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 The study explores the impact of Hall and ion slip and velocity slip on the heat and mass 

transfer characteristics of MHD two-layered peristaltic motion of Casson-micropolar and 

Newtonian liquid in an inclined channel embedded in a porous space.  The governing flow 

equations have been linearised under the assumptions of long-wavelength approximation 

and low Reynolds number.  Closed-form expressions for pressure rise, wall frictional force, 

and mechanical efficiency over a complete wavelength cycle are derived. Results are 

presented graphically to analyse the impact of key parameters, such as the Hartmann number, 

porous parameter, Froude number, velocity slip, and inclination parameter, on velocity, 

temperature, concentration, mechanical efficiency, entropy generation, along with Nusselt 

number and Sherwood number.   Our findings reveal that as inclination, microrotation, and 

Casson parameters grow, there is a corresponding rise in liquid velocity.  The liquid 

temperature falls with the rise of the Froude number and Casson parameter.   Furthermore, 

when the chemical reaction parameter and Schmidt number grow, the concentration 

distribution reduces.  It is also observed that when the micropolar fluid and inclination 

parameters rise, both the pressure gradient and pressure rise increases.  Mechanical 

efficiency improves with the rise of the microrotation parameter, and entropy generation 

escalates with the rise in the inclination parameter.  A comparative analysis has been 

performed to confirm the validity of the obtained results.   These studies can be applied to 

physiological systems; specifically, esophageal peristalsis is governed by central and 

peripheral neural mechanisms, which involve extrinsic sympathetic or parasympathetic 

nerves and the myenteric plexus, respectively. Additionally, such investigations are relevant 

to biomedical engineering applications, including thermal therapy procedures.  
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1. Introduction 

A progressive wave that contracts or expands 
along the length of a distensible tube or channel 
carrying the liquid is known as peristaltic transport. 
It is the main mechanism governing the flow of 
chyme and food in the intestines, the movement of 
spermatozoa through the cervical canal, the flow of 
bile in the bile ducts, and the passage of urine in the 

ureter.  Finger and roller pumps use peristalsis to 
pump corrosive materials, preventing the fluid from 
touching the interior surfaces directly.  The study of 
peristalsis has been receiving a lot of attention ever 
since the initial analysis carried out by Latham [1], 
both theoretical, computational and experimental 
studies have been extensively carried out to 
improve the understanding of peristaltic motion in 
various environments, due to its significance in 
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biological systems and mechanical and industrial 
problems ([2]-[16] and several references therein). 

In physiological systems like the ureter, 
esophagus, and small blood vessels, where the wall 
structure is responsible for pumping, the wall is 
often lined with a liquid that has different 
properties from the transported fluid. To 
understand the impact of this fluid coating on 
transport, it is necessary to expand the analysis of 
peristaltic pumping from a single fluid to a two-fluid 
model. This can be accomplished by introducing a 
peripheral layer with varying viscosity.  Following  
Shukla et al. [17], researchers have shown a keen 
interest in this area of study [18-29].  The two fluid 
flow of a power-law fluid varying viscosities 
through a cylindrical tube has been analytically 
studied by Misra and Pandey [20].  Assuming a long 
wavelength and low Reynolds number, Kavitha et al. 
[21] examined the peristaltic motion of a Jeffrey 
liquid interacting with a Newtonian liquid in an 
inclined, symmetric channel.  The peripheral region 
becomes narrower and the interface shape changes 
as the Jeffrey liquid parameter rises. The study by 
Vajravelu et al. [22] focused on the impact of 
peristalsis and heat transfer on physiological flow 
within a two-liquid model in a symmetric channel 
with permeable walls. The core contains a Jeffrey 
liquid and the periphery a Newtonian liquid.   In a 
flexible cylindrical tube, Sadaqut Hussain et al. [23] 
have conducted an analysis of the two immiscible 
peristaltic pumping of Phan-Thien-Tanner liquid 
with applied electro-osmotic force.  The fluid in the 
core (inner) layer follows the PTT fluid model's 
constitutive equation, whereas the fluid in the 
peripheral (outer) layer is Newtonian.  The findings 
indicate that controlling trapping and reflux is 
possible through either increasing the electric field 
strength or leveraging the viscoelastic and 
extensional behavior of the fluid in the core region. 
Ali et al. [24] illustrated the peristaltic motion of two 
immiscible liquids in a tube along with electro-
osmosis. At the periphery, fluid aligns with a 
Newtonian model, while the core fluid is 
represented by the Ellis constitutive equation.  The 
streamline pattern is generated for each region 
when the interface's shape is not known 
beforehand. The flow and heat transfer 
characteristics of the peristaltic flow of two 
immiscible liquids in a vertical channel have been 
examined by Sankranthiand Akkiraju Naga Satya 
[25]. According to their results, an increase in 
viscosity ratio alters the interface shape, which 
leads to a reduced thickness of the peripheral layer 
in the pump's constricted region.  Both zones are 
filled with Newtonian fluids with varying viscosity 
and density. Rushi Kesava and Srinivas [26] 
conducted an investigation on the peristaltic motion 
of a two-layered channel, with a Casson liquid in the 
inner layer and a porous space in the outer layer, 
considering a shear stress jump boundary condition 

at the interface. Sreenadh et al. [27] reported the 
influence of elasticity on the peristaltic transport of 
a Jeffrey and Newtonian liquid in a uniform tube 
using a two-layer liquid model.  The results indicate 
that the elasticity of the tube walls causes the 
interface to extend more in the core region.  
Recently,  Kumar and  Yadav [28] explored heat and 
mass transfer characteristics in the peristaltic 
transport of immiscible Newtonian and micropolar 
liquid via a porous saturated channel along with the 
generation of entropy. The findings from the 
analysis highlight that naturally occurring porous 
materials lead to higher values of flow properties 
than man-made porous materials. 

Non-Newtonian fluids have been a significant 
area of research for several decades. Due to the 
widespread use of various non-Newtonian fluids, 
such as lubricants, in industrial applications, 
considerable attention has been directed toward 
modelling and analysing their rheological 
properties. This non-linearity can appear in 
numerous fields, including food processing, drilling 
operations, and bioengineering (see the references 
[29-40]).  The Casson micropolar fluid model 
combines the properties of Casson fluids, with their 
nonzero yield stress, and micropolar fluids, which 
exhibit micro-rotational behavior. This combination 
is vital in medical applications, particularly for 
blood rheology and the study of conditions like 
clotting or abnormal flow. Beyond medicine, the 
model is also valuable in predicting and controlling 
the flow of industrial fluids with complex 
compositions, such as slurries, emulsions, inks, and 
paints, which exhibit both viscoplastic and 
micropolar characteristics. Its accuracy is essential 
in fields that demand precise flow control, including 
biomedical devices, drug delivery systems, and 
microfluidic applications. Mehmood et al. [31] 
examined the effects of microrotation on the mixed 
convective flow of a Casson fluid driven by a 
stretched sheet.  In their research, the velocity and 
microrotation profiles show opposing behaviour 
with respect to the micropolar parameter. Iqbal et 
al. [32] investigated the effects of an angled 
magnetic field and viscous dissipation on the flow of 
a micropolar Casson fluid across a stretched sheet.  
Using the scaling group of transformation the 
resulting system of equations are converted to a set 
of non-linear ODEs. These equations are then solved 
using the Keller box technique. The micropolar 
Casson fluid and its significant effects on the 
magnetic field were studied by Chun et al. [33]. The 
numerical procedure was carried out by use of the 
Lobatto IIIA numerical computing technique. The 
effects of material behavior, thermophoresis, the 
buoyancy ratio parameter, and Brownian motion, 
on MHD micropolar Casson liquid over a solid 
sphere enclosed by a porous space have been 
explored by Hazarika and Ahmed [34]. El-Dabe et al. 
[35] explored an incompressible micropolar Casson 
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fluid on a stretched surface with the influence of 
porous media and heat production. Ms-DTM has 
been employed to solve the governing equations. 
Abbas and Rafiq [36]  analysed a numerical study on 
the peristaltic motion of micropolar-Casson liquid 
in a channel. Results indicated that a rise in the slip 
parameter, coupling number, and micropolar 
parameter leads to a reduction in the pressure 
gradient. The flow and thermal characteristics of a 
hybrid nanofluid Casson micropolar liquid over a 
curved stretching sheet was investigated by 
Upadhya et al. [37], along with mass transfer.  In 
their results, the micropolar fluid exhibits more 
entropy generation than the Casson fluid. Nadeem 
Abbas et al. [38]  explored the dynamic behaviour of 
Casson-Micropolar-Sutterby liquid flow over a 
sheet exhibiting exponential curvature, analysing 
the effects of chemical reactions and magnetic fields 
on the flow.  Their results showed that the 
micropolar fluid profile curves increased with an 
increase in the curvature parameter values.  Sharma 
et al. [39] employed computational techniques to 
investigate the thermal efficiency of immiscible 
Casson micropolar and Jeffery fluid flow in a 
horizontal channel with a uniform pressure 
gradient.  Vaidehi and Sasikumar [40] examined the 
heat and mass transfer characteristics of 
micropolar-Casson liquid flow through a tapered 
oscillatory wavy channel, considering both low and 
high values of plastic dynamic viscosity. Where the 
radiation component of energy transfer is modelled 
using Plank’s approximation. The Crank-Nicolson 
method is employed to resolve the governing 
equations. 

In the presence of strong electromagnetic forces, 
the Hall effect becomes significant, especially when 
the Hall current is high due to a low electron-atom 
collision rate.  Since ions possess greater mass than 
electrons, their movement differs, producing 
distinct diffusion velocities. Because current density 
depends on diffusion velocity, electrons typically 
contribute more to current flow than ions. However, 
under strong magnetic fields, ion diffusion becomes 
notable, and the combined influence of both ion and 
electron diffusion is known as the ion-slip effect. 
Both Hall and ion-slip effects are widely used in 
engineering applications such as Hall sensors, 
accelerators, and in the design of pumps and 
turbines. Recent relevant studies on this topic can 
be found in references [41-44]. 

Inspired by previous research, the focus is on 
studying the influence of Hall and ion slip along with 
velocity slip on the two immiscible peristaltic 
transport in an inclined channel through porous 
space along with heat and mass transfer 
characteristics. Such an investigation have not yet 
been reported in the literature. Moreover, the 
vasomotion of blood vessels, sperm transport in the 
male reproductive tract, movement through the 
cervical canal, oesophagus, and intestinal flow all 

involve a mucus layer lining the inner surface. In 
most of these vessels, fluid viscosity differs between 
the core and peripheral regions. Additionally, many 
organs are structured with core and peripheral 
zones, key to the thermal exchange between blood 
and tissue. Therefore, the proposed model can help 
facilitate this heat exchange process.   This study 
investigates visco-plastic fluids that exhibit micro-
rotation at the particle level where, Casson-
micropolar liquid occupies the core region, whereas 
Newtonian fluid occupies the peripheral region.   
The Casson fluid model is applied to predict the flow 
nature of blood in arteries under low shear rates 
and accounts for non-zero yield stress, as well as 
understanding the behavior of pigment oil 
suspensions in printing inks, along with a dilute 
suspension of rigid, cylindrical, small 
macromolecules that move independently.  Under 
the assumptions of long wavelength approximation 
and small Reynolds number, the conversion 
equations are linearised and solved. Closed-form 
expressions are provided for pressure rise, time-
averaged flux, and Mechanical efficiency. The 
impact of pertinent  parameters on flow, heat, mass 
distribution, mechanical efficiency, entropy 
generation, rate of heat transfer, and Sherwood 
number have been examined and presented 
graphically. 

2. Flow Geometry 

Consider peristaltic motion in a channel 
containing a Casson-micropolar and Newtonian 
liquid in the core and peripheral regions, 
respectively, see the Figure 1.  

 

Fig. 1. Sketch of the model 

3. Mathematical Formulation 

The fluid flow within the channel where the 
walls are characterised by a time-varying function 

( ) ( )
2

, sinH X t a b X ct



= + −  with the interface  

( ) ( )1 1 1

2
, sin




= + −H X t a b X ct  where b , 1b  are the 

amplitude,  wavelength, c constant velocity with 

channel width a  and 1a  is the width of the 

interface.  
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The mathematical formulation has been 
proceeded with the following assumptions, 

• This study examines the peristaltic transport of 
two immiscible incompressible fluids in a 
symmetric porous channel. 

• Wall deformation arises from the propagation 
of an infinite train of sinusoidal peristaltic 

waves defined by ( )y h x= . 

• The channel is inclined at an angle  with 

respect to the horizontal axis. 

• The channel, whose length is considered an 
integral multiple of the peristaltic wavelength, 
is partitioned into two regions: a peripheral 
region occupied by a Newtonian fluid and a core 
region filled with a Casson micropolar fluid. 

• A uniform pressure difference is applied across 
the channel boundaries, with a periodic 
interface condition. 

• A uniform transverse magnetic field is imposed 
perpendicularly to the direction of fluid flow. 

• The generalised Ohm’s law is considered by 
accounting  Hall and ion slip currents while 
neglecting thermoelectric effects. 

• Two constant different temperatures 
1
T  and 

2
T  

are maintained at the lower and upper walls of 
the channel.  

• The analytical solution is determined under the 
assumptions of a long-wavelength 
approximation and a small Reynolds number. 

The fundamental equations required to describe 
the flow problem are ([28], [32], [36]) 
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J B  is the Lorentz force vector, and 
1
J J


  is the 

Joule heating term. With the inclusion of Hall and 
ion slip effect, the generalised Ohm’s law is 
represented as [36]: 
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2
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Using the transformations given in the eqn (5) 
the governing equations are reduced to: 
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The nondimensional parameters are: 
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The Darcy number Da  measures the 

permeability of a porous medium. The viscosity, 
density, and thermal conductivity ratios  ,  , and 

  describe material property contrasts. The 
Brinkman number ( Br ) is a dimensionless 
parameter that represents the ratio of heat 
generated by viscous dissipation to the heat 
transferred through molecular conduction.. Mass 
transport behavior is captured through the Schmidt 
number Sc , Soret number Sr .  The magnetic field 

effect is represented by the Hartmann number M , 
buoyancy effects are indicated by the modified 
Froude number Fr , Collectively, these 
dimensionless variables provide a generalised 
framework to analyse the coupled effects of flow, 
heat, and mass transfer. 

Under the long-wavelength approximation, 
neglecting the term containing /a  , we obtain 
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The interface between the peripheral and core 

regions is represented by ( )1y h x= . At the lower 

boundary 0y = , a no-slip condition is applied, 

whereas the upper wavy boundary ( )y h x=  is 

characterized by slip conditions.  Along with the 
velocity distribution, both the walls of the channel 
are maintained at different constant temperatures 
and concentrations. 
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Whereas at the interface, velocity, shear stress, 
convective heat transfer, thermal flux, mass 
transfer, and mass flux remain continuous. And also, 
the angular micro-rotational velocity at the 
interface is defined as: 
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(26) 

The arbitrary constants in the solution of the 
equations (18) –(24) have been obtained using the 
above boundary conditions eqn 25 and 26 where,  
the solutions are given by  
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The dimensionless instantaneous flow rate is 
given by 

1

1

1 2
0
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h h

h

q u dy u dy  (34) 

The mass must be conserved independently in 
the core and peripheral areas, since the viscosity 
ratio influences the shape of the interface (Li and 
Brasseur, 1993). The assumption is made that the 
interface  form  is not affected by the viscosity ratio. 
Consequently, it is possible to utilise the fact that the 
overall flux is the sum of the fluxes across the 
different sections: 

10 y h   and 
1h y h  .  

Following the analysis of [14] the relationship 

between 1e and 1h is provided by [17].  
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The pressure rise over one wavelength is  
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Over one wavelength, the mean volume flow is 
[18]. 
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The dimensionless friction force  
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Mechanical efficiency is defined as the ratio of 
the average rate at which the moving fluid performs 
work against a pressure head over each wavelength 
to the average rate at which the walls transfer work 
to the fluid and is given by 
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In any thermal system, entropy generation is 
unavoidable, leading to the degradation of the 
system’s available energy 
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In the eqn (40), the terms on the RHS denote 
entropy generation from heat flow, viscous 
dissipation of Casson-micropolar liquid, and the 
effect of the magnetic field, respectively. 

The dimensionless entropy generation number, 
Eg, following [37] is the ratio of the volumetric 
entropy generation rate to the characteristic 
entropy generation rate. The non-dimensional 
representation of the generation of entropy for both 
regions are:  
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To assess the irreversibility distribution, the 
Bejan number (Be)  is used and is given by: 
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The Bejan number ranges between 0 to 1, where 

0=Be  highlights that viscous dissipation is the 

dominant contributor to irreversibility, and 1Be =  

points to the dominance of heat transfer in 
irreversibility.  At 0.5=Be , the irreversibility 

resulting from heat transfer is the same as that from 
viscous dissipation in the entropy production. 

The rate of heat transfer is given by  
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The rate of mass transfer is expressed as 
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4. Results and Discussion 

The equations for flow, energy, and 
concentration have been solved after linearization 
by utilising a long-wavelength approximation and a 
low-Reynolds number. The effects of parameter 
variations on velocity, micro-rotation, temperature, 
and concentration, with a specific focus on Hall and 
ion slip influences, are demonstrated in Figure 2 to 
Figure 12. 

One can observe that velocity is higher in the 
presence of Hall and ion slip effects compared to 
their absence.  Mathematica’s built-in command, 
NIntegration was employed to obtain values for the 
pressure rise, friction force over one wavelength, 
and mechanical efficiency.  The findings are shown 
graphically by altering the relevant parameters in 
Figure 13 to Figure 16.  

Figure 17 and Figure 18 depict both entropy 
generation and the Bejan number. Figure 19 and 
Figure 20 deal with variations in the Nusselt 
number and Sherwood number. The 3D plots for 
velocity, temperature, and concentration 
distributions, as well as mechanical efficiency, are 
presented, emphasising the influence of Hall and ion 
slip conditions. 

With the rise of M , the velocity and temperature 
distributions reduce, as depicted in Figure 2(a) and 
Figure 2(b). The presence of a transverse magnetic 
field generates a Lorentz force that acts as a drag 
force, opposing the flow and thereby diminishing 
both the fluid's velocity and temperature 
distribution. Figure 2(c) shows that microrotation 
intensifies with an increase in M . 

Figure 3(a) and Figure 3(b) reveal that an 
increase in the permeability parameter Da  is found 

to enhance the velocity distribution, primarily due 
to the absence of porous material that typically 
restricts fluid and temperature flow. It is evident 
from Figure 3(c) that microrotation exhibits a 
reverse pattern.   

Figure 4(a) and Figure 4(b) indicate that as the 
channel's inclination angle, sin , increases, the 

velocity and temperature of the fluid also rise, due 
to the strengthening effect of gravity with greater 
inclination angles. Conversely, Figure 4(c) shows 

that microrotation decreases as sin  increases. 
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(a) 

  

(b) 

 

(c) 

Fig. 2. Variations of   a) Velocity;  b) Temprature ; c) Microrotation velocity with M for Ὂὶ πȢςȟίὭὲ‌πȢρȟ 

Ὀὥ πȢυȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  
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(a) 

  

(b) 

 

(c) 

Fig. 3. Variations of  a) Velocity;  b) Temprature ;  c) Microrotation velocity with Da for Ὂὶ πȢςȟίὭὲ‌πȢρȟ 

 ‘ πȢυȟ‐ πȢφȟ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  
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(a) 

  

(b) 

 

(c) 

Fig. 4. Variations of  a) Velocity;  b) Temprature ;  c) Microrotation velocity with ίὭὲ‌ for Ὂὶ πȢςȟὈὥ πȢυȟὓ πȢυȟ 

 ‘ πȢυȟ‐ πȢφȟ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  
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The relationship between Newtonian and 
rotational viscosity is represented by the coupling 

parameter N . As rotational viscosity decreases, 

this coupling weakens, diminishing the fluid's 
micropolar characteristics. Thus, when N  

approaches zero, the flow resembles that of a 

viscous fluid. In contrast, as the coupling parameter 
increases, the viscosity associated with rotational 
motion rises, resulting in a significant reduction in 
the velocity profile, as shown in Figure 5(a). Figure 
5(b) illustrates that with an increase in the coupling 
number, micro-rotation also rises.  

  

(a) 

 

(b) 

Fig. 5. Variations of  a) Velocity;  b) Microrotation velocity with N for Ὂὶ πȢςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ 

‐ πȢυȟ‐ πȢφȟ‍=0.4, ίὭὲ‌ =0.2, m=2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  

According to Figure 6(a), When fluid particles 
interact with material elements, drag is reduced, 
facilitating a decrease in momentum in core region, 
with the opposite effect in the peripheral region. 
Conversely, Figure 6(b) exhibits the reverse pattern.  

With a rise in the Froude number, inertial forces 
surpass gravitational forces, leading to a reduction 

in fluid velocity and a decrease in temperature 
distribution, as demonstrated in Figures 7(a) and 
7(b).  

Rising velocity slip enhances velocity in the 
peripheral region (Figure 8(a)) and also increases 
the temperature distribution (Figure 8(b)).  
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(a) 

 

(b) 

Fig. 6. Variations of a) Velocity; b) Microrotation velocity with m for Ὂὶ πȢςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ 

‍=0.4, ίὭὲ‌ =0.2, N=0.2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  

  

(a) 
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(b) 

Fig. 7. Variations of  a) Velocity;  b) Temprature with FR for ά ςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ 

‍=0.4, ίὭὲ‌ =0.2, N=0.2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  

  

(a) 

  

(b) 

Fig. 8. Variations of a) Velocity; b) Temprature with 
2  for ά ςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ 

 ‍=0.4, ίὭὲ‌ =0.2, N=0.2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  
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A higher value of   indicates a reduction in 

viscosity or yield stress, leading to an increase in 
fluid velocity, as depicted in Figure 9(a) and 
lowering the liquid temperature (9(b)). 

From Figure 10(a)  one can observe that the 
mean kinetic energy of the liquid particle rises with 
the temperature, enhancing the movement and 
speed of the molecules within the channel. This also 
leads to reduced spacing between liquid molecules.  
Physically, an increase in the distribution of the 
temperature field facilitates heat transfer from a 

region of heat absorption  (
1 2 0 =  =   ) to a 

region of heat generation ( 0  ).  Higher thermal 

conductivity ratios facilitate more efficient heat 
conduction throughout the fluid, which in turn 
reduces the temperature, as depicted in Figure 

10(b). From Figure 10(c), it is clear that a higher 
Brinkman number indicates slower conduction of 
the generated heat,  resulting in a notable 
temperature increase in the fluid.  

Figure 11(a) demonstrates the influence of mass 
diffusivity on the species concentration profile, 
indicating an enhancement in concentration with a 

rise in diffusivity, D .  Figure 11(b) illustrates that 
increasing the chemical reaction parameter reduces 
the species concentration profile. This decline is due 
to the thinner solute boundary layer and restricted 
mass transfer caused by the reaction.  

Figure 12(a) and Figure 12(b) shows that an 
increase in the Sc , and Sr  results in reduced mass 

diffusivity, thereby leading to a decline in 
concentration. 

  

(a) 

  

(b) 

Fig. 9. Variations of a) Velocity; b) Temprature with ‍ for ά ςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ 

ίὭὲ‌ =0.2, N=0.2, a=1, a1=0.4, Rd=1, Q=1, k=0.5  
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(a) 

  

(b) 

  

(c) 

Fig. 10. Variations of temprature with a)  ;  b) k;  c) Br for Ὂὶ πȢςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟ‐ πȢυȟ‐ πȢφȟ 

 ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1  
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(a) 

  

(b) 

Fig. 11. Variations of concentration with a) D;  b)   for Ὂὶ πȢςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟὛὧ πȢσȟὛὶ πȢυȟ 

 ‐ πȢυȟ‐ πȢφȟ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1  

  

(a) 
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(b) 

Fig. 12. Variations of concentration with a) Sc; b) Sr for Ὂὶ πȢςȟὈὥ πȢυȟὓ ρȟ‘ πȢυȟὈ πȢυȟ‚ ρȟ 

 ‐ πȢυȟ‐ πȢφȟ‍=0.4, N=0.2, m=2, a=1, a1=0.4, Rd=1  

Figure 13 demonstrates the pressure gradient's 

variation over one wavelength,  0,1x . 

Observably, the pressure gradient is lower in the 
wider sections of the channel, specifically 

 0,0.2x  and  0.7,1x , whereas in the 

narrower region  0.2,0.7x , the pressure 

gradient increases significantly.  

The impact of the N  on the pressure gradient is 

shown in Figure 13(a). For 0N = , representing no 
coupling between the flow field and microrotation, 
the behavior aligns with that of a Newtonian fluid. 
As N increases, indicating stronger coupling 
between flow velocity and micro-rotation, the axial 
variation in the pressure gradient becomes more 
pronounced. For micropolar fluids, higher values of 
N necessitate a larger pressure gradient to maintain 
a consistent flux rate, with microrotation 
introducing a resistance effect to the flow. For a 
Newtonian liquid, the required pressure gradient is 
minimal.  In contrast, the effect of the m on 

pressure gradient, illustrated in Figure 13(b), shows 
an opposite trend to that of N. As m rises, the 
pressure gradient across the wavelength also 
enhances.  This finding is consistent with the fact 
that a given rate of volume flow is maintained more 
easily in the wider channel sections without 
requiring a higher pressure gradient.  A similar 
behavior is observed in Figure 13(c) with an 

increase in sin , where the pressure gradient also 

increases from a horizontal to a vertical channel 
configuration. Additionally, Figure 13(d) indicates 
that as the magnetic parameter M enhances, the 
pressure gradient rises. This suggests that stronger 
magnetic fields applied to the flow increase the 
required pressure gradient to sustain flow within 
the channel, a useful effect for surgical procedures 
where controlled fluid pressure can help manage 
blood flow during critical operations.  As shown in 

Figure 13(e), one can witness that a increase in the 
  makes the liquid more resistant to flow due to 

higher yield stress and viscosity, which leads to an 
increase in the pressure gradient required to 
maintain the flow.  Conversely, in Figure 13(f), as 

the Froude number Fr  increases, the pressure 
gradient trend is the opposite of that observed with 

M , indicating distinct effects on flow resistance and 
pressure gradient dynamics for these parameters. 

Three sections are identified based on pressure 

difference: the pumping region ( )0 p , the co-

pumping region ( )0 p , and the free pumping 

region ( )0 =p . For varying values of the coupling 

number N , Figure 14(a) shows that the pumping 
effect for a micropolar liquid exceeds that of a 

Newtonian liquid. As N  increases, the pumping 

efficiency improves, indicating that a higher 
coupling number enhances peristaltic pumping by 
counteracting pressure resistance and driving flow 
more effectively. In Figure 14(b), changes in the 
micropolar parameter m position the pumping 
curves of the micropolar liquid above those of the 
Newtonian fluid, reinforcing the enhanced pumping 
effect in fluid. However, as shown in Figure 14(c), 
the pumping effect diminishes with an increase in 

the angle of inclination sin . Additionally, Figures 

14(d), 14(e), and 14(f) illustrate that with increases 
in the magnetic parameter M, Casson parameter, 
and Froude number Fr, the pressure rise intensifies, 
indicating a higher pressure required to maintain 
flow under these conditions.  

Figure 15(a) to Figure 15(f) depict how frictional 
forces vary with changes in the volume flow rate for 
different parameters. Notably, the frictional forces 
follow a reverse pattern in comparison to the 
pressure rise.  
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Figure 16 illustrates about the Mechanical 
efficiency of the Casson-micropolar fluid. 
Mechanical  efficiency  rises  with  the  rise  of  micro- 

rotation, micropolar liquid parameter, Fr , and M  
parameters, whereas mechanical efficiency falls 
with the rise of sin ,  . 

 

 

 

(a) Variable N  for  

 ▼░▪♪ Ȣȟ╕► Ȣȟ╜ ȟⱧ Ȣȟ 
 ╓╪ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 (b) Variable m for 
 ▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ 

 ╕► ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 

 

 

(c) Variable ▼░▪♪  for 
╓╪ Ȣȟ╜ Ȣȟ╕► ȢȟⱧ Ȣȟ 
Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

 (d) Variable M for 
▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ ȢȟⱧ Ȣȟ 
 Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

 

 

 

(e) Variable β for 
▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȢȟⱧ Ȣȟ 

Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

 (f) Variable Fr for 
▼░▪♪ Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 
 Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

Fig. 13. Pressure gradient profiles for different parameters 
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(a) Variable N for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 
╓ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 

(b) Variable m for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 
Ⱡ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 

 

 

(c) Variable ▼░▪♪ for 
╓╪ Ȣȟ   ╕► Ȣȟ   Ⱨ Ȣȟ 

 Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 
 

(d) Variable M for 
▼░▪♪ Ȣȟ   □ ȟ   ╓╪ Ȣȟ   Ⱨ Ȣȟ 
Ⱡ Ȣȟ   Ⱡ Ȣȟ   ╝=0.2,  a=1,  a1=0.4 

 

 

 

(e) Variable β for 
╜ ȟ□ ȟ╓╪ Ȣȟ╜ Ȣȟ 

▼░▪♪ ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 
 

(f) Variable Fr for 
▼░▪♪ Ȣȟ╓╪ Ȣȟ╜ ȟ 

 Ⱨ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

Fig. 14. Pressure rises for different parameters 
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(a) Variable N for 
▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 

Ⱡ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

(b) Variable m for 
▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ╕► Ȣȟ 
Ⱨ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

  

(c) Variable ▼░▪♪ for 
╓╪ Ȣȟ╜ Ȣȟ╕► ȢȟⱧ Ȣȟ 
 Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

(d) Variable M for 
▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ ȢȟⱧ Ȣȟ 
 Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

  

(e) Variable β for 
▼░▪♪ Ȣȟ□ ȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 

Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

(f) Variable Fr for 
▼░▪♪ Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ 
Ⱡ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

Fig. 15. Friction forces for different parameters 
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(a) Variable N for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 
 

(b) Variable m for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ╕► Ȣȟ╝ ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4 

 
 

(c) Variable Fr for 

▼░▪♪ Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ□ ȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 
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(d) Variable β for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ□ ȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

 
 

(e) Variable ▼░▪♪  for 

╕► Ȣȟ□ ȟ╓╪ Ȣȟ╜ ȟ♫ Ȣȟ╕► ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

 
 

(f) Variable M for  

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ□ ȟ♫ ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, a=1, a1=0.4 

Fig. 16. Mechanical efficiencies for different parameters 
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Figures 17 and 18 illustrate the variations in 
entropy generation and the Bejan number as the 
parameters are varied.   

In Figure 17(a), it is observed that, with 
increasing N, entropy generation remains relatively 
unchanged at the channel centre but declines 
sharply toward the channel walls.  In contrast, the 
Bejan number exhibits an upward trend, as 
illustrated in Figure 18(a).  

Figure 17(b) indicates that a rise in the magnetic 
field parameter enhances entropy generation, as the 
higher magnetic field induces a resistive Lorentz 
force, resulting in greater friction during fluid flow 
and, consequently, an increased total entropy 
generation rate near the channel walls. The Bejan 
number in Figure 18(b) displays both ascending and 
descending trends, reflecting the strong influence of 
fluid friction irreversibility over heat transfer 
irreversibility. 

As fluid temperature rises with increasing 
inclination angle, Figure 17(c) shows that entropy 
generation also rises, while Figure 18(c) shows a 

decrease in the Bejan number with increasing 

sin .  
Figure 17(d) reveals that, an increase in 

Brinkman number Br  leads to a fall in thermal 
conductivity and enhancement in entropy 
generation.  As observed in Figure 18(d), the Bejan 
number behaves oppositely to the rate of entropy 
generation.  

Figure 19 illustrates the variation in the Nusselt 

number with changes in M ,Br , and  .  
As depicted in Figure 19(a), the heat transfer 

rate strengthens across both regions as M  rises.  
Figure 19(b) indicates that the core region shows 
negligible change, while the peripheral region 

displays a reduction in the Nusselt number as Br  
varies.  Figure 19(c) reveals that the heat generation 
parameter causes the core region to rise, but the 
peripheral region shows a downward trend.  

In Figure 20, the impact of parameters Sc , Sr ,

D  and   on the Sherwood number is displayed. 

 

 

 

(a) Variable N for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ□ ȟ 
 Ⱡ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4, Rd=1, Q=1, k=0.5, 

Br=0.2 

 (b) Variable M for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ ȢȟⱧ Ȣȟ□ ȟ 
Ⱡ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4, Rd=1, Q=1, k=0.5,  

Br=0.2 

 

 

 

(c) Variable ▼░▪♪  for  

╝ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ Rd=1, Q=1,  
k=0.5, Br=0.2, Sr=0.5 

 (d) Variable Br for 

╝ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟ Rd=1, Q=1,  
k=0.5, Sc=0.3, Sr=0.5, ▼░▪♪Ȣ 

Fig. 17. Entropy profiles for different parameters 
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(a) Variable N for 

╕► Ȣȟ╓╪ Ȣȟ╜ ȟ□ ȟ   ╢►=0.5, Sc=0.3,  
Rd=1, Q=1, k=0.5, Br=0.2 

(b) Variable M for 

╕► Ȣȟ╓╪ Ȣȟ╝ Ȣȟ□ ȟ╢►=0.5, Sc=0.3, 
 Rd=1, Q=1, k=0.5, Br=0.2, ▼░▪♪Ȣ 

  

(c) Variable ▼░▪♪ for 

╕► Ȣȟ╓╪ Ȣȟ╝ Ȣȟ╜ ȟ╢►=0.5,  
Sc=0.3, Rd=1, Q=1, k=0.5, Br=0.2 

(d) Variable Br for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╝ Ȣȟ╜ ȟ 
╢►=0.5, Sc=0.3, Rd=1, Q=1, k=0.5 

Fig. 18. Bejan numbers for different parameters 

  

(a) Variable M for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ□ ȟ♫ Ȣȟ 
  Ⱨ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, Rd=1, a1=0.4, γ=1 

(b) Variable Br for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ□ ȟ♫ Ȣȟ 
Ⱨ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, Rd=1, a1=0.4, γ=1 
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(c) Variable ♬ for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ□ ȟ♫ ȢȟⱧ ȢȟⱠ ȢȟⱠ Ȣȟ╝=0.2, Rd=1, a1=0.4, M=0.5 

Fig. 19. Nusselt number profiles for different parameters 

  

(a) Variable Sc for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ ȢȟⱠ Ȣȟ 

Ⱡ Ȣȟ♫=0.4, a=1, a1=0.4, m=2, Rd=1, Q=1, k=0.5,  

Sr=0.5, D=1.2, ζ=0.5 

(b) Variable Sh for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ ȢȟⱠ Ȣȟ 

 Ⱡ Ȣȟ♫=0.4, a=1, a1=0.4, m=2, Rd=1, Q=1, k=0.5,  

Sr=0.5, Sc=0.5, D=1.2, ζ=0.5 

  

(c) Variable ζ for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ Ȣȟ╓ Ȣȟ 
 Ⱡ ȢȟⱠ Ȣȟ♫=0.4, a=1, a1=0.4, m=2, Rd=1,  

Q=1, k=0.5, Sr=0.5, Sc=0.5, D=1.2 

(d) Variable D for 

▼░▪♪ Ȣȟ╕► Ȣȟ╓╪ Ȣȟ╜ ȟⱧ ȢȟⱠ Ȣȟ 
 Ⱡ Ȣȟ♫=0.4, a=1, a1=0.4, m=2, Rd=1,  

Q=1, k=0.5, Sr=0.5, Sc=0.5, ζ=0.5 

Fig. 20. Sherwood numbers for different parameters 
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(c) Velocity profiles for 

╓╪ Ȣȟ□ ȟ╜ ȟ▼░▪♪ ȟ╡▀ ȟ 
 Ⱨ Ȣȟ╠=1, k=0.5, a=1, a1=0.4 

(d) Temprature profiles for 

╓╪ Ȣȟ□ ȟ╜ ȟ▼░▪♪ ȟ╡▀ ȟ 
 Ⱨ Ȣȟ╠=1, k=0.5, a=1, a1=0.4 

Fig. 21. Comparative study 

For the Casson micropolar fluid, the Sherwood 
number diminishes as Sc , Sr , and   intensify, while 

for Newtonian fluid, it exhibits the opposite 
response, as shown in Figures 20(a), 20(b), and 
20(c).  Figure 20(d) reveals that as D  intensifies, 
the Sherwood number shows a corresponding 
upward shift in both regions.   The work from 
[27] can be derived from the current study by 

setting 
2 1

sin 0, 0, 0, 0   = = = = , and 
1

0=n . 

Figure 21(a)  presents a comparison to validate 
the findings, while Figure 21(b) displays a 
comparative study of the temperature distribution 
between the analytical and numerical results, 
obtained using the fourth-order Runge–Kutta 
method combined with the shooting technique.  One 
can observe that the results are in good agreement. 

5.  Conclusions 

The investigation deals with the combined 
effects of velocity slip, Hall and ion slip on the heat 
and mass characteristics of MHD two liquid 
peristaltic motion through an inclined channel with 
a porous medium.  The core and peripheral regions 
are respectively filled with Casson-micropolar and 
Newtonian liquids.   The governing flow equations 
have been linearised under the assumption of long-
wavelength approximation and small Reynolds 
number.  The impact of pertinent parameters on 
resultant equations has been graphically presented 
and discussed.  The main conclusions from the 
investigation are:  

• Raising the porous parameter, inclination 
parameter, and velocity slip increases the 
liquid's velocity and temperature. In contrast, 
an increase in the magnetic field strength and 
Froude number reduces velocity and 
temperature. 

• A higher diffusivity ratio enhances the 

concentration distribution, while the rise in the 

chemical reaction rate, Schmidt, and Soret 

numbers leads to a decline in the concentration 

distribution. 

• The pressure gradient per wavelength grows 

with the rise in microrotation, magnetic field 

strength, micropolar fluid, Casson fluid 

parameter and inclination.  Further, the 

pressure gradient reduces as the Froude 

number increase. 

• As the values of the coupling number, Hartmann 

number, Casson fluid parameter, and 

micropolar fluid grow, the pressure rise per 

wavelength also rises.  On the other hand, when 

the Froude number  increase, the pressure rise 

per wavelength reduces. 

• As the coupling, Froude, and Hartmann 

parameters escalate, mechanical efficiency 

improves, whereas inclination and Casson 

parameter parameters reduce it. 

• The increase in the Hartmann number, the 

inclination parameter, and the Brinkman 

number contribute to a rise in the entropy 

generation.  Enhancing the microrotation 

parameter drops the entropy generation. 

• A rise in the inclination parameter causes the 

Bejan number to fall, whereas the 

microrotation parameter causes it to rise. 

• The heat transfer rate shows an upward trend 

with the rise in the Hartmann number, while it 

declines with the Brinkman number and heat 

generation parameter. 
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• In the core region, the Sherwood number is 

reduced with a rise in Schmidt number, Soret 

number, or first-order chemical reaction rate, 

while a higher diffusivity ratio elevates the 

Sherwood number in both regions. 

• The hydrodynamic situation may be 

established by assigning 0M = , for the 

corresponding problem.   Moreover, one can 

obtain a non-porous case by Da→ . 

Furthermore, in the absence of inclination, Hall 

and Ion slip, velocity slip parameter, and Casson 

fluid (i.e.  → ) parameters the results of this 

study correspond to those obtained by [27]. 
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