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This article numerically examines three dimensional boundary layer flow of a rotating Powell-Eyring
nanofluid. In modeling heat transfer processes, non-Fourier heat flux theory and for mass transfer non-
Fick’s mass flux theory are employed. This theory is recently re-initiated and it becomes the active
research area to resolves some drawback associated with the famous Fourier heat flux and mass flux the-
ory. The mathematical model of the flow problem is a system of non-linear partial differential equations
which are obtained using the boundary layer analysis. The non-linear partial differential equations have
been transformed into non-linear high order ordinary differential equations using similarity transforma-
tion. Employing bvp4c algorithm from matlab software routine, the numerical solution of the trans-
formed ordinary differential equations is obtained. The governing equations are constrained by
parameters such as rotation parameter 4, the non-Newtonian parameter N, dimensionless thermal relax-
ation and concentration relaxation parameters J; and .. The impacts of these parameters have been dis-
cussed thoroughly and illustrated using graphs and tables. The findings show that thermal relaxation
time J; reduces the thermal and concentration boundary layer thickness. Further, the results reveal that
the rotational parameter / has the effect of decreasing the velocity boundary layer thickness in both x and
y directions. Further examination pinpoints that the skin friction coefficient along x-axis is an increasing
and skin friction coefficient along y-axis is a decreasing function of rotation parameter A. Furthermore,
the non-Newtonian fluid parameter N has the characteristic of reducing the amount of local Nusselt num-
bers —f"(0) and —g”(0) both in x and y -directions.
© 2017 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Introduction three dimensional flow of nanofluid using non-Fourier heat flux

model. The results of the study signify that thermal and concentra-

The study of the modified form of Fourier heat flux theory is the
recent active research area in fluid heat transfer analysis. The the-
ory is based on the addition of time relaxation term to Fourier heat
flux model. The famous Fourier heat conduction theory has a lim-
itation in that it doesn’t have a room for time relaxation. Therefore,
the recent modified model of the old heat conduction formula
believed to be resolving the drawback associated with Fourier heat
flux model. Many research activities have been carried out on non-
Fourier heat flux model to come up with the possible solution to
the drawback. Accordingly, Christove [1] give a new formulation
of the Maxwell-Cattaneo model of heat conduction. Besides, Hayat
et al. [2] have examined the rotating flow of Jeffery fluid with non-
Fourier heat flux model. The finding reveals that the thermal relax-
ation time reduces the temperature. Further, Hayat et al. [3] stud-
ied the characteristics of thermal and concentration diffusion for
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tion relaxation parameters have a reduction effect on temperature
and concentration profiles. Furthermore, Hayat et al. [4] studied a
double - diffusion flow of viscoelastic Nanofluids with Cattaneo-
Christov model. Moreover, the impact of non-Fourier heat flux on
the flow of Maxwell fluid past a stretching sheet with variable
thickness was discussed by Hayat et al. [5]. The numerical solution
for Sakiadis flow of upper-convected Maxwell fluid using Cattaneo-
Christov heat flux model was analyzed by the researchers Mushtaq
et al. [6]. Still further, Sui et al. [7] investigated the heat and mass
diffusion with Cattaneoe-Christov model in upper-convected Max-
well nanofluid past a stretching sheet with slip velocity boundary
condition.

The application of the non-Fourier heat flux model further
extended to the more complex non-Newtonian fluid called Carreau
fluid and analyzed by Hahim and Khan [8] considering slendering
sheet. The numerical investigation of Cattaneo-Christov heat flux
mode on the area of a non-Newtonian fluid has got a momentum.
In line with this, Khan et al. [9] have examined the effect of
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Nomenclature

Cy Skin friction coefficient

Cw Concentration at the surface of the sheet
Coo Ambient concentration

Dg Brownian diffusion coefficient

Dr Thermophoresis diffusion coefficient

f Dimensionless stream function

k Thermal conductivity

k* Mean absorption coefficient

Le Lewis number

M Magnetic parameter

Nb Brownian motion parameter

Nt Thermophoresis parameter

Ny, Local Nusselt number

Pr Prandtl number

Rey Local Reynolds number

T Temperature of the fluid inside the boundary layer
Tw Temperature at the surface of the sheet
T Ambient temperature

u, v Velocity component along x- and y-direction
Greeks

AE The thermal relaxation time

Ac The concentration relaxation time

Dimensionless similarity variable
Dimensionless concentration function
thermal relaxation parameter
concentration relaxation parameter
Dynamic viscosity of the fluid
Kinematic viscosity of the fluid

I Density of the basefluid

Heat capacity of the base fluid

Effective heat capacity of a nanoparticle
rotation parameter

Stream function

Dimensionless tempreture

The extra stress tensor

Angular velocity
Parameter defined by

o
SRS

(po),y

(po)y
Subscripts
00 Condition at the free stream
w Condition at the surface

non-Fourier heat flux model on viscoelastic fluid. Furthermore,
Abbasi et al. [10] have examined the non-Newtonian Oldroyed-B
fluid with variable thermal conductivity employing the Cattaneo-
Christove heat flux model. Also, Hayat et al. [11] have applied
the Cattaneo-Christov heat flux model on the study of Maxwell
fluid with Darcy-Forchheimer flow and variable thermal conduc-
tivity. The result reveals that the porosity enhances the velocity
and inhibits the temperature. Furthermore, Kahansa and Mustafa
[12] have examined MHD three-dimensional flow of upper-
convected Maxwell fluid over a bi-directional stretching surface
by considering the Cattaneo-Christov heat flux model. Nadeem
and Muhammed [13] are also examined the influence of stratifica-
tion and Cattaneo-Christov heat flux in the flow saturated with
porous medium. The findings indicate that an increase in thermal
relaxation parameter outcomes in the reduction of the tempera-
ture field. Hayat et al. [14] have discussed on doubly stratified
chemically reactive flow of non-newtonian fluid called Powell-
Eyring liquid subject to time relaxation term on Fourier heat flux
theory.It is indicated that thermal and concentration stratification
parameters reduces the concentration and concentration graphs.
Further, very recently, Liu et al. [15] analyzed heat conduction with
fractional Cattaneo-Christov upper-convective derivative flux
model. The outcome shows that temperature profiles are mono-
tonically decreases with time fractional parameter with time relax-
ation parameter. Further examination of the thermal convection
with the Cattaneo Christov model has been examined by Straughan
[16]. Moreover, the study of Cattaneo-Christove heat flux model
was applied to the non-Newtonian fluid called Williamson fluid
past a stretching sheet with variable thickness by Salahuddin
etal. [17].

The rotating flow of a fluid past a stretching surface has been
presented by many scholars. Accordingly, the pioneering study
on a rotation flow was discussed by Wang [18]. Later, Kumari
and Pop [19] also examined the rotating flow of a non-
Newtonian fluid called power-law fluid. The analysis of the study
comes up with the result both the x and y-direction skin friction
coefficients are reduced by rotation parameter. Further, Shafiq
et al. [20] have examined the heat and mass transfer effects of a
rotating flow of Maxwell fluid due to stretching surface. Still fur-

ther, Mustafa [21] examined heat and mass transfer of the rotating
flow of Maxwell fluid using Catteneo-Christove heat flux model.
The impact of Cattaneo-Christove model on the peristalsis flow
was analysed by Tanveer et al. [22]. The stagnation point flow of
of Eyring-Powell liquid towards a nonlinear stretched surface with
Cattaneo-Christove model was reported by Hayat et al. [23]. Very
recently Hayat et al. [24] further examined the effect of the
Cattaneo-Christove model on Powell-Eyring fluid with variable
thermal conductivity. Again recently, Xiaoqin and Shumei [25]
have utilized Cattaneo-Christov heat flux to explore the heat trans-
fer characteristic of Marangoni boundary layer flow in a copper
water nanofluid. The comprehensive review of three dimensional
flow of different kinds of fluids are given in the references [26-33].

The study of Powell-Eyring nanofluid has not be given wide
coverage. Few literatures are available about Powell-Eyring. To list
some of them Hayat et al. [34] studied the effect of magnetic field
on Powell-Eyring nanofluid past a stretching non-uniform thick-
ness. Javed et al. [35] have discussed the flow of an Eyring-
Powell non-Newtonian fluid over a stretching sheet However, the
effect of rotation on Powell-Eyring nanofluid with non-Fourier heat
flux theory and non-Ficks mass flux theory not yet studied. There-
for, the investigator of the present study aimed to fill the knowl-
edge gape.

Powell-Eyring fluid

In this analysis non-Newtonian fluid called Powell-Eyring fluids
is studied. Mathematical modeling of the Powell-Eyring fluid is
given by [35]

A=-PI+T (1)

where P is the principal stress tensor and I is the extra stress tensor
and T is defined as:

r:um+£fmw(%0m )

by the same author. Here u is dynamic viscosity,  and C are the
rheological Powell- Eyring fluid model parameters. Using Taylor
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series expansion for sinh™' function and taking second order
approximation as

a1\ 1 11N L
sinh <a/>~ay—6<ay>, ‘ay‘«l (3)
Hence Eq. (2) takes the form
1 1 .3
r= +—>A -——=(7)A 4
(14 )~ g O @)

where y = \/1trA] and A; = VV + (VV)'
Mathematical formulation

The steady viscous and incompressible flow of Powell-Eyring
nanofluid past a bi-directional stretching sheet with non-Fourier
heat flux theory and non-Fick’s mass flux is examined. The charac-
teristics of the nanoparticles are investigated with the condition of
passive control of nanoparticles. The coordinate system aligned in
xy-plane such that the surface is stretching in both x and
y-directions with stretching velocity of u = ax, v = by, where a
and b are constants. Besides, the fluid is considered in the space
z > 0. Furthermore, the fluid is allowed to rotates about z-axis with
uniform angular velocity Q. The temperature of the sheet denoted
by T, is constant and assumed to be greater than the ambient tem-
perature T,. The concentration of nanoparticles at the surface is
give by C,, and the ambient concentration is denoted by C... In this
article, the non-Fourier heat flux theory is adopted for heat transfer
analysis and non-Fick’s mass flux theory for mass transfer.

After boundary layer approximation, the conservation laws of
mass, momentum and energy yield the following differential equa-
tions as used by Javed et al. [35]
ou ov ow

a"rwﬁ-gio (5)

ou  du  Ou 1 o*u 1 [ou\*d%u
Ut Vet W——-20v=(0+— ) == | -———= (=) ==
y 74 0 0z2 2ppd’ \0z) 0z

(6)

u@+v@+w@+29u— v+L @ i 2@
ox oy 0z N ppd)\oz* | 2ppd* \0z) 02
(7

The Fourier’s and Fick’s law which is called as Catteneo-Christov
heat and mass diffusion equations are

q+),5<%+V~Vq—q-VV+(V-V)q>:—kVt (8)
j+),c<%+V-V]—j-VV+(V-V)j)=—DBVC 9)

where /¢ is the thermal relaxation time and / is the concentration
relaxation time. The thermal relaxation time is the delay(lag)
required for the beginning of heat flux at some point once a temper-
ature gradient is commenced and similarly, concentration relax-
ation time is the lag required for the starting of mass flux at some
point once a concentration gradient is introduced there.

uﬂ+y8_T+Wa_T+‘ (/) =0 ﬂ +7T D 8_C8_T +& 8_T ’
ax " Tay T Wor THEPET Y B2 B\ozoz) " T |\oz

(10)

oc  oC  oC 9*C\ Dy (0°T
uf)x+vay+waz+)“c¢c_DB(azz>+Tx<f)zz (11)

The boundary conditions are
u=u,(X)=ax, v=uvw(y)=by, w=0,T=T,,

oC Dy oT

DB&-'FKE:O, at z=0
u—0 v—-0 T—-T,, C—=Cy as zZ—o (12)
where
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Choosing the following transforms

n= \/gz, u=axf'(n), v=ayg(m, w=-va(f(n) +gn)
o) = 2 0 = 1)

The equation of continuity is synonymously verified and the
momentum, energy and concentration equations are reduced to

(1 +N) " Nk] (f//)zfm _f/2 + (f+g)f” +2}.Lg/ -0 (16)
A
(1+Ng" ~Neo(g' 8" ~ 87+ ( +2)8' ~ 25 =0 a7)

0 +Pr<Nb9’<,/>’ +NtO? + (F+2)0 — o (f+8)(f +g)0 + (f+g)20”) =0 (18)

" Nt // ! ! / / "

¢+ 150 +S(F+8)¢ 0 f +8)( +8)9 + (f +8)¢") =0

(19)
The boundary conditions are

f(0)=0, f(0)=1, g0)=0, g0)=A4A, 00) =1,

Nb¢'(0) + Nt6'(0) =0, at 5 =0,

fl(00) =0, g(0) =0, 0(0) =0, ¢(cc)—0, as n—oo
(20)

where A =5, 1 =2 is the rotation parameter, L =%, N = ﬁ, = %2,

K= % 0 = alg, o = aic. where 1 =9, § = a/p denotes the non

dimensional thermal relaxation parameter, Sc stands for Schmidt
number and 6. = a/c represents the non dimensional concentration
relaxation parameter.

Newton-law is used to derive Skin friction Cy, the Fourier law
is employed to derive local Nusselt number Nu, and the Fick's
law is used to define Sherwood numbers Sh,. Skin friction Cf,
local Nusselt Nu, and Sherwood number Sh, are represented as
follows:
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xhy,
D(Cy — Cu)

The engineering components of this problem are the skin fric-
tion coefficients are Cy, and Cy,, local Nusselt number Nu, and
the local Sherwood number Sh, are defined as:

Cr=—" Nigy = dw

__w _
g KTw-To) =

(21)

xhy,
Dp(Cw — Cy)

(22)

TWX T XqW

— W —
Cfx - ny py&vy NuX k(Tw*Toc)’

puz,’ She =

where the wall shear stress along x and y axis are 7, and 7, wall
heat flux q,, and wall mass flux h,, are given by

(e ov ow
we = M\ 5z T ox 0 w =Mz oy 0

ac oT
o= (G), o ), &

By using the above equations, we get
/! ] 111,
G, V/Rex = (1+ N)f'(0) — 5 Nkif"(0),

1
Cr,\/Rey = (1+N)g"(0) — §Nk2g”’3(0),

Nu, , Sh, )

——=-0'(0), —=—-¢'(0 24
=0, =40 (24)

where Re,, Re,, Nuy, Sh, are local Reynolds numbers, local Nusselt

number and local Sherwood number, respectively.

Numerical solution

This section deals with the numerical solution of the
Eqs. (16)-(19) with associated boundary condition equations
Egs. (20). The flow problem is represented by non-linear higher-
order a system of ordinary differential equations for which analyt-
ical solution is very complex or rarely possible, hence the numerical
method is the only possible option for its solution. Hence, a system
of differential equation under consideration is a boundary-value
problem and it is numerically solved using bvp4c from matlab soft-
ware.Furthermore, the numerical simulation is carried out using
the matlab software to strength the solution obtained.

To apply the method, first transform Eqgs. (16)-(19) into a sys-
tem of first order equations by writing y; =f, y, =f, y5 =f",
Ya=8Ys=8.Ye =8".y; =0,¥3 = 0,yg = ¢,y10 = ¢'. Then the fol-
lowing is obtained:

Then the boundary condition can be written as vector

t + y8(0) (26)

Il
(=== e ==

The first order system Eqs. (25) can be integrated numerically
using bvp4c routine in matlab by assigning the appropriate value
for the missing values.

This method has an advantage that it can easily programmed in
the matlab with the utilization of the matlab routine.

Analysis of the results and discussions

This section is aimed to analyze the impact of governing param-
eters on the flow field, temperature and concentration profiles. At
the outset of the section, the comparison of -f*(0) with the existing
result from review of literature when the fluid is non-rotating
frame (see Table 1) is compared. The results are convincing for
all parameters taken into consideration. Table 2 illustrates the
impact of different governing parameters on skin friction coeffi-
cient along x and y-axis directions. One can easily notice that the
skin friction coefficient along x-axis is a decreasing function of
the parameters such as o, N and 4 and increasing function of the
parameters k; and k,. The skin friction coefficient along y-axis
shows the characteristics of an increment along as the parameters
such as o, k, and 4 and the opposite behaviour is observed for the
parameters such as k; and N. Table 3 shows that the variation of
heat transfer rate as the values of §; and A varies. Accordingly,
the values of —0(0) increases as the values of J; increases and
decreases as the value of rotation parameter A increases.

The next section presents the analysis based on the graphical
results. Fig. 1 portraits the influence of non-Newtonian parameter
N and rotation parameter / on non-dimensional velocity along x-
axis direction. The non-Newtonian parameter N act as inducing
agent in an increment of velocity boundary layer thickness
whereas the rotation parameter acts in opposite manner.

r y(2) T
- y(3)
i ¥(2)* - (1) +y(4) *y(3) - 2xLxLaxy(5))/(1+N—Nxk1xy(3)?)
A2
; y(5)
E y(6)
Va V(5)* = V(1) +y(4)) *y(6) + 2% (La/L) xy(2))/(1+N — N k2 xy(6)*)
s ¥(8) (25)
§ 6 ~Pr«(Nb+y(8) +y(10) + Nt +y(8)> + (y(1) +y(4)) +¥(8) — Dt (y(1) +¥(4)) * (¥(2) +¥(5))
) +y(8))/(1-Dt+Prx(y(1)+y(4))*)
ii‘ ¥(10)
_yfo_ ((Nt/Nb) s (Pr+ (Nb+y(8) +y(10) + Nt xy(8)* + (y(1) +y(4)) +y(8) — Dt (y(1) +y(4)) * (y(2) +y(5))
#¥(8))/(1 =Dt +Pr«(y(1)+y(4))*)) —Scx ((y(1) +y(4)) *y(10) — Dc
I V(1) +y(4)) * (¥(2) +¥(5)) +y(10))) /(1 = ScxDex (y(1) +y(4))*) ]
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Table 1
The comparison of the present computed values of —f"(0) for different values of k; and N when o = 4 = 0 with the previous study result by [35].
ki /N 0.0 0.2 0.4 0.6 0.8 1
(Present result)
0.0 1 0.9129 0.8452 0.7906 0.7454 0.7071
0.1 1 0.9159 0.8493 0.7951 0.7498 0.7115
0.2 1 0.9190 0.8536 0.7997 0.7545 0.7159
0.3 1 0.9222 0.8581 0.8046 0.7594 0.7206
0.4 1 0.9254 0.8627 0.8097 0.7644 0.7255
0.5 1 0.9288 0.8675 0.8150 0.7698 0.7307
0.6 1 0.9322 0.8725 0.8206 0.7754 0.7361
0.7 1 0.9358 0.8778 0.8265 0.7814 0.7419
0.8 1 0.9394 0.8833 0.8327 0.7878 0.7480
0.9 1 0.9431 0.8891 0.8394 0.7946 0.7546
1.0 1 0.9470 0.8952 0.8464 0.8018 0.7616
The Ref. [35] result
0.0 1 0.9129 0.8452 0.7906 0.7454 0.7071
0.1 1 0.9159 0.8493 0.7951 0.7498 0.7115
0.2 1 0.9190 0.8536 0.7997 0.7545 0.7159
0.3 1 0.9222 0.8581 0.8046 0.7594 0.7206
0.4 1 0.9254 0.8627 0.8097 0.7644 0.7255
0.5 1 0.9288 0.8675 0.8150 0.7698 0.7307
0.6 1 0.9322 0.8725 0.8206 0.7754 0.7361
0.7 1 0.9358 0.8778 0.8265 0.7814 0.7419
0.8 1 0.9394 0.8833 0.8327 0.7878 0.7480
0.9 1 0.9431 0.8891 0.8394 0.7946 0.7546
1.0 1 0.9470 0.8952 0.8464 0.8018 0.7616
Table 2
The computed values of —f"(0) and —g”(0) for different values of k;, ky, N, o, /.
o kq ka N 2 —f"(0) -g"(0)
0 0.5 0.5 0.5 0.5 0.9847 0.5211
0.25 0.8841 0.6543
0.5 0.8094 0.8653
0.75 0.7503 1.1524
0.5 0.1 0.7945 0.8686
0.2 0.7980 0.8678
0.3 0.8017 0.8670
0.4 0.8055 0.8662
0.5 0.8094 0.8653
0.5 0.1 0.8077 0.8407
0.2 0.8081 0.8464
0.3 0.8085 0.8524
0.4 0.8090 0.8587
0.5 0.8094 0.8653
0.5 0.1 0.9298 0.9903
0.2 0.8959 0.9556
0.3 0.8647 0.9232
04 0.8359 0.8932
0.5 0.8094 0.8653
0.5 0.2 0.8457 0.5751
0.3 0.8255 0.6755
0.4 0.8144 0.7726
0.5 0.8094 0.8653
Table 3
The computed values of —¢'(0) for different values of &, and rotation parameter /.
d¢ 0.0 0.1 0.2 0.3 0.4 0.5
—0'(0) 0.6674 0.6827 0.6990 0.7165 0.7353 0.7555
A 0.0 0.1 0.2 0.3 0.4 0.5
—0'(0) - - 0.8279 0.8060 0.7814 0.7555

Physically the rotation parameter reduces its linear velocity
because, while the fluid is rotating and flowing, its velocity is
reduced rotational friction force induced by flow. Fig. 2 also shows
the impact of rotation on both x and y-directions velocity. In both
directions, the velocities are reduced by rotation parameter. The
graph also shows that the reduction in y-direction is more

than in x-direction. This indicates that retarding force along
y-direction is more than in x-direction.

Fig. 3 sketches the variation of x-direction velocity for different
stretching ratio o when the fluid is rotating and not rotating. When
the stretching ratio increases for rotating flow, it enhance velocity
and inhibit the velocity otherwise.
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Fig. 1. The velocity profile graph along x direction for different values of rotation
stretching ratio /. and Non-newtonian parameter N.
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Fig. 2. The velocity profile graph along x and y direction for different values of
rotation stretching ratio 4 and Non-newtonian parameter N.

Fig. 4 illustrates the profile graph of non-dimensional velocity
along y-axis. The rotation parameter o favours the y-directional
velocity. Fig. 5 shows the sensitiveness of velocity profiles
along the ratio of L =% As the values of L increases both

x and y -direction dimensionless velocities f'andg’ are increasing
functions. Fig. 6 represents the velocity profile along y-direction
as the fluid is rotating not rotating as non-Newtonian parameter
N increases. Whether the fluid is rotating or not, as non-
Newtonian parameter N increases, the velocity in y-direction
increases.But the degree of an increment in y-direction velocity
is more when the fluid is not rotating.

Fig. 7 is the pictorial representation of the effects of rotation
parameter A for the fluid under consideration. As it can bee seen
from the graph, as the rotation parameter / increases,the temper-
ature rises. An increment in temperature is more when the fluid is
Newtonian. This shows that the non-Newtonian parameter N can
facilitates the transfer of heat in the boundary layer.

Fig. 8 indicates the variation of temperature graph as the time
relaxation parameter §; (Cattaneo-Christov heat flux model) and
Prandtl number parameter increases. The graph shows as the val-

1
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- )
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Fig. 3. The velocity profile graph along x axis for different values of stretching ratio
o when is rotating and not rotating.

—— —a=025

_ —— —a=05
0-8'\\ A= — = —a=075| 7

Fig. 4. The velocity profile graph along y-axis for different values of stretching ratio
o when is rotating and not rotating.

ues of §; increases, the heat transfer increases, as a result the ther-
mal boundary layer thickness decreases. As indicated in different
literatures, as Prandtl number Pr increases, the heat transfer is
increased as a result, thermal boundary layer is thinner.

The variation of temperature field for different values of
thermophoresis parameter Nt and non-Newtonian parameter
N is sketched in Fig. 9. From the figure, we can see that as the
values of Nt increase the thermal boundary layer thickness
increases and the opposite effect is observed for non-newtonian
parameter N.

Figs. 10-13 explain the impact of different parameters such as
rotation parameter 4, time relaxation parameter &;, concentration
relaxation parameter J., non-newtonian parameter N, Schmidt
number parameter SC Brownian motion parameter Nb on the con-
centration graphs. Fig. 10 shows the influence of rotation on New-
tonian and non-Newtonian fluids. The comparison revels that the
non-Newtonian fluid resist rotation than the Newtonian fluid.
The graph further demonstrate that, the concentration boundary
layer thickness is favored by rotation parameter A.
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Fig. 5. The velocity profile along x and y direction for different values of L when it is
rotation.
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Fig. 6. The velocity profile along y direction for different values of N when it is
rotation and not rotating.

Fig. 11 is a double graph which explaining the variation of con-
centration graph with time relaxation for heat diffusion 6, and time
relaxation for mass diffusion J.. The concentration boundary layer
thickness decreases as both parameters §; and J. increase in values
for Powel-Erying fluid.

Fig. 12 shows the concentration graph for different values
parameters Sc and Nb. As the values of both parameters equally
increase, the concentration boundary layer thickness is more influ-
enced by Brownian motion then the Schmidt number Sc.

Fig. 13 illustrate the influences of non-Newtonian parameter N
on the concentration graph. As the degree of non-Newtonian’s
increases, the boundary layer thickness more reduces.

Figs. 14 and 15 sketch the graph of skin friction coefficient along
x-axis and y-axis respectively for different values of non-
newtonian parameter N along k1 and k2. The graph of skin friction
coefficient along the two axis is an increasing function of non-
newtonian parameter N and a decreasing function of the parame-
ters k1 and k2.
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Fig. 9. The temperature graph for different values of thermophoresis parameter Nt
and N.
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Fig. 12. The concentration graph for different values of Sc and Nb when N = 0.5.
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Concluding observations

The revolving Powell-Eyring nanofluid past a bi-directional
stretching surface is numerically studied. The Cattaneo-Christov
heat flux model is employed for heat transfer analysis. Some of
the key observations in this study are:

1. The rotation parameter /. has a characteristic of reducing the
hydrodynamics boundary layer thickness.

2. The rotation parameter /. reduces the heat transfer on the
boundary layer.

3. The influences of rotation parameter 4 is more in Newtonian
fluid then non-Newtonian case.

4, Thermal relaxation parameter 6, reduces the thermal boundary
layer thickness.

5. 6; and J, have a similar effect on the concentration graph.

6. The skin friction coefficient —f”(0) more developed as non-
Newtonian parameter increases.

7. Non-Newtonian parameter N reduces the skin friction coeffi-
cient along both x and y-axis.

8. Time relaxation parameter J, initiates the local Nusselt number.
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