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Abstract: The hydrodynamic flow of an incompressible
and isotropic Casson fluid through a yawed cylinder is
investigated by employing continuity, momentum, and
energy equations satisfying suitable boundary condi-
tions. The density variation is governed by Boussinesq
approximation. The model equations consisting of coupled
partial differential equations (PDEs) are transformed by
applying non-similar transformation relations. The set of
transformed PDE:s is solved using the analytical technique
of homotopy analysis method (HAM). The impacts of
varying yaw angle, and mixed convection and Casson
parameters over fluid velocity (chordwise and spanwise
components), its temperature, Nusselt number, and skin
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friction coefficients are investigated and explained through
various graphs. It is found that the enhancing yaw angle,
Casson parameter, and convection parameter augment the
fluid velocity, heat transfer rate, and skin friction and
reduce the fluid temperature. The agreement of present
and published results justifies the application of HAM in
modeling the mixed convective Casson fluid flow past a
yawed cylinder.

Keywords: Casson fluid, yawed cylinder, mixed convec-
tion, thermal radiations, PDEs, HAM

1 Introduction

The fluid flow past yawed and unyawed objects exten-
sively occurs in various engineering-related applications,
like cables suspensions bridge, chimney stacks, different
towers, sub-sea pipelines, risers, heat exchangers, and
overhead cables. Sears [1] was the first who studied
boundary layer fluid flow along yawed cylinder by con-
sidering different cylinders in yawed condition. Then,
Chiu and Lienhard [2] investigated the flow past a cylinder
in yawed condition and found the point of separation inde-
pendent of yaw angle. The analyse of complex flow patterns
around yawed cylindrical cables, mitigation of the drag
forces, and the suppression of modulation in lift forces
are the important phenomena encountered in the engi-
neering manufacturing design. The researchers have
performed experimental [3-5] and numerical [6] investi-
gations of the fluid flowing past a yawed cylinder. The
experimental findings showed that the normalized force
coefficients are almost independent of yaw angle. This
result is termed as cosine law or independence principle.
It is relatively simple to investigate the laminar fluid flow
over yawed cylinder by assuming constant fluid charac-
teristics. In practical situations, there exists temperature
difference between ambient fluid and cylinder surface,
due to which different fluid properties, such as Prandtl
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number, density, viscosity, etc., vary with space and time,
which influence the temperature and velocity fields during
the fluid motion. In situations where moderate or high
temperature gradient exists, the assumption of constant
fluid properties may produce quite large errors in com-
puting the different macroscopic properties of the fluid
flow. The recent investigations about boundary layer
laminar flow with varying fluid properties are performed
in refs. [2,7-8]. In current years, the non-similar solutions
to the non-steady fluid flow have gained importance in
fluid mechanics as well as in mass and heat energy
transfer phenomena. The solution of steady flow through
the non-similarity solution method is presented by Deway
and Gross [9]. Roy [10] as well as Roy and Saikrishnan [11]
obtained non-similar solutions for the steady laminar
boundary layer motion past yawed cylinder possessing
varying physical aspects for compressible and non-com-
pressible fluids, respectively. The study of Dufour and
Soret effects over the motion of magnetized Jeffery nano-
fluid motion toward an extendable cylinder is carried out
by Jagan et al. [13] considering the combined impacts of
triple stratification, radiation, and slip. The governing
equations are transformed to ordinary differential equa-
tions (ODEs) through similarity transformations, and
solved through homotopy analysis method (HAM). The
variation in concentration and temperature profiles is stu-
died using the Dufour and Soret numbers’ varying values.
The time variation in the non-steady fluid flow compli-
cates the process of obtaining the non-similar solutions.
The investigations of solving non-steady boundary layer
flow problems using the non-similar solutions technique
are smaller in number in comparison with the investiga-
tions through similarity [12] and semi-similar [7] solutions
techniques. Eswara and Nath [13] investigated the non-
steady, laminar, and incompressible flow in stagnation
region of axisymmetric and 2D bodies in the magnetic
field (B-field) presence. During their investigation, they
observed that skin friction depends strongly, whereas the
heat energy transport depends weakly, on the strength
of the magnetic parameter. Furthermore, heat energy
transfer and the skin friction are found to depend strongly
on the mass transfer parameter. Roy et al. [14] examined
the non-steady mixed convection fluid flow over a vertical
conical surface through non-similar solution. Some of the
excellent reviews about the non-steady fluid flow can be
consulted inrefs. [15-18]. Thumma et al. [19] examined the
3D migration of Casson fluid taking into account the
impacts of Lorentz force, zigzag motion of minute parti-
cles, thermal radiation, chemical reaction, heat source
presence, etc. The modeled ODEs governing the MHD Casson
fluid are solved using the hybrid collection numerical
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scheme based on Newton—Raphson iterative scheme (NRIS)
and generalized differential quadrature method (GDQM)
and briefly investigated are the impacts of associated phy-
sical variables over the Casson fluid motion. Rehman et al.
[20] undertook the flow characteristics of magnetized Eyr-
ing—Powell fluid migration induced by a stretching cylind-
rical surface considering the impacts of Joule heating and
mixed convection. Ashraf et al. [21] used GDQM to model
and investigate the MHD peristaltic nanofluid flow. A
number of research studies on the mixed convective
flow topic have been undertaken from almost last 60 years.
The researchers have contributed outstanding results to
the scientific literature by analyzing the mixed convective
fluid flow using various geometries. Wakif [22] employed
novel numerical procedure to simulate magnetized Casson
fluid convective flow over an irregular geometrical hori-
zontal extendable sheet by considering the impacts of
thermal conductivity and viscosity (temperature depen-
dent). Surprisingly, the mixed convective fluid migration
past a cylinder in yawed condition has not been so far
investigated sufficiently. Biicker and Lueptow [23] in 1998
analyzed experimentally the turbulent flow of the boundary
layer past a yawed condition cylinder. The research works
in refs. [24-26] have explored the different aspects of forced
convective motion near yawed cylinder. Ponnaiah [25] and
Revathi et al. [26] studied the slot mass transfer problem
past cylinder in yawed configuration. Roy and Saikrishnan
[11] investigated the water boundary layer motion along
yawed cylinder. Recently, Patil et al. [27] analyzed the
mixed convective thermal energy transfer flow across
a yawed cylinder. The study is modeled by appropriate
equations and then solved through the quasi-lineariza-
tion [28-30] and finite difference techniques [31,32]. The
authors found that the fluid speed, frictional forces, and
heat energy transfer rate augment, while the fluid tempera-
ture drops due to mixed convective flow. Furthermore, the
yaw angle has significant contribution in enhancing the
chordwise and spanwise fluid velocities for increasing
mixed convection variable.

In the current work, the laminar and incompressible
Casson fluid through a yawed cylinder is analytically
investigated by employing continuity, momentum, and
energy equations. HAM is applied for the solution of
governing equations. The novelty of the current study
is the analytical investigation of the Casson fluid motion
past a yawed cylinder. The structure of the article goes
as follows: the geometry and mathematical modeling
of the study are given in Section 2. The HAM technique
used to solve the set of governing equations is elabo-
rated in Section 3. The results are discussed through
displayed plots in Section 4. The comparison of the
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present and published results is presented in Section 5.
The main findings of the undertaken study are outlined
in Section 6.

2 Problem modeling

Consider an incompressible, isotropic, and mixed con-
vective Casson fluid motion near a yaw cylinder as depicted
in Figure 1. The angle 6 varies in the interval 0° -60° for the
inclusion of the buoyancy forces. Here, z-axis is assumed
along the cylinder surface, while the impact of boundary
layer motion is considered along y-direction. Here, 8 = 0°
represents the normal, whereas 8 = 90° represents the
horizontal configurations of the yaw cylinder, respectively.
Furthermore, 0 greater than 60° is not considered for
ignoring the effects of stagnation point flow. The streaming

U _ x
o = 2cos (R)

. . .
is chosen such that o =sin 0,

(&3

velocity

where W, and U,, are the fixed velocities along z and x
directions, respectively. The free stream flow is considered

in the xz-plane. The spanwise free streaming is chosen
as w%, = cos 6. The symbol g represents the gravitational
acceleration acting vertically downward.

For isotropic and incompressible Casson fluid motion,

the Cauchy tensor is represented as follows [33-35]:

261'1' (Hb + %J for ¢ > ¢c’

T = » ey
261'}' [I’lb + T;] for 4) < d)c’

where ¢; is the (i, j)th component of the deformation rate,
¢. is the non-Newtonian model critical value, y, is the

Figure 1: Flow geometry.

An analytical investigation of the mixed convective Casson fluid = 343

plastic dynamic fluid viscosity, p, represents the yield
stress, and ¢ = e;e;;.

The flow velocities u, v, and w are chosen along x, y,
and z directions, respectively. The ambient temperature T,,
and the cylinder wall surface temperature T, are chosen
suchthatT,, < T,,. The Boussinesq approximation is con-
sidered for the density variation. The basic continuity,
momentum, and energy conservation laws for the present
Casson fluid motion take the following form:

ou odv
— 4+
ox

$ = 0, (2)

, .
ua—u + va—u = v(l + l}a_’i + UedUe

y) oy dx 3)
+ gP(T - T,)sin(H),

2

oT oT a 9°T
U— + Ve = ———, (5)
ox dy  pC, dy?

The corresponding boundary restrictions are given as
follows:

u=0,

u_>(J€s

v=0,

w— W,

w=0, T=T,
T_)T()Oa

aty=0

(6)
at y — oo.
In the above equations, p is the density, f8; is the expan-
sion coefficient, v is the kinematic viscosity, T is the
temperature of the fluid, a is the thermal conductivity,

(2¢C)0.5
V=R,

constant pressure specific heat. Using the non-similar
transformations relations as in the following:

{—ljﬁed[ij (G )(OuR)y
“3)o. %R T O\ ) R
0

is the Casson fluid parameter, and C,, is the

UoR @)
% _% 0 = I-T»
oy’ ox’ T, - T,
_ X
X=2 and F=f,

Using these non-similar transformations (7) in equations
(2)-(6), we obtained the transformed equations and
boundary restrictions as follows:

1 1 Q) 2
[1 + ;]Frm + §(f+ 2fe)F, + ; 1-F)- E{FFg

(8)
+ A;l(¢)Osin(0) = 0,
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1
(1 + ;JS,M +

Oy + %(f+ 24)0, - %.{PrF@,g =0

%( f+28)S, - %ars%r + A(©)Osin(d) = 0,
)

(10)

F=0,
F—-1, S-—1,

S$=0, 0=1,
0 -0,

tn=0
o an
at n — oo.

Here, Pr = 2*¥ is the Prandtl number, f and i are non-

dimensional and dimensional stream functions, respec-

8Br(Tw - To)R
-2

tively, A; = is the mixed convection variable,

e

F and S are the chordwise and spanwise dimensionless
velocities, respectively. Furthermore, © is the dimension-
less temperature, and the quantities Q(¢), I(§), and I(¢)
are defined as follows:

240 -
U, d¢ 4cos’x

§

2cos?x

Q) =

I¢) =

The transformed velocity components are given as follows:

u= ljeF('{y ’1))
0. (2 05 i )
= ?[ Jj J G cos(X) + 2f; cos(X)

(12)
~ 3yF tan(%) — gcos()Z)FJ,

w = WS, n).

The relation between ¢ and X can be established with the
following transformation:

2 e,

e W =

where £(x) = tan x.
Now, &(x), Q(%), I(x), and I(x) as functions of X are
given by the following equations.

E&x) = —smx, Q(x) = —tan?x,

in X in x (14)
I =~ SINX_ and  I(x) = 2BX

cos’x 3cos?x

Using equations (13) and (14) in equations (8)—(11), we get:

[1 " ljF,m + 2(2e@f +f) By + %(1 )
v 3 (15)
_ %s()?)FFi + Al(x)Osin(d) = 0
1 1 _ 2
[1 + ;Js,m + E(Ze(x)fx +f) Sy - ES(X)FS,Z 16)

+ A I(%X)Osin(@) = 0
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Pr _ 2
Oy + ?(ZS(X)f,; +f) @y - FEEPIFO; = 0. (17)

The boundary constraints are as follows:

F(X,0)=0, S(x 0)=0, O(,0) =1,
tn=0,
o (18)
F(x,0) -1, S(x,0)—1, 0O6(x,0) — 0,
as n — oo.

The relations for chordwise and spanwise skin frictions,
and the Nusselt number are, respectively, given as follows:

Re%S Gy = 43 |1 [ JCOS XRx,0,  (9)

Y ) /sinx
Re"SCF = 243 (1+ ;jcot(e)j% Sy(%, 0), (20)
Re 05 Nu = —/3 jg@ (%, 0). Q1)

3 Solution by HAM

In engineering sciences, majority of the problems are
nonlinear in nature and are difficult to solve with the
existing numerical methods. Since 1992, after the work
of Liao [36], analytical methods are widely used to handle
such complex problems. The HAM can solve both non-
linear ODEs and partial differential equations (PDEs). If
the similarity solution exists, then the original problem
reduces to the nonlinear ODEs. Solution of such problems
can be seen in refs. [37-39]. On the other hand, if the
similarity solution does not exist, then the original pro-
blem can not reduce to ODEs. Thus, the transformed pro-
blem retains its PDEs nature. Such problems are not
widely seen in the literature. The reason behind this rare-
ness is the solution of coupled non-linear PDEs, which
is always a tough task for the researchers [40]. The
mechanism for such complex problems is explained by
Liao in “Homotopy Analysis Method in non-linear differ-
ential equations” [41]. In this method, the transformed
problem retains its PDEs nature. The basic mechanism of
HAM depends on the following functional relation:

¥:Xx[0,1 - Y. (22)

Here, ¥[%, 0] = (}(X) and ¥z, 1] = $(%) hold V X € X,
while, {;(X) and {,(X) are the elements of X and? spaces.
The set of equations (15)—(18) are solved through HAM by
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choosing the non-linear operators Nz(F), N5(S), and Ng(0)
with the corresponding initial guesses Fy, Sy, and 0.

4 Results and discussion

Here, we explain the variation of various aspects of
Casson fluid flow with varying yaw angle 6, Casson fluid,
and mixed convection parameters (y, A;) by depicting
plots for chordwise (F) and spanwise (S) velocity compo-
nents, dimensionless temperature, skin friction coeffi-
cients, and Nusselt number.

Figure 2(a and b) depicts the dependence of the velo-
city F(n) (chordwise direction) on varying 0 (yaw angle) at
different mixed convection parameter A; values. Figure 2(a)
is plotted for A; = -2, whereas Figure 2(b) is plotted for
A; = 10. The values of 8 used are 6 = 15°, 30°, 45°, 60°.

(a)

Figure 2: Influence of 8 on (a) F(n) for A;

-2 and (b) F(n) for A;

2ol N y=2 I
l'//"‘ §:\~\\\ — y=4
1 NS
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ol | —
{
st | _
0.0 _/ 4
0 2 4 6 8
n
(a)

Figure 3: Impact of y on (a) F(n) for A; = =2 and (b) F(n) for A; = 10.
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Figure 2(a) shows that the velocity displays a descending
behavior with the rising 6. Figure 2(b) displays that the
velocity in the chordwise direction shows an augmenting
trend with the rising 6. The enhancement in the chordwise
fluid velocity (F(n)) with the rising 8 due to aiding buoyancy
flow (A; = 10) is due to the more tilting of the cylinder,
which develops a pressure gradient and causes the fluid
to move faster. Whereas in the case of opposing buoyancy
flow (A; = —2), the velocity in the chordwise direction drops
with the enhancing yaw angle 6.

Figure 3 displays the dependence of F(n) on varying
Casson parameter (y) and mixed convection parameter
A; values. Figure 3(a) is plotted for A; = -2, whereas
Figure 3(b) is plotted for A; = 10. The different values of
y used in displaying Figure 3 are y = 2, 4, 6, 8. It is clear
from Figure 3(a) that the chordwise velocity reduces with
the augmenting values of A;. Figure 3(b) displays that
adding buoyancy (A; = 10) results in an enhancement in

10.

6=150 [
— 92300 [l
— 9=450 [l
— 9=600 |
0 2 4 6 8
n
(b)
1.0 R
,,/
08| /7 i
4
{/
7
06 I/' 1
[N "
F 4
04 4 y=2
4
s — =4
/ y
02F
7 - v=6
-/
00F< y=8
0 2 4 6 8
n
(b)
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the chordwise fluid velocity of the Casson fluid. There-
fore, it can be concluded that aiding buoyancy to the
Casson fluid flow enhances the spanwise velocity with
the rising Casson fluid parameter (higher y means approach-
ing toward Newtonian fluid character).

The behavior of the spanwise velocity component
(S(n)) with the changing 6 (yaw angle) and mixed con-
vection parameter /A; is depicted in Figure 4. Figure 4(a) is
depicted for A; = -2, while Figure 4(b) is plotted for
A; = 10, respectively. It is apparent from Figure 4(a) that
the spanwise velocity augments with the opposing buoy-
ancy. From Figure 4(b) we see that spanwise velocity S
profiles drop with the enhancing values of 6. Thus, the
chordwise velocity drops with the increasing yaw angle
due to aiding buoyancy flow. This means that in case of
aiding buoyancy flow, the chordwise velocity component
drops with the augmenting values of the yaw angle,

=150 [l
6 =300
6 =450

6 =600

(a)

Figure 4: Impact of 6 on (a) S(n) for A; = =2 and (b) S(n) for A; = 10.

< < <
oo
o KN

~<
1}
oo

(a)

Figure 5: Impact of y on (a) S(n), for A; =

-2 and (b) S(n) for A; = 10.
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whereas the opposing buoyancy flow shows an opposite
impact on the chordwise velocity component.

The effects of changing Casson parameter (y) and the
mixed convection parameter A; on S() (the spanwise
velocity component) are depicted in Figure 5. Figure 5(a)
is depicted for A; = -2, whereas Figure 5(b) is plotted for
Ai =10, respectively. The first graph shows that S(r)
varies directly with the rising n at fixed y. The S(n7) profiles
shift to higher values with the augmenting y upton = 6.0
and then overlap with one another. The dependence of
S(n) on the varying y for A; = 10 is displayed in Figure 5(b).
The behavior of S(7) in this case with the augmenting 8
looks to be completely opposite to that of Figure 5(a).
It is therefore concluded that aiding buoyancy to the
Casson fluid flow depreciates the spanwise fluid velocity,
while augments it in case of opposing buoyancy with
increasing Casson fluid parameter (y) values.

"= , , . -
=150
— =300 |
— 6=45°
_ a0
" 0=600 |
*\n..,____
0 2 4 6 8
n
(b)
1.0 /_______‘-
//
08l /,/ ]
7
L 7 ]
06 7
(%] o
/// =2
04F //// y=
Z
g — y=4
02f gy — -6
47
0.0 [&# v=8
0 2 4 6 8
n
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The variation of the dimensionless temperature (©(1))
with the changing values of 8 and mixed convection
parameter A; is shown in Figure 6. Figure 6(a) is plotted
for A; = -2, while Figure 6(b) is depicted for A; = 10,
respectively. The values of 8 used are 6 = 15°, 30°, 45°,
60°. Figure 6(a) shows that with increasing 8, the ©(n)
profiles shift to higher values. Figure 6(b) displays the
functional dependence of ©(n7) on 1 with changing 6 for
the higher value of the mixed convection parameter A;.
We see that the fluid temperature 0(n) reduces with the
augmenting values of the yaw angle. The reducing beha-
vior of the fluid temperature for the rising 8 with aiding
buoyancy flow (larger A;) is due to the enhancing fluid
velocity, which carries away more heat from the cylinder
surface and thus causing the Casson fluid temperature
to drop.

The variations of the skin friction in the chordwise
direction with changing yaw angle 8 and mixed convection

=150

— 9=450
6 =600
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parameter A; are shown in Figure 7. Figure 7(a) is plotted
for A\; = -2 and Pr = 7.0, whereas Figure 7(b) is drawn for
A; = 10 and Pr = 7.0, respectively. It is clear that the skin
friction in the chordwise direction enhances with the
increasing yaw angle at higher value of mixed convection
parameter A;. This enhancement in the skin friction is due
to the higher Casson fluid velocity with the augmenting
yaw angle at higher A; (aiding buoyancy flow) as observed
in Figure 2(b).

The impact of varying yaw angle 6 and mixed con-
vection flow parameter A; on the spanwise skin friction is
shown in Figure 8. Figure 8(a) is plotted for A; = -2 and
Pr = 7.0, whereas Figure 8(b) is drawn for A; = 10 and
Pr = 7.0, respectively. From these figures, it is clear that
the spanwise skin friction drops with the augmenting
values of yaw angle for both opposing and aiding buoy-
ancy flows. The skin friction drops with the aiding buoy-
ancy as shown in Figure 8(b), which is due to the slip

12F
g=150
— 0=300 |l
— 0=45° ||

6=60°
© i
0 2 4 6 8

n
(b)

0r “ 6=150 |l
8t \ _a00 H

x 6=30
6 \ """ 6=459 f
S 4t %\ ~ 9=600 ||

o N
Q \
X of \\\\ ]
S~
S

of SESN ]
—2f —SEEEms o~ ]
_4A 1 1 1 1 1
0.0 0.2 0.4 06 058 1.0

Figure 7: Dependence of chordwise skin friction for (a) A; = -2 and (b) A; = 10 with varying 6 at Pr = 7.0.
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Figure 8: Dependence of spanwise skin friction for (a) A; = -2 and (b) A; = 10 with the varying yaw angle at Pr = 7.0.

experienced by the Casson fluid in the spanwise direc-
tion, although the spanwise velocity augments with the
aiding buoyancy flow as given in Figure 4(a).

35F

30F

Re™-5Nu

1.0 o
—
7
0.8} 7 ]
//
7
Vi
0.6} 1/ i
7/
4/
- /
04 //? xX=0
‘v — %=03
02l //I X =0.
/
/2 /2 B x=0.6
00Ff o
Ve x=0.9
0 2 4 6 8
n
(a)

Figure 9 depicts the variation of the Nusselt number
with changing values of the yaw angle 0 for the aiding
buoyancy flow (A; = 10). It is clear that the thermal
energy transfer flow augments with the rising yaw angle.
This enhancement in the thermal energy transfer with the
rising yaw angle is due to the augmenting Casson fluid
flow velocity, which carries away more heat from the cylinder
surface, and causing the Nusselt number to augment.

The dependence of chordwise velocity F and span-
wise velocity S on the non-similarity variable x is depicted
in Figure 10. The values of the other parameters are taken
as A; = 10 and Pr = 7.0. It is apparent from the figures, that
both velocities enhance with augmenting x, that is moving
away from the origin of the coordinate system. The higher
value of X corresponds to the more tilting configuration of
the yawed cylinder, which causes to enhance the Casson
fluid velocities in both chordwise and spanwise directions.

o
N
N
[«2]
o]

—~
=3
— S

Figure 10: Dependence of (a) chordwise velocity and (b) spanwise velocity on x for A; = 10 and Pr = 7.0.
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Figure 11: Temperature variation with X, when A; = 10 and Pr = 7.0.

The variation of the dimensionless temperature (0)
with varying x is displayed in Figure 11. The values of the
other parameters are taken as A; = 10 and Pr = 7.0. It is
observed that the temperature drops as one moves away
from the origin (with rising x). The drop in the tempera-
ture with the augmenting x is due to the enhancing fluid
velocities (F, S) as observed in Figure 10.

5 Validation of HAM

The comparison of the results achieved in this study with
the results obtained in ref. [27] is displayed in Table 1. In
Table 1, the skin friction (spanwise direction) and Nusselt
number are computed with changing values of x and A;.
The first and second columns show the variation in X and
A;, respectively. The third and fourth columns represent
the numerical values of skin friction and Nusselt number
obtained in ref. [27]. The last two columns show the
results of skin friction and Nusselt number computed

Table 1: Variations in skin friction and Nusselt number for 8 = 0°
and Pr = 0.7

X A Re%(Cp Re=%5Nu Present Present
ref. [28] ref. [28] (Re%5 C¢+) (Re %5 Nu)
0 0 13282 0.5853 1.32823 0.58532
0 1 4.9664 0.8220 4.96641 0.82204
0 2 7.7120 0.9304 7.71201 0.93043
1 0 19169 0.8667 1.91694 0.86672
1 1 5.2578 1.0618 5.25782 1.06183
1 2 7.8864 1.1686 7.88644 1.16862
2 0 23974 1.0965 2.39742 1.09653
2 1 5.6995 1.2713 5.69952 1.27133
2 2 8.3556 1.3743 8.35561 1.37433
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in the current investigation. Table 1 shows the accuracy
of our currently employed technique HAM (analytical),
which is in a complete agreement with the previously
used technique (numerical).

6 Conclusions

The outcomes of the current investigations are outlined in
this section. The hydrodynamic flow of an incompressible
and isotropic Casson fluid through a yawed cylinder is
analytically examined. The governing equations are sim-
plified by using non-similar transformation relations. The
standard analytical procedure of HAM is used to solve the
developed system of equations. The influence of varying
strength of yaw angle, mixed convection, and Casson
fluid parameters over the velocity components (chord-
wise and spanwise), dimensionless temperature, skin
friction coefficients, and heat transfer rate are investi-
gated and explained with the help of different graphs.

During this study, the following results are concluded:

¢ The enhancing yaw angle and Casson parameter aug-
ment the chordwise velocity F(r) at higher mixed con-
vection parameter A; (aiding buoyancy flow), while
opposite variation is observed for smaller A; (opposing
buoyancy flow).

e The spanwise velocity S(n) enhances with the rising
yaw angle and Casson parameter for opposing buoy-
ancy flow, while drops with aiding buoyancy flow.

¢ The Casson fluid temperature drops with the enhancing
yaw angle with aiding buoyancy flow.

¢ The chordwise skin friction augments, while the span-
wise skin friction drops with the rising yaw angle at
higher A;.

e The increasing yaw angle enhances the heat energy

transfer rate.

The comparison of the obtained and published results

shows an outstanding agreement that justifies the

accuracy of the applied technique.

Abbreviations

The below mentioned parameters and abbreviations with
their possible dimensions are used in this article.

Br expansion of thermal coefficient %
H, dynamic plastic viscosity %

M, dynamic plastic viscosity %
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fluid temperature K
dynamic plastic viscosity I‘;—i
Casson fluid parameter %
thermal conductivity %

specific heat (1«5%1()

condition at infinity

reference condition

coordinates (m)

Prandtl number

mixed convective parameter
dimensionless temperature

skin friction

local Reynolds number
chordwise dimensionless velocity
spanwise dimensionless velocity
stream function

density (%)

time (s)

constant velocity along x-direction (?)

constant velocity along z-direction ?
dimensionless distance along the surface
velocity at the edge of the boundary
layer (?)

potential flow velocity at the edge of the
boundary layer (?)

transformed coordinates

yawed angle (Degree)
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