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Goal. The parameters of coated wire products are determined by momentum and heat transmission inside dies. As a consequence,
it is essential to understand the polymerization movement, heat mass transmission, and wall stress concentration. The wire
covering technique necessitates a boost in thermal efficiency. As a result, the goal of this study is to see how nanomaterials
affect the heat and mass transfer mechanisms of third-grade liquid in wire coating analysis. The Buongiorno model is adopted
for nanofluids. Methodology/approach. Continuity, momentum, energy, and nanoparticle volume fraction concentration is used
to establish the governing equations. For highly nonlinear, the numerical methodology bvph2 technique is applied to yield
numerical solutions. The impacts of the input parameters on motion, temperature, and volume fraction are examined using
pictorial representations. Moreover, using the ND-solve, the numerical results are validated analytically. Findings. In Reynolds
Modeling, the stress on the entire wire surface integrated shear forces at the surface dominate Vogel’s model, according to the
analytical conclusions of this inquiry. It is observed that the nanomaterials appear to have a favorable impact on wire force
throughout the entire surface and shear forces at the surface. The polymer velocity can be increased using a non-Newtonian
parameter. The temperature profile is increased in the first half of the segment with larger values of random motion and nonlinear
thermal while decreases in the later part. In addition, the Brownian motion component raises the concentration profile, but the
thermophoresis factor decreases it. Practical implications. This research could aid in the advancement of wire coating technologies.
Originality/value. For the first time, Brownian motion with generation/absorption slippage processes is used to investigate the
importance of nanoparticles in wire coating assessment. Two different models are utilized for time-dependent viscosity: Reynolds
and Vogel models.

1. Introduction

Studying and analysing non-Newtonian fluids is of signifi-
cant curiosity together with theoretical and applied view-
point [1, 2]. Fluid dynamics and material science
awareness related to non-Newtonian fluid motion may have

major ramifications in a variety of fields, including polymer
preparation, protecting and lacquer, ink-jet printing, aerody-
namics, homodynamics, turbulent shear stream, slurry and
ingredient suspensions, and blood serum. As a result, there
has been a lot of focus on these movements, and the bibliog-
raphy has a lot of work on statistical, theoretical, and
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algebraic solutions on the subject [3, 4]. Furthermore, the
mobility of such fluids poses significant problems to profes-
sionals from a variety of study domains, including computa-
tional models, economics, mathematics, and physics. In fact,
when contrasted to Newtonian fluids, the equations postulated
and produced for non-Newtonian concepts are far more diffi-
cult. The modelled equation of non-Newtonian fluids is highly
nonlinear, making exact solutions extremely difficult to
acquire [5-8]. It is also difficult to obtain extremely precise
estimates for viscous liquids regarding the nonlinear and
utterly irrelevant nature of the aggregation concept [5-8].
Many scholars have devised analytical and numerical tech-
niques to solve these nonlinear problems for this goal.

Wire coating (an extrusion method) is usually applied in
the polymerization sector designed for insulating material
and protection against mechanical injury. An uncovered
warmed wire is immersed and pulled into the melting resin
in this technique. Extruding the heated polymer across a
rolling wire is also used for this operation. A conventional
wire coating machine has five separate components: a pay-
off device, a wire preheating instrument, an extrusion, a
chilling system, and a pull device. Tubing-type die and pres-
surized die are the most popular dies used for wire treat-
ments. The latter, which resembles an annulus, is typically
utilized wire coating.

As a result, flows through such dies resemble flows
across an annular region established by a pair of concentric
cylinders. The inner cylinder travels axially, while the
exterior cylinder remains stationary. Many researchers
[9-14] employed power-law and Newtonian frameworks to
describe the rheological behavior of the emulsion polymeri-
zation flow in early studies. The wire sealant examination
employing a pressure form die is presented in [15, 16].
Following then, [17-20] provided more scientific work on
the subject. Mitsoulis [21] also provides a comprehensive
overview of heat transmission and melted movement in wire
veneer. Akter and Hashmi [22] investigated wire coating
using a pressurized die. Later, using a cylindrical unit, Akter
and Hashmi investigated melting flow throughout the wire
coating processes [23, 24].

Wire shell is an advanced production method for
insulating and protecting wires from the environment. The
immersion process, coaxial method, and electromagnetic
deposit process are the three categories of wire covering.
The dipping progression creates a significantly stronger rela-
tionship between the continuums, but it is somewhat slug-
gish in equated to the other two methods. Han and Rao
[25] evaluated the issues associated with coating extrusion
using a pressurized type die. The extrusion procedure is
made up of three parts: the feeder entity, the chamber, then
the cranium through a die. Kozan and Cirak [26] reported
on the extensive deliberations of these three unique parts.
In particular, Sajid et al. [27] used the HAM method to
explain and handle the wire coating operations of Oldroyd
8-constant fluid. Likewise, Shah et al. [28] used the perturba-
tion methodology to examine the wiring layer of viscoelastic
third-grade fluid and presented their findings in [28].

The Phan-Thein-Tanner (PTT) model, a third-grade
non-Newtonian molten, is currently the utmost widely
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adopted wire coating prototype. Binding et al. [29] investi-
gated the rising wire-coating procedure for viscoelastic fluids
in a viscoelastic constitutive model. It also studied the flaws
of the actual modeling technique. The wire coating study
based on the pipe die was supplied by Multu et al. [30].
Kasajima and Ito [31] investigated the wire coating tech-
nique of polymer produced until then. They also focused
on how heat transfer affects cooling coatings. Baag and
Mishra [32] explored wire coating using the temperature lin-
early varying at the boundary. Similarly, two-layer coating
was investigated by many researchers [33-37].

For recent times, the issue of heat transfer improvement
has gotten a lot of attention. Thermoelectric scientists have
proposed that nanotube metallic or nonmetallic materials
be added to conventional fluids to increase thermal proper-
ties since nanoparticles have better thermal conductivity
than the base liquid. Nanofluid is the resultant mixture that
has improved physicochemical properties. Aziz [38] devel-
oped first time the terminology of nanofluid in 1995. Fur-
thermore, a special type of nanofluid known as hybrid
nanofluid is studied to boost thermal efficiency. Some other
related studies can be found in [39-53].

This investigation was aimed at studying the effects of
nanomaterials proceeding the MHD third-grade fluid in a
pressurized sort die during the wire surface layer using
Brownian motion in addition to heat conduction.

Numerical solutions have been achieved via Runge-
Kutta 4™ order scheme [48-52]. Reynolds, as well as Vogel’s
models, compensates for variable viscosity as well. Such an
endeavor has still not been constructed to the aim to con-
tribute. Before being attempted analytically, the relevant
resulting equations are made dimensionless by suitable
transformation factors. The effect of various parameters
accessing the problem is investigated in two situations: (1)
the Reynolds model and (2) Vogel’s model.

2. Modeling of the Problem

Figure 1 depicts the flow problem’s geometry, wherein the
wire is pulled within a cylinder fed with third-grade nano-
fluid as a coating substance. The electrical field is presented
towards the fluid in a normal direction. Because of the low
Reynolds number, the reto magnetic field is expected to be
insignificant, which really is adequate in the experiment.
The location of the continuum is believed to be concentri-
cally situated. (Rw, Ow, ¢w) and (Rd, 0d, ¢d) are the radius,
temperature, and volume fraction of the wire as well as die,
compatibly.

Uw is also the speed of the said wire as it is inserted
along the central path of the die. The emulsion polymeri-
zation flow should be axisymmetric, continuous, and
homogeneous. Han and Rao [12] evaluate the velocity,
additional stress tensor, heating rate, and volume fraction
of nanomaterials:

w=1[0,0,w(r)],S=38(r), T =T(r). (1)
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FiGure 1: Two-phase coating geometry.
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Regarding third-grade liquid, the stress tensor S is
described as
S=nA +a A, + 0, A + T A, +1,(A 1A, + AA))

+T3(trA,)A,. ®)

The governing parameters that apply are as follows [5-12]:

Vw=0, (4)

D
pr‘Z:—Vp+F+]><B, (5)

Do DT
(pCP>nfﬁ =kV?*0 + ¢ + (pcy) of [DBVG.W/) + <%> V@.V@} ,
(6)

l;_‘f =D, V¢ + (g—;) V20. (7)

The parameters involve in the exceeding balances are well-
defined in the nomenclature given at the end of the article.

The electrical field is presented in a positive radially nor-
mal direction towards the wire, and the resultant magnetic
force is believed to be insignificant. As a result, effective body
force is determined by

JxB=(0,0,~0Bjw). (8)

The dissipation factor with tensor components are
as regards:

d 2
s(d_“’) , (1)

o-u(5) vapr ().

In light of the foregoing relationships, the equation
of motion (5) yields

d dw\’ nd ( dw , dp
2(B, +[33)E (r(ﬁ) ) + I (rﬁ> - oByu= e

(13)

d ([ dw\ d
—2(0c2+¢x3)§a (rdr> = d—‘i (14)

The flow is caused by the pressure difference, as
shown by expression (13). Because there is just pull
of a wire after it leaves the die, the pressure difference
in the axially is insignificant. As a result, the expression
(13) can be reduced to

26,7+ ((‘2-“’)) 18 (2 oo
3)

In view of equation (10), the energy equation (7)
becomes



d’0  1d6 dw 4
k<d +rdr>+”(—r> +2(ﬁ2+ﬁ3)< >
d0d¢ D, [dO\>
+(pe); <Dme+e—d<a> )ZO’
o (4 1d d26+1d9 L a7
gt v )t (et rar) =©

The shear stress on the wire surface is calculated as

follows:
v206 ) (52)

The force acting on the die total wire exterior is as
described in the following:

(16)

(18)

SfZ|r:Rw =¢

r=R,

w

Fy, =27R, LS|, _p . (19)

Furthermore, the Nusselt number N, has the fol-
lowing definition:
rqu

VoK@ -0 o

where g, =-k(d0/dr)|,_p is the heat flow at the wire’s

surface. We propose to explore temperature dependent
viscosity in this work, as previously stated. As a result,
the two additional cases are investigated.

2.1. Case I: Reynolds Model. Nondimensional viscosity is
incorporated in the study as follows [12]:

n=exp (—fQ0) =1 - pO0O, (21)

where  is the Reynolds model parameter.
In light of (21, 22), the expressions (15)-(20) should be
read as follows (without the asterisks):

* r * w Rd *
r =R*aw =Ufw>ﬁ0=/32+ﬁ3>wa=5>1)ﬁ

w

3 B, _ oBR.
n(Roue/UL)’ Hy
R? 0-6 U U?
K=_—_%_§* W Br— _ 0w
VK*9 6,-6," " Kk6;-6,)"
¢—¢,
/‘0 ¢ $g— b,
D - Dy (pc,).(0;,-0,
Nb = 5(P¢p) ($a ¢“’),Nt= i P)f( d ) (22)
k 0,k

Dimensionless velocity and heat equations with BCs ignor-
ing asterisks are
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s e (5) ()

do dw
—[)’Qraw — Mwr =0,
(23)
& 1d dw)\? dw\*
(d + rd) +(1—ﬁQ€)Br<E) +ZBrﬁ<W>
dod¢ CAN
+Nbd I Nt(dr) =0,
d¢ 1dp Nt (d 1d ,
a2 Tvar T \ge Trar )07
w(1)=1,6(1)=0,§(1) = 0,w(§) = 0,6(3) = 1, $(3) =
(24)
S, . Uw dw dw\’
R [(1 - po) 5 +28) (%) ]
(25)
Fw dw dw\’
“ 2mRwL 1 [(1_ﬁ96)d_ z(ﬁ)<dr>] _1’
(26)
do
Nw, 5 ; (27)

where M, Br, 5, Nb, and Nt are the magnetic factor, Brink-
mannnumber, non-Newtonianffactor, Brownianmmotion
factor, and thermophoresis factor, respectively. The defini-
tion of each variable or parameter is given in Table 1.

2.2. Case 2: Vogel’s Model. In this case, the temperature-
dependent viscosity is taken as

H
U= Uy €Xp (F—Jre - ew) . (28)

After using the expansion we have

yzm(l— %9) (29)

where m =y, exp (H/F - 0,,), and H and F are the viscosity
parameters associated with Vogel’s model.

So the nondimensional momentum and energy equa-
tions with boundary conditions omitting asteriks are

(- o) (o ) (5 (5) ()

(30)
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TaBLE 1: Nomenclature.

A, A,, Ay Kinematic
tensors

B: Magnetic field

BO: Magnetic field strength

cp: Specific heat

. Dy: Brownian diffusion
Br: Brinkman number B

coefficient
M: Magnetic Nt: Thermophoresis
parameter parameter

Nb: Brownian motion
parameter

m: Reynolds model
viscosity parameter
u: Viscosity U,: Reference viscosity

o: Electrical
conductivity

B: non-Newtonian
parameter

D.. Thermophoretic diffusion
coefficient

F: Force

D, B, Bx: Vogel’s model
viscosity parameters

p: Pressure
q: Velocity field;

0; Temperature field

0: Vogel’s based viscosity
parameter

L,: Velocity vector J: Current density

L: Length k: Thermal conductivity

r: Radial direction w: Velocity component

S: Stress tensor Uw: Velocity of the wire

ay, @y B> By By

Material constants

T: Transpose of the
matrix

¢: Nanoparticle volume

fraction field @: Dissipation function

p: Density z: Axial direction

d26+1d0+m I—HG Br dw 2+ZBr,B dw)*
dar’  rdr P dr dr
dod¢ do\ >
+Nbdrdr+Nt<dr> =0,
d2¢+1d¢+Nt d2+1d 0-0 (32)
a? Trar TNp\a? Trar )07

w(1)=1,0(1)=0,¢(1)=0,w(8) =0,0(5) =1, ¢(5) = 1.

(33)
Also equations (26) and (27) become
S, Uw D dw dw\ >
SrZ‘r:Rw = ‘MOR'LU - - |:(1 - ;Bme) FQW + 2,3 (ﬁ) :| _1)
(34)
Fw D dw dw\?
= =|(1- 202 v py (22
Y 2mRwL| _ [< pmd) er ar (ﬁ)<dr) ] .
(35)

3. Numerical Procedure and Validations of
the Method

In several physical problems, the consequent differential
equations are significantly nonlinear. It is challenging for
investigators and scientists in computing analytical or
numerical approaches to such situations. For estimating
the numerical solution of nonlinear partial and ordinary dif-
ferential equations, the RK4 method is one of the most suc-
cessful computational methods. For the numerical analysis,
Runge-Kuta fourth order method is used built in package
in MATHLAB SOFTWARE by taking step size Ay =0.01.
The existing work’s calculation is determined by the
comparison between existing and published work [28] as
given in Table 2. The iteration procedure was stopped until
all of the nodes in the #-direction met the convergence

TaBLE 2: Numerical comparison of HAM, RK4 Methods, and
published work [28].

r Bvph2 ND-solve Published work
1.0 1 1 1

12 0.57352365 0.57352355 0.57352355
1.4 0.40325491 0.40325480 0.40325491
1.6 0.32109323 0.32109322 0.32109321
1.8 0.21036271 0.21036601 0.21036270
2.0 0 0.0131%1072! 0.0020%

condition 107°. Additionally, the HAM method is also
applied for confirmation of the method as given in
Figures 2(a) and 2(b).

The Runge-Kutta-Fehlberg strategy is used to solve the
multidegree differential equation system specified in equa-
tions (23 and 24) and (31-33), for this purpose, following
transformations are applied:

G =w,6=w',6;=0,6,=0",¢s=¢pandgs=¢'.  (36)

As a result, we get the following.

(i =Gy

o [Marr+ Oy, + (BQs ~ )6, ~264,’]
: r[1+M(1+6pc,” - pOg;)] ’
C; =Gy

1
qi = (; Gy + Br(1 - ﬁQc3)c22 + 2[30Brc24 + Nbg,Gq + Ntc42> ,

!
G5 = Ge>

' 1 Nt/ , 1
Ce="— ;Cs"'m C4+;C4 .
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FiGUure 9: Consequence of Nb on temperature in RM.

0 (r)

--- Nb=09
--- Nb=13

Figure 10: Consequence of Nb on temperature in VM.

Transferred boundary conditions are

() =Le(1)=

The best gue

(38)

ss estimates for the uncertainties «,, «,, and

a;563(1) = 0,64(1) = 2, 65(1) =0, 66(1) = 3.

a5 are determined, and afterwards, the shooting mechanism
is used to determine them.
4. Results and Discussion

For the two scenarios, RM and VM, the inspiration of essen-
tial factors on speed, heat, and nanoparticle concentration
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FiGurg 13: Consequence of Nt on temperature in RM.

outlines is explored in the occurrence and nonappearance of
attractive field. The shear stress happening in the superficial
of the total wire and the size of the Nusselt number on the
external are estimated both for Reynolds and Vogel’s model
situations. The shear force happening in the surface of the

total wire is proportional to w '(r), as shown by equations

(26), (27), (34), and (35). As a result, shear tress on a total
wire surface has the same characteristic as w'(1).

Figures 3-5 show the effect of m, viscosity factor on the
velocity profile (w(r)), temperature profile (6(r)), and con-
centration profile (¢(r)) distributions for Reynolds model,
respectively. The higher values of m indicate an upsurge in
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Ficure 15: Consequence of Nt on concentration in RM.
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FiGure 16: Consequence of Nt on

velocity field but decreases in heat and concentration epro-
files. Because increasing the variable viscosity component
lowers the bulk viscosity, the velocity of the fluid rises as a
consequence, and the temperature and concentration profile
decreases. Both the existence and absence of magnetism pro-
duce the same descriptive trend as shown in Figures 3 to 5. It
is price mentioning that the in fallouts of the current study,

concentration in VM.

the movement and thermal measurements match those of
Shah et al. [28] study on the effect of the friction factor.
Figures 6-8 show a pictorial representation of the vari-
ances of 2 scheduled velocity, temperature, and concentra-
tion outlines. Figure 6 shows that the fluid velocity grows
in the constituency 1<r < 1.5, but this behavior observed
retreat in the lasting of the region. It is observed from graphs
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FiGgure 19: Consequence of Br on temperature in RM.

7 and 8 that the temperature profile increases while the con-
centration profiles decrease both in the presence and
absence of magnetic field. Furthermore, while comparing
the effects of the Reynolds model case and Vogel model case
on the velocity field, we revealed that the melting velocity

across the die enhances for the Reynolds model but is con-
strained somewhat for the Vogel model, especially near the
die boundary.

Figures 9 and 10 show the variation of temperature pro-
files for various values of Nb. It is observed that the heat
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F1GURE 22: Impact of Br and Nb on —6'(1) in RM.

transfer inside the die increases with the increasing vales of
Nb. It is also investigated that the temperature profiles
increase in the region 1 <r < 1.4 for Reynolds and Vogel sit-
uations; however, the behavior in the rest of the state is the
total opposite. Furthermore, in the RM situation, the tem-
perature field, 6(r), overcomes the Vogel case. With increas-
ing Nb, the stochastic collision among nanoparticles and

liquid molecules increases, causing a flow to become heated
and the nanoparticle’s concentration field to decrease (see
Figures 11 and 12). Furthermore, the magnetism has no dis-
cernible effect on the ¢(r) field at any location on the die.
As shown in Figures 13 and 14, the significance of Nt on
heat transfer rate is similar to that of Nb. The convective
heat transfer force is a force that causes nanomaterials to
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spread into the surrounding fluid as a conclusion of a tem-
perature difference. The enhancement of thermophoretic
force causes nanoparticles to transfer deeper into the poly-
mer. As a result, the temperature distribution increases fash-
ionable nearly half of a domain. Figures 15 and 16 show that
the concentration profile declines as Nt increases. This is
true in both cases, i.e., in the presence and absence of a mag-
netic field for Reynolds and Vogel models.

Figures 17 and 18 show the effect of viscoelastic parameter
B on velocity profile (w(r)) both for Reynold and Vogel
models, respectively. In non-Newtonian parameter, denomi-
nator contains rheological properties. So, the fluidity of the
polymers decreases with increasing 3. As a consequence, the
melting polymer moment increases as the non-Newtonian
parameter increases. However, the effect of 8 on velocity filed
is additionally noticeable in the Reynolds model as compare to
Vogel model. The non-Newtonian feature implies that the
coating polymer movement can be increased.

The influence of Br upon 6(r) viscosity is seen in
Figures 19 and 20 for the Reynolds and Vogel’s model
models, respectively. A larger amount of Br enhances the
0(r) profile. Brinkman number denotes the relative value of
viscous heating by conduction of heat. Furthermore, in
Vogel’s case, the thermal profile varies substantially more
for Br than in the RM case. This is validated by the results
of studies published by Shah et al. [28].

Figures 21-23 show the effect of 8, M, Br, Nb, and Nt on
60'(1) designed for RM and VM case. It is observed from
Figures 21(a) and 21(b) that 0'(1) is larger with greater
values of § and decreases in increasing M in VM case.
Figures 22(a), 22(b) and 23 indicate the effect of Br, Nb,
and Nt on 6'(1) for VM and RM. Tt is observed that 6'(1)
decreases for Br, Nb, and Nt. This is true in both RM and
VM scenarios. Additionally, in the situation of RM, force
at the surface of the total wire plus shear and force at the sur-
face area are greater than VM.

5. Concluded Remarks

Regarding RM and VM situations, the significance of
temperature-dependent-viscosity in hydromagnetic heat/
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mass molecular diffusion of third-grade fluid through nano-
particle concentration is investigated. Variable viscosity has
a significant impact on all fluid flow. Viscosity influences
can efficiently control the heat transport of resin in a die.
For bigger values of random motion and thermal radiation,
the temperature gradient is enhanced in the first quarter of
the section, but negative behavior occurs in the second half.
Furthermore, the Brownian motion factor increases the con-
centration profile, but the thermophoresis factor shows a
decrease. It is perceived that when the viscosity factor
increases, the polymer melt flow increases, but the heat as
well as concentration profile decreases. Because of increasing
the variable viscosity component lowers the bulk viscosity, as
a consequence, the fluid velocity rises whereas the tempera-
ture and concentration fields decrease. From this study, it is
also analyzed that fluid velocity grows in the constituency
1 <r< 1.5, but this behavior observed retreat in the lasting.
It is also investigated that the temperature profile increases
while the concentration profiles decrease both in the
occurrence and deficiency of magnetic field. The influence
of 3 on velocity is additional perceptible in the Reynolds
model than in the Vogel model. The non-Newtonian fea-
ture implies that the coating polymer movement can be
increased. A larger amount of Br enhances the 6(r) profile
since the Brinkman number denotes the relative value of vis-
cous heating by conduction of heat. In Vogel’s model, the ther-
moelectric field varies more strongly than in the Reynolds
models case. In RM, the force happening on the total surface
of wire and shear stress at the surface is greater than the
VM. When RM prevails over VM, the influence of nanomate-
rials is positive for force on the entire wire and shear forces at
the surface.
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