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Abstract: The effect of Hall and ion slip forces on a three-
dimensional wedge flow with multiple slip conditions and
hyperbolic tangent rheology is examined in the current
problem. The flow and thermal behaviors are analyzed
considering a ternary hybrid nanofluid (HNF) with a two-
phase boundary layer mechanism with both liquid and
dusty phases. Thermal energy characteristics involving
nanofluid suspensions of copper, TiO,, and aluminum oxide
in an ethylene glycol utilizing the correlations of Yamada-
Ota and Xue models. Viscous dissipation and Joule heating
effects are also taken into account in the model, which is
important for applications in a variety of industries,
including papermaking, cooling systems, heat reservoirs
and automotive thermal control. The governing PDEs are
reduced to ODEs through the use of mathematical transfor-
mations. The numerical results are simulated by utilizing
the finite element method. The findings show that, in com-
parison to the phase liquid, the dusty fluid moves more
readily and has a thicker momentum boundary layer than
the phase liquid. By highlighting the unique thermal and
flow characteristics of each phase, these results advance
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our knowledge of the dynamics of HNFs. The new under-
standing of multi-phase, ternary HNFs under electromagnetic
forces provided by this study improves the predictive mod-
eling of nanofluid behaviors for industrial and engineering
applications, particularly those that call for exact control and
high thermal efficiency.

Keywords: dusty fluid, tangent hyperbolic martial, magne-
toelectric slip influences, Joule heating, viscous dissipation

Nomenclature

Al,O5 aluminum oxide

Cu copper

Cfx, Cfy skin friction coefficients

Cp specific heat capacitance

Ec Eckert number

e elements

FEM finite element method

k* volume fraction

K thermal conductivity

L L multiple slip coefficient numbers
M magnetic number

m power law index number
N drag force

Nu Nusselt number

n stretching parameter

Pr Prandtl number

Q heat source number

2 dimensionless temperature
Re Reynolds number

T, temperature of dusty model
T ambient temperature

Ty wall temperature

TiO, titanium dioxide

w,v,w velocity components

up, vy, w, velocity components of the dusty model
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v kinematic viscosity
We Weissenberg number

Y, Z, X space coordinates

2 fluid particle interaction

pet; ion slip number

p density

pop density of dusty flow model

S3, S1, S9 volume fractions

Sy fluid particle interaction number

u kinematic viscosity

M, Ay multiple slip coefficients

0 infinity

re time relaxation number

o electrical thermal conductivity

pet, Hall number

n independent variable

6 slip parameters

0, dimensionless temperature of the dusty
model

B pressure gradient number

1 Introduction

Because of its uses in information technology, especially in
contemporary devices, as well as its use as coolants in refrig-
eration and other engineering processes, nanofluids are
becoming more and more important. In 1995, Choi and
Eastman [1] introduced nanofluid. Shamshuddin et al [2]
experienced the part of nanofluid in the heat transfer
mechanism using the impacts of solar radiation and Lorentz
force. They visualized viscous dissipation and heat sinks on a
stretching plate. Numerical outcomes are obtained using the
shooting approach. The problem included that temperature
profiles are improved when radiation, thermal viscosity, and
heat source are increased because this increases the thermal
conductivity of nanoparticles. Shamshuddin et al. [3] explored
the features of heat transfer by highlighting the significance
of Ohmic heating in nanofluid flow over a rotating disk and
using ferromagnetic nanoparticles. Heat transfer rates are
enhanced by higher thermal radiation and markedly slowed
down by an increase in the Eckert number. Shamshuddin
et al [4] analyzed thermal characteristics utilizing water-
based hybrid nanofluid (HNF) across a plate in the presence
of convective conditions. The homotopy analysis method
(HAM) approach is utilized for numerical purposes. Sham-
shuddin et al [5] discussed the visualization of HNF in hyper-
bolic tangent rheology via a magnetic field on a rotating disk.
They have utilized a semi-analytical scheme for numerical
consequences. An HNF transfers heat more effectively than
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a mono nanofluid (NF), and our findings are in good agree-
ment with other studies that have been published. Sham-
shuddin et al [5] studied the influence of the Lorentz force
involving NF with an Ohmic heating approach. They assumed
base fluid ethylene glycol (EG) with the suspension of copper
and silver. Nanoparticle concentrations decrease as reactive
species and Lewis number increase, while the Sherwood
number increases as a result of increased chemical reaction
impact. Shamshuddin et al. [6] visualized thermal aspects in
Prandtl liquid on a 3D plate with an Ohmic heating approach.
They incorporated HNF along with base fluid (water) via slip
solution (multiple). Numerical outcomes have been attained
by the HAM approach. Kumar et al. [7] captured the influence
of the Buongiorno model incorporating nanomaterials named
aluminum oxide and Cu on the wedge. They used magnetic
fields and two kinds of heat sources named linear and space-
dependent heat sources. The Nusselt number for shaped
nanoparticles is higher than that for spherical nanoparticles.
Karthik et al. [8] visualized thermal analysis based on thermal
radiation with tri-hybrid nanoparticles and thermo-phoretic
particles toward a wedge. The numerical outcome is obtained
using the shooting approach while the Sherwood number is
declined when volume fraction and thermo-phoretic particles
are increased. Sajid et al. [9] discussed autocatalysis reactions
of cross NF across a wedge while heat energy characteriza-
tions were determined using thermal radiation and thermal
conductivity (variable). They also utilized homogeneous heat
sources and heterogeneous reactions on a wedge. Patil et al.
[10] estimated the two-dimensional (2D) motion of micropolar
fluid with viscous dissipation on a wedge utilizing the quasi-
linearization approach. They utilized nanofluid for character-
izations of thermal energy and microorganisms. Abbasi et al
[11] optimized the 2D motion of hybrid nanoparticles in a
channel filled with hybrid nanoparticles. They utilized the
Joule heating mechanism and solar radiation in the desired
model. They determined entropy production in the presence
of nanoparticles. Thermal energy declined when the mag-
netic number and suction number were increased. Saleem
et al. [12] optimized the 2D motion of a magnetic field and
hybrid nanomaterials on a plate utilizing mixed conditions
and viscous dissipation. Flow behavior is analyzed using
Newtonian fluid. They have used the Keller box approach
for numerical purposes. Sagheer et al [13] developed a model
of Maxwell fluid including hybrid nanoparticles with assump-
tions of magnetic field and engine oil. They incorporated
viscous dissipation and source (heat) where cases shooting
scheme was utilized for numerical outcomes.

Sultana et al. [14] modified the model of a power-law
fluid in the presence of ions slip and Hall forces on 2D
surface and Joulean dissipation. They inserted an HNF
with convective conditions. RK-4 numerical approach is
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employed for numerical outcomes. They included that flow
behavior for ion slip and Hall force becomes significant.
Gul et al [15] estimated the performance of tri-hybrid
nanoparticles including reactions (heterogeneous and
homogeneous) numerically simulated by the bvp4c
approach. They used the non-Fourier’s method in the
heat transfer equation. Thermal efficiency for tri-hybrid
nanofluids (THNFs) is higher than thermal efficiency for
hybrid nanofluids (HBNfs). Das et al [16] developed a
model related to partial ionization with the occurrence of
peristaltic liquid on a microchannel. They estimated that
motion (nanoparticles) declined when the ion slip number
was enhanced. Krishna and Chamkha [17] observed the
motion of hybrid nanoparticles with the appearance of
solar radiation and slip conditions on surfaces subjected
to partial ionization. The velocity field is inclined when the
slip number, Hall number, and buoyancy parameter are
enhanced. Kodi et al. [18] presented the impacts of Joule
heating in the motion (hybrid nanoparticles) with Hall
currents on the surface. They assumed thermophoresis,
chemical reaction, no-slip conditions and Brownian para-
meters. Numerical outcomes are obtained using a shooting
scheme. Jameel et al. [19] discussed the role of 3D flow and
HNF and entropy production on 3D surfaces (stretching
and shrinking). They assumed non-Fourier’s method for
knowing heat energy and partial ionizations. Sharif et al.
[20] utilized a Riga plate and took the volume concentra-
tion of the dust material while the study investigated the
momentum and thermal properties of magnetohydrody-
namics (MHD)-Ellis ternary nanomaterial integrated with
dust particles. Khan et al. [21] explored dusty tetra HNF
that effortlessly meanders between infinite vertical par-
allel stationary panels through convection. Furthermore,
the entire stream is evenly scattered with spherical dust
particles. Using non-Fourier mechanisms and MHD
boundary layers on various shapes, including plates, cones,
and wedges, Babu et al. [22] examined heat energy estima-
tion. Using the RK-4 method, they examined the behavior
of Brownian and thermophoresis particles and calculated
skin friction coefficients under various parameter varia-
tions. The idea of variable thermal properties and a mixed
convective approach incorporating hydro-magnetic
mechanisms were investigated by Awais et al. [23]. Using
the optimal homotopy asymptotic method approach, they
looked into the absorption and generation of non-Newto-
nian liquids based on heat sources. Akbar et al. [24] esti-
mated the thermal enhancement incorporating heat sink
effects in a non-Newtonian (Jeffrey) model filled with
hybrid nanofluids. They studied the impact of peristaltic
motion including entropy generation. They have used a
finite element approach. Akbar et al [25] discussed the
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impact of energy transfer with the suspension of multiple
NFs in symmetric ducts with pores considering the phe-
nomena of peristaltic motion. They discussed the role of
carbon nanotubes (CNTs). Adhikari et al. [26] observed the
influence of tetra-HNF in Maxwell-Oldroyd-B liquid con-
sidering blood motion in an elastic artery utilizing Neural net-
works. They have included that the opposite trend has been
noticed in thermal energy and velocity field when the Lorentz
force has been used. Paul et al [27] explored the impact of ion
slip and Hall current with titania-CNTs in a base fluid (blood)
under the role of electro-magnetization in a squeezed artery. It
was estimated that drag force has been enhanced utilizing a
higher Hall number and ion slip number. Lund et al [28]
determined the role of sodium alginate with an HNF on a
moving surface under the effect of Joule heating and radiation
toward a stretching plate. Lund et al [29] observed the dual
solutions of steady motion in Casson flow on a shrinking sheet
incorporating the Lorentz force. They implemented a stability
approach. The works associated with heat transfer with nano-
fluid are discussed in previous literature [30-39]. Figure 1a
describes the applications of HNF. The applications of HNF
include automotive cooling process, solar energy, biomedical
field, material characteristic, lubrication, welding process, air
conditioning and cooling coils.

Table 1 shows the uniqueness of the current model.
The research questions related to the current study are
listed as follows:

» What will be the variation in velocity curves on enhan-
cing values of Hall number, 8, and ion slip number?

* How will the effect of divergent velocity on Hall number,
magnetic number, and ion slip number be?

* What will be the comparative effects between working
fluid, nano, hybrid, and tri-HNF on heat energy?

* How do magnetic, Hall, ion slip, and magnetic para-
meters influence on temperature profile?

* What will be the comparative roles of dusty and phase
fluid on temperature and velocity curves?

Table 1 describes the novelty study of the developed
model. The influences in the current model have not yet via
published works [40-43]. The effects based on tri-HNF,
dusty fluid, Hall and ion slip impacts on 3D wedge are
not discussed in the current model utilizing FEM. Hence,
the current model shows strong novelty work.

The current model has some limitations which are
listed below.
¢ Certain terms add complexity, such as those about the

magnetic field M, slip parameters 6;, and ion slip terms
B. Interpreting the sensitivity of each of these parameters
is crucial for validation because even slight changes
could have a big impact on the results;
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Figure 1: (a) Applications of HNF. (b) Flow chart of desired model and mixture of NF. (c) Conversion of c-domain. (d) Elements with subdomain.
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Table 1: Novelty study of the present developed model
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Authors Hall and ion slip Dusty fluid Tri-HNF 3D wedge Hyperbolic Finite element
forces tangent fluid method (FEM)

Rana et al. [40] x x x v x x

Kudenatti et al. [41] x x x v x x

Kudenatti and Jyothi [42] X x x v x x

Rana and Gupta [43] x x x v x x

+ Convergence issues may arise from nonlinear terms in
the equations, such as those involving F”, g, and pro-
ducts of derivatives;

* FEM uses interpolation within each element to approx-
imate solutions, which can result in discretization errors,
particularly in regions with steep gradients. In models
with intricate interactions, like ternary HNFs, these
errors may compound for high-order derivatives, poten-
tially decreasing accuracy.

Current work investigates the effects of ion and Hall slip
forces on 3D wedge with particular attention to thermal and
flow behaviors in a ternary HNF considering liquid and dusty
phases. The FEM to model the behavior of NF suspensions
(copper, TiO,, and AlL03) under Joule heating and viscous
dissipation.

2 Mathematical background of the
flow problem

Let us consider a steady, laminar, and three-dimensional
incompressible boundary layer flow of tangent hyperbolic and
dusty particles towards a wedge shape object with slip boundary
conditions. According to geometry, flow is considered at z > 0
and z-coordinates are assumed upright on the yx-plane. Hall
currents along with ion slip forces are assumed in energy as well
as momentum equations. Viscous dissipation is assumed along
with the Joule heating mechanism in the energy equation. The
relations of three types (NF) called ternary HNF are incorpo-
rated. The HNF model is known as Y Ota and Xue-models are

Table 2: Thermal properties are associated with nanoparticles [45]

Properties Aluminum oxide Copper TiO, Ethylene glycol
k 40 401 8.9538 0.253
p 3,970 8,933 4250 11135
G 765 385 686.2 2,430

taken out. Dusty model is assumed with suspension of ternary
HNF. Thermal properties associated with various nanofluids are
assumed in Table 2. A diagram of the 3D wedge is assumed in
Figure 1b.

Figure 1b describes a 3D wedge surface in z, x, and y
components. In Figure 1b, the green shaded region reveals a
wedge expanding in y and x coordinates. The x-axis is the
orientation of the wedge, and fluid flow passes over this
geometry. It is mentioned that the horizontal direction is
visualized by the x-axis, the y-axis is placed along the per-
pendicular direction, and the z-axis shows vertically
upwards. An applied magnetic field that is perpendicular to
the wedge surface is indicated by red arrows pointing
upward. Momentum and thermal boundary layers are indi-
cated by two lines. A tri-HNF is created by combining three
different types of nanoparticles: copper, aluminum oxide, and
titanium oxide. T, and T, are called wall temperature and
ambient temperature placed at the wall and for a way of the
wall. The wall velocities along y- and x-directions are assumed
as u,, and v,. The assumptions are listed below.
¢ Three-dimensional motion of hyperbolic tangent liquid is

considered;
+ Steady flow and incompressible flow are assumed;
¢ Dusty flow model is assumed,;
* Viscous dissipation and Joule heating are considered;
* The heat sink is utilized;
* Multiple conditions are incorporated;
* The suspension of tri-HNF is inserted;
* The 3D-wedge surface is considered.

Reduced ordinary differential equations (ODES) using
boundary layer approximations (in conservation laws) [40]
are derived as

U1X+Vy+WZ=0: @

wuy + vuy + wi,

= wuy + vy + Vanf[(1 - Mug, + V2nTuu,,]
k*N Othni(Bo)? 2

oY T @+ Bet et + (Bet,Y]

x (vpet, - (1 + BetBet,)u),
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Wy + ¥y + WY, = Wy + vVy + Vine[(1 = nvy,
*

+ J2nT,v,,] + (up w)

thnf ( 3)
Othnf(By)>

 Pamrl (1 + Bet,Bet)? + (Bet, )]
x (upet, + (1 + BetBet,)v),

Kinnt

L.
(pcp)thnf

uly +vIy+wl; =

+ Othnf(By)?
Pral(1 + Pet et + (Bet, ]

Hipng _
D e [1
nre 2 21] 4
+ 1 ((ug)? + (v))2
(2)2
x [((waz + (vz>2)%](w% + vf)]
Q _
} (PCp)thnf(T %)
NCpfm _
+ Py (I, - T).

Slip conditions (multiple) are considered [40] as

u=uy +hu,v=v,+by,w=0 T=1T,:z=0,

u-Uv->V,T->Ts:z—>ou,~0,
(5)

=0, w,—=0, T,— o,

Boundary conditions (BCs) at z = 0, velocity along the
x-direction isw,, + Lu,, here u,, is the wall velocity while it
is generated using slip condition. Lu, is called velocity
gradient, which is generated at no-slip condition. }; reveals
the varying linear velocity. Velocity along the x-direction is
vy + bv,. v, is the wall velocity along the y-component. by,
describes a linear velocity gradient that describes possible
slip or no slip based on L. w shows velocity direction along
the z-direction. At w =0, it means that flow is not
occurred. T = T,, means that the temperature of the fluid
at the wall is the same as that of the wall. BCs at z — o,
w — U, and v — V reveal that at large distances from the
wall, the fluid flow becomes uniform. T — T, reveals that
the fluid’s temperature is approached to T... up, v,, and w,
are velocity components for the dusty fluidic model.
up = 0, v, » 0,and w, — 0 means that fluid flow becomes
uniform and steady. T, > © means that temperature
decreases far from the wall as a result of wall effects.
Transformations for phase fluid and dusty fluid are
defined [40] as
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u = Ue(X + y)"F7,
v = V(X + Y)g’,
_ U@ + n)vy v
" +y)2vp
T=Q(T, - T) + T,
1
Us(1 + n)vy |2 n-1
w = _[f (X +)’) 2 6)
x [F + +n_1(7-"+ ’)]
Vg —_— 1’1 Y8'))s

Tp = (TW - Toc)@p + Toc;

up = Ua(X +Y)'Fp ¥ = YalX + )9,

1
[[Um(l + vy )2
Wp S e —

n-1
7| G2+ gy,

On incorporating transformations in governing the
above equations, the ODEs [40] become
A= mF" + mWeF"F" - F/(F +yg) + BA - F7)

+yBA = Fg) + wp(Fp + F)

M? (Bet (M
+
1 + Bet Pet,)? + (Bet,)* (Peteg
x (1 + Bet,pet)7") =0,

(1-m)g” + mWeg”g" - g"(F + yg) + B - gF)
+YBA - (@)D) + Sipy(g), + 9)
M? ) ®)
B (1 + Bet Pet;,)? + (Bet,)? (Bet, 7"
+ (1 + pet,et))g”) = 0,
ke M2EcPr
kit (1 + Bet,fet)* + (Bet,)*
ke WePrEc
2kinng (1 = 53)25(1 = 52)*°(1 = 5¢)*° )
x (?—//2 + g112)1/2(7—”2 + g//Z) _ V*B*Pr(@;) Q)
N ke EcPr
kins (1 + Bet Bet,)? + (Bet,
Model associated with ternary HNF [44] is delivered as

U _
(= 5P = P50 = sy~ o

Q"+ QT +yg) + G

+ g/Z) +

)2 (7_-//2 + g//Z) = 0.

10)

Pp = (1 = sD{ = s2)[(1 = s3)pg + s3p3] + 525}

+ S1P15

an
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@ - K, + 2Kye — 251(Kys — K3)
Kyt K, + Zan + 59(Kns — K») ’ 12)
Kip _ K + 2Knp — 251K — K1)
Ky Ky + 2Kpy + s1(Knp — K1)’
Kus _ Ko + 2K; = 253(Kf — Ks)
K Ky + 2K; + s3(Kp - Kz) 13)
Ont _ 03(1 + 2s3) + s¢(1 — 2s3)
o oy(1-s3) +or(l+s3)
Oimp _ 011 + 251) = Fr(l — 251)
Onp 01(1 = s1) + opp(1 + 51) (14)
Onpy _ Go(1 + 259) + 0e(1 — 2sp)
Ot 01— 59) + Ope(1 +53)

The Xue model (ternary hybrid) [44] is defined as

Ki + Knp
K; 1= 55+ 2s3 K- Khb 2Kpp
I - (15)
Kt Knp Ki + Knp ’
p— + —_—
1-s3+2s3 Ki ~ Knp 2Knp
K; + Knt
1-s3+2s 2_|1In
Khh 3 3 — Kt 2Knp (16)
Kot KK
_ + Knt 2 nf
1 S3 253 “Kyp In T
K3 K3+ K¢
-— + [
K 1 S1 251 G-K In K
Inf _ 17
K K Ko+ Ki|
- _+_ [
1-s3+ 2s3 KoK In o

The Xue model (ternary hybrid) [44] is derived as

Khh 02L _ @
K, x| T 25322 = 2535 21 i3
R _ ,
K L K
nf hb + 2502 - 53 1- 7hlh
an + 2 2525021‘ ﬁ
Ky K
K_ = , (19
nf an Knt
+ 25 s3|l - A
x - 25150221 - &
an _
T - (20)
! + 25978 — g1 - %
The model of dusty fluid [45] is mentioned below
(U'p)x + (Vp)y + (Wp)z =0, 21
Kn
ulp('vﬂp)x + Wp(L“p)y + Wp(wp)z = E(w Ulp); (22)
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Kn

wp(wp)x + Vp(Vp)y + Wp(vp)z = E(V Vp); (23)
%

Ulp(Tp)x + Wp(Tp)y + Wp(Tp)z = ;(T - Tp)- 24)
mTt

On utilizing transformations of the dusty model in
PDEs of dusty model, the PDEs become

(Fp+ 9)F 5~ (Ft = g Fp+ 8(F Fp) =0, (25)
(Fo+ 0~ @) =g\ Fp+8g g))=0,  (26)
(Fp+ 9,)0'p + 16,0 - B) = 0 @)

BCs (dimensionless) are

F=0, g=0, F'=h+uF", g =k+ag”,
0=1+mwm®@ :n=0,
Fo1 g ~1,0-0:0>wF,>
b 28)
gp—>0, Fp=F9,9,6p > 0.

The shear stresses of walls [40] are reduced as

Ofx= 2 (Re )2 G = Vi (1 ~ IF(0)
(uw) Pthnt
(29)
n
+ EWeT”(O)],
5% 1 ”
Cfy = s’ (Re) 2 Cfy = vie|(1 — m)g”(0)
w pthnf (30)
n
+ —Weg”(O)l.
2
Nusselt number [40] is
(Re)'2Nu = K;‘“f@) 0). 31)

3 Numerical approach

The ability of FEM to produce physically plausible solu-
tions, which are distinguished by consistency, stability,
and convergence, makes it a reliable numerical technique
that is highly valued. Its adaptability makes it a popular
option for mathematicians, physicists, and engineers
because it can precisely handle complex geometries.
Because of its versatility concerning different BCs and
material properties, FEM [44] is frequently utilized in
structural analysis and computational fluid dynamics.
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The advantages of FEM are listed below.
FEM handles irregular shapes and complex geometries;
Fluid dynamics, heat transfer, electromagnetics, struc-
tural analysis, and many other fields can all benefit
from the high versatility of FEM;
Depending on the problem’s complexity, FEM can fre-
quently produce precise answers without requiring a
large amount of processing power;
Implementing different BCs, such as Robin, Neumann,
and Dirichlet is a good fit for EM.
FEM is beneficial for an extensive range of applications,
from straightforward linear models to intricate three-
dimensional structures, since it can solve problems in
1D, 2D, and 3D. It also addresses multiphysics problems,
such as fluid-structure interaction, in which several phy-
sical phenomena interact at the same time.

A structured mesh is created by dividing the computa-
tional domain into smaller subdomains, Dom;, fori =1, 2,
..., m. Each subdomain is connected at nodes (ith). Discrete
analysis is based on the two nodes that make up each line
segment. In Figure 1c, the semi-infinite domain is depicted,
offering a structure for numerical calculations. This seg-
mentation facilitates the effective application of BCs and
partial differential equation solutions. Figure 1d illustrates
the division of the subdomain.

The computational domain is described by S = OP and
P is the point (where BCs are satisfied). The formulations
are formulated on S. OP is divided into small ele-
ments Dom;.

Doy = [, Mgy Mi]- (32)
KL is defined as
KL =0,¢ € D. (33)

The discretization of problems with weights function is

Table 3: Mesh-free analysis of ®p[”‘“‘”‘], yp["ma"], f/"p[q‘ﬂ], ;z’["m“x], and ?[M]

2 2 2 2
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n
J’K[Zm\m]qg-dg = 0. (34)
i=1
The system of the equation is
AH; = b, (35)

where A is a matrix (order n x n) consisting of nodal
values (Hj). A particular element is then used to integrate
the weighted residuals.

n
Ly = ) HY, (36)
i=1

where H; = F, G;, K;, Q; The convergence criterion is

maX|m" - m"7Y < 1075 37)

3.1 Convergence analysis

The computed data from the grid independence study is
displayed in Table 3. In Table 3, simulations of velocity and
temperature fields are recorded when the number of ele-
ments is increased from 30 to 300. The data, which are
taken at the halfway point of each element, demonstrate
that the solution converges and remains unaffected by ele-
ment additions. The current computational study is predi-
cated on the conclusion that the solution stabilizes at 300
elements. Table 4 reveals the validation of the code with
the polished study [40] for divergent velocities when
Pet; = Bet, = 0 and We = 0.

4 Results and discussion

In Section 3, the complex system of ODEs related to phase
fluid and dusty phase in the presence of correlations

2

I X G o s

30 0.0234056466 0.0580435689 0.182239869 0.9890556832 0.2659396979 0.95097991372
60 0.09263981983 0.3326258029 0.178586925 0.8920320869 0.2309859091 0.75464761241
90 0.4161099304 0.5497993056 0.175164793 0.8089596326 0.1996852665 0.48848906700
120 0.4161099304 0.7030324797 0.171514050 0.7298820903 0.1716998880 0.38762269459
150 0.3662510383 0.8252500601 0.168707319 0.6554327134 0.1466935768 0.30411698221
180 0.5154292282 0.9969330760 0.166264252 0.5859876737 0.1043059661 0.23538172380
210 0.7460303502 0.0050345183 0.166044450 0.5217220983 0.08629197592 0.17292551291
240 0.0561544901 0.14276940M 0.165840482 0.4626561634 0.06999381097 0.09279069767
270 0.05623969901 0.14821369710 0.165423453 0.3596480640 0.05691248717 0.08886785565
300 0.05623100901 0.14825871639 0.165423775 0.3596760803 0.05695862297 0.08882114377
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Table 4: Validation of the code with the published study [40] when
Bet; = Bet, = 0 and We = 0

Rana et al. [40] FEM

7"(0) 0.64479203 0.5217220983
7"(0) 0.76390721 0.17292551291

Dot Curves: Fluid phase
Solid Curves: Dusty phase

054 Pet,=0.0,0.7,1.5

¢'m.g’,

0.4

0.3

0.2

0.1

0 2 4 6 8 10

Figure 2: Velocity curves (along x-axis) under variation in fet;.

associated with ternary HNF is resolved by advanced FEM.
According to this approach, numerical solutions are
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14 Dot curves: Fluid phase
o Solid Curves: Dusty phase
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We =0.0,0.63, 1.81

F'). Fp,' ()
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Figure 4: Velocity curves (along x-axis) under variation in We.

resolved successfully by developed models. The detailed
discussion of defined parameters on phase and dusty
models is given below.

Figures 2-9 reveal the impacts of We, pet;, pet,, and
on primary and secondary velocity curves for the case of
fluid phase and dusty liquid. Here dusty liquid is revealed
by solid lines and dot lines reveal the role of fluid liquid.
Figures 2 and 6 show the impacts of Bet; on primary and
secondary velocity curves for fluid phase and dusty liquid.
Both velocities (secondary and primary) increase when
pet; is enhanced for primary and secondary velocity
curves. Ion slip number is a dimensionless number that

Dot curves: Fluid phase
Solid Curves: Dusty phase

Pet =032,045,1.7

Figure 3: Velocity curves (along x-axis) under variation in fet,.




10 — [Ibrahim Mahariq et al.

08

F'm). Fp,"()

DE GRUYTER

Dot curves: Fluid phase
Solid Curves: Dusty phase

B=0.0,04,0.72

Figure 5: Velocity curves (along x-axis) under variation in S.

is applied to knowing neutral particles, and relative velo-
cities. Physically, an enhancement of fet; reveals that the
movement of ions is higher than neutral particles. Through
collisions, ions can apply momentum to neutral particles.
The neutrals accelerate when ions move more quickly and
impart more momentum to them. The velocity field as a
whole increases as a result of this increased momentum
transfer. Figures 3 and 4 illustrate the visualizations of Hall
number (Bet,) on phase velocity and dusty curves. Hall

038

07

)

Fp

06 Pet,=03,06,08

'),

0577
04

03

02

number is utilized for knowing the behavior of Hall
impacts that is enhanced due to interactions among elec-
tric current and magnetic number, which is carried
through charged particles in fluidic motion. It was noticed
that the effect of Hall is increased when the Hall number is
enhanced. Hall and ion currents are produced when
plasma and a magnetic field interact. The force of the mag-
netic field is opposed by the Hall and ion slip forces created
by these currents. As a result, the Lorentz force is produced

Dot curves: Fluid phase
Solid Curves: Dusty phase

Figure 6: Velocity curves (along y-axis) under variation in fet;.
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Dot curves: Fluid phase
Solid Curves: Dusty phase

Figure 7: Velocity curves (along y-axis) under variation in fet,.

when the magnetic field is applied to charged particles. The
Lorentz force is further reduced by strengthening the
opposing forces through an increase in the Hall and ion
slip parameters. Because it affects both the general
dynamics of magnetic fields and the behavior of charged
particles, this effect is especially significant in plasma phy-
sics. Therefore, velocity fields are inclined when pet; and
Pet, are enhanced. Figures 4 and 9 visualize the influence
of We on phase velocity and dusty curves. We show the

relative contribution of a fluid’s elastic and viscous beha-
viors to flow. Whereas viscous forces are more important
when the Weissenberg number is low, a high number sug-
gests that elastic forces predominate. Therefore, frictional
force is increased during flow of nanoparticles when We
is enhanced. The Weissenberg number is the proportion of
elastic force to viscous force. When We = 0, the model
becomes Newtonian. The viscous force becomes significant
when We is enhanced. Due to higher viscous force,
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Dot curves: Fluid phase
Solid Curves: Dusty phase

Figure 8: Velocity curves (along y-axis) under variation in .
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Dot curves: Fluid phase
Solid Curves: Dusty phase

Figure 9: Velocity curves (along y-axis) under variation in We.

resulting flow field declines. Velocity curves (along the
y-axis) under variation in B are addressed in Figures 5
and 8. Secondary velocities slow down with a change in
B. Here f is called the pressure gradient parameter and
is evaluated as li—mm The pressure gradient parameter (f) is
frequently used to connect specific flow properties, like
shear rate to pressure variations along the flow direction.
Thus, this parameter f§ can adjust how the pressure gradient
affects the flow field. A greater m would result in a higher value

0.7

0.6 4

0.5

Qn),6,(n)

0.4 A

0.3 4

0.2+

0.1 A

Ec=04,0.8,1.5

of B, indicating that the pressure gradient’s effect becomes
more significant. On the other hand, S likewise decreases to
lessen the impact of the pressure gradient when m is small.
Hence, velocity curves decrease when f is increased.

The temperature curve under variation in Ec for dusty
and phase liquid is illustrated in Figure 10. The dimension-
less Ec is used to describe the kinetic energy and enthalpy.
It notes that Eckert’s number describes the impact of vis-
cous dissipation. An inclination of Ec describes a higher

Dot Curves: Fluid phase
Solid Curves: Dusty phase

Figure 10: Temperature curve under variation in Ec.
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Dot curves: Fluid phase
Solid Curves: Dusty phase

Figure 11: Velocity curves under variation in fet;.

impact of heat energy. Mathematically, the directly propor-
tional relationship is studied between Eckert number and
heat energy. The dimensionless Eckert number illustrates
the impact of heat produced by friction in a fluid flow. The
impact of this frictional heating increases with an increase
in the Eckert number. The fluid’s movement produces
more heat as the Eckert number increases. The fluid’s

0.81.
0.74

0.6

0.54

Qln).0,(n)

ﬁete =0.0,0.83,1.5

temperature rises as a result of absorbing this additional
heat. The visualization of ion slip number on thermal
energy is captured in Figure 11. It is a dimensionless para-
meter applied to the study of gases that have been ionized,
like plasmas. It describes the neutral species and ions
moving about one another in the gas. The ion slip number
represents the relative velocity between ions and neutrals.

Dot Curves: Fluid phase
Solid Curves: Dusty phase

0.4
0.3
0.2
0.1

0 . .

0 2 4

Figure 12: Temperature curve under variation in Bet,.
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Figure 13: Temperature curve under variation in M.

It is defined as the ratio of the ion-neutral collision fre-
quency to the ion gyrofrequency. Mathematically, it can
be expressed as (fet,). It visualizes that Bet; has a directly
proportional relation with the change in thermal energy.
An increase in fet; results in temperature profile enhance-
ment. The temperature curve under variation in fet, is
captured in Figure 12 for dusty as well as phase liquids.
An increasing role is displayed in thermal energy when

Skin friction coefficeint

08

06

04

02

0 02 04 06 08 1
ey

(@

Pet, is enhanced. It describes the trend of charge carriers
subjected to magnetic field. Charge particles experience an
electric field and magnetic field (both perpendicular to
each other) called the Hall effect. The relationship between
the applied magnetic field, current, and induced electric
field is quantified by the Hall parameter. Figure 13 shows
the effect of the magnetic number on heat energy for dusty
as well as phase liquids. Here M occurs using Joule heating.

Skin friction coefficeint

08

06

04

02

(b)

Figure 14: Change in divergent velocities under Bet; and Bet, for phase and dusty fluids. (a) Dusty fluid. (b) Phase fluid.
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Skin friction coefficeint i Skin friction coefficeint

0 02 04 06 08 1
mn

(@) (b)

Figure 15: Change in divergent velocities under We and m for phase and dusty fluids. (a) Dusty fluid. (b) Phase fluid.

The process by which heat is produced by electric cur- determines the amount of heat produced, explains this
rent flowing through a conductor is called Joule heating, phenomenon. The increment in M results in heat energy
or Ohmic heating. Joule’s law, which asserts that the being enhanced and dissipated significantly. The phe-
square of the current and the conductor’s resistance nomenon known as Joule heating, or ohmic heating,

Nusselt number Nusselt number

0 02 04 06 08 1
Ee

(b)

Figure 16: Change in temperature gradients under Ec and M for phase and dusty fluids. (a) Dusty fluid. (b) Phase fluid.
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Nusselt number 7

Figure 17: Comparative 3D plots of Ec and M on the temperature gra-
dient between tri, hybrid, nanofluid, and working liquid.

occurs when heat is produced by an electric current
flowing through a conductor. This happens because the
electrons collide with the atoms and ions in the material
as the current passes through the conductor and encoun-
ters resistance.

The change in divergent velocities under Set; and fet,
for phase and dusty fluids is addressed in Figure 14. The
roles of pet, and Pet; are used to determine variation in
skin friction coefficient (SFC) between dusty and fluidic

DE GRUYTER

Table 5: Change in Ec, Pr, pet;, Bet,, and We on temperature gradient
for the cases of dusty fluid and phase liquid

Dusty fluid Phase fluid
(Re)"2 Nu (Re)"2 Nu
03 0.4027932468 1.119711288
Ec 0.4 0.3542803692 1.081731355
06 03111527338 1.006274116
206 0.0613507491 1.671369481
Pr 208 0.2297850581 1.867330867
210 0.3798906630 1.922025016
0.0 0.5140671221 1.085666460
Bet, 03 0.6342066683 1188126488
06 07416948762 1.260256048
0.0 0.9231750210 1.304681068
Bet, 0.8 0.948868708 1317159722
13 0.993380714 1.338174448
0.0 0173224774 1.319089034
We 06 0.215396722 2324068272
14 0250209482 2.323484074

phases. These characteristics aid in describing the charged
particles such as ions and electrons behave when subjected
to magnetic and electric fields. SFC is enhanced when fet;
and fet, are inclined. Moreover, the phase fluid in SFC is
higher than the dusty phase. The change in divergent velo-
cities under We and m for phase and dusty fluids is cap-
tured in Figure 15. The characterizations of m and We on
SFC between phase fluid and dusty phase are discussed.
Because the fluid’s elastic energy resists deformation, the
decreased elasticity frequently results in a lower skin

Table 6: Change in M, We, fet;, Pet,, and m on temperature gradient for the cases of Ti0,/Al,03/Cu-EG and Al,03/Cu-EG
Aleg/Cll-EG T102/A1203/Cu-EG
~(Re)"2 Cfx ~(Re)"z Cfy ~(Re)"2 Cfx ~(Re)"2 Cfy
0.3 0.6574657074 0.7430512048 1.7159607396 1.7031980705
M 0.4 0.6765520869 0.7758504891 1.6254364987 1.6156856295
0.6 0.6993437672 0.7908548301 1.4962478874 1.4896434850
0.0 0.3140376510 0.3088790779 1.4467961976 1.3411062126
We 0.6 0.3397235951 0.3355774352 1.4657144599 1.3612425869
1.4 0.3778672544 0.3540824597 1.4803379752 1.3966328529
0.0 0.2786662778 0.2751789283 1.2452166541 1.2420338175
Pet, 0.3 0.2516658309 0.2484271343 1.2204832124 1.2775027650
0.6 0.2265153852 0.2234872693 1.2753533031 1.2926974648
0.0 0.2029395322 0.2000918116 1.1545794789 11520555458
Bete 0.8 0.1807184874 0.1780268752 1.1348043393 1.1323966902
1.3 0.1996611728 0.1372257650 1.0978062868 1.0955940863
0.0 0.1205580703 0.1182289429 1.08254357887 1.08040433723
m 0.8 0.1405580703 0.1482289429 1.08569983234 1.09363636840
1.3 0.1868522531 0.1846928404 1.09143995103 1.14943698119
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friction coefficient, which can lessen the shear forces
applied to the surface. Figure 16 shows the role of Ec and
M for phase and dusty fluids on the Nusselt number. Com-
parative 3D plots of Ec and M on the temperature gradient
between tri, hybrid, nanofluid, and working liquid is car-
ried out in Figure 17. The impact of internal friction, or
viscous dissipation, on heat transfer is measured by this
dimensionless number. Increased heating from fluid par-
ticle friction is indicated by higher values of Ec, which
raises the temperature gradient. The strength of the
applied magnetic field on the fluid is represented by the
magnetic parameter. By producing a Lorentz force,
increasing M affects the temperature gradient and has
the potential to either heat the fluid or change its motion
and thermal profile. By increasing the values of M and E
results in a decrease in Nusselt number. Table 4 indicates
that more heat is retained in the fluid as a result of viscous
dissipation when the temperature gradient is reduced by a
higher Eckert number. Utilizing both the slip parameter
and Hall parameter enhance the temperature gradient in
dusty and phase fluids. The temperature gradient rises
with higher Pr because thermal diffusion is less efficient.
Because elastic effects enhance convective heat transfer,
we greatly increase the temperature gradient, particularly
in the phase fluid. Table 5 reveals changes in
M, We, Bet;, Pet,, and m on temperature gradient for
the cases of TiO,/Al;03/Cu-EG and Al,O3/Cu-EG. SFC for
the case of HNF is less than that for tri-HNF. When M
and We are enhanced, SFC is inclined. Because the velocity
field decreases when M and We. The gradient close to the
surface rises as the velocity falls as a result of this magnetic
resistance, increasing SFC. Since the SFC and the rate of
velocity change close to the boundary are directly corre-
lated, a stronger magnetic field increases friction at the
boundary by lowering fluid velocity. But SFC decreases
when Set; and Bet, are enhanced. Figure 17 estimates the
comparison role of tri, di, and HNF using magnetic number
and Ec on Nusselt number. It is experienced that the
thermal efficiency of tri-hybrid nanostructures is larger
than the thermal efficiency of di and hybrid nanostruc-
tures (Table 6).

5 Conclusion

The features of HNF in hyperbolic tangent rheology
including dusty fluid on a 3D wedge are studied. Hall forces
and ion slip currents are considered for visualization of
thermal energy. Multiple slip constraints are incorporated
with Joule heating. The role of viscous dissipation is also

Computational works of blood flow on a moving wedge = 17

considered. The finite element approach is employed for
numerical purposes. The key findings are listed below.
¢ The study discusses a ternary HNF comprising copper, tita-
nium dioxide, and aluminum oxide suspended in ethylene
glycol, highlighting nanomaterial applications in thermal
systems. Nanotechnology reviews emphasize research on
nanomaterials and their thermal properties, and this study
contributes by exploring their behavior under slip condi-
tions, which is essential for real-world applications in
cooling, automotive thermal control, and more.

Thermal efficiency can be maximized by ternary HNFs, a

subject of particular interest to industries and researchers

working on cooling systems, heat reservoirs, and other
related nanotechnology-based thermal applications.

Utilizing FEM, this approach helps accurate assessment

of the behavior of nanofluids in different conditions;

* The motion of the dusty fluid is greater than the motion

of phase liquid while momentum boundary layer (MBL)

(thickness) for dusty fluid is higher than that for phase

liquid;

The forces (ion slip and Hall effect) bring enhancement

thickness (MBL) and motion of fluidic particles;

With higher values of We, the declination of dusty and

phase liquids occurs whereas thickness (MBL) may be

managed utilizing change in We;

* Maximum production associated with heat energy may he

attained when Ec and magnetic numbers are increased;

The dusty phase on the temperature curve is greater

than the phase liquid on the temperature curve;

Declination of temperature curves is observed when fet;

and Set, are increased,;

Skin friction coefficient are reduced due to the higher

values of m, We, Bet; and Bet,, while the Nusselt number

is increased due to the escalating values of Ec and mag-
netic field;

Tri-HNFs’ improved heat transfer properties allow them

to have a higher thermal efficiency than hybrid and

working fluids. This makes tri-HNFs ideal for use in
thermal energy and advanced cooling systems;

* The current problem is related to tri-HNF along with
Casson fluid. Such development is utilized in solar collec-
tors, enhancing cooling processes, drug delivery systems,
drilling muds, oil recovery, viscous food products, elec-
tronic devices, cancer treatment, and electronics cooling.

6 Future recommendation

The current investigation is constructed on hyperbolic tan-
gent fluid utilizing multiple NF s on the 3D wedge. The
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currents (ion slip and Hall effect) are analyzed with dust
particles. FEM has been utilized for numerical conse-
quences. In the future, the current model will be analyzed
in complex non-Newtonian fluids like Maxwell fluid,
second-grade fluid, Bingham plastic, Jeffrey fluid and
fourth-grade fluids. Moreover, the current model will be
analyzed utilizing advanced correlations of nanofluids like
tetra- HNFs and penta-HNFs. FEM will be implemented on
PDEs on various complex geometries. Including these
effects could result in more thorough models that can be
used right away in industrial processes and technologies,
increasing the usefulness of your research in real-world
and business applications.
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