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Abstract 

In this research, we investigate the unsteady magnetohydrodynamic 
(MHD) flow and heat transfer behavior of a Casson nanofluid through 
a porous, sinusoidal (wavy) artery channel, under the influence of a 
perpendicular magnetic field. The study considers blood as a base 
fluid, enhanced with gold nanoparticles, and models it using Casson 
fluid characteristics to simulate realistic biological and industrial non-
Newtonian behaviors. The analysis incorporates Hall and ion slip 
effects, thermal radiation, and porous medium properties. A 
perturbation technique is applied to derive analytical solutions to the 
governing non-dimensional equations for velocity and temperature 
fields. Key physical parameters such as Hartmann number, Grashof 
number, suction parameter, Prandtl number, and time are varied to 
understand their influence on flow dynamics. The results, presented 
graphically, reveal that increasing the magnetic field strength 
(Hartmann number) and the suction parameter results in the 
suppression of fluid motion and temperature profiles, whereas the Hall 
and ion slip parameters exhibit contrasting effects on the flow 
velocities. The study concludes that both thermal and hydrodynamic 
boundary layers are significantly influenced by the interplay of 
magnetic, thermal, and porous characteristics, providing insights for 
biomedical and industrial applications involving complex fluid flows. 

1. Introduction 

Researchers are increasingly interested in non-Newtonian blood models 
because they more accurately capture physiological flow behavior in 
biomedical applications such as microcirculation, catheterized arteries, and 
targeted thermal therapies. Blood is often modeled as a Casson fluid to 
represent its yield-stress and shear-thinning behavior, which is important 
when studying flow in narrow, stenosed or wavy arteries. Recent studies 
have modeled blood as a Casson nanofluid carrying gold (Au) nanoparticles 
to investigate thermal transport, entropy generation and clinical applications 
(e.g., drug delivery and localized hyperthermia), because Au nanoparticles 
offer favorable biocompatibility and strong thermal response for biomedical 
use. Hall and ion-slip effects, together with magnetic fields, have been shown 
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to substantially influence velocity and heat transfer in blood-based 
nanofluids an important consideration for magnetically assisted therapies and 
magnetohydrodynamic control in catheterized or stenosed arteries. Khan et 
al. [1] took into account the second-order slip micropolar Casson nanofluid 
flow with variable viscosity, thermal conductivity, Brownian diffusion, and 
thermophoretic diffusion also considered the blood flow as a non-Newtonian 
Casson micropolar nanofluid past a moving stretching elastic sheet. The                   
first analytical model for radiation-induced convective nanofluid flow was 
developed by Parasuraman et al. [2]. In a rotating environment with 
fluctuating wall temperature and concentration, Singh et al. [3] investigated 
the effects of Hall and ion-slip currents on the unsteady MHD boundary       
layer flow of electrically and thermally conducting, heat-absorbing, and 
chemically reacting Walters’B fluid over an infinite vertical porous plate 
embedded in a uniform porous medium. Singh et al. [4] reported on an 
analytical study on an unsteady magnetohydrodynamic (MHD) boundary 
layer flow of a rotating viscoelastic fluid over an infinite vertical porous plate 
embedded in a uniform porous medium. Considering the impact of partial 
velocity slip at the sheet-fluid interface, Seth et al. [5] have focused on the 
two-dimensional hydromagnetic, natural convective flow of an electrically 
conducting, incompressible, and viscoelastic fluid past a vertically upward, 
nonlinearly stretching sheet. 

Shahzadi and Bilal [6] talked on the effects of permeability on blood 
flow by using the example of a hybrid nanofluid passing through a bifurcated 
stenosed artery. By using Carbon Nanotubes (CNTs) suspended in human 
blood/water as the base fluid on a stretched sheet, Alkasasbeh et al. [7] 
wanted to study the features of heat transfer and magnetohydrodynamics 
(MHD) Casson nanofluid at the existence of free convection boundary layer 
flow. Casson nanofluid, which is employed as a lubricant, was examined by 
Archana et al. [8] in the incompressible and compressed flow between two 
parallel plates. In a two-layer Casson model with blood serving as the base 
fluid in both levels, one layer is filled with TiO2, while the second layer 
includes both TiO2 and Graphene, Amin et al. [9] looked into the mass and 
energy transmission. Recent studies have investigated nanofluid flow and 
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heat transfer in Couette-driven channels with embedded cavities using 
Buongiorno’s model. Rossi di Schio et al. [10] examined the influence of 
Brownian motion, thermophoresis, and key dimensionless parameters on 
velocity, temperature, concentration, and Nusselt number. Complementing 
this, Mokhefi and Rossi di Schio [11] analyzed the effect of magnetic fields, 
showing how Hartmann number and field inclination significantly alter 
transport and heat exchange characteristics. Together, these works provide 
valuable insights into nanofluid convection with and without 
magnetohydrodynamic effects several very recent works apply Casson-type 
models with hybrid or mono-nanoparticles to arterial and channel flows, 
demonstrating practical relevance to biomedical problems: Nazeer et al. [12] 
analysed entropy generation and heat transfer in blood-gold Casson 
nanofluids in wavy channels with clinical applications in skin therapies, 
while Khanduri and Sharma [13] examined Hall and ion slip effects for Au-
GO/blood suspensions in catheterized stenosed arteries. Two-layer and 
hybrid Casson nanofluid formulations further illustrate how nanoparticle 
choice (e.g., TiO2, Graphene, Au) and layering can alter mass/heat transport 
in physiologically relevant geometries results that can inform hyperthermia, 
enhanced heat removal, and nanoparticle-assisted drug transport strategies. 
Motivation of this study comes from the listed reference works, applications 
from industrial difficulties, and the primary interest in learning about the 
effects of radiation-absorption and Hall and ion slip condition. Casson 
nanofluid is taken into consideration in this work. For the closed form 
solution of the non-dimensional governing equations, the analytical approach 
is used. 

2. Mathematical Formulation 

Flow description of the present problem is shown in Figure 1. Consider 
the Hall and ion slip effects, unsteady, fully developed flow of viscous 
incompressible and electrically conducting Casson fluid in a region between 
two vertical channel walls situated at 0z  and ,sin xadhz  
respectively. The following equations govern the flow field (Amin et al. [9], 
Bunonyo et al. [14] and Babu et al. [15]): 
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(i) The uniform magnetic field is applied perpendicularly to the direction 
of the nanofluid flow. 

(ii) With regard to the z-axis, the system is rotated. 

(iii) It is considered that nano-particles are consistent in size and shape. 

(iv) Nanoparticles in the fluid phase are both in a condition of thermal 
equilibrium. 

(v) Since the plate has an unlimited surface area, the only physical 
variables that depend on z and t are pressure and temperature. 

 

Figure 1. Physical model of the problem. 

The governing equation incorporating continuity, momentum and energy 
equations in the x and z direction (Vijayakumar and Jancy Rani [16]) is 
written as 

,0z
w  (1) 
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The boundary conditions are stated as 
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u
f

p  at .hz  (5) 

We consider the solution of equation (1) as 

,0Ww  (6) 

where the constant 0W  denotes the negative for blowing injection 

00W  and the normal velocity at the plate which is positive suction 

.00W  Following Rosseland approximation (Ali et al. [17], Ahmed et al. 

[18] and Alkuhayli [19]), the radiative heat flux ,rq  is modeled as 

.3
4 4

2 z
T

kqr  (7) 

Considering that the flow is surrounded by a temperature different, then 

the linear combination of temperature 4T  is defined. We expand 4T  by 
Taylor series about T  as follows: 

.64 23344 TTTTTTTT  (8) 



Effect of Magnetic Field on a Casson Nanofluid … 261 

Ignoring higher order expressions forward to the foremost degree within 

TTTT 344 43  (9) 

with respect to z, differentiate the equation (7) and making use the equation 
(9) 
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The electron-atom collision frequency is considered to be extremely 
high, therefore Hall and ion slip currents cannot be ignored. As a result, the 
Hall and ion slip currents generate velocity in the y direction. When the 
magnetic field is sufficiently strong, the generalised Ohm’s equation is 
modified to incorporate the Hall and ion slip effect as Vijayakumar and 
Jancy Rani [16]: 

,2
00

BBJ
B

BJBBqEJ ieeee  (11) 

where iJEBq ,,,,,  are respectively the velocity vector, the magnetic 

field vector, the electric field vector, the current density vector, the effective 
electric conductivity of hybrid blood and Hall parameter. 

The Maxwell equations are 

.0,0, JBt
BE  (12) 

Further it is assumed that 1~ Oee  and ,1ee  in equation (11), 

the electron pressure gradient and thermoelectric effects are neglected, i.e., 
the electric field 0E  under these assumption, equation (11) reduces to 

,1 0vBJJ zexei  (13) 

.1 0uBJJ xezei  (14) 

We get by solving equations (13) and (14): 

,0 vuBJ IIIx  (15) 
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.0 uvBJ IIIz  (16) 

Substituting equations (15) and (16) into (2) and (3), we obtain 
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The boundary conditions are stated as 
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Now, we introduce the following dimensionless parameters: 
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with the boundary conditions, the equations (19)-(21) and (4) obtained using 
dimensionless variables are 

,11 512
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with the boundary conditions 
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Here 
f

dqRe 0  is the Reynolds number, 
0
0

U
wS  is the suction parameter, 

0

2
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diR  is the Rotation parameter, 
k
d  is the Porous parameter, 

f
T
k

dQQ
2

 is the Heat source parameter, 
fkk

TRd
3
04  is the Radiation 

parameter and 
f

ffp
k

c
Pr  is the Prandtl number. 

Table 1. Thermophysical properties of base fluid and nanoparticles 

Physical property Blood Gold 

(KGM–3)  1063 19320 

K (W/mK) 0.492 314 

pC (J/kgK) 3591 129 

(Sm–1) 6.67  10–1 4.10  107 

(k–1) 0.18  10–5 1.4  10–5 

As a function of the nanoparticle, the following definitions for effective 
density, effective dynamic viscosity, thermal expansion coefficient, thermal 
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conductivity, and electrical conductivity (see Krishna and Chamkha [20]) are 
given, respectively: 

,1 sfnf  
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1 5.2 sfnf

f
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where  is the volume of the nanoparticles that are made of solid material, 

f  and s  are the densities of the fluid and solid particles, s  and f  are 

the coefficients of thermal expansion of the solid and fluid, fK  and sK  are 

the thermal conductivity of the base fluid and the solid, f  is the electrical 

conductivity of the fluid, respectively. 

3. Method of Solution 

Equations (22)-(25) constitute nonlinear partial differential equations 
with complex closed-form solutions. To solve these equations by 
transforming them into ordinary differential equations, the unsteady flow is 
imposed on the mean steady flow. In the vicinity of the plate, the formulas 
for velocity, temperature, and concentration are assumed ,1  as follows: 

,2
00 Oqeqq ti  (26) 

.2
00 Oe ti  (27) 

Equations (22)-(25) are simplified by applying equations (26)-(27) and 
equating the harmonic and non-harmonic terms, and neglecting the higher 
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order of ,2O  and simplifying to get the following pairs of equations for 
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Subject to the boundary conditions 

z
q0 1, 00qf  at ,0z  (32) 

         1, 00qf  at ,hz  (33) 

z
q1 1, 11qf  at ,0z  (34) 

 1, 11qf  at .hz  (35) 

Solving the equations (28)-(31) with respect to the boundary conditions 
(32)-(35), we obtain the solutions of velocity and temperature as follows: 

zmzmzmzm eSeSeAeAq 2165 10965  

,4387 121187
zmzmzmzmti eSeSeAeAe  (36) 

., 4321 4321
zmzmtizmzm eAeAeeAeAtz  (37) 

At the surface of the plate .,0 hz  Skin friction and Nusselt number 

are defined in non-dimensional form as follows: 
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z
q  at ,,0 hz  

zNu  at .,0 hz  

4. Results and Discussions 

The governing equations along with the relevant physical conditions are 
solved by employing a perturbation technique. The effects of the governing 
parameters on the velocity and temperature distributions are analyzed and 
illustrated graphically in Figures 2-16 for representative parameter values 
using MATHEMATICA 12.0. 

 

Figure 2. Velocity profile for varying M. 

 

Figure 3. Velocity profile for varying t. 
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Figure 4. Velocity profile for varying .e  

 

Figure 5. Velocity profile for varying .i  

 

Figure 6. Velocity profile for varying Gr. 
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Figure 7. Velocity profile for varying S. 

 

Figure 8. Temperature profile for varying S. 

 

Figure 9. Temperature profile for varying t. 
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Figure 10. Temperature profile for varying Pr. 

 

Figure 11. Skin friction for varying S at .0z  

 

Figure 12. Skin friction for varying S at .hz  
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Figure 13. Skin friction for varying Gr at .hz  

 

Figure 14. Skin friction for varying Gr at .0z  

 

Figure 15. Nusselt number for varying S at .hz  
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Figure 16. Nusselt number for varying S at .0z  

Figure 2 displays Hartmann number (M) the behavior of velocity profiles 
in the presence of a magnetic field can depend on various factors, including 
the fluid properties (conductivity, viscosity), the strength and orientation of 
the magnetic field, and the geometry of the flow. Additionally, the presence 
of nanoparticles in a nanofluid can further complicate the behavior of the 
fluid, as nanoparticle properties also influence the response to the magnetic 
field. Hence, increasing values of the Hartmann number (M) lead to the 
suppression of fluid motion and can result in altered velocity profiles in both 
the U and V velocities, especially in magnetohydrodynamic flows of regular 
and nanofluids. Figure 3 illustrates the effect of time on the velocity 
distribution in the blood-based nanofluid. As time increases, the velocity 
profiles exhibit oscillatory and gradually attenuated behavior due to the 
pulsatile nature of blood flow combined with the sinusoidal channel 
geometry. The presence of wavy walls introduces periodic flow disturbances, 
leading to time-dependent variations in velocity. In the constricted regions of 
the channel, the fluid accelerates, whereas in the wider sections, the flow 
decelerates, resulting in a dynamically varying velocity profile. Figure 4 
depicts the influence of the Hall parameter ,e  on the velocity field. The 

observed behavior is attributed to the action of the Lorentz force arising from 
the interaction between the applied magnetic field and the electrically 
conducting fluid. At higher Hall parameter values, the Lorentz force acts 
perpendicular to both the magnetic field and the primary flow direction, 
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which reduces the axial velocity component. Simultaneously, this force 
induces transverse motion, leading to an enhancement of the velocity 
component in the V direction. 

Figure 5 shows as the ion slip parameter ,  increases, it signifies that 

there is a greater relative motion or slip between the ions and the 
nanoparticles in the nanofluid. This increased slip can lead to changes in the 
velocity profile. Typically, this would observe that the fluid velocity U 
decreases because the presence of nanoparticles may introduce additional 
resistance to hinder the flow of the fluid. The velocity component V 
perpendicular to the flow direction might increase because of these changes 
in the flow dynamics. 

Figure 6 shows the higher thermal Grashof numbers (Gr) that can lead to 
more turbulent flow patterns, especially in nanofluids where nanoparticles 
may introduce additional mixing mechanisms. Turbulence can further 
increase the complexity of the velocity profiles, leading to increase velocities 
in V direction. The horizontal velocity component U may decrease to remain 
relatively constant, depending on the specific conditions of the problem. In 
the case of nanofluids, nanoparticles can enhance heat transfer due to their 
high thermal conductivity. As the Grashof number (Gr) increases, the 
convective heat transfer also increases, which can affect the temperature 
distribution and consequently, the velocity profile. 

Figure 7 illustrates the effect of the suction parameter S on the velocity 
components U (axial) and V (transverse) for both regular fluids and 
nanofluids. It is observed that increasing values of S lead to a reduction in 
velocities in both directions. This behavior is attributed to the enhanced 
suction at the channel walls, which draws fluid toward the surface and 
reduces the momentum boundary layer thickness. In the case of nanofluids, 
the presence of suspended nanoparticles further increases the effective drag 
within the flow. Consequently, stronger suction suppresses fluid motion and 
results in a significant decrease in both velocity components. Figure 8 
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demonstrates that increasing values of the suction parameter lead to a 
noticeable reduction in the temperature profile of the nanofluid, particularly 
in the case of blood-based fluids. This behavior is attributed to the enhanced 
removal of fluid particles near the surface, which effectively reduces the 
thermal boundary layer thickness. As suction intensifies, it promotes rapid 
extraction of thermal energy from the fluid, thereby lowering the local 
temperature. Additionally, increased suction suppresses convective currents 
within the boundary layer, limiting heat transport and reinforcing the cooling 
effect. These findings are consistent with prior studies, such as those reported 
by Khan and Pop [21], who observed similar thermal boundary layer 
behavior in nanofluids under varying suction conditions. This mechanism has 
significant implications for biomedical heat regulation, especially in 
applications involving targeted drug delivery and localized thermal therapies. 

Figure 9 reveals that as time progresses, the temperature of the nanofluid 
(blood fluid) increases along the z direction. This behavior is due to the 
continuous application of thermal energy and the gradual diffusion of heat 
throughout the fluid domain. Over time, the thermal boundary layer expands 
radially, allowing more heat to penetrate into the nanofluid. The 
nanoparticles within the blood fluid enhance thermal conductivity, 
contributing to the overall temperature rise. Similar observations were 
reported by Nadeem et al. [22], where time-dependent nanofluid flows 
exhibited increasing thermal response due to sustained energy input and 
enhanced nanoparticle interaction. Figure 10 indicates that an increase in the 
Prandtl number leads to a decline in temperature along the z direction in 
blood-based nanofluids. A higher Prandtl number implies lower thermal 
diffusivity, which restricts heat conduction and results in a thinner thermal 
boundary layer. Consequently, less heat is transferred away from the surface, 
causing the temperature to decrease with radial distance. These results are in 
good agreement with those reported by Khan and Pop [21], who observed a 
similar reduction in temperature profiles for nanofluids with higher Prandtl 
numbers. The numerical results, as shown in Figures 11 and 12, indicate that 
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increasing the suction parameter significantly enhances the skin friction 
coefficients at both the upper and lower wavy walls in blood-based nanofluid 
flow. This is because higher suction rates draw fluid toward the walls, 
reducing boundary layer thickness and intensifying the near-wall velocity 
gradients. As a result, wall shear stress increases. Similar observations were 
reported by Nadeem et al. [22], who noted that stronger suction enhances 
skin friction in boundary-layer nanofluid flows. The results clearly 
demonstrate that increasing the Grashof number increases the skin friction on 
both the upper and lower wavy walls in blood-based nanofluid flow. This 
behavior is primarily due to the strengthening of buoyancy forces, which 
enhances the convection process. With higher Grashof numbers, the induced 
convective currents near the wall become more vigorous, leading to an 
increase in the velocity gradient and, consequently, in skin friction. 

Figures 13 and 14 show that skin friction increases when the Grashof 
number rises at both the upper hz  and lower 0z  wavy walls in 

nanofluid (blood fluid) flow. This is due to the enhancement of buoyancy 
driven forces, which intensify natural convection and fluid motion near the 
walls. The stronger velocity gradients near the wavy boundaries increase the 
shear stress, leading to higher skin friction. Figures 15 and 16 demonstrate 
that an increase in the suction parameter leads to a higher Nusselt number at 
both the upper hz  and lower 0z  wavy walls in nanofluid (blood 

fluid) flow. This is due to the enhanced heat transfer caused by the reduction 
in thermal boundary layer thickness from the suction effect. The presence of 
nanoparticles in the blood fluid further improves thermal conductivity, 
enhancing the overall heat transfer. 

5. Conclusion 

The present analysis investigates the effects of Hall and ion slip currents 
on unsteady MHD free convective rotating flow of a Casson nanofluid 
through a porous sinusoidal channel. The key findings of the study are 
summarized as follows: 
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(i) The fluid velocity decreases with increasing Hartmann number, time, 
and thermal Grashof number due to enhanced magnetic and buoyancy 
resistance. 

(ii) An increase in the Hall parameter reduces the axial velocity, while 
ion slip effects exhibit an opposing influence on the flow behavior. 

(iii) Fluid temperature decreases with increasing suction parameter and 
Prandtl number, indicating effective thermal boundary layer control. 

(iv) Skin friction coefficients increase at both wavy walls with higher 
suction and Grashof numbers. 

(v) The Nusselt number is enhanced with suction, demonstrating 
improved heat transfer characteristics of the Casson nanofluid. 
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Appendix 

This section provides supplementary mathematical derivations and 
extended formulations that support the governing equations and analytical 
solutions discussed in the main text. These details are included to ensure 
completeness and reproducibility of the analysis of unsteady MHD Casson 
nanofluid flow through a porous sinusoidal artery channel under the 
influence of a magnetic field, 
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