, we derive the zeroth- and first-order equations along with their corresponding
boundary and interface conditions as follows:(

1 +
1

β

)(
d2

dζ2
U11(ζ)

)
+H2 +Gr θ11(ζ) = 0, (9)(

1 +
1

β

)(
d2

dζ2
U12(ζ)

)
− iH2U12(ζ) +H2 +Gr θ12(ζ) = 0, (10)

d2

dζ2 θ11(ζ)

Pr
+Q1θ11(ζ) + Ec

(
1 +

1

β

)(
d

dζ
U11(ζ)

)2

= 0, (11)

d2

dζ2 θ12(ζ)

Pr
− iH2θ12(ζ) +Q1θ12(ζ)

+ 2Ec

(
1 +

1

β

)(
d

dζ
U11(ζ)

)(
d

dζ
U12(ζ)

)
= 0, (12)

µhnf

µf

(
1 +

1

β

)(
d2

dζ2
U21(ζ)

)
− µhnf

µf

(
1 +

1

β

)
σ2U21(ζ)

+H2 +
(ρβT )hnf
(ρβT )f

Gr θ21(ζ) = 0, (13)

µhnf

µf

(
1 +

1

β

)(
d2

dζ2
U22(ζ)

)
− i

ρhnf
ρf

H2U22(ζ)

− µhnf

µf

(
1 +

1

β

)
σ2U22(ζ) +H2 +

(ρβT )hnf
(ρβT )f

Gr θ22(ζ) = 0, (14)

khnf
kf

1

Pr

(
d2

dζ2
θ21(ζ)

)
+
µhnf

µf
Ec

(
1 +

1

β

)(
d

dζ
U21(ζ)

)2

+
µhnf

µf
Ec

(
1 +

1

β

)
σ 2U2

21(ζ) +Q2θ21(ζ) = 0, (15)

khnf
kf

1

Pr

(
d2

dζ2
θ22(ζ)

)
+ 2

µhnf

µf
Ec

(
1 +

1

β

)(
d

dζ
U21(ζ)

)(
d

dζ
U22(ζ)

)
− i

(ρcp)hnf
(ρcp)f

H2θ22(ζ) +Q2θ22(ζ)

+ 2
µhnf

µf
Ec

(
1 +

1

β

)
σ2U21(ζ)U22(ζ) = 0, (16)

(
1 +

1

β

)(
d2

dζ2
U31(ζ)

)
+H2 +Gr θ31(ζ) = 0, (17)(

1 +
1

β

)(
d2

dζ2
U32(ζ)

)
− iH2U32(ζ) +H2 +Gr θ32(ζ) = 0, (18)
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1

Pr

d2

dζ2
θ31(ζ) +Q3θ31(ζ) + Ec

(
1 +

1

β

)(
d

dζ
U31(ζ)

)2

= 0, (19)

1

Pr

d2

dζ2
θ32(ζ)− iH2θ32(ζ) +Q3θ32(ζ)

+ 2Ec

(
1 +

1

β

)(
d

dζ
U31(ζ)

)(
d

dζ
U32(ζ)

)
= 0 (20)

with boundary conditions

U11 = 0, θ11 = 0, U12 = 0, θ12 = 0 at ζ = −1,

U11 = U21, θ11 = θ21,

∂U11

∂ζ
=
µhnf

µf

∂U21

∂ζ
,

∂θ11
∂ζ

=
khnf
kf

∂θ21
∂ζ

at ζ = 0,

U12 = U22, θ12 = θ22,

∂U12

∂ζ
=
µhnf

µf

∂U22

∂ζ
,

∂θ12
∂ζ

=
khnf
kf

∂θ22
∂ζ

at ζ = 0,

U21 = U31, θ21 = θ31,

µhnf

µf

∂U21

∂ζ
=
∂U31

∂ζ
,

khnf
kf

∂θ21
∂ζ

=
∂θ31
∂ζ

at ζ = 1,

U22 = U32, θ22 = θ32,

µhnf

µf

∂U22

∂ζ
=
∂U32

∂ζ
,

khnf
kf

∂θ22
∂ζ

=
∂θ32
∂ζ

at ζ = 1,

U31 = 0, θ31 = 1, U32 = 0, θ32 = 1 at ζ = 2.

Since the solutions of Eqs. (9)–(20) along with their boundary interface conditions
can be found easily by integrating the equations (see Umavathi and Hemavathi [31]).

The dimensionless Nusselt number is given by

Nu = −(θ′i)ζ=−1,2 = −
(
θ′i,1 + εθ′i,2e

it
)
ζ=−1,2, where i = 1, 3.

4 Results and discussion

The purpose of this section is to depict the convective transport of pulsatile multilayer
flow of titanium (Ti) and gold (Au) based blood hybrid nanofluid in a composite porous
channel with thermal radiation and heat source/sink parameters in three different regions
effects. It is assumed that the momentum and thermal aspects of hybrid across the contact
are all uninterrupted. Using the perturbation approach, analytical calculations have been
done to analyze the multifluid model for several relevant parameters, including the Casson
parameter β, Grashof number Gr , frequency parameter H , porous parameter σ, Eckert
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Figure 1. Geometry of the problem.
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Figure 2. Comparison of present results with Umavati and Hemavati [31].

number Ec, nanoparticle volume fraction φ = φAu+φTi = 0.05, heat source/sink param-
etersQ1,Q2, andQ3, time t on Ti–Au/ blood hybrid nanofluid velocities Us(ζ) and Ut(ζ)
and temperature θs(ζ) and θt(ζ) are visualized and elaborately discussed. Figure 1 shows
the three different heat source/sink parameter regions. The first region between −1 and 0
is blue, the second region between 0 and 1 is green, and the third region between 1 and 2
is red, respectively. Figure 2 shows the comparison of present results with Umavati and
Hemavati [31]. The results show good agreement with the Umavati and Hemavati [31].

Figures 3(a)–3(d) manifested the steady velocity profiles Us(ζ) for Casson param-
eter (β = 0.7, 0.8, 0.9), Grashof number (Gr = 0.2, 0.3, 0.4), frequency parameter
(H = 2.0, 2.2, 2.4), porous parameter (σ = 2.2, 2.4, 2.6) through three different regions.
Figure 3(a) demonstrates that improving Casson parameter β tend to increase the Us(ζ).
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(a) (b)

(c) (d)

Figure 3. Steady velocity profiles for different values of (a) Casson parameter β, (b) Grashof number Gr ,
(c) frequency parameter H , and (d) porous parameter σ.

This is due to the fact that an increase in β creates a rise in fluid viscosity, and it follows
that a greater viscosity produces a larger velocity. The extent of the growth, however,
differs depending on the region. The amplitude of the velocity increase is less in region II
when compared to the region I and in region II when compared to region III because the
fluid is saturated with porous medium in the middle of the channel. The Casson param-
eter within the velocity profile can be relevant for understanding blood flow dynamics,
particularly during cardiac cycles. By adjusting this parameter, researchers can model the
impact of non-Newtonian behavior on blood flow in arteries and predict changes in shear
stress, which is vital for assessing the risk of cardiovascular diseases. Figure 3(b) displays
how the Us(ζ) profile and Gr is inversely connected. This graph demonstrates that the
velocity profiles decrease with increasing amounts of Grashof number. However, the rate
of expansion varies depending on the area. Because the fluid is saturated with porous
medium in the center of the channel, the amplitude of the velocity increase is smaller
in region II than in region I and in region II than in region III. In Fig. 3(c) the behavior
of the H on velocity Us(ζ) is portrayed. This graph demonstrates that the higher values
of H increase all three regions of the Us(ζ). Physically, this corresponds to the ratio of
pulsatile flow oscillation frequency to body acceleration frequency. However, compared
to the centre of the channel, the effect of augmentation on the velocity field is more
pronounced towards the right and left walls of the channel. Figure 3(d) illustrates how
the porous parameter σ influences on velocity profile Us(ζ). According to this graph,
Us(ζ) is diminished by expanding values in the σ. Physically, the porous media causes
the fluid motion to produce second-order quadratic drag, which lowers the velocity in the
boundary layer. Comparing region I and region III to the mid-channel (nanofluid saturated
with porous media), the impact of suppression is dominant (clear viscous). When the
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(a) (b) (c)

Figure 4. Unsteady velocity profiles for different values of (a) Casson parameter β, (b) frequency parameterH ,
and (c) porous parameter σ.

tube is completely filled with one fluid, this is another typical outcome that is seen.
This parameter adjustment helps in modeling the behavior of fluids in tissues or porous
structures during dynamic processes, such as pulsatile blood flow in arteries. Lowering
the porous parameter can represent changes in tissue elasticity or permeability, aiding in
the understanding of diseases like hypertension, arteriosclerosis, and tumor growth within
porous tissues.

The consequence of the Casson parameter (β = 0.7, 0.8, 0.9), frequency parameter
(H = 2.0, 2.2, 2.4), and porous parameter (σ = 2.2, 2.4, 2.6) over three different
regions on unsteady velocityUt(ζ) is represented in Figs. 4(a)–4(c). Figure 4(a) illustrates
how the Casson parameter β influence on velocity profile Ut(ζ). According to this graph,
Ut(ζ) is augmented by expanding values in β. Physically, an increase in β creates a rise in
fluid viscosity, and it follows that a greater viscosity produces a larger velocity. Compar-
ing region I and region III to the mid-channel (nanofluid saturated with porous media), the
impact of suppression is dominant (clear viscous). When the tube is completely filled with
one fluid, this is another typical outcome that is seen. Figure 4(b) demonstrates that im-
proving frequency parameter H tends to increase the Ut(ζ). Physically, this corresponds
to the ratio of pulsatile flow oscillation frequency to body acceleration frequency. The
extent of the growth, however, differs depending on the region. The amplitude of the
velocity increase is less in region II when compared to the region I and in region II when
compared to region III because the fluid is saturated with porous medium in the middle
of the channel. This modification may indicate disorders such as bradycardia or other
heart rhythm irregularities, delivering information about the influence on hemodynamics
as well as possible health concerns. Understanding these slower frequency patterns is
critical in diagnosing, controlling, and forecasting the consequences of cardiac diseases
on blood flow and tissue perfusion. In Fig. 4(c) the behavior of σ on velocity Ut(ζ) is
portrayed. This graph demonstrates that the higher values of σ diminish all three regions
of Ut(ζ). Physically, the porous media causes the fluid motion to produce second-order
quadratic drag, which lowers the velocity in the boundary layer. However, compared to the
centre of the channel, the effect of augmentation on the velocity field is more pronounced
towards the right and left walls of the channel.

Figures 5(a)–5(f) manifesting the steady temperature profiles θs(ζ) has been examined
for Casson parameter (β = 0.7, 0.8, 0.9), frequency parameter (H = 2.0, 2.2, 2.4),
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(a) (b) (c)

(d) (e) (f)

Figure 5. Steady temperature profiles for different values of (a) Casson parameter β, (b) frequency parameter
H , (c)Eckert number Ec, (d) Grashof number Gr , (e) heat source/sink parameters Q2, and (f) nanoparticle
volume fraction φAu.

Eckert number (Ec = 0.1, 0.2, 0.3), Grashof number (Gr = 0.2, 0.3, 0.4), heat source/
sink parameters (Q2 = 0.01, 0.02, 0.05), and nanoparticle volume fraction (φ = 0.005,
0.010, 0.025) through three different regions. Figure 5(a) demonstrates that improving
Casson parameter β tends to diminution of θs(ζ). This is due to the fact that an decrease
in β creates a rise in fluid temperature, and it follows that a lesser viscosity produces
a larger temperature. The extent of the growth, however, differs depending on the region.
The amplitude of the temperature increase is less in region II when compared to the region
I and in region II when compared to region III because the fluid is saturated with porous
medium in the middle of the channel. In Fig. 5(b) the behavior of the H on temperature
profiles θs(ζ) is portrayed. This graph demonstrates that the higher values of H reduce
all three regions of the θs(ζ). Physically, this corresponds to the ratio pulsatile flow
oscillation frequency to body acceleration frequency. However, compared to the centre
of the channel, the effect of diminution on the temperature is more pronounced towards
the right and left walls of the channel. In Fig. 5(c) the behavior of Ec on temperature
profiles θs(ζ) is portrayed. This graph demonstrates that the higher values of Ec reduce
all three regions of θs(ζ). Physically, the higher Ec produces more kinetic energy, causing
particles to collide more frequently and dissipate energy. As a result, kinetic energy is
converted into thermal energy. However, compared to the centre of the channel, the effect
of diminution on the temperature is more pronounced towards the right and left walls of
the channel. Figure 5(d) displays how θs(ζ) profile and Gr are inversely connected. This
graph demonstrates the temperature profile intensifications with increasing amounts of
Grashof number. However, the rate of expansion varies depending on the area. Because
the fluid is saturated with porous medium in the center of the channel, the amplitude of
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(a) (b) (c)

(d) (e) (f)

Figure 6. Unsteady temperature profiles for different values of (a) Casson parameter β, (b) frequency parameter
H , (c) Eckert number Ec, (d) Grashof number Gr , (e) heat source/sink parameters Q2, and (f) nanoparticle
volume fraction φAu.

the temperature increase is smaller in region II than in region I and in region II than in
region III. In Fig. 5(e) the behavior of Q2 on temperature θs(ζ) is portrayed. This graph
demonstrates that the higher values ofQ2 increase all three regions of the θs(ζ). However,
compared to the centre of the channel, the effect of augmentation on the velocity field is
more pronounced towards the right and left walls of the channel. It depicts situations
when the amount of heat input or removal changes over time, such as when a person’s
body temperature is controlled by a fever or while receiving thermal therapy for med-
ical conditions. Understanding how this parameter fluctuation affects different medical
applications, such as hyperthermia therapies and thermal ablation techniques for tumor
therapy, aids in the optimization of thermal management tactics. In Fig. 5(f) the behavior
of φAu on temperature profiles θs(ζ) is portrayed. This graph demonstrates that the higher
values of φAu rises all three regions of θs(ζ). One may explain this outcome by claiming
that when nanoparticles are introduced to pure fluid, the fluid’s density rises, and the fluid
becomes denser, which causes the fluid’s momentum to increase in the channel. However,
compared to the centre of the channel, the effect of diminution on the temperature is more
pronounced towards the right and left walls of the channel.

Figures 6(a)–6(f) manifesting the unsteady temperature profiles θt(ζ) has been exam-
ined for Casson parameter (β = 0.7, 0.8, 0.9), frequency parameter (H = 2.0, 2.2, 2.4),
Eckert number (Ec = 0.1, 0.2, 0.3), Grashof number (Gr = 0.2, 0.3, 0.4), heat source/
sink parameters (Q2 = 0.01, 0.02, 0.05), and nanoparticle volume fraction (φ = 0.005,
0.010, 0.025) through three different regions. Figure 6(a) demonstrates that improving
Casson parameter β tends to diminution of θt(ζ). This is due to the fact that an decrease
in β creates a rise in fluid temperature, and it follows that a lesser viscosity produces
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a larger temperature. The extent of the growth, however, differs depending on the region.
The amplitude of the temperature increase is less in region II when compared to the region
I and in region II when compared to region III because the fluid is saturated with porous
medium in the middle of the channel. In Fig. 6(b) the behavior of the H on temperature
profiles θt(ζ) is portrayed. This graph demonstrates that the higher values ofH reduce all
three regions of the θt(ζ). Physically, this corresponds to the ratio of pulsatile flow oscil-
lation frequency to body acceleration frequency. However, compared to the centre of the
channel, the effect of diminution on the temperature is more pronounced towards the right
and left walls of the channel. Lower frequency thermal fluctuations or slower temperature
oscillations are indicated by a drop in the frequency parameter within the temperature
profile. When simulating biological or environmental systems that experience moderate
temperature fluctuations, such as seasonal climatic changes or the circadian cycles of
living things, this adjustment may be important. In disciplines like ecology, physiology,
and climate science, being able to predict temperature-related phenomena with accuracy
is crucial. It can also help in the creation of controlled environments for a variety of uses,
such as farming, medical research, and climate studies. In Fig. 6(c) the behavior of the
Ec on temperature profiles θt(ζ) is portrayed. This graph demonstrates that the higher
values of Ec intensify all three regions of the θt(ζ). Physically, the higher Ec produces
more kinetic energy, causing particles to collide more frequently and dissipate energy. As
a result, kinetic energy is converted into thermal energy. However, compared to the centre
of the channel, the effect of diminution on the temperature is more pronounced towards
the right and left walls of the channel. Figure 6(d) displays how θt(ζ) profile and Gr are
inversely connected. This graph demonstrates the temperature profile diminutions with
increasing amounts of Grashof number. However, the rate of expansion varies depending
on the area. Because the fluid is saturated with porous medium in the center of the chan-
nel, the amplitude of the temperature increase is smaller in region II than in region I and in
region II than in region III. The reduction in the Grashof number within the temperature
profile corresponds to situations with less buoyancy-driven heat transfer. When modeling
scenarios with smaller temperature gradients, such as regulated cooling operations in
medical equipment like refrigeration units for storing temperature-sensitive drugs or organ
preservation, this modification could be important. For accurate temperature management
in medical and pharmaceutical applications, protecting the integrity of delicate biological
materials and medicines, it is essential to comprehend the impact of a lower Grashof
number. In Fig. 6(e) the behavior of the Q2 on temperature θt(ζ) is portrayed. This graph
demonstrates that the higher values of Q2 increase all three regions of θt(ζ). However,
compared to the centre of the channel, the effect of augmentation on the velocity field is
more pronounced towards the right and left walls of the channel. In Fig. 6(f) the behavior
of the φAu on temperature profiles θt(ζ) is portrayed. This graph demonstrates the higher
values of φAu reductions all three regions of θt(ζ). One may explain this outcome by
claiming that when nanoparticles are introduced to pure fluid, the fluid’s density rises, and
the fluid becomes denser, which causes the fluid’s momentum to increase in the channel.
However, compared to the centre of the channel, the effect of diminution on the tempera-
ture is more pronounced towards the right and left walls of the channel. The nanoparticle
dispersion in a fluid changes over time, such as in drug delivery with temperature-sensitive
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(a) (b)

Figure 7. Effect of time t on (a) unsteady velocity profile and (b) unsteady temperature profile.

Table 2. Values of Nu for different values of β, Gr , and σ with
φAu=φTi=0, Ec=Q1=Q2=Q3=0.1, t=π/3, and H=1.

β Gr σ Nu

ζ = −1 ζ = 2

0.5 0 0 1.46183 −0.46422
1.0 0 0 1.41708 −0.41947
inf 0 0 1.28284 −0.28523
0.5 0.1 0 1.47938 −0.43674
1.0 0.1 0 1.44314 −0.37846
inf 0.1 0 1.33382 −0.20460
0.5 0 2 1.72231 −0.72470
1.0 0 2 1.80780 −0.81019
inf 0 2 2.06429 −1.06668

nanoparticles. Understanding how this parameter affects heat transfer is crucial for op-
timizing applications like targeted hyperthermia treatments and controlled drug release
within biological systems, ensuring the safety and effectiveness of these therapies.

Figures 7(a) and 7(b) manifesting the unsteady velocity Ut(ζ) and unsteady temper-
ature profiles θt(ζ) has been examined for time series parameter (t = π/6, π/3, π/2)
through three different regions. In Fig. 7(a) the behavior of Q2 on temperature Ut(ζ) is
portrayed. This graph demonstrates that the higher values of t diminish all three regions
of Ut(ζ). However, the rate of expansion varies depending on the area. Because the
fluid is saturated with porous medium in the center of the channel, the amplitude of
the temperature increase is smaller in region II than in region I and in region II than in
region III. Figure 7(b) displays how θt(ζ) profile and t are inversely connected. This graph
demonstrates the temperature profile developments with increasing amounts of t. The
amplitude of the temperature increase is less in region II when compared to the region I
and in region II when compared to region III because the fluid is saturated with porous
medium in the middle of the channel.

At ζ = −1 and ζ = 2, the outcomes of Nu for diverse aspects of β, Gr , and σ with
Au–Ti hybrid nanofluids are taken as absent (see Table 2). From this we observed that
Nu increases in ζ = −1 with various values of β, Gr , and σ. In Table 3, at ζ = −1 and
ζ = 2, the outcomes of Nu for diverse aspects of β, H , Gr , Ec, Q1, Q2, Q3, and σ with
Au–Ti hybrid nanofluids are taken as 0.025 and t = π/3. From this we observed that Nu
diminishes the larger values of Ec, Q1, Q2, and Q3.
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Table 3. Values of Nu for different values of H , Gr , σ, Ec, Q1, Q2, and Q3 with
φAu = φTi = 0.025 and t = π/3.

β H Gr σ Ec Q1 Q2 Q3 Nu

ζ = −1 ζ = 2

0.5 2.0 0.1 2.0 0.20 0.10 0.20 0.10 0.79656 0.42256
1.0 2.0 0.1 2.0 0.20 0.10 0.20 0.10 0.55100 0.82082
1.5 2.0 0.1 2.0 0.20 0.10 0.20 0.10 0.37220 1.09330
1.0 0.5 0.1 2.0 0.20 0.10 0.20 0.10 0.90581 0.03709
1.0 1.0 0.1 2.0 0.20 0.10 0.20 0.10 0.94120 0.08734
1.0 1.5 0.1 2.0 0.20 0.10 0.20 0.10 0.91409 0.25627
1.0 2.0 0.2 2.0 0.20 0.10 0.20 0.10 0.38569 1.46968
1.0 2.0 0.3 2.0 0.20 0.10 0.20 0.10 0.47236 1.92933
1.0 2.0 0.4 2.0 0.20 0.10 0.20 0.10 0.71853 2.44020
1.0 2.0 0.1 2.5 0.20 0.10 0.20 0.10 0.83971 0.49118
1.0 2.0 0.1 3.0 0.20 0.10 0.20 0.10 0.88825 0.40958
1.0 2.0 0.1 3.5 0.20 0.10 0.20 0.10 0.82258 0.43953
1.0 2.0 0.1 2.0 0.05 0.10 0.20 0.10 0.96929 0.06229
1.0 2.0 0.1 2.0 0.10 0.10 0.20 0.10 0.89431 0.24939
1.0 2.0 0.1 2.0 0.15 0.10 0.20 0.10 0.74687 0.50994
1.0 2.0 0.1 2.0 0.20 0.11 0.20 0.10 0.78130 1.02362
1.0 2.0 0.1 2.0 0.20 0.12 0.20 0.10 1.03618 1.24281
1.0 2.0 0.1 2.0 0.20 0.13 0.20 0.10 1.31938 1.48079
1.0 2.0 0.1 2.0 0.20 0.10 0.17 0.10 1.27100 −0.00377
1.0 2.0 0.1 2.0 0.20 0.10 0.18 0.10 1.00897 0.29162
1.0 2.0 0.1 2.0 0.20 0.10 0.19 0.10 0.76983 0.56557
1.0 2.0 0.1 2.0 0.20 0.10 0.20 0.12 0.36255 0.76575
1.0 2.0 0.1 2.0 0.20 0.10 0.20 0.13 0.25859 0.72530
1.0 2.0 0.1 2.0 0.20 0.10 0.20 0.14 0.14691 0.67433

5 Conclusion

This study aims to determine the influence of a heat source/sink on a non-Newtonian hy-
brid nanofluid saturated with a porous medium separated between the transparent viscous
fluid filled in a vertical channel. The main goal of this research is to depict the blood-based
nanofluid flow properties after the mechanism has been filled with nanoparticles. The
influence of distinctive factors like the Casson parameter, Grashof number, frequency pa-
rameter, porous parameter, Eckert number, nanoparticle volume fraction, heat source/sink
parameters, and time parameter are shown through two-dimensional graphs and tables.
The following significant findings emerged from this investigation:

• Improving Casson parameter β tends to increase the steady Us(ζ) and unsteady
velocity profiles Ut(ζ).

• Velocity profiles decrease with increasing amounts of Grashof number, and the
opposite nature is observed for the temperature profiles.

• The velocity profile Us(ζ) is diminished by expanding values in the porosity pa-
rameter σ.

• The higher values of t diminish all three regions of the Ut(ζ), and the contrary
nature is detected for θt(ζ).
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• The heat source/sink parameter Q2 increases all three regions of θs(ζ) and θt(ζ).
• The frequency parameter H reduces all three regions of θt(ζ) and θs(ζ).
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