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Unsteady magneto-hydrodynamic heat and mass transfer analysis of hybrid nanoliquid flow over stretch-
ing/shrinking surface with chemical reaction, suction, slip effects and thermal radiation is analyzed in this prob-
lem. Combination of Alumina (Al,O3) and Titanium Oxide (TiO,) nanoparticles are taken as hybrid nanoparticles
and base fluid is taken as water. Using similarity transformation method the governing equations are changed
in to set of ordinary differential equations. These resultant equations are numerically evaluated by utilizing
Finite element method. The influence of several pertinent parameters on fluids temperature, concentration and
velocity is calculated and the outcomes are plotted through graphs. The values of non-dimensional rates of
heat transfer, mass transfer and velocity are also analyzed and the outcomes are represented in tables. Tem-
perature sketches of hybrid nanoliquid intensified in both unsteady and steady cases as volume fraction of both
nanoparticles rises.
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1. INTRODUCTION

In recent years the idea of nanoliquids has turned into
more widespread area for the research people due to its
gigantic range of significances in double windowpane, heat
exchangers, food, biomedicine, transportation, cooling of
electronic devises, etc. To intensify the common liquids
thermal conductivity such as engine oils, kerosene, water,
ethylene glycol, we have to suspend various verities of
nanoparticles, like, carbon nanotubes, Graphene, copper,
silica, gold, silver, alumina, etc. into the common liquids.
Several number of research articles are recognized in the
literature which deals the augmentation of the base flu-
ids thermal conductivity by suspending different types of
nanoparticles.'® Sheremet et al.” deliberated heat transport
analysis of single—phase model of nanoliquid flow over
square inclined cavity packed with water—alumina based
nanoliquid with the left wall is maintained sinusoidal wall
temperature. Bondarenko et al.® perceived cooling of heat
generating and heat conducting element over an enclo-
sure filled with water—Al,O; nanoliquid with moving top
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wall and detected that the heated element cools down
rapidly with high values of Reynolds number. Dogonchi
et al.? detected augmentation in the heat transfer coeffi-
cient with growing values of volume fraction of nanopar-
ticle parameter in their work on heat transport analysis
through cold external circular cylinder and hot internal
rectangular cylinder filled with water—Cu based nanolig-
uid. Bondarenko et al.'” deliberated the sway of cold
vertical walls on cooling of heat generating and heat con-
ducting source over an enclosure filled with water—Al,O5
based nanoliquid and perceived intensification in the cool-
ing process as nanoparticle volume fraction values rises.
Mahian et al.!" perceived an analysis on heat transfer anal-
ysis of single—phase, multi-phase and 3D simulation of
nanoliquid flows over different geometries. Mikhailenko
et al.!> professed liquid and heat transport analysis of
water—Al,O; based nanoliquid over rotating cavities and
detected worsening in the rates of heat transfer with rising
values of added nanoparticle volume fraction parameter.
Hashim et al.'® presented Finite element analysis method
to find the numerical solution of nanoliquid heat and flow
characteristics inside a wavy cavity filled with Al,O, based
nanoparticles.

“Hybrid nanoliquids” are special kind of fluids having
better thermal conductivity compared to the nanoliquids

J. Nanofluids 2023, Vol. 12, No. 1

2169-432X/2023/12/251/010

doi:10.1166/jon.2023.1996 251

I 05


http://www.aspbs.com/jon
http://www.aspbs.com/jon

I . TicLE

Hybrid Nanofluid Heat and Mass Transfer Characteristics Over a Stretching/Shrinking Sheet with Slip Effects

and base fluids. Hybrid nanoliquids have similar kind
of applications as compared with the nanoliquids. The
superior thermal efficiency is predicted in hybrid nano-
liquids because of its better performance. Hybrid nano-
liquids are generated by dispersing two different types
of nanoparticles in the common fluid. Ahmadi et al.'*
deliberated flow and heat transfer characteristics of Bun-
giorno’s model nanoliquid flow over a heated stretching
surface and identified amplification in the values of Nusselt
number with rising values of Brownian motion parameter.
Qasim et al.'> perceived heat and mass transfer analy-
sis of Bungiorno’s model nanofluid thin film flow over
a stretching sheet and noticed reduction in the values of
heat transfer rates as Brownian motion parameter values
rises. Biglarian et al.'® premeditated the influence of vari-
ous types of nanoparticles and volume fraction of nanopar-
ticles on heat transport and flow of unsteady nanofluid
between parallel plates. Mahdy et al.'” noticed that ele-
vation in the values of skin friction coefficient with ris-
ing values of Weissenberg number in their analysis on
time—dependent hyperbolic tangential nanofluid flow over
stretching wedge. Hashim et al.'® professed the influence
of thermophoresis and Brownian motion on mass and heat
transport features of Williamson nanofluid flow over a
wedge. Astanina et al.'” deliberated unsteady natural con-
vection flow analysis of nanofluid flow inside a partly
porous cavity utilizing the thermal non-equilibrium model
with heat generating solid element. Yarmand et al.?> exam-
ined intensification in the heat transfer of hybrid nanofluid
made up of platinum/graphene nanoplatelet—water at a four
sided microchannel whose boundaries are maintained with
constant heat flux. The heat transfer capabilities of Cu-—
Al,O;/water hybrid nanofluid are numerically investigated
by Refs. [21, 22]. Sundar et al.?® demonstrates the review
of hybrid nanofluids and more effective heat transfer fluid
characteristics of different hybrid nanofluid. Ghalambaz
et al.>* pioneered research on melting of nanoparticles-
enhanced phase-change materials flow of hybrid nanofluid
over a square cavity by using Finite element method. The
impact of hybrid nanoparticles on the melting process of
a nano-enhanced phase-change material in a square cavity
was investigated by Ghalambaz et al.> Wei et al.?® per-
ceived the thermal conductivity enhancement of diathermic
0il-SiC/TiO, based hybrid nanoliquid flow and detected
maximum of 8.39% augmentation in thermal conduc-
tivity as the concentration of suspended nanoparticle is
1 vol%. Huminic and Huminic?’ deliberated the heat
transport analysis of two different types of hybrid nano-
liquids, such as, Fe;O,/MWCNT-water and ND/Fe;O,—
water based nanoliquid flow over tube and identified more
thermal conductivity intensification in Fe;O,/MWCNT-
water than the ND/Fe;O,—water hybrid nanoliquid. Gha-
lambaz et al.”® studied the flow characteristics of hybrid
nanoliquid inside a square porous cavity packed with
MgO and Ag nanoparticles and noticed deterioration in
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the values of rates of heat transfer as nanoparticle vol-
ume fraction values rises. Asadi et al.”® studied thermal
0il-MWCNT/AL,O; hybrid nanoliquid heat transfer effi-
ciency as a cooling fluid in energy management and ther-
mal applications. Kumar and Sarkar®® theoretically and
experimentally investigated heat transport enhancement of
MWCNT/AlL, O5—water nanoliquid flow over minichannel
heat sink and noticed intensification in the coefficient of
heat transfer in the range of 30-35% as the hydraulic
diameter of the decreases. Khodadadi et al.’! presented a
review analysis on rheological properties of hybrid and
mono nanoliquids and perceived intensification in the flu-
ids viscosity as nanoparticle volume fraction values rises.
Sundar et al.*> experimentally examined the heat trans-
port behavior of water—-Ni/ND based hybrid nanoliquid
flow through a tube by considering and without consider-
ing longitudinal strip inserts and detected an augmentation
of 35.43% in the rates of heat transfer values as the val-
ues of nanoparticle volume is 0.3% and Reynolds num-
ber is 22000. Hussien et al.*> examined the heat transport
features of GNPs/MWCNTs—water hybrid nanoliquid flow
through a mini tube and detected 43.4% augmentation in
the values of Nusselt number of hybrid nanoliquid. Sheik-
holeslami et al.** numerically analyzed the flow character-
istics of MHD hybrid nanoliquid arranged by captivating
Fe;O, and MWCNT as nanoparticles and water as base
fluid inside an enclosure with double heaters and perceived
intensification in the heat transfer rates. The heat trans-
port augmentation of Fe;O,/MWCNT-water hybrid nano-
liquid inside T-shaped cavity with two porous layers and
finite element technique is used to find numerical solution
of the resultant equations.* * Chamkha et al.’” perceived
finite element technique to calculate the value of rates of
heat transfer of hybrid nanoliquid made by considering
copper and alumina as nanoparticles and water as base
fluid. Recently, Veera Krishna*** perceived the impact of
hall and ion slip effects on heat transfer characteristics of
nanofluid over different geometries.

Careful observation on available literature reveals that
no studies have reported to investigate the sway of slip
effects and chemical reaction on mass and heat transport
characteristics of magneto-hydrodynamic hybrid nanolig-
uids prepared by considering TiO,/Al,O; as nanoparticles
and water as base fluid over stretching sheet. The resul-
tant equations are solved using Finite element method with
Mathematica 10.0. The problem addressed in this analy-
sis has immediate applications in generator cooling, trans-
former cooling, electronic cooling etc.

2. MATHEMATICAL ANALYSIS OF THE
PROBLEM

Consider unsteady, laminar, two dimensional, MHD
boundary layer heat and mass transfer of TiO,/Al,O;—
Water based hybrid nanoliquid flow through a stretching
sheet with slip effects as depicted in Figure 1. Along the
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stretching surface and in the direction of flow the x-axis
considered and y-axis is measured normal to it. U, (x, t)
is the velocity of the stretching sheet. A constant magnetic
field of strength B, is applied normal to the plate. T, and
C,, are considered as sheet surface uniform temperature
and concentration, furthermore, 7., and C,, are taken as
ambient fluid temperature and concentration, correspond-
ingly. The thermo-physical properties of the nanoliquid are
given in Table I. Under the above assumptions, the govern-
ing equations describing the momentum, energy and con-
centration in the presence of chemical reaction, slip effects
and thermal radiation are given by [Asadi et al.?].

du Jv
4+ =0 1
oy (D)
du  du  Ou 1 dp Pu o B*(1)
g e Lo, T oB0,
ot x dy Pt 0X dy? Phinf
aT aT aT k *T 1 d
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at dx 3 (PCp)y O (p Cl’)nf 9y
aC aC JiCc ”C
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The following physical boundary conditions are
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Fig. 1. Physical model and Coordinate system.

Table I. Thermo-physical properties of water and nanoparticles.

. Kg J w
- () olar)  *GR)

Pure water 997.1 4179 0.613
MWCNTs 1600 796 3000
Silver (Ag) 10500 235 429
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u—>0,T—>T, C—>C, at y— o (6)

where b is positive constant, A > 0 (stretching constant)
and A < 0 (shrinking constant).
We now presented similarity variables as

_ a _ an
n—y\/iyf(l_ct), llf—x\/l_ctf(n),

T-T. Cc-C

0 = = S = = 7
() T —T. (m) C._C. (7
Additionally,
bx ,U, x
U,(x,t)= , T, (x, =T+ —"—+,
(X, 1) 1 —ct (x ) + V(I—Cl‘)(l/z)
CO[wa BO
C,(x,t)=Coo+———, B(t)=——5 (8
(x.2) v(1—cr)"? © (1—cr)'? ®

By utilizing Rosseland estimation for radiation, the
radiative heat flux g, is demarcated as

407 9T*  160°T° 3T

3K* dy 3K*  dy

q,= ©)

The transformed equations are

117 A2 1 AZ N2 AZ / m ’
ST I =) _A_la[f +3f }—Ale(_(;
10

A
LARO —Pr 2 (o 20)=0 (11
14+A,R)0 —Pr =

A, 2

a
SN—SCE (nS'+28)—C, ScS=0 (12)

The associated converted boundary conditions are
FO) =V f(0)=A 60)=1+£0, SO0)=1+BS

(13)
[ (0) =1, 8(0) — 0, S(0) =0 (14)

The associated non-dimensional parameters are defined
as

BZ
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The density p,;, thermal conductivity k., dynamic vis-
cosity i, and heat capacitance (pc,), . of the hybrid
nanoliquid are quantified by:

My
(1= (d1+ )™
Prnt = [1 = (1 + )] ps+ b1p51 + bapys,
(Pt =[1=(d1+d2)](pc,) s+ bi(pc,) +da(pc,)

% ks2 + 2knf - 2¢)2 (knf - k.rZ)
khnf = knf ’

nf

Mhnf =

ko +2k,+ b, (knf - ksZ)

ko= kg +2k;—2¢, (kf_ksl)
Tk 2k by (k)
The another object of this problem is to calculate skin—

friction coefficient (C,), Nusselt number (Nu,) and Sher-
wood number (S4,) and are given as

C. = , Nuy=————,
U, ke (T, — 1)
Xq,,
Sh.=—— 15
! DB (Cw - Cco) ( )
Where,
du k JaT
Tw = a.. > w— ~Khnf 5 s
w = Mhnf dy - q hnf dy 4
JC
9dn = _DB_ (16)
dy =0

Using the similarity variables the above equations take the
form

1 1
Re'?Cp =

(1= (¢ + )
Re™'?Nu,=—(1+R)A,0(0),

25 f7(0),

Re'Sh, = —S'(0)
(17)

Where, (Re = ((xU,)/v,)) represents the local Reynolds
number.

3. NUMERICAL SOLUTION OF THE
PROBLEM

The variational Finite element process® is applied to
estimate numerically aforementioned Eqs. (10)—(12) with
boundary conditions (13) and (14). Compare to other
numerical methods finite element method is the better
method to solve both ordinary and partial differential equa-
tions numerically.

4. RESULTS AND DISCUSSION

The impact of slip effects on heat transport coefficient of
TiO,/Al,O,—Water hybrid nanoliquid flow over stretching

Reddy et al.

sheet is analyzed in this analysis. Variations in the sketches
of concentration, temperature and velocity with respect to
influenced parameters are calculated and plotted through
graphs from Figures 2-22. Comparison of present numer-
ical code with existing values is made and depicted in
Table II.

Figures 2-7 reflect the sway of volume fraction of
parameters ¢, and ¢, on the concentration, temperature
and velocity sketches for both stretching and shrinking
cases of TiO,/Al,O;—Water hybrid nanoliquid. The veloc-
ity scatterings depreciate with escalating values of both
¢, and ¢, for stretching case, however, scatterings of
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velocity intensifies in shrinking cases of TiO,/Al,O5—
Water hybrid nanofliud with escalating values of (M).
The scatterings of temperature and concentration in
both stretching and shrinking cases of TiO,/Al,O;—Water
hybrid nanofliud with respect to Magnetic parameter (M)
are depicted in Figures 9 and 10. The concentration and
temperature scattering optimizes with magnifying values
of (M) and this amplifying nature is reasonably lesser in
stretching case than shrinking case of TiO,/Al,O;—Water
hybrid nanofluid.

Solid Lines: A > 0. 1
Dotted Lines: A < 0.

06
$1=0.01, M= 0.5, Pr =6.2,
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Thermal boundary layer thickness with altered val-
ues of Radiation parameter (R) in both stretching and
shrinking cases of TiO,/Al,0;—Water hybrid nanoliquid
are portrayed in Figure 11. Thermal boundary layer
thickness upsurges with cumulating values of (R) in
both stretching and shrinking cases of TiO,/Al,O;—Water
hybrid nanofliud. Furthermore, this cumulating tendency is
marginally more in shrinking case than stretching case of
TiO,/Al,O,—Water hybrid nanoliquid. Figure 12 exempli-
fies the disparities in sketches of temperature with altered
values of Prandtl number (Pr) in both stretching and
shrinking cases of TiO,/Al,O;—Water hybrid nanoliquid.
The temperature sketches worsen with up surging values of
(Pr) and this phenomenon is marginally higher in stretch-
ing case than shrinking case of TiO,/Al,O;—Water hybrid
nanoliquid.

TiO,/Al,O;—Water based hybrid nanoliquid concentra-
tion shrinks in both shrinking and stretching cases with
improving values of (Sc). Additionally, the depreciat-
ing nature in concentration sketches is more in stretch-
ing case than shrinking case of TiO,/Al,0;—Water based
hybrid nanoliquid (Fig. 13). Figure 14 exhibits signifi-
cance of chemical reaction parameter (Cr) on concen-
tration depicts in both stretching and shrinking cases of
TiO,/Al,O,—Water based Hybrid nanoliquid. The concen-
tration sketches deteriorate with cumulated values of (Cr)
in both stretching and shrinking cases.

Figures 15-17 professed the disparities in the thick-
ness of hydrodynamic, thermal boundary layer and solutal
boundary layers with altered values of suction parameter
(V,) in both stretching and shrinking cases of TiO,/Al,O5—
Water based hybrid nanoliquid. The thickness of hydro-
dynamic boundary layer escalates with amplifying values
of (V,) in stretching case, nevertheless, it deteriorates in
shrinking case and is shown in Figure 15. The thickness of
thermal and solutal boundary layers diminished with step
up values of (V,) as depicted in Figures 16 and 17. Fur-
thermore, the escalating nature in the thickness of hydro-
dynamic boundary layer and diminishing nature in the
thickness of thermal boundary layer and solutal boundary
layers is slightly more stretching case than shrinking case
of TiO,/Al,O;—Water based hybrid nanoliquid.

The impact of unsteadiness parameter («) on scatterings
of concentration, temperature and velocity is depicted in

» Table II.  Comparison of (—6' (0)) with the results of Waini et al.* for
04 - $2=0.01,Cr=0.1,Pr=62 ] various values of (Pr) and ¢, =0, ¢, =0.
V0=0.5, R=1.0, £=0. 5, @ =0.1.
el ] Parameter Waini et al.* Present results
N Pr (=0 (0)) (=0 (0))
00 1 2.0 0.911353 0.911341
o p 5 3 ) 6.13 1.759682 1.759676
n 7.0 1.895400 1.895397
20.0 3.353902 3.353915
Fig. 22. The Effect of (8) on S.
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Figures 18-20 and perceived that the fluids velocity dimin-
ishes in stretching case, however, it amplifies in shrinking
case with improving values of («) of TiO,/Al,O,—Water
based hybrid nanoliquid. Nevertheless, temperature and
concentration sketches amplify with intensifying values of
(«) in both stretching and shrinking cases of TiO,/Al,O,—
Water based hybrid nanoliquid. Furthermore, it can be seen
that the amplifying nature in temperature, concentration
depicts is marginally more in shrinking case than stretch-
ing case of TiO,/Al,O;—Water based Hybrid nanoliquid.
Figure 21 describes the sway of temperature slip param-
eter (£) on thermal boundary layer thickness in both
stretching and shrinking cases of TiO,/Al,O;—Water based
hybrid nanoliquid. With up surging values of (&), temper-
ature sketches degenerate in both cases and this degenerat-
ing phenomenon is slightly more in stretching case hybrid
nanoliquid than shrinking case of hybrid nanoliquid.

Reddy et al.

The concentration sketches of TiO,/Al,O;—Water based
hybrid nanoliquid worsens in both stretching and shrinking
cases as concentration slip parameter () codes intensi-
fies and this nature in solutal boundary layer thickness is
slightly more in stretching case than shrinking cases of
TiO,/Al,O,—Water based hybrid nanoliquid and is shown
in Figure 22.

Tables III and IV reveal the sway of pertinent param-
eters on non-dimensional rates of mass transport, heat
transfer and rates of velocity in both stretching and shrink-
ing cases of TiO,/Al,O,—Water based hybrid nanoliquid.
It is perceived from Table III that the values of skin-
friction coefficient values elevates, however, values of
Nusselt number deteriorates in both stretching and shrink-
ing cases of TiO,/Al,O;—Water based hybrid nanoliquid
as the values of ¢, and ¢, rises. The values of Sher-
wood number diminishes in stretching case, nevertheless,

Table III. Values of skin-friction coefficient (f” (0)), local Nusselt number (—6’ (0)) and local Sherwood number (—S/ (O)) .

Parameters 1" (0) —6(0) —5'(0)
b, b, M Pr R Stretching Shrinking Stretching Shrinking Stretching Shrinking
0.01 0.01 0.5 6.2 1 0.24943 0.2098 4.89547 4.13461 0.91815 0.86944
0.02 0.01 0.5 6.2 1 0.25767 0.22792 4.35542 3.62642 0.9179 0.87005
0.03 0.01 0.5 6.2 1 0.27804 0.25773 3.75483 3.09508 0.91729 0.87101
0.01 0.01 0.5 6.2 1 0.80216 0.70956 9.99249 8.31996 0.9179 0.87005
0.01 0.02 0.5 6.2 1 1.01649 0.99296 4.02366 3.41384 0.91595 0.87279
0.01 0.03 0.5 6.2 1 1.2361 1.22399 3.09239 2.76032 0.91425 0.87463
0.01 0.01 0.1 6.2 1 0.13307 0.11193 2.85661 2.41264 0.91815 0.86944
0.01 0.01 0.3 6.2 1 0.197 0.18434 2.8353 2.46132 0.91492 0.87344
0.01 0.01 0.5 32 1 0.25649 0.19854 2.81873 2.48523 0.91257 0.88745
0.01 0.01 0.5 4.2 1 0.13307 0.11193 1.62333 1.2967 0.91815 0.86944
0.01 0.01 0.5 5.2 1 0.1325 0.11195 2.04909 1.65503 0.91814 0.85958
0.01 0.01 0.5 6.2 1 0.13125 0.11254 2.45214 2.03138 0.91745 0.84575
0.01 0.01 0.5 6.2 0.1 0.13307 0.11193 2.35661 2.41264 0.91815 0.86944
0.01 0.01 0.5 6.2 0.3 0.13325 0.11195 2.33557 1.86546 0.91802 0.86954
0.01 0.01 0.5 6.2 0.5 0.13354 0.11198 1.9079 1.5327 0.90254 0.87565
Table IV. Values of skin-friction coefficient (f” (0)), local Nusselt number (—6' (0)) and local Sherwood number (—S’ (O)) .

Parameters 17 (0) —6'(0) —5"(0)
Cr A a & B Stretching Shrinking Stretching Shrinking Stretching Shrinking
0.1 0.5 0.1 0.5 0.1 0.13307 0.11193 2.85663 2.41264 0.64825 0.57001
0.3 0.5 0.1 0.5 0.1 0.13304 0.11168 2.85642 2.41254 0.79963 0.74023
0.5 0.5 0.1 0.5 0.1 0.13225 0.11145 2.85632 2.41023 0.91815 0.86944
0.1 0.5 0.1 0.5 0.1 0.10543 0.0835 0.87768 0.25077 0.7367 0.67101
0.1 0.6 0.1 0.5 0.1 0.11858 0.0969 1.87744 1.16666 0.8129 0.76522
0.1 0.7 0.1 0.5 0.1 0.13307 0.13293 2.85663 2.43264 0.92815 0.86944
0.1 0.5 0.1 0.5 0.1 0.13327 0.11193 2.85661 2.41264 0.91815 0.86944
0.1 0.5 0.3 0.5 0.1 0.13944 0.11966 2.7181 2.15112 0.90009 0.8519
0.1 0.5 0.5 0.5 0.1 0.1456 0.12702 2.53208 1.75757 0.88185 0.83432
0.1 0.5 0.1 0.1 0.1 0.13307 0.11193 2.86434 2.46374 0.91815 0.86944
0.1 0.5 0.1 0.3 0.1 0.13215 0.11235 2.46677 2.16376 0.91804 0.87012
0.1 0.5 0.1 0.5 0.1 0.13205 0.11345 2.16612 1.92893 0.77577 0.87562
0.1 0.5 0.1 0.5 0.1 0.13307 0.11193 2.86493 2.46378 0.91815 0.36944
0.1 0.5 0.1 0.5 0.3 0.13202 0.11075 2.84522 2.26253 0.77577 0.79065
0.1 0.5 0.1 0.5 0.5 0.13025 0.11042 2.83225 2.25122 0.67152 0.84509
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values of Sherwood number intensifies in shrinking case
of TiO,/Al,O;—Water based hybrid nanoliquid as the val-
ues of ¢, and ¢, rises. The non-dimensional values of
(Cf) and (Sh,) rises in both stretching and shrinking
cases with (M) intensifies. Furthermore, (Nu,) values
deteriorates in stretching case, however, they intensifies
in shrinking case with (M). The values of skin friction
coefficient degenerates in stretching case, whereas, ele-
vate in shrinking case as (Pr) values rises. With rise in
the values of (Pr), the dimensionless values of (Nu,) are
hiked, however, (Sh,) values deteriorates in both stretch-
ing and shrinking cases. As the values of (R) improves the
values of non-dimensional skin friction coefficient ampli-
fies, whereas, values of Nusselt number worsens in both
stretching and shrinking cases of TiO,/Al,O;—Water based
hybrid nanoliquid. The values of Sherwood number degen-
erates in stretching case, however, intensifies in shrinking
case with (R). It is clear from Table IV that the val-
ues of (C;) and (Nu,) deteriorates in both stretching and
shrinking cases of hybrid nanoliquid as the values of (Cr)
intensifies. The influence of (Cr) on rates of mass trans-
fer coefficient is also perceived in Table IV and found
elevation in (Sh,) values. The non-dimensional rates of
velocity, mass and heat transfer values optimizes in both
cases of hybrid nanofluid as the values of (V) upsurges.
As the values of («) rises the values (f (0)) amplifiess,
whereas, the values (—6'(0)) and (—S'(0)) worsens in
both stretching and shrinking cases of TiO,/Al,O;—Water
based hybrid nanoliquid. The non-dimensional rates of
velocity and mass transfer values deteriorates in stretching
case, however, elevates in shrinking case with improved
values of (£). However, with higher value of (£) the val-
ues of (Nu,) diminishes in both stretching and shrink-
ing cases. Finally, in both stretching and shrinking cases
the values of (C f) and (Nu,) depreciates with amplify-
ing values of (B). Furthermore, (Sh,) values degenerates
in stretching case, however, upgrades in shrinking case as
(B) values optimizes.

5. CONCLUSION

The present study has addressed TiO,/Al,O;—Water based
hybrid nanoliquid heat and mass transfer analysis over
a stretching/shrinking sheet. The impact of velocity slip,
temperature slip, chemical reaction and thermal radiation
on TiO,/Al,O;—Water based hybrid nanoliquid flow is also
analyzed. The most noteworthy findings are as follows:
(i) Volume fraction parameters of both nanoliquids ¢, and
¢, intensifies the temperature of TiO,/Al,O;—Water based
hybrid nanoliquid in both stretching and shrinking cases.
(ii) Suction parameter (V,) deteriorates the temperature
and concentration of TiO,/Al,O;—Water based hybrid
nanoliquid in both stretching and shrinking cases.

(iii) Both temperature and concentration sketches amplify
with rising values of unsteadiness parameter («) in both

Hybrid Nanofluid Heat and Mass Transfer Characteristics Over a Stretching/Shrinking Sheet with Slip Effects

stretching and shrinking cases of TiO,/Al,O;—Water based
hybrid nanoliquid.

(iv) Rising values of (M) leads amplification in the values
of Sherwood number and skin—friction coefficient.

(v) The dimensionless rates of heat transfer shrinks with
rising values of (£) in both stretching and shrinking cases
of TiO,/Al,O;—Water based hybrid nanoliquid.

NOMENCLATURE

Greek Symbols

Thermal diffusivity of base fluid
Kinematic viscosity

Fluid viscosity

Nanoparticle mass density
Dimensionless nanoparticle volume fraction
Similarity variable
Dimensionless temperature
Velocity slip parameter
Electrical conductivity

¢ Thermal slip parameter

Y>3 Lo E v R

Skin-friction coefficient
Nanoparticle volume fraction of Silver

- Thermal conductivity of basefluid

Nusselt number

Nanoparticle volume fraction of MWCNT
Local Reynolds number
Ambient fluid concentration
Velocity of mainstream

Wall constant temperature
Ambient temperature

Fluid temperature

Fluid concentration

Wall heat flux

Wall mass flux

Dimensionless stream function
Velocity of the wall

Mean absorption coefficient
Stephan-Boltzmann constant
Sherwood number

Prandtl number

Velocity components in x- and y-axis
Radiation parameter

Shear stress

Schmidt number

Magnetic field parameter
Diffusion coefficient

Schmidth number

Composite velocity

Direction along and perpendicular to the wedge
Chemical reaction parameter
Suction parameter
Concentration at the wall

First solid component

Second solid component
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Subscripts

oo Condition far away from cone surface
Hnf hybrid nanofluid

f Base fluid

nf Nanofluid

Superscripts

" Differentiation with respect to n
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