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Abstract: Thermal explosions in reactive flows present an
important risk to industrial engineering systems, where
uncontrolled exothermic reactions can compromise safety
and operational integrity. This study investigates the theo-
retical solutions related to thermal runaway and heat trans-
port in a branch-chain bifurcation scenario influenced by
hydromagnetic Powell-Eyring fluid flow. By incorporating
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factors such as current density and variable properties, we
aim to enhance the safety, reliability, and efficiency of
industrial operations, thus contributing to the development
of more robust and sustainable systems. Notably, the fluid is
characterized by active exothermic behavior under bimole-
cular kinetics, challenging traditional material assumptions.
Utilizing a spectral collocation scheme alongside exact solu-
tions, we derive critical parameters, including flow velocity,
current density, bifurcation branch-chain criticality, entropy
generation rate, and heat propagation. Our findings reveal
that increased electric field conductivity significantly enhances
the current density along the channel walls, driven by the
combined effects of the Frank-Kamenetskii term and electric
field loading. Furthermore, understanding thermal explosions
and branched-chain reactions is essential for preventing
engine failures, underscoring the practical implications of
this research in industrial contexts.

Keywords: Powell, Eyring fluid flow, thermal explosions,
thermal runaway, chemical kinetics, entropy generation

Nomenclature

x5,y Cartesian coordinates

h Channel width, m

a Fluid flow velocity, m s~

By Magnetic field strength, Wb m™>
T Dimensional fluid temperature, K
Ty Fluid temperature at the wall, K
¢ Injection/suction

u Fluid viscosity, kg m™ s7*

B Thermal expansion coefficient, K™
G Specific heat capacity, ] kg™ K™
v Vibration frequency

nn Coefficient of Navier slip
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Q Heat reaction term, W

A Constant reaction rate

Gr Thermal Grashof number

0 Powell-Eyring parameter

a Variable thermal conductivity

€ Activation energy

g Dimensionless temperature

g Gravitational force, m s2

Ha Hartmann number

0y Electrical conductivity

R Universal gas constant

b Electrical conductivity exponent
X, @  Fluid material constant

p Density of the fluid, kg m™

Ey Electrical field

Pr Prandtl number

k(T*) Heat-dependent thermal conductivity, W m™ K

l Planck number

&4  Navier slip

C Reactant species

k Thermal conductivity, W m™ K*
A Frank-Kamenetskii parameter
Br Brinkman number

0] Electric field loading

H Dimensionless velocity

1 Introduction

According to the laws of thermodynamics, entropy genera-
tion serves as a metric for the inherent inefficiency present
in all energy conversion processes in the real world.
Entropy generation is particularly useful in the context
of heat engines, refrigeration systems, and other thermo-
dynamic processes. Therefore, engineers can analyze and
calculate the energy losses in the system they are working
with by using the idea of entropy generation [1]. Two cycles
govern the entropy generation, which are the Carnot and
Otto cycles; the most effective thermodynamic cycle, with
zero entropy formation under perfect conditions, is the
Carnot cycle. Both adiabatic and isothermal processes
make up this cycle. Because it denotes the maximum effi-
ciency that an engine may attain, it is an essential thermo-
dynamic benchmark. However, in practice, no practical
engine can reach the Carnot efficiency because of irrever-
sibilities like heat losses and friction, which constantly gen-
erate some entropy [2]. Another excellent study for entropy
formation is the Otto cycle, which serves as a realistic model
for gasoline engines. Because entropy is generated during
combustion and exhaust processes, when heat transfer
over limited temperature differences occurs, this cycle is
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intrinsically irreversible [3]. As a result, they may modify
their designs to minimize these losses, increasing the effec-
tiveness of the regime. According to Nasrin and Alim [4], the
non-equilibrium flow produced by boundary conditions (BCs)
is what generates entropy in the flow field. Entropy is gener-
ated during the convection process as a result of irreversi-
bility brought on by the heat transfer phenomenon and
friction in the fluid movement. Many studies have been
carried out on entropy generation based on different flow
models: Sharma et al. [5] considered a flow model with an
electromagnet-hydrodynamic Jeffrey nanofluid flow. This
research lays more emphasis on solar radiation, which is
an increasing function of the temperature distribution. Ullah
et al. [6] worked on a flow model that includes a magnetohy-
drodynamic (MHD) hybrid nanofluid considering moving
plates. The entropy generation studied in this research affects
the magnetic term positively due to the greater resistance of
the fluid flow that is produced by the Lorentz force, leading to
higher entropy production. Furthermore, Obalalu et al. [7]
addressed entropy generation on a Casson fluid flow model;
although the numerical aspect was the focus point, the effects
of some physical parameters like the radiation parameter
and Eckert number were well explained on the entropy gen-
eration profile. The flow model that involves the variable
properties, exponential porous fins, radiation, and heat gen-
eration was analyzed by Din et al. [8] using the shooting
technique as the numerical method. One of their observations
revealed that the temperature ratio and the entropy genera-
tion profile are directly promotional to each other. Favas and
Jilani [9] also considered entropy generation on a flow model
that involves variable properties and heat generation, but
they used a different numerical method called a line-by-line
Gauss—Seidel iteration method, and their result includes the
entropy generation profile also increasing the temperature
ratio. In addition, Rikitu and Makinde [10] examined the
second law and heat transfer analysis in a non-Newtonian
(Eyring-Powell) nanofluid flow past an inclined microchannel
with Lorentz forces and heat generation effects.

The field of MHD, also known as magnetofluid dynamics
or hydromagnetics, involves the examination of the perfor-
mance of fluids that conduct electricity [11,12]. MHD plays a
crucial role in analyzing the entropy generation of a system,
particularly in heat transfer. Abbas et al. [12] studied MHD
dusty flow by adding three types of nanoparticles into the
model and taking into consideration a non-linear heat source
term. Waqas et al. [13] studied the non-Newtonian Eyring—
Powell fluid model MHD flow under the influence of solar
radiation and generalized Arrhenius kinetics. The method of
homotopy analysis was used by Lone et al. [14] to solve a
model involving MHD blood-based ternary hybrid nanofluid
flow with velocity slip conditions. MHD involved in the flow
causes the velocity profile to retardate while the thermal
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field gives an increasing function of the MHD. Previous stu-
dies [15-20] show further research on entropy generation
and MHD flows.

Non-Newtonian fluids are characterized by their devia-
tion from Newton’s law of viscosity. Moreover, the shear
stress in non-Newtonian fluids is not directly proportional
to the velocity gradient as defined by Newton’s equation of
viscosity [21]. Examples of non-Newtonian fluids are paint,
toothpaste, and ketchup paste; these fluids exhibit a drop in
viscosity and an increase in velocity when subjected to force
or pressure. That being said, not all non-Newtonian fluids
display these qualities [22]. The Eyring—Powell fluid is a non-
Newtonian fluid that Eyring and Powell discovered in the
year 1944. It exhibits both thixotropic and shear thinning
(pseudo-plastic) characteristics. The Eyring—Powell fluid is
used in many different businesses and research domains,
including the production of pharmaceuticals, food, cos-
metics, paint, and coating companies, oil and gas, and
polymer processing. To have a thorough grasp of these
fluids and their diverse uses, it is essential to investigate
the behavior of the Eyring—Powell fluid under various situa-
tions. According to earlier studies, the importance of the
Eyring-Powell fluid and its uses in the applied sciences
and other technological processes cannot be overstated.
Hussain et al. [23] examined the MHD ternary hybrid nano-
fluid flow past a stretching sheet subject to convective
boundary conditions. The resultant ODE was elaborated
numerically using a spectral quasi-linearization scheme.
The Eyring-Powell model with MHD and bi-convective
heating is numerically investigated by Igbal et al. [24] using
the shooting technique, taking into account gyrotactic
microorganisms. The temperature distribution is signifi-
cantly increased as a result of the addition of MHD and
convective heating to the Eyring—Powell model. The Eyr-
ing-Powell model was also utilized by Khan et al. [25] to
study the electromagnetic effect in an axisymmetric
channel. The homotopy perturbation method is used to cal-
culate against the resulting equations. The results showed
that the temperature distribution is exactly related to the
electric and magnetic characteristics. Analysis by Vijatha
and Bala Anki Reddy [26] made use of the homotopy pertur-
bation approach to numerically solve the Cattaneo—Christov
Eyring-Powell heat flow model. Allehiany et al. [27] ana-
lyzed a Cilia Eyring-Powell model with viscous dissipa-
tion and a vertical thermal channel using the Adomian
decomposition approach. The investigation revealed that
the Eyring—Powell parameter causes the flow to speed up
by 10%. The MHD Eyring-Powell model was analyzed by
Hussain and Mao [28] using a variable stretching sheet
and Christov—Cattaneo heat flux. The resulting ODE was
numerically solved using the shooting technique, and the
result demonstrated that MHD had a positive effect on the
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temperature profile. The significance of mathematical simu-
lation on a complicated form of heat radiation under the
impact of entropy generation and some other dimensionless
flow parameters was discussed by Nisar et al. [29] using the
Powell-Eyring fluid model. A bioconvective Eyring—Powell
nanofluid model was examined by Mondal and Pal [30]
while taking into account variable characteristics and che-
mical reactions. The Runge—Kutta Felhberg technique was
employed to numerically solve the model. Their findings
showed that when the chemical reaction parameter increases,
the concentration and microorganism density profiles decline.

An Eyring-Powell flow via a porous channel was
explored by Nadeem et al. [31] using water as the base fluid
and aluminum oxide nanoparticles. The investigation fol-
lowed the use of the perturbation approach and showed a
direct proportionality between the flow velocity and the
Eyring-Powell parameter. A chemically reacting Eyring—
Powell fluid flow was studied by Hussian et al. [32] while
taking the radiation term and the density of motile micro-
organisms into account. The concentration distribution
and microorganisms increase when the magnetic parameter
and Biot’s number increase. Ibrahim and Lamesse [33]
quantitatively analyzed the Eyring—Powell nanofluid model
over a stretched surface and convective heating using the
finite elimination approach. Their findings revealed that
the Eyring—Powell parameter significantly increases with
increasing velocity profiles. Shah et al. [34] used the Runge—
Kutta approach to adapt homogeneous and heterogeneous
reactions to the Eyring—Powell nanofluid model, which was
composed of microorganisms and variable characteristics. It
was also noted that the Eyring—Powell parameter improved
the flow movement.

The importance of studying thermal runaway cannot
be overstated when it comes to Eyring—Powell reacting
fluids, as a thermal explosion is a major threat when
working with any reacting fluid. The primary goal of
studying thermal runaway is to forecast the unsafe or cri-
tical state of a reacting fluid. When a thermally unstable
reaction system demonstrates an uncontrollably increasing
rate of reaction that quickly raises temperature and pres-
sure, this is called a runaway chemical reaction. The effects
are shown in Figure 1la. However, inappropriate response
scaling, malfunctioning cooling or control systems, or acci-
dental introduction of contaminants or unsuitable materials
are some possible causes. The consequences for safety are
enormous because these reactions can result in fires, toxic
spills, or explosions, which pose serious risks to people’s
health, the environment, and properties. The recent work
of Salawu et al. [35] studied the computational solution of
thermal runaway on thermodynamic reacting couple stress
fluid by considering slip conditions and variable properties.
The analysis revealed that studying thermal explosion helps
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Figure 1: (a) A chain reaction analyzing the reasons behind thermal
runaway. (b) Physical flow configuration.

improve the performance of a system and the design of
multiple technological devices. The non-Darcy fully devel-
oped mixed convection in a porous medium channel with
heat generation/absorption and the hydromagnetic effect
was investigated by Chamkha [36].

1.1 The objective and novelty of the newly
proposed model

This study aims to develop a theoretical model to prevent
thermal explosions in reactive flows and improve heat
transfer during exothermic reactions within the irreversi-
bility process. It examines how Navier slip conditions and
variable properties influence the heat transfer process. It
further explores how the system performs under conditions
of high thermodynamic equilibrium. It reveals that mini-
mizing entropy production is vital for effectively managing
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energy in industrial engines. The newly proposed model
offers a thorough analysis of bifurcation branches for criti-
cality via employing the spectral collocation scheme (SCS).
This investigation sheds light on the ignition and non-ignition
phases of reactions involving the Powell-Eyring fluid, pre-
senting novel findings. The study assumes the idealized beha-
vior of the Powell-Eyring fluid, which may not fully represent
the complexities of actual fluids in industrial environments.

1.2 Motivation and applications of the
proposed study

The prevention of thermal explosions is motivated by key
factors across different industrial sectors, including indus-
trial systems design and operation, aerospace engineering,
chemical reactors, combustion engines, and electric vehi-
cles. This drive is crucial in ensuring safety and reliability
in these diverse fields.

2 Description of the current model

This study investigates the exothermic reactive flow of a
hydromagnetic over a vertical porous wall under bimolecular
kinetics. The configuration of the reactive Powell-Eyring fluid
and the schematic representation of the coordinate system
are displayed in Figure 1b. In a non-isothermal setup, the flow
walls are positioned at y* = [0, h], where y* is perpendicular
to the direction of the non-Newtonian flow along the x*-axis.

The analysis was based on the following assumptions in

this case:

* The model is a steady and electrically conducting Eyring—
Powell fluid flow.

* The hot fluid temperature is the term T* for the lower
plate of the channel and the ambient temperature T, for
the top plate.

* Thermal conductivity, the Frank—-Kamenetskii term, heat-
dependent dynamic viscosity, and magnetic field were
also considered.

The electrical conductivity o(T*) of the reactive fluid,

which is dependent on heat, is defined as follows [35]:
ET-1))

@
RT;?

bl

a(T) = 00[

where g, represents the electrical conductivity of the plate,
and b denotes the electrical conductivity exponent. According
to Algehyne et al. [20], the fluid model for the Cauchy Eyr-
ing—Powell stress tensor is as follows:
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while p is the fluid viscosity coefficient:
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According to the assumptions mentioned above, the
governing equation for the velocity and heat balance of
the reactive Powell-Eyring fluid with variable properties
are given as follows [16,17]:

da _ _dp (1 |da 1 (da]da
§op dy* x| wy |dy*?  2w3|dy* | dy*? @)
- a(T")By(Boa™ + Ey) + gB(T" - Tp),
ar* @7 dT* dk(T)
COpCp dy* - k(T )dy*z + dy* dy*
KT*)* E
+ QCA[ v ] eRT" + O'(T*)B()(Boa* + EM)Z (5)
N da* | 1) 1 da* |
dy* wy| 6wyd|dy*

The BCs are applied to the governing equations [19]:

d?a*@©) _ ., _da'(0) _,

R 0, a’(0)=n P (0) = To, o
da@) o da@® ..,

dy*z - 0’ a (1) - rz dy* ’ T (1) - TO'

According to [23], the thermal conductivity k(T*) that
varies exponentially are

k(T*) = koedT - To), (7

For certain liquids, such as air or water vapor, the
term a can be positive; for other liquids, such as benzene,
it can be negative. Equation (8) introduces the following
quantities into equations (4)—(6) [37]:

x* a y P*h opP
X:—’U:—’ :—’P: ’G:——’
h o 2 h HoSo ox
P 2 2
9= E(T *zTO)) Ha = h“gyB; ’ ®)
RT, u
& _he ono R
H-= U , = v 5 gl - h) gz - h .

In dimensionless form, the primary equations and the
BCs are as follows:

- Ha(¢ + H)" + G + Gr 9,

da Y ao|dH >
w_ e o %o, 28]
rPrdy =T tee [dy + Br| 9y 3oy 10)
+Ha(H + ¢)*9"
+ A1+ eﬁ)"e%.
Together with the BCs,
d2a*(0 da*(0
O o, a0 =42 D ) -0,
dy dy a1
d?a*(1) da*(1)
=0, a’(D) = g———, ") =0.
o S0 e =g T

The control parameters and range values for the gov-
erning equation are listed in Table 1.

The coefficient of skin friction and Nusselt number are
the quantities of engineering relevance and are defined as
follows.

_oH

- __99
9y

, Nu
=01 dy

Ce (12)

y=0,1

The current density for the reactive hydromagnetic
fluid flow is described as

Table 1: Listings of the control parameters and range values for the
governing equation

Parameters Formulae Symbols
Eyring-Powell fluid parameter a=-L a
uwy
Hartmann number _ hPaoB} Ha
a=—y
Thermal Grashof number _ 8BWRTg Gr
=55
Prandtl number pr= e Pr
ko
Frank-Kamenetskii parameter _ agcree(krg)" 1 A
= o e ee
Powell-Eyring parameter _ 0
0=
Brinkman number _ uEU? Br
- RkoTaz
Variable thermal conductivity _ arT? a
T E
Electric field loading 6= Em ¢
UBy
Activation energy _ RIg €

E
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1
k= [(¢ + H)ohdy
0 13)
and
Iy = (¢ + H)9,

where It is the total generated current and I is the current
density. It is vital to know that configuring a short circuit in
the absence of a loading electric field, ¢ = 0.

3 Evaluation of entropy generation

The concept of the first and second laws of thermody-
namics is crucial for effectively studying and utilizing solar
radiation mechanisms. According to Nadeem et al. [31],
entropy represents the disruption of an orderly system
and its surrounding environment, serving as a measure
of irreversibility. It is challenging to convert the entire
solar radiation into heat due to the presence of irreversi-
bility, leading to a decrease in the overall efficiency of
harnessing the sun’s energy for work. In this study, the
authors observed the level of disorder generated by the
conversion of heat, friction of T-HNF, and mass transfer.
Mathematically, entropy generation is expressed as [32]

k(T dT*2+ ulf,, 1 da |’
o2 o) |l pmx)lay
. (14
_ 1 E + O'(T*)Bo(Boa* + EM)Z
6pwys | dy* T, ’

The first term in equation (14) describes the irreversi-
bility of heat transmission, whereas the second and third
terms in the equation reflect the irreversibility resulting
from fluid friction and a magnetic field, respectively. The
non-dimensional rate of entropy creation in equation (14)
is obtained by using equation (8):

2

_ E%R2I, B (w@
* koRTG? dy
dH|  as(dH|' w
Br a
fa i) dojdi 29b
+e(1+a)dy 3 dyI+Ha(¢+H)l9,
where
as) Br dH )’
N1=e“‘9d— andN2=?(1+a)@]
. (16)
aé|dH
_ Yoo 29b
3 dyy + Ha(¢ + H)*9”|,

Bejan number (Be) is defined as
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N 1
Be = =

ﬁs = m, @17

where ) = %, N; = N, + Ny, and N; denotes the heat transfer
irreversibility, N, denotes the magnetic field and fluid friction
irreversibility, and i represents the irreversibility ratio. The
range of Bejan number (Be) is 0 < Be < 1. When Be = 0,
irreversibility results from fluid friction and magnetic fields,
controlling the reactive flow system; however, when Be = 1,
irreversibility results from heat transfer and heat differences.

4 Numerical procedure

4.1 A summary of SCS

SCT is a computational technique utilized in applied mathe-
matics and scientific computing to solve differential equations
(eigenvalue, Fourier series, ODEs, PDEs, etc.) and optimization
problems [38]. The procedure involves approximating the solu-
tion of a differential equation by expressing it as a combination
of basic functions. The basic functions selected are orthogonal,
for instance, Legendre polynomials or Chebyshev polynomials.
The fundamental idea of spectral collocation (SC) includes deter-
mining the weights of the basic functions that represent the
solution in a specified range. This technique is usually engaged
in SC to achieve precise solutions for differential equations.

The SC method entails the process of finding an esti-
mated solution for a differential equation:

L(x(t)) + W(7) =0, in domain, D = [0,1]. (18)

Here, function y(7) is an unknown function that depends
on 7, W(7) denotes the source term, and L is the differential
operator. Furthermore, the given solution must meet the BCs to
be considered as an appropriate approximation:

p
X(@ = Y wnQ, Qr-1), (19)
m-0
where wy, are coefficients of unknown constants and func-
tions. Q,,(2 - 1) are shifted Chebyshev base functions,
rescaled from the interval [-1, 1] to [0, 1]. To determine

the values of the wy,, equation (19) is replaced with equa-
tion (18), producing the residual error R,(7, wpy):

1, T=7Ty

20
0, otherwise, (20)

for (7t - ©,) =

1
_[RX((T, Wn)TT(T = Tp)dT = Ry (T, W) = 0,
d .

for m=1,2,..N-1
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The shifted Gauss—Lobatto points are represented via

1 - cos . This formula describes the specific

ms
N

_1
Tm—g

positions of these points.

4.2 Application of SCS

The solutions for H () and & () are as follows:

14
H) = Y cnQu@n - 1)

m-0

and 21)

p
o) = Y dnQu(2n - 1)
m-0
To determine the values of the constant coefficients
that are unknown, we can replace expression (19) with
equation (6) to satisfy the BCs.

p
Y cnQu2n - 1)] =0,
=0

m=0

14
Y dnQu(2n - 1)] =0,
m=0

=0 (22)

14
Y cnQu2n - 1)] =0,
=1

m=0

p
Y dwQy(2n - 1)] = 0.
m=0

=1

Equation (18) is inserted into equations (9) and (10),
producing the residues Ry(n, a;) and Ry(n, Cm, drm). Subse-
quently, the collocation method is employed to minimize
these residues, as outlined in the following:

1

_[RHV(T = Tm)d7T = Ry(Tn, Cm) = 0,

0

for m=1,2,..N-1,

1

[Roy(t = Tt = Ro(im, G, ) = 0,
0

for m=1, 2,..N-3.

(23)

The system of algebraic equations, derived from equa-
tions (22) and (23), consists of 2N + 2 equations involving 2N
+ 2 unknown constants (¢, d,,). These equations are then
solved utilizing the Newton method using the symbolic
computational software MATHEMATICA 11.3.
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4.3 Comparison between solutions of exact
and adomian decomposition procedure

The method’s consistency and accuracy are validated and
presented in Table 2. The comparison of results between
the exact findings and previous research is presented in
Table 1. The SCS reveals favorable outcomes when com-
pared to the results obtained through the exact ADM.
This comparison showcases the effectiveness of the SCS
in generating reliable outcomes. The SCS aligned well
with the other solution methods, exhibiting an absolute
error order of 107",

5 Results and interpretations

This section uses graphical illustrations to visually depict
how different control parameters affect velocity and tempera-
ture profiles. The ranges of controlling parameters are magnetic
field M = 01, 0.2, 0.3, 0.4), viscosity (@ = 0.3, 0.5, 0.7, 0.9),
Powell-Eyring (¢ = 0.2, 0.3, 0.5, 0.7), pressure gradient (G =
1, 3, 5, 7), Frank—Kamenetskii (A = 0.2, 0.5, 0.7, 1.0), electric
field loading (@ = 0.2, 0.3, 0.7, 1.0), and Brinkman number
(Br=01,02 03, 04).

5.1 Magnetic field parameter (M)
The influence of the magnetic field parameter (M) on the

fluid flow of HHF and a T-HHF is thoroughly studied. The
observation made in Figure 2a shows a decline in speed

Table 2: Comparison of the computed values of the exact solution and
existing work

W Wexact Wapm, results Ws Absolute
of [19] error

0.0 0.00303054  0.00303070 0.00303067  1.0012 x 1077
0.1 0.00598827  0.00598858 0.00598851  1.6750 x 1077
0.2 0.00854151 0.00854196 0.00854182  2.3164 x 1077
0.3 0.01037320 0.01037370 0.01037361 2.7968 x 1077
0.4 0.01125880 0.01125950 0.01125933 3.6802 x 1077
0.5 0.01106440 0.01106510 0.01106497 42994 x 1077
0.6 0.00974517 0.00974577 0.000974568  4.3776 x 1077
0.7 0.00734506  0.00734554 0.00734550  4.4422 x 1077
0.8 0.00399756  0.00399783 0.00399779  2.2145 x 10”7
0.9 -0.00007304 -0.00007305 -0.00007305 9.1365 x 1078
1.0 -0.00454921 -0.00454955 -0.00454947  2.4321 x 1077
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distribution as the M increases. Figure 2a exhibits three
curves corresponding to varying M values (0.1, 0.2, 0.3,
and 0.4). With an improvement in the magnetic field, the
curves display a reduction in the value, signifying a diminu-
tion in the speed distribution as the M value increases; the
physical reason behind this effect is ascribed to a force iden-
tified as the Lorentz force. When a charged particle moves
within a magnetic field, it experiences the inspiration of the
Lorentz force (LF).

5.2 Viscosity parameter (a)

Viscosity refers to how much a liquid resists deformation
or flow. A liquid with large viscosity is thicker and more
resistant, while a liquid with low viscosity is thinner and
flows more easily. The effect of the a parameter on the
fluid flow is shown in Figure 2b. A larger a leads to
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improved viscosity, resulting in a slower fluid flow. The
reason for this is that the viscosity of various liquids varies
depending on the temperature. Once the temperature of
most liquids increases, their viscidness tends to reduce.
Consequently, a liquid that is warmed up will have an
easier flow. The influence is larger toward the center of
the channel and has a smaller impact closer to the channel
plates.

5.3 Powell-Eyring parameter (Q)

The Powell-Eyring liquid model employs ¢ to illustrate
the rheological features of non-Newtonian liquids. H(n)
increases with increasing values of g, as shown in Figure
2c. The improvement observed can be attributed to the
decrease in fluid viscosity, as it has an inverse relation-
ship with fluid viscosity.
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Figure 2: (a) Velocity distribution for increasing M. (b) Velocity distribution for increasing a. (c) Velocity distribution for increasing a. (d) Velocity

distribution for increasing G.
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5.4 Pressure gradient parameter (G)

Figure 2d shows how the flow of the Powell-Eyring fluid
responds to increasing values of the G parameter. The reactive
liquid experiences a reduction in the flow rate caused by the
adverse influence of the pressure gradient. In the Couette device,
pressure is exerted in the opposite direction of the flow. There-
fore, the speed distribution is opposed by the force known as
applied pressure, which acts in the inverse direction to the flow.

5.5 Frank-Kamenetskii (A) and electric field
loading (¢)

The Frank-Kamenetskii theory elucidates the phenom-
enon of thermal explosion in combustion. It focuses on
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Figure 3: (a) The fluid temperature for increasing A. (b) The fluid tem-
perature for increasing ¢.
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the conditions where a uniform mixture of reactants is
confined within a sealed container with walls at a constant
temperature. The Brinkman number is the ratio of heat
generated by viscous dissipation to heat carried by
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Figure 4: (a) E4 versus n for various Br. (b) Be versus n for various Br.
(c) Eq versus n for various M.
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Figure 5: (a) Plot of criticality bifurcation versus A for increasing €. (b) Plot of criticality bifurcation against A for increasing n. (c) A.; against € for

increasing a. (d) 9max against € for increasing a.

molecular conduction. Figure 3a shows how fluid tempera-
ture responds to changes in A. The A values are energetic
heat sources; consequently, they both substantially
increase the fluid temperature in an exothermic reaction.
Figure 3b demonstrates how the fluid temperature
responds when the fluid electric field loading is increased.
An observation was made regarding an improvement
in fluid temperature within the vertically oriented
channel. The dragging force induced by the electric field
loading in an electrically conducting fluid counteracts
the heat generation components in the temperature
equations.

5.6 Brinkman number (Br)

The major goal of this present research is to find approaches
to lower the rate at which energy losses occur by taking into
account the production of entropy when creating models to
represent irreversible energy losses. To attain this objective,
it is important to find factors that lead to an increase of
disorder. Brinkman number (Br) signifies the evaluation
between heat created due to internal friction and thermal
transport via molecular conduction. Figure 4a demonstrates
a consistent development in the creation of dimensionless E,
with Br, signifying a corresponding increase in E; because of
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viscous dissipation. The graph highlights an acceleration in
the rate of non-dimensional generation at increased Br num-
bers, signifying the increasing significance of viscous dissipa-
tion as the fluid flow becomes more viscous. This observation
is further reinforced by the rapid increase in the rate of non-
dimensional generation as the Brinkman number increases. In
real life, the Brinkman number displays how much thermal is
created internally versus how much is transported externally.
When it is high, heat moves more sluggishly via molecular
conduction for the reason that more heat is created internally,
leading to a larger increase in temperature. Bejan number
tends to reach its peak in the central region of the channel,
where the dominant factor causing irreversibility is heat
transfer. The behavior (shown in Figure 4b) demonstrates a
reduction in the Bejan number as Br number increases, indi-
cating an increase in viscous dissipation irreversibility.

Figure 4c shows that as the value of the M increases,
the profile of entropy production increases at the walls but
declines towards the centerline of the channel. When a
magnetic field interacts with a fluid in motion, it produces
a force identified as the LF. The force works against the
fluid’s movement, causing more friction and energy loss.
The system experiences an increase in entropy as the dis-
sipated energy transforms into heat.

5.7 Solutions related to parameters for
explosion and branch-chain
bifurcation (BCB)

Figure 5a and b show the BCB diagrams corresponding to
increasing values of A and n within (€, 95x). The diagrams
illustrate the maximum liquid heat (Jn,x) and the A para-
meter. For the term € in the range of [0, 0.1], there exists a
critical branch chain solution (A;) for A within the range of
0 <A < Ay Therefore, two solutions are observed due to the
nonlinear nature of the modeled equations. When A, < A,
the thermal runaway is designated by the presence of both
a stable lower branch solution and an unstable upper
branch solution. Figure 5a and b illustrates variations in
thermal runaway corresponding to increasing values of €
and n. The explosion effect occurred due to the finite-time
attainment of infinite temperature.

Figure 5c and d demonstrates the variations in thermal
criticality (A,;) and maximum energy Fyax) and in response
to changes in fluid variable viscosity (a). As the fluid variable
viscosity increases, the magnitude of a4 increases; however,
Aqr decreases. The figures show how changes in heat source
terms affect the exothermic reaction in the fluid system.

Electromagnetic control and heat transfer increase in exothermic reactions
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5.8 Solutions related to parameters for the
current density

Figure 6a and b illustrates how the current density is influ-
enced by both the Frank-Kamenetskii term and the elec-
tric field loading. Both the Frank-Kamenetskii and the
electric field significantly increase the current density at
the channel walls by increasing the electric field conduc-
tivity within a hydromagnetic fluid flow. When the value of
H = zero, it illustrates the distribution of fluid within a
compact circuit configuration in the absence of an electric
field.

0.15(=
(a)
0.101 \'\_
~N .
N
I ey Y, A=i02
d ~o ——%=05
SO — = 2=07
AN \ D ER A=1.0
0.054 % %
AN
ML
\\':_
¢
%
0 - T T
0 0.2 0.4 0.6 0.8 1
n
(b)
0.3
T~
~
~
i, N
S - \
% \
‘\ \
0.2 O\
v\\
g o N 0=0.2
"y ——0=3.0
K \\\ — = ¢=7.0
S\ s 0=10.0
0.1 5
N\
\
0 ' . y , y
0 0.2 0.4 0.6 0.8 1
n

Figure 6: (a) Current density for various Frank-Kamenetskii terms. (b)
The current density for various electric field loading.
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6 Conclusions

The developed model describing the thermal runaway phe-
nomena, electromagnetic control, and heat dynamics in the
BCB of exothermic reactive flows under variable properties
effects is considered. Numerical solutions are obtained using
the SCS and Mathematica 11.3 software. The bifurcation
exploration shows critical points where the system transi-
tions from stable to unstable states, demonstrating conditions
favorable for thermal runaway. The viscosity parameter posi-
tively influences the flow rate profile. The mounting strength
of the magnetic field parameter resists the velocity distribu-
tion. The heat profile intensifies with a higher value of
Frank-Kamenetskii and electric field loading. The entropy
generation strengthens with a higher value of the Brinkman
number. This understanding is vital for designing systems
that aim to minimize energy loss and improve efficiency
with an increase in the magnitude of the magnetic field
and the speed distribution experiences an improvement.
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