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Abstract. The present mathematical model investigates the behaviour of magnetohydrodynamic peristaltic transport of non-
Newtonian Ree-Eyring fluid in a non-uniform, rough channel embedded within a porous medium. The model is developed by 
incorporating critical physical phenomena like internal heat generation, wall roughness, slip, and injection/suction effects. The 
complex interaction of magnetic fields and buoyancy forces with chemical reaction kinetics and thermal gradients is analysed to 
understand their effects on flow characteristics. The governing nonlinear equations are modelled using the Navier-Stokes 
equations and are simplified under long wavelength and low Reynolds number regimes. Analytical solutions provide clear 
insights into the influence of wall roughness, slip, porosity, and electromagnetic forces on the fluid flow characteristics. The 
graphical outcomes and streamlines obtained using MATLAB R2024b gave a clearer understanding of the flow characteristics in 
the domain. The magnetohydrodynamic effect provides precise control over fluid flow, while slip and roughness effects cut down 
the shear stress and energy. The injection/suction mechanism allows regulation of flow rates and removal of products, optimizing 
chemical reaction efficiency, heat transfer, and mass transport in processes such as polymerization, biochemical reactions, and 
chemical manufacturing. The current work advances the understanding required for the design of energy efficient, high 
performance peristaltic transport systems in both industrial and biomedical applications. 

Keywords: Ree-Eyring fluid; Injection/suction parameter; Surface roughness; Mixed convection; Slip effects. 

1. Introduction 

Driven by its broad applicability across physiological processes and industrial systems, the peristaltic mechanism has become 
a focal point of fluid dynamics research. It refers to a coordinated, rhythmic wall contraction and relaxation of fluid carrying 
tube/channel which facilitates the transport of material without the need for external pressure gradients. The phenomenon was 
first observed in biological system, where it played a key role in movement of food waste. However, the study expanded beyond 
biology when engineers and physicists observed its potential in non-invasive fluid transport system, leading to the development of 
peristaltic pumps used in medical devices, chemical handling and industrial processes. In modern fluid problems, peristalsis has 
grown to be a significant field of research, particularly in the modelling of non-Newtonian fluids, microfluidics, and bio-inspired 
transport mechanisms. Latham’s [1] worked on peristaltic transport of viscous fluid, which described the phenomenon of renal 
pelvis and urethral peristalsis, opened the gateway to study of the peristaltic phenomenon. The research was further carried 
forward by Shapiro et al. [2], incorporating approximations of large wavelength and lower Reynolds number. The initial investigation 
considered the fluid to exhibit Newtonian behaviour. However, subsequent studies have demonstrated that most physiological 
fluids display non-Newtonian behaviour, which in turn lead to study of peristaltic mechanisms involving non-Newtonian factors. 
The study by Misra and Pandey [3] focused on flow behaviour of power-law fluid flow via a cylindrical tube, incorporating a 
surrounding additional layer of power-law fluid having distinct viscous characteristics. Hayat et al. [4] focused on heat transfer of 
MHD viscous fluid that is incompressible in a permeable, asymmetric channel and observed that the heat transfer coefficient was 
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higher in MHD flow than in hydrodynamic fluid flow. More works on peristalsis include [5-7]. Abbasi et al. [8] explored entropy 
generation and thermal performance of EMHD peristaltic flow of hybrid nanofluid in a two-dimensional asymmetric channel, 
considering impact of electro-osmosis, hall current, magnetic field.  

In several engineering and scientific fields, especially microfluidics, slip flow occurs when the fluid slips along the solid 
boundary instead of fully sticking, resulting in a non-zero tangential fluid velocity at the wall. This behaviour deviates from the 
classical no-slip condition and significantly affects flow characteristics near the surface. Rao et al. [9] analysed the peristaltic 
transport of power-law fluid in an axisymmetric tube with a poroflexible wall pertaining to the application of slip effects. Further 
study on slip and thermal effects on peristaltic transport of MHD, Newtonian fluid through a porous channel having elastic walls, 
was investigated by Srinivas et al. [10]. The peristaltic flow of Sutterby fluid within an inclined channel considering the influence of 
applied magnetic field, with channel walls affected by partial slip conditions, was investigated by Hayat et al. [11].  Tanveer et al. 
[12] analysed the influence of slip conditions and Joule heating on peristaltic propulsion of Bingham nanofluid in porous channel 
featuring elastic walls. Results showed that heat transfer rate improved with thermal radiation and thermal slip. Gudekote et al. 
[13] investigated the influence of magnetohydrodynamics on the peristalsis transport of a non-Newtonian Eyring-Powell fluid with 
slip effects at the boundary, considering mass and heat transfer within a channel with uniform geometry. Additionally, Sanil et al. 
[14] conducted a study to examine the influence of chemical reactions in a nonuniform channel, considering temperature-reliant 
fluid properties on the peristaltic flow of a non-Newtonian Ree-Eyring fluid with slip effects. 

The combined effect of chemical reaction, mixed convection and peristalsis is paramount in proper modelling of fluid flow in 
thermally and chemically active, deformable environments, that finds application in biomedical engineering, industrial processing, 
and heat and mass transfer systems. The effects of magnetohydrodynamics, chemical reactions, porous media, and peristaltic 
motion in complex geometries have been widely studied in research [15, 16]. Aliakbarzadeh et al. [17] conducted a numerical 
investigation of the unsteady mixed convective double-diffusive flow of a water-based nanofluid with a salt species. Nisar et al. [18] 
considered mixed convective peristaltic flow of chemically sensitive Carreau-Yasuda nanofluid along a porous medium with 
improved Darcy's law by incorporating slip conditions in a compliant symmetric channel. Yasmin and Nisar [19] studied peristaltic 
transport under the influence of coupled convection of chemically reacting Casson nanofluid through a symmetrical elastic channel 
with slip conditions considering the influence of Hall current, and thermal radiation on fluid flow behaviour and heat transfer. A 
numerical study aimed at the nanofluid flow, emphasizing the combined influences of mixed convection and a surface applied 
lateral magnetic field was conducted by Behrouz et al. [20]. Subsequently, Nisar et al. [21] studied entropy generation in peristaltic 
flow of MHD Powell-Eyring nanofluid having deformable channel walls taking into account mixed convection, Hall current, slip 
conditions, and viscous dissipation. In addition, Berrehal et al. [22] reported a numerical study of the flow, entropy generation, and 
heat transfer of copper oxide-silver hybrid aqueous nanofluid, under magnetic field. 

Injection/suction is a significant boundary control technique in fluid dynamics that involves the addition or removal of fluid 
through a permeable surface. These mechanisms are broadly applied to several engineering and scientific problems to influence 
the behaviour of fluid flow near the boundaries. Various studies [23-25] have explored the influence of suction and injection on 
peristaltic transport in porous, permeable channels, showing that these effects significantly alter velocity, pressure rise, and heat 
transfer characteristics across both Newtonian and non-Newtonian fluids, including Jeffrey, Carreau models, under 
magnetohydrodynamic and slip boundary conditions. Abbas et al. [26] analysed the influence of magnetic field and chemical 
reaction on peristaltic transport of a Jeffrey fluid in a porous channel, incorporating the effects of convective boundary conditions 
with slip.  The study by Mansourian et al. [27] inspected nanofluid flow within a porous medium, stressing on the effects of 
injection/suction and applied magnetic field on fluid characteristics. Vijayakumar and Reddy [28] analysed the effect of suction 
and injection on peristaltic flow of a Jeffrey nanofluid in a vertical tube, incorporating complete slip effects at the wall. Chakradhar 
et al. [29] investigated the impact of magnetic field, and vertical suction and injection, on the peristaltic flow of a Williamson fluid 
through a permeable channel. Sivaranjani and Kavitha [30] examined the impact of slip conditions, magnetic field, with suction 
and injection on peristaltic transport of a shear-thinning pseudoplastic fluid, highlighting its importance on biomedical and 
industrial applications. 

Defined by variations in length between peaks and valleys on the surface, surface roughness in channels is an important feature 
affecting fluid behaviour, pressure drop, and heat transfer rate. Zhang et al. [31] carried a detailed analysis of laminar flow and heat 
transfer in microchannels incorporated with various roughness features. Rana et al. [32] investigated complex wavy roughness 
effects on electromagnetohydrodynamic flow and thermal behaviour in porous microchannels by analysing effect of variation in 
wave amplitudes. The peristaltic flow of Williamson nanofluid over a rough surface within a non-uniform channel under an inclined 
magnetic field, accounting for viscous dissipation and Joule heating, was analysed by Tanveer et al. [33]. Kumar et al. [34] analysed 
the thermal behaviour of couple stress fluid flow under peristaltic pumping, emphasizing the role of surface roughness and the 
geometry of the channel.  

Modelling the process of peristalsis using non-Newtonian fluid like Ree-Eyring fluid model proposes a more accurate 
representation of the rheological behaviour of biological fluids and provides deeper understandings into the dynamics of peristaltic 
flow. The Peristaltic flow of MHD Ree-Eyring fluids has been studied under various effects, including magnetic fields, chemical 
reactions, nonlinear radiation, slip conditions, and wall compliance in both endoscopic and curved porous channels [35, 36]. 
Rajashekhar et al. [37] modelled peristaltic flow of Ree-Eyring fluid with variable fluid properties in a compliant channel that is non-
uniform. The peristaltic flow of an electrically conducting Ree-Eyring fluid through a non-uniform symmetric porous conduit, 
incorporating slip conditions, radiative effects, and entropy generation, was examined by Abbas et al. [38]. Sanil et al. [39] 
formulated a mathematical peristaltic model of Ree-Eyring fluid considering thermal-dependent variable fluid properties in an 
axisymmetric, inclined, porous channel by analysing impacts of convective conditions, and chemical reactions, offering insights 
into fluid behaviour relevant to industrial and biological applications. 

The current study extends previous work by examining peristaltic flow of Ree-Eyring fluid with a novel emphasis on the 
combined effects of velocity slip, chemical reaction, mixed convection, injection-suction, and surface roughness factors that have 
not been simultaneously explored before but these effects are crucial for accurately modelling fluid-wall interactions, heat and 
mass transfer, and flow through porous media. These features provide more realistic representation of flow dynamics and thermal 
characteristics of Ree-Eyring fluids, which is crucial in industrial and biomedical applications. Understanding peristalsis in rough 
surface channels is vital for designing pumping and conveying systems in chemical, pharmaceutical, and food processing 
industries, where optimizing flow control, idealising energy consumption, and enhancing equipment durability are crucial. The 
current investigation   contributes to the development of advanced microfluidic devices, artificial organs, and drug delivery systems 
by ensuring precise fluid regulation, improved heat and mass transfer, and reduced maintenance costs, ultimately driving 
innovation and efficiency in fluid transport technologies across various industries. 



Flow Characteristics of Chemically Reactive Magnetohydrodynamic non-Newtonian Fluid with Injection/Suction Effects … 3 
 

Journal of Applied and Computational Mechanics, Vol. xx, No. x, (2026), 1-18 

 
Fig. 1. Schematic illustration of magnetohydrodynamic peristaltic transport of a Ree-Eyring fluid in a rough channel embedded in porous medium 

with injection/suction effects. 

2. Mathematical Formulations 

The study investigates the movement of viscous incompressible fluid passing through a non-uniform channel bounded by 
compliant rough walls. The peristaltic transport mechanism is represented by sinusoidal wave propagation with fluid behaviour 
described using non-Newtonian Ree-Eyring fluid model. Injection/suction effects are incorporated at the boundary of the channel, 
wherein fluid injection is carried out perpendicularly to the fluid flow at the lower wall, while suction is imposed at the upper wall 
(see Fig. 1).  

The deformation of the channel walls induced by peristaltic motion over a rough surface is given by [33]: 

�(�, �) = � + 
� + � cos(2�(� − ��)� ) − �1 cos4 (���1 
). (1) 

The channel is assumed to be embedded in a porous medium, allowing interaction between the fluid and solid matrix. Peristaltic 
waves along the rough compliant walls drive the flow, while the applied magnetic field induces Lorentz forces that modify the 
velocity distribution. Wall roughness and slip conditions account for realistic surface and micro-scale effects. Additionally, internal 
heat generation and thermal gradients are induced to study heat transfer within the flow domain. 

The present configuration is relevant to a wide spectrum of engineering and biomedical systems, including peristaltic pumping 
devices, microfluidic transport systems, and chemical processing units. The combined effects of magnetic field control, porous 
medium, and injection/suction mechanisms enable efficient regulation of fluid flow, heat transfer, and mass transport. Such 
features are particularly useful in polymer processing, biomedical reactors, and targeted drug delivery systems, where precise 
modulation of transport phenomenon is essential. 

Based on the physical configuration illustrated in Fig. 1, the governing equations for the fluid flow in a fixed frame are formulated 
as: 

���� + ��0�� = 0, (2) 

 (���� + � ���� + �0 ���� ) = − �!�� + �"##�� + �"#$�� − %∗'02� − ) *∗
+∗ � +  ,-.(/ − /0) +  ,-0(2 − 20), (3) 

 (��0�� + � ��0�� + �0 ��0�� ) = −�!�� + �"#$�� + �"$ $�� − ) *∗
+∗ �0, (4) 

 �4 (�/�� + � �/�� + �0 �/�� ) = 5 (�2/
��2 + �2/

�� 2) + 60, (5) 

(�2�� + � �2�� + �0 �2�� ) = 78 (�22
��2 + �22

�� 2) − +0(2 − 20), (6) 

The constitutive equation describing the stress-strain relation of Ree-Eyring model can be expressed as [39]: 

"9: = ) ��9��:
+ 1' Sinh−1 ( 1'1

��9��:
). (7) 

Since Sinh−1 B ≈ B for |B| ≤ 1, then: 

"9: = ) ��9��:
+ 1' ( 1'1

��9��:
). (8) 
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Also, �9 = (�,� ) and B: = (�,� ). If the wave frame (B, H) comprises of velocity components, (I, J) then: 

H = � , B = −�� + �, I(B, H) = −� + �(�, � , �), J0(B, H) = �0(�, � , �), 
K(B, H) = !(�, �  , �), / (B, H) = /(�, �  , �), 2(B, H) = 2(�, �  , �). (9) 

The corresponding non-dimensional quantities are: 

B = B � , H = H� , � = ��� , L = � � , I = I� , J0 = J0� , % = 2 − 20 21 − 20 , M = / − /0/1 − /0 , N = �� , * = �1� , 
 = 
� ,  �1 = �1� , 7� = +∗ �2  , 
O = 1PQQ1̅̅̅ ̅̅ ̅̅ ̅̅,	VW = X0Y P , Z = '0�√\∗P  , K = Y24P 0 , "9: = Y P 0 "9̅:, _ = `aY2

b , ' = c0Y2
 b(e1−e0) ,	!f = P 0gh ,if = Xjkl( e1−e0)Y2

P 0 ,  	
m� = ) 7 , i� =  ,-0 (21 − 20)�2

) � . 
(10) 

Substituting Eq. (9) and Eq. (10) into the set of Eqs. (1)-(6), the following intermediate form of governing equations is obtained: 

ℎ = 1 + 
B + N cos(2�(B − �)) − * [cos4  (�B�1)], (11) 

L �I�B + �J0 �H = 0, (12) 

VW(LI �I�B + J0 �I �H  ) = −�K �B + �"uv �H + L �"uu�B − (I + 1)Z2 −  1 7� (I + 1) + ifM + i�%, (13) 

L3VWI xy0 xu  + L2VWJ0  xy0xv   = − x4xv  + L xz{| xv  + L2 xz{{xu   − }2 y0~� ,  (14) 

VW(L(I + 1)  �M �B + J0 �M �H  ) =  1 !f (L2 �2M�B2  + �2M�H2) + ', (15) 

VW(L(I + 1)  �% �B + J0 �% �H  ) =  1 m� (L2 �2%�B2  + �2%�H2) −  _%. (16) 

Since the fluid flow is assumed as continuous, steady, and laminar, long-wavelength and lower Reynolds number assumptions 
are adopted in simplifying the analysis. Consequently, the resulting nondimensional form of nonlinear governing Eqs. (13)-(16) can 
be expressed as: 

�K�B = �"uv�H − + �I�H − (Z2 + 17�) (I + 1) + if M + i� %, (17) 

�K�H = 0, (18) 

�2M�H2 − +!f �M�H + ' !f = 0, (19) 

�2%�H2 − +m� �%�H − m� _ % = 0, (20) 

where + = VW J0 is the injection/suction parameter. Also "uv gives the constitutive equation of Ree-Eyring fluid model as: 

"uv = (1 + O) �I�H, (21) 

The dimensionless form of slip boundary conditions is given by [14]: 

�I �H = 0  at   H = 0  and   I + -1"uv = −1  at   H = ℎ, (22) 

�M�H = 0   at   H = 0  and M + -2 �M�H = 1    at   H = ℎ, (23) 

 �%�H = 0   at   H = 0  and  % + -3 �%�H = 1  at   H = ℎ. (24) 

The volume flux is given by the equation: 

� = ∫ I �H
ℎ(u)

0
. (25) 

The dimensionless expression for the flow flux is determined as: 

6(B, �) = ∫ I̅ �H ̅
ℎ(u)

0
 = ∫(I + 1) �H

ℎ

0
 = � + ℎ. (26) 
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The mean flow rate 6̅̅̅̅  over a period /(= �0)  is expressed as: 

6̅̅̅̅  = 1/  ∫ 6 ��
e

0
= ∫(� + ℎ) �B

1

0
= � + 1. (27) 

3. Solution Methodology 

On solving Eq. (20) analytically, with respective boundary conditions in Eqs. (24), solution for concentration is obtained as: 

%(H) = 23W�1v + 22W�2v. (28) 

Similarly, on solving Eq. (19) analytically, with respective boundary conditions in Eq. (23), solution for temperature is obtained 
as: 

M(H) = 25  + 24 (−H + W`��v
+!f ). (29) 

Incorporating Eqs. (21), (28) and (29) in Eq. (17) and solving analytically with respective boundary conditions in Eqs. (22), solution 
for velocity is obtained as: 

I(H)  = 26W�1v  + 27W�2v  + �3W�1v  + �4W�2v  + �5  + �6H + �7W`��v  − !�2. (30) 

The volumetric flow rate can be obtained as: 

6 = −ℎ + �14  + �15  + �16  − �17 !�2. (31) 

The pressure gradient (�4�u), obtained by rearranging terms and comparing equations are as follows: 

! = �K�B = −N2 (6 − ℎ + �14 + �15 + �16�17 ). (32) 

The dimensionless pressure rise ∆!  is given by: 

∆! = ∫ �K�B  �B
1

0
. (33) 

The dimensionless wall friction force �  over a single wavelength is expressed as follows: 

� = ∫ℎ2 (− �K�B)  �B
1

0
. (34) 

The constants �9, for  � = 1, 2,  2:, for � = 1 −7 and �`, for + = 1 − 17 are provided in the appendix. A supplementary file is provided 

which shows the detailed steps in obtaining the solution. 

4. Results and Discussion 

The current section aims to analyse the impact of different physical constraints, such as the amplitude ratio (N), non-uniform 
parameter (
), roughness height (*), Ree-Eyring fluid parameter (O), Magnetic parameter (Z), permeability parameter (7�), 
injection/suction parameter (+), chemical reaction parameter (_), Schmidt number (m�), velocity slip parameter (-1), thermal slip 
parameter (-2), concentration slip parameter (-3), heat-generating parameter ('), Grashof number (if), Prandtl number (!f), 
modified Grashof number (i�) and flow rate (6) on the temperature, concentration, and velocity profiles as illustrated in Figs. 3 to 
5, while Figs. 6 to 8 depict the variations in pressure gradient, pressure rise, and frictional force, and Figs. 9-12 present the 
corresponding streamline patterns. Numerical evaluations are carried out using MATLAB R2024b, which enabled to obtain insight 
into graphical results and generate streamlines, helping in analysing flow characteristics under different geometrical and flow 
conditions. 

4.1. Validation  

Figure 2 illustrates the validation of the present model by comparing its outcomes with those reported by Abbas et al. [26]. To 
ensure equivalence, the parameters corresponding to the Grashof number, modified Grashof number, porous parameter, Ree-
Eyring parameter, and surface roughness height were set to zero, thereby aligning the current formulation with the Newtonian 
limit adopted to Abbas et al. [26]. Furthermore, no-slip boundary conditions for temperature and concentration were incorporated 
to maintain consistency between the two models. The resulting comparison exhibits excellent agreement, reinforcing the 
accuracy and robustness of the proposed mathematical model. 

4.2. Temperature profiles  

Temperature profiles describe variation in thermal behaviour under varying flow and boundary conditions that are essential 
for understanding heat transfer characteristics. Numerous physiological factors have different effects on the distribution of 
temperature through peristaltic flow pipes as seen in the Figs. 3(a)-3(f). As presented in Fig. 3(a), the increase of heat generation 
parameter elevates fluid temperature, thus, contributing positively to internal thermal energy of the system. The ascension of 
temperature due to the rise in injection/suction parameter is displayed in Fig. 3(b), which in turn points out heat build-up because 
the injected fluid brings along thermal energy and gets heat from the system. 
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The temperature profile, according to Fig. 3(c), is elevated by a larger thermal slip parameter, because of lower thermal 
resistance at the wall, more heat is thus retained close to the boundary. The raised heat level due to a higher Prandtl number is 
illustrated in Fig. 3(d) through the decreased thermal diffusivity that prevents heat dispersion and thus leads to thermal 
accumulation. The influence of channel non-uniformity represented in Fig. 3(e) shows that the growth in non-uniformity parameter 
leads to temperature increase by changing fluid flow dynamics, prolonging the fluid residency time, thereby resulting in heat 
retention. Also, as shown in Fig. 3(f), increased roughness height reduces the temperature due to the enhanced mixing of the fluid 
and disturbance of thermal boundary layer close to the surface, thus more efficient convective heat transfer and dissipation of heat 
from the surface occur. The eddies formed in the vicinity of the wall, along with the surface irregularity, contribute to the thinning 
of thermal boundary layer which in turn results in more efficient heat removal and thus, lower temperature. 

  

(a) (b) 

 

(c) 

Fig. 2. Validation of the current model against results by Abbas et al. [26] when if = 0, i� = 0, O = 0, * = 0, 1~Y → 0, for (a) Velocity profile, 
(b) Temperature profile, and (c) Concentration profile. 

  

(a) (b) 

Fig. 3. Variation in temperature profiles when N = 0.3, 
 = 0.2, * = 0.1, + = 0.1, -2 = 0.2, ' = 0.1, !f = 0.71, for (a) Heat generation parameter, 
(b) Injection/suction parameter, (c) Thermal slip parameter, (d) Prandtl number, (e) non-uniform parameter, (f) Roughness height. 
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(c) (d) 

  
(e) (f) 

Fig. 3. Continued. 

  
(a) (b) 

  

(c) (d) 

Fig. 4. Variation in concentration profiles when N = 0.3, 
 = 0.2, * = 0.1, + = 0.1, m� = 0.5, _ = 0.5, -3 = 0.2, for (a) Injection/suction parameter, 
(b) Concentration slip parameter (c) Schmidt number, (d) Chemical reaction parameter, (e) non-uniform parameter, (f) Roughness height. 
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(e) (f) 

Fig. 4. Continued. 

4.3. Concentration profiles 

Concentration profiles are significant in analysing mass transfer phenomena as they depict the spatial arrangement of 
dissolved particles in the liquid area. The concentrations of the solute in relation to the key governing factors are illustrated in Figs. 
4(a)-4(f); these figures reveal a better understanding of mass transfer characteristics of the flow. The figures show that the 
concentration profiles for the factors concerned are opposite to that of temperature distribution as heat and mass are known to 
have an inverse relationship. Figure 4(a) indicates that solute concentration within the fluid is decreased by the introduction of 
injection/suction at the channel boundaries. This is because the mixing of the fluids at the walls enhances the convective mass 
transport that causes the concentration to not build up. Similarly, Fig. 4(b) indicates that increase in concentration slip parameter 
results in a drop in concentration since the reduced friction at the wall changes the near wall flow structure and solute retention 
is decreased. Also, the higher values of Schmidt number and chemical reaction parameter lead to a decline in concentration as 
shown in Fig. 4(c) and Fig. 4(d), respectively. An increase in Schmidt number indicates lower mass diffusivity, which restrains the 
solute movement, while faster chemical reactions consuming the solute leave behind a lesser concentration, both of which support 
the case for the lower concentration profile. Figure 4(e) shows that, for elevated value of non-uniform parameter, the concentration 
is lowered because the solute transport dynamics are disrupted in a geometrically varying channel. Contrary to this, it can be seen 
from Fig. 4(f) that as surface roughness height is increased, the mixing near the wall is enhanced which in turn aids in the transport 
of solute towards the surface and eventually leads to an increase in local concentration. 

4.4. Velocity profiles 

Analysis of velocity constitutes a fundamental approach to comprehending transport phenomena, enabling the optimization 
and prediction of fluid transport system performance across biomedical, industrial, and geophysical applications. Various 
physical and geometric parameters that influence the velocity distribution in a peristaltic channel are discussed below with their 
sensitivity to fluid properties, thermal conditions, magnetic fields and boundary characteristics. From Fig. 5(a), it can be concluded 
that the rise in Ree-Eyring fluid parameter causes fluid velocity to fall. This is a typical behaviour of non-Newtonian fluids exhibiting 
shear thinning, where larger values of this parameter denote a greater resistance to deformation thus yielding less fluid motion. A 
similar pattern can be seen in Fig. 5(b) where a further rise in the injection/suction parameter results in reduction of velocity profile. 
This trend is explained by disturbance in the axial momentum balance resulting from the wall-normal mass flux, which modifies 
the flow field and subsequently diminishes the axial fluid acceleration. The rise in the magnetic field parameter as shown in Fig. 
5(c), is correlated with an increase in fluid velocity, which conforms to the findings of Sivaranjani and Kavitha [29]. In general, 
magnetic fields apply retarding Lorentz force on electrically conducting fluids, however in this particular setup the applied 
transverse magnetic field combines beneficially with the injection/suction effects and the shape of the channel to give rise to a 
faster fluid velocity.  According to Fig. 5(d), there is a negative correlation between the porous parameter and velocity. In other 
words, high porous resistance leads to the constriction of flow to narrower areas, thereby increasing local fluid motion. Meanwhile, 
Fig. 5(e) discusses the effect of heat generation, stating that it not only raises the fluid temperature but also decreases viscosity, 
ultimately resulting in faster fluid flow. Analogously, Fig. 5(f) suggests that a higher Prandtl number corresponds to a higher fluid 
speed. A higher Prandtl number implies a lower thermal diffusivity which then creates larger thermal gradients that in turn 
increase flow momentum. However, in contrast to that, Figs. 5(g)-5(h) show that the increasing of the Schmidt number and chemical 
reaction parameter reduces velocity. As these parameters are associated with mass transfer and chemical activity, their higher 
values probably increase the drag due to diffusion or resistance effects, thus lowering the flow velocity. The Grashof number in Fig. 
5(i) demonstrates the relationship between the buoyancy forces and fluid motion; thus, the latter is quicker when the former is 
stronger. Moreover, the slip condition has its impact on shear resistance and makes the flow even at the boundary smoother; thus, 
the flow is higher with higher slip effect as shown in Fig. 5(k). Figure 5(l) reveals that the rise in the supplied flow rate leads to a 
proportionate increase in velocity, which is predictable based on the laws of momentum and continuity. The influence of certain 
geometrical parameters is exhibited in Figs. 5(m)-5(n). Increasing the non-uniformity parameter results in a reduced flow speed 
due to the flow resistance caused by cross-sectional variations at the point of flow. Additionally, increased roughness height has a 
similar effect, raising wall friction and disturbing the flow near the wall. 

4.5. Pressure gradient profiles                                                  

Pressure gradient, the rate at which pressure varies along the direction of flow, is an important parameter depicted in the graphs 
of flow analysis to demonstrate variation of pressure with varying governing parameters. Figure 6(a) indicates that pressure 
gradient increases with increased values of the Ree-Eyring fluid parameter. This trend corresponds to increase in resistance to 
deformation characteristic of non-Newtonian fluids, which requires a higher-pressure gradient to maintain fluid flow. As the 
magnetohydrodynamic parameter increases, pressure gradient diminishes due to damping action of Lorentz force, that opposes 
the flow and decreases demand for a sharp pressure gradient after equilibrium is established. Figure 6(b) shows that the 
injection/suction parameter plays a positive role in the analysis of the pressure gradient. Fluid exchange with the channel walls 
changes the velocity distribution, making a greater demand on pressure to push the flow. 
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Fig. 5. Variation in velocity profile when N = 0.3, 
 = 0.2, * = 0.1, O = 2, Z = 2, 7� = 0.5, + = 0.1, m� = 0.5, _ = 0.5, -1 = -2 = -3 = 0.2, ' = 0.1, if = 5, !f =0.71, i� = 5, 6 = 1.5, for (a) Ree-Eyring parameter, (b) Injection/suction parameter, (c) Magnetic parameter, (d) Porous parameter, (e) Heat generation 
parameter, (f) Prandtl number, (g) Schmidt number, (h) Chemical reaction parameter, (i) Grashof number, (j) Modified Grashof number, (k) Velocity 

slip parameter, (l) Volumetric flow rate, (m) non-uniform parameter, (n) Roughness height. 
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(i) (j) 

  

(k) (l) 

  

(m) (n) 

Fig. 5. Continued. 

Figures 6(c)-6(d) analyses the impact of magnetic field strength and porous parameter. The magnetic field diminishes the 
pressure gradient via electromagnetic damping, while the porous parameter has the reverse trend. A higher porosity reflects lesser 
flow resistance through the porous medium, hence lowering the pressure build-up needed for transport. From Fig. 6(e), a rise in 
velocity slip leads to elevation in pressure gradient. This occurs since the weakening of shear stress at the wall lowers the exchange 
of momentum and compels the system to create a stronger pressure field to maintain same flow rate. Figure 6(f) is an illustration 
of a reverse correlation between pressure gradient and flow rate, where the pressure gradient declines as the flow rate increases, 
illustrating a more efficient transport mechanism at greater flow volumes. Figure 6(g) illustrates that increasing the non-uniformity 
parameter has a positive effect on the pressure gradient. Greater axial variation of the channel geometry results in geometric 
resistance to flow, requiring a higher pressure to maintain flow. However, Fig. 6(h) shows that greater height of the surface 
roughness leads to lesser pressure gradient. This counter-intuitive phenomenon is due to the perturbation of roughness induced 
near-wall flow, which reduces resistance by shearing and alters the pressure profile accordingly. The findings collectively provide 
a complete overview of physical and geometric parameters on pressure gradient in peristaltic flow, which is of very crucial 
importance for system design optimisation in complicated fluid behaviour applications. 

4.6. Pressure rise 

Pressure rise is defined as the net pressure rise along flow domain length and is an important parameter in pumping efficiency 
and flow resistance. The current section illustrates pressure rise variation under the effect of various governing parameters through 
Figs. 7(a)-(h). The findings demonstrate a clear trend of rising pressure rise with the improvement of each parameter that is under 
consideration, highlighting their respective contributions to varying resistance and energy dynamics of the flow system.  
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(a) (b) 

  

(c) (d) 

  

(e) (f) 

  

(g) (h) 

Fig. 6. Variation in pressure gradient when N = 0.3, 
 = 0.2, * = 0.1, O = 2, Z = 2, 7� = 0.5, + = 0.1, m� = 0.5, _ = 0.5, -1 = -2 = -3 = 0.2, ' = 0.1, i� = 5, !f =0.71, if = 5,6 = 1.5 for (a) Ree-Eyring parameter, (b) Injection/suction parameter, (c) Magnetic parameter, (d) Porous parameter, (e) Velocity slip 
parameter, (f) Volumetric flow rate (g) non-uniform parameter, (h) Roughness height. 
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(a) (b) 

  

(c) (d) 

Fig. 7. Variation in pressure-rise when N = 0.3, 
 = 0.2, * = 0.1, O = 2, Z = 2, 7� = 0.5, + = 0.1, m� = 0.5, _ = 0.5, -1 = -2 = -3 = 0.2, ' = 0.1, if = 5, !f = 0.71, i� = 5,6 = 1.5 for (a) Ree-Eyring fluid parameter, (b) Injection/suction parameter, (c) Grashof number, (d) Modified Grashof number. 

  

(a) (b) 

  

(c) (d) 

Fig. 8. Variation in friction force when N = 0.3, 
 = 0.2, * = 0.1, O = 2, Z = 2, 7� = 0.5, + = 0.1, m� = 0.5, _ = 0.5, -1 = -2 = -3 = 0.2, ' = 0.1, if = 5, !f = 0.71, i� = 5,6 = 1.5 for (a) Ree-Eyring fluid parameter, (b) Injection/suction parameter, (c) Magnetic parameter, (d) Concentration slip parameter. 
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Figure 7(a) exhibits that as Ree-Eyring fluid parameter increases, there is a rise in pressure rise. This is due to non-Newtonian 
character of the fluid, showing that, as the parameter is increased, the fluid demonstrates greater resistance to being deformed 
and thus needs a higher pressure to sustain the same rate of flow. A similar trend is demonstrated by Fig. 7(b), where the increase 
in pressure rises with increasing injection/suction parameter. Physically, the existence of wall normal velocity components 
modifies the axial momentum balance, increased injection tends to resist axial motion, while suction stabilizes it, both effects 
eventually increase the pressure to maintain the flow. Figures 7(c)-7(d) illustrate the effect of buoyancy forces, characterized by the 
thermal and solutal Grashof numbers, respectively. In both instances, the rise in these parameters results in an elevation in 
pressure since stronger buoyancy force-induced convection is combined with the peristaltic pumping mechanism and requires a 
greater pressure gradient to maintain unidirectional flow. 

4.7. Frictional force 

Frictional force profiles provide a picture of the distribution of shear force imposed by the fluid on the channel wall and are of 
considerable significance in understanding wall-fluid interactions. The influence of several parameters on behaviour of frictional 
force vs. flow rate is described in relation to Figs. 8(a)-8(h). These plots clearly depict the behaviour of frictional force being contrary 
to pressure variation, implying the complex interface between fluid mechanics and various controlling parameters. Figure 8(a) 
indicates that, with Ree-Eyring fluid parameter increase, there is a significant reduction in frictional force. Physically, this is due to 
shear-thinning behaviour of Ree-Eyring fluids, with greater values of the parameter resulting in lower effective viscosity at high 
shear rates. As a result, the fluid deforms less towards the channel walls and experiences lower wall shear stress and thus lower 
frictional resistance. Figure 8(b) shows the influence of injection/suction parameter on frictional force. As this parameter is larger, 
representing higher wall-normal mass flux, there is a decrease in the net friction. This happens because suction at the wall tends 
towards thinning of boundary layer, reducing shear stress, while injection could reduce the velocity gradient near the wall, both 
bringing down the friction. The result of magnetohydrodynamic effects is shown in Fig. 8(c). As the MHD parameter increases, 
frictional force is heightened. This is the direct result of the Lorentz force, a resistive body force that is opposite in direction to the 
motion of the electrically conducting fluid. Flow velocities are suppressed by the Lorentz force, causing the velocity profile to 
become steeper near the wall, and hence the shear stress and consequently the frictional force increases. Figure 8(d) illustrates the 
concentration slip effect. Adding slip at the boundary raises the velocity gradient near the wall. The increased gradient causes a 
greater mass diffusion rate, which in turn may enhance interfacial stress and thus increase the frictional force. 

  

(a) (b) 

Fig. 9. Variation in streamline in channel for (a) + = 0.3, (b) + = 0.4. 

  

(a) (b) 

Fig. 10. Variation in streamline in peristaltic channel for (a) + = 0.3, (b) + = 0.4. 
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(a) (b) 

Fig. 11. Variation in streamline in rough channel for (a) + = 0.3, (b) + = 0.4. 

  

(a) (b) 

Fig. 12. Variation in streamline in rough peristaltic channel for (a) + = 0.3, (b) + = 0.4. 

4.8. Stream function 

      Trapping effects in peristaltic flow are defined as the development of closed streamlines within the fluid region encasing a 
bolus-a circulating region of fluid which travels with the peristaltic wave without mass exchange with the ambient flow. The 
contour plots of stream function, pressure, and temperature give an overall insight into the peristaltic transport behaviour under 
the action of injection/suction and surface roughness. The stream function contours are easily seen to reproduce closed loop 
structures typical of trapping, with the bolus appearing saliently in central part of the channel and increasing with growing 
injection strength. The contour plots represented in Figs. 9-12 show the flow behaviour under the influence of varying injection/ 
suction parameters (at + = 0.3  and + = 0.4). Figure 9 depicts the flow behaviour in normal channel and Fig. 10 represents the flow 
in peristaltic channel for varying injection/suction parameter. While Fig. 11 represents the variation in rough channel, Fig. 12 
depicts the variation in peristaltic channel with rough walls. Increasing the value of the injection/suction parameter makes 
streamlines in the channel more curved and deviated laterally, reflecting increased transverse motion. This is also evident in the 
pressure field, whose contours become more oscillatory and entrenched, indicating higher pressure gradients and steeper dynamic 
changes. The streamline pattern is more compounded and closely packed near the wall for + = 0.4, indicating stronger radial 
disturbances of the flow. Moreover, the surface or wall connected plots show increased amplitude and frequency fluctuations with 
larger � values, indicative of enhanced wall interactions with possibly an influence on shear and transport properties. Generally, a 
higher injection/suction parameter yields a more dynamically active flow with greater complexity and stronger near-wall effects. 

5. Conclusion 

    The current model provides valuable insight to analyse the fundamental equations like continuity, momentum and energy and 
concentration equation which helps in studying the complex rheology of non-Newtonian Ree-Eying fluid model under the effect 
of wall roughness, slip and injection/section parameters, especially fluid characteristics. The model depicts the analysis of chemical 
reaction and injection/suction parameter through rough channel. Following are some of the important findings: 

 Internal heat generation raises fluid temperature, contributing to heat retention, and injection effect raises temperature by 
contributing to thermal energy and reduces solute concentration by increasing mixing, important for accurate thermal 
control and removal of the solute in industrial systems. 

 With decreasing thermal diffusivity, heat retention improves. This is especially important for high-viscosity fluids in 
insulation and food processing applications where retention of heat is vital. 

 High surface roughness increases wall mixing, decreasing temperature and enhancing near-wall solute concentration. This 
is crucial in the design of effective heat exchangers and catalytic reactors for optimal surface interaction. 
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 Lower mass diffusivity and increased reaction rates decrease the presence of solute in the flow and is used in environmental 
filtration systems and reactive transport in porous media, for example in pollutant degradation. 

 Magnetic effects enhance velocity; greater permeability increases flow. It may be used in MHD pumps and porous filtration 
devices for fluid control without mechanical components. 

 Pressure rise is augmented by internal heat production, slip conditions, and surface roughness factors essential in the design 
of peristaltic pumps for high-pressure service in biomedical and industrial uses. 

      The current model efficiently captures complex interactions such as MHD effects, porous wall injection/suction, and wall 
roughness on non-Newtonian peristaltic flow, offering valuable insights required in bioengineering and industrial applications. 
It combines chemical reactions, mixed convection, and slip boundary conditions, while maintaining analytical simplicity through 
long wavelength and low Reynolds number regimes. However, its applicability is limited by neglected inertial forces and three-
dimensional effects, confining the model to steady, laminar, and simplified geometries. Future studies can be extended to explore 
unsteady flows with non-sinusoidal waveforms and three-dimensional channel configurations, while also incorporating numerical 
simulations to assess solution stability and enhance computational efficiency, thereby providing a more realistic and 
comprehensive understanding of the problem. 
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Nomenclature 

'0 Magnetic parameter Greek Symbols 2 ̅     Concentration -0 Concentration expansion coefficient 20     Fluid concentration at center -. Thermal expansion coefficient 21     Fluid concentration at wall -1 Slip parameter for velocity  Wave propagation velocity -2 Slip parameter for temperature 24     Specific heat at constant volume -3 Slip parameter for concentration 78    Mass diffusivity coefficient L Wave number 7�    Permeability parameter N Amplitude ratio ,       Gravitational acceleration _ Chemical reaction parameter i�     Modified Grashof number O Ree-Eyring parameter if     Grashof number � Wavelength �      Non-uniform wave �1̅̅̅̅̅̅ Pitch +       Injection/suction parameter ) Constant viscosity +∗     Permeability   Fluid density +0     Chemical reaction rate % Concentration 5      Thermal conductivity %∗ Electric conductivity Z      Magnetic parameter * Roughness height 
      Non-uniform parameter *∗ Porosity of the medium K       Pressure M Dimensionless Temperature !f   Prandtl number "9̅: Components of stress tensor (i,j = x,y) 60    Heat generation parameter   VW    Reynolds number Subscripts m�     Schmidt number 0 Centre condition /       Temperature 1 Wall condition /0    Fluid temperature at center � Concentration-related /1    Fluid temperature at wall � Thermal-related � ̅     Time � Wall �̅       Axial velocity 
 Mean �0̅̅̅̅̅̅ Radial velocity   B     Axial coordinate Superscripts H     Radial coordinates *¯ Dimensionless quantity 
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Appendix 

�1 = +m� − √ 4_m� + +2m�2
2 , (A.1) 

�2 = +m� + √ 4_m� + +2m�2
2 , (A.2) 

� = √Z2 + 1 7� , (A.3) 

V = 1 + O, (A.4) 

21 = −�2 �1  , (A.5) 

22 =  121W�1ℎ(1 + -3�1) + W�2ℎ(1 + -3�2), (A.6) 

23 = 2122, (A.7) 

24 = −'+ , (A.8) 

25 = 1 + 24(ℎ + -2) − 24W`��ℎ (-2 + 1+!f), (A.9) 

�1 = + − √+2 + 4V�2
2V , (A.10) 

�2 = + + √+2 + 4V�2
2V , (A.11) 

�3 = − i�23�12V − �1+ − �2, (A.12) 

�4 = − i�23�22V − �2+ − �2, (A.13) 

�5 = if+24 �4   + if25 �2  − 1, (A.14) 

�6 = −if24�2 , (A.15) 

�7 = if24 +!f(+2!f(1 − !fV) + �2), (A.16) 

�8 = �3� + �4' + �6 + �7+!f, (A.17) 

�9  = −�8�1, (A.18) 

�10  = �1�2, (A.19) 

�11   = �9W�2ℎ  + �3W�1ℎ  + �4W�2ℎ  + �5  + �6ℎ + �7Wh��ℎ, (A.20) 

�12  = �9�2W�2ℎ  + �3�1W�1ℎ  + �4�2W�2ℎ  + �6  + �7+!fW`��ℎ, (A.21) 

�13  = W�1ℎ  − �10W�2ℎ  + V-1 (�1W�1ℎ  − �2�10W�2ℎ), (A.22) 

�14  = �3(W�1ℎ  − 1)�1 + �4(W�2ℎ  − 1)�2  + �6ℎ2
2  + �5ℎ, (A.23) 

�15  = (W�1ℎ − 1 �1  + �10  W�2ℎ − 1�2 )(1 + �11  + V-1�12 �13 ), (A.24) 

�16  = �7(W`��ℎ  − 1)+!f + �9 W�2ℎ  − 1 �2 , (A.25) 

�17  =  �10(W�2ℎ  − 1)�2�13  + W�1ℎ − 1�1�13 , (A.26) 
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26  = −1 + !�2   − �11  − V-1�12 �13 , (A.27) 

27  = �9 − �1026. (A.28) 
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