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Abstract. Ree-Eyring fluids are good models for lubricants. Understanding the flow behavior
of these fluids under stretching conditions can help design better lubricants for applications like
bearings and gears, especially at varying shear rates. This research delves into the aspects of heat
transmission and magnetohydrodynamic movement of the Ree-Eyring fluid across an elastic sheet.
The effect of numerous factors on the fluid’s properties, including temperature, is investigated.
The equations governing the problem are subjected to transformation and processed with the bvp5c
solver. The findings reveal that a stronger magnetic field impedes the fluid flow. Conversely, a higher
Ree-Eyring parameter and a higher couple stress parameter promote faster flow rates. The study
demonstrates that the Eckert number and heat source parameter contribute to an upsurge in fluid
temperature. In contrast, a higher Prandtl number signifies stronger thermal diffusivity, resulting
in a lower temperature profile. A higher Brinkman number indicates a more significant role for
viscous dissipation, leading to increased entropy generation. The Bejan number, which reflects the
relative dominance of heat transmission versus viscous dissipation, decreases with a rise in viscous
dissipation. Finally, the study presents mathematical relationships that quantify the impression of
these parameters on the friction factor and Nusselt number.

Keywords. Non-Newtonian fluid, bvp4c, Couple stress, Viscous dissipation, Entropy generation,
Magnetic field

Mathematics Subject Classification (2020). 76A05, 76D05

Copyright © 2024 Gopinath Veeram, Tailam Venkata Gayatri, G. V. Ramana, M. Srikanth, Darapuneni Purna
Chandar Rao and B. Purushotham. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the
original work is properly cited.


http://doi.org/10.26713/cma.v15i5.2845
https://orcid.org/0009-0001-1461-5642
https://orcid.org/0009-0009-5330-0414
https://orcid.org/0000-0003-0834-7554
https://orcid.org/0009-0002-3547-978X
https://orcid.org/0000-0002-3128-8137
https://orcid.org/0000-0002-8310-2699

1596 Analysis of Ree-Eyring Fluid Flow With Heat Transfer and Irreversibility. .. : G. Veeram et al.

1. Introduction

The importance of non-Newtonian fluid flow across an elastic sheet stems from its connection to
real-world applications and its role as a simplified model for complex flows. By studying the flow
of a non-Newtonian flow across an elastic sheet, engineers can improve industrial process design
and efficiency, enhance product quality and consistency, and develop better predictive models
for complex flow situations. In their numerical study, Javed and Ghaffari [8]] used the shooting
method to examine the Maxwell fluid flow through an elastic sheet near a slant-ing stagnation
point. A higher value of the shearing parameter is associated with a faster fluid velocity. Sajjad-
ur-Rehman et al. [21] addressed the three-dimensional Casson fluid flow across an exponentially
stretched surface in their discussion of the HAM approach. They observe an escalation in the
temperature profile as the Casson fluid parameter upsurges. Ibrahim et al. [6] studied the
thermal characteristics of two types of fluid flows, Casson and Williamson, across a stretched
surface with heat source and Dufour parameters. When comparing the temperature profiles of
Williamson and Casson fluids, it is shown that the heat source parameter significantly improves
the former. The flow of Walter’s B fluid through a permeable plate with nonconstant viscosity
was studied by Hussain et al. [5]. As the Prandtl number rises, it is found that the fluid’s
temperature declines. Building on the previous work, Idowu and Falodun [7] included Casson
fluid and cross-diffusion effects. Using the HAM method, Khan et al. [10] investigated the
Carreau fluid’s three-dimensional flow via a porous elastic surface subjected to cross-diffusion
effects. A decrease in fluid velocity is observed when the Weissenberg number increases. Using
velocity slip, Sharma and Shaw [25] examined two types of fluid flows (Williamson and Casson)
across an uneven elastic surface. It has been noted that the surface drag is reduced by the
velocity slip. Subsequently, a number of scholars (Faghiri et al. [4], Maranna et al. [[14], Biswal
et al. [3], Shahzad et al. [23], and Rehman et al. [20]]) engaged in the examination of diverse
non-Newtonian fluid flows across different geometries.

Studying flow over a stretching sheet can provide insights into the mass transfer and heat
transfer during the growth of crystals from solutions. This knowledge can be used to control
crystal size, morphology, and uniformity, leading to improved material properties. Mahanthesh
et al. [13] inspected the convective flow of a nanofluid in the slip regime. A significant influence
of the slip circumstances on the boundary layer is observed. Using thermophoresis and the
Homotopy Analysis Method (HAM), Rasool et al. [19] examined the nanofluid’s non-Darcy flow.
There is a negative correlation between porosity and flow momentum. Using slip parameters,
Sreedevi et al. [26] inspected the hydrodynamic flow of a hybrid nanofluid through an elastic
surface. They noticed that an upsurge in the slip parameter (related to velocity) corresponds to a
drop in the temperature of the fluid. In order to discuss two types of fluid flows (including Jeffrey)
across an elastic sheet, Sarada et al. [22]] conducted an investigation using the shoot method.
The velocity profile of Oldroyd-B fluid decreases at a greater rate than that of Jeffrey fluid when
the magnetic field increases. Khan et al. [9] examined the Maxwell fluid flow through an elastic
sheet with cross-diffusion effects. As the unstable parameter increases, the reduction of the
temperature profile is noted. Using the DTM-pade approach, Muntazir et al. [16] investigated
the two nanofluids’ aquatic flow over a porous stretched sheet subjected to viscous dissipation.
Arshad et al. [2] conducted a numerical analysis to examine the spinning motion of hybrid
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nanofluids using the bvp4c solver. The hybrid nanofluid plays a significant role in heat transfer
when a magnetic field is present. Ariffin et al. [1] scrutinized the influence of the suction on the
Reiner-Philippoff fluid flow in the slip regime. It has been determined that both slip parameters
have an equal effect on the Nusselt number. Subsequently, a number of scholars (Patil et al. [17]],
Lone et al. [12], Mohana et al. [15], Khan et al. [11], and Shahzad et al. [24]) engaged in the
examination of diverse fluid flows across stretching sheet.

Ree-Eyring fluids are good models for lubricants, and understanding their flow behavior
is crucial for designing better lubricants (e.g., for bearings and gears). Studying flow over an
elastic sheet simplifies complex flows and has applications in crystal growth control. This study
aims to bridge the gap in our understanding of Ree-Eyring fluid flow under a magnetic field
by analyzing its magnetohydrodynamic (MHD) flow and heat transfer characteristics over a
stretching sheet with variable thermal conductivity and non-uniform heat source parameters
using a couple stress model. The effect of numerous factors on the fluid’s properties, including
temperature, is investigated.

2. Formulation of the Problem

This study theoretically inspects the flow of a Ree-Eyring fluid with variable thermal
conductivity and activation energy parameters. The flow occurs via an elastic sheet with
the couple stress model. Assumptions underlying the current inquiry are as follows:

(i) The fluid moving across the surface of the sheet at an extending velocity u,, = bx (refer to
Figure[1).

(ii) A vertically imposed external magnetic field of strength B affects the flow.

(iii) We do not take into account the effect of stimulated magnetic field in this study.

Given the aforementioned presumptions, the appropriate conditions and fundamental
equations required for this investigation are outlined below:
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Note that

D b1 e LT g DR Q(T_TmHm_Tw)exp(_yﬁ)].
T, - T v v

Here Q,Q",0,Yv0,k(T),0,Cp,Dp,, k1, and E represents heat source, fluid density, couple stress
coefficient, electrical conductivity, thermal conductivity, specific heat capacity, molecular
diffusivity, Boltzmann constant and activation energy parameters respectively.

ou

Oy

u—0, -0, T>T,C—C,

Figure 1. Diagrammatical representation of the present study

Rao et al. [[18] presented subsequent similarity transmutations for the conversion of
regulating equations:

n=/ Z—;” w=bxf' ()=t f' (), T =Too+00 (T — Too),

v=—Wb)*f(1), C=Co+PMN(Cy—Co).
Equation (1) can be easily fulfilled by using (6). Equations (2)-(4), as well as condition 5], can be
effectively modified by integrating (6) in the ensuing process:

(6)

A+We)f" =CsfV +fFf" =2+ 210 + A ®-Mgf' =0, (7
1 1 1
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(10)
f'(00) = 0, f"(c0) — 0, B(c0) — 0, ®(co0) — 0, i.e., as ) — 0o

where Eckert number (Ecn), Schmidt number (St), Weissenberg number (We), Reynolds number
(Rey), Reaction rate parameter (I'), Grashoff number (Gr), Couple stress parameter (Cs), Mixed
convection parameter (Ri), Prandtl number (Pr), Magnetic parameter (Mg), Activation energy

f0)=0, f(0)=1, f"(0)=0, 6(0)=1, ®(0)=1, i.e., atn:O,}
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parameter (Eg), Temperature difference parameter (a) are outlined as:

1 Xty _ 8Pr(Ty — Too)x® Gr u?
We=——, R S =—,Gr= A= Ecn = ’
T gd T Ty Dm 2 TR T T (T —Too)
uCp b UB2 k2 Ty—Too gBc(Cyp — Coo)x® Gce
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Heat, mass transmission rates and friction factor are specified as:
Nu= —————— , Cf=—— , Sh= ———— (11)
koo(Tw -T y=0 lpuﬁ, y=0 Dm(Cw - Coo) y=0
where q,, = k(T)ay’ —2(,uf+xd)g‘;, Dmgg

The components in (11) can be reconstructed via (6) as:
(Rey)"2 Nu = —(1+£0)0'(0),

(Re,)? Cf = 2(1+ We)£"(0),
(Rey) % Sh = —®'(0),

2.1 Irreversibility
Entropy generation in fluid dynamics pertains to the inevitable escalation in the chaos or
unpredictability present in a fluid system. Entropy consistently exhibits an upward tendency in
practical situations, unlike certain other qualities that may vary. This phenomenon is intricately
linked to the Second Law of Thermodynamics, which states that the total entropy of a closed
system always increases with time. Minimizing entropy generation often leads to increased
energy efficiency. By delving into this subject, engineers can enhance their ability to create
more effective pumps, turbines, heat exchangers, and other fluid systems.

The dimensional expression for calculating the total irreversibility in the current flow
problem is articulated by the following formula:

aT 1 (ou)® 1 4,

Too ° Co Too Oy Oy
The followmg rewrltmg of equation (12) is possible with the use of (6):
p
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To find the Bejan number, one can use the following formula:

B The process of entropy formation due to the transfer of mass and heat
e= .
The overall generation of entropy

Applying in the following way allows us to revise Be:
(1+e6)ad?+JL02 + o'y

Be = .
(1+€0)ab2+Brf"2+MgBrf'2 + JgCIJ’2 +JD'O’
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3. Discussion of Outcomes

3.1 Profiles of Temperature, Velocity and Concentration

The in-built function bvp4c in MATLAB is employed to resolve equations (7)-(9) with
the constraints (10). Figure [2| displays that the escalation in the magnetic field parameter
leads to the decrease in the velocity of the fluid. As the magnetic field parameter (which
signifies the strength of the magnetic field) increases, the Lorentz force becomes stronger. This
stronger opposing force leads to a decrease in the overall fluid velocity. When the Ree-Eyring
parameter increases, it indicates a decrease in the fluid’s internal resistance to flow. This
allows the fluid particles to move more freely, resulting in a higher overall fluid velocity (see
Figure [3). When the value of upsurges, it essentially allows the fluid to resist rotational forces
more effectively. This can counter the internal friction within the fluid, leading to a faster
flow rate (see Figure [4). When the Eckert number increases, it indicates a more significant
contribution of kinetic energy. This translates to more energy being converted into thermal
energy due to friction between fluid molecules. Consequently, the fluid’s temperature rises (see
Figure[5). The amount of heat energy added to the fluid is proportional to the value of the heat
source parameter. The molecules of the fluid are stirred up by this extra energy, which makes
them vibrate with greater intensity. This increased vibration translates to a rise in the average
thermal energy of the molecules, which is reflected in a higher fluid temperature (see Figure [6).
A lower temperature profile is observed when the Prandtl number increases, as can be seen in
Figure |7} Figure 8| clearly establishes that increasing the activation energy parameter leads
to a rise in the fluid concentration. When the activation energy is increased, the pace of the
reaction decreases, resulting in a smaller reduction of nanoparticles and therefore a higher
concentration in the fluid. Figure [ reveals that augmenting the reaction rate parameter results
in a decrease in the fluid concentration.

08r

0.6

We=0.1,04,0.7

Figure 2. Situation where Mg influences f'(n) Figure 3. Situation where We influences f'(n)
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Figure 4. Situation where Cs influences f'(n)

Figure 5. Situation where Ecn influences 6(n)

D(n)

0.8r

0.6

Figure 8. Situation where Eg influences ®(1)

I'=0.3, 0.6, 0.9

Figure 9. Situation where I' influences ®(n)
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3.2 Irreversibility Analysis

A higher Brinkman number indicates a larger proportion of heat generated by viscous heating
in comparison to conductive heat transfer. This leads to increased internal heat production
caused by friction, leading to a more substantial increase in entropy (see Figure [10). Based on
Figure it is evident that there is a fall in the Bejan number as the Br value increases. It
should be noted that a rise in Br (resulting in greater viscous dissipation) leads to a higher
total entropy generation within the fluid flow. The increased Ree-Eyring fluid parameter leads
to more viscous dissipation. Hence, entropy generation rises (see Figure [12). The increased
Ree-Eyring fluid parameter leads to more viscous dissipation. Due to the increased significance
of viscous dissipation relative to thermal transfer, the Bejan number decreases (see Figure [13).

Figure 10. Situation where Br influences Eg

0.8 T T : T T T 1

0.7 |

061

051

We =01, 0.3, 0.5
We=0.1,0.3,0.5

Figure 12. Situation where We influences Eg Figure 13. Situation where We influences Be
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3.3 Multiple Linear Regression (MLR)
Multiple Linear Regression predicts the value of a dependent variable based on the values of
multiple independent variables. MLR builds a linear equation to represent the relationship.
This equation includes coefficients for each independent variable, indicating the strength and
direction of their influence on the dependent variable.

To establish connections amongst crucial technical attributes like Nusselt number and
particular variables like couple stress parameter, this research used the following models:

Cf=po+p1We+paMg+ps3Cs, (14)
Nu=qo+q1Q +qoEcn+q3Pr, (15)
Sh:r0+r1Eg+r2F. (16)

In order to accelerate the process of obtaining findings, we employed twenty unique sets of
varying values for each computation.

Cf =-1.2066—-1.1172We —0.3298 Mg +0.1583 Cs, 17)
Nu =0.3399-0.551Q — 0.8342Ecn +0.3175 Pr, (18)
Sh =0.9639-0.194Eg +0.8957T". (19)

Equation shows that while an upsurge in We and Mg causes a decrease in the friction
coefficient, an upsurge in Cs causes an increase in it. When We increases, the fluid exhibits
increased elasticity and stronger internal stresses. This elasticity makes the fluid layers resist
deformation and tend to stick together. As a result, the fluid offers less resistance to the overall
flow, leading to a decrease in skin friction coefficient. The friction coefficient rises by 11.50% as
the value of Cs ranges from 0.5 to 3. According to equation (18), an upsurge in Eckert number
and heat source parameter causes the Nusselt number to decline, while a surge in Prandtl
number causes the same to rise. Research has revealed that the Nusselt number experiences
an increase of 33.65% when the Prandtl number falls between the range of 0.5 to 3.5. From
equation (19), it is evident that there is a decrement in the mass transfer rate with the rise in
activation energy parameter and an escalation in the same with the rise in the reaction rate
parameter. It is observed that the Sherwood number rises by 20.02% as the value of Eg ranges
from 0 to 3.

4. Conclusions

This study effectively examined the flow and thermal characteristics of a Ree-Eyring fluid
on an elastic sheet using a numerical method. The analysis considered the impact of viscous
dissipation, non-uniform heat source, and activation energy parameters. The major findings
indicate that multiple parameters have a considerable impact on the various fluid flow features
including heat transfer:

* A stronger magnetic field (higher parameter) reduces fluid velocity.
* A higher Ree-Eyring and couple stress parameters promote faster flow rates.

* The Eckert number and heat source parameter contribute to a rise in fluid temperature.
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* A higher Prandtl number signifies stronger thermal diffusivity, resulting in a lower
temperature profile.

¢ A higher Brinkman number indicates a more significant role for viscous dissipation,
leading to increased entropy generation.

¢ It is observed that the Sherwood number rises by 20.02% as the value of Eg ranges from 0
to 3.
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