Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

#® ROYAL SOCIETY

Nanoscale
P OF CHEMISTRY

Advances

View Article Online

View Journal | View Issue,

Thermal performance of Fe;04, SWCNT, MWCNT
and H,O based on magnetohydrodynamic
nhanofluid flow across a wedge with significant
impacts of Soret and Dufour

i ") Check for updates ‘

Cite this: Nanoscale Adv., 2023, 5,
5952

K. Vinutha,? K. V. Nagaraja, @ ® Kiran Sajjan, © < Umair Khan, @ *d¢
J. K. Madhukesh, ©° Uma C. Kollif and Taseer Muhammad?®

The Soret and Dufour effects have significant importance in several practical scenarios, especially in the
domain of fluidic mass and temperature transfer. Nanofluidics, biological systems, and combustion
processes are all areas where these consequences are crucial. Because of its distinct geometry,
a wedge-shaped structure has aerodynamics, production, and engineering applications. Wedge shapes
are used in aerodynamics for analyzing and improving airflow across various objects. Nanofluids increase
thermal conductivity over traditional fluids making them ideal for cooling high-power electronics,
boosting temperature transfer efficiencies, and boosting the solar energy system output. This work is of
critical importance since it examines the consequences of a heat source/sink, the Soret impact and the
Dufour impact, on the movement of a ternary nanofluid over a wedge. This work uses appropriate
similarity constraints to reduce the complexity of the underlying governing equations, allowing for fast
computational solutions with the Runge—Kutta—Fehlberg 4-5" order method (RKF-45). Analysis of these
phenomena helps determine their possible real-world applications across various engineering fields, by

presenting numerical results through plots. The results reveal that adjusting the moving wedge factor
Received 4th September 2023 l the t ¢ file | ina th ti traint | th locit d difvi
Accepted 25th September 2023 essens the temperature profile, improving the magnetic constraint increases the velocity, and modifying
the heat source/sink, Dufour, and Soret factors increases the temperature and concentration profiles.

DOI: 10.1039/d3n200732d Dufour and heat source/sink constraints speed-up the heat transmission rate. In all cases, ternary nano
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1. Introduction

A mixture of nanoparticles and a base fluid is termed a “nano-
fluid”. Metals, carbides, oxides, and other substances are used
as the nanoparticles in nanofluids; liquids such as oil, water,
and ethylene glycol are often used as the base. The notion of
“nanofluid” was proposed by Choi in 1995." The incorporation
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liquids show significant performance over hybrid nano liquids.

of particles at the nanoscale level enhances the thermal
conductivity characteristics of conventional fluids. The use of
this technology spans several disciplines, including but not
limited to medical, engineering, and chemical sciences. Addi-
tionally, nanofluids find use in several industrial sectors such as
biomedical, automotive, transportation, electrical, medication
delivery, real-time monitoring of brain function, technological
advancements, and tumour eradication. There is increasing
interest among researchers on the use of nanofluids. Madhu
et al.” studied time-dependent circulation characteristics in
a Maxwell nanofluid across a stretched surface, including the
influence of magnetohydrodynamic and thermal radiation
impacts. Prasannakumara et al’® studied how nano liquids
move through permeable surfaces that are stretched exponen-
tially while being affected by thermophoretic particle deposi-
tion, bioconvection, and heat sources/sinks. Benos and Sarris*
studied the analytical solution of the laminar, two-dimensional
magnetohydrodynamic natural convection of a deep cavity
containing a nano liquid heated from inside and exposed to an
external uniform perpendicular magnetic field. Alharbi et al.®
examined the time-dependent buoyancy resistance and heat

© 2023 The Author(s). Published by the Royal Society of Chemistry
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transfer of alumina nanoparticles distributed in water, which
behaves as a normal liquid, generated by a vertical cylinder.
Gorla et al.® explored the characteristics of the mixed convective
boundary layer flow across a vertical wedge that is immersed in
porous media filled with a nanofluid. There are numerous
noticeable works on nanofluids. 7.

To improve thermal efficiency, hybrid nanofluids have been
created. Compared to nanofluids, hybrid nanofluids are better
at exchanging heat. Hybrid nanofluids are formed by mixing
two distinct nanoparticles in a base fluid. Significant primary
works have been reported.'”*® A ternary nanofluid is an
amalgam of three distinct nanoparticles: metal oxides, carbon
nanotubes, and non-metallic particles in a base fluid.
Compared to nanofluids and hybrid nanofluids, it is more
capable of transmitting heat. There are several practical uses in
various fields, including medicine, engineering, and chemistry.
Nuclear reactor cooling, detergent production, automotive
cooling, braking fluid, and military applications are just a few of
the numerous industries where nanofluids are used. Ternary
hybrid nanofluids and their heating efficiency have been re-
ported: Madhukesh et al.** examined the impact of essential
limitations on the heat transfer properties of the tri-hybrid
nanofluid, including porous medium, heat source/sink, and
inclined geometry. Based on these results, a porous constraint
would enhance heat dispersion while decreasing velocity. The
use of a heat-source sink will enhance the thermal distribution.
Yook et al.™ studied how different permeabilities and movable
permeable walls exhibit the thermal and momentum diffusion
of ternary hybrid nanoparticles. Ramzan et al'® studied
magnetohydrodynamic (MHD) tri-hybrid nanofluid movement
across cone and wedge geometries. Animasaun et al.'” scruti-
nized convective and unstable acceleration effects on the Darcy
motion of tri-hybrid nanofluids on horizontal surfaces. Das
et al.*® scrutinized continuously fluctuating temperature on
channel walls and the mixed convective motion of an ionic tri-
hybrid nanofluid in a lengthy vertical nonconductive channel.
Alanazi et al." examined the effect of tri-hybrid nanoparticles
on the motion of nanofluids across an extended surface under
varying gravity and noticed that increasing the magnetic
parameter gave a decrease in the microrotation of tri-hybrid,
hybrid, and mano nanofluids.

Electrical currents are produced when conductive fluid passes
through a magnetic field to provide a mechanical force and
regulate fluid flow. Because of its broad range of technical and
scientific uses, MHDs is a crucial aspect in the areas of dynamics
of fluids, biological and chemical technology, and medical
research, including flow meters, power sources, motors, nuclear
reactors using liquid metals, geothermal energy, solar energy
absorbers, and metalworking. It is also used for filtering and
purification. In the manufacturing, finance, heat exchanger, and
mixing chamber industries, we also find evidence of the
magnetic field effect. The MHD-free convection from a vertical
plate immersed in a thermally stratified porous media, and the
influence of Hall impacts on the convection process, was studied
by Chamkha et al.*® Rauf et al.** examined the thermal and mass
transfer through an extending porous area using the two-
dimensional (2D) mixed convective Maxwell hybrid nanofluid

© 2023 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Nanoscale Advances

boundary layer with the provided exterior magnetic flux. Krishna
et al.”® evaluated the influence of Soret, Joule, and Hall impacts
on the characteristics of a MHD rotation mixed with convective
flow across an infinitely long vertical porous plate. Madhukesh
et al.®® studied the interaction between two fixed porous discs
under the influence of a stable, incompressible, magnetized
Casson-Maxwell non-Newtonian nanofluid. Takhar et al*
examined the phenomenon of unsteady mixed convection
circulation emanating from a vertically rotating cone, in the
presence of a magnetic field. Ferdows et al.*® examined how flow
between boundaries along a 3D extended surface is affected by
MHD movement and hall current impacts. Takhar and
Champka®® investigated MHD flow across a revolving plate using
a magnetic field, Hall currents, and free flow velocity. Notable
works on MHD flow over various geometries with different
physical impacts have been reported. 7.

Heat generation and absorption applications in flowing
fluids in a wide range of industrial and commercial systems,
including cooling devices, freezers, heat pumps, combustion
engines, and several more. With the help of the heat source and
sink coefficient, we may examine the behavior of temperature
distribution in nanofluids. The impact of the heat generation/
absorption coefficient has been examined in several studies:
Zeeshan et al’' investigated the function of chemically
magnetized nano liquid flow for the transition of energy across
a permeable stretchable pipe with thermal generation and
absorption and durability. Kumar et al.** studied the machine
learning strategy used to investigate the response surface
methodology optimization of Lie group evaluation fluid solu-
tions for an irregular radiated magnetized unstable wedge.
Ramesh and Madhukesh et al.*>* examined the hybrid carbon
nanofluid activation energy mechanism and used heat sources
and sinks to create magnetic slip movement. Kumar et al.®*
studied the analytical solution on the impact of heat and mass
transmission on a mixed convective motion field with a matrix
of pores in a vertical channel. Alzahrani et al.** inspected the
existence of a heat source/sink and activation energy impacts of
a third-grade liquid model upon heat and mass transfer in
a chemically responding flow. Ramesh et al.*® examined the
movement of an incompressible nanofluid caused by a non-
uniform contracting cylinder.

When both heat and mass transmission events occur
simultaneously, a more complicated driving potential results
because energy flux can be generated by gradients. The move-
ment of energy produced by a concentration gradient is known
as the Dufour effect, while the mass transfer caused by
temperature fluctuations is referred to as the Soret effect. The
impacts of Soret and Dufour may also be observed in other
areas, including solar collectors, fusion gases, building energy
conservation, reactor safety, the oil and gas industry, environ-
mental engineering and combustion flames. Using the appli-
cation of an exterior magnetic field, the Dufour and Soret effects
and thermal radiation impacts on mass and heat transport over
a linearly increasing porous surface in a 2-D mixed convective
hybrid nanofluid boundary layer, were studied by Rauf et al.>”
Yogeesha et al.*® examined the Soret and Dufour impact across
a stretched surface subjected to Stefan blowing (SB) in porous
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media, calculating the heat transfer and mass dispersal of
a ternary unstable nanofluid flow. The impact of Soret (thermo-
diffusion) and Dufour (diffusion-thermo) interactions upon
a MHD second-grade nanofluid flow through a stretchy Riga
surface, were examined by Shah et al.*®* Hayat et al.** examined
the mixed convective Soret and Dufour movement of a stretched
cylinder with a Reiner-Rivlin liquid undergoing ohmic heating,
and viscous dissipation. Chamkha and Rashad*' investigated
the phenomenon of time-dependent transfer of heat and mass
during a combination of convection with MHDs from
a revolving vertical cone. Yasir et al.** studied the heat trans-
mission mechanisms in a time-dependent axisymmetric flow
generated by a deformable cylinder, including the effects of
thermophoretic particle deposition and the Soret and Dufour
impacts.

Considering the above literature, no work has examined the
thermal performance of a ternary-based nano liquid (Fe;O, +
SWCNT + MWCNT/H,0) across a wedge with heat source/sink
and Soret and Dufour impacts. The present study provides
novel conclusions for thermal and concentration variations in
the presence of a ternary-nano liquid flow. The confluence of
wedge-shaped objects and nanofluids in many practical
contexts highlights their profound influence on technological
progress, including enhanced energy utilisation and break-
throughs in the field of medicine. The current study aims to
address the following inquiries:

1. How the nature of a velocity profile varies upon changing
magnetic field and moving wedge parameters.

Ternary Nanoparticles

Fig.1 The geometry of the problem.
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2. What the changes observed are, in a temperature profile
upon changing the heat source/sink and Dufour factors.

3. How the Soret, Dufour, heat source/sink and Schmidt
factors affect the rate of heat and mass transfer.

2. Mathematical formulation

Consider a 2D, steady, incompressible flow with nanoparticles
flowing through a wedge while also having a magnetic field.
Additionally, heat and mass transportation occur due to the
Soret and Dufour effect. Also, u. = A;x"™ and u,, = A,x™ are the
external flow and uniform velocity of the wedge, respectively
(Fig. 1). Here A, and 4, are the constants, and m; = (6,/2 — 6,) is
the Falkner-Skan power law parameter corresponding to 7d;.
Therefore, § is the wedge angle, and it is defined as ¢ = md,,
where ¢, is the Hartree pressure parameter, Ty, and T corre-
spondingly represent the wall and ambient temperatures.
Similarly, C,, and C. denote the surface concentration and
ambient concentration.

Dimensional mass, velocity, temperature, and concentration
equations are (see also ref. 43),

ou Odv

U v _y 1
ax oy (1)

du Ju due  pgr Pu o o,
U+ Ve —Up— = = —— — B (X)(u — ue), 2
0x dy dx P 992 Pur ) ) @)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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aT  dT *T DnKr 0*°C (T —T.)0(x)

il = e -— 3
uax +v 3 O Fe + C.C, o2 + (pCp)[hf )
9C 9C _ Duky 02T+ o°C @

“ox vayi Tnm 0)? Bay

Comparable boundary conditions (BCs) are

U=uy,v=0,T=T,,C=Cy:y=0 5)

U= Uy T > T, C—>Cqy 1 y—

where, ¥ and v are velocities in the x and y directions,
respectively, uq,¢ represents the dynamic viscosity, Dy, is mass
diffusivity, penr represents the density of the fluid, o, ¢ represents
the electrical conductivity, C, represents the specific heat of the
fluid, T represents the temperature, C is the concentration of
the nanofluid, o, is the thermal diffusivity of the nanofluid

. k . .
and is defined as ais = $, Vs Tepresents the kinematic
(PCp)ng
fluid viscosity and it is defined as vy = @.
Pthf

And the values of variable magnetic field B(x) and variable
heat source/sink Q(x) are (see also ref. 44)

B(x) = Bix"T, 0(x) = Qo . (6)

In eqn (6), B, is the strength of the magnetic field and Q, is
the volumetric rate of the heat source/sink.

To convert the dimensional governing in eqn (1)-(4) into
non-dimensional we use the following similarity variables (see

ref. 43),
2ueveX (my + Due
W(%y):f\/mm:y ]21)77

(Ty — Tu)8 = (T — Tw),(Cy — Ca)x = (C— Ca), { )
u= W, W
Ty ax
Using eqn (6) and (7), eqn (1) is identically satisfied and
(2)—(4) are reduced to their non-dimensional form,

(m1 + ])fm O (f
2b1b2 ’ ar
=0

. 1
)M2+(m'+ )

b, 2 -’7”_’”'<f,)2

n

(®)

View Article Online

Nanoscale Advances

kae\ 1 0 . ,
( ‘“‘)—e + Du*y + H+70 =0 (9

kfb3 Pr b3 (I’Yll + 1)
x" + Scifx’ + Sr*Sc,0” = 0. (10)
The corresponding reduced boundary conditions are
1=0:1(0)=0,f(0) = ¢,00) = 1,x(0) = 1 (1)
n— oo :f(w)=1,60(0)=0,x(e)—=0

The non-dimensional parameters are: M, represents the

2

0B
°>, Pr represents the Prandtl
1Pf

magnetic parameter (Mz =

C
number (Pr = @), H* represents the heat source/sink
f

2Qo
A1(pCp)¢
DnKr(Cy — Cx)
(Tw — T )£CsCp
(Tw — To ) DKy
(Cw — Coo )Ty

parameter <H*— >, Du* represents the Dufour

number (Du* = ), Sr* represents the Soret

number (Sr* = )7 Sc, represents the Schmidt

v A .
number (Scl = [Tf), and ¢ = A—Z represents the moving wedge
B 1

parameter.
Here, by = (1 — @1)2'5(1 - (92)2'5(1 - (93)2'57

oo 2] (1w ()
+ (Z—j) <oz) (1—93),

The thermophysical characteristics of the tri-hybrid nano-
fluid are (see also ref. 47 and Table 1),

e = 1 — 03) (1 — 92) (1 — @) 77, (12)

Table 1 Thermophysical properties of carrier liquid (water), FesO4, SWCNT, and MWCNT (see ref. 42,45 and 46)

Properties p (kg m™?) k(Wm™ K™ c(Sm™) Cp T kg ' K™
H,O 997.1 0.613 0.05 4179

Fe;0, 5180 9.7 25000 670

SWCNT 2600 6600 10°—107 425

MWCNT 1600 3000 1.9 x 107* 796

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Important engineering coefficients (see ref. 43 and 44)¢
Definition Reduced form
Skin friction Hiht <8u) (m+1)
Cf = — 1200 _p = [0t 1)
s (ay) s (Re)' 2t = b [P o)
Nusselt number Nu— — - ‘ikt;f . <((39_T) Nu ke [m+ 1)0/ 0
( w oc) £ N0V /y=0 (Re)l/z ke 2
Sherwood number xDg <6 C) (m+1)
Sh==—— "> (= -1/2 — /
Du(Cy — Co) \ 0y ),y (Re)™/“Sh 5 x(0)
) UeX
“ Where, local Reynolds number is Re =
vg
Punt 0y o P Table 3 Code validation for f'(y),,_o values for variation in the values of
—=(1-0¢;) (ffpz + <<P1 —+(1- (01)) (1- (Pz)) + @3, my in the absence of by and b,
Pr Pr Pr Pr
13) m Ref. 48 Ref. 49 Present outcomes
0.0 0.4696 0.469600 0.469603
(pcp)thf = ¢3(PCp)3 +[(1 - @)1 — @1)(Pcp)f + ¢1(Pcp)1} 0.2 0.8021 0.802125 0.802127
+ 02(pCp)a(1 — @3), (14) o4 — 0.976824 0.976826
0.5 1.0389 1.038900 1.038907
g = 73 + 200 — 205 (0nr — ‘73)% 1.0 1.2326 1.232587 1.232589
tl - )
03+ 20h + wz(ahf - 03)
72+ 200 = 20, (0ur — 02) 2b1b o (82— 1) (my + 1)
Opt = Ot (15) v 2 (g 182 M !
02+20nf+<ﬂ1(0nf—02) ! / (m; + 1) of b, 2+ 2 8183
g1+ 207 — 2¢,(0f — @
gy = D220 (0= 0) () +m ), (18)
o1 + 201 + ¢, (07 — 01)
2 (ke — k ks + 2k v ke | / 1
kthf: s ( hf — 3)<P3+ 3+ hf7 0 = — b Pr Du*g7+mH*g4 + 2185 |, (19)
Feng ks + 2kng + (kne — k3) @3 e 31
k 20, (ko — k ky + 2k, " ,
ke _ 201 (ke — ko) ko + L (16) X = —(Sclg1g7 +Sr*Scig 5>- (20)
o @1 (knf - kz) + kg + 2knr
lﬁikl—(pl(kf—]ﬁ)z-i-Zkf d
ki ki + (kf*kl)% + 2k; an
21(0) = 0,2:(0) = &,24(0) = 1,86(0) = 1 } 1)
L . . 0) =¢e1,25(0) = &,27(0) = '
Here, u - dynamic viscosity, p — the density, k — thermal £:(0) = &1,85(0) = e2,87(0) = &5

conductivity, o - electrical conductivity, and C}, - specific heat, ¢
- volume fraction of a nanoparticle. In addition, the engi-
neering physical quantities of interest are given in Table 2.

3. Numerical methodology

High order, coupling, and a two-point boundary make the
equations and BCs produced in the previous part extremely
challenging to solve. However, the provided system of equations
can be transformed into a first-order system, which can then be
solved. For that, we can take,

f7f:,f 81,82,83
0,0 = | 84,85 (17)
X; X 86,87

5956 | Nanoscale Adv, 2023, 5, 5952-5964

This study uses shooting strategies to discover the unknown
boundary conditions in eqn (21), and the RKF-45 approach is
used to obtain numerical solutions. For precision and effi-
ciency, the computational software has an error tolerance of
107® and a step size of around 0.01. A complete validation
process is carried out to confirm the numerical scheme's reli-
ability and validity by limiting scenarios and comparing the
findings with prior works (Table 3).***° The comparison shows
that the generated values have a high level of agreement and are
a near match to the previous study findings, proving the
correctness and reliability of the current strategy.

4. Results and discussion

This section presents the detailed discussion of the results ob-
tained by solving the resultant eqn (8)-(10) and BCs (11) using

© 2023 The Author(s). Published by the Royal Society of Chemistry
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0.6

0.4

0.2
” Solid: SWCNT+MWCNT+H,0
Dash: SWCNT+MWCNT+Fe,0,+H,0
0 1 2 3 4

Fig. 2 Nature of f for variation in m;.

the numerical scheme explained above. The important dimen-
sionless constraints and their impacts on the different profiles
and essential engineering factors are discussed.

Fig. 2-4 depict how the flow's velocity, temperature, and
concentration profiles, respectively, are impacted by the Falk-
ner-Skan power law parameter. Fig. 2 demonstrates that when
the Falkner-Skan power law parameter rises, the velocity climbs
as well. The Falkner-Skan equation describes the flow of
a viscous fluid on a wedge-shaped surface. The behavior of the
velocity profile within the boundary layer of the fluid flow is

o Solid: SWCNT+MWCNT+H,0
Dash: SWCNT+MWCNT+Fe;0,+H,0
0.8
0.6
0
0.4 \
0.82 0.84 0.86  0.89
0.2
0 =
0 1 2 3 4

Fig. 3 Nature of 6 for variation in m;.
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controlled by the power law parameter of the Falkner-Skan
equation. The velocity profile and the rate at which velocity
climbs away from the wedge surface are particularly influenced
by the power law parameter, which is often denoted as “m;”.
The properties of the velocity distribution near the wedge's
surface are successfully changed by altering the value of the
power law parameter (m,). The velocity profile within the
boundary layer of a fluid flow is influenced by the equilibrium
between viscous forces, pressure gradients, and inertial forces.
Raising the power law value results in a steeper velocity profile
that rises more rapidly away from the wedge's surface in the
Falkner-Skan equation for a wedge-shaped surface.

Raising the power law parameter also decreases the relative
impact of viscous forces. Fig. 3 illustrates how the temperature
drops when the Falkner-Skan power law parameter rises. In the
Falkner-Skan equation, which simulates laminar boundary
layer flows, the power law parameter “m,” has an impact on the
velocity profile across the surface. Larger values of “m;” (higher
than 0) result in a slower velocity increase across the plate,
which results in a thicker boundary layer, as was previously
demonstrated. The link between the temperature profile,
boundary layer thickness, and velocity profile is close. A thicker
boundary layer might affect the temperature profile as there will
be a slower heat transfer from the surface to the fluid. Nano-
particles may alter how a base fluid responds to temperature
because of their thermal properties. Depending on the kind and
number of nanoparticles, they may help or hinder the fluid's
ability to transfer heat. If the nanoparticles mix to create
thermal barriers or if they have a lower thermal conductivity
than the base fluid, the temperature profile of the fluid may be
changed. The interplay between the thermal behavior of the
nanoparticles and the thicker boundary layer (produced by
a bigger “my” value) may combine with the power law

\ Solid: SWCNT+MWCNT+H,0
\ Dash: SWCNT+MWCNT+Fe,0,+H,0

0.8 0.35

0.34 ~
0.33
0.6
0.32]

0.31

0.4 0.30|

1.66 1.70 1.76 1.80

0.2

Fig. 4 Nature of x for variation in m;.
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Solid: SWCNT+MWCNT+H,0
Dash: SWCNT+MWCNT+Fe;0,+H,0

-0.2

0 1 2 3 4
n

Fig. 5 Nature of f for variation in e.

parameter's effect on the power law parameter, and the pres-
ence of nanoparticles, to potentially reduce the overall heat
transfer efficiency. The fluid's effective thermal conductivity
may seem to decrease if the bigger boundary layer and the
presence of nanoparticles prevent heat from transferring from
the surface to the fluid.

Additionally, it is evident from Fig. 4 that the concentration
decreases as the Falkner-Skan power law parameter rises. An
improved power law parameter in the setting of mass transfer
might have an effect on the concentration profiles in the case of

. Solid: SWCNT+MWCNT+H,0
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Fig. 6 Nature of # for variation in e.
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fluid flow with mass transfer over a wedge-shaped surface. If the
power law parameter (m,) is raised, the flow velocity away from
the surface might increase. The stronger convection brought on
by this increased velocity may have an effect on the concentra-
tion profiles. By improving fluid mixing brought on by a greater
flow velocity, concentration gradients at the surface may be
minimized. This might lead to an even higher concentration
profile.

The moving wedge parameter's effects on the velocity,
temperature, and concentration profiles of the flow are shown
in Fig. 5-7, respectively. It is clear from Fig. 5 that increasing the
moving wedge parameter raises the velocities. Better nano-
particle dispersion and diffusion within the base fluid could
result from increasing the wedge parameter. By promoting
more effective flow and reducing friction between fluid layers,
this better dispersion may lead to higher velocity profiles. The
effective viscosity of the nanofluid may change as nanoparticles
are added. Higher velocities would result from a reduction in
flow resistance if the wedge parameter somehow affects the
effective viscosity in a manner that lessens internal friction
within the fluid. The thickness of the boundary layer may be
reduced, and fluid flow at greater speeds would be encouraged
if the wedge parameter has an effect on the interaction between
the boundary layer and the bulk fluid.

A rise in the moving wedge parameter results in a tempera-
ture decrease, as seen in Fig. 6. If the moving wedge parameter
affects heat transfer or heat dissipation in the system, then
raising its value could result in more effective heat transfer
mechanisms. The increased surface area and thermal conduc-
tivity of the nanoparticles provide nanofluids an advantage over
pure base fluids in terms of heat transfer. An increase in the
moving wedge parameter may improve nanoparticle dispersion
and boost heat transfer if it affects the flow rate inside the

! Solid: SWCNT+ MWCNTHL,0
Dash: SWCNT+MWCNT+Fe;0,+H,0
0.8 0.32
0.30]
06 0.28
0.26
x 0.24]
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Fig. 7 Nature of x for variation in e.
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nanofluid. Consequently, the temperature throughout the
nanofluid would be more uniform, resulting in a drop in
temperature. Additionally, a decrease in local temperature
gradients may result from effective heat transmission.

Likewise, it is clear from Fig. 7 that a reduction in the moving
wedge parameter causes a drop in concentration. Increases in
the moving wedge parameter value often signify improved fluid
dispersion and movement. Together, these effects result in
a more uniform distribution of the chemicals throughout the
fluid, reducing concentration gradients and the profile's overall
slope.

The rise in velocities that results from an increase in the
magnetic parameter can be seen in Fig. 8. The application of
a magnetic field that is oriented perpendicular to the direction
of fluid flow results in the generation of a Lorentz force inside
a conducting hybrid nanofluid. Depending on how the
magnetic field and the flow are oriented, this force interacts
with the fluid's motion and may either facilitate or hinder it.
When the magnetic field interacts with the fluid flow, it
produces a force known as the MHD drag force. In certain
situations, the drag force may help the fluid motion by accel-
erating it. A heat source in the boundary layer may be identified
when H* is positive. This heat source represents recombination
in the boundary layer when T, (wall temperature) < T (free
stream temperature), and it represents dissociation when T,
(wall temperature) > T.. In all scenarios, heat transmission
between the fluid and the wall happens even in the absence of
a heat source. Heat transfer to the wall is enhanced when a heat
source is present (H* > 0). This indicates that the extra heat
provided by the heat source causes the heat transfer from the
fluid to the wall to increase. A boundary layer heat sink is
indicated by H* when it is negative (Qo). This heat sink is
equivalent to combustion for T,, > T, and to endothermic
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chemical processes for T, < Tw. Similar to the positive H*
scenario, heat transmission between the fluid and the wall
happens even in the absence of a heat sink. Heat transmission
from the wall to the fluid is reduced when a heat sink is present
(H* < 0). This is so that less heat flows to the wall, which is
caused by the heat sink absorbing heat from the boundary layer.
Fig. 9 illustrates how temperature-dependent heat sources and
sinks effect temperature profiles. The heat sink effect manifests
as a sharp temperature decrease brought on by the absorbed
heat when T, > T, with positive H*. The temperature of the
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boundary layer increases when T, > T... with negative H*, which
is caused by the heat source.

The temperature increases as the Dufour number increases,
as seen in Fig. 10. As a result, the mass diffusion effect is
overshadowed by the heat diffusion effect as the Dufour
number increases. This implies that the process of mass
diffusion gradually loses potency in favor of the process of heat
diffusion. A higher Dufour number indicates that heat diffusion
will have a greater impact on the overall transfer processes in
a system where both heat and mass transfer are occurring. In
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€

Fig. 12 Nature of Cf for variation in M, and e.
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the context of a temperature profile, an increased Dufour
number indicates a change in the predominance of heat diffu-
sion. The system's temperature gradient could grow steeper as
a consequence because heat flows more rapidly than mass.
Alterations in heat diffusion, in other words, increase the
susceptibility of the temperature distribution. It is evident from
Fig. 11 that the concentration increases as the Soret number
increases. Indicators of temperature variation effects on mass
diffusion include the Soret number, which is higher. Since there
is a temperature differential within the mixture, species with
higher Soret coefficients have a tendency to shift from hot to
cold places. This could draw certain particles toward the cooler
parts of the system. In a system with a greater Soret number, the
temperature gradient’'s impact on the concentration gradient is
more pronounced. This might lead to a concentration profile
that is more dramatic, with the concentrations of specific
species being substantially higher or lower in regions with
significant temperature variations.

Fig. 12 shows how the moving wedge constraint and the
magnetic constraint affect the skin friction coefficient along the
wedge surface. Increasing the magnetic parameter would
produce larger magnetic forces, which have the power to
impede fluid motion. Greater skin friction might occur from the
increased drag and resistance against the fluid flow. The
interaction of a moving wedge with a magnetic field may result
in more complex flow patterns than those of a stationary wedge.
Depending on the wedge's orientation, motion speed, and
magnetic field strength, the fluid flow may be altered or redir-
ected in a variety of ways. Depending on the situation, this
complex interaction may impact skin friction and produce
variations. The Dufour number and the heat sink/source
parameter both have an impact on the Nusselt number across
the wedge surface, as illustrated in Fig. 13. A higher Dufour

N~ Solid: SWCNT+MWCNT+H,0

N  Desh: SWCNT+MWCNT +Fe;0,+H,0
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Nu |,
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Fig. 13 Nature of Nu for variation in Du* and H*.
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number indicates a greater thermal diffusion effect, which in
turn strengthens the connection between the processes of heat
and mass transfer within the fluid. As a consequence of this
coupling, the interactions between the fluid flow, temperature
distribution, and concentration profiles may become more
challenging. This intricacy may cause variations in the local
heat transfer rates, which might manifest as changes in the
Nusselt number when a heat sink or source is present. Fig. 14
illustrates the influence of the Soret number and Schmidt
number along the wedge surface. When the Soret number
increases, it implies that the mass diffusion effect is no longer
as significant as the influence of heat diffusion. As the fluid's
temperature gradients become more noticeable, the concen-
tration profiles might shift. The Sherwood number, which is
often related to concentration gradients in a fluid flow,
describes mass transfer. A higher Soret number may lead to
magnified concentration variations because of the greater
impact of thermal diffusion on mass transport. This may lead to
a change in the Sherwood number. The Schmidt number
determines the rate of momentum transmission relative to
mass. When used to measure mass transfer, a lower Schmidt
number often suggests that mass transfer occurs at a higher
pace than momentum transmission. For instance, a fluid with
a low Schmidt number would diffuse through it more quickly
than it would advect through it. The mass transfer rate may
fluctuate less notably than the momentum transfer rate in
situations when the Soret number is low and concentration
gradients change.

5. Conclusions

In this study, a solution to the Falkner-Skan issue for a wedge is
presented that takes into account the impact of hybrid

© 2023 The Author(s). Published by the Royal Society of Chemistry
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nanoparticle aggregation in the presence of the Soret and
Dufour effects, the non-uniform heat source/sink, and the
magnetic effect. This model was created by combining modified
Maxwell and Bruggeman models for the inclusion of the hybrid
nanoparticle aggregation influence in the flow of SWCNT/
MWCNT/Fe;0,/H,0, which has already been tested experi-
mentally, and we show that our model predicts the true values
for properties of water-based ternary hybrid nanofluids. Using
a numerical method known as RKF-45, the mathematical model
is solved. By creating graphs, the properties of the flow were
examined in-depth. The applications of wedge-based flow in
several sectors, such as wire drawing, metal expulsion, and glass
fiber manufacture, are covered in this paper. These industries
often struggle with heat-related production issues that might
degrade product quality. This study offers a method to guar-
antee constant flow and heat movement, improving the quality
of final products and reducing manufacturing costs. It does this
by adding hybrid nanoparticles and magnetic fields.

The important results of this investigation are:

e The concentration profile increases with an increase in the
Soret number.

e The temperature, as well as concentration, decreases with
an increase in the moving wedge parameter and Falkner-Skan
power law parameter.

e The temperature profile rises due to increments in the heat
source/sink parameters and Dufour number.

e As the Dufour number is increased, the local Nusselt
number increases while the local Sherwood number decreases
with an increase in the Soret number.

e The Nusselt number and skin friction values are higher
when ternary hybrid nanoparticle aggregation is taken into
account.

e The numerical data are acquired and compared with
previously reported examples found in the literature, and they
are in excellent agreement.

The present study opens several exciting avenues for future
research and applications. The outcomes of the present inves-
tigation will provide a path for the development of efficient
cooling systems for high power electronic gadgets; the adoption
of optimized architecture for heat dissipation in electronic
equipment has been shown to significantly enhance their
performance and durability.

Nomenclature

A, Ay Constants

B(x) Variable magnetic field

By, Strength of the magnetic field
C Concentration

Ccf Skin friction

Cs Concentration susceptibility
Cp Specific heat

Cy Wall concentration

Co Ambient concentration

D Diffusivity

Du* Dufour number
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H* Heat source/sink parameter

k Thermal conductivity

Kr Ratio of thermal diffusion

my Falkner-Skan power law parameter
M, Magnetic parameter

Nu Nusselt number

Pr Prandtl number

Q(x) Variable heat source/sink

Qo Volumetric rate of heat source/sink
Re, Local Reynolds number

Sr* Soret number

Sc1 Schmidt number

Sh Sherwood number

T Temperature

Tw Wall temperature

To Ambient temperature

Uyl External flow and uniform velocities
u,v Velocity components

X,y Coordinates

Greek symbols

>

Wedge angle

Hartree pressure parameter
Dynamic viscosity

Density

Electrical conductivity
Kinematic viscosity

Stream function

Similarity variable
Dimensionless temperature
Dimensionless concentration
Moving wedge parameter
Solid volume fraction
Thermal diffusivity

=3
[y

Re O xR DICSTQADE

Subscripts

f Fluid

nf Nanofluid

hf Hybrid nanofluid
thf Ternary nanofluid
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