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1. Introduction

The study and analysis of non-Newtonian fluid flow and their rheological properties are multidisciplinary
topics with broad application areas. In fact, the behavior of non-Newtonian fluids is observed in nearly every
chemical and related manufacturing industry. These fluids are utilized in thermal extrusion systems,
biomedical engineering, and other fields. The factors determining the properties of non-Newtonian fluids are
highly complex, and understanding them requires significant effort from researchers. The application areas are

also vast and diverse, demanding substantial input. Applications in thermal technology, such as crude oil
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refineries, heat exchangers, and insulation systems, rely on the efficient transfer of heat and mass within well-

defined fluid systems. Many physicists, chemists, and engineers work in this field [6]. No single equation can

fully describe the physical and mathematical properties of non-Newtonian fluids. The effect of the electric field

generated by an electric current is an important topic in the study of fluid flow through various channels. This

has prompted many researchers to explore the applications of these phenomena across multiple scientific

fields that impact human life [2]. Several studies have examined the oscillatory flow of fluids through parallel

plates exposed to a magnetic field. For instance, Soundalgekar and Bhat [3] investigated the oscillatory

magnetohydrodynamic flow and heat transfer of a non-Newtonian fluid inside a channel. Attia and Kotb [4]

analyzed the continuous motion of an electrically conductive, viscous, incompressible fluid between two

parallel horizontal plates. Additionally, Khadir and Al-Khafaji [5] studied heat exchange in oscillatory flows of

Williamson fluid through a porous surface under different flow configurations. Furthermore, some studies

have focused on Ree-Eyring fluid, a class of non-Newtonian fluids, and investigated its flow under varying

conditions, through different channels, and over distinct time periods, as illustrated in works such as [10-13].

Oscillatory magnetohydrodynamic (MHD) flow analysis is an advanced research area in fluid dynamics,

focusing on the interaction between magnetic fields and fluid motion. In this study, we investigate the effects of

oscillatory MHD flow on the temperature distribution and concentration of Ree-Eyring fluid between two

horizontal parallel porous plates. Ree-Eyring fluid, characterized by its non-Newtonian viscosity properties,

serves as an ideal model for analyzing complex hydrodynamic phenomena in porous environments. Partial

differential equations are used to model the interactions among magnetic, thermal, and concentration forces,

taking into account the effects of thermal conductivity, diffusion, and variable viscosity [6, 7]. The study of

oscillatory flow in non-Newtonian fluids is of great importance in various engineering applications. Previous

research has shown that magnetic fields can significantly influence velocity, temperature, and concentration

distributions in fluids, particularly in porous media [8, 9]. In this work, we propose a mathematical model to

analyze the effects of oscillatory MHD flow of Ree-Eyring fluid between two parallel plates on the fluid's

temperature and concentration. By solving the governing equations for momentum, energy, and mass

conservation, we examine the impact of various parameters on velocity, temperature, and concentration

profiles. Dimensionless parameters, such as the Peclet number, are employed to characterize heat and mass

transfer processes. Using MATHEMATICA 14.1, we plot velocity, temperature, and concentration profiles for

both Poiseuille and Couette flow scenarios, providing a comprehensive visualization of the system's dynamics.

Mathematical Formulation

A magnetic field, influenced by the presence of a simple electric current, was applied to a fluid stream
flowing between two parallel horizontal porous plates to develop a mathematical model governing the
oscillatory flow of a Ree-Eyring fluid. The channel has a width A, with the upper wall subjected to a
temperature T; and a fluid concentration C;, while the lower wall has a temperature T, and a fluid
concentration C, , as shown in Figure 1. The flow is considered in two cases: stationary (Poiseuille flow) and
moving at a constant velocity (Couette flow). Cartesian coordinates were employed, where x, represents the
horizontal axis and x, the vertical axis, defining the flow field as (V; (x,, t), 0,0) which satisfies the continuity

equation.
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Figure (1) Channel format: (a) Poiseuille flow and (b) Couette flow
The basic equations for the problem [1]:

5 o =0 )
p(GE+ T SE+ T, 50) = — 25 + 52— o3V, — 2207, @)
p(G2+ T 52+ V,52) = 35 + 52— oB3V, - 127, 3)

o
% = G ’Zl‘c—:_q (4)
3= D e (€ = )+ RS (5)

The above equations represent, respectively, the continuity equation, the momentum equation, the
temperature equation, and the concentration equation, Where (V;) is the axial velocity, (T)is a fluid
temperature, (B,) is a magnetic field strength, (u,) is a zero shear rate viscosity, (p) is a fluid density, (o) is a
conductivity of the fluid, (k) is a permeability, (¢,) is a specific heat at constant pressure, (K) is a thermal
conductivity and (q) is a radioactive heat flux, (C) is the concentration, (Ky) is the thermal diffusion ratio, (D)

is the coefficient of mass diffusivity, (T;,,) the mean fluid temperature.

The temperatures and concentration at the walls of the channel are given as:

T=Toat .’)?2=0, and T=T1at fzzh (6)

C=C0atx_2=0,andC=C1atx_2=h (7)
The radioactive heat flux given by [9]:

2L = an?(Ty = 1) ®)

The radiation absorption denoted by 7.
The fundamental equation for the Ree-Eyring fluid given by [2]:

10v;
Ty = [M + sinh™! (C ax})]

3
Since sinh1(A) = A -= for |A| « 1, we have Ty = [,uo Zzi +3 (l% -2 (%%) )] and for the velocity

Coxj 3!
vector (V; (x,,1),0,0), we get

avi 1 (o) . .
{['MO B’c] ax, 3IBC3 (@) i=1land j=2 (9)
0 otherwise

Method of solution
To simplify the governing equations of the problem, we introduce the following dimensionless

transformations:
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_E 7 n % _T-To , _tVm _ PhVm
X, ==,x,==V=—V,=—,0=—, ,Re =—2 )
h h Vin T, —To h o |
2
c-Co 1 Vin Up, h ph
@ = 161 = —=%,6 = _(~ ) U =—=, 17, = T12,P (10)
C1—Co KoBC Ch Vm Ho Vim " ko le
ph Ve 4n?n? oBZh? PgBRA(T1=To)
Pe =—"L N2 = ,Da ——,M2 —— Gr = e 1o )
K K h? Ho Ho Vm

Where (V,,) is the mean flow velocity, (Da) is the Darcy number, (Re) is the Reynolds number, (Gr) is the
Grashof number, (M) is the magnetic parameter, (Pe) is the Peclet number, and (N) is the radiation parameter,
while (e;) and (e,) are the Ree-Eyring fluid parameters.

By substituting equation (10) in equations (8) and (9), and then substituting from there into equations (1 - 5),
we have

et =0 (a1
Re%z —;—;+[1+61]Z;:§—3ez (272)2%_(1”24_017) v, (12)
=0 (13)

PeSy =25 +Br([L+el] (aavl) — e, (22)") + w76 (14)
R R LR e (15)

Solution of the Problem
A. To solve the motion equation (12), for two types of flow (Poiseuille flow and Couette flow). From
equation (13), the pressure function does not depend on x,, and then let
Vy(x,,t) = v, (x,)e’t and —:TP = elwt (16)
1

Where A is a real constant and w is the oscillation frequency. Substituting equation (16) into equation (12),
after simplifying the result, we obtain;
9%vy(xp) ot (9v1(r2))? 9%v1 (x2) 1 .
[1 +e ] U;ZZZ 3eZeZEwt( V1 (X2 ) V1 (X2 _ (MZ _l_E + Relw) vl(xz) = —A (17)

axz asz

Which is a nonhomogeneous nonlinear differential equation, and it is difficult to find an exact solution, so we
will use the perturbation technique to find the solution of the equation (17) by taking a small value for e,.
Accordingly, we write

vy =i+ e, vig +0(er?) (18)
Substituting equation (18) into equation (17), then by equating the similar powers of e,, we get the following
results:

vy M2+%+Reiw _ 1
omy? ( fLrer] Vip = ([1+e1]) (zero - order) (19)

%v M2+ia+Reiw 3e2i0\ ( 9y,0\2 82v )

ax2121 - ( [f+e1] >v11 = (m) ( axlzo) ?2120 (first - order) (20)
The above two equations (19) and (20) are suitable for slip and no-slip condition flow that represent
Couette and Poiseuille flow, respectively.
1. For Poiseuille flow (no-slip condition), the two parallel plates are at rest, which means that the boundary
conditions in non-dimensional form are V; (0) = V; (1) = 0. After substituting equation V, (x,,t) = v, (x,)et
and equation (18) in the boundary conditions and simplifying the result, we have the conditions
1410(0) = v1,(1) = 0 for equation (19) and v,,(0) = v, (1) = 0 for equation (20).
2. For Couette flow (slip condition), the lower plate is at rest, while the upper plate is moving with velocity
U,, which means that, the boundary conditions in non-dimensional form are V;(0) = 0 and V;(1) = U,,
respectively. After substituting equation V; (x,,t) = v;(x,)e’“! and equation (18) in the boundary conditions
and simplifying the result we have the conditions v,,(0) = 0, v,,(1) = e~“tU, for equation (19) and
v4,(0) = v,,(1) = 0 for equation (20).
The solution is large in two cases and we will discuss it in the drawings using MATHEMATICA 14.1 software.
B. To solve the heat equation (14) we use the separation of variables method with the boundary condition
equation (6). Let (x,,t) = 6,(x,)e'“t, where w represents the oscillation frequency, substituting into
equation (14), after simplifying the result, we get:
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9%6, 2 _; _ -t ( CIAYE %4)

5,2 + (N% — iwPe)8; = —e Br([1+e] (6x2) e, (6x2) (21)
The solution of equation (21) with boundary conditions 8, (0) = 0, 8,(1) = e~ is very large in both cases,
and we will discuss it in detail through graphical representations.
C. To solve the concentration equation (15) we use the separation of variables method with the boundary
condition equation (7). Let ®(x,,t) = ®;(x,)e'“t, where w represents the oscillation frequency, substituting

into equation (15), after simplifying the result, we get:
%o . 32%0
6x221 —S. (K, + iw)d; + 5.5, 6x2; = (22)

The solution of equation (22) with boundary conditions ®; (0) = 0, ®;(1) = e~ is very large in both cases,
and we will discuss it in detail through graphical representations.

Results and Discussion

We discuss the analysis of the MHD oscillatory flow and its effect on the temperature and concentration of
Ree-Eyring fluid between two parallel horizontal porous plates, with emphasis on Poiseuille and Couette flows,
and present the main results. Numerical evaluations of the analytical results, along with important graphical
representations, are shown in Figures (2) to (19). The flow channel area width is defined as 0 < y < 1. The
numerical results and figures were generated using Wolfram Mathematica 14.1.
1. The momentum equation was solved using the separation of variables method combined with the
perturbation technique, and all results were graphically presented. The movement of the upper wall of the
channel at a constant speed (Up = 0.3) in the case of Couette flow resulted in a higher fluid flow speed within
the channel compared to the Poiseuille flow scenario. The velocity patterns for both Poiseuille and Couette
flows were illustrated in Figures (2) to (5), which highlighted the influence of various parameters, including the
angular frequency (w), magnetic parameter (M), Reynolds number (Re), parameters (e; and e;), Darcy number
(Da), parameter (1), time (t), and the constant wall speed (Uy), on the fluid velocity. Figure (2) demonstrates
that the velocity profile V; increases with an increase in the Reynolds number (Re) and parameter (e;).
Similarly, Figure (3) reveals that the velocity profile rises with higher values of the Darcy number (Da) and
parameter (A). In contrast, Figure (4) shows that the velocity decreases as the angular frequency (w) and
parameter (e,) increase. Finally, Figure (5) indicates that the velocity profile declines with increasing values of
the magnetic parameter (M) and time (¢t).
2. The temperature equation was solved using the method of separation of variables and substitution of the
momentum equation into it, and all the results were displayed graphically. The temperature patterns for both
Poiseuille and Couette flow were displayed in Figures (6) to (11), which showed the effects of the parameters
w, N, M, Re, e;, ez, Da, Pe, B, A, t, i, and U, on the fluid temperature profile. Figure (6) shows that the
temperature profile increases with the increase in the value of the radiation parameter (N) and the magnetic
parameter (M). Figure (7) shows that the temperature increases with the parameter (e;) and the Brinkman
number (f5,). Figure (8) shows the increase in temperature with the increase in the parameter (1). Conversely,
Figure (9) shows that the temperature profile decreases with the increase in the angular frequency (w) and the
Reynolds number (Re). Figure (10) shows a decrease in temperature with the increase in the value of the
parameter (e;) and the Darcy number (Da). Figure (11) indicates a decrease in temperature with increasing
Peclet number (Pe) and time (£).
3. The concentration equation was solved using the method of separation of variables and substitution of the
momentum equation into it, and all the results were displayed graphically. The concentration patterns for both
Poiseuille and Couette flow were displayed in Figures (12) to (19), which showed the effects of the parameters
w, N, M, Re, e;, ez, Da, Pe, 3, Sc, Sr, Kr, A, t, i, and U, on the fluid concentration profile. Figure (12) shows that the
concentration profile increases with the angular frequency (w) and the Reynolds number (Re). Figure (13)
shows that the concentration increases with the parameter (e;) and the Darcy number (Da). Figure (14) shows
the increase in concentration with increasing time (t). Conversely, Figure (15) shows that the concentration
profile decreases with the increase in the radiation parameter (N) and the magnetic parameter (M). Figure (16)
shows a decrease in concentration with the increase in the value of the parameter (e;) and the Peclet number
(Pe). Figure (17) indicates a decrease in concentration with increasing Brinkman number (f,) and Schmidt
number (Sc). Figure (18) indicates a decrease in concentration with increasing Soret number (Sr) and chemical
reaction parameter (Kr). Figure (19) indicates a decrease in concentration with the increase in the parameter

).
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Figure (2) Velocity profile with different values Re = {1, 1.5, 2}, e, ={1, 0.4, 0.7} for (a) Poiseuille flow and

(b) Couette flow, with w=1, M =1.2, Da=0.8,e; = 0.5, t=0.5,1=2, i =+v—1 and Up=0.3.
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Figure (3) Velocity profile with different values Da = {0.7, 0.8, 0.9}, A1={1, 1.3, 1.5} for (a) Poiseuille flow and
(b) Couette flow, with w=1, Re=1, M =1.2, e, = 0.2, Da=0.8, t =0.5, i = v—1 and Uo=0.3.
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Figure (4) Velocity profile with different values w = {1.2, 1.4, 1.6}, e; = {0.3, 0.5, 0.7} for (a) Poiseuille flow
and (b) Couette flow, with Re=1, M =1.2,e, = 0.2, Da=0.8,A1=2,t=0.5, i =+v—1 and Up=0.3.
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Figure (5) Velocity profile with different values M = {1.2, 1.5, 1.8}, t= {0.4, 0.6, 0.8} for (a) Poiseuille flow and
(b) Couette flow, with w=1, Re=1,e; = 0.5, e, = 0.2, Da=0.8,A=2,i =+v—1 and Up=0.3
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Figure (6) Temperature profile with different values N = {0.8, 1, 0.2}, M= {1, 1.4, 1.7} for (a) Poiseuille flow
and (b) Couette flow, with w=1, Re=1,e; = 0.5,e, = 0.2, Pe = 0.7, 5, =1,Da=08,1=2,t=0.5,i =v-1
and Uo=0.3.
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Figure (7) Temperature profile with different values e, ={0.2, 0.4, 0.6}, 8, ={0.8, 1.2, 1.6} for (a) Poiseuille
flow and (b) Couette flow, with w=1, N=1, M =1.2, Re=1,e; = 0.5, Pe = 0.7, Da=0.8,1=2,t =0.5,i = V-1
and Uy=0.3.
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Figure (8) Temperature profile with different values 1 = {2, 2.2, 2.4}for (a) Poiseuille flow and (b) Couette
flow, with w=1, N=1, M =1.2,Re=1,e;, = 0.5,e, = 0.2, Pe = 0.7, 8, = 1,Da=0.8,t =0.5,i =+v—1 and Up=
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Figure (9) Temperature profile with different values w ={0.8, 1, 1.2}, ={0.7, 1.3, 1.8} for (a) Poiseuille flow
and (b) Couette flow, with N=1, M =1.2,e; = 0.5, e, = 0.2, Pe = 0.7, 3, =1,Da=0.8,4=2,t=0.5,i =v—-1

and Up=0.3.
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Figure (10) Temperature profile with different values e;={0.3, 0.5, 0.7}, Da={0.4, 0.6, 0.8} for (a)
Poiseuille flow and (b) Couette flow, with w=1, N=1,M =1.2,Re=1,e, = 0.2,Pe = 0.7, 3, = 1,1=2,t = 0.5,

i =+v—1and Uy=0.3.
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Figure (11) Temperature profile with different values Pe = {0.7, 1.7, 2.7}, t = {0.4, 0.6, 0.8} for (a) Poiseuille
flow and (b) Couette flow, with w=1, N=1,M =1.2,Re=1,e; = 0.5,e, =0.2,5, =1,Da=08,1=2,i = V-1

and Up=0.3.
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Figure (12) Concentration profile with different values w = {0.5, 1, 1.5}, Re = {1, 2, 3} for (a) Poiseuille flow
and (b) Couette flow, with N=1, M =1.2,e; = 0.5,e, = 0.2, Pe = 0.7, 3, = 1, 5. =1, 5, =0.2, K, =0.3, Da=0.4 , A

=2,t
10

0.8
0.6
04
02

0.0

=0.5,i=+v—1 and Ug=0.3.

eq1 05

eq1—+15

o]

e —>2.5

0.49
F=== D,->01

1.0

0.8

06

e =»05

eq1—=>15

81225 4af

F == Dg-0.1

k== Dy>04047}

=== D,504048 s
F== D;-507
F--- D,>07 1 04r a [
| 0.47 0.46

r 46 1 o2r

- 0500 0505 0510 0515 0520 0525 0530 00f 0500 0505 0510 0515 0520 0525 0530
00 02 04 06 08 10 0.0 02 04 06 08 1.0

v y
(a) (b)

Figure (13) Concentration profile with different values e; = {0.5, 1.5, 2.5}, Da = {0.1, 0.4, 0.7} for (a)
Poiseuille low and (b) Couette flow, with w =1, N=1, M =1.2,Re =2,e, = 0.2,Pe = 0.7, 5, = 1, 5. =1, 5,=0.2,
K-=0.3,1=2,t=0.5,i =+v—1 and Uyp=0.3.
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Figure (14) Concentration profile with different values t = {0.2, 0.5, 0.8} for (a) Poiseuille flow and (b)
Couette flow, with w=1, N=1, M =1.2, Re=2,¢; = 0.5,e, =0.2,Pe = 0.7, 8, = 1, 5. =1, 5, =0.2, K, =0.3,

Da=0.4, 1=2,i =+v—1 and Up=0.3.
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Figure (15) Concentration profile with different values N= {0.7, 1, 1.3}, M = {0.2, 1.2, 2.2} for (a) Poiseuille
flow and (b) Couette flow, with w=1, N=1, M =1.2, Re = 2,e;, = 0.5, e, =0.2,Pe = 0.7, 8, = 1, 5. =1, 5, =0.2, K

=0.3,Da=0.4, A=2,t=0.5,i =+v—1 and Up=0.3.
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Figure (16) Concentration profile with different values e,= {0.2, 0.5, 0.8}, Pe = {1, 2, 3} for (a) Poiseuille flow

and (b) Couette flow, with w =1, N=1, M =1.2, Re = 2, e,

=0.5,i =v—1 and Uo=0.3.
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Figure (17) Concentration profile with different values £5,= {1, 2, 3}, Sc ={0.7, 1.2, 1.7} for (a) Poiseuille flow
and (b) Couette flow, with w=1, N=1, M =1.2, Re=2,e, = 0.5, e, = 0.2, Pe = 0.7,5,=0.2, K, =0.3, Da=0.4, 1 =

2,t=0.5,i =+v-1 and Up=0.3.
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Figure (18) Concentration profile with different values 5,={0.2, 0.4, 0.6}, K, ={0.1, 0.3, 0.5} for (a) Poiseuille
flow and (b) Couette flow, with w=1, N=1, M =1.2, Re=2,e; = 0.5,e, = 0.2, Pe = 0.7, 3, = 1, 5. =1, Da=0.4, 1

=2,t=0.5,i =+v—1 and Up=0.
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Figure (19) Concentration profile with different values 1={2.2, 2.5, 2.8}for (a) Poiseuille flow and (b) Couette
flow, with w=1, N=1,M =1.2,Re=2,e; = 0.5,e, = 0.2, Pe = 0.7, 3, = 1,5.=1, 5=0.2, K, =0.3, Da=0.4,t = 0.5,

i=+v—1land Uy=0.3.
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Concluding Remarks

In this study, we analyzed the magnetohydrodynamic oscillatory flow and its effect on the temperature and
concentration of a Re-Ering fluid between two parallel horizontal porous plates. Using the separation of
variables method and turbulence technique, we determined the velocity, temperature and concentration
patterns of the fluid. MATHEMATICA 14.1 software was used to discuss the effect of different parameters on
fluid motion, temperature and concentration by interpreting the obtained graphs. Different parameter values
were used to analyze the results of the relevant parameters, and the main results were highlighted as follows:

e The movement of the upper channel wall at a constant velocity (U, = 0.3) in the case of Couette flow increases
the fluid flow velocity inside the channel compared to Poiseuille flow.

e The velocity in both Poiseuille and Couette flows increases with the rise in parameters Re, e,, Da, and A.

e The velocity in both Poiseuille and Couette flows decreases with the increase in parameters w, e;, M, and t.

e The temperature of the Ree-Eyring fluid increases with increasing N, M, e,, 3., and 2 but decreases with
increasing w, Re, e, Da, Pe, and t in the Poiseuille and Couette flows.

The concentration of the Ree-Eyring fluid increases with increasing w, Re, e;,Da, and t but decreases with

increasing N, M, e, Pe,B;,,S., S, K,, and 4 in the Poiseuille and Couette flows.
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