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Abstract: Hybrid nanofluids were popularized by heat transfer fluids into higher surface strength, dispersion and diffusion
prospects related into traditional nanofluid. The novel characteristics of a single-phase hybrid nanofluid profile coincidence
in studying nanoparticles mass including base fluid mass to produce solid equivalent density and addition to solid
equivalent specific heat about constant pressure. On this work, flow and volumetric entropy generation and convective heat
transport on Powell-Eyring hybrid nanofluid have been consider. Hybrid nanofluids attend the space through the systematic
horizontal porous stretching surface. Impact on exponential space-dependent heat generation and nonlinear thermal
radiation was more combined on the specified sketch. Mathematical equations about conservation of energy, mass, entropy
and momentum are interpreted below acceptance on boundary layer flow of Powell-Eyring hybrid nanofluid. Comparison
results were collected as conversion away from governing partial differential equations into ordinary differential equations,
applying correlation variables. Finite element method was an external for finding the relative results of decreased ordinary
differential equations. Numerical computing was achieved about zinc oxide—gold water (ZnO-Au/H,0O) hybrid nanofluid
and conventional gold water (Au—-H,0) nanofluid. The notable allegation indicated to the hybrid Powell-Eyring nanofluid
was best thermal conductor although related into a conventional nanofluid and pure water. Every rising on Reynolds
number and Brinkman number developed into total entropy for that structure.
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1. Introduction convoluted on nature. Concurrently, solicitude is dispute to

their fluid’s dynamic presence that was detained for the

In modern years, non-Newtonian fluids due to the appre-
ciable act on industrial and engineering applications had
admiring the consideration the high number of investiga-
tors. Those contain Eyring—Powell fluid, power law fluid,
Prandtl fluid, Reiner—Philippoff fluid, Carreau fluid,
Prandtl-Eyring fluid, Casson fluid and micropolar fluid.
Fluids, for example, could be used on that refinement for
chemical purposes; for example, a number of researchers
were investigating non-Newtonian fluids on that method.
Powell and Eyring [1] had popularized fluid figure known
Eyring—Powell fluid. Timol and Patel [2] advanced to
Eyring—Powell models extra effective and important by
related toward the power law model, although that is fairly
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come from the fluids kinetic theory large to it was realistic
interpretation. Every fluid imitation as Eyring—Powell was
utilized from construction on substantial flows. Aziz et al.
[3] used Keller box finite various scheme to analyze by
convective heat transfer and entropy generation on Powell—
Eyring nanofluid flow through the inflexible horizontal
penetrable stretching surface. They concluded that the rate
of heat transfer on that boundary was highest as lowest
value on the shape factor parameter. Vafai et al. [4] ana-
lyzed numerically the mass and heat transfer characteristics
below an impact on magnetic dipole through the stretching
sheet. The entropy generation on bio-convective flow of
Powell-Eyring nanofluid through porous stretched surface
into cylinder was studied by Xia et al. [5]. Ibrahim [6] used
semi-analytical method to analyze the concentration
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reliant-viscosity about the peristaltic flow by non-Newto-
nian fluid on the convergent-divergent channel.

Nanofluids mention for the diminish suspensions on
ultrafine particles on base fluids. Like as liquids had
desirable thermophysical properties mention to pure
working fluids. Every formation on copper, carbon and
alternative greater thermal conductivity material nanopar-
ticles into ethylene glycol, water and oils had is entrenched
by the efficient direction into raise heat transfer possibility
to those liquids. The remarkable thermal achievement on
nanofluids necessitates that all be used on system as a result
of the ever-growing objections to heat discharge on cooling
functions. In 1995, that nanofluid’s word is invented as
Choi and Eastman [7]. Every nanofluids were constructive
into raise diminish drag coefficients and/or thermal prop-
erties about function grazing to electronics cooling for
microfluidics. The pendulous nanoparticles could impor-
tantly enhance by transport properties on base fluids, and
that ensuing nanofluids show appealing properties like that
high boiling heat transfer coefficient and high thermal
conductivity [8]. Gangadhar et al. [9] considered that
boundary layer flow of non-Newtonian nanofluid along an
external uniform magnetic field. Lee et al. [10] carried out
time-dependent and the energy density rheological perfor-
mance on carbon nanotube nanofluids of sonication.

The double or different hybridizations on higher thermal
conductivity nanoparticles to the broadcast with the base
fluid ways of heat transfer fluid (hybrid nanofluid) that had
the applicable properties whatever important on the ple-
thora of functions specifically on the area of electronic
industries, biomedical, automobile and engineering (Sarkar
et al. [11], Babu et al. [12]). To this, hybrid nanofluid
present had turn into primary applicable case between the
investigators to well accept the mechanism behind like
fluid. Mabood et al. [13] numerically considered the
boundary layer investigation on two-dimensional unsteady
hybrid nanofluid flow through the slandering/flat stretching
surface. They found that skin friction dismiss due to
nanoparticle volume fraction. Selimefendigil and Oztop
[14] studied the estimate on the PCM filled three-dimen-
sional vertical cylinder below the associate impact on
surface existence and corrugation of double nanoparticles
on the heat transfer fluid. Abbas et al. [15] presented the-
oretical analysis for the hybrid nanofluid flow previous the
exponentially curved surface with the penetrable medium.
Every dynamics of colloidal mixture to water into different
nanoparticles as various zone of partial slip is considered as
Cao et al. [16]. Zhai et al. [17] discuss detailed results for
porous media, heat transfer and flow characteristics of
Al,O3-TiO,/water nanofluids on the microchannel.

The entropy generation study was the significant tool
about efficient development to the thermal systems. The
complete entropy generation was entire as the inclusion on

nanoparticles along the base fluid, hence that heat transfer
benefit into the entire entropy generation rate reduces. The
impact on entropy generation by nanofluids on porous
cavities had been consider broadly due to it is functions on
industry. Avellaneda et al. [18] performed the direct
numerical simulation of flow component in entropy gen-
eration rate to enforced convective turbulent channel flow
on the thermo-dependent fluid. Devi et al. [19] explored the
review for generation on entropy and mass and heat
transfer improvement working porous media and
nanoparticle. Gowtham et al. [20] recycled finite volume
method for modeled entropy optimization and the heat
transfer inside the curved courtyard employing local heater
by the under boundary. Marzougui et al. [21] studied the
entropy generation on mixed convection on the lid-driven
porous close to filled over the nanoliquid on the consid-
eration to uniform magnetic field. Their study explored to
the total entropy reduced with the nanoparticle volume
fraction. Sarbazi and Hormozi [22] performed the analysis
of thermal-hydrodynamic features into silicon water/oxide
nanofluid laminar flow on the heat sink miniature channel
among various fin cross sections. Mehta et al. [23]
inspected the basic role on the entropy generation com-
ponents about laminar flow of water over the ribbed-curved
channel.

This method of generating heat energy into the fluid
flow structure was called by constitutional heat generation.
Every internal heat generation gives the aggressive design
into energy equation on fluid flow issues. The aggressive
heat source had giant functions on engineering and indus-
tries fields. Sadiq et al. [24] analyzed numerically by
stagnation point flow on micropolar fluid about unsteady
flow. Their results indicated that temperature distribution
upsurges on increasing Eckert number. Nagaraja and
Gireesha [25] discussed the aggressive space-reliant heat
source of MHD Casson fluid flow through the wavy
stretching sheet including mass and heat flux boundary
condition and chemical reactions. Berrehal et al. [26]
examined the impact on heat source/sink by the motion of
nanofluid flowing across the stretching sheet on the exis-
tence of entropy generation. Quan et al. [27] reported that
effect on MHD flow by micropolar fluid over exponentially
wavy surface. Gangadhar et al. [28] investigated the
magnetized couple stress fluid through a porous stretching
cylinder along non-uniform heat source. Also, recently, the
heat transfer within fluid flow having different surfaces was
considered by many investigators [29—49].

About the investigation of the upper-presented litera-
ture, irreversibility study on Powell Eyring ZnO-Au/H,0
hybrid nanofluid flow in the combined impacts of nonlinear
thermal radiation and aggressive space-dependent heat
source in the presence of convective heat flux boundary
condition have not earlier considered. Hence, it was the
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primary goal of the present analysis. Four key problems
identical into the heat transfer condition of Powell-Eyring
hybrid nanofluid (here, ZnO—Au/water) had been forward
about the first time. Where, Au—-ZnO/water nanofluid was
unfamiliar by the illustration to the synthetic hybrid
nanofluid being synthetic model by that form of hybrid
nanofluid had be described on the article, thus its thermo-
physical details were applicable. Furthermore, gold
nanoparticles are called as anti-bacterial agents.

1. Which occur to convective heat transfer of the
existence on hybrid nanofluids? Did the heat transfer
improve when the enhancement on Biot number or
depreciate by cause of the improvement about heat
absorption?

2. Do several thermal improvements into using water-
based Au—ZnO hybrid nanofluid related by the com-
mon water-based nanofluid and pure water?

3. Did developing the volume fraction about Au nanopar-
ticles along the base fluid constantly improve heat
transfer?

4.  What happens of drag skin friction coefficient in the
presence of Powell-Eyring hybrid nanofluid? Did
rising into volume fraction by Au nanoparticles always
deteriorate that density of the momentum boundary
layer?

Beneficial for interpretation the upper component key
computations, they continue into the after field of propose
the physical sketch about the heat transfer and the flow on
the Powell-Eyring hybrid nanofluid through the infinite
penetrable flat surface. That analysis was very innovative
and advanced situated the new direction into the better of
our ability.

2. Mathematical model and governing equations

Examine boundary layer flow of incompressible, laminar,
stable, unsteady, optically thick hybrid nanofluid through
the infinite porous plate. The Non-Newtonian Powell—-
Eyring mathematical figure was affected about the hybrid
nanofluid. That Cartesian dimensional coordinates were
affected to x;-axes with the penetrable surface, and y;-axes
were common into that. The surface demonstrates the plane
y1 =0. This flow was arising when the non-uniform
stretching by the plate. The oblique surface on the plate
was heated when the convection into the uniform hot fluid,
and the temperature outside the plate was fixed. Those
radiations could only travel the little range into optically
thick nanofluid; accordingly, Rosseland resemblance was
given with account about radiative heat transfer. That was
the uniform circulation of nanoparticles to the base fluid,
and the capacity of the nanoparticles was uniform.

Certainly, the thermal equilibrium was assisted into
nanoparticles and base fluid and that was not error among
it. The nanofluid figure suggested as Das and Tiwari [37]
was study to that work. The geometry of the sketch is
displayed in Fig. 1.

The nanofluid was assembled as computing gold (Au)
nanoparticle on pure water base fluid to that contact vol-
ume friction is ¢. Later gold (Au) and zinc oxide (ZnO)
nanoparticles to the contact volume frictions of ¢, and ¢,
were circulated on the nanofluid for assembled hybrid
nanofluid. That nanoparticle volume concentration coeffi-
cient by hybrid nanofluid was defend by ¢.; = ¢ + @,.
The constitutive equation on Powell-Eyring fluid is copied
against the theory on liquids and nothing into the obser-
vational contact by the power-law figure. Powell-Eyring
fluid figure decreases into Newtonian flow performance for
below and above shear rates. On correlation, power law
fluid figure illustrates the infinite active viscosity to below
shear rate and hence, confines its distance on relevance.
The Cauchy stress tensor about Powell-Eyring fluid was
taken by (seen about example, [1])

e 1 126,
TU—ﬂhnf[a(xl)j +B h [ga(m)j]. (1)

Here, f,,, was the hybrid dynamic viscosity on hybrid

Powell-Eyring nanofluid, and B,é is material constants.
The temperature and stretching velocity about penetrable
surface was

CXq
1 — o

cX
; Tw(xlvtl) =T +71 (2)

Uy(xi,11) = —on’

where @ as the unsteadiness parameter into @ = 0 corre-
sponds to steady linear stretching/flow. #; as the time and ¢
as a positive constant. T, as the ambient temperature. ﬁ

as the effective stretching rate.
This governing equations about conservation of energy,
momentum and mass below the boundary layer acceptance

Au Nanoparticle

® ZnO Nanoparticle

v=0

aT
ks (55) =T =D

Fig. 1 Physical model on aspect to coordinates structure
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forward into applicable boundary conditions by hybrid
Powell-Eyring nanofluid could be drafted by (for specifies
see, [3, 38])

6u1 6v1

o 6—y1:0’ 3)

6u1 6141 6u1

a—tl-l-ula—xl-l-vla—yl: Uhnf =+

1 ] o%uy
pmtBC] OV
1 Ouy 262141
- 2ﬁ53phnf [a_yj 6—)1%’
% +u % +vi % = fon ale - 1 {aqr]
or oxy Wi (PCp) s T (PC) e LOV1
Hinf [%r &
(PCo) s (PG )

oy
(T} — Tw) - °
= T)exp |~

(4)

+

(5)
or
uy(x1,0) = Uy, vi(x1,0) = 0, —k [Gyﬂ = hy(T,, — Ty),
(6)
uy — 0, Ty — T as y; — oo. (7)

where u; and v; were horizontal and vertical velocities,

appropriately. fiyf, Pyt kint, (PCp),c and g, are thermal
conductivity, density, thermal radiation factor of hybrid
nanofluid, specific heat capacity and viscosity. ks and &y are
heat transfer coefficient and thermal conductivity on base
fluid, appropriately. Subsequent Refs. [31-36], the special
similarity among thermophysical properties of base fluid
and nanofluid is introduced. These relations are given in
Table 1. To optically thick hybrid nanofluid, that nonlinear
thermal radiation ¢, could have drafted by (by specifies see
(39D

160..T; OT;

3ks a_y]a (8)

qr =

where, k as the absorption coefficient and o, as the Stefan
Boltzmann number.

To achieve as comparison explanation into the consti-
tutive structure by partial differential Eqgs. (3)—(5) object
that boundary conditions (6)—(7), consecutive Aziz et al.
[3], the correlated variable ¢ and stream functions W and 0
was affected by

oY ovY
uliaiyl’vli_aixl’ (9)
Hyn) = [ Pl y)
cX1,¥1) = uf(l—cbtl)yl’ X1, )1
[ c
_ 10
(1 _(Dtl)xlg(é)7 ( )
T — Ty
0(¢) o

Substituting in Egs. (9) and (10) on governing system
(3)—(7) and formulation help on relations taken as Eq. (8)
gives

1
( +ﬁ)g///+gg//_g/2_A<g/+§g//>
PPy Py 2

_w_ "2
?Pp
=0, (11)
1 d 4Rd 3\
— 21+ + 0, — D)oY
wcdé{( +3¢>d( (6 )9)>0}
G| o ¢y
+£g"2+206‘5] =0,
PaPe .
/ Bi
2(0) =0, g'(0) =1, 0'(0) :—(p—;u—e(o», (13)
(&) — 0,008 —0, as & — oo, (14)
with
0. =(1—0)"(1 -0y, (15)
qob—<1—<p2>{<1—<p1>+<p1”’“}+¢2p”2, (16)
P Py

Table 1 Thermophysical properties to the base fluid and the nanoparticles by 25 °C [31-36]

Thermophysical properties Fluid phase (water) [31, 32]

Zinc oxide (ZnO) [33, 34] Gold (Au) [35, 36]

C,(Tkg ' K™) 4179
p (k gm™3) 997.1
k(Wm™ K™) 0.613

Particle size/nm -

495.2 129
5600 19,282
13 310

29 and 77 3-40
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(pCp) (pCp)
p p
.= (1=¢2) (1 —0)) + ¢, c St e c o
(p P)f (p P)f
(17)
K202k, @y +ky
o, | (o 2) ~ 201+ o) (i — 50w
d— kpo 02 +kp1 ¢ ko 0y k1 ¢ '
(Izjﬁfﬁp"—zl Dt 2Kf) + (@) + ¢y) (’Cf - —'2(£T+(,,"21 p')
(18)
Here, A = %’ is the unsteadiness parameter, ® = [3 and
, Pz
3 .
A —2%‘”}( was the material parameters, Pr=2Z as the
1 o
3
Prandtl number, Rd = 49.7« s the thermal radiation
kor (0Gy),
2
factor, Ec — YU _ is the Eckert number, Bi =
(C),(Tu=Tx)
IZ—; M is the Biot number, 0, = TT—x as the
temperature ratio parameter and Q = C(%) is the heat
rlf

source/sink parameter. In Eqs. (15)—(18), i, as the thermal
conductivity on the nanofluid and p;, (C,,) ; and xy as
effective heat capacity, density and thermal conductivity to
the base fluid, appropriately. These p; perform the gold
solid nanoparticle, and p, perform the zinc oxide solid
nanoparticles. ~ The  other  properties such as
[N (Cp)p], (Cp)pz,Kp] and k, are the thermal
conductivity, specific heat capacity and density of the
gold and zinc oxide solid nanoparticles, appropriately
(Table 1).

That physical quantities applicable to that work was
local Nusselt number (Nu,) and skin friction factor (Cy).
Those are defined by

Ty  Xiqw

v N T kT, - T )
here 7,, and ¢, taken by
Ty = [(ﬂhnf [3 >2_Zi - 6[;93 (2%) 31 )

> > n=0 (20)

(Qr)ylzo

o7,
4w = —Kmnf| = — +
Oy y1=0

Into the advice of Eq. (9) and (10), the dimensionless
pattern is

L 1 o |o" 7% " 3
CRe: = K(l TR )g (0) ==~ (£"(0)) }

Nu,Re;? = {’““;‘ +$(1 (0, — 1)9(0))3}9’(0).

(21)

Here, Re, = ’% was the local Reynolds number.

3. Analysis of entropy generation and Bejan number

Every Local volumetric rate about entropy generation EG
about the figure was conveyed by on Kuman et al. [40]

oT\*> 160, _, (0T’
EG = ot [(221) 4 2% g3 (20
Tgo 6}’1 3kv Khnf a,V1
+ Hinf (aul>2 (22)
oy
here, these first term was the Local entropy generation
when the heat transfer into thermal radiation and that
second term was the Local entropy generation when the

viscous dissipation. That non-dimensional entropy
generation rate was taken as

_E_ @ B 3| g 2\2
Ns = = Regy |1+~ (14 (0, = D) |00

(€" (&)
(23)

Re — —
+eQ(p

a

The definition about Bejan number to the present
analysis as

oa[1+ R (1+ (0, - D00

Be = .
oa[1+RA(1+ (0, - 1)0(0))] 027+ B L (g(0))
(24)
The irreversibility ratio is defined as
o Briene)y 0s)
oa[1+RI(1+ (0, - 10|02
ke (T =T )c

where Ey = as the characteristic entropy gener-

= PrEc

T2 vy
ation rate, Re =

as dimensionless

as the Brinkman number and Q = T‘*T L

temperature gradient.

4. Numerical method

This designed problems (11)—(12) were defined numeri-
cally by FEM method that was powerful technique and had
being utilized on various current analysis [14, 21, 23]. The
accurate method was established under:

4.1. Discretization of domain

That step contains separation body along with equivalent
structure on small segments, known as ‘finite elements.’
That current form of domain was single discretized and
dimensional with line segment, double nodes by segment.
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4.2. Select approximation functions

On that step, they accept the model or form about the
circulation to the exotic capacity into every component. In
that container on line component (double nodes by com-
ponent), linear shape function was utilized that was taken

as
i1 &1 — ¢
~1 1 Jj+ >
f <5j+1 -&)

4.3. Selection of weight functions

j=1.2. (26)

Various forms were worked about the excerpt by weight
function. On GFEM, shape functions were given by weight
functions.

4.4. Construction of residuals and weak form

These weighted integral model in fragment about doubled
nonlinear structure of boundary value problems (11)-(12)
by typical components (&, &, 1) is

] wilg — h)dE = 0, @)

Cht1

&
1
J (e
DPaPp [

ib+l (28)

A
—A (h n éh’) - “’—h’%”) dé =0,
2 by

1 4Rd 3
& — (1 4+—(14(0, —1)0 ')0” 1+
wi 6
o 4 prle {g 0 — ho — A( >
) Dy 2

reliant variables with f, 6 and & were close to the following
extension

2 2 2
8= nggf’h = Zh]Q, and 0 = Z Qij, (30)
j=1 j=1 j=1

where f;,h; and 0; as €; are linear shape functions and
uncharted nodal values. Used in upper nodal similarity by
the field variables on powerless formation of weighted
fragment, once access the sketch over finite element on the
pattern

[KA{nH[n] = {Q°} + {F°}, (31)

here, [n°] was unknown nodal values, [K¢{n}] is stiffness
matrix of typical component, {Q¢} as the source vector and
{F¢} as the boundary vector. The boundary elements and
stiffness were taken as

&bt dQ ot
Kj' = / f’ dé, kP = / QQd¢, KP =0,
& &

(32)

1 A dQ; dQ;
K§2:*<7+27w h’2> / dé
PaPp (% Py Y df dg

Sh

/ QQd¢ — A/ Q,Qd¢ (33)

ng/Q I dg, K;'=K; =0,

(0, — 1)0)*(0,, — 1)0”

dé =0, (29)
0
h/2

PaPe P

Z e

where ¢’ = h and w;(i = 1,2) was weight functions into
reduce the fragment identical for f, 6 and h. This uncharted
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5:h+1
1 4Rd — dQ; dQ;
K.3.3:_—<1+—(1+(0w—1)9)3> / Y ae
? ® .

i . 30, dé d¢
4 [T
+ RA(1 + (6, — 1)8)°(6, — 1) 9/ ’dé
PePq
Epit dQ [T
+ Pr&g/ g —prle / 0.0,d¢
®a " d¢ Pa )
& b
[
Pe
—Pr—A/ Q,QJdé
Pa
&
: Epr 40 Sbi1
- Pr&A;/ Q,-—f'dcj+Pr—e—Cf/ 0.Qd¢,
s 2 d¢ Pq
<h [9)
E th+1 dQ
K2 =pr— E// 0, =Jde K3 =0
v a0 d¢ < K '

b

(34)
and

1 A do;
bl =0,b% = Ty A /Qi—’dl",
! PaPy  Pa P dé

1 4Rd
b;?.:——<1+— 1+
/ ?. 3(Pd(

Ool
el
ke

=i

Il
B
ke

o

o]

o

<l

Subsequently where

(36)

4.5. Assembly process

The Elemental connectedness was worked about assembly
method. To accepting the upper similarity into every
component, once again that system of nonlinear algebraic
equations on the pattern

[K{n}|[n] = {Q} + {F}. (37)

Insistent process was unfamiliar into clarify the system
of equations. That structure was linearized as Picard’s
linearization method. This system of algebraic equations
was defined numerically to utilize Gauss—Seidel path.

4.6. Error analysis and convergence

These faults were coordinated as applying

Error = ’n" - n”ll (38)

And conduct about the confluence was determined by
max|n, — 7' <107, (39)

4.7. Validation of results

Acceptance of numerical program was gained as connec-
tion about heat transport rate by the boundary. Outcomes
determined over current code are related into outcomes
announced as [3, 29, 30] and are sequential in Table 2. Ref.
[3] studied the entropy generation of Powell-Eyring hybrid
nanofluid. Ref. [29] discussed the analysis of entropy for
unsteady flow over a permeable surface. Ref. [30] analyzed
the unsteady magneto-nanofluid flow over accelerating
surface. An excellent compliance is recognized in Table 2,
among outcome gained against the current program and
these particular applicable on the literature.

5. Results and discussion

In that area, calculation imposed analysis impact on
material parameter , nanoparticle volume concentration
parameters ¢,, Eckert number Ec, radiation parameter Rd,
heat source/sink parameter Q, Brinkman number Br on
fluid motion, local Reynolds number Re Biot number Bi
and the all volumetric entropy generation to humanistic and
hybrid nanofluid and temperature variation. Outcomes
were descriptive in Figs. 2, 3,4,5,6,7,8,9, 10, 11 and 12.
Further, Table 3 extracts impact on governing parameters
in temperature gradient in the boundary. Calculation was
borne because both Au—H,O conventional nanofluid and
(Au-ZnO/H,0) hybrid nanofluid. To reveal the parametric
effect, we have assigned the parametric values as Pr =
62, o = 05, A=02,Rd=02, A =0.1, ¢, =0.1,
0=0.1,86,=20, ¢, =0.1, Bi=1.2, Ec =0.1 unless
otherwise mentioned. The range of parameters such that
0.1<w<1.500<A<1.5,00<9,<0.15,06<Rd <
1.2,0.0<Ec<0.6,-0.8<0<0.8,03<Bi<0.6, 0.1<
Br<1.0,40<Q<16,04<Re<0.7.

Figure 2 presents impact on material fluid parameter w
in velocity distribution for the Powell-Eyring hybrid
nanofluid and the Powell-Eyring nanofluid, appropriately.
Calculation was performed being w = 0.1, 0.5, 1.0, 1.5 at
nanoparticles volume friction of ¢, = 0.1 and ¢, = 0.1.
Ascending direction on velocity profiles was noticed about
developing values on , and that raised the density away
from momentum boundary layer. Therefore, w was inver-
sely proportional to the base fluid viscosity, expansion on
definite values of w reduces enlarge the stress rate and the
base fluid viscosity inside the boundary layer. Decision to
that velocity away from hybrid and convectional rises
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Table 2 Correlation of —('(0) into variation on Pr, and giving A =0, ® =0, Rd=0, 0 =0 and Bi =0

Pr Abolbashari results [29] Das results [30] Aziz et al. [3] Present
0.72 0.80863135 0.80876122 0.80876181 0.80863711
1.0 1.00000000 1.00000000 1.00000000 1.00000006
3.0 1.92368259 1.92357431 1.92357420 1.92368257
7.0 3.07225021 3.07314679 3.07314651 3.07225019
10.0 3.72067390 3.72055436 3.72055429 3.72067388
1 T T 1 T r
08t Solid line  : Au-water J 0.8 Hi\, Solid line  : Au-water |
Dashed line : Au-ZnO/water Dashed line : Au-ZnO/water
\\\\
\\3
0.6 " R b
— N
* W
\Q \\\\
L N\ 4 4
04 W w=01,05,10,15
NN
N\ \
N L
02¢ \ X \\ \\\\ T -
0 ‘ =
0 5 10 15 15
3
Fig. 2 Velocity g'(¢) against »
1 - 0.6 T . : .
d 1 0.5 Solid line  : Au-water i
0.8 Solid line  : Au-water _ °
Dashed line : Au-ZnO/water Dashed line : Au-ZnO/water
0.4 1
0.6 F A=-15,-0.5,0.0,0.5,1.5
) “ 03 .
\Q S
04l v A=-15,-0.5,0.0,0.5,1.5
. 02 _
02 0.1F ,
0 - 0
0 5 10 15 0 1 2 3 4 5
¢ 3
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inside boundary layer. This impact on o in the viscosity on ~ nanofluid was extra during related into the classical nano-
base fluid could be seen over change on skin friction factor ~ fluid. The results in Fig. 11 show that the hybrid nanofluid
of Fig. 11. The skin friction factor for the boundary (Au-ZnO/water) has less skin friction than the nanofluid
believes increasing direction. Further, being stable value of ~ (Au-water).

o, that density of momentum boundary layer about hybrid
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The variation in g'(£) is illustrated in Fig. 3 versus the
change on unsteady parameter A for both usual nanofluid
and hybrid nanofluid. Here, A = 0 conform to steady-state
flow problem, A > 0 perform quick flow on that case alone
devoted flow solution was generated, during A < 0 display
decelerated flow; on that case, two characters of results are
gained contained by obsessed flow solution and opposite
flow solution. Figure 3 displays this increasing the value of
A raises the velocity to the fluid. That fundamental physics
after that direction was as long as of the reducing pressure
in the trend of flow as the increase on A that margin to
embellished velocity of the fluid. That outcomes were
dependent into these gained as Mabood et al. [13] and
Sadiq et al. [24]. Furthermore, it was noticed against the
plot to the strength of Au-ZnO hybrid nanofluid was grater
rapid when related to the usual nanofluid.

Effect of Au nanoparticle volume friction parameters ¢,
on velocity distribution is presented in Fig. 4. In Fig. 4,
velocity about Au as lesser outstanding the fact that Au
nanofluid profile greater density effect into the gain on ¢,
by related to hybrid nanofluid. Previous investigations
[3, 13] also reported the same observation. The variation in
temperature distribution is illustrated in Fig. 5 from the
alteration on unsteady parameter A. At present, they study
the certain cases A = — 1.5, — 1, 0, 1, 1.5 impartial to
analyze by demeanor on boundary layer flow about the
unsteady state and steady state. It saw the accelerating
values of A addition the thermal distributions of the fluid.
That outcome came through into that gained as Sadiq et al.
[24] and Mabood et al. [13]. Further, an enhanced tem-
perature is perfect about hybrid nanofluid outstanding the
existence of dual slight mixtures than the usual nanofluid.

Figure 6 displays growth on fluid the contraction and
temperature on heat transfer rate among developing values
of nanoparticles concentration on this base fluid. This was

expected greater thermal conductivity by solid particles
whatever increment that total thermal conductivity on
nanofluid. Furthermore, the destruction with nanoparticles
consumes heat energy on the system and development the
total temperature. They were anticipating to that tempera-
ture on hybrid nanofluid advance by the rapid rate due to
related into conventional nanofluids.

That was no impact on Eckert number Ec, Biot number
Bi and, thermal radiation parameter Rd on the velocity
profiles. Rises on thermal radiation measure higher heat
were coming with the temperature and system to nanofluid
increases outstanding that. Figure 7 certifies that case and
increase on radiation parameter Rd improve the nanofluid
temperature inside boundary layer. Substantially speaking
that strengthening on parameter Rd alteration extra heat
with a fluid and increase the thermal boundary layer den-
sity for both traditional nanofluid Au-H,O and hybrid
nanofluid ZnO-Au/H,0. The Eckert number Ec as ratio on
the kinetic energy of the enthalpy (or the dynamic tem-
perature into the temperature), and the higher values of Ec
involve higher kinetic energy about nanoparticles these
performance by the driving force about greater rate of heat
transfer. Every frictional heating given to the surface
allowing growth for the temperature to the comparable
nanofluid (seen Fig. 7).

Every graph on temperature profile 0(¢) about the
excessive values of thermal Biot number (Bi) and aggres-
sive heat source parameter Q is displayed in Fig. 8. It
explains the temperature field enhance about raise values of
Q and Bi. Physically, O > 0 measure high heat would be
activated against the surface on the fluid. So, temperature
sketch grows about the development Q values. Moreover,
Bi raises transfer to heat over convection given place
broadly. Thus, increase in temperature field could be seen.
It was worth observing that effect of parametric values
closed hybrid nanofluid was extremely affected when
related into mono-nanofluid.

The impact on Brinkman number Br and Reynolds
number Re in the overall volumetric entropy generation
rate is granted in Fig. 9. Greater value of Re increases the
total entropy. That produces the dominance on inertial
forces by the viscous forces. Overly, by enlargement on
Brinkman number Br raises the entropy generation rate.
The same was reported by Aziz et al. [3]. They current the
effect on pertinent parameters in the Bejan number is
shown in Fig. 10. It reduces in Bejan number by parameter
Br proved this heat transfer irreversibility effect dominates
to fluid friction effects. The opposite performance was
observed by developing values on Q. Furthermore, the
impacts on hybrid nanoparticles are higher than formal
nanoparticles.

Figures 11 and 12 build the alteration on Nusselt num-
ber and skin friction coefficient by the three fluids, namely



Exponential space-dependent heat generation on Powell-Eyring hybrid nanoliquid

Table 3 Numerical values of Nusselt number about different parametric values are Pr = 6.2, A =0.1 and w = 0.5

Rd 0 Ec 0, Bi NuRe;! /2
Pure water Au-water Au-ZnO/water
0.0 0.1 0.1 2.0 1.2 0.814414 0.823761 0.848495
0.2 1.255174 1.271484 1.299365
0.4 1.732456 1.751605 1.781079
0.6 2.219459 2.243896 2.280824
Sp 2.346209 2.370263 2.389351
0.2 - 04 1.292385 1.303703 1.324699
- 02 1.279287 1.292229 1.315545
0.0 1.263914 1.278947 1.305131
0.2 1.245594 1.263376 1.293167
0.4 1.223369 1.244850 1.279262
Sp — 11.5201 — 13.5247 — 17.5398
0.0 1.279442 1.282945 1.308583
0.2 1.229806 1.259749 1.289952
0.4 1.175560 1.235419 1.270511
0.6 1.116345 1.209886 1.250206
Sp — 0.27177 — 0.12175 — 0.09729
1.5 1.098550 1.119905 1.155937
2.5 1.496443 1.503008 1.513353
35 2.466739 2.464557 2.422600
4.5 4.331971 4.305796 4.345728
Sp 1.067056 1.051922 1.047862
0.1 0.123117 0.124046 0.124377
0.3 0.359102 0.362001 0.364046
0.5 0.581751 0.586932 0.592090
0.7 0.791049 0.798925 0.808673
Sp 1.113223 1.124784 1.140466

regular nanofluid, base fluid and hybrid nanofluid. In
Figs. 12 and 13, it was observed this Nusselt number and
skin friction coefficient was rising as development material
parameter (w) and unsteadiness parameter (A). Further-
more, the improved heat transfer rate was entire hybrid
nanofluid when the occupation on dual slight mixtures of
the usual nanofluid. By exposed against the equal plot,
lessor heat was transmitted as pure base fluid
(f) = ¢, =0).

The nature of variation in Nusselt number when the
various parameters are computed in Table 3 utilizes the
slope of linear regression about the three fluids, namely
base fluid, hybrid nanofluid and regular nanofluid. The
positive slope implicit to the corresponding parameter
improves the heat transfer rate. The magnitude on slope
performs the rate of raises/reduce on Nusselt number
through unit value on the corresponding parameters.

Utilizing the slope by linear relapse through the infor-
mation points, they were depicted to the numerical values

by the Nusselt number (heat transfer rate) raises gradually
into  radiation  parameter (Rd at the rates
2.346209,2.370263 and 2.389351, respectively, for the
pure water, Au-water and ZnO—Au/water. However, heat
source/sink parameter (Q) reduces the Nusselt number at
the rates —11.5201, —13.5247 and —17.5398 correspond-
ingly for base fluid, nanofluid and hybrid nanofluid. To
local Nusselt number (Nu) increases at the rates
1.067056, 1.051922 and 1.047862 for 0,,, respectively, for
pure water, nanofluid and hybrid nanofluid. The heat
transfer rate increases as the rate of 1.113223,1.124784
and 1.140466 via Biot number (Bi) for base fluid, Au-water
and Au-ZnO/water; however, the Nu decreases at the rate
of —0.27177,—0.12175 and —0.09729 via Eckert number
(Ec), respectively, for pure water, nanofluid and hybrid
nanofluid. Finally, the Au—ZnO/water hybrid nanoliquid
has greater heat transfer rate to that regular fluid (pure
water) and nanofluid (Au-water).
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6. Conclusions

The present article concentrates mainly to heat transfer and
entropy generation when the fluid flow on Powell-Eyring
hybrid nanofluid considering aggressive space-dependent
heat source and nonlinear thermal radiation into convective
heat flux boundary condition. That nanofluid employs field
over the infinite absorbent stretching surface. Numerical
calculations were transported about pure water
(¢, = ¢, =0), gold water (Au-H,0) nanofluid and zinc
oxide—gold water (ZnO-Au/H,0) hybrid nanofluids. The
equations of the stated flow are defined numerically by
finite element method, and graphs were plotted utilizing
gained numerical values. They had related the current
analysis outcomes into the existing solutions, and that was
on par into the earlier outcomes. The following conclusions
could be made about their analysis: An increment on
concentration of nanoparticles, the velocity profile reduces
and raising direction had been noticed as temperature
profile. Improvement on unsteadiness parameter raises
every temperature and velocity profiles. Both Eckert
number and Biot number had the developing effect on
temperature field. The Powell-Eyring hybrid nanofluid
(ZnO-Au/H,0O) was noticed to be the best thermal con-
ductor than the pure fluid (¢; = ¢, = 0) and conventional
Powell-Eyring nanofluid (Au-H,0). Total entropy of the
system was noticed to rise into develop on Brinkman
number and Reynolds number. The Nusselt number is
highly positive impact with the radiation parameter and
Biot number, and highly negative impact with heat source
parameter and Eckert number using the linear regression
model. Bejan number is increasing function for Brinkman
number and decreeing function of Q.

That analysis could supply the best understanding to
other investigators to the topic on hybrid nanofluids espe-
cially on that convective heat flux condition. It was
important to that the best heat transfer achievement on
more technological and industrial method. By the future
works, it was proposed to the current analysis that will be
consummate into more nanoparticles (metallic or non-
metallic) along into different base fluids (like diathermic
oil or SAE oil). That was crucial about the collection to
optimum hybrid nanofluid into accomplish the minimum
skin friction and maximum heat transfer rate by heat
transfer functions.
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