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This study carried out a thermodynamic analysis of the steady-state flow and heat
transfer of an Oldroyd 8-constant fluid, with consideration for the effects of heat
source, velocity slip, and buoyancy force under a transverse magnetic field. A model
for momentum and energy balance was numerically solved using the method of
weighted residuals, and associated residuals were minimized using the partition
method. The results were compared with those derived using the built-in numerical
solver of MAPLE 18 to validate the method used, and the convergence of the method
was determined. The results of the momentum and energy balance model were then
used to compute the entropy generation rate and the irreversibility ratio. The effects of
control parameters such as non-Newtonian fluid parameters, slip parameters, the
Grashoff, Brinkmann, and Hartmann numbers, and heat source on non-dimensional
velocity, temperature, entropy generation, and irreversibility were graphically
represented. The findings revealed that the irreversibility due to fluid friction
dominates over heat transfer when non-Newtonian fluid parameter a._1 is kept constant
at various values of a2, whereas the irreversibility due to heat transfer dominates over
fluid friction when a._2 is kept constant at various values of o 1.
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1. Introduction

Non-Newtonian fluid mechanics is a field of
study that has grown in prominence and importance
over time. In recent years, efforts have been devoted
to the study of non-Newtonian fluid flow mainly
because of the many applications of such
phenomenon in petroleum drilling, bioengineering,
and food and paper manufacturing. A non-
Newtonian fluid is a class of fluid with properties
that differ in many ways from those of Newtonian
fluids. The viscosity of non-Newtonian fluids, for
instance, depends on shear rate. Additionally, many
models used to describe the non-Newtonian behavior
exhibited by certain fluids feature governing
equations that are of higher order and are much more
complicated than Navier—Stokes equations. The
resultant non-linear equations are difficult to solve
aiven their considerable complexitv and have
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therefore posed tremendous challenges to researchers
in  engineering, applied mathematics, and
computational ~ mathematics. Most  of  the
mathematical models used to describe the physical
flow behavior of non-Newtonian fluids can be
grouped into three classes: (a) the rate class, (b) the
differential class, and (c) the integral class.
Differential models are used to predict normal stress
and shear thinning/thickening properties. In the
integral type model, the stress is given by one or
more integrals of deformation history, while the rate
type model are used to describe the response of fluid
that have slight dependence of the stress on the
history of the relative deformation gradient. Unlike
the differential and the integral types whose
constitutive equations are explicit of the stress
tensor, the rate type is implicit in the stress tensor.
The most common rate-type fluid model is the
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Oldroyd model proposed by Oldroyd [1]. This model
differs from differential models in terms of
effectiveness in predicting normal stress and shear
thinning/thickening  properties and  measuring
relaxation and retardation times. The simplest
subclass of rate-type fluid models is the Maxwell
fluid model, which can be described only in terms of
the fluid’s relaxation time. Another subclass is the
convected Jeffrey model, which is also known as the
Oldroyd B model and is used to predict the effects of
relaxation and retardation times. A generalized
subclass of the Oldroyd model is the Oldroyd 8-
constant model—a non-Newtonian fluid
representation that has received relatively less
attention from researchers. To address this gap, the
present study employed an Oldroyd 8-constant fluid
model, which is a generalized class because it is used
to predict normal stress properties, shear
thinning/thickening properties, and many other
characteristics [2]. It also identifies the rheological
characteristics of unidirectional steady flow. Other
researchers have similarly investigated Oldroyd
fluids. Hayat et al. [3], for example, discussed the
flow of an Oldroyd 8-constant fluid subjected to a
magnetic field using homotopy analysis. Hayat et al.
[4] examined the magnetohydrodynamic (MHD)
flow of an Oldroyd 6-constant fluid. Khan et al. [5]
inquired into the effects of slip on shearing flow in a
porous medium, and Ellahi et al. [6] explored the
analytical solution of the non-linear flow problem of
an Oldroyd 8-constant fluid. Furthermore, Baris [7]
investigated the flow of an Oldroyd 8-constant fluid
in a convergent channel. Using homotopy analysis,
Khan et al. [8] examined heat transfer from the
steady flow of an Oldroyd 8-constant fluid into a
suddenly moving plate. In other studies [9,10], the
authors numerically investigated partial slippage on
the MHD flow of an Oldroyd 8-constant fluid.

Numerous researchers have also delved into the
various flow behaviors of viscous fluids under slip
conditions [11-14]. However, little effort has been
devoted to using the Oldroyd fluid model to
elucidate velocity at boundaries. Some of the few
studies in this regard are those conducted by Khan et
al. [9,10], as well as that carried out by Hayat et al.
[5], who investigated the effects of slip conditions on
the flow of an Oldroyd 6-constant fluid.

Many scholars have likewise been considerably
interested in entropy generation given its vast
applications in minimizing the wastage of scarce
resources [15]. Notable studies on this issue include
those of Bejan [16,17],who discussed the second law
analysis of heat transfer, thereby carrying out
analysis of entropy generation. Vyas and Rai [18]
examined the entropy regime of radiative MHD
couette flow in a channel with a natural permeable
base. Das and Jana [11] examined the entropy
generation due to MHD flow in a porous channel

characterized by Navier slip conditions. Adesanya

[19-22] studied the entropy generation of couple
stress fluid and third-grade fluid that flow through a
channel. The effects of buoyancy on the unsteady
MHD flow of a reactive third-grade fluid with
asymmetric convective cooling were explored by
Eegunjobi and Makinde [14]. Adesanya [21] delved
into the second law analysis of third-grade fluids
with variable viscosity. Gbadeyan et al. [12,13] and
Ajibade et al. [23] are also among the researchers
who have investigated entropy generation during
various fluid flows. To the best of our knowledge,
entropy generation during the flow of an Oldroyd 8-
constant fluid has not been examined. This analysis
constituted the main goal of the current research.

2. Mathematical Formulation
Let us consider the steady flow of an electrically

conducting viscous fluid between two vertical and
parallel plates of infinite lengths aty = 0 and y = h
with non-uniform temperature under the combined
effects of buoyancy and velocity slip (Fig. 1). The
Cauchy stress tensor 7 for an incompressible Oldroyd
8-constant fluid is expressed, following [2], thus:

T=-pl+S @)

where p is the pressure,Idenotesthe identity tensor,
and Srepresentsthe extra stress tensor, expressed as

DS A 2
S+ Ao+ 73 (SA, + A,S) + 75 (trS)4,
2
+ 76 [trSA I
ba, ., @
= #(Al +/12F+/14Al

+ 2 {er(a)]1)

where A; is the Revlin-Ericksen tensor, u is the
coefficient of shear viscosity, andA; (i=
1,2,3 ... 7)represents the material constants. Revlin—
Ericksen tensor A, is defined as

Ay =L+ LT and L = gradV 3)

and the contravariant derivative D% for steady flow is

given as

DS _dS r o DA

—=——LS—-SL"and —

Dt dt Dt ()
=~ LA — AL

d . N L
where el the material time derivative.
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Fig. 1. Geometry of the model

An Oldroyd 8-constant fluid is the general case of
Newtonian, Maxwell, second-grade, and Oldroyd 3-
and 6- constant fluids. When 2; are set to zero for
(i=1,23..7), the Oldroyd 8-constant model is
reduced to a Newtonian fluid model, but when A; #
0,2, = 0 (i = 2,3..7), the model is converted into a
Maxwell fluid model. The model becomes a second-
grade fluid model at A, =0,pA, =04, A =
0(i=34..7) and is reduced toan Oldroyd 3-
constant fluid model at A, #0#2A,,A=0( =
3,4..7). Finally, the model is reduced to an Oldroyd
6-constant fluid model when A =0 =2, [3]. We
assume a stress tensor, velocity, and temperature of
the form

Sxx Sxy Sxz
S=|Syx Syy Syz |,V=u®i,T=T() (5)
Sox Szy S22

where i is the unit vector along the x-axis. The

dimensional basic field equations that govern the

flow and heat transfer of an incompressible

conducting fluid are as follows:

Continuity equation:

V.V=0 (6)
Momentum equation:

p(V.W =V.T+] x B+ gB*(T —T,) @)
Energy equation:

pCo(V.V)T = kV2T + 1.L + Qo(T — Ty) 8)

With displacement currents disregarded, the
Maxwell equation and the generalized Ohm’s law
appropriate for the problem can be expressed as

V.V=0,VXB=pu,/,VXE=0 )
J=0(E+V xB) (10)

In equations (7) to(10), pis the density;V is the
velocity;] is the current density;B is the total
magnetic field so that B = B, + B;b denotes the
induced magnetic field;u,,represents the magnetic
permeability; E pertains to the electric field; and o is
the electrical conductivity of the fluid. Moreover,T is
the fluid temperature, and T,, Qq, Cp, and k are the
reference temperature, internal heat generation
coefficient, mass specific heat, and thermal
conductivity, respectively. In view of the above-
mentioned assumptions and for a particularly small
magnetic Reynolds number approximation (in which
induced magnetic field b can be disregarded), the
magnetic body force can be expressed in the
following form:

] XB = O-[BO(VBO) - V(BOBO)] (11)
= —0B,*V

With Eq. (5), continuity equation (6) is satisfied.
Therefore, the three scalar momentum equations
from (7) are

op _ d Ly ope

Frie Esxy — oB*u' 4+ gB*(T —Ty) (12)

dp d

By - Esyy (13)
and

dp d

P Eszy (14)

As discussed extensively in [3], the physical
components of the Cauchy stress tensor are given as

1
Sxx = N{#[(M +27) — (A3 + 26)
N2
+2(1; + 1,)] (Z—Z,)

, (15)
+ul(A4 + 27)a’,
—a'1(A3 + A)
du'\*
+ 2(“’1/’{1 + 0!'2/12)] (d_y,) }
1|\ du du'\®
= — _— ! —_— 1
Sxy N{nu'dyr'i_tual(dyr) } ( 6)
1 du'\*
Syy = N{H[(M +247) — (A3 + Ap)] <d_y’>
+ ul(A4 + 17)a’, (17

du'\*
—a'1 (A3 + 26)] (d_y’) }

where
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ay =2 QA +27) — A3+ A5)(A, + 45

A
- 1) 52 z (18)
a'y =4 A3+ 26) — (A3 ‘535)(13 + A6
- 1) 52 o (19)
and
du'\*
N=1+d, <d_y’> (20)

Incorporating the stress components in Eq. (16)
in the absence of a pressure gradient into Eq. (12)
yields the dimensional governing equations for the
momentum equation;

2.1
W"' (35{,1 _a,z)
rdd du'\*] fdu'\* d2u’
a1 dy/ dy/ dylz
2,1 n2 2
TNy
2 dy
+9B"(T
au\?*
_To) 1+a,2 (d_y,>:|

Following Khan et al. [8], the heat balance
equation, in the presence of heat source, is

d*T du’
km‘l‘sxyd—y,-f' QO(T_TO) (22)

Substituting Eq.(16) into Eq. (22) yields

42T 1+ay (Z—;:)Z du'\?
ay? «, (%)2 (W) (23)

+Qo(T—-Tp) =0

The boundary conditions for the velocity slip of
viscous fluid were used by Hayat et al. [5] and are
given as follows:

d! !
v =g B2 o0 =0 ay=0 (@

d I I
u' () =p, %, T(y')=h aty =h (25)

where u' is the x-component of fluid velocity, T is
the fluid temperature, T, is the specific heat
capacity, B, is the applied magnetic fluid, o is the
electrical conductivity,Q, is the internal heat
generation,k is the thermal conductivity,p’;,5’, are
the slip coefficients, anda’y ,a’, represent the material
parameters.

The following non-dimensional variable and
parameters are used to non-dimensionalize the
governing equations and boundary conditions:

U r_yHZ_‘TBOZh2 . agpU?
YEDY TR T F12 = e
2
Uv
Br=———o
k(Th_TO)
Ty —T, h?
Q:(h 0),Q=Q(;( )
To . (26)
G _gBhA(T —Ty)
r= ul ’31,2
_bBz
.
_T-T, Egenh?®Ty*

0=

To=To' "~ kT, —To)?
Substituting Eq. (26) into Egs. (21) and (23) to
(25) produces the following equations:

Dimensionless momentum equation:

2

d?u dun?] rdun* d?u
_+ (30.’1 _az) +0(10l2( ) (_) sy

dy? dy) |\dy) dy?
du\?]*
— H%u|1+ (—u) ] 27)
dy
duy? 2
+Gr9[1+a2(d—y,) ] =0
Heat balance equation:
2
d2e 1+(Z1 (dy) du 2
d—yz+B 2 (@) +Q0=0 (28)
1+ a, (E)
Boundary conditions:
du(y)
u(y) =B R 6() =0 aty=0 (29)
du(y)
u(y) = R 00) =1 aty=1 (30)

2.1 Entropy Generation

Entropy generation is directly associated with
thermodynamics. Determining the rate of entropy
generation in a given system is essential to
optimizing energy for the effective operation of such
system. The exchange of momentum and energy
within fluid and at boundaries causes continuous
entropy generation in the system. Bejan [17]
presented the volumetric rate of entropy generation
as follows:

2
LG 4= @
To* \0y

Egen = To
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One part of entropy generation is caused by the
irreversibility due to heat transfer, and the other is
caused by viscous dissipation.

k (0T\* 1 du
L AN 32
Foen =72 (57) +ay S (32)

Incorporating the stress components in Eq. (16),
we obtain the following equation under the applied
magnetic field:

; (dur 2
£ - k (dT)2 U 1+“1(d—y,) (du’)z
gen =3 \o07) oy~ l70
To MY o1y ()7) \® (33)
oBg?u?
To

Introducing the dimensionless quantities defined
in Eqg. (26) generates anentropy generation rate of

oyt or 1+ ()] o

2

+ H?u? (34)
du\2 d)
1+a2(ﬁ) Y

du)2

doy? Brilta (@)
(@), o)1)

dy
+ H?u?

= (%) (35)

where N, represents the irreversibility due to

heat transfer, and N, denotes the entropy generation

due to viscous dissipation. To determine whether the
entropy generation due to viscous dissipation
dominates over the irreversibility due to heat transfer
or vice versa, we define the ratio of irreversibility
thus:

-2 (3)
¢ = N,

The entropy generation due to viscous dissipation
dominates if ¢ > 1, whereas the irreversibility due
to heat transfer dominates if 0 < ¢ < 1. If ¢p =1,
both phenomena provide equal contributions.

The Bejan number (Be) is defined as

b= =173 (37

where Be = 0 indicates the limit at which fluid
friction irreversibility dominates,Be =% signifies
that both the entropy generation due to viscous
dissipation and the irreversibility due to heat transfer

contribute equally, and Be = 1 denotes the limit at
which heat transfer irreversibility dominates.

The problem is now reduced to solve the non-
dimensional boundary value problem governed by
Egs. (27) to (30). The solution is derived using the
method of weighted residuals (MWR).

3. Solution Method
3.1 Principle of the MWR

The MWR is an approximation technique used to
solve differential equations. It is categorized into
various sub-methods, among which partitioning is
one. This approach has been discussed by
Aregbesola [24], Ghesemi et al. [25], Ledari et al.
[26], and Odejide and Aregbesola [27].The basic
principle of the MWR is to seek an appropriate
polynomial solution to the boundary value problem
of the form

D(u() =p(®), B =y onsQ (38)

where D is the differential operator acting on a
function u to produce a known function p. Operator
D can be a linear or non-linear expression of the
spatial derivatives of dependent
variable u. B(u) denotes the appropriate boundary
conditions, and Q is a domain with boundary 61Q.

Function u is approximated by a function U (i.e.,
a solution), which is represented as the linear
combination of the basis function chosen from a
linearly independent set, such that

n

uz=U= Z ¢yt (39)
i=0

wherec;are constants to be determined. U is
sometimes called a trial function and is chosen in
such a way that it satisfies all the boundary
conditions of differential equations. Substituting
Eq.(39) into the D in Eq. (39), whose result is
generally not exactly equal to function p(y),
generates a residual or an error, such that

E)=R®») =DU®))-p() #0 (40)

The idea of MWR is to ensure that residual
function R(Y)is as small as possible in some
average sense over the domain. That is,

J- R()Widy =0, i=123..n (41)
6Q

where the number of weight functions W, is

exactly equal the number of unknown constants
¢;inU. This process translates to minimizing Eq.(41).
The partition method is then used to minimize the
residual function. The resultant systems of equations
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are solved to determine parametersc;. The
polynomial U in Eqg. (39) is the approximate
solution.

The idea of partitioning is to force the weighted
residual to zero not only at a fixed point in the
domain but also over various subsections of the
domain. To accomplish this, the weight functions are
set to unity, and the integral over the entire domain is
broken down into a number of partitions sufficient to
evaluate all unknown parameters. That is,

fR(y)Widy=Zci fR(Y)dy =0, i (42)

y t Vi
=123..n

3.2Application of the MWR to Equations
Consider the following trial solutions for the
momentum equation:

5 —
u(y)=( % y5>as

yé(4p, — 1)
(o).

_y6(3,32_1) 3>
+< —6,32—1 +y°)as )

(2B, — 1

+< ye(- ﬁ1+ﬁ2—1)

68, — 1
+,81>a1

Similarly, for the heat balance equation, we
assume

Note that Egs. (43) and (44) satisfy the boundary
conditions mentioned in Egs. (29) and (30).
Substituting u(y) and 6(y) into Eqg. (27) and (28)
leads to residual  functions  R,(a;c;,y)
andR,(a;, c;, y)as follows:

0) =y +c(y —y®) +c,(y* —y®)

+ C3()’i - )’:)
+ oyt —y°) 44
+cs(y® —y°®) (4

Ry(a; c;,y) = 30y* —30c,y* + ¢, (—30y* + 2) + ¢;(30y* + 6y)

Rylas, ¢ y) = (

+ ¢, (—30y* + 12y?) + c5(—30y* + 20y°%)

6y°(5B, — 1) 4
(1+(11<‘——6BZ_1 + Sy )35

6y°(4B, — 1) 3

+ (—6(34_1 + 4y3>a
6y°(38, — 1) 1)

6[52 3)’2)33

+ Br

+

(ZBz

+ + Zy)a2

N

+

(-
(-3
( 6y( l31+Bz
[uee

T 6B, -1
1 (_eyG(BSZBi—l 1)+5y )as
+< Ey° (4, — 1) (4BZ +4y )
+< 6y6(B3fi—1 1) 3y2)a3 5)
(D ),
+<_6Y (6[:;:—8; )+ l)a,)z

+Qly° + ¢,y —y®) + c2(y* = y°) + e = y®)
+cs(y* —y®) +cs(y® —y°)]

4 4 -
S ELIN NP S
2

=13 ¥28,~ 1
of; 1 ”) (30 oF; —1 y)“z
+30y (_ﬁl+ﬁz_1)a1

68, — 1
4
+ |3y ta, + oy, <6y (ﬁﬁz 2

1
<6y (3'32 - I) + 3y? )ag i+ (6y (Zﬁz + 2y> a;
5 ﬁﬁﬁz ; (Sﬁz —1)
+<6 o — 1 >a1> ( )aS
Y4B, - 1) (3.32
( o8, 71 >a4+(6 +3y>

5
+ (6 (2[32 + Zy) a,

5( ﬁﬁﬁz (. vt Ep 1)
(LD s 1)) (o . e

+4y® )a

+

+
U\

+

y(4ﬁr1) y(ﬁz
+(3o o ) ( )a
y*(28, - y( Bl+ﬁz
+(3o 6,8—1 )a HH——— )

6(5/32 1) FAEP2 “) (452 =) 4
(LR e (TR )
ye(38, - 1) yeE-1
( 3 >a3+(7 B, 1 +y>az
off A +y+ﬁ1)a1)<1

5
+D!;(( _(;fz T )+5y )a +( 24 (452 )+4yz>a(i

s -
(28 S D)o (2 a0 02,

2z
P(Buth -1 ’
+(676ﬁ271 +1>a1) )
+6r(y* + oy -y + 6,7 — ¥°) + a(¥* —y%)
EEACAESD)

+es(y® — yﬁ)) 1

+

Mz(( 5;5132 )+5y> (yézwz )+4y>

? 3 2 2
+(6%+3y2>a3 +< yé(/}f—l)Jr 2y>a2

P Buth—1) e
+<—6B i +I>a1)>

(46)
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To determine unknown constants a;'s and ¢;'s,
each of the residuals is minimized using the partition
method. Domain [0,1] is then divided into equal
ranges. In particular, the sub-intervals below are
chosen:

o165 515 315 515 “

Simpson’s rule is then applied on residuals
R(a;,y) and R(c,y).i=1234,5 using the
intervals in Eq. (47). A set of 10 equations and 10
unknown coefficients are obtained. The specific case
for which Br=05H=01,6r=1,0,, =
0.1,a,, =0.2,Q =0.5 is considered.For this
particular case, constants a;'s andc;'s are calculated
thus:

a; = 0.1421108708, a, = 0.00006404439119, as
= —0.2246142527,a,
= 0.02066508321, as
=0.005771203802, ¢,
1.34942984, ¢, (48)
—0.2500035733, c5
—0.1124250381,c,
0.01033090181, cs
=0.002944291997

The approximate solutions of the equations are
easily obtained by substituting thea;’s and ¢;'svalues
derivedvia the partition method into the trial
functions in Eqgs. (43) and (44). These values are

u(y) = 0.01421108708 + 0.1421108708y
+ 0.00006404439119y?
—0.2246142527y3
+ 0.02066508321y*
+0.005771203802y°
—0.0005419530775y°

(49)

6(y) = 1.34942984y — 0.2500035733 2
—0.1124250381y3
+0.01033090181y* (50)
+ 0.002944291997y5
—0.000276430y°

4. Graphical lllustration and Discussion

In this work, the effects of entropy generation on
a viscoelastic Oldroyd 8-constant fluid in a vertical
channel were investigated. The MWR was used to
numerically solve the governing equations. The
results of the MWR were compared with the
numerical solutions obtained using the built-in
package of MAPLE 18 for a Newtonian fluid (i.e.,
where a; = a,) (Table 1). The package uses a
fourth-order Runge—Kutta procedure. The error in
Table 1 is defined as

Error = [u(y)yum — U parl (51)

The results of the MWR are in good agreement
with those of the MAPLE 18 package. To validate
the code, we considered simplified versions of Egs.

(27), (28), and (30) by setting Gr and B,to zero and
setting ﬁlz—z to unity. The resultant model is the

same as the problem studied by Hayat et al. [3], that
is, the steady plane Couette flow of an
incompressible Oldroyd 8-constant fluid with no slip
conditions. Hayat and his collaborators used
homotopy analysis to solve the aforementioned
problem. The comparison of the present results with
those of Hayat et al. [3] is presented in Table 2. The
table shows excellent correlation between the
findings. Hence, confidence in the solutions derived
through the present numerical method is high.

The convergence of the series solution obtained
by partitioning weighted residuals is confirmed in
Table 3. Given that this work focused primarily on
entropy generation in a non-Newtonian Oldroyd
fluid, the effects of various flow parameters on
velocity, temperature, entropy generation, and the
Bejan number were plotted graphically for the fluid
(i.e., where a; # a,). Fig. 2 depicts the effects of
Hartmann number H on velocity. An increase in H
reduces fluid velocity because of the retardation
effect of Lorentz forces on flow. Velocity
distribution is plotted against internal heat generation
in Fig. 3. As observed from the plot, fluid velocity
increases as internal heat generation parameter Q
rises. This result can be attributed to the rise in fluid
concentration.

Tablel. Comparison of result for: Br = 0.5,H = 0.1,Gr =
1,12 =01,a,,=02Q =05

y MWR Numerical |[ERROR|
0.0 0.01421109 0.01433080 1.107%
0.1 0.02820116 0.02759609 6.007%
0.2 0.04087545 0.04063419 2.407%
0.3 0.05096823 0.05086193 1.107%
0.4 0.05727754 0.05706891 % 1)
0.5 0.05867025 0.05847328 1.907%
0.6 0.05408695 0.05397447 1107
0.7 0.04254700 0.04243647 1405
0.8 0.02315342 0.02328722 1.307%
0.9 —0.00490203 —0.00436217 5.30~%
1 —0.04233395 0.04207047 2.607%

The influence of variations in internal heat
generation parameter Q on temperature was also
determined. An increase in Q increases the fluid
temperature throughout the channel. Figs. 5 to 8
depict the effects of non-Newtonian parameters a,
and a, on the velocity and temperature profiles. Fig.
5 indicates that an increase in a; reduces the velocity
profile, and Fig. 6 shows that an increase in a,
accelerates fluid wvelocity. This finding can be
attributed to the shear thinning/thickening properties
of the fluid. Fig. 7 reveals that under a variable a,
and a constant a,, the temperature profile increases.
Fig. 8 shows that under a variable a, and a constant
a,, the temperature profile decreases. These
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observations are due to the thickening/thinning
phenomenon exhibited by the fluid.

Table2. Comparison of result for:a; , = 0.2,H = 2

y Hayat et al.[3] Present study
0.0 0 0

0.25 0.143676 0.143676

0.5 0.324027 0.324027

0.75 0.587086 0.587086

1 1 1

Figs. 9 and 10 illustrate variations in the
Brinkman number (Br) against the velocity and
temperature profiles, respectively. The results show
that an increase in Brinkman number increases both
the velocity and temperature profiles because of the
kinetic energy in the fluid.

Table 3. Convergence result for: ey , = 0.2,Q = 0.5,Br =
0.5H=01,6r=1,p,=01y=01

n u, ]
S
=0

0.01421108708  0.0142111 0 0

0.1421108708 0.0284222 1.349429847 0.13494

0.00006404439  0.0284228 —0.25000357 0.13244

—0.2246142527 00286474 —0.112425040 0.13233

0.02066508321  0.0282003 0.0103309012 0.13233

0.0057712023802 0.0282003 0.0029442920 0.13233

—0.00054195308 0.0282003 -0.000276430 0.13233

8 6

n Zen

n=0

[« N4, IR SV S =)

Variations in slip parameters B, and 8, and their
effects on the velocity profile at the walls of the
channel are displayed in Figs. 11 and 12,
respectively. As f8; increases, the fluid velocity in
Fig. 11 rises at the wall with y = 0. However, a
slightly reversed flow effect at the wall with y = h
also occurs. Fig. 12 indicates variations in slip
parameter 3, and their effects on fluid velocity. As
slip parameter S, increases, fluid velocity decreases
throughout the channel. The influence of the Grashof
number (Gr) on the velocity profile is shown in Fig.
13. The plot demonstrates that an increase in Gr
causes a corresponding increase in fluid velocity.
This may be due to the fact that an increase in
thermal buoyancy means a temperature difference in
flow, which enhances fluid velocity.

Variations in various parameters for entropy
generation are illustrated in Figs. 14 to 20. The
effects of group parameter BrQ~! on the entropy
generation rate are presented in Fig. 14. The plot
shows that the entropy generation rate increases with
increasing BrQ~! within the first width of the
channel, but the reverse occurs within the remaining
width of the channel. This phenomenon is due to the
increase in the irreversibility N, of fluid friction with
rising BrQ~! within half of the channel’s width. A
decrease in N, causes the reverse within the
remaining width of the channel. Fig. 15 indicates the
effects of Gr on the entropy generation rate, which

increases as the Grashof parameter increases. This
result is expected given that Gr increases the
temperature profile (Fig. 13).

Figs. 16 and 17 illustrate the influence of non-
Newtonian parameters «; and a, on the entropy
generation rate. As presented in Figs. 7 and 8, an
increase in a; and a, decreases fluid temperature.
Parameter a; is expected to enhance the entropy
generation rate, and a,is expected to decrease such
rate. The effects of slip parameters 5; and 3, on the
entropy generation rate are shown in Figs. 18 and 19.
A slight increment occurs as both 8, and 3, increase.
Fig. 20 reveals that an increase in Qelevates the
entropy generation rate within the first half of the
width of the channel and that a flow reversal takes
place within the remaining width of the channel.

To examine the effects of different parameters on
the Bejan number, we plotted related graphs in Figs.
21 to 28. Fig. 21 shows that an increasing H causes a
decrease in the Bejan number, indicating that the
irreversibility due to fluid friction is less dominant
than heat transfer irreversibility. Figs. 22 and 23
depict variations in Gr and Q and their effects on the
Bejan number, respectively. An increase in both Gr
and Q indicates the strong dominance of fluid
friction  irreversibility = over  heat transfer
irreversibility.

Figs. 24 and 25 illustrate the irreversibility ratio
versus various values of a; and a,. Asa, increases,
fluid friction dominates over heat transfer
irreversibility (Fig. 24), but as a, increases, heat
transfer dominates over viscous dissipation (Fig.
25).Figs. 26 and 27 present the effects of slip
variation parameters 8, and 3, on the Bejan number.
As B; and pB,individually increase, fluid friction
dominates over heat transfer irreversibility. Finally,
the effects of BrQ~! on the Bejan number are
depicted in Fig. 28, which shows that an increase in
BrQ~! decreases the Bejan number. This result
implies that the irreversibility due to heat transfer
also decreases.
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Fig. 2. Plot of velocity profile at different values of H
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NOMENCLATURE

A Rivlin-Ericksen tensor

H Hartmannnumber

By Magnetic field with constant strength
E; Entropy generation rate

Ng Dimensionless entropy generation rate
T Temperature (K)

Ty Initial temperature (K)

Ty Ambient temperature (K)

h Channel width

u Dimensionless velocity

u' Dimensional velocity (ms=—1

g Acceleration due to gravity (ms=2
Q Dimensionless internal heat generation
Qo Dimensional internal heat generation
y Dimensionless position

y' Dimensional position (m)

Cp Specific heat at constant pressure (J/
kg K)

k Thermal conductivity

Gr Grashof number

Be Bejan number

Br Brinkman number

S Extra stress tensor

I Identity tensor

Ry, Residuals

Greek symbols

B Volumetric coefficient of thermal
expansion

12 Dimensional slip parameter
P12 Dimensionless slip parameter
a's, Dimensional non-Newtonian parameter
a1, Dimensionless non-Newtonian parameter

U Fluid viscosity (kg m™1s1)

o Electrical conductivity

p Fluid density (kg m™3)

o] Irreversibility ratio

0 Dimensionless temperature

Q Temperature difference parameter (K)
T Tensor stress

Moz Material parameters

5. Conclusion

The effects of buoyancy and Navier slip on the
entropy generation of an MHD Oldroyd 8-constant
fluid in a vertical channel were investigated. The
MWR was implemented to calculate the solutions of
the momentum and thermal equation. The results
were then used to compute the entropy generation
rate and the irreversibility ratio. The core findings of
the research are summarized as follows:
1. Velocity increases with rising

parameterH.

2. When non-Newtonian parameters increase, shear
thickening and shear thinning properties are
reflected by both fluid wvelocity and fluid
temperature.

3. Entropy generation increases at the wall with
y = Owhen the internal heat generation parameter
and the group parameter increase. The reverse
occursaty = h.

4. The irreversibility due to fluid friction dominates
over heat transfer when a, is kept constant at
various values ofa,, whereas the irreversibility due
to heat transfer dominates over fluid friction when
a, is kept constant at various values ofa; .

magnetic
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