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Hybrid nanofluids are remarkable functioning liquids that are intended to reduce the energy loss while maximizing
the heat transmission. In the involvement of suction and nonlinear thermal radiation effects, this study attempted to explore
the energy transmission features of the inclined magnetohydrodynamic (MHD) stagnation flow of CNTs-hybrid nanofluid
across the nonlinear permeable stretching or shrinking sheet. This work also included some noteworthy features like
chemical reactions, variable molecular diffusivity, quadratic convection, viscous dissipation, velocity slip and heat omission
assessment. Employing appropriate similarity components, the model equations were modified to ODEs and computed by
using the HAM technique. The impact of various relevant flow characteristics on movement, heat and concentration profiles
was investigated and plotted on a graph. Considering various model factors, the significance of drag friction, heat and mass
transfer rate were also computed in tabular and graphical form. This leads to the conclusion that such factors have a
considerable impact on the dynamics of fluid as well as other engineering measurements of interest. Furthermore, viscous
forces are dominated by increasing the values of Ay, 8m and &g, and as a result, F’(&) accelerates while the opposite trend is
observed for M and ¢. The drag friction is boosted by the augmentation M, A, and ¢, but the rate of heat transfer declined.
According to our findings, hybrid nanoliquid effects dominate that of ordinary nanofluid in terms of F'(&), © (&) and ¢ (&)
profiles. The HAM and the numerical technique (shooting method) were found to be in good agreement.

Keywords: hybrid nanofluid (SWCNT+MWCNT/H;0), velocity slip conditions, nonlinear thermal radiation,

exponential stretching/shrinking sheet, inclined magnetohydrodynamic (MHD) stagnation flow

PACS: 44.15.+a, 47.27.nd, 47.15.gm

1. Introduction

With the ever-increasing trend for heat energy due to its
wide range implementations in nearly every sector of science
and technology, from biomedical science to engineering and
just about everything else the tremendous awareness of nan-
otechnologies to accelerate thermal stimulation from imme-
diate sources has attracted researchers and scientists to pur-
sue further research and development. Improvement of energy
performance can provide a competitive advantage in a vari-
ety of applications, including plasma analysis, nanoelectron-
ics apparatus such as microchips in machines, power plants,
space cooling, electricity production, and a variety of other
uses. Choil!l discovered the concept of merging nanometer-
sized materials in conventional fluids. Rawat et al.!?! inves-
tigated the movement of two distinct nanofluids Ag/H,O and
Cu/H,O toward a vertically positioned Riga plate. Recently,
several investigations for example Xu ef al.’ and Xing et
al.' have been directed on nanofluids to investigate their heat
transmission characteristics. A single kind of nanoparticle
may or may not have all of the perfect characteristics needed
for a certain goal, it may have exceptional thermo-physical or

rheological properties. Because of the several forceful uses,
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hybrid nanofluids are prepared to contain a variety of features,
hence they are significant. A hybrid nanofluid is a special vari-
ant of nanofluid that combines two dispersed nanomaterials in
a conventional fluid. As a result, if the added materials of
solid nanoparticles are chosen right, they will enhance each
other’s favorable aspects. These type of hybrid nanofluids of-
fer a wide range of potential uses in almost major heat ex-
change disciplines, such as micromachining, transport, indus-
trial, microsystems, and pharmaceuticals. Huang et al.®! de-
veloped a hybrid nanoliquid with a volume proportion of 1:2.5
(MWCNT:Al,03) by manufacturing nanosized specimens of
Al,O3/H>,0 and MWCNT/H;0O nano-fluids. Hybrid nanopar-
ticles enhance the thermal physical properties of original fluids
as evidenced by extensive study in Ahmad ez al.”!

Thermal radiation plays a key part in the designing of a
variety of modern heat transmission technologies. Radiative
and nanofluid flow through a plane surface has sparked a lot
of interest in both numerically and experimentally modeling.
In particular, the flow across a plane surface has been exten-
sively studied since it may be used to explain numerous en-
gineering and industrial applications. Major industrial sectors

like rockets and spacecraft as well as nuclear power stations
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and steam turbines all depend on rate of energy exchange un-
der radiation. Using a porous structure and a perpendicular
medium, Bakier!'%! scrutinized the impact of temperature ra-
diations on force convectional movement of nanofluids. The
influence of radiation on the uniform split temperature field
motion with convectional surface constraints across a swing
plate were examined by Ishak et al.!'!l The considerable in-
fluence of radiant heat on MHD nanoliquids movement among
two vertical spinning medium was explored by Sheikholeslami
et al.'"?! The heat transport characteristics of Casson fluid mo-
tion in a porous media over a stretching surface having MHD
and radiation effect were premeditated by Mabood et al.!’!
Yin et al.!"*) evaluated the effect of thermal radiation and bio-
chemical reactions on magnetohydrodynamic Sisko liquid mo-
tion across a stretched surface with heat source and motile mi-
crobes.

Stagnation flow happens when liquid comes into contact
with solid surfaces. The fluid flow displayed the highest rate
of energy transmission, stress (static pressure), and mass de-
position near the stagnation region. Whenever fluid velocity
goes to zero it produces the greatest pressure, as per Bernoulli
principle. The reason for this is that the fluids kinetic energy
is turned into pressure, which is termed as stagnation pres-
sure (static pressure). Hiemenz!"! is the inventor of the fluid
flow via a plane stagnation point. He employed transformation
technique to translate the momentum expression into a system
of nonlinear ODEs for a two-dimension stagnation flow prob-
lem on a flat sheet. Several scholars nowadays have expanded
this concept to examine various characteristics of stagnation
point flow problems. Because of its numerous practical ap-
plications, the concept of stagnation point flow continues to
capture the interests of several scientists and scholars. Elec-
tronic device cooling, cooling of nuclear power plants during
unexpected failure, fluid dynamic mechanisms in engineering
disciplines, MHD power systems and cooling of unbounded
metal plates in a bath, and metallurgy procedures like sketch,
annealing, and tinning of copper cables are all examples of
these applications.'®) Homann'”! investigated axially sym-
metric stagnation stream on a sphere and a cylinder. Soomro
et al."8 explored the role of heat absorption/generation with
radiations on stagnation flow along a moving surface. Shen et
al.'" examined the mixed convective MHD flow closed to the
stagnation point over a nonlinear starching surface. Rehman
et al.’?”) examined the nanofluid motion and energy transmis-
sion of at a stagnation on a continuously extending medium
affected by the magnetization. The mathematical formula-
tion of nanoliquid stagnation motion associated with energy
and mass transport on a rolling surface with slip velocity was
explored by Khashi’ie et al.l*!! Nasir et al.'*?! explored the
effects of radiation and heat source in a 3D magnetohydro-

dynamics stagnation flow of engine oil based MWCNTs+Cu-
hybrid nanofluid through a permeable spherical tube. Recently

23241 may be re-

some other investigations such as Waini et al. )t
ported in the literature to visualize the stagnation flow of fluid
in different geometries under various conditions.

However, utilizing nanofluid in a permeable medium to
optimize the convective heat transformation characteristics for
industrial and engineering activities is also a feasible alter-
native. Therefore, the topic of permeable medium is receiv-
ing a lot of attention from scientists and engineers. It is be-
cause many industrial applications use this sort of infrastruc-
ture like fuel flow purification process, thermodynamical in-
sulator, underground aquifers and heat exchangers. Further-
more, similar type of configurations is also encountered in
a variety of applications such as electronics coolant appara-
tus, ignition processes and conditioning rotor blades, all of
which involve freezing or warming mechanism. The merging
of small as well as higher energy liquids has a significant influ-
ence on the working of such technologies.!*>! Hassan et al.[>6]
explored the flow of liquids over a moving plate. The flow of
Poiseuille nanofluid in a permeable surface involving Stefan
blowing was studied by Alamri et al.”?’ In addition, various
review publications?8-301 extensively discuss nanofluid flow
in porous surface.

Nanofluids and hybrid nanofluids play an important
role in thermal management applications compared to the
conventional fluids. The main goal of the current inves-
tigation is to examine the various characteristics of en-
ergy exchange, concentration and mobility of a hybrid
nanofluid (SWCNT+MWCNT/H,0) over a nonlinear shrink-
ing/expanding sheet. In the present investigation, the work
of Shen et al.!"! is further extended. The current analysis is
unique because it investigates the nonlinear convectional stag-
nation point flow of a hybrid nanofluid. Secondly, the im-
pact of suction/injection and nonlinear radiation is seriously
contemplated. Furthermore, the impacts of the porous me-
dia, chemical reactions, varying molecular diffusivity, viscous
dissipation, velocity slip and heat omission are taken into ac-
count. The inclusion of angled MHD in the flow zone is more
significant in maintaining the dynamic characteristic. There-
fore, the present work is intended to fill that hole. So, this pa-
per is designed to fill this void. The findings of essential model
factors on velocity, temperature, concentration, drag friction,
heat and mass transfer rate are discussed by using a variety
of graphs and tables. This proposed model will be used in a
variety of domains, including meteorological exploration, bio-
chemical technology, energy and transport development, re-
newable power conversions, photoelectric and biosensor mi-
crofluidics, tumbling in polymeric production, and many oth-
ers sectors.
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Table 1. Review of the literature to verify the model novelty.

Authors Stagnation Hybrid Nonlinear Quadratic Chemical
point nanoparticles thermal radiation convection reaction
Yin et al. 14! v X X X X
Shen ez al.[1°] v X X X X
Waini ef al.?*] v X X X X
Present v v v v v
2. Model formulation +H(C—Ca)+1(C—Cu)* ), (5)

Under the effect of an inclined MHD, we considered
the time independent 2D flow and energy transmission of
a viscous, incompressible and electrically conducting hybrid
nanofluid through a highly permeable nonlinearly contracting
and expanding surface. Figure 1 depicts the flow analysis and
coordinate axis visually. The below flow assumption is con-
sidered for the modeling of the current problem.

(i) The flow is under the effect of inclined magnetic field
to sheet of strength By.

(i1) The shrink/stretch velocity of sheet in x-direction is
Uy, Ue 1s the flow velocity of external boundary layer and vy, is
the mass flux of the wall.

(iii) Ty, T, Cy, and C are the sheet surface and ambient
temperature and concentration, respectively.

(iv) The flow is created by stretching the plate with a
quadratic buoyancy force.

(v) The mechanism of non-linearly thermal radiation, vis-
cous dissipation and heat omission/absorption is included in
energy equation.

(vi) The analysis are also conducted in the presence of a
varying molecule diffusivity and a chemical reaction.

The following are the model equations under the above

assumptions: (>-1921]

du 8v_

3t =0 (1)

due OtbntBZSin* Q  Vpint
- + (e —u)
PHbnf kp

HHbnf Lzu
PHbnf 9> ek, 2
oT oT
(pCP)anf {”ax + Vay]

1606* 5\ 0°T du\?
= (kanf+3k* 3) Tyz‘f‘ UHbnf (ay> +0(T -T.),(3)

aCc  JC 0 J

Here u and v are velocities components, k, is signified per-
meability of porous medium, 1; is nonlinear mixed convection
term and stated as!3!

Y. = {H(T—T.)+ 4 (T - T.)?

where (15,17), and (13, 13) are coefficient of linear and nonlin-
ear thermal and concentration expansion, respectively, g is the
gravitational force, Q represents energy omission/absorption,
o* is the Stefan Boltzmann constant, k* is specified the coeffi-
cient of mean absorption, k¢, is denoted chemical reaction and
Dg is variable molecular diffusivity define as'>!!

C—-Cs
Dy (C) = Dg., (1+:<1 (CO_C )) ©)

while x; is small parameter representing variable species dif-

fusivity parameter.

SWCNT+MWCNT/H.O
hybrid nanofluid

MWCNT

Fig. 1. Flow configuration of problem: (a) stretching case, (b) shrinking
cases.

Also, oppnr (electrical conductivity), tgpns (dynamic vis-
cosity), Pupnf (density), (pcp)anlc (capacity of specific heat)
and kgpye (thermal conductivity) are some of the hybrid
nanofluid quantities described in this way, [*!

Hbnf (1— ¢MWCNT)72'5
Ht (1 - gswent)™
% = (1 - gswent) 2, %
pzt;nf = (1— ¢swent) (1 — dmwent)
+ ¢swent (1 — dmwenT) MZ£
+ dMwWCNT PsweNT ,
Pt
Pot _ (1— ¢swent) + ¢SWCNTM, (®)
Pt Pt
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pc + c ,
(Pi?anf = (1 - ¢mwent) (1 — dswent) omwont (PCp) swent
(pcp)f M = (1—é¢swent) + md)swcm 9
+ (1= dmwent) dswent (Pp) ywent (Pcp); (Pcp); ’
|
k
Kitbnt (1= durwent) +2 ( SWCNT ) kot log, <kSWCNT +knf) ’
knt kswcNT — knt knt
k k k k
ke _¢SWCNT)+2<MWCNT> kswontlog, (MWCNT+f> (10)
ke kmweNT — Kot knt
Stionf _ n 3PsweNTOSWCNT + 3OMWCNT OMWCNT — 39 Of (11
lort or(2+¢) + (1 — pswent) Oswent + (1 — dmweNT) OMWeNT |

So, we assume the composition of MWCNT into
SWCNT/H;0, in the proposed investigation, a hybrid
nanofluid was developed. SWCNT nanoparticles (@swcNt)
are firstly dispersed in H,O to make a SWCNT/H,O or-
dinary nanofluid and then MWCNT nanomaterial of di-
verse ratios (@mwcent) are mixed to make a consistent hy-
brid nanofluid SWCNT+MWCNT/H,0O. We assume that
0 = ¢pswenT + dmwent throughout the study.

Table 2. Various thermophysical features of nanomaterials and H,O. !

Nanoparticles

Features H,0
SWCNT MWCNT
k (W/mK) 6600 3000 0.613
¢p U/kgK) 425 796 4179
p (kg/m?) 2600 1600 997.1
o (S/m) 10° 107 5.5%x10°°

2.1. Boundary conditions

The corresponding physical boundary conditions of the
model problem is!!”]

at y=0, u=uy, v=ry,

T — T,

T=T,, C=Cy,

at y=oo, U — U, C — Cu, (12)

where uy, = ax™, ue = cx, vy = —\/aT)f(’”T“)xm’l/S, Ty =
Too — Tox®" 1, Cyy = Coo — Cox*"~! and B = Box"~'/2. Here a,
¢, and m are constants, S is suction factor, Ty is characteristic
temperature in which opposing flow represent 7y > 0 (coolant
surface) while the assisting flow Ty < 0 (heated surface). ]

2.2. Corresponding transformation

To convert the above model Eqgs. (1)-(4) into ODEs, we
use the following equations: ‘]

u=cx"F'(§),
v=—(ua " (R @)+ P ).
T
(é)sz—&-(Tw—Tm)’
C c 2 m—1
¢(§)ZW§ZY(W> Xz, (13)

\
while executing the above mentioned modifications Eq. (1)
is identically satisfied, whereas Egs. (2) and (3) related with
boundary restrictions (4) yield the dimensionless form shown
below: [%-19]

1
NoF" 4+ Ny (m ;L FF' —mF” + m)

+ (N3sin® QM +NoAy) (1 - F')
+N28n { (0 +8,0%) + %(9 +%0%) } =0, (14)
(N4+Rd (1+ (O — 1)@)3) o"

+Pr (y@ L EcF”

1 Ns (’TF@’ (2m— 1)F/®>> =0, (15)

(1+K10)9" +5Sc <F¢’ - '"T“ (F'¢") —/wp) —0.(16)

The boundary constraint Eq. (12) takes the form by using
Eq. (13) as

F(&) =4, Fl(§)=¢, () =1, ¢(&) =1 at £=0,
F'(E)—=1, ©()—0, ¢(&) =0 at & — oo 17

Here € = ¢/a is the extending/shrinking factor, with € > 0
mentioning to the stretching case and € < O stating to the
shrinking case and A = —

m+1
flux factor with A > 0 denoting to the suction and A < 0 men-

2 vy L=l
( ) \/vax 7~ is the constant mass

tioning to the injection. The non-dimensional velocity, tem-
perature and concentration components are represented by the
symbols F(&), ©(&) and ¢ (§) in the preceding equations.
Some constants are

Ny = Panf7 Ny = IJanf’ Ny = aanf’
k C
N, = “Honf stw. s)
ke (PCo)¢
Also, other non-dimensional parameters are
L Cp)e
Prandtl number = Pr = f (ll: P)t :
t
GfB(z]

magnetic parameter = M = ,
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diat er — R 40*T3
radiation parameter = R =
P ke
Ue
ckert number = Ec = ——————,
Ut (Tw - Too)
. Vg
porosity factor = A, = —,
kp
. . Gr
mix convection factor = 6, = —,
Re?
xu
Re="=,
Vg

_ 3
Grashof number = Gr = M

2 )
R
. . 1
nonlinear thermal convection = §; = T (T — T)
0
15 (Cy —Cw)
buoyancy ratio parameter = %y = ————
yancy p )3 Yo (Tw—To)
nonlinear convection for concentration
5
=% = = (Cy — Cw
Yq TZ ( w ) I
X
heat source = y = Qi,
e (Pcp)
. Ty
temperature ratio factor = @, = T
w
. . ken v,
chemical reaction factor = k; = Ch2 f,
ue
Ut
Sc=——. 19
Dp. (19)

2.3. Physical properties of fluid

For engineering purposes, the physical values of C¢, Nu
and S% can be identified as follows:

1 1
PHbnf | 43 koot | (Tw — Tos)
1 XGm }
Sh=—J_ Xm | 20
Ds {(cw —Co) )

where Ty, qw and gp, are stated as

du
Tw = HHbnf 87y )
y=0

oT
qw = (_kHb“f8y>y0 +(4r)y—0>

aC
gm = —Dp (8) . 21
y y:O

Substituting Eq. (13) in Eq. (20), after the simplification, we
obtain

[ Rex]o.s Cr = MI:an F 0),

[Re,] % Nu=— ("’Zf +Ry (14 (6 — 1)@)3) o' (0),

[Re,] %3 Sh=—¢'(0), (22)

where Re, = x- uy, (x)/ ¢ is the Reynolds number.

3. Solution methodology

The nonlinear boundary value problem Eqgs. (14)-(17) is
solved by using HAM.3?! This process commences by allow-
ing suitable estimates and supplementary operators, which are
specified as

F(§) =A+1-exp(=§), O(5)=exp(=¢),

¢ (&) =exp(-§). (23)
So, in form of linear operators, we can write
d°F  OF 9’0
FF(F):T&*_E’ F@(F)Zaigz—@,
%9
I?D(F):Téz—q)’ (24)

where the linear operators I, Iy and I are

Ir(ar +aé +a3§) =0,
Io(as+as8) =0, Ij(de+d78) =0, (25)

where the constant ¢; (i = 1,2,...,7) is to be calculated.

4. Results

The goal of this research is to figure out how nonlinear
radiation and convection, chemical reactions and heat source
affect the energy and mass transportation factors of an inclined
MHD hybrid nanofluid flow with a permeable media over a
nonlinear moving surface. For various values of flow param-
eters such as M, A,, 6m, &g, ¢, Rd, O, k;, Sc and A, compu-
tational results of F'(£), ®(&) and ¢ (&) with the boundary
layer are determined. The thermophysical properties of nano-
materials, Ct, Nu and Sk are also included in tabular and graph-
ical form. The model physical factors are typically set from
the standard source!!7-192924] listed as M = A, = 0.5, &, =
03=2094, ¢ =0.02,Rd=04,7y=0.2,0y =1, ky =2 = Sc,
€ =-0.2, and A = 0.3. The HAM technique in Mathematica
software is used to compute the results of Eqgs. (14)—(16), with
BC in Eq. (17). We validate our findings by comparing them
to the numerical method (the shooting method). The present
and numerical outcomes are shown to be substantially corre-
lated. As a result, we can confidently state that the procedure
and findings of this study are accurate.

The consequence of the Mon the F/(£) and
O (&) profiles of SWCNT/H,O (ordinary nanofluid) and
SWCNT+MWCNT/H;0 (hybrid nanofluids) for shrinking
surface and suction/injection situations is shown in Figs. 2(a)
and 2(b), respectively. Figure 2(a) shows that increasing the
value of M minimizes the liquid F’(&) profiles in the stretch-
ing and suction/injection regimes. In general, enhancing the
magnetic field produces the Lorentz force, which opposes
the motion of the liquid. We demonstrated that in a stretch-
ing situation, the Lorentz force facilitates in the reduction of
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fluid flow. It is worth noting that the magnetic field influ-
ence is weaker in SWCNT/H,O nanofluid case than in the
SWCNT+MWCNT/H;0 hybrid nanofluid case. The influ-
ence of the M on O(&) profile for the stretching and suc-
tion/injection conditions is revealed in Fig. 2(b). In the shrink-
ing surface and suction/injection scenarios, boosting the M
improves the @ (&) for SWCNT/H,O (ordinary nanofluid)
and SWCNT+MWCNT/H,O (hybrid nanofluids), as seen in
Fig. 2(b). The basic cause for this is because when the mag-
nitude of M grows, the width of the boundary film reduces
and the thermal conductivities of the liquid strengthens. Fig-
ure 2(b) further shows that improving M elevates the O (&)
profiles of the fluid in both suction and injection scenarios and
it is clear that hybrid nanofluid having a greater influence than

nanofluid.
1.0F : i
0.5F (a) ]
O L
< —0.5 SWCNT = M=0.2
= ~ SWCNT=M=0.4
= —1.0 ~SWCNT=M=0.6
_15k ~ SWCNT+MWONT = M =0.2]
- SWONT+MWCNT = M = 0.4
—2.0 -~ SWCNT+MWCNT = M = 0.67
0 2 4 6 8
13
1.0f SWCNT = M=0.2 (b) g
~ SWCNT = M=0.4
0.8} -~ SWCNT = M=0.6 ]
~ SWCNT+MWCNT = M= 0.2
0.6k -~ SWONT+MWCNT = M = 0.4 ]
© - SWCNT+MWCNT = M =0.6
© o.4f
0.2f
O -l 1
0 2 4 6 8

Fig. 2. Influence of M on (a) F'(£) and (b) ©(&).

Figures 3(a) and 3(b) demonstrate the influence of ¢ on
F'(€) and O () distribution in case of shrinking and suction.
The upward variation of ¢ values depreciate the F'(£) curves
for mono and hybrid nanofluids, as seen in Fig. 3(a). The law
of inverse relationship governs F’'(£) and ¢. Physically, the
addition of ¢ to the system improves the dynamic viscosity
and movement diffusion mechanisms. As a result, the motion
of fluid is reported to be considerably decelerated by grow-
ing value of ¢. The @ (&) profiles for both mono and hybrid
nanofluids are shown in Fig. 3(b) in context of the important
impact of ¢. For ©(&) and ¢, the law of direct relation holds
valid. According to the observations, the stronger impact of ¢
enables both nanofluids to demonstrate an intensification pat-
tern. Physically, the improvement in the thermal thickness of
the boundary layer and @ (£) profiles is due to an increase in ¢,

which increases thermal conductivity when equated to a con-
ventional liquid. Furthermore, because of the greater ¢, the
thermal conductivity of the hybrid nanofluid swells, allowing
in a faster rate of heat transfer in response to changing ®(&)
profiles.
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Fig. 4. Influence of &; on (a) /(&) and (b) ©(&).

Figures 4(a) and 4(b) show the effect of the quadratic ther-
mal convection parameter &y (nonlinear thermal convectional
factor) on F’ (&) and © (&) distributions for shrinkage and suc-
tion situations. Figure 4(a) reveals that for both types of nano-
liquids, the nature of F’ (§) is greater for increasing values of
0q. Physically, the presence of §, factor enhances the thermal
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gradient just at border of the sheet and improves the buoyancy
force caused by convection, that forcing the liquid to migrate
away from the sheet surface. As a result, F'(£) is enhanced.
Whereas Fig. 4(b) reveals the opposite behavior of @ (&) for
maximizing value of d; for nano and hybrid nanofluids.
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Fig. 5. Influence of (a) A, and (b) 8 on F/(&).

Figure 5(a) shows that different values of the A, (perme-
ability parameter) affect the F’ (&) profile for shrinkage and
suction situations. It is important to remember that boost-
ing the porosity factor values raises the velocity curves for
mono and hybrid nanoliquids. The velocity profile of the
hybrid nanofluid is superior than that of a simple nanofluid.
For shrinking and suction situations, the effect of 5q (mixed
convection parameter) on @ (&) is depicted in Fig. 5(b). It
should be emphasized that larger values of the mixed con-
vectional factor result in an increased @ (&) distribution for
both mono and hybrid nanofluids. Physically, this is due to
the fact that the &, parameter and the buoyancy force are di-
rectly proportional to each other. The thermal profile of the
hybrid nanofluid is superior than that of a simple nanofluid.
For various quantities of y (temperature source parameter)
and 0,, (temperature ratio factor), numerical values of sim-
ple nanofluids and hybrid nanofluid ® (£) have been computed
and graphically displayed in Figs. 6(a) and 6(b). So, for both
types of nanofluids, the nature of ®(&) and thermal bound-
ary layer thickness improve as 7 is increased as displayed in
Fig. 6(a). The thickness of the thermal boundary layers in
hybrid nanofluid is superior to that of simple nanofluid. 7,
which appears in the energy equation, measures the quan-
tity of energy consumption per unit of volume. It is known
as Qo (Tw — Tp), with Qp being energy source coefficient that

could be hopeful or doubtful. The influence of the ®, on
the ©®(&) field is perceived in Fig. 6(b) for nano and hybrid
nanofluid. Whenever Oy, is elevated, the @ (&) profile shows
a significant increase. When ®,, = 1 is taken into account, a
linear thermal radiation pattern is established. Physically, a
larger ©,, indicates a significant thermal variation between the
wall and the surrounding environment.
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Fig. 7. Influence of (a) A on F’ (£) and (b) Rd on ©(&).

As the temperature varies, the thickness of the thermal
boundary layer grows. Furthermore, hybrid nanofluid has
a higher ®(&) than a conventional nanofluid. We plotted

Figs. 7(a) and 7(b) to highlight the influence of the A (suction
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factor) and Rd (radiation factor) on the nondimensional veloc-
ity F' (£) and ©(&) distribution, respectively. The graphs in
Fig. 7(a) illustrate that the parameter A has a significant im-
pact on the width of the boundary layer. By rising A, the flow
appears to decrease significantly. Generally, suction forces the
boundary layer to stick closer to the wall, destroying the mo-
mentum and causing a decrease in F'(&). As aresult of 4, the
thickness of the momentum boundary layer is minimized. The
influence of the Rd on @ (&) profiles for shrinkage and suc-
tion/injection scenarios is shown in Fig. 7(b). Improvements
in Rd cause elevations in @ (&) in both circumstances of nano
and hybrid nanofluids, as shown in the graphs. In the Rosse-
land approximation, it illustrates the dominance of radiant heat
transport. Physically, the radiative portion increases the mobil-
ity of tiny molecules, forcing randomly migratory molecules
to collide and the mechanical energy to be transferred into
thermal energy. The ©(&) profile of conventional nanofluids
is slightly lower than that of hybrid nanofluids. The impact
of Sc and k; on ¢(&) profiles for nano and hybrid nanofluids
are shown in Figs. 8(a) and 8(b). The influence of Sc on the
¢ (&) field is shown in Fig. 8(a). With an increment in Sc, the
¢ (&) and boundary film thickness decline. This is because Sc
is linearly proportional to the movement diffusion to the mass
diffusion ratios. As a result, Sc represents the relative effec-
tiveness of momentum and transportation systems by diffusion
into the hydrodynamic boundary film. The drops in ¢ (&) pro-
files are accompanied by an unexpected decline in the thick-
ness of the concentration boundary layer. Figure 8(b) depicts
the influence of the k; on the ¢(&) fields. For enhancing the
k; parameter, the ¢ (&) profiles are diminished. Greater levels
of k; cause the diffusion coefficient of hybrid chemical species
to drop, resulting in a reduction in ¢ (&) and boundary layer
thickness. In fact, in the case of a dangerous scenario k; > 0,
a homogeneous chemical reaction happens after a great deal
of agitation. Greater molecular mobility was created in the
operating hybrid nanofluid, which improved the transportation
mechanism and reduced the ¢ (&) distribution in the flow char-
acteristics.

Figure 9(a) depicts the changes in [Rex]o'5 Cs, and it can
be seen that [Re,]*> C; improves when the Ap grows. The fluc-
tuations in the [Rey] "> Nu are shown in Fig. 9(b) and it can

be seen that increasing the value of Rd stimulates the elevation
in the [Re,] % Nu. Similarly, the variation in [Re,] " Sh is
shown in Fig. 9(c) and it can be seen that increasing the value
of K; stimulates the reduction in the [Re,]* Sh.

The comparability of HAM and numerical approach for
velocity, temperature, and concentration profiles is shown in
Figs. 10(a), 10(b), 10(c), respectively. The analytical and
numerical methodologies have a significant positive associa-
tion. Tables 3, 4 and 5 show the effects of numerical val-
ues of many model variables on the [Re,]"> Cy, [Re,] % Nu
and [Re,] " Sh of nano and hybrids nanofluids. Table 3
presents that with greater numerical values of M, A, and ¢,
and [Re,]"> Cy is augmented through the wall of a shrinking
or stretching sheet. Table 4 shows the [Re,] - Nu through
the wall of a shrinking or stretching sheet when the effect of
engineering factors M, Rd and ¢ are used. The [Re,] > Nu
accelerates when M, Rd and ¢ are enhanced. Table 5 presents
influence of [Re,] "> Sh over a stretching sheet. The value
of [Re,] " Sh improves when k; and Sc are enhanced. Ta-
ble 6 presents the validation of present outcomes with pub-

lished results. [33-34]
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Fig. 8. Influence of (a) Sc and (b) k; on ¢ (&).
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Table 3. Numerical analysis of surface drag for different parameters. 5. Conclusion
035 05 . . . .
Mok 0 [Rex] ~ Ci [Re] ~Ct The nonlinear convectional MHD stagnation point flow
SWCNT/H,O SWCNT+MWCNT/H,0 . . . . .
of hybrid nanofluid with the existence of nonlinear thermal
02 05 001 0523456 0.56430980 7 i _ _ o
05 0.543478 0.59087214 radiation, chemical reactions, variable molecular diffusivity,
0.7 0.592310 0.62341590 quadratic convection, viscous dissipation and heat omission
0.3 0.309811 0.49803225 is present. The velocity slip and suction/injection conditions
03 0.653781 0.68903217 are imposed on the boundary of the exponentially permeable
0.7 0.723145 0.76761341 ) o
0.01 0534121 059345178 stretching/shrinking surface. The SWCNT+MWCNT/H,O
0.02 0732617 0.78345187 scenario for carbon nanotubes-based hybrid nanofluids are ex-
0.03 0.792341 0.88234510 plore. The mathematical model is translated into ODE, which

Table 4. Numerical analysis of rate of heat transmission for different

parameter.
M Rd P [Re) "> Nu [Re) "> Nu
SWCNT/H, O SWCNT+MWCNT/H,O

02 06 001 0.10523782 0.15624156
0.5 0.15234719 0.19876213
0.7 0.18983415 0.21341581
0.3 0.70923416 0.74345271

0.6 0.72537863 0.76892314

0.9 0.78913415 0.82341577

0.01 0.42343412 0.51452778

0.02 0.47323627 0.58308013

0.03 0.52341516 0.68243599

Table 5. Numerical analysis of Sherwood number for different param-

eters.

L . [Re,] "> Sh [Re,] ™" Sh
SWCNT/H,0  SWCNT+MWCNT/H,0
100 2.00 1.123452 1.133435
3.00 1.143345 1.151345
3.00 1.209345 1.249878
2.00 1.612305 1.683451
3.00 1.534256 1.592425
4.00 1.370723 1.383001

Table 6. Estimation analysis of surface drag with previous data for dif-
ferent parameters.

are then analyzed by utilizing HAM Mathematica approach.
The following are the key conclusions of the paper: For both
cases of SWCNT/H;0 and SWCNT+MWCNT/H;0, higher
values of M and ¢ generated a retardation effect, whereas
O (&) showed the inverse correlation. The strength of vis-
cous forces is dominated by the increasing Ap,0n and &,
and as a result, F'(&) accelerates for both types of nanoflu-
ids. The retardation effect occurs at larger values of M, vy
and Oy, leading to a rise in fluid @(£) for SWCNT/H,0 and
SWCNT+MWCNT/H,0. The growing magnitudes of k. and
Sc decay the concentrations, ¢ (&) profile for both nanofluids
diminishes. The drag friction is boosted by the augmentation
M, Ap and ¢. The heat transfer rate diminishes as M, Rd and
¢ are elevated. The mass transfer rate accelerates when k; and
Sc values rise.
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