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Abstract. This study presents the analytical solutions of the entropy production of magnetohydrodynamic Casson fluid flow on a
porous extending sheet. An investigation was conducted to analyze the role of permeability, inclined magnetic force, radiation, Joule
dissipation, viscous dissipation, and heat generation/absorption on the momentum and energy equations leading to entropy
generation. A closed-form energy equation solution was achieved by utilizing the confluent hypergeometric function. The presented
results showed that entropy production is directly related to the Eckert number and inversely related to the Darcy number and the
Casson parameter. By increasing the Casson parameter from 0.2 to 100 in the high suction mode, the local Nusselt number was
increased by 204.6%.
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1. Introduction

A Casson fluid refers to a non-Newtonian fluid that exhibits both shear thinning and yields stress behavior, yet, at higher shear
values, it behaves more like a Newtonian fluid. The behavior of a Casson fluid on a stretching surface can be influenced by factors
such as shear thinning, yield stress, applied forces, and boundary conditions. Abolbashari et al. [1] studied the entropy production
of the Casson nanofluid flow on a stretched sheet using a semi-analytical approach. The authors reported that the decreasing
Casson and velocity slip parameters lead to an increase in entropy production. The effects of Joule heating and radiation were
studied numerically on a vertical extending sheet by Pal et al. [2]. Their results indicated a direct relationship between the local skin
friction coefficient and the Brownian motion parameter. Qing et al. [3] noted that the Hartmann number and porosity parameter
boosted entropy generation while decreasing velocity. A porous extending sheet was investigated numerically by Bhatti et al. [4] to
determine the entropy production by the MHD flow of Eyring-Powell nanofluid. They observed that magnetic field and fluid
parameters were inversely related to velocity. Sadighi et al. [5] found that the porosity of the medium has a direct and inverse
relation to the amount of the local skin friction coefficient and heat transfer rate. Medical applications of the presence of magnetic
fields include tissue engineering, developing biosensors, and targeted delivery of drugs. As part of their study, El-Aziz et al. [6]
numerically studied entropy production over an impermeable sheet for MHD Casson fluid flow with the Hall effect. In their study,
it was shown that increasing the Casson parameter decreases entropy generation and Bejan number. A stretching/shrinking surface
was used in the study by Gorder et al. [7] to investigate the magnetic parameter on viscous fluid flow. Stretching/shrinking porous
sheets occurs in many industries. Some applications are energy absorption, smart textiles, soft robotics, filtration, and separation.
Butt et al. [8] utilized convective mass and heat boundary conditions for the porous extended sheets. Their results showed a direct
relationship between the averaged entropy production number with solutal and thermal Biot numbers. An investigation was
conducted by Shah et al. [9] into the influence of activation energy and chemical reaction parameters on entropy production. After
utilizing a semi-analytical method, they concluded that thermal radiation and viscous dissipation effects were directly related to
the heat transfer rate. Engineers can design more efficient processes by identifying the sources and magnitudes of entropy
production. For example, modifying the material properties of a stretching/shrinking surface could minimize energy dissipation
and improve overall performance. For comparisons of different designs or operating conditions, entropy production can be used as
a performance metric. Sadighi et al. [10] analytically probed the entropy generation of MHD mixed convection of micropolar fluid
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flow on an oblique extending surface. They combined three distinct parameters to define a new magneto-buoyancy-inclination
parameter. Ramudu et al. [11] studied the convective heat transfer of MHD Casson fluid flow on a vertically extending surface. They
stated that the local skin friction is directly related to the Grashof number and velocity slip parameter. Using a semi-analytical
method, Sohail et al. [12] calculated the flow field chaos on a nonlinear bi-directional extended sheet. Pal et al. [13] demonstrated
that the Brownian motion number and suction parameter directly relate to the local Sherwood number. The Runge-Kutta-Gill
procedure was employed by Gangadhar et al. [14] to solve the MHD Casson fluid flow under the Newtonian heating boundary
condition. According to the authors, the thickness of the thermal boundary layer is significantly affected by the suction parameter.
Sadighi et al. [15] studied MHD heat and mass transfer nanofluid flow on a porous cylinder with chemical reactions. They concluded
that the chemical reaction parameter and inverse Darcy number are inversely and directly related to the local Sherwood number.
A study by Kumar et al. [16] found that activation energy is inversely related to mass transfer rate. Khan et al. [17] found that
stretching or shrinking the impermeable sheet affects the local Nusselt number and skin friction coefficient. Some stagnation point
flow applications can be found in the food industry, pharmaceutical manufacturing, and polymer processing. Anusha et al. [18]
scrutinized Casson hybrid nanofluid unsteady 2-D stagnation point flow on a porous extending surface. The authors used an
incomplete Gamma function to solve the energy equation. Their study proved that mass suction affects skin friction coefficient and
heat transfer rate differently. Zhou et al. [19] examined an extending stretching surface to study the unsteady slip flow of
magnetohydrodynamic Casson fluid. The study demonstrated that suction and radiation parameters directly affect the local Nusselt
number. To solve the energy equation, Mahabaleshwar et al. [20] used an incomplete gamma function to obtain the exact solution.
These researchers demonstrated a direct relationship between temperature and suction parameters. A numerical study was
conducted by Abbas et al. [21] in order to investigate the MHD Casson hybrid nanofluid flow on an impermeable normal extending
surface. Based on the authors' observations, there is an inverse relationship between thermal slip and both heat transfer rate and
local skin friction. The unique properties of carbon nanotubes (CNTs) in industrial applications include high strength, thermal
conductivity, and electrical conductivity, and their ability to be functionalized with various molecules and biocompatibility make
them ideal for medical applications. Sneha et al. [22] analytically performed an entropy analysis for MHD carbon nanotubes flowing
over a stretching sheet. They declared that the temperature ratio parameter and Brinkman number directly relate to entropy
production. Finally, MHD mixed convection of Casson nanofluid flow was investigated numerically by Ali et al. [23] in order to clarify
the effect of Arrhenius activation energy. Their study concluded that entropy generation is a function of dimensionless numbers,
including Brinkman, thermal Biot, and solute Biot, as well as parameters like radiation, thermophoresis, and Brownian motion. An
investigation by Abdal et al. [24] examined the role of physical phenomena on the behavior of Williamson and Maxwell nanofluid
over a stretching permeable surface subjected to a Cattaneo-Christov diffusion. As noted in their study, the Sherwood number is
directly related to the Schmidt number, dimensionless reaction rate, temperature difference, and power law index. An investigation
conducted by Bejawada et al. [25] showed that the Prandtl number and the radiation parameter have an inverse relationship with
local skin friction. Finally, a study by Biswas et al. [26] sought to evaluate the influences of the Hall current and chemical reaction
over a Casson nanofluid flow over a normal sheet. Their study illustrated that local skin friction is inversely related to the chemical
reaction parameter and Soret number. Recently, Sharma and Shaw [27] studied the effect of radiation and viscous dissipation on
the MHD flow of a non-Newtonian fluid past a stretching sheet. Mahabaleshwar et al. [28] investigated the radiation effect on the
stagnation point flow of Casson nanofluid past a stretching plate/cylinder. Flows of Casson nanofluid over stretching with heat
transfer were studied by Hafez et al. [29]. Saha et al. [30], Mallick et al. [31], and Biswas et al. [32] described the effect of obstructing
blocks on enhanced heat transfer in various flows. Additional studies of Casson and other nanofluid flow in different applications
were reported in [33-42]. These studies have enhanced our understanding of nanofluid behavior and paved the way for better design
and optimizing fluid flow for different applications.

The presented literature survey shows that a systematic parametric study of the entropy generation of the MHD Casson fluid
on an extending surface was not reported earlier. The current study focuses on examining the flow and temperature field of MHD
Casson fluid over a permeable extending surface in the laminar flow regime. The investigation takes into account the impact of
various factors, such as a magnetic field, the permeability of the medium, thermal radiation, viscous dissipation, Ohmic heating,
and heat generation/absorption. The governing PDEs and boundary conditions for laminar boundary layer flows were reduced to a
set of ODEs using the similarity transformation. An exact solution for the nonlinear momentum equation was first obtained. Then,
using an intermediate variable, the exact solution of the energy equation was derived using the hypergeometric Kummer's function.
Finally, a parametric study of the role of the different parameters on the velocity and temperature distributions, the local skin
friction coefficient, heat transfer rate, entropy generation, and Bejan parameters was performed. It was found that suction/injection
and radiation parameters significantly affect the heat transfer of Casson fluids. One main novelty of this study is the mathematical
procedure for obtaining analytical solutions for evaluating the entropy and Bejan parameters. In addition, the potential applications
to biological and industrial flows and heat transfer are discussed.
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Fig. 1. Physical model and coordinate system.
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2. Problem Formulation

We assume an incompressible, steady, 2-D, laminar Casson fluid flow field on a permeable extending sheet. The inclined
magnetic field is directed to the surface, as shown in Fig. 1. The submerged, porous stretching surface is stretched in the x-direction
through an electrically conducting fluid. The temperature and velocity of the wall are T,(x)=T,_ +bx’ and u,(x) = ax, respectively.

The equation that describes the flow behavior of an incompressible and isotropic Casson fluid is known as the rheological
equation and can be expressed as follows [43]:
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where P, is the Casson fluid yield stress, 7; is the stress tensor, d; is the deformation rate, 1, is plastic dynamic viscosity,

7 = dyd;; 1s the product of the component of deformation rate with itself, and . is the critical value of m. The governing boundary
layer equations for the MHD Casson fluid flow and energy conservation are as follows [44]:
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The Roseland approximation is used to account for the thermal radiation as:
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Accordingly, T* is expanded as a Taylor series about "T,_" and approximated after neglecting higher-order terms. That is,
T* ~ T +4T’T,, where T, =T —T,. The updated PDE can be written as follows once the energy equation is substituted:
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The relevant similarity variables to solve PDEs are:
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2.1. Similarity solution

In certain classes of problems, the dependent variables are functions of a combination of the independent variables. In these
cases, using the similarity transformation reduces the governing partial differential equations to the ordinary differential equations
that simplify the solution procedure. The similarity variables depend on the physics and geometry of the problem, as well as the
boundary conditions. Here, the similarity variables defined in Eq. (7) are used. In addition to the evaluation of the velocity and
temperature fields, the similarity solutions also allow the evaluation of the local skin friction coefficient and Nusselt number.

Inserting the expression given by Eq. (7) into Egs. (3) and (4) the resulting highly nonlinear coupled ODEs are:
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After using Eq. (7) in Egs. (5) and (6), the new boundary conditions for the similarity variables are given as:

f(0)=s, f'(0)=1,6(0)=1 (10)
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f'(00) =0, 6(c0)—0 (11)

The local skin friction coefficient and Nusselt number of the Casson fluid flow under the influence of the physical parameters
are:

160 * T3
—X kf +
C. = Ky % Nu :A ﬂ] (12)
T (x) oy ), ke (T, —T.) 9y},

By using the similarity variable, the skin friction coefficient and the Nusselt number may be restated as:

Re}’C; = [1 +%]f"(0), Re, ¥’ Nu, = —(1+Rd)#'(0) (13)

3. Exact Solutions
3.1. Momentum equation

According to the boundary conditions, an exponential solution is assumed [45]. That is:
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Using Eq. (14) in Eq. (8), the algebraic equation for evaluating \ is given as:
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The solution of Eq. (15) is:
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However, only the positive value of X is acceptable to satisfy the boundary conditions.

3.2. Energy equation

For achieving an analytical solution for the temperature field, it is assumed that 6(c), where ¢ is a function of 7 given as:
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Solving the transformed ODE along transformed boundary conditions results in an analytical solution:
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Here F(«,3,x) is the confluent hypergeometric Kummer's function. The analytical solutions to the momentum and energy
equations are obtained, so the solutions of the skin friction coefficient and local Nusselt numbers are also exact. One of the
advantages of these parametric solutions is that other publications could validate their outcomes with these solutions.

3.3. Analytical Solution and Confluent hypergeometric function

In this study a similarity solution was used to reduce the governing partial differential equations to a set of differential equations.
The differential equation for the momentum equation was solved analytically using an exponential expression. The lambda
parameter was then evaluated as given by Eq. (16). We made a change of variable from 7 to ¢ in the similarity form of the energy
equation, as indicated by Eq. (17). After some simplifications, the ODE takes the form of Kummer's differential equation, and the
solution is given in terms of the generalized confluent hypergeometric function. The solution's constants are obtained using the
boundary condition. A specific method is also used to evaluate the particular solution [46-48].

4. Entropy Generation Analysis

The novelty of this paper is to provide a mathematical solution to the entropy generation and Bejan number of MHD Casson
fluid flow immersed in a porous medium. The mathematical definition of entropy production is as follows [49]:
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Here S;,, Sy, S, and are entropy production due to heat transfer, fluid friction, and Joule dissipation. Dividing Eq. (23) by the
characteristic rate of entropy generation, S, = k¢ (AT)Z / I’T?, and restating the variables in similarity form using Eq. (7), it follows
that:
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where y=x/L, Re= aLz/le and Td = AT/T,, respectively, are the dimensionless distance in the x-direction, Reynolds number, and
dimensionless temperature ratio. Another significant thermodynamic quantity is the Bejan parameter, which quantifies how much
entropy has been produced due to heat transfer in a system relative to total entropy production. That is:
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The Bejan parameter is in the range of 0 <Be(n)<1. The value of Be(n)~1 indicates that entropy production by heat transfer
is more than that of viscous dissipation and Joule dissipation.

5. Results and Discussion

The analytical solutions for the laminar MHD Casson fluid flow problem on a porous extending surface are given by Egs. (14)
and (21). These solutions are used to perform a series of parametric studies of the effects of the Hartmann number, Casson
parameter, suction/injection parameter, radiation parameter, Prandtl number, source/sink parameter, and Eckert number on the
flow and thermal boundary layers, as well as, the variation of the local skin friction coefficient and local Nusselt number.

5.1. Velocity distribution

The effects of the fluid suction/injection, inverse Darcy number, Harman number, and Casson parameter on the velocity
boundary layers are studied in this section. The impact of s on the velocity distribution is demonstrated in Fig. 2. Fluid velocity
decreases in the suction mode compared to the injection mode when the stretching sheet is permeable. So, injection at the wall
increases the velocity magnitude and consequently increases the boundary layer thickness (VBLT). Figure 2 also shows that
increasing the inverse Darcy number decreases the velocity boundary layer thickness. The enhanced friction and altered velocity
profile in a porous medium can reduce the VBLT. The porous medium tends to slow down the fluid more effectively near the wall,
compressing the boundary layer. It was found that by decreasing the suction/injection parameter in Fig. 2 from 4 to -4 for the
impermeable medium, the value of Re}’C; (given by Eq. (13)) changes from -4.976 to -0.976 and increases by 80.38%. On the other
hand, for the permeable medium, the value of Re!? C; changes from -4.996 to -0.996 and increases by 80.06%.

The effect of the Casson parameter on the boundary layer velocity profile is shown in Fig. 3. Despite the presence (Ha = 10) or
absence (Ha = 0) of inclined magnetic fields, decreasing the Casson parameter increases the VBLT. It should be noted that an increase
in the Casson parameter enhances plastic dynamic viscosity and increases fluid flow resistance. The non-Newtonian fluids,
therefore, produce more resistance when compared to Newtonian fluids due to their enhanced viscosity. The Lorentz force is
generated when an inclined magnetic field is exerted, producing a resistive force. Fig. 3 shows that due to the enhancement of the
resistive force, the VBLT is reduced. That is, the Lorentz force opposes the flow, increasing the drag and reducing the VBLT. A further
finding shown in Fig. 3 is that without a magnetic field effect, an increase from 0.1 to 2 in the Casson parameter enhances Re}>C,
(Eqg. (13)) from -2.54 to -0.60, and in terms of percentage, it is enhanced by 76.21%. Meanwhile, in the presence of the Lorentz force,
it increases from -10.07 to -3.19 or 68.3%.

5.2. Temperature distribution

As shown in Figs. 4 and 5, several parameters affect the temperature distributions. For fixed values of
s=2,4=0.8,Ha=1,Da ' =0.01,Q = -10, and Ec=0.3 the influence of Pr, and Rd, on temperature variation and thermal boundary
layer are studied in Fig. 4. It is evident from the figure that the thickness of the thermal boundary layer (TBLT) increases as the
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Prandtl number decreases. Physically, the Prandtl number rises when the fluid viscosity increases and the thermal conductivity of
the Casson fluid decreases. A comparison is shown in Fig. 4 between the effect of the presence of the radiation parameter (Rd = 10)
and its absence (Rd = 0). The increased radiative heat flux can result in higher temperature gradients, leading to a thicker TBLT. A
wall that absorbs solar radiation causes its temperature to rise, leading to an increase in the fluid temperature. As a result, the
thickness of the thermal boundary layer increases. A careful evaluation of Fig. 4 indicates that Re;¥*Nu, is directly related to the
Prandtl number. By increasing the Prandtl number from 3 to 9, Re;¥> Nu, (Eq. (13)), in the absence of thermal radiation, it rises from
8.99 to 20.84, showing a 131.91% increase. On the other hand, for Rd = 10, the thermal radiation effect increases Re;”?Nu, from
21.77 to 41.76 (shows a 91.85% increase).

For under suction mode, s= 10,3 =2,Ha=5,Da " = 0.05Pr =6.2 and Rd =5, Fig. 5 illustrates the effect of variation of Q, and
Ec, on the temperature variations and TBLT over a stretching sheet. Heat is produced in thermal boundary layers by +Q and Ec.
The TBLT enhances as the heat source parameter and Eckert number increase. When Ec is high, viscous dissipation is significant,
meaning that a considerable amount of the fluid's kinetic energy is converted into heat. Figure 5 shows that a change from the heat
absorption Q =—10 to the heat generation Q =10 results in a decline in the Re;¥*Nu,. For Ec = 0, as the heat generation/
absorption parameter rises from -10 to 10, the value of Re Y*Nu, (given by Eq. (13)) declines from 68.43 to 56.52, by 17.41%.
Meanwhile, with the high Eckert number (Ec = 1), it decreases from 35.03 to 18.16 by 48.16%.

The porous medium wall boundaries are present in many practical applications. Flows in biological tissues, heat exchangers,
and electronic cooling are some examples of porous medium walls. Figure 6 displays the effect of the magnetic field's inclination
parameter (B, = B,sina) and Darcy number (Da) on temperature distribution in the boundary layer. An increase of both « and
Da increases the TBLTs. It is important to note that both of these parameters significantly impact the local Nusselt number.
According to Eq. (13), the local Nusselt number decreases by 105% with the porous medium, whereas it decreases by 115% without
the porous medium.
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5.3. Analysis of entropy generation

The entropy generation and the Bejan parameter play significant roles in heat transfer and fluid flow. These parameters indicate
the system's irreversibility, energy dissipation, and efficiency. Fig. 7 (a and b) illustrates the impact of the Casson parameter and the
Eckert number under the high injection (-10) and heat absorption parameters (-20) on the entropy generation and Bejan parameters.
In response to the increasing Casson parameter, Fig. 7(a) shows a reduction in the energy of the MHD fluid; hence, the entropy also
decreases. Figure 7(b) illustrates that the Bejan parameter is directly related to the Casson parameter under these conditions. This
figure also indicates that as the Eckert number decreases to zero, the contribution of heat transfer becomes more and more
significant until it reaches the maximum that can be reached. As previously stated, raising the Eckert number generates more
internal heat. So, despite the high heat sink effect, this dimensionless number significantly amplified the entropy generation.

Figure 8 (a and b) depicts the effect of Hartmann and inverse Darcy numbers on the entropy production and Bejan parameter
for a high injection rate and heat source effect for s=10,3=0.2,Pr=4,Rd=7,Q =2,Ec=0.1,xy =0.9,Re=1, and Td =0.1. Increasing
the entropy produced on a porous stretching sheet is achieved by exerting and enhancing the inclined magnetic field (Fig. 8(a)). It
is also worth noting that increasing the inverse Darcy number increases entropy production slightly. So, this plot shows that any
resistive force that increases the temperature causes entropy production. Considering that the Hartman and inverse Darcy numbers
increase, the contribution of fluid friction and Joule dissipation rises, so the Bejan parameter decreases (Fig. 8(b)).

Figure 9 (a and b) illustrates the relation between the Rd and the entropy generation and Bejan parameter subjected to the high
Casson parameter and the low Eckert number for s=—2,6=5Ha=8,Da ' = 0.03,Pr =3,Q = —5,Ec=0.1,x = 0.2, and Td = 1.3. As the
intensity of the solar rays intensifies, the temperature of the MHD Casson fluid increases, which causes the entropy to rise when
the values of the injection mode, heat absorption effect, and the Eckert number of the fluid are low (Fig. 9(a)). As can be seen from
Eq. (24), the entropy generation depends on the Reynolds number. MHD Casson fluid flows faster if the Reynolds number is raised
because the inertia forces increase while the viscous forces decrease. Figure 9(b) indicates that reducing the Reynolds number
decreases fluid friction and Joule heating contributions, decreasing the Bejan parameter.
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5.4. Model validation and discussion

This section provides a discussion of model validation and accuracy. Table 1 compares the present prediction for the local
Nusselt numbers for a range of Prandtl numbers to those of Grubka and Bobba [50] to ensure that the obtained results agree with
their previous findings. It is seen that the present model predictions are very close to the earlier study of [50] for the range of
parameter values considered.

Table 1. Comparison of heat transfer rate for different Prandtl numbers with previously published results for fluid flow, with
a=08=Ha=Da'=Rd=Ec=Q =s=0.

Pr Grubka and Bobba [50]  Present study

0.01 -0.0294 -0.029416
0.72 -1.0885 -1.088524
1.0 -1.3333 -1.333333
3.0 -2.5097 -2.509725
10. -4.7969 -4.796873
100. -15.7120 -15.711967
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Table 2. Local Nusselt number values for a = 7 / 2,Ha = 20,Da' = 0.05,Pr = 6.2,Rd = 10,Q = —20,Ec = 1.

S

3 -4 -2 0 +2 +4

0.2 0.8673 1.7966 3.3274 5.6015 8.6868
1.0 7.5872 9.8861  12.8137 16.3837  20.5448
10. 10.7601  13.8093 17.4033 21.4330 25.7938
100. 11.1730 14.3296 18.0133 22.0932  26.4594

For a =7/2,Ha=20,Da* =0.05,Pr =6.2,Rd = 10,Q = —20,Ec = 1, Table 2 shows the variation of the local Nusselt numbers with
the suction/injection s and Casson parameter 3. It is seen that the heat transfer is significantly influenced by suction/injection
and Casson parameters in the presence of high inclined magnetic field, radiation, heat absorption, and viscous dissipation effects.
This table shows that the local Nusselt number is affected by the values of different parameters, as mentioned earlier. So, to have
a high local Nusselt number for flows over the porous stretching sheet, it should operate in suction mode (s > 0). Furthermore,
Newtonian fluid is superior to non-Newtonian fluid for enhancing heat transfer.

6. Conclusions

This study analytically assessed the entropy production of the MHD Casson fluid flow on a porous extending surface. PST
(prescribed surface temperature) boundary condition was used in this case. The similarity solution was used to convert the
governing PDEs into ODEs. The exact solution of the energy equation is achieved through utilizing the confluent hypergeometric
function. The analyses that were conducted in this study and the presented graphical and tabular results demonstrated the effects
of various physical parameters on velocity and temperature distributions, the local skin friction coefficient, the local Nusselt
number, the generation of entropy, and Bejan parameters. The main conclusions are:

e The VBLTs are inversely related to s, Da*, 3, and Ha.

The TBLTs increase by enhancing Rd, Ec, Da, « and Q. In contrast, the TBLT decreases as Pr increases.

The skin friction coefficient is directly and inversely related to 3 and s.

The local Nusselt number increases as s, 8 and Pr increases, while it decreases when the Q, Da, and o increases.

The entropy production is boosted by increasing the Ha, Da ', Rd, Ec, and Re, while it is decreased by increasing §.
Increasing Ec from 0 to 0.5 boosted the E, by 147.8%.

e The Bejan parameter is increased by the increase of 3 and Rd, and decreases by the rise of Ec, Ha, Da™*, and Re. Increasing

Da* from O to 0.1 decreased Be by 0.3264%

e The inclined magnetic field, medium's permeability, and suction mode strongly affect the flow and temperature fields.
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Nomenclature
a A parameter in the expression for characteristic velocity Td Dimensionless temperature ratio variable
b Characteristic temperature U, UV Fluid velocities
B} Magnetic field strength X, ¥ Surface coordinates
G, Specific heat at a constant temperature Greek symbols
- K o1 . .
Da'=—"— Inverse Darcy number (Permeability parameter) a  Inclination

- aKopy
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2

u
Ec=———"——= Eckert number AT Temperature difference
(CP)f (Tw 7T0) P
UfBg . .
Ha= ap. Hartmann number ¢ Intermediate variable
5
K Power constant 7 Similarity variable
k Thermal conductivity ¢  Dimensionless temperature
K, Permeability of the medium #  Dynamic viscosity
K Mean absorption coefficient uy  Plastic dynamic viscosity
(HCy) I . Lo .
Pr= % Prandtl number v Kinematic viscosity
i
P, Casson fluid yield stress 7. Casson fluid yield stress
- . .
= a(pCP) Heat source/sink parameter p  Density
5
40" OT* A . .
q, = 3 oy Radiative heat flux o Electrical conductivity
160 T2 — .
Rd= Tkm Radiation parameter o Stefan-Boltzmann constant
f
ReX*C I The skin friction coefficient X  Dimensionless distance in the x-direction
Re,%® Nu, The local Nusselt number Subscription
s(> 0/ <0) Suction/injection parameter f  Fluid
T, Ambient temperature w  Wall
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