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Abstract

Non-Newtonian fluids, particularly those with high viscosity
and complex flow behavior, present unique challenges in
manufacturing processes. The modeling of their flow
dynamics is crucial to achieve the desired outcomes in indus-
trial applications. This study aims to theoretically model and
analyze the flow dynamics of the Eyring—Powell fluid under
varying temperature conditions using lubrication approxima-
tion theory and perturbation method. To simplify the
mathematical formulation of fluid flow motion, lubrication
approximation theory is applied. Using a perturbation
method, the dimensionless governing equations are solved
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to derive expressions for velocity, pressure gradient, and pres-
sure distributions. Numerical integration is then used to cal-
culate critical engineering parameters, such as power input
and roll-separating force, offering practical insights for opti-
mizing the manufacturing process. Additionally, using the
response surface method, Nusselt number (Nu), sheet thick-

ness , and shear stress (Sy,), simulations were carried out to
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investigate the influence of variable viscoelastic parameters on

the response functions (Nu, g and Syy). The virtuousness of
0

appropriate of the empirical model is obvious based on the coef-
ficient of determination (R?) obtained from the analysis of
variance. The findings reveal that the Weissenberg number,
viscosity parameter, and Brinckmann number significantly
influence velocity distribution, pressure profiles, power input,
and roll-separating force, which are critical factors in the calen-
dering process. Furthermore, the heat transfer rate shows an
increase of approximately 5% with the rising values of the
involved parameters, highlighting their significant influence
on thermal performance. The coefficients of determination
(R?) rise by about 99% for all response parameters, indicating
the empirical model’s goodness of fit. These results provide
valuable insights for engineers and researchers working on
the calendering process of non-Newtonian fluids with complex
rheological behavior, enabling better optimization of manufac-
turing processes and improved industrial outcomes.

Keywords: calendaring, non-Newtonian fluid, lubrication
approximation theory, response surface methodology, ana-
lysis of variance, temperature-dependent viscosity

Nomenclature
U velocity of the rollers [?]
H half of the nip region
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m viscosity parameter

R(m)  radii of the roll

p fluid density [;—g]

A dimensionless leave off distance
We perturb (small) parameter
Br Brinckmann number

F roll separation force

Du power input

% final sheet thickness

%’ pressure gradient

p(x) pressure profile

0(y) temperature profile

1 Introduction

A fluid’s resistance to flow is highly influenced by tempera-
ture, pressure, and shear rate, all of which play crucial
roles in determining the fluid’s behavior. The kinetic
energy of fluid particles generates temperature within
the fluid, and higher temperatures can significantly alter
fluid properties, with viscosity being particularly sensitive
to temperature increases. In fluids with variable viscosity,
viscosity responds rapidly to changes in temperature,
resulting in alterations to the fluid’s flow structure.
Research on non-Newtonian fluids with temperature-
dependent viscosity has been of significant interest for
many years due to its importance in diverse industrial
applications. This area encompasses a broad spectrum of
phenomena relevant to processes such as oil drilling, food
processing, and polymer manufacturing, where effective
heat transfer is critical to operational efficiency and pro-
duct quality. In these industrial settings, variations in
viscosity can profoundly impact process efficiency and
effectiveness. For example, understanding how viscosity
varies with temperature can improve control over mixing
uniformity and product consistency in fluid mixing appli-
cations. Thus, precise modeling and simulation of viscosity
variations are essential for theoretical insights and for
improving the design and efficiency of commercial opera-
tions, such as calendering [1].

The process of pulling molten polymer through the nip
area in the middle of two sets of rotating rollers to create a
sheet with a specific thickness is known as calendering.
This process is integral to various industries, including
textile, metal, paper, plastic, and tire manufacturing,
where consistent material properties and controlled thick-
ness are essential. Originating in the mid-nineteenth
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century, calendering technology was publicly demon-
strated by inventors Edwin Chaffee and Charles
Goodyear, marking a pivotal advancement in material pro-
cessing. The first quantitative analysis of calendering,
undertaken by [2] in 1938, introduced the application of
lubrication approximation theory (LAT) within Newtonian
hydrodynamics to address flow behavior at low Reynolds
numbers, a regime typically encountered in calendering
due to slow flow rates and narrow gaps. This analysis
paved the way for more complex modeling approaches.
Paslay’s [3] work on the Maxwell model in calendering
further advanced the theoretical framework, assuming
Weissenberg numbers less than one to account for the vis-
coelastic response of polymeric fluids under flow. Experi-
mental insights also contributed significantly to calendering
science. In 1951, Bergen and Scott [4] conducted pioneering
measurements of internal pressure distribution within the
calendering system, providing critical empirical data for
model validation. Gaskell’s [5] study expanded upon this
by offering the first theoretical analysis involving Bingham
plastic and Newtonian fluids, noting that the interval width
between rolls is negligible compared to the roll radii factor,
which has considerable implications for flow stability and
film uniformity. Thermal effects in calendering were subse-
quently addressed by Kiparissides and Vlachopoulos [6],
who used a power-law fluid model to explore heat transfer
dynamics. Their work involved solving the flow equations
via the finite element method (FEM), showing strong agree-
ment with experimental observations by Bergen and Scott,
and highlighting the importance of temperature control in
calendering applications. Tadmor and Gogos [7] and Bra-
zinsky et al. [8] extended these analyses specifically for vis-
cous power-law fluids commonly encountered in polymer
processing, thus providing a comprehensive view of calen-
dering flow behavior. Alston and Astill’s [9] study advanced
the computational methods used in calendering analysis by
employing a hyperbolic tangent model, combined in the
company of Gauss-Legendre cartesian and cascade repeti-
tion, to quantify spread height and peak roller pressure, as
well as their interdependencies. Theoretical advancements
in the coating process have been extensively discussed in
textbooks; interested readers may refer to these sources for
further details [7,10,11]. Later, in 1988, Zheng and Tanner [12]
applied the Phan-Thien-Tanner model to further elucidate
the viscoelastic flow characteristics within the calendering
mechanism, underscoring the impact of non-Newtonian
behavior on the procedure.

Newtonian and power-law fluids in calendering were
thoroughly examined by Mitsoulis et al. in a two-dimen-
sional, non-isothermal framework. Mitsoulis et al [13]
using the FEM without employing the LAT. Later,
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Arcos et al. [14] explored the supremacy of various con-
stants on sheet broadness in calendering using a tempera-
ture-dependent power-law fluid model, observing a 6.11%
reduction in thickness compared to isothermal conditions.
Sofou and Mitsoulis [15] extended this inquiry by simu-
lating the finite sheet thickness calendering process for
viscoplastic fluids modeled with the Herschel-Bulkley fra-
mework. A notable contribution by Hatzikiriakos [16] pre-
sented a numerical simulation focusing on the calendering
of viscoplastic fluids, providing insights into material beha-
vior under different calendering conditions. Arcos et al.
[17] further advanced the understanding of calendering
by employing a Newtonian fluid model that incorporated
thermosensitive viscosity effects on sheet broadness.
Within a separate investigation of non-isothermal flows
in Casson fluids, Zahid et al. [18] addressed the complex
thermal dynamics present in the calendering process. The
work by Herndndez et al [19] examined a particular
impact of pressure-dependent viscosity on sheet broadness
at the exit of the calendering procedure, highlighting how
pressure variations influence final product dimensions.
Additionally, Arcos et al [20] developed a theoretical
model for calendering utilizing a more comprehensible
Phan-Thien-Tanner essential equation beneath the lubri-
cation approximation theory estimation. In investigating
viscoelastic fluid dynamics, Ali et al [21] scrutinize the
effects of finitely extensible nonlinear elastic peterlin fluid
(FENE-P) moisture in calendering, demonstrating signifi-
cant viscoelastic influences on the process. Calcagno et al.
[22] developed an analytical model for predicting pressure
and tension profiles during calendering using Newtonian
and power-law fluid assumptions. Their results aligned
most closely with experimental findings when employing
the Newtonian model. Most recently, Zahid et al [23]
presented a theoretical investigation on calendering with
variable viscosity for third-grade model, analyzing how
specific material properties influence the thickness of
calendered sheets.

Most theoretical works in this dynamic research field
concentrate on adhesive moisture; others are usually
Newtonian. Numerous academics have included non-
Newtonian vapors in their physically modeled issues, indica-
tive of their widespread application in commercial settings.
Here, theoretical investigation of non-Newtonian fluid
dynamics is of primary interest [24]. A specific innumerable
implementation of non-Newtonian in the technical, indus-
trial, and commercial production sectors has increased
interest in their study. Several authors have shown that
non-Newtonian fluids apply to research [25]. Several studies
have illustrated the various uses of non-Newtonian vapors.
Several fluids collapse under this section, encompassing
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paper pulp, mayonnaise, cleaning agent, seashore, plastic
melts, milk, and slurries. The Navier-Stokes identification
can narrate the drizzle deportment of Newtonian fluids.
Despite that, viscoelastic fluids’ flow behavior with all of its
essential qualities is not in a position to be sufficiently nar-
rated by a unique equation. Consequently, scientists and aca-
demics have proposed several non-Newtonian constitutive
models. The viscoelastic fluid, power-law fluid, Cassion
fluid, distinctive class fluid imitation, Sisko fluid, FENE-
P fluid, Oldroyd family’s fluid, micropolar fluid, along
with Eyring—Powell fluid, are a few examples of these
patterns. We selected a specific Eyring—Powell fluid ver-
sion, a non-Newtonian fluid imitation first presented
among several fluid models [26,27]. This model performs
better than previous viscoelastic fluid models in assorted
areas. There are two main reasons why it offers many
benefits. First, it uses the kinetic theory of object interac-
tions instead of depending on the experimental formulas.
Second, as is typical of Newtonian fluids, Eyring—Powell
modeling responds to high and low shear rates.
Researchers have talked a lot about the critical compo-
nents of the Eyring—Powell fluid.

In the immediate years, there has been an extended
use of experimental techniques to investigate the connec-
tions in the middle of free and response variables in com-
plex systems. The hybrid statistical-mathematical
approach known as response surface methodology (RSM)
has gained significant traction among these methods. The
primary objective of RSM is response optimization, which
is particularly valuable for solving problems in heat
transfer and fluid dynamics, as it aids in optimizing
desired flow patterns. For instance, Darbari et al [28]
wore RSM to scrutinize a certain consequence of tempera-
ture and velocity on the standard Nusselt together with
Reynolds numbers of nanofluids. Their study focused on
nanofluids flowing through a straight, circular conduit
under a steady thermal flux in the laminar regime. The
RSM analysis revealed that temperature and velocity sub-
stantially impacted the dependent variables, with a notable
interaction effect between these factors. As a result, RSM
has become a widely adopted tool across various research
domains for analyzing and optimizing complex interac-
tions between multiple variables.

As far as we know and the scientific literature review,
no attempt has yet been undertaken to analyze the calen-
dering process using the Eyring—Powell model with visc-
osity temperature-dependent. Thus, the current work’s
goal is to ascertain how, throughout the calendering pro-
cess, the fluid parameter influences the leave distance,
power input, velocity, final sheet thickness, and other
quantities of engineering interest.
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An examination of the structure and content of the In light of these gaps identified through the literature
literature mentioned earlier reveals several critical review, the primary objectives of the present study are as
observations: follows:

» Numerous studies have explored the calendering process * To construct a robust mathematical model for the calen-
involving various non-Newtonian fluids, often assuming dering process using an Eyring—Powell fluid with tem-
constant thermophysical properties. However, there perature-dependent viscosity, incorporating Reynold’s
remains a notable gap in research that explicitly viscosity model to account for variable viscosity effects.
addresses the impact of temperature-dependent visc- To investigate the influence of temperature-dependent
osity, particularly in the context of Eyring—Powell fluids. viscosity on the dynamics of the calendering process,

* A significant number of studies fail to comprehensively emphasizing its implications for real-world applications.
analyze key engineering characteristics, such as sheet ¢ To examine the effects of pertinent parameters on cri-

thickness, Nusselt number, shear stress, roll/sheet separ- tical engineering factors, including coating thickness,
ating force, and power transmitted from the roll to the shear stress rate, heat transfer coefficient, roll/sheet
fluid. These parameters are crucial for optimizing indus- separating force, and power transmitted from the roll
trial processes and ensuring high-quality outcomes. to the fluid.

Additionally, there is limited focus on the concurrent To identify and address the limitations associated with
optimization of critical performance parameters, such achieving dual optimization goals of the maximizing the
as heat transfer rate, sheet thickness, and shear stress heat transfer rate while minimizing the shear stress rate
rate, which play a pivotal role in achieving efficient and through the application of advanced optimization
effective manufacturing processes. techniques.

Comparison of existing studies on the calendering process was made using different non-Newtonian fluid models and
contributions of the present study.

Author(s) Fluid model Process type Limitations Findings
Javed Ellis fluid Calendering Did not consider Investigated coating performance at constant
et al. [29] temperature viscosity
effects
Javed Johnson-Segalman Calendering Neglected mag- Did not consider variable viscosity
et al [30] fluid netic field
interactions
Abbas and Cu-water nanofluid Calendering Did not con- Explored effects of different parameters on velocity
Khaliq [31] sider RSM and temperature, etc.
This study Eyring-Powell fluid Calendering Ignore MHD and Novelty: incorporates temperature-dependent
slip effects viscosity with hybrid perturbation + RSM analysis

for calendering process

2 Problem desc ription and + The radius of each calendar is R, revolves with a persis-
g overnin g e q uations Fen.t angl.llar veloc1ty w in the s.amc.e dlrectlF)n, prgvokmg
inside a linear velocity concerning its exterior designated

by U = wR.

The following presumptions are expressed:

* Figure 1 shows the calendering process sketch in which a
non-Newtonian model’s thin film separates two rolls.

+ Since many materials used in calendering are frequently
non-Newtonian, the Eyring-Powell model is considered
to have temperature-dependent viscosity.

* Figure 1 shows a small separation region between calen-
dars known as the nip area, with a gap length of 2H,.

+ Certain roll surfaces occur concerning a sustained tem-
perature Tp.

* Due to the symmetry of the physical model, we consider
the upper side of this configuration only for convenience.
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Figure 1: Illustrative depiction of the calendering procedure.

Without body forces, the momentum, mass, and
energy equations are as follows [1,32]:

V- V=0, @
DV
Y _ dive - )
P divt - Vp, 2
DT
pCp D_t] =kV3T+1 - VV, 3

where p corresponds to the constant fluid density, C,
represents the specific heat capacity, T represents the tem-
perature profile, V denotes the velocity field, p signifies the
pressure, k stands for the thermal conductivity, and T
denotes the stress tensor.

The following is the material derivative:

DO _ 90 | v .
TF = S (V0. 0

Scientists and engineers frequently reduce mathematical
models to produce helpful approximations when working
with complex physical systems. This procedure aims to
improve comprehension of the physical system by empha-
sizing essential elements such as velocities, forces, fluxes,
and other pertinent elements. We employ lubrication approx-
imation theory in light of the aforementioned presumptions.
The lubrication approximation theory indicates that the most
significant dynamic events occur in the nip region, providing
a basis for a thorough investigation.

The velocity profile of a balanced, incompressible, two-
dimensional flow with laminar features can be noted as
follows:
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V = [u(x, y), v(x, y)], ®)

where a specific velocity component within the x- and
y-directions are nominated by the variables u(x, y), and
v(x,y), separately.

2.1 Rheological model

The viscoelastic Eyring—Powell model’s description of the
rheological characteristics is examined in this work. The
following equations provide the Eyring—Powell model
[33-35] in mathematical representation:

inh-1
sinh °c

tr(4)? ]

T=ﬂA1+— (6)

——— A,
B Juay !
2
where u represents the viscosity; A; denotes the primary
Rivlin—Ericksen tensor; and B and C are the constants of

the EP fluid version:
A= (V)T + WV, @)

where VV denotes the velocity gradient and is desig-
nated as

ou odu
ax dy
v ouf
ox oy

)

=

With the use of Egs. (5) and (6), the constituent appear-
ance of the governing equations is written as follows:

ou ov
—+—=0, 9
ox oy ©)
07
p ua—u + va—u - A - (10)
ox ay ox  ox ay
ot ks
puﬂ+v6—v=—a—p+i+l, an
ox ay ay ox ay
o [uaT 2T O°T  OT]  ou
U, TV T K 52 T 502 RPN
ox 0 ox 5} d
4 4 Y 12)
cofou, ), o
Play  ox| Yoy’

By applying the Taylor augmentation to the inverse
hyperbolic expression in Eq. (6), we obtain the non-zero shear
stress component in the simplified version as follows:

3
a”] . (13)

ay 6 BC3

1 ]au 1
oy

= + —
by [” BC
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The following are the boundary conditions (BCs) in the
proportion configuration linked to Eqs. (10)-(12):
ou oT
=0:—=0:—=0,
YTy Ty
y=hx):u=U:T=T1

(14

For the R > H,, the roll surface is approximately par-
allel and extends to any direction or in the +x direction,
from the nip. As a result, we conclude that the flow in the
nip region is parallel.

The pressure, velocity, and fluid temperature profiles
are represented by the letters p, u, v and T in Egs. (9)-(12).

We do an order of magnitude study to quickly deter-
mine the typical temperature, pressure, and velocity scales.
The following scales for y, x, as well as u changes should be
identifiable.

y~Hy, x~L;, u~"U. 15)

Considering a particular mass conservation identity,
Eq. (1), as well as a certain connection outlined over Eq.
(15), we conclude that

Ve  Hp

U L

<1 (16)
According to a specific connection exceeding the long-
itudinal predictable length, represented by L. = \/2RHj, it
is more significant than a particular disposition of immen-
sity of a certain transverse speed V.. Examine the tenable
claim that a certain crucial dynamic affair occurred in the
rolls nip region. Characteristic scales will be used in the
next section to properly non-dimensionalize the system.

2.2 Non-dimensionalities, together with the
lubrication approximation theory

Non-dimensional restriction can simplify complicated fluid
flow problems and provide insightful information; they are
highly significant in various scientific and engineering
domains. Physical occurrences. This segment offers the
dimensionless identities required to work through the
non-isothermal calendering process. We identify the fol-
lowing non-dimensional variables based on the order of
magnitude analysis from earlier [10]:

L—l—g ——l X = X ‘7—1&
v " w X R T u\H

(17
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Egs. (9)-(13) are modified to provide the two-dimensional
equations in dimensionless form by applying Eq. (17):
ou ov

=0
ax oy a8
ou  du op 0Ty Oy
Zpy—|= e X 2 19
8Rel“6x+v6y 86x+66x T a9
ou ou op 0Ty 0Ty
2Relult + v 2= 2L L 522 p ;222 (20
eReluaX+v6y ay+66y 66x’ (20)
3T _ ai
6)72 + BI'TXya—)7 =0, (21)
on  1_ fou
- ou _ Igplo% (22)
T = W N5 3Nﬁ[ ay’
Because of Eq. (22), Egs. (19) and (21) yield
g opou | 1 (ea)|om dp
. ot | LA de0
ay> 9y ay 3" ay | |oy%  dx
T foa} 1_. (oa)
— +Br(u + N)|—| - =NBBr|—| =0. (24
ay7 T Bl )ay] 3 NPBI 55

The following are the relationships for the non-dimen-
sional variables over Eq. (23) as well as (24):
U2

— 25
2C2H; @)

B = h =+(1+ x%, Br=PrxEc,
where Br is the Brickman number, an immeasurable quan-
tity representing the viscous-to-inertial force ratio in a fluid
flow system, and Pr along with Ec is the Prandtl together with
Eckert numbers. Furthermore, it is explained as the sum of
the Eckert and Prandtl numbers. The viscosity models and
solution process are presented in the next section. For clarity,
we remove the overbars for dimensionless variables in the

equations for clarity.

3 Viscosity model

Unique patterns are selected to depict a specific fluid
according to its viscosity. In particular, the viscosity is a
function of the fluid’s temperature, and the imitation, as
mentioned earlier, is known as a specific Reynolds model.

3.1 Reynolds model

To describe a given Reynolds dummy, a dummy with fluc-
tuating viscosity, we shall ascertain a particular viscosity
worth in terms of temperature as follows:

u=eM 26)
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where (a is any constant) and M = a(T; - Tp). If We is a
small perturbation parameter, then let M = We m.
Furthermore, a material parameter, m, illustrates how
temperature affects the variable viscosity. With Taylor
expansion, Eq. (26) is reduced to

dT(y)

—u=—Wem dy

u=1-WemT(y), 27

Based on the previously described presumptions, the
equation relating to motion and heat is defined as

dzu(y) dT(y) du(y)
"y o
We N,B[du(y) “duly) dp

1-We

mT(y))

u(y) 28)
dy? 3

+ We N dy a? I

Zy())) + Br(1 - We mT(y))I (Y)]

29)

_ BrWe Nﬁ[du(y) '

e} e

dy

BCs are [10]

0
y=0:%=0:a—=0,
dy oy

y=hx)=x*+1:u=1:0=0.

(30)

The expression for flow rate in dimensionless form,
which will help to find the value of pressure gradient,
can be corresponded in the formation as [10]:

h(x)

e=1+2= [upay.

0

(3D

The approach of Eq. (28) along with (29) represents the
prominent lubrication estimation [17] for Eyring—Powell
fluid accompanied by thermosensitive viscosity. It must
be esteemed that these identities are coupled and non-
linear. So, in the following section, we prevail the propor-
tionate velocity, pressure gradient, pressure, and tempera-
ture profiles by solving Egs. (28) and (29) with the help of
BCs given in Eq. (30) using the perturbation method.

4 Asymptotic solution for We « 1

To find the sheet thickness, pressure, detachment point,
temperature distribution, and dimensionless velocity

9mAy + 18arctan(Ag)Ay + 6mA¢ + 12arctan(Ao)A¢ + 18A¢ - 37 - 6arctan(Ao) + GAO
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profile, Egs. (28) and (29) have no exact solution; we try
to determine an asymptotic solution, using We as the per-
turbation parameter and applying the regular perturba-
tion method. For We < 1, one can take

uy, x) = up(y, x) + We wy(y, x) + We? wy(y, x) + ..., (32
dp _dpy dp, , 4D,
— — + .. (33
ax T Weg T W e
p(x) = py(x) + We p;(x) + We? p,(x) +.., (34)
9=00+W661+We2 0, + (35
A=A+ WeA + We? A + (36)
where the leading-order solutions ug, pj, % and Ag

denote the Newtonian case [10], and the correction up to
first-order terms is represented by w, p,, % and Ay,
which includes the non-Newtonian effect’s contribution.
where h(x) = x* + 1, by equating the coefficients of We?
and We!, we may derive the series of the boundary value
problems by expanding Eq. (28). The following subsection
discusses zeroth together with first-order problems and

their solutions.

4.1 Zero-order problem and its solution

The first-order partition value dilemma

d
uo(y) = eﬂ @37
BCs are
au()
= C— = ()’
y ay (38)

y=h(x)=x2+1:uy=1

The solution of Eq. (37) with help of BCs given in Eq.
(38) is as follows:

1
uo(y) = 5 O(yz - h?) + 1. 39
The zeroth-order pressure gradient is as follows:
2 _ 2
apy _ 3% - xY) (40)

dx e+ 1)

From the aforementioned equation, the zero-order
pressure is

(41)

po(x) =

16eA¢ + 16¢
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The exceeding mathematical form is uncoordinated in
Ao. It is not conceivable to perceive it, which requires a
solution for which a logarithmic algorithm exclaims the
Newton-Raphson method is initiate with predefined pre-
cision, so the approximate solution is

Ao = 0.47512. (42)

For this value of A, the sheet thickness to most minor
gap compass proportion is capable of to 1.226, which is
similar to Middleman [10].

4.2 First-order complication and its emulsion

The first-order boundary value obstacle

_ 2ePix*®
3

- 6ePx16 + |-24eP; + 2A -
_ 9A0*mBr

3BrA0®m
2

3y + g |(CP 7 B S0 - Sty

ul(Y) - 4(X2 + 1)9

+ (18mBr - 12A)A0% - 84¢P; - 9mBr + 304

- 1840*mBr + (27mBr - 30A4)A0% - 84¢P; — 6mBr + 404

6BrA05m - 2710*mBr + (18mBr — 404)A02 +
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d? d? d d
@Lﬁ()’) - mGO(Y)[@uO(Y)] - m[@%()’)][@“o()’)]

d 2 d2 (43)
4 d—zu |- Aﬁ[@“o()’) @uo()’)] i 8%
dy? o 3 T Vdx
BCs [10] are
oy 691
=0:—=0:—>=0,
Y ay ay (44)

y=h(x)=x*+1:u;=0:6,=0.

The solution of Eq. (43) with aforementioned BCs is

9mBr

]Aoz_
56eP; — 6mBr + 12A

ESmBr]X14 . [—ZA + 12,

104

X8+

m(h* + h%y* + y* - 3)Br

9BrA0%m - 1810*mBr +

-24¢P; + 12A

3m(h* + h%y* + y* - 3)Br

6BrA0®m + 2

3AB(R* + y*)
~12420% - 6¢P; + 24
_ m(h* + h%y* +y* - 3)Br
2

The aforementioned identity requires an unrevealed
pressure gradient %, and it can be procured as defined in

a zero-order solution. Due to complex and lengthy expres-
sions, equations are not displayed here.

5 Temperature distribution

We are now using the velocity distribution in Eq. (29), and
with the help of Eq. (30), we obtain the following system of
ordinary problems for the temperature profile.

2 x5+
(45)
_3m(h* + hy* +y* - ?;)Br+
2 202 ,
X *+
3A(BH? + By* - 10)
4
pot ,,
+ AB(h% + y*)A0° - 2420% - @]
5.1 Zero-order problem and its solution
G d ’
& o) = —Brl = , (46)
1 Ih(y) Br[ dy uo(y)’
BCs are
0.9
oy 47

y=h(x)=x*+1:6,=0.

Solution is
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3(=20 + X)%(A0 + )’ (x2 + y + (X2 - y + 1)(x* + 2x* + y? + 1)Br
T(y) = ( )( (Xt +y 2)( Gy X y~ + DBr 48)
4(x= + 1)

5.2 First-order problem .
By = [1y(x, D, (52)
d_zgl(y) + 9Br iuo(y) iul(y) where B, = % is a particular dimensionless power and

dy? dy dy I
TxyHg . . .
2 Ty = - 1S the dimensionless stress tensor.
d Xy uu
= Brmfy(y) @uo()’) (49)
d 4
R )
+ Bry @uo(y) S 7 RSM
BCs are -

The RSM-based statistical approach has been presented to
ascertain the relative contributions of independent and
y=0: 90, =0, dependent components. Operate a miniature numeral of
oy (50) planned experiments; RSM is a strategy for creating models,

y=h(x)=x*+1:6,=0.

The expression for the first-order temperature is not
presented here due to its large size. However, the solution
to the first-order problem can be obtained by combining
the zero-order and first-order approximations for the velo-
city, temperature profile, pressure gradient, and pressure
distribution. Similarly, the detachment point and other
engineering quantities are calculated using the numerical
algorithm presented in Tables 16 and 17. Next, we will
present the mathematical expression for the operational
variable.

6 Operating variables

All other significant values can be easily obtained after
determining the expressions for velocity, pressure gra-
dient, and pressure distribution. These calculations are
made for a particular engineering operating variable.

It is specified that a given roll-separating force F
[10,29] is

A

F= J'p(x)dx, 1)

_ FHy =, . . . .
where F = LURW F is a given dimensional roll-separating

force per unit broadness W.

A calculation of the power transferred [29] to the fluid
by roll involves integrating the result of the roll’s surface
spread over its surface, which is acquired by establishing
the shear stress:

conducting tests, assessing abundant elements’ influence,
and regulating the ideal circumstances for desired answers.
RSM is useful in illustrating the correspondence between a
designated set of feed-in variables, a particular response
over a defined region of interest, and the input values that
will result in a maximum or minimum response. Today,
RSM is utilized in many different domains and applications,
including the biological, clinical, and social sciences, in addi-
tion to the physical and engineering sciences, where it was
first established to identify ideal operating conditions for the
chemical industry. It generates a link between input factors
and output responses using analytical and numerical simu-
lations. Two input variables are the We and m, and three

. H
response variables are the Nu, o and S,,. Here are the
0

model’s specifications:

3 3
Responses = f, + B + Y ol + Y ffpe, (59
i=1 i=1

where the physical components are x; and x;, and the resi-
dual and the regression variables are 5, f;, and ;. Both
linear and quadratic effects are included in the generic
regression model that is displayedpreviously. There are
13 runs in the experimental design. Response variables
are documented and situated on the coded values.

A specific central composite design (CCD) is the pre-
ponderance well-received of the second-order models
employed by RSM. In 1951, Box and Wilson put out the
idea. The published literature suggests using a three-level,
face-centered CCD inside a particular RSM framework. Full
replication is used, which includes factors at the medium
(0), high (1), and low (1) levels of specific specified para-
meters in the innovative composition.
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Table 1: Parameters with their symbols and levels

Codes Variables Level

Low (-1) Intermediate (0) High (+1)
A We 0.10 0.50 0.90
B m 0.50 2.50 4,50

A particular investigational design and CCD-RSM suc-
cession proposed the combined scurry, displayed in Table 1
with the 13 numerical runs utilizing CFD Nu.

7.1 Analysis of variance (ANOVA)

Table 2 lists a particular result of specific numerical tests
(Nu, g, and S,y). Regression analysis has been utilized to
0

construct mathematical models. The fitted regression
models were evaluated for suitability and accuracy using

Table 2: Experimental outline and responses

DE GRUYTER

the ANOVA and sequential ftest. The means of multiple
groups are compared using the statistical technique known
as ANOVA. Fisher first introduced it, consisting of standard
statistical metrics that filtered out models to identify the
most suited for unnecessary words.

Tables 3-5 display the ANOVA results, which are uti-
lized to identify the correlations between the independent
input components and the Nu, % and Sy. The result vari-

able for various combinations of the input values is calcu-
lated in a series of test runs to estimate the model coeffi-
cients. Regression analysis techniques are then used to
identify the best-fit coefficient values through data ana-
lysis. Various statistical measures, such as a given F-value,
a specific p-value, a certain degree of freedom (DOF), a
particular mean sum of squares (MS), along with a specific
sum of squares (SS), are employed to calculate the magni-
tude to which the model matches the figures successfully. It
has been determined through the computation of p-values
that the three factors receiving investigation significantly
influence both replies, with the p-value being below 0.0001.

Factor 1 Factor 2 Response 1 Response 2 Response 3
Std Run Space type A: We B: m Nusselt number Sheet thickness Shear stress
6 1 Axial 0.9 25 -0.116348 1.23242 -0.4996
13 2 Center 0.5 2.5 -0.0986044 1.22944 -0.42778
7 3 Axial 0.5 0.5 -0.108189 1.236 -0.45664
8 4 Axial 0.5 45 -0.0885624 1.22264 -0.4
n 5 Center 0.5 2.5 -0.0986044 1.22944 -0.42778
10 6 Center 0.5 2.5 -0.0986044 1.22944 -0.42778
5 7 Axial 0.1 25 -0.0808603 1.22648 -0.35635
2 8 Factorial 0.9 0.5 -0.133602 1.24438 -0.55987
12 9 Center 0.5 2.5 -0.0986044 1.22944 -0.42778
3 10 Factorial 0.1 45 -0.0788519 1.22512 -0.35138
1 n Factorial 0.1 0.5 -0.0827773 1.22777 -0.36119
4 12 Factorial 0.9 45 -0.0982729 1.22018 -0.44461
9 13 Center 0.5 2.5 -0.0986044 1.22944 -0.42778
Table 3: ANOVA for quadratic model for Nusselt number
Source Sum of squares Df Mean square f-value p-value
Model 0.0027 5 0.0005 84515.75 <0.0001 Significant
A-We 0.0019 1 0.0019 2.929 x 10% <0.0001
B-m 0.0006 1 0.0006 90847.65 <0.0001
AB 0.0002 1 0.0002 38761.66 <0.0001
A 0.0000 1 0.0000 0.0000 1.0000
B 1.441 x 1077 1 1.441 x 1077 22.66 0.0021
Residual 4.452 x 1078 7 6.360 x 107%°
Lack of fit 4.452 x 1078 3 1.484 x 107%®
Pure error 0.0000 4 0.0000
Cor total 0.0027 12 0.0005
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Table 4: ANOVA for quadratic model for sheet thickness
Source Sum of squares df Mean square F-value p-value
Model 0.0004 5 0.0001 96017.21 <0.0001 Significant
A-We 0.0001 1 0.0001 56727.36 <0.0001
B-m 0.0003 1 0.0003 2.959 x 10% <0.0001
AB 0.0001 1 0.0001 1.274 x 10% <0.0001
A 1.639 x 107%° 1 1.639 x 107%° 1.80 0.2217
B 2.967 x 107%8 1 2.967 x 107%8 32.56 0.0007
Residual 6.379 x 107 7 9.112 x 107"
Lack of fit 6.379 x 107 3 2126 x 107%°
Pure error 0.0000 4 0.0000
Cor total 0.0004 12
Table 5: ANOVA for 2FI model for shear stress Tables 3-5. By evaluating p and F values, the discrepancy
in a given data and the dummy significance are deter-
Source Sumof Df Mean F-value p-value mined. The detailed discussion about p and f values for
squares square the Nusselt number is that the Forecast R* of 0.9998 is in
Model 0.0398 3 00133 620591 <0.0001 Significant coherent agreement with the conformed R? of 1.0000; ie.,
A-We 0.0316 1 0.0316 14747.34 <0.0001 the difference is slighter than 0.2. Adeq precision standard
B-m 00055 1 00055  2571.42 <0.0001 the signal-to-noise ratio. A ratio greater than 4 is desirable.
AB ) 0.0028 100028 1298.97 <0.0001 The ratio 1012.741 signifies an adequate signal. This para-
Residual 0.0000 9 2140 . - . N .
% 109 digm can facilitate map-reading inside the design space.
Lack of it 0.0000 5 3.852 The model F-value of 84515.75 designates the model’s sig-
x 10796 nificance. It is approximately 0.01% likely that an F-value
Pure error  0.0000 4 0.0000 of this size would result from random noise. P-values
Cor total  0.0399 12

The quality of fit is evaluated by considering the depen-
dence on multiple indices. A specific p-value for each fitted
dummy is slighter than 0.0001 for the initial deficiency of fit.
Second, the model’s ability to account for response variation
is demonstrated R?* and modified R%. The R? value in a
regression model is a particular percentage of discrepancy
in a particular dependent variable that can be spell out by
the independent variables. When the R? value is higher, it
stipulates that a specific model of regression fits the data
well. In this case, the R? value is measured at about 99% for
all response variables; this implies that this model is appro-

slighter than 0.0500 designates statistical significance for
the model terms. A, B, AB, along with B?, are the dominant
terms in the model. Values beyond 0.1000 recommend that
the model terms lack significance. Model depletion may
amplify your model if numerous inconsequential terms
are contemporary, except those mandatories for hierarch-
ical support. The summary of fit data for all replies are
present in Tables 6-8.

For sheet thickness, the predicted R? of 0.9999 is in
practicable concurrence with a particular adjusted R* of

Table 7: Fit statistics

. .. . 2
priate for determining the response function values. Std. dev. 0.0000 R 1.0000
A specific accuracy of a given constructed regression Mean 1.23 Adjusted F° 1.0000
P : y g. . g CV. % 0.0025 Predicted R 0.9999

model is validated by examining the ANOVA, refer to Adeq precision 11791611

Table 6: Fit statistics summary Table 8: Fit statistics

Std. dev. 0.0001 R 1.0000 Std. dev. 0.0015 R 0.9995
Mean -0.0985 Adjusted R? 1.0000 Mean -0.4283 Adjusted R? 0.9994
CV. % 0.0810 Predicted R 0.9998 CV. % 0.3415 Predicted R 0.9978

Adeq precision 1012.7410 Adeq precision 253.3947
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1.0000; ie., the differentiation is slighter than 0.2. Adeq
precision estimates the signal-to-noise ratio. A ratio more
substantial than 4 is recommendable. The ratio 1179.161
suggested a requisite signal. The design area can be tra-
verse with the help of this dummy. The model F-value of
96017.21 designates that a specific dummy is notable. The
prospect of obtaining an F-value of this enormousness due
to random clamor is about 0.01%. P-values beneath 0.0500
signify that the model terms are scientifically notable. A, B,
AB, and B? are dominant terms in the model. Values
beyond 0.1000 manifest that the model terms lack
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significance. Model depletion may amplify your model if
numerous irrelevant words are present (excluding those
necessary for hierarchy support).

For shear stress, the predicted R? of 0.9978 is in prac-
ticable concurrence with the adjusted R? of 0.9994; i.e., the
distinction is slighter than 0.2. Adeq precision quantifies
the signal-to-noise ratio. A proportion over 4 is preferable.
The ratio of 253.395 is evidence of an ample signal.
This model is pertinent for traversing the design interval.
The model F-value of 620591 stipulates that the model
is significant. The probability of an F-value of this

Predicted vs. Actual
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Figure 2: Residual plots for Nu: (a) normal probability, (b) goodness of fit, (c) studentized residuals against predicted, and (d) studentized residuals

against the run number.
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Figure 3: Residual plots for sheet thickness: (a) normal probability, (b) goodness of fit, (c) studentized residuals against predicted, and (d) studentized

residuals against run number.

enormousness arising from random noise is about 0.01%.
P-values below 0.0500 signify that the model terms are
statistically significant. A, B, and AB are dominant terms
in the model. Values beyond 0.1000 signify that the model
terms lack modification. Model reduction may enhance
your model if numerous inconsequential terms are pre-
sent, except those necessary for hierarchical support.

7.2 Regression models of responses

Figures 2—-4, independently, show the surplus and normal
probability charts for Nu, %, and Syy. These charts show
two often-used diagnostic representations used to examine

a regression model’s hypotheses. The frequency distribu-
tion shows a steady linear tendency, supporting the
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Figure 4: Residual plots for share stress: (a) normal probability, (b) goodness of fit, (c) studentized residuals against predicted, and (d) studentized

residuals against run number.

hypothesis that the errors have a normal distribution. The
interconnection between a particular anticipated and
actual values exhibits a specific model’s degree of validity
and fit. A specific residual for Nu as well % is almost
exactly a straight line, which leads one to believe that
the inaccuracy has standard dissemination.

The forecast values vs particular actual ones for Nu, g
0

as well as Sy, are shown in Figures 2(b) and 3(b) and and
4(b). These graphs show that the residuals nearly match an
aligned line, indicating that a particular regression dummy
correctly predicted the actual values. Also, a specific actual
value (design points) has been contrasting to the expected
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Figure 6: Optimum solution with desirability.

values of the regression models. The regression model is
found to be precisely matched with the actual data when
the residuals persistently align with or virtually the
straight line.

Based on a mathematical framework developed through
RSM, response surface plots given in Figure 5(a)—(f) provide a
two- and three-dimensional visualization of the relationship
in the middle of independent variables along with a specific
response variable in the systems. These plots illustrate how
variations in the independent variables, represented on the
x- and y-axes, influence a particular response variable
mapped along the z-axis. Such visualizations are instru-
mental in identifying optimal conditions and interaction
effects within multi-variable processes.

In the calendering process, optimization focuses on

achieving key targets: maximizing a particular heat transfer
H
il FO’
Minimizing S, is particularly important, as it reduces the
force needed to draw the sheet through the roll gap, enhan-

cing operational efficiency. Simultaneously, maximizing g
0

rate (represented by the Nu) and minimizing Syy.

and Nu contributes to improved material quality and heat

DE GRUYTER

Nusselt Number

B:m

Prediction -0.11328500.13

as
A We
Share Stress

B:m

Prediction -0.478414

A We

dissipation, which are critical to the product’s performance.
The optimal factor levels that balance these objectives can
be identified using RSM and numerical optimization techni-
ques. RSM facilitates a detailed analysis of interactions and
nonlinear effects, enabling the development of a model that
minimizes Sy, while maximizing Nu and % This approach
uses a “desirability function” to evaluate the combined out-
come, where a higher desirability score indicates a more
favorable solution across the defined goals. The graphical
depiction of this analysis can be observed in Figure 6, and a
desirability score of 0.547 was achieved, suggesting a mod-
erate alignment with the targeted objectives. By further fine-
tuning the factor levels, the desirability score could poten-
tially increase, yielding an optimal solution with maximized
efficiency, product quality, and heat transfer, thereby
defining the most favorable conditions for the calendering
process.

Residual plots are essential diagnostic tools in regres-
sion analysis. They allow for the examination of model
assumptions. By analyzing residuals, one can assess the
goodness-of-fit of a model and identify potential areas for
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Figure 7: Residual plots for Nusselt number.
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improvement or data issues, such as outliers or patterns
that the model fails to capture. So, the residual plots for
the Nu, % and S,, are displayed in Figures 7-9. Several
key aspects of model performance can be observed. The
normal probability plots in all cases show that the residuals
generally align well with the red reference line, indicating
that the residuals are approximately normally distributed.

Finally, the ANOVA and model summary for Nu, % and

Syy through ANOVA are given in Tables 9-14, independently.

7.3 Sensitivity analysis

Nusselt number, sheet thickness, and shear stress are
important in hydrodynamics and calendering processes.
Regression Eqs. (52) and (55) are the basis for calculating
the sensitivity. The term “sensitivity functions” refers to
the restricted derivatives of a certain response variable
with regard to the factor variables. They exist as follows:

Nu = -0.098604352453103 - 0.017622230318333A
+ 0.0098135513666667B + 0.007850841105AB
+ 0.0002284202858620582,

(54
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Figure 9: Residual plots for shear stress.
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H
0 1.2294358965517 + 0.0029351666666665A
0

- 0.0067041666666669B 57)
- 0.0053867499999998AB
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- 0.0001036379310344B2,
0| H
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0A | Hy
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0| H
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6B[H0] (59)
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Table 9: ANOVA for Nu

Hydrodynamic and sensitivity analysis of a polymeric calendering

Table 13: ANOVA for shear stress

Source DF AdjsS Adj Ms F-value  P-value Source DF Adjss Adj Ms F-value  P-value
Model 4 0.002688 0.000672 28496.93 0.000 Model 5 0.039849 0.007970  3872.01 0.000
Linear 2 0.002441 0.001221  51765.22  0.000 Linear 2 0.037064 0.018532  9003.54 0.000
We 1 0.001863 0.001863 79023.59 0.000 We 1 0.031561 0.031561 15333.46 0.000
M 1 0.000578 0.000578 24506.84 0.000 M 1 0.005503 0.005503  2673.62 0.000
Square 1 0.000000 0.000000 1.04 0.338 Square 2 0.000005 0.000002 118  0.362
We*We 1 0.000000 0.000000 1.04 0.338 We*We 1 0.000001 0.000001 0.41 0.540
2-way interaction 1 0.000247 0.000247 10456.25 0.000 m*m 1 0.000002 0.000002 1.09  0.331
We*m 1 0.000247 0.000247 10456.25 0.000 2-way interaction 1 0.002780 0.002780  1350.60 0.000
Error 8 0.000000 0.000000 We*m 1 0.002780 0.002780  1350.60 0.000
Lack of fit 4 0.000000 0.000000 * * Error 7 0.000014  0.000002
Pure error 4 0.000000 0.000000 Lack of fit 3 0.000014 0.000005 * *
Total 12 Pure error 4 0.000000 0.000000
Total 12 0.039863
Table 10: Model dummary appropriate to Nu
Nu oNu 0 [H| a|H| aSy Sy .
where =—. —, —|—|, =%| =1, =2, and —= are a specific
s R-sq R-sq(adj) R-sq(pred) A" 0B aA[Ho 3B|Ho | aa a8 p
0.0001536 99.99% 99.99% 99.97% sensitivity function. A particular sensitivity of the involved
inputs (We, along with m) on quantity produced at distinct
levels is described in Table 15. Also, its graphical bar charts
8S,y given in Figures 10-12 illustrate a particular sensitivity of
—— = 0.072526666666667 + 0.0263625B, (61 H ) )
0A Nu, o together with S,,. From these figures, it can be con-
0
oS cluded that a positive sensitivity output designate that
—2 - 0.030285 + 0.02636254, (62) p i, y OHP 5
0B strengthens the input variable’s value enhances the output
function’s value. Conversely, a negative sensitivity value
signifies that increasing the input variable decreases the
output function.
Table 11: ANOVA for sheet thickness
Source DF AdjSS Adj MS F-value P-value H H
8 Results and discussions
Model 5 0.000437 0.000087  96017.21 0.000
Linear 2 0000321 0000161 176338.09 0.000 This section explains how the involved parameters for an
We 1 0.000052 0.000052 56727.36  0.000 . ible EP fluid del wh . itvis t
M 1 0000270 0.000270 295948.82 0.000 incompressible 'ul model w osg viscosity is tempera-
Square 2 0.000000 0.000000 16.68 0.002 ture-dependent during the calendering process affect the
We*We 1 0.000000 0.000000 1.80 0222 flow velocity, pressure gradient, power input pressure, and
m*m 1 0.000000 0.000000 3256 0.001 streamline graphically. The tables show a certain numeric
2-way interaction 1 0.000116  0.000116  127376.52 0.000 result for the roll-separating force, leave of point, and the
Wetm ! 0.000M6 ~0.00016 - 127576.52 0.000 final sheet thickness for the various values of involved
Error 7 0.000000 0.000000
Lack of fit 3 0.000000 0.000000 L parameters.
Pure error 4 0.000000 0.000000 Physical parameters are involved in the coating pro-
Total 12 0.000437 cess [36].
Table 12: Model abstract for sheet thickness Table 14: Model abstract for shear stress
s R-sq R-sq(adj) R-sq(pred) K R-sq R-sq(adj) R-sq(pred)
0.0000302 100.00% 100.00% 99.99% 0.0014347 99.96% 99.94% 99.64%
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Table 15: Sensitivity analysis data for Nu, HEO and Sy,
A:We B:m ONu ONu o m o H Sxy OSxy
0A 0B E[H_o] 3B FD 0A oB
-1 0.5 -0.013697 0.010827 0.0002467 0.010827 -0.059346 0.010827
25 0.002005 0.011741 -0.010527 0.011741 -0.006622 0.011741
4.5 0.017707 0.012655 -0.0213 0.012655 0.046103 0.012655
0 0.5 -0.013697 0.013967 0.0002662 0.013967 -0.059346 0.013967
25 0.002005 0.014881 -0.010507 0.014881 -0.006622 0.014881
4.5 0.017707 0.015795 -0.02128 0.015795 0.046103 0.015795
1 0.5 -0.013697 0.017107 0.0002857 0.017107 -0.059346 0.017107
25 0.002005 0.018021 -0.010488 0.018021 -0.006622 0.018021
4.5 0.017707 0.018935 -0.021261 0.018935 0.046103 0.018935
) higher elastic effects (associated with larger We) result in
Parameters Values Unit increased fluid velocities. The black dotted line labeled
H, 12 x 107%* =76 x 107 m “Newtonian” serves as a reference for comparison. It
U 0.2-5 m s shows the velocity profile characteristic of Newtonian
R 01...0.15 m fluids, where viscosity remains constant. The deviation of
p 850...1,200 kg m® the non-Newtonian fluid profiles from this baseline clearly
We 01 0.9 demonstrates the impact of the fluid’s properties on its
m 05..45 flow behavior. Furthermore, comparing the results to the
Br 01..0.9 well-understood Newtonian case helps provide validity for

The impact of several parameters on velocity profile
u(y), pressure distribution p(x), pressure gradient %”, tem-

perature distribution 6(y), power input (p,,), and Nusselt
number (Nu) is shown graphically in Figures 13-20. Figure
13(a) and (b) illustrates the effect of the Weissenberg
number (We) on a certain u(y) at the positions x = -0.5
and 0, with varying values of We from 0.1 to 0.9, with
corresponding changes in the parameter A, respectively.
The We is a dimensionless parameter that distinguishes a
viscoelastic fluid’s ratio of elastic to viscous forces. From
figure, it has been observed that the u(y) increases as We
increase. As We increases, 4 also increases, indicating that

Table 16: Effect of We on leave-off distance, final sheet thickness, and
roll separation force

the analysis of the non-Newtonian fluid. Figure 14(a) and (b)
demonstrates the impact of the viscosity-dependent tem-
perature parameter m on a particular u(y) at the fixed posi-
tion x = -0.5 and x = 0 in the process under consideration.
The parameter m represents the domination of temperature
on the fluid’s viscosity, with the graph illustrating profiles
for various values of m ranging from 0.5 to 4.5, each asso-
ciated with a different value of A.

Figure 14(a) illustrates the significant impact of the
temperature-dependent viscosity parameter m on the velo-
city profile u(y) and leave distance A during calendering.
As m increases from 0.5 to 4.5, the fluid velocity system-
atically decreases. This indicates that a higher “m” value,
signifying greater sensitivity of viscosity to temperature

Table 17: Effect of m on leave-off distance, final sheet thickness, and roll
separation force

We A H F m A " F
Ho Ho

0.1 0.47752 1.2280 -6.754281 0.5 0.48578 1.2359 —6.76099
0.2 0.47992 1.2303 -6.756111 1 0.48411 1.2343 —-6.75727
0.3 0.48232 1.2326 -6.757941 15 0.48242 1.2327 —-6.75761
0.4 0.48472 1.2349 -6.759770 2 0.48071 1.2310 -6.75787
0.5 0.48712 1.2372 -6.761599 2.5 0.47897 1.2294 —6.75392
0.6 0.48952 1.2396 -6.763428 3 0.47722 1.2277 —6.75403
0.7 0.49192 1.2419 -6.765262 3.5 0.47545 1.2260 —6.75404
0.8 0.49432 1.2443 -6.767085 4 0.47365 1.2243 —6.74988
0.9 0.49672 1.2467 -6.768913 4.5 0.47183 1.2226 -6.74973
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Figure 10: Sensitivity analysis of Nu at A = -1 and at A = 1, respectively.

changes, leads to effectively higher fluid viscosity and
slower fluid flow. Specifically, low m values (e.g., 0.5) cor-
respond to less temperature-sensitive fluids, allowing for
higher flow velocities. Conversely, increasing “m” drasti-
cally increases viscosity in response to temperature varia-
tions, resulting in greater internal resistance and reduced
flow rates. This reduction in velocity is directly linked to a
decrease in the A, the point of material detachment from
the roll. Similarly, Figure 14(b) depicts the u(y) at x = 0, the
midpoint between the calendering rollers; with various
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Figure 11: Sensitivity analysis of % at A=-1and at A =1, respectively.
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values of the m, maximum u(y) is observed, indicating
that the fluid moves more uniformly in this region. This
position represents the midpoint of the flow, where the
shear rates are relatively lower compared to the edges of
the calendering system. A similar trend can be perceived
from Figure 15(a) and (b) for a certain increasing value
of Br.

The pressure gradient % and the pressure profile
(p(x)) are crucial factors in a certain calendering process
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Figure 12: Sensitivity analysis of S,, at A = -1 and at A = 1, respectively.

of EP fluids. The %, which is the outlay of interchange of

p(x) with respect to an interval x along the roll gap, repre-
sents the driving force for fluid flow. So, Figure 16(a) and
(b) shows the impact of emerging parameters on %p,
whereas Figure 16(a) illustrates the effect of the We on
the % along the roll gap x. It is observed that the % exhi-
bits symmetric behavior around the nip region at x = 0,

where the rollers are in closest contact. The %” profiles
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exhibit symmetric behavior around the nip region
(x =0). As it moves away from the nip region, the %
increases symmetrically and eventually turns to zero at
the attachment and detachment points, where the fluid
exits the rollers. Also, as the We increases, the magnitude
of the % increases. With an increase in gx—”, the amount We
is primarily due to the enhanced elastic effects in the fluid.
At higher We, the elastic forces become more dominant
than the viscous forces, leading to a greater resistance to
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Figure 13: u(y) for distinct values of We at (a) x = =0.5 and (b) x = 0.
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flow and a higher-pressure buildup, suggesting a stronger
driving force for fluid flow between the rolls. Moreover, it
is translucent from Figure 16(b) that a particular incompa-
tible trend has been detected for increasing m value as
compared to We.

The pressure profile, which is the variation of pressure

across the roll gap, is influenced by the %, and fluid prop-

erties are shown in Figure 17(a) and (b). The consequence
of We on p(x) along the roller length during the
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calendering process is illustrated in Figure 17(a). From
figure, it can be observed that the We varies from 0.1 to
0.9, with each profile corresponding to a specific value of
We and its associated leave distance A. The pressure profile
exhibits a peak just before the nip region (x = 0), after
which it sharply declines. This peak position is physically
intuitive, as the maximum pressure is needed to force the
fluid through the narrowest part of the channel, where the
rollers are closest together. As We increases, the pressure
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Figure 16: % against x for distinct values of (a) We and (b) m.

curves rise, especially around the peak, indicating higher
pressure build-up due to enhanced elastic effects, whereas
the decreasing trend has been observed for the increasing
value of m. This behavior arises because higher m values
correspond to a stronger reduction in viscosity with
increasing temperature. Both plots include a reference
Newtonian case (black dots), which serves as a benchmark
to assess the behavior of non-Newtonian fluids under
varying physical conditions.
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Figure 17: p(x) against x for distinct values of (a) We and (b) m.
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The temperature profile 8(y) plays a crucial role in the
calendering process for variable viscosity fluids, as it sig-
nificantly impacts the fluid’s rheological properties, such
as viscosity and flow behavior. In calendering, tempera-
ture variations can cause the fluid’s viscosity to change
dynamically. A higher temperature typically reduces the
fluid’s viscosity, making it easier for the fluid to flow and
spread evenly, which is crucial for achieving uniform
coating thickness. Figures 18(a) and (b) and 19(b) show
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Figure 18: Temperature distribution opposed to y for dissimilar values of (a) We and (b) m.

the impact of various emerging parameters on 6(y). The
x-axis is elected by the dimensionless distance along the
calender, and the y-axis is elected by the dimensionless
temperature. Figure 18(a) investigates the influence of
the We — a dimensionless parameter characterizing the
elastic properties of the fluid on temperature against y
within the flow domain. The graph includes multiple
curves corresponding to We = 0.1, 0.3, 0.5, 0.7, and 0.9, as
well as a black dotted line labeled “Newtonian” that serves

as a reference for a Newtonian fluid (a fluid with constant
viscosity). There is also an upward arrow shown on the
graph, pointing from the lower lines toward the upper
lines. This arrow, along with the legend at the bottom,
clearly indicates that as the We increases, the corre-
sponding outcomes for temperature shift upward. Physi-
cally, it means that as We increases, it indicates a stronger
dominance of elastic effects in the fluid behavior. These
elastic effects cause the fluid particles to stretch and store
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Figure 20: Nu for different values of (a) We and (b) m.

deformation energy, which is then gradually released during
flow. This process generates additional internal stresses,
which contribute to dissipative heating — a mechanism where
mechanical energy is converted into thermal energy within
the fluid. As a result, the conversion of elastic energy into heat
leads to a rise in the fluid temperature. A similar trend can be
witnessed from Figure 19(a) for Br. In contrast, the illustration
of the influence of the m (from the Reynolds model of visc-
osity) on the temperature profile 6(y) is shown in Figure
18(b). The figure shows that as m increases from 0.5 to 4.5,
the temperature profile exhibits a noticeable decreasing
trend. As m increases, the temperature profile progressively
lowers, indicating that the fluid’s viscosity is more strongly
influenced by temperature. This reduction in temperature
suggests less heat generation due to internal friction or vis-
cous dissipation, as the fluid becomes more responsive to
temperature variations. This trend highlights the crucial
role of m in controlling the thermal behavior of the fluid.
Therefore, m is essential for managing the temperature dis-
tribution and optimizing the performance of the calendering
process for variable viscosity fluids. Also, the p,, is displayed
in Figure 19(b).

In Figure 20(a), we observe the consequence of
increasing a specific We on a given Nu. The graph shows
that as the We rises, the Nu also increases. This implies that
higher elastic effects (increased We) lead to enhanced heat
transfer in the system. Physically, this suggests that as the
fluid’s elasticity grows, the flow becomes more capable of
dissipating thermal energy, which is reflected in the rising
Nu. Additionally, a particular detachment point A increases
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with the We, further indicating that the elastic forces
impact both the flow separation and the heat transfer pro-
cess. Figure 20(b) highlights the influence of the m on the
Nu. Here, it is evident that as m increases, the Nu
decreases. This shows that as the temperature dependence
of the viscosity becomes stronger (with higher m), the heat
transfer rate drops. Moreover, the numeric outcome for
the impact of the We on several key parameters, inclusive
of a certain contingent point (1), % and the force separ-
ating the rolls, is illustrated in Table 16. The results indicate
that as the We increases, both the A and % rise while the

roll-separating force decreases. In Table 17, the influence of
the m is analyzed. It is evident that as the m increases, both

the A and g show a decreasing trend.
0

9 Conclusions

This study presents a comprehensive theoretical investiga-
tion into the influence of various factors on the tempera-
ture-dependent viscosity of an Eyring—Powell fluid flowing
between two equally sized rolls rotating at identical speeds
in a calendering process. By applying an appropriate trans-
formation, the dimensional momentum and energy-gov-
erning equations were converted into a non-dimensional
form and simplified using the lubrication approximation
theory. The resulting nonlinear ordinary differential equa-
tions were analytically solved using a perturbation
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method. The accuracy of the RSM approach was found to
be approximately 99%, which was employed to generate 3D
surface plots and 2D contour plots. The fluid flow charac-
teristics, analyzed in terms of key parameters, were pre-
sented through tables and graphs, offering valuable
insights.

The study revealed that the maximum fluid velocity
occurs at the mid-region of the calender gap. An increase in
the viscosity parameter was observed to reduce the detach-
ment point, sheet thickness, pressure gradient, and pres-
sure profile. Conversely, an increase in the Brinkman
number enhanced the velocity profile while decreasing
the temperature distribution. Additionally, the viscosity
parameter significantly influenced the Nusselt number,
thereby impacting heat transfer efficiency.

These findings enhance the understanding of heat
transfer and flow dynamics in the calendering process of
Eyring-Powell fluids, providing practical insights for opti-
mizing industrial applications. The study also lays a solid
foundation for future research in this area.
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