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Abstract

Calendering is mechanical finishing process used in many industries such as polymer,
paper, leather, printing and textile, implemented at the final stage when thin sheet
of material is exposed to combine effect of moisture, heat and pressure between two
or more rotating rolls (Nips) of same or different composition pressed against each
other. In simple words, it is the high speed ironing process that primarily imparts
luster. These rolls may be hard or soft, heated at different temperatures and vary in
number from 3 to 11 depending upon the type of calender.

In dynamic process of calendering, it is extremely difficult to evaluate the interaction
of design and process parameters such as load applied, bulk modulus, speed and ra-
dius of rolls, number of nips, temperature of the rolls and fabric temperature under
local external and internal conditions. Thus there is need of development of various
mathematical models like models for nip mechanics, steady and unsteady state heat
transfer models for complete analysis of the problem. The forecast investigation aims
at identifying the relative effect of each parameter on the quality of fabric in different
types of calenders such as machine calender, soft calender, temperature gradient cal-
ender used in textile industry. In this thesis, a comprehensive description of finishing
process, mathematical modelling and simulation of nip mechanics and heat transfer
in calendering process has been done. Methodology of systematic investigation for
simulation of calendering models, namely models for nip mechanics and conduction
heat transfer under different initial and boundary conditions has been developed.The
above objectives are achieved with the help of MATLAB software.

The nip mechanics model developed is generalized model which can overcome the
difficulties poised by the models of Hertz and Meijers. The nip mechanics model for
machine calender (NMMM) and nip mechanics model for rolling calender (NMMR)
developed are extension of Hertz and modification of Meijers which can be suitably
used for textile calenders of any design depending upon composition of material. The
developed models are simulated to investigated the impact of load applied, equivalent
diameter, equivalent bulk modulus and cover thickness on nip width. The obtained

results of the developed models are compared with the data obtained from textile mill



and with the results obtained by Hertz model. The data obtained from textile mill
matches more closely with the NMMM and NMMR solution as compared with the
Hertz solution. From NMMM and NMMR, it is found that nip width increases with
increase in line load, equivalent diameter, cover thickness and decrease in equivalent
bulk modulus. With increase in nip width, dwell time increases which has direct on
gloss and smoothness of the fabric. Average pressure remains same in case of Hertz
solution, while developed models shows that average pressure decreases with increase
in cover thickness. With the help of model developed, rolling and machine calenders
can be designed according to the nature of fabric required, as nip width acts as an
imperative part in influencing eminence of the fabric.

Calendering enhances the surface properties of the fabric by making it more glossy
and smooth with the help of mechanical and thermal energy. Simultaneous heat
transfer has an important impact on the calendering process and on the functioning
of calender stack. Heat transfer to the fabric in calendering system used in textile
industry occurs in different situations. Heat is mainly transferred by conduction to
fibers in contact with the heated rolls under two conditions (a) when fabric is inside
the calender nip (b) when fabric is outside the nip. Heat is generated during com-
pression in the nip or may be supplied externally from hot roll heated by supplying
pressurized hot water or oil or steam/hot air showering to the fabric to raise temper-
ature of the fabric.

In the present investigation, heat transfer model has been developed for machine and
rolling calenders under both the conditions. Simulation of the heat transfer model
when fabric is inside the calender nip having same and different roll temperature for
machine and rolling calender gives an evolutionary advantage that helps in predicting
the fabric temperature at various depths in thickness direction inside the nip which
is not possible using temperature measuring instruments as they can only measure
temperature on the surface of the fabric. The impact of roll temperature on fabric
temperature in thickness direction at various depths, dwell time, thermal diffusivity,
roll temperature on average fabric temperature has also been investigated. It is found
that the middle part of fabric remains at initial temperature and temperature of the

fabric decreases from outer part to mid part of the fabric from both sides in thickness
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direction. Also it is found that with increase in roll temperature, dwell time and
thermal diffusivity, average fabric temperature increases as more heat is conducted
at different layers of the fabric. The heat transfer model developed has been solved
using homotopy perturbation method and finite difference methods namely explicit
forward time central space method (FTCS), implicit backward time central space
method (BTCS), Crank Nicolson (CN) method. The results obtained using homo-
topy perturbation method are similar with the exact results while there is a negligible
error in the results obtained using finite difference methods. It is found that results
obtained using BTCS method are very close to results obtained using HPM. Com-
parison of results obtained using explicit FTCS, implicit BTCS and Crank Nicolson
methods with results obtained from HPM reflects the remarkable applicability of nu-
merical methods in analyzing the temperature profile of the fabric inside the calender
nip for same and different roll temperatures. From the simulation of the heat transfer
model, it is clear that with increase in roll temperature (and/or) decrease in calender
speed, more heat penetrates inside the fabric from both sides in thickness direction
which results in increase of average fabric temperature.

With increase in pressure and temperature in calendering system beyond a certain
limit can cause damage to the fibre bond resulting in reduction in the mechanical
strength of the fabric. To overcome these undesirable effects, the process of tempera-
ture gradient calendering is employed. Temperature gradient calender (TGC) consist
of alternating hard and soft rolls in which soft roll at room temperature and hard roll
at higher temperature. The mathematical model for TGC has also been developed
considering incompressible and compressible medium and simulated to anticipate the
temperature profile of the fabric in thickness direction.

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the temperature gradient
calender nip. It is found that the side of fabric which is in touch with the heated roll
is at higher temperature as compared to the side which is in contact with the non
heated roll. With increase in heated roll temperature, dwell time and thermal diffu-

sivity, more heat is conducted to the fabric which increases the average temperature

xii



of the fabric. In case of TGC, heat is not transformed upto the center of the fabric
in thickness direction, thus the fibres which are in direct contact with the heated roll
get deformed permanently, while the fibres on the other side and upto the middle of
the fabric do not get deformed due to which the surface properties of the fabric are
developed while maintaining the bulk and strength properties. Subsequently better
gloss and smoothness of the fabric can be accomplished in case of TGC with more
than one nip without affecting the bulk and strength properties. Also, neglecting the
effect of volume change results, difference in amount of heat conducted at distinct
depths and on the average fabric temperature, so volume change during the heat
transfer inside the calender nip cannot be neglected.

When fabric comes out from the calender nip, one side of the fabric is in contact with
the heated roll and other side is exposed to air having convective heat loss. During
subsequent contact with the roll, fabric assumes a temperature gradient which di-
minishes as the fabric heats upto the roll temperature. Mathematical model for heat
transfer when one side of fabric is in contact with the roll and other side is in contact
with air have been developed and simulation of the model has been done for machine
and rolling calender used in textile industry. From the results, it is found that the side
of fabric which is in touch with the hot roll gets heated and temperature decreases as
depth increases. The other side of fabric which is in contact with air remains nearly
at the same temperature. Also, there is remarkable increase in average fabric tem-
perature before entering into the second nip of calendering machine. The comparison
of results obtained using explicit FTCS method with results obtained from analytical
method reflects the remarkable applicability of numerical methods in analyzing the

temperature profile of the fabric when fabric comes out from the calender nip.
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Heat transfer rate

Energy generated per unit volume
Thermal conductivity
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Vertical displacement under load

Non dimensional variables
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Temperature
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g, 01, Qo Constants determined by numerical

integration for different values of Poisson’s ratio

T Initial temperature of fabric
T, Same roll temperature

Ty Heated roll temperature
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L Linear operator
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Chapter 1

Introduction

1.1 Status of Indian Textile Industry

The textile industry is second-largest employment generating sector for both skilled
and unskilled labour in India. Textile industry is one of the oldest industries and has
a formidable presence in the national economy. The textile sector also has a direct
link with the rural economy and performance of major fibre crops and crafts such as
cotton, wool, silk, handicrafts and handlooms, which employ millions of farmers and
craft persons in rural and semi-urban areas. India’s textiles industry has a capacity to
produce wide variety of products suitable for different market segments, both within
India and across the world. The industry uses a wide variety of fibres ranging from
natural fibres like cotton, jute, silk and wool to man made fibres like polyester, vis-
cose, acrylic and multiple blends of such fibres and filament yarn. India is the second
largest producer of fibre in the world and the major fibre produced is cotton [1-6].

Textile industry contributes to about 14% of manufacturing value-addition, accounts
for around one-third of our gross export in our economy. India’s spinning sector
consisted of about 1,146 small-scale independent firms and 1,599 larger scale in-
dependent units. Weaving sector consists of about 3.9 millions handlooms and 3.8
millions powerloom enterprises. India is second in global textile manufacturing and

also second in silk and cotton production. The Indian textiles and apparel industry
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contributed 7% to the GDP, 12% to export earnings and held 5% of the global trade
in textiles and apparel. The industry (including dyed and printed) attracted Foreign
Direct Investment (FDI) worth US $3.75 billion from April 2000 to March 2021.

India is working on major initiatives, to boost its technical textile industry. Owing to
the pandemic, the demand for technical textiles in the form of PPE suits and equip-
ment is on rise. Top textile industries in the sector are attaining sustainability in their
products by manufacturing textiles that use natural recyclable materials. The future
for the Indian textiles industry looks promising by strong domestic consumption as

well as export demand.

1.2 Role of Modelling and Simulation in Industry

In process industry, optimization and control with the help of mathematical models
are extremely essential in today’s scenario when the globalization has taken place with
liberalized economy. Global market with quality product at competitive prices, public
awareness regarding environmental degradation, acute shortages of raw material and
energy, and high prices of all basic inputs have forced the engineers to adopt design of
process, plant and system in a most quantized and deterministic way which is possible
through interaction of mathematics, engineering and physical sciences [7-9].

Mathematical modelling essentially consists of translating real word problem into
mathematical problem, solving the mathematical problem and interpreting these so-
lution in the language of the real world. It is an abstract model that uses mathematical
language to describe the behavior of a system. It is used to describe, analyse, cor-
relate, simulate, optimize and finally control an existing or contemplated process. It
helps to convert a physical problem into mathematical formulations whose theoretical
and numerical analysis provides insight, answers, and guidance useful for study the
behavior of the system. The model must be simple, coherent, less time consuming
and must include most pertinent parameters influencing the system. It prepares the
way for better design or control of a system and allows the efficient use of modern

computing capabilities. Mathematical models may be classified according to their na-



ture. Thus mathematical models may be linear or non linear according as the basic
equations describing them are linear or non linear. These may be static or dynamic
according as the time variations in the system are not or are taken into account. Also,
these may be discrete or continuous according as the variables involved are discrete
or continuous [10-14].

The structure configuration of mathematical modelling is shown in figure [1.1] Before
converting real world situation to a mathematical model, all its essential characteris-
tics relevant to the situation and those aspects which are irrelevant or whose relevance
is minimal and related data is collected to get some initial insight of the problem.
Next step is to formulate the mathematical model using algebraic, transcendental,
differential, difference, integral, integro-differential equations etc., with the help of
physical, chemical, biological, social, economic laws which are relevant to the situ-
ation and to solve these equations using mathematical techniques. Then the final
solution is translated into real world language and is compared with the available
observations or data. If agreement is good, then model is accepted. If agreement
is not good, examine the assumptions and approximations and change them in the
light of discrepancies observed and follow the same procedure. Continue the same
process till a satisfactory model is obtained which explains all earlier data and obser-
vations [11-15].

After mathematical modelling, simulation of the process is performed. Simulation
is a powerful tool that can be used to study the behavior of the system. Any process
which is to be simulated is considered as a system which may also be defined as a
group of objects interacting in order to produce some result. It is a process of forming
an abstract model of a real world situation in order to understand the effects of modi-
fications and introducing various strategies on the situation. The major advantage of
simulation is that it permits experimentation with real and proposed situation with-

out modifying the real solution and without actually observing its occurrence [16,17].
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Figure 1.1: Structural configuration of mathematical modelling

1.3 Mathematical Modelling of Calendering Pro-

cess

Most real processes are dynamic in nature which means that they are time depen-
dent. This kind of process is too complicated, to be modelled precisely. Calendering
process is also dynamical in nature. A interactive model for calendering system is the
requirement for today’s scenerio. Calendering is derived from Greek word “Kylin-
dros”which means, “to press web (thin sheet)”between rolls or plates. Calendering
is a mechanical finishing process in many industries like textile, paper, leather and
many more where a thin web (thin sheet) is pressed inside the nip formed by two or
more rolls in contact arranged in the form of vertical stack shown in Figure and
1.3

These rolls may be hard or soft and vary in number from 3 to 11 depending upon the
type of calender. The rolls of calender are heated at different temperatures. Heat is
generated during compression in the nip or may be supplied externally from hot roll

heated by supplying pressurized hot water or oil or steam/hot air showering to the
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web to raise temperature of the web. When the required roll surface temperature is
150°C or less, circulating water or steam may be used for heating. By using heated oil,
roll temperature up to 200°C may be obtained. The design and process parameters
such as time, temperature, number of nips, nip width, machine speed, roll diameter,
roll hardness and total load to the rolls affects the output quality of web. Properties
of the roll material such as the modulus of elasticity and the Poisson ratio are also
the important factors in the calendering action. The effects of various parameters
discussed above are subject to scrutiny and interactions among these variables has to
be analysed [17}1§].

The changes occur in web during calendering are mostly permanent, affecting the
quality of web. The surface properties of web like gloss and smoothness improve
while other properties like bulk, strength and bending stiffness decrease during and
after calendering process. Thus calendering operation is an optimization of above
properties. Although the qualitative effects of various mechanisms in calendering
have been known quite a long time, the process knowledge has remained largely su-
perficial and empirical in nature. The observations and studies have been mainly
focused on final web quality and not directly to the process itself.

The main point is how the process parameters need to be set in order to optimize the
process and how to obtain the best final product quality. Direct answers to all these
questions are not readily available but it is realized that there has been a growing
need of modelling with the increase in speed of machine or productivity. Mechanisms
in calendering, particularly the nip mechanics and heat transport can be studied by
mathematical modelling since the direct observations here are difficult or impossible.
The nip mechanics model is useful to evaluate the nip width, maximum nip pressure,
and pressure distribution inside the nip. Since nip width plays an important role to
analyse heat conduction inside the calender roll nips, therefore nip mechanics model
is interlinked with the heat transfer model. Heat transfer model describes how tem-
perature is being distributed inside the web during the calendering process using heat
conduction equation under different initial and boundary conditions according to the

type of calender [17H21].



1.4 Heat Transfer in Calendering Process

Simultaneous heat transfer has an important impact on the calendering process and
on the functioning of calender stack [22H31].

Considering the general three dimensional energy balance equation [29]

Energy conducted in left face + heat generated with in element = change in internal

energy + energy conducted out right face.

Hence
dE
Qz + Qy + Qz + Qgen - Qx—i—dz + Qy+dy + Qz+dz + E (1.4.1)
where
oT
Qz = —rpdady—— (1.4.2)
oT oT 0 oT
Qachdx = _Kpdxdy%Jm+dac = _dl’dy [ﬁp% + %(Hp%)d'f] (143)
oT
Qy = —rpdedy 5 (1.4.4)
oT oT 0 oT
Qy—i—dy = Kpdmdya_ny+dy = _dxdy [/{pa_y + 8—y(l*€pa—y)dl‘] (145)
oT
Qz = —rpdrdy—— (1.4.6)
oT or 0 oT
Qerdz = ﬁpdxdygjz+dz = _dl'dy [HPE + &(Hpa)dl} (147)
Qgen = del'dydz (148)
dFE oT
i pcpdxdyadx (1.4.9)
0 oT 0 oT 0 oT oT
o =y . - = — = — 1.4.1
ax<“pax)+ay<“pay)+az(“paz>+@’ P oy (1.4.10)

The first three terms on left hand side of equation ([1.4.10) represents the rate of
net energy transport due to conduction. The last term on left hand side of equation
(1.4.10)) represents the rate of generation of energy. The term on right hand side of

equation ([1.4.10)) represents the rate of change of stored energy.

Equation ([1.4.10]) can be rewritten as

PT T T Q, 19T
e T L e
oz?  OJy* 022 K, «aOt

(1.4.11)

7



where
Fop
PCp

where T' is the temperature, ¢ is time, @), is the energy generated per unit volume,

o =

p is the density, k, is thermal conductivity and ¢, is the specific heat of material.
Equation (|1.4.11]) represents the unsteady state heat transfer in three dimensions.
Using equation (|1.4.11)), the one dimensional heat conduction equation can be rewrit-

ten as
or T

Equation (|1.4.12)) is partial differential equation which is parabolic in nature and can
be solved analytically and numerically by different methods. The problem can be
solved in the case of calender using various kinds of initial and boundary conditions

which in turn depend on design and process parameters of various calenders.

1.5 Present Objectives

Nip mechanics and heat transfer models developed earlier fit to a certain situation
of specific calender type. Therefore, the existing models are not enough to cover
the entire spectrum of modelling of calenders used in textile industry. The present

objectives of this thesis are as follows:

e To analyse the existing models of nip mechanics and develop nip mechanics

model which is suitable for hard and soft nip calenders used in textile industry.

e To develop heat transfer model when fabric is inside the calender nip under the
following conditions
— Nip rolls are having same temperature.
— Nip rolls are having different temperatures.

— When one roll of the nip is at very high temperature and other roll is at

room temperature (Temperature Gradient).
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e To develop heat transfer model when fabric comes out of the calender nip having

one side in touch with the heated roll and other side in contact with air.

e To simulate the developed models based on the published data and data ob-

tained from textile industry.

1.6 Background and Motivation

Calendering is a mechanical finishing process used in textile industry to obtain smooth
fabric surface. Both hard nip and soft nip calenders are used in textile industry which
are divided into different types according to the design and process parameters. All
calender rolls are made of iron, the only difference is in the composition of covering
material. Hard rolls are having covering of chilled cast iron while soft rolls are having
covering of soft material such as cotton, wool, Nylon 610 etc. Soft calenders are hav-
ing less pressure inside the calender nip as compared to hard nip calender due to the
covering of soft material on one of the nip roll. Due to this reason soft calenders are
commonly used in textile industry [17-21]. The surface properties of fabric during
soft calendering process are enhanced by pressure and temperature between the web
and heated roll. Sometimes, fabric may also get damaged during calendering process
due to excess rise in temperature and pressure. To overcome these undesirable factors,
temperature gradient calendering is used. Temperature gradient calender is having
alternate hard and soft rolls in which soft roll is kept at room temperature and hard
roll is kept at very high temperature ranging from 250-350°C. Temperature gradient
calendering selectively plasticize only the outer surface of the fabric, leading to better
smoothness for given thickness. During this process, heat is not transformed upto
the center of the fabric in thickness direction inside the calender nip. Thus the fibres
which are in direct contact with the heated roll get deformed permanently, while the
fibres on the other side and upto the middle of the fabric do not get deformed due to
which the surface properties of the fabric are developed while maintaining the bulk
and strength properties. Heat conduction to the fabric inside the calender nip de-

pends upon compression area (nip width) generated by rolls in contact [32-38].
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Many researchers have worked on modeling of solid-solid contact problems. Out of
these, most important models are given by Hertz(1881) and Meijers(1965). Hertz
developed the nip mechanics model dealing with contact between two solids which
for mathematical purposes can be considered infinite. Hertz analysis applies to two
elastic, isotropic and homogenous cylinders in contact, with their axis parallel, un-
der applied load G for calculating the nip width. Hertz solution does not hold true
if the contacting bodies are heterogeneous or having layered structure(Non-hertzian
contact). Hertz had not considered the thickness of the material covering the rolls
such as chilled cast iron in case of hard calender and soft covering material in case of
soft calender. So this model cannot be applied in case of calendering process because
of the layered structure of calendering rolls [38,39]. P Meijers dealt with the contact
problem of a rigid cylinder pressed on an elastic layer connected rigidly to a rigid
base. It is assumed that there is no friction between cylinder and layer and that the
cylinder is long enough to ensure a plane deformation [40].

N.V. Deshpande dealt with the calculation of nip width, penetration and pressure for
contact between cylinders with elastomeric covering for printing press. He showed
that the expressions derived by Meijers can be used to determine the nip width and
nip pressure when an incompressible elastomeric layer is squeezed between cylin-
ders [41]. Ahmadi et. al. dealt with the non-Hertzian contact stress analysis for
an elastic half space- normal and sliding contact. A general method of numerical
solution in the non Hertzian elastic contact problem is developed using rectangular
subdivisions [42]. Liu Shuangbiao et.al. extended the Hertz theory for circular and
elliptical point contact problems involving coated bodies to express maximum contact
pressure, contact radius and contact approach in terms of applied load, equivalent ra-
dius and an extended equivalent modulus that properly considers the presence of a
coating [43,/44]. Khedkar et.al. has done the case study on calendering process used
in textile industry. During this study, they found the problems in textile industry
and proceeding for solution [45].

R.J.Kerekes dealt with various aspects due to heat transfer in calendering. Equations
to predict the temperature distribution in a web has been solved using analytical

method when web passes through a high speed calender stack. Predicted surface
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temperature of web were compared to temperature measured at several locations in
the stack using infra red thermometers [2§]. M.F.Gratton et. al. dealt with the tem-
perature gradient calendering of foodboard. It is shown that temperature gradient
calendering produces smooth, glossy surfaces with less bulk reduction than conven-
tional machine calendering [36]. Wikstrom et. al. carried out finite element modeling
for calendering and dealt with some aspects of the effects of temperature gradients
and structure in homogeneities [46]. Lehtinen et. al. developed an analytical solu-
tion for heat transfer in temperature gradient calendering process and derived for the
temperature field of the web. The solution also takes in to account the change in
volume of the web being calendered [34].

Hamel et. al. studied convective heat transfer in calendering process. The convec-
tive heat transfer to air from a heated roll in a calender stack was measured on a
pilot calender for a wide range of speeds, surface temperatures and configurations
representative of commercial operating conditions [47]. Kawka et. al. measured the
effect of temperature and moisture content on the behavior of web in a nip using an
environmentally controlled calendering facility reproducing all industrially relevant
calendering conditions except width. Kawka et. al. also dealt with the effect of ge-
ometry and thermal boundary conditions on calender roll thermal deformation [4§].
Guerin et. al. studied the impact of some parameters on heat transfer during cal-
endering for wood free coated thin sheets. The purpose of this work was to furnish
certain result validating the theory of heat transfer and to observe the effect of tem-
perature of heated roll, dwell time and nip pressure [49]. Vyse Bob et.al. carried
out investigation for achieving the same level of smoothness, gloss and caliper using
the different type of calenders ,i.e. multiple hard nip, single soft nip or supercalen-
der [50].

Though the above models are available in literature, there are some limitations of
the models. Thus these models cannot be applied directly to textile industry. The
nip mechanics model developed in this research work is generalized model which can
overcome the difficulties poised by the models of Hertz and Meijers. The developed
models are extension of Hertz and modification of Meijers which can be suitable for

calenders of any design used in textile industry. Also heat transfer model for most
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commonly used calenders used in textile industry under different initial and boundary
conditions have been developed using analytical approximate and numerical methods.
Simulation is carried out for the developed models using the published data and data

obtained from textile industry.
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Chapter 2

A Brief Review of Mechanical
Finishing Process in Textile

Industry

Mechanical finishing is an important process used in textile industry which is done
with the help of calenders. Knowledge of process, design and operational parameters
and their limitations is an imperative necessity to analyse the process of various
types of calenders such as hard nip calenders, soft nip calenders and temperature
gradient calenders used in textile industry. In this chapter, a brief description of
fabric manufacturing process and operation of various type of calenders used in textile

industry is discussed.

2.1 Manufacturing Process of Fabric in Textile In-

dustry

Fibre is the basic component in making of a fabric. A fibre is a thin long hair like
substance which has the suitable properties to spin it into a yarn. Yarn is the com-

bination of several fibres twisted together to weave or knit a fabric. Fabric is the
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output of weaving or knitting several yarns together. The fabric obtained from yarn
is termed as raw fabric. The whole manufacturing process of fabric in textile industry
is shown in Figure [2.1]

Raw fabric after leaving the knitting machine cannot be used directly as it contains
various kind of impurities. Next step during textile manufacturing is singeing. The
main objective of this process is to eliminate shapeless messy fibres coming out from
fabric surface and to provide unwrinkled, shiny and polished fibres [1-6].

After Singeing, desizing is done which is used to eliminate various kind of sizing ma-
terials used at yarn stage which becomes unusable when yarn is converted to fabric.
Also, if desizing has been done in inappropriate way, it may cause malfunctioning
of dyeing process, non uniform printing and dissimilar patterns on fabric. After this
bleaching of fabric is done which removes the inherited and already acquired natural
coloring components from the raw fabric to obtain desired whiteness. For this, tanks
are filled with sodium hydroxide, high density materials (weighting agents), esters
and stabilizers. Fabric is dipped into these tanks and heated at near about 100°C for
half an hour. After this fabric is washed in tanks containing fresh water.

Sometimes during the bleaching process, fabric may get damaged and can also com-
presses across the width. So to set the fabric, stenter machine is used. The setting
of fabric implies the width setting in such a way that printing/dyeing takes place as
per the requirement. Next step is to color the fabric i.e. dyeing process. A liquid
consisting of dyes and specific chemicals is used for dyeing process. Temperature and
time management are the two crucial elements in dyeing process. After dyeing, fabric
undergo through the washing pads where steam is used to eliminate the dye which is
not still permanently incorporated on the fabric [51-56,56-58].

Printing designs can also incorporated on dyed fabrics, if required. Dyeing process
and printing process are connected to each other. In printing process, one or more
colors can be used to color specific area of fabric whereas in dyeing process single
color has to be used on the entire fabric. Textile printing can be done using different
kind of material such as silkscreen, engraved plates, woodcut, rolls or stencils. Af-
ter printing fabric undergoes through curing process which is done to strengthen the

fabric color so that color becomes permanent on fabric. At last, finishing of fabric
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takes place which is done to upgrade the quality, reliability, aesthetic and functional
properties of the fabric [57].

Textile finishing consists a series of processes which converts the dyed, printed fabric

Raw Fabric

l

Singeing & Desizing

l

Bleaching Process

l

Setting of fabric

1

Dyeing/Printing  |—ny

1

Washing
(If dyeing is done)

Curing
(If printing is done)

Finishing

Figure 2.1: Manufacturing process in textile industry
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into finished fabric having desired end use properties. Finishing can be temporary
or permanent depending upon the fabric required. During finishing process, fabric
undergoes through various chemical and mechanical treatments which makes fabric
more receptive, attractive and useful.

Chemical finishing involves the addition of chemicals to fabric to achieve the desired
results. A series of techniques such as mercerizing, easy care finish etc. are applied
during this finishing process which involves chemicals reactions and softening treat-
ments. Chemical finishing process can be used to modify fabric appearance, handle,
control fabric dimension, improve fabric performance, protect the fibre or impart easy
care properties [58]. Mechanical finishing involves calenders for better finish of fabric

and explained in detail in next section.

2.2 Mechanical Finishing Process in Textile Indus-

try

Mechanical finish is performed to enhance the desired smoothness and gloss to the
fabric using calenders. It is a continuous shaping process in which fibre acquire its
final shape to get the desired finish such as flattening, luster, compressing, glazing,
moire, schreiner, smoothing, texturing and other embossed patterns on the fabric.
Calendering makes one or both surfaces of the fabric thin, smooth, glossy and shiny.
Calendering upgrade the transparency and lucidity of the fabric as shown in Figure
. Finishing can be varied to desired degree by increasing/decreasing number of
rolls, by loading or relieving the weight of roll to create higher /lower nip pressure and
by heating/cooling of rolls. High temperature and pressure is required for squeezing

the fabric between the calender rolls [59).
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Figure 2.2: Calendering effect of fabric

2.2.1 Calender Roll Construction

Cylindrical rolls are working elements of the calender and the means by which the
calender functions are accomplished. The metal used in calender rolls must be hard
for better finishing. Hard rolls formed by iron carbon alloys i.e. chilled cast iron rolls
and which may also contain manganese, phosphorus, sulphur, small amounts of silicon
and sometimes chromium and nickel has been used. The term chilled comes out from
the rapid removal of heat from the surface of the roll when it is cast. This causes
carbon in that section to be bound to the iron as iron carbides, which are very hard
and durable. In the usual method of manufacture, these rolls are cast from a single
melt in a vertical pit, where heavy metal rings, called chills, are stacked to a depth
sufficient to produce the full roll width. The thermal mass of these chills takes away
the heat of the molten cast iron to produce a chill depth of white iron of 10 — 15mm

in the calender roll. The actual surface hardness ranges from about 70 — 78 Shore C.
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Steel rolls are used when high durability is required with extraordinary high surface
hardness [60-66].

By providing a compressible covering on a roll, the intensity of a iron-iron nip is
reduced and the nip width is widened. Soft rolls have an external cover or soft
material made of rings die cut from sheets of fabric, cloth fibers or non woven mats
which have been assembled over the steel core of the roll. The soft material is then
pressed axially in huge machines capable of exerting thousands of tones of force to
densify the covering to almost rock like hardness. Surface of soft roll can then be
finished using metal working techniques until it has a high degree of surface finish
and a precise diameter. Many different types of soft materials are available for these
rolls including long- fiber cotton, wool, blue denim, nylon 610 and specialty blends.
These soft rolls can not work at high temperature and high loading. For operating
at high temperature and high loading composite material roll covering are used. In
general these are material roll with a strong synthetic fiber embedded in a polymeric
material, capable of withstanding hundreds of kilo Newton’s per meter of nip force
and operating at temperatures in the same range as ordinary soft rolls, that is up to

about 80°C [30].

2.3 Types of Calenders used in Textile Industry

There are basically three types of calenders on the basic of desired surface properties
i.e. hard nip calender, soft nip calender and temperature gradient calender as shown in
Figure[2.3] The basic difference in these types of calenders is the type of material used
for making the rolls and temperature of heated roll. The design and process variables

of three different principal types of calenders are given in table of APPENDIX.
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Figure 2.3: Types of calenders

2.3.1 Hard Nip Calender

In hard nip calender, the fabric is squeezed between two or more hard nip rolls. The
control parameters are linear pressure between the rolls, numbers of nips and the roll
surface temperatures. The basic principle of hard nip calendering is to densifying
the fabric with pressure/temperature and copying the surface of the rolls to the
fabric [22,30,66]. The main disadvantage of hard nip calendering is that the nip that
is formed between the hard rolls is short and the actual contact pressure in the nip
is high, even with a low linear load. As fabric has uneven structure, this kind of
high pressure can cause blackening of the fabric. High pressure densifies the fabric
and crushes some of the fibers and breaks the fiber bonding. Hard nip calenders are

described in two main categories which are discussed below in detail.

e Two roll hard nip calender
e Multi roll hard nip calender
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2.3.1.1 Two Roll Hard Nip Calender

This kind of calender is mainly used for pre calendering or for those fabric which don’t
require massive calendering. In two roll hard nip calender, one roll is a heated roll
and other is deflection compensated roll. Rolls are usually vertically arranged with
one above the other as shown in figure 2.4l Heated roll is either double walled rolls
or peripherally drilled roll. The surface of roll is heated using hot water to obtain
temperature of 100°C to 210°C. In slower machines, only one drive is used, normally
for the heated roll. High speed machines require drives for both nip rolls to prevent
speed differences in the nip. Web spreading rolls are used before the nip to ensure

that the fabric enters the nip evenly without wrinkles.

Figure 2.4: Two roll hard nip calender
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2.3.1.2 Multi Roll Hard Nip Calender

Multi roll hard nip calender consists of more than three hard rolls, most commonly
it is having five to eight hard rolls. In multi nip calender, a typical arrangement
of roll stack is having king roll, queen roll and intermediate rolls. Bottom roll is
known as king roll and having largest diameter among all the rolls, next to king roll
is queen roll which is having diameter less than king roll but equal to top roll. The
other remaining rolls are known as intermediate rolls which are having diameter less
than queen roll. These rolls are relatively smaller in diameter and the linear load
is achieved by the weight of the rolls as shown in Figure 2.5l In multi roll hard
nip calender, the rolls are heated in the range of 100 °C to 250 °C with the help
of induction heating or through percolation of hot water or hot oil. Having more
intermediate rolls in the stack increases the linear load in the bottom nips. This
method of creating linear load is simple and rather precise because the linear load
generated by the weight of the rolls is naturally generated along the whole width of
the roll face, because of this fact, multi roll hard nip calenders are widely used in
textile industry. Multi roll hard nip calenders normally have only one main drive.
The driven roll is either the bottom roll or the second roll from the bottom. In some
calenders, more driven rolls are used to ensure draw control at high speeds. The
main problem on multi roll hard nip calenders are the runnability problems caused
by widening and elongation of the web in the process. The nip pressure compresses
the fabric, simultaneously the fabric is getting wider but as the web is transferred
to the next nip, it has no chance to widen out. This can cause wrinkles at the next
nip and might cause web breaks. Another problem in multi roll calenders is barring.
This is a vibration behavior of the calender roll stack that begins due to unevenness
of the fabric entering the calender or mechanical vibration induced by the calender,
drives and surrounding machinery. Because all rolls in the calender work together
in the calender stack, the vibration pattern is transferred from one roll to another,
causing excessive vibration and a howling noise, resulting in machine direction (MD)

thickness variations in the calendered fabric.
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Figure 2.5: Multi roll hard nip calender

2.3.2 Soft Calender

Soft calenders are made up of alternate hard and soft rolls. Hard roll can be heated
upto 250 °C with the help of induction heating or through percolation of hot water
or hot oil. These rolls vary in number from 3 to 11 depending upon the type of
finishing required and type of fabric to be calendered. The most commonly used
calender consist of three rolls as shown figure [2.6, The key difference between hard
nip and soft nip calendering is the time of contact between fabric and calender rolls
or equivalently the nip length. In soft nip calender, pressure in the nip is low as
compared to pressure in hard nip calenders. Heat transfer between the soft calender
roll and the fabric is better because the nip is longer in case of soft calendering process.
The surface and strength properties of the fabric are preserved better as compared
to hard nip calendering [17,[19,[20//30]. The types of soft nip calenders used in textile
industry for getting various types of finishing according to fabric are rolling calender,

silk finishing calender, friction calender, embossing calender and cire calender. The
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Figure 2.6: Soft calendering process

design and process parameters of these calenders are given in table[2.2/of APPENDIX.

The most commonly used soft calender in textile industry is rolling calender.

2.3.2.1 Rolling Calender

Rolling calender imparts shiny, lustrous smooth fabric surface to the fabric. The
basic mechanical action of this type of calender is to cause the fibers and webs to
not only reshape but to also possibly flatten or deform around one another as it also
causes the fibers to more tightly stack around one another. In rolling calendering,
3 to 11 alternate hard and soft rolls may be used depending on the type of finish
required. Three roll and seven roll calenders with alternate hard and filled rolls are
most popular. The main top hard roll is driven by a variable speed motor, either
directly or through a roller chain drive while the intermediate filled roll can be driven
with off nip drive. When required the hard roll can be heated by gas, hot oil, electric
or steam up to 210 °C. The hard roll is made of chilled cast iron and soft rolls are
having covering of soft materials like cotton, wool or mixture of these two. This is

an open frame type calender with bottom loading and a bearing type of double row
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spherical rollers. Among the special features of rolling calender is an oil circulating
system for bearing boxes that is required for roll heating systems over 150 °C. In
rolling calender of three rolls, the two rolls are run together at the same peripheral
speeds so that there is no slippage between them as shown in figure 2.7, Under these
conditions, the surface of fabric is simply flattened to the extent which is required.
This process can be applied to all types of fabrics including high content cotton
woven /non or impregnated fabrics and knitted cloths ,.

Figure 2.7: Rolling calender

2.3.3 Temperature Gradient Calender

The essential elements for enhancing the surface properties of the web inside the cal-
ender nip are pressure and temperature between the web and heated roll. Excess
rise in temperature and pressure, sometimes leads to unacceptable consequences like
damage and strength reduction of the web. Temperature gradient calendering, which
is a combination of hard and soft rolls, having soft roll at room temperature and hard
roll at higher temperature is used to overcome these undesirable factors. Hard roll

(heated roll) is having layer of chilled cast iron whereas soft roll is having layer of soft
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material like cotton, elastic material, polymers etc [32}34].

In temperature gradient calendering, the temperature of the soft roll has no contri-
bution in temperature distribution because the contact time between heated roll and
fabric is less, so heat transfer during temperature gradient calendering can be treated
as transient heat conduction into a semi-infinite medium. The heated roll surface tem-
perature can be up to 150°C-350°C. This is normally done with proculation of heated
oil inside the calender roll. High temperature produces better web surface quality,
uniformity and smoothness and preserve bulk and strength properties .
Temperature gradient calendering selectively plasticize only the outer surface of the
fabric, leading to better smoothness for given thickness. In case of temperature gra-
dient calendering, heat is not transformed upto the center of the fabric in thickness
direction, thus the fibres which are in direct contact with the heated roll get deformed
permanently, while the fibres on the other side and upto the middle of the fabric do
not get deformed due to which the surface properties of the fabric are developed while

maintaining the bulk and strength properties as shown in figure [2.8

Ttabric = Troll Trabric << Troll

Whole fabric deformed web |

roll
0 100 200 0 100 200
Temperature, °C Temperature, °C
Conventional calendering Temperature Gradient calendering

Figure 2.8: Temperature gradient calender
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2.4 Effect of Calendering on Fabric Properties

Fabric properties like thickness, roughness, gloss and porosity properties subsequently
changes during calendering process, but cannot change independently. These proper-
ties correlate strongly with each other. A change in one influences the other. Calen-
dering improves the surface properties which is accompanied with thickness reduction.
Improvement of surface properties of fabric is the prime requirement of calendering.

The strength properties will be reduced by excessive calendering.

2.4.1 Gloss and Smoothness

Gloss and smoothness are developed differently in calendering process. Gloss is ob-
tained mainly by friction, whereas smoothness is produced mainly by high pressure
per unit area. Thus at high temperature, gloss will develop more rapidly than smooth-

ness whereas at high pressure, smoothness will develop more rapidly than gloss.

2.4.2 Opacity

If the fabric is calendered at high moisture content, the number of optical contact
is increased and there is a decrease in opacity. The opacity of the fabric is mini-
mized when the fibers are squeezed with each other, consequently destroying air-fiber

linkage.

2.4.3 Tensile Strength

Tensile strength is the amount of load or stress that can be handled by fabric before it
stretches or breaks. When fabric undergoes calendering process, its tensile properties
increases. The tensile strength will be higher in machine direction (MD) than in cross

direction (CD) due to better fiber orientation in the fabric along machine direction.
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2.4.4 Tear Strength

Tear strength is measure of how well a fabric can withstand the effect of tearing. Tear

properties of fabric increases in machine direction during calendering process.

2.4.5 Air Permeability

Air permeability measures how easily air is passed through fabric. Air permeability

of fabric increases when fabric undergoes calendering process.

2.5 Calendering Parameters Affecting Fabric Qual-
ity

The various design and process parameters affecting the final quality of the fabric are
linear load, number of nips, calender speed, roll material and roll temperature which

are explained in detail below.

2.5.1 Linear Load

Linear load is process variable that describes the applied force divided by calendering
width. The nip pressure i.e. the pressure compressing the fabric in the nip is mostly
affected by linear load. In hard nip calendering, the nip pressure is higher at constant
load than in soft nip calendering because of narrow nip. Linear load affects fabric
thickness and smoothness by compressing the fabric structure. Higher nip load/nip
pressure improves the surface properties such as roughness and gloss by increasing

the replication of the roll surface patterns on the fabric.
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2.5.2 Number of Nips

With increase in number of nips fabric passes more time inside the nips which en-
hances the surface properties of fabric. Hence the fabric surface properties like
smoothness and gloss increases while thickness decreases when more nips are used

at same or different roll temperatures.

2.5.3 Calender Speed

Calender speed is a key parameter for maximizing productivity and also for devel-
oping final fabric properties. Calender speed determines dwell time in the nip and
consequently the extent of deformation. Increasing calendering speed and reducing

calender roll diameter will reduce the dwell time.

2.5.4 Roll Material

In case of soft calendering, the fabric gets more equal densification due to elasticity of
the roll cover while passing through the nip as compared with the fabric calendered
in hard nip. This means that soft cover distributes the compressive stress in the
nip. Roughness of roll surface has large effect on fabric surface properties. A typical
surface roughness level for a heated hard roll is 0.2 — 0.4 Ra. Surface roughness of
soft roll must be at a level where it does not have a harmful effect on the fabric. A

typical surface roughness for a soft roll is 0.3 — 0.6 Ra.

2.5.5 Roll Temperature

Roll temperature has prominent effect on the smoothness and gloss of the fabric, as
compared to the pressure and number of nips. Fabric temperature can be increased
most effectively by increasing the temperature of the heated roll during calendering
process. With increase in temperature of the fabric, fabric smoothness can be im-

proved. The surface fibers are selectively heated, plasticized and compressed, while
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the middle of the web remains cool, resilient and bulky when fabric temperature is

lower than the heated roll temperature.

2.6 Conclusion

In this chapter, a comprehensive description of the manufacturing process of fabric
in textile industry along with the various unit operations, finishing process in textile
industry and design and process parameters of various types of textile calenders are
described. The material of construction of various calenders, hardness, temperature
level, nip load, surface roughness and other important calendering parameters which
effects the quality of fabric are discussed. Effect of calendering on fabric properties

are also outlined.
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Chapter 3

Nip Mechanics Models for Textile

Calenders

The solid to solid contact may be combination of different geometrical shapes such as
roll to roll, roll to plate, plate to plate, plate to sphere and many more. These con-
tacts may be homogeneous or can be heterogeneous also. These contacting solids can
be rigid, elastic, plastic, elasto-plastic in nature and can also have a layered structure
of these type of materials. All these combinations have practical application in textile
calendering, offset printing press, leather calendering and many more process indus-
tries. Based on geometrical shapes, governing equations will be different from each
other. In textile industry, roll to roll contact problems are of prime importance. In
this chapter, generalized nip mechanics model has been developed which can be used
for different types of calender used in textile industry, as the available nip mechanics

model cannot be applied directly to calendering of fabric due to their limitations.

3.1 Development of Nip Mechanics Model

The problem of two non conforming contact of two elastic solids was first solved
by Hertz under several restrictive assumptions. The non conforming bodies when

brought in contact without deformation will touch at a point or along a line. In case
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of cylindrical elastic bodies which are in contact with each other having their axis
parallel give rise to line contact. The contact area is small as compared with the size
of cylindrical bodies in contact [66H71].

The undeformed shapes of these cylindrical bodies considering z axis to lie in plane

of cross section and y axis parallel to the axes of cylinders are given by

Thus separation between them before applying load is given by

According to Hertz theory the equation od undeformed surface near the region of

contact, can be defined accurately by the function
H = Ax* + 2Bxy + Cy? (3.1.4)

where B can be made zero by suitable choice of axes, hence

1 1

where A and C are positive constants and R’ and R” are defined as the principal
relative radii of curvature.

When load G is applied to two non conforming bodies in contact, the contact region
must extend at equal distance. During the compression distant points of two bodies
By and B, move towards point O, parallel to z axis by displacements d; and 9
respectively. If the two solids do not deform their profiles would overlap as shown
by dotted lines in Figure [3.1} Due to contact pressure, the surface of each body is
displaced parallel to Oz by an amount u,; and u,s (measured positive into each body)
relative to the distant points By and Bs,. If after deformation, the points S; and S,

are coincident with in the contact surface then

Uy + Uy + H = 51 -+ 52 (316)
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G B>

Figure 3.1: Geometry of two rolls when load G is applied

Taking 0 = 0; + 02 and using equation (3.1.5)),
Uzt + Usy = 6 — Ax® + By? (3.1.7)

where x and y are the common coordinates of S7 and Sy projected on to the xy plane.

If S; and S, lie outside the contact area then

Uzt + Usp < 6 — Ax® + By? (3.1.8)

3.2 Hertz Nip Mechanics Model

The first satisfactory analysis of the stresses at the contact of two elastic solids is
due to Hertz. Hertz formulated the conditions expressed by equations and
(3.1.8) which must be satisfied by the normal displacements on the surface of the
solids. He introduced the simplification that, for the purpose of calculating the local
deformation, each body can be regarded as an elastic half-space loaded over a small
elliptical region of its plane surface [72-75].

Hertz model provided the expression for the radius of the contact surface and contact

pressure at the interface of the two non confirming elastic spheres under normal force
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based on following assumptions |38.39]:

1. Material properties of contacting bodies are same and identical in all directions.

2. Seismic dissipation of energy due to vibration or sound wave during contact of

two bodies is not considered.
3. Elastic bodies in contact follows Hooke’s law.

4. The radii of curvature of the contacting bodies are much larger than the contact
radius, which implies the bodies are experiencing traction only at the contacting

surface.
5. Friction effects are neglected i.e. contacting bodies are considered smooth.

6. Geometrical nonlinearities arising due to large deformations are not considered.

When two cylindrical bodies with their axis both lying parallel to the y axis are
pressed by a force, they make contact over a long strip of width lying parallel to y
axis.

The Hertzian nip pressure, which is exerted between two frictionless elastic solids in

2\ 1/2
2G x

where G is the force per unit length of the cylinder and N, is the nip width.

contact is given by

For the case of cylinders of radius R; and R,, the equation for separation between

corresponding points on the unloaded surfaces becomes

(1 1 (1
Hedr=t[ 2y )2 X(1)e 2.
v 2<Rl+R2>‘” 2(}%)95 (822)

For points lying within the contact area after applying load G, equation (3.1.7) be-

comes

1{1
Upp +Upp =0 — Az? =0 — 5 (E>x2 (3.2.3)
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For points lying outside the contact area after applying load G,
1({1

Uy + Uszp > 0 — 5 (E) z? (324)
On differentiating equation (3.2.3)) w.r.t. z,
8u21 (‘9u22 1

=—|= 3.2.5

Ox * Ox (R) v ( )
The surface gradient due to a pressure G(x) acting on a strip —% <z < % is given

by

ox ox TE*

Ou n Ouz, 2 / G(s) ds (3.2.6)

0T — S

Substituting equation (3.2.6]) in equation (3.2.5)),

Ny
2 G(s) TE*

ds = 2.
_ Ny T — 8§ o 2R o (3.2.7)

2

which is an integral equation and its solution is given by

B 22— (Nw2/2)2 N,
G(z) = — °R (W((Nw/Q)Q _ x2)1/2> + T((Ny/2)? — 22)1/2 (3.2.8)

The load G must be positive throughout the contact for which

m(Ny/2)2E"
AR

If G exceeds the value given by the right hand side of equation (3.2.9) then the

G > (3.2.9)

pressure rises to an infinite value at z = +a.

So
7(Ny/2)*E*
G=2w= = 3.2.10
4R ( )
1.e.
N\ 4GR
2| = 2.11
So nip width N, = 2a is
2G Dy
N, =2 2.12
=2 (C2E) (3212

where N, is the nip width, G is the load applied, Dy is the equivalent diameter and
E* is the equivalent bulk modulus.

The equivalent diameter Dg for two cylindrical bodies in contact is given by

1 1 1

—_— ==+ = 2.1
D, D + D, (3.2.13)
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where D; and D5 are the diameters of two cylindrical rolls in contact with each other.

Also, the equivalent bulk modulus E* of two cylindrical rolls in contact is give by

1 1—vi 1-uv3
— = 3.2.14
B~ Ey * E, ( )

where E7, Ey are the bulk modulus and vy, v5 are Poisson’s proportion of two cylin-

drical rolls in contact respectively.

3.3 Models for Mechanics for Non Hertzian Nor-

mal Contact of Elastic Bodies

Hertz model accuracy is a matter of concern when the material of the contacting
bodies deviates from the basic Hertz assumptions, as in case of calendering process
used in many industries in which harder material will dome into the softer one, known
as non hertzian contact. Therefore use of Hertz model can result in erroneous pre-
dictions of normal contact forces for situations which deviate significantly from the
Hertz problem. When the material being deformed is a relatively thin layer, the finite
thickness of the deformable material should be taken in to account. Meijers modified
the Hertz equation for contact problem of a steel cylinder pressed on a soft elastic
layer of thickness b. Figure [3.11| shows the geometry of the problem.

The basic integral equation of Fredholm type of the second kind has been proposed
for the pressure distribution under the cylinder in the case of plane strain when ratio

of half nip width (N,,/2) and cover thickness b is less than one is

_ 2 [Nuw/2
! / G(&)K (z — £)be = v(a) (3.3.1)

7TE —Ny/2
Where E is the bulk modulus, G(z) is the pressure distribution and v(x) is the vertical
displacement along the upper edge of the layer and K (x) is given by

K(2) 1—v? /OO [(3 — 4v) sinh 2w — 2w]e~™/b
xT) =
TE oo W[(3 —4v) cosh 2w + 2w? + 5 — 12v + 812

bw (3.3.2)

The plane strain equation is based on the assumption that the classical linear theory

of elasticity applies to the contact problem. This assumption implies that the ratio
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Figure 3.2: Geometry of the problem

of half nip width (N,,/2) and radius of the roll R must be small in comparison with
unity. The kernel has logarithm singularity at x = 0. Splitting off the singularity

one may expand the regular remainder in a uniformly convergent power series for

/2] < 1.

i
8

K():—an| |+ ak(%)% (3.3.3)
k=0

Introducing non-dimensional variables Z = &= 7o and ¢ = ﬁ in equation (3.3.1]).

For small values of N”Tm the logarithmic term in the kernel given by equation (3.3.3

is the principal term, so equation (3.3.1) can be written in the form

Um0 " Gy i Z8) - o — g5 - nl2 g (L= )
/_1 kz N/22k Z2§)2kb£

(3.3.4)

(3.3.5)

N“;’L/ 2 — () the above equation reduces to the equation for a circular disk on half plane.

For small values of (%) assuming that solution is in the form of power series with
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Nw/2)2'

respect to small parameter (=%

G(2) = 3" G2 () (3:3.6)

7=0
The equation (3.3.6]) can be expanded as

Ny

G(2) = GolZ) + Gr(2) (5

PG (G G 4 (33T)

Where Go(Z) is the Hertzian pressure distribution. G;(Z) satisfies the integral equa-
tion relating the contact pressure and the displacement in the contact region where

i=0,1,2,3...

Substituting equation (]3.3.5[) in (]3.3.7[) and equating like powers of % in both mem-

bers gives recurrent system of integral equations

YGo(§),.,  mE N,/2
/_1 Z - fbé - 21-v?) R 4 (3.3.8)
e 1< 1 g
/1 ngbg =52 ko /1 Gj—k(§)<75)2k‘1b§ j=123.. (3.3.9)
k=1

The equations (3.3.8]) and (3.3.9)) are singular integral equations of type Cauchy prin-
cipal value equation on a finite interval. Solution of equation (3.3.8)) and (3.3.9),

restricting up to j = 3 is given by,

Hence
TEN, V1 — Z2
GO(Z) = 4(1 — 1/2)R (3.3.10)
TEN,V1 — 22 1
B TEN,W1—-2%2( 1 9 9
GQ(Z) = 10— )R (6_4> (041 + Doy + 4o Z ) (3.3.12)

The requirement that the pressure remains bounded at the ends of the contact area
ensures that the equation have unique solution. The total load G on the cylinder per
unit length is obtained by integrating the pressure distribution is

G = /;w G(2)dz (3.3.13)

2
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Substituting equations (3.3.10)), (3.3.11)) and (3.3.12)) in equation (3.3.7)),

TENyV1—272 wEN,/1—2?1 Ny

G(Z) = B + 5 (_)al(_)Q
4(1w— V2)R (6_4>( % + bas + 4%22)(2_;))4
" ‘l(lﬂ—fﬂf_g[l i éal(g_g)Q - 6i4(0‘% t 6042)(];7—,;”)4] (3.3.15)

where «q, a1, ag, are determined by numerical integration for different values of
Poisson’s ratio.
When there are two cylinders having Poisson’s ratio v and v and bulk modulus F;

and F, and their axis parallel the above equation can be modified as

TE* N? 1 N 1 N,
— w 1 - TTwN2 (A2 LAY 31

where E* and Dg can be found out from equations (3.2.13)) and (3.2.14]). The equation

(3.3.16|) is a general model for all kinds of solid-solid contact. This equation is used
to calculate nip width of calenders used in various process industries such as paper,

leather, textile and rubber etc.

3.3.1 Special Cases of the Generalized Model
3.3.1.1 Nip Mechanics Model for Hard Nip Calender

In case of hard calender (machine calender), the Poissons ratio is taken as 0.3 for the
hard rolls having covering of chilled cast iron. For this value of Poissons ratio, oy and

s are taken as 5.7278 and —7.8479 respectively.

Thus using equation (3.2.13)) and (3.2.14)), equation (3.3.16)) becomes

GDpg
N2

w

N, N are
E* = 2.545 1 +O'179<T)2 —0.0139(=2)4* (3.3.17)

b

Equation ({3.3.17)) works as nip mechanics model for machine calenders (NMMM) used

in textile industry.
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3.3.1.2 Nip Mechanics Model for Soft Nip Calender

In case of soft calender, as E; > FE», equation (3.2.14]) becomes

1 1—v2
= 3.3.18
o E, ( )

Thus using equation (3.3.19)) in equation (3.3.16)),

7By N:_ 1 Ny, 1., Ny,
= 1+ can(or)" + — e 3.1

In this case, the Poissons ratio is taken as 0.48 for the soft rolls. For this value of

Poissons ratio, a; and ay are taken as 7.7938 and —11.7696 respectively. Thus

GD Ny Ny g7
E* = 1.959 AQE 1 +0.2436(7)2 —0.0096(7)4] L (3.3.20)
Equation (3.3.20)) works as nip mechanics model for soft calenders such as rolling

calender used in textile industry.

3.4 Simulation of Nip Mechanics Model

The parameters affecting nip width are line load, roll diameter, bulk modulus and
poisson ratio of material used. The design and process parameters given in table
of APPENDIX are taken into consideration for simulation of a single nip machine and
rolling calender. The equivalent diameter and equivalent bulk modulus are computed
using equation (3.2.13)) and equation . The computed equivalent diameters
for machine calender and rolling calender are 240mm and 210.01mm respectively.
The computed equivalent bulk modulus for machine calender and rolling calender are
76.923kN/mm? and 3.132kN/mm? respectively. The impact of a variety of design and
process parameters has been examined by nip mechanics models given by equation
and . Results obtained by NMMM and NMMR are then compared
with Hertz solution given by equation ([3.2.12)).
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3.5 Results and Discussion

3.5.1 Impact of Various Design and Process Parameters on

Machine Calender

Impact of load applied, equivalent diameter, equivalent bulk modulus and cover thick-
ness on nip width has been investigated for machine calender. Also impact of cover

thickness on average pressure has been investigated for machine calender.

3.5.1.1 Impact of Load Applied on Nip Width for Machine Calender

The nip width N, is computed for different values of the load applied G by utilizing
equation ([3.3.17) on keeping other parameters constants. The calculated values are
given in table [3.2] of APPENDIX. The graphs are plotted for different values of the
load applied as shown in Figure The results obtained from the Hertz model is
compared with the results obtained by nip mechanics model for machine calender
(NMMM) and textile mill data. Figures clearly shows that nip width increases with
increase in line load. Also, it is found that nip mechanics model for machine calender
provides better results as compared to the Hertz model and obtained results matches

more closely with the data obtained from textile mill.

a
—=— NMMM -
—® — Hertz Model _
2.0 o Textile Mill Data - -
—_ 1 7
E 1.8 - L‘/
E= T ,,/
=
2 16 /
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= T /
1.4 /n'/

1.2 -

T T T T T T T T T
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Load applied (kN/mm)

Figure 3.3: Impact of load applied on nip width for machine calender
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3.5.1.2 Impact of Equivalent Diameter on Nip Width for Machine Cal-

ender

The nip width N,, is computed for different values of the equivalent diameter Dg with
the constant load applied 0.263kN/mm by utilizing equation on keeping other
parameters constants. The calculated values are given in table of APPENDIX.
The graphs are plotted for different values of the load applied as shown in Figure |3.4]
. It shows that with increase in equivalent diameter and assuming other parameters
constant, nip width increases. The results obtained from the Hertz model is compared
with the results obtained by nip mechanics model for machine calender (NMMM). It is
found that there is a difference in the values of nip width obtained from nip mechanics
model for machine calender and Hertz model because of the cover thickness factor

which cannot be neglected.

2.1 4
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Figure 3.4: Impact of equivalent roll diameter on nip width for machine calender
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3.5.1.3 Impact of Equivalent Bulk Modulus on Nip Width for Machine

Calender

The nip width N, is computed for different values of the equivalent bulk modulus
E* with the constant load applied 0.263kN/mm by utilizing equation on
keeping other parameters constants. The calculated values are given in table of
APPENDIX. The graphs are plotted for different values of the load applied as shown
in Figure 3.5 It demonstrates that with increase in equivalent bulk modulus and
assuming other parameters constant, nip width decreases. The results obtained from
the Hertz model is compared with the results obtained by nip mechanics model for
machine calender (NMMM). It is found that there is a difference in the values of
nip width obtained from nip mechanics model for machine calender and Hertz model

because of the cover thickness factor which cannot be neglected.
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Figure 3.5: Impact of equivalent bulk modulus on nip width for machine calender
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3.5.1.4 Impact of Cover Thickness on Nip Width for Machine Calender

The nip width N, is computed for different values of the cover thickness b with the
constant load applied 0.263kN/mm by utilizing equation on keeping other
parameters constants. The calculated values are given in table of APPENDIX.
The graphs are plotted for different values of the load applied as shown in Figure [3.6]
It demonstrates that with increase in cover thickness and assuming other parameters
constant, nip width increases. The results obtained from the Hertz model is compared
with the results obtained by nip mechanics model for machine calender (NMMM). It
is found that there is a significant difference between the results obtained from nip
mechanics model for machine calender and Hertz model because NMMM considered

the cover thickness of hard roll while Hertz Model does not take it into account.
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Figure 3.6: Impact of cover thickness on nip width for machine calender

44



3.5.1.5 Impact of Cover Thickness on Average Pressure for Machine Cal-

ender

Average pressure is computed by dividing nip load by nip width for different values
of the cover thickness b with the constant load applied 0.263kN/mm by utilizing
equation on keeping other parameters constants. The calculated values are
given in table of APPENDIX. The graphs are plotted for different values of the
load applied as shown in Figure The results obtained from the Hertz model is
compared with the results obtained by nip mechanics model for machine calender
(NMMM). It demonstrates that with increase in cover thickness and assuming other
parameters constant, average pressure remains same in case of Hertz solution. Aver-
age pressure decreases with increase in cover thickness in case of nip mechanics model
for machine calender (NMMM). It is found that there is a huge difference between
the results obtained from the nip mechanics model for machine calender and Hertz
model because NMMM considered the cover thickness of hard roll while Hertz Model

does not take it into account.
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Figure 3.7: Impact of cover thickness on average pressure for machine calender
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3.5.2 Impact of Various Design and Process Parameters on

Rolling Calender

Impact of load applied, equivalent diameter, equivalent bulk modulus and cover thick-
ness on nip width has been investigated for rolling calender. Also impact of cover

thickness on average pressure has been investigated for rolling calender.

3.5.2.1 Impact of Load Applied on Nip Width for Rolling Calender

The nip width N, is computed for different values of the load applied G by utilizing
equation on keeping other parameters constants. The calculated values are
given in table [3.7] of APPENDIX. The graphs are plotted for different values of the
load applied as shown in Figure [3.8] The results obtained from the Hertz model
is compared with the results obtained by nip mechanics model for rolling calender
(NMMR) and textile mill data. Figures clearly shows that nip width increases with
increase in line load. Also, it is found that nip mechanics model for rolling calender
provides better results as compared to the Hertz model and obtained results matches

more closely with the data obtained from textile mill.
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Figure 3.8: Impact of load applied on nip width for rolling calender
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3.5.2.2 Impact of Equivalent Diameter on Nip Width for Rolling Calen-
der

The nip width N,, is computed for different values of the equivalent diameter Dy with
the constant load applied 0.263kN/mm by utilizing equation on keeping other
parameters constants. The calculated values are given in table of APPENDIX.
The graphs are plotted for different values of the load applied as shown in Figure [3.9
. It shows that with increase in equivalent diameter and assuming other parameters
constant, nip width increases. The results obtained from the Hertz model is compared
with the results obtained by nip mechanics model for rolling calender (NMMR). It is
found that there is a difference in the values of nip width obtained from nip mechanics
model for rolling calender and Hertz model because of the cover thickness factor which

cannot be neglected.
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Figure 3.9: Impact of equivalent roll diameter on nip width for rolling calender
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3.5.2.3 Impact of Equivalent Bulk Modulus on Nip Width for Rolling

Calender

The nip width N, is computed for different values of the equivalent bulk modulus
E* with the constant load applied 0.263kN/mm by utilizing equation on
keeping other parameters constants. The calculated values are given in table
of APPENDIX. The graphs are plotted for different values of the load applied as
shown in Figure[3.10] It demonstrates that with increase in equivalent bulk modulus
and assuming other parameters constant, nip width decreases. The results obtained
from the Hertz model is compared with the results obtained by nip mechanics model
for rolling calender (NMMR). It is found that there is a difference in the values of
nip width obtained from nip mechanics model for rolling calender and Hertz model

because of the cover thickness factor which cannot be neglected.
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Figure 3.10: Impact of equivalent bulk modulus on nip width for rolling calender
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3.5.2.4 TImpact of Cover Thickness on Nip Width for Rolling Calender

The nip width N, is computed for different values of the cover thickness b with the
constant load applied 0.263kN/mm by utilizing equation on keeping other
parameters constants. The calculated values are given in table of APPENDIX.
The graphs are plotted for different values of the load applied as shown in Figure|3.11]
It demonstrates that with increase in cover thickness and assuming other parameters
constant, nip width increases. The results obtained from the Hertz model is compared
with the results obtained by nip mechanics model for rolling calender (NMMR). It is
found that there is a huge difference between the results obtained from nip mechanics
model for rolling calender and Hertz model because NMMR considered the cover

thickness of soft roll while Hertz Model does not take it into account.
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Figure 3.11: Impact of cover thickness on nip width for rolling calender
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3.5.2.5 Impact of Cover Thickness on Average Pressure for Rolling Cal-

ender

Average pressure is computed by dividing nip load by nip width for different values
of the cover thickness b with the constant load applied 0.263kN/mm by utilizing
equation (|3.3.20) on keeping other parameters constants. The calculated values are
given in table 3.11| of APPENDIX. The graphs are plotted for different values of the
load applied as shown in Figure [3.12l The results obtained from the Hertz model
is compared with the results obtained by nip mechanics model for rolling calender
(NMMR). It demonstrates that with increase in cover thickness and assuming other
parameters constant, average pressure remains same in case of Hertz solution. Aver-
age pressure decreases with increase in cover thickness in case of nip mechanics model
for rolling calender (NMMR). It is found that there is a huge difference between the
results obtained from nip mechanics model for rolling calender and Hertz model be-
cause NMMR considered the cover thickness of soft roll while Hertz Model does not

take it into account.
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Figure 3.12: Impact of cover thickness on average pressure for rolling calender
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3.6 Conclusion

The models created in this analysis are comprehensive models which are significant
to textile manufacturing. These are generalized models which can overcome the
difficulties poised by the models of Hertz and Meijers. Hertz had not considered
the elastic cover thickness on the cylinder, so this model cannot be applied to textile
calenders. The solution given by Meijers cannot be applied directly for the calendering
process because of the results presented by him are in non dimensional form which
making it difficult to extract the needed information. The NMMM and NMMR
models developed in this present investigation are extension of Hertz and modification
of Meijers which can be suitably used for textile calenders of any design. With the
help of model developed, rolling and machine calender can be designed according to
the nature of fabric required, as nip width acts as an imperative part in influencing
eminence of fabric. The Hertz model and modified Meijers model (NMMM/NMMR)
are used subsequently for simulation to analyze the Impact of design and process
parameters on nip width and the obtained results of the present models are compared
with the results obtained by Hertz model. From the analysis of the model it is found
that the both the models give better results as compared to conventional models.
These models help to obtain a fabric with better gloss and smoothness because cover
thickness plays crucial role in calendering process which is not considered by the Hertz

model.
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Chapter 4

Heat Transfer Model when Fabric
is Inside the Textile Calender Nip

Calendering enhances the surface properties of the fabric by making it more glossy
and smooth with the help of mechanical and thermal energy. Simultaneous heat
transfer has an important impact on the calendering process and on the functioning
of calender stack. Heat is mainly transferred by conduction to fibers in contact with
the heated rolls under two conditions (a) when fabric is inside the calender nip (b)
when fabric is outside the nip, as shown in figure 4.1 Calender rolls are heated to a
certain extent using different heat transfer processes such as percolation of hot water,
hot oil, steam application or due to induction heating to the calender rolls. Heat can
also be generated either due to friction especially if there one steel roll and one soft
roll are in action or due to compression in the nip. Applying higher temperature, the
smoothness and gloss of the fabric will be enhanced. When fabric is inside the calender
nip, heated rolls may or may not have same temperature. Therefore, variations in
temperature may occur across the face of calender due to temperature variations
across the fabric. When fabric passes through the nip there is very short time for which
heat is transferred. Thus the fabric is neither heated nor cooled to an equilibrium
state. It is always in a transient state wherein the temperature distribution through

its thickness is changing with time. So the nip width calculation is an important factor
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Heat transfer hetween
roll and fabric

Figure 4.1: Heat transfer in calendering process

for calculation of heat transfer in the nip. In this chapter, mathematical model for
conduction heat transfer have been developed when fabric is inside the textile calender
nip having same and different roll temperature. The developed mathematical models
have been solved for machine calender and rolling calender using analytical, analytical

approximate and numerical methods under different initial and boundary conditions.

4.1 Heat Conduction Model

The one dimensional unsteady state heat conduction equation is given by
oT 0T
—_— = —
ot 0x?

Solution of equation (4.1.1)) is used for finding temperature distribution when fabric

(4.1.1)

is inside the calender nip under different initial and boundary conditions depending
upon the type of calender.

When fabric is inside the textile calender nip, heated rolls may or may not have
the same temperature and heat is mainly transferred by conduction to the fibers in
contact with the heated rolls from both sides of the fabric which give rise to following

cases.
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Casel: Both the rolls of the nip are having same temperature
Initial and boundary conditions when fabric thickness of L units is in between the

two rolls of same temperature 7, are
T(x,0) =Ty, T(0,t) =T, =T(L,t) (4.1.2)

Case2: Both the rolls of the nip are having different temperature
Initial and boundary conditions when fabric thickness of L units is in between the

two rolls of different temperature T, and 15 are
T(x,0) =Ty, T(0,t) =T1,T(L,t) =Ty (4.1.3)

Case 1 and case 2 both are applicable in case of machine calender because in ma-
chine calendering process, calender rolls can be at same or different roll temperatures
whereas only case 2 is applicable in case of rolling calender because calender rolls are

at different temperatures in rolling calender.

4.2 Method used for Solving Heat Conduction Model

Analytical Approximate Methods

Various kind of physical problems can be solved using perturbation methods. Per-
turbation methods provide the most versatile tool available in analysis of engineering
problems but these methods have their own drawbacks. All perturbation methods
are based on some perturbation quantity to obtain approximate solutions. Various
non-linear problems do not have small parameters therefore inappropriate choice of
small parameter leads to wrong results [76-86].

In 1999, Ji huan He introduced a new method known as homotopy perturbation
method (HPM). This method has eliminated the limitations of traditional perturba-
tion methods. It is a combination of homotopy in topology and classical perturbation
method which provides a convenient way to obtain analytical approximate solution for
wide variety of differential equation problems arising in various field. In this method,

a homotopy with a small embedding parameter p € [0, 1] is constructed. The result
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obtained using HPM are in series form which are convergent in nature and very close
to exact results [87-98].
For outline the general procedure of the homotopy perturbation method, consider the

differential equation

A(u)— f(r)=0 reQ (4.2.1)
B(u, %) =0 rel (4.2.2)

where A is a general differential operator (linear or nonlinear), f(r) is a known ana-
lytic function, B is a boundary operator and I' is the boundary of the domain §2. The
operator A can be generally divided into two operators, I and IN, where IL is linear

and IN is a nonlinear operator. Equation (4.2.1) can be written as
L(u) + N(u) — f(r)=0 (4.2.3)
Now, construct a homotopy v(r,p) : Q x [0,1] — R which satisfies the relation
H(v,p) = (1 = p)[L(v) — L(uo)] + pIA () — f()] =0, r €0 (1.2.4)

Here p € [0,1] is called the homotopy parameter and wug is an initial approximation
for the solution of equation (4.2.1]), which satisfies the boundary conditions. Clearly,
from equation (4.2.4)),

H(v,0) = L(v) — L(uo) (4.2.5)

H(v,1) =A(v) — f(r) (4.2.6)
Assuming that the solution of equation can be expressed as a series in p,
v = vg + pu1 + pavy + p3vs + (4.2.7)
On setting p = 1, the approximate solution of Equation (4.2.7) is
u= })igr%v = Vg + pu1 + pavs + p3v3 + (4.2.8)

Finite Difference Methods
Various numerical solution techniques are available for solving different kind of par-

tial differential equations (PDE). However due to ease of application, finite difference

methods (FDM) are still a valuable means of solving PDE. FDM has been used for
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solving wide range of PDE problems which can be linear, nonlinear, time dependent
or time independent by approximating derivatives with finite differences, as shown

in figure |4.2| Discrete indicates that the numerical solution is known only at a finite

Finite . Solution -

Continuous PDE | Difference Discrete Method (L
for T(x.) > Difference »| approximation to

' Equation T(x,)

Figure 4.2: Schematic representation of numerical solution using finite difference

number of points in the physical domain. However, increment in the number of dis-
crete points increases not only the resolution but also the accuracy of the numerical
solution [99-110].

The process of discretization leads to a set of algebraic equations, these algebraic
equations are evaluated so as to obtain values for the unknown quantities of the dis-
cretization. For one dimensional heat equation, the coordinate axes are divided into
steps of uniform lengths Az and At along x and ¢ axis respectively. The mesh is ob-
tained by drawing horizontal and vertical lines along the step points. The intersection
points of this mesh are called nodes, where discrete solutions are obtained [111-122].
Use of different combinations of mesh points in the difference formulas results in dif-
ferent methods. However, the rate at which the numerical solution converges to the
true solution varies with the scheme. In this chapter, three finite difference methods
i.e. forward time central space (FTCS) method, backward time central space (BTCS)
method and Crank Nicolson (CN) method are used for finding numerical solution of

heat transfer models under different initial and boundary conditions.

4.3 Solution of Heat Transfer Model

In this section, heat transfer model for same and different roll temperature has been

solved using homotopy perturbation method, forward time central space (FTCS)
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method, backward time central space (BTCS) method and Crank Nicolson (CN)
method.

4.3.1 Solution of Heat Transfer Model using Homotopy Per-
turbation Method

For case 1

Let
b=T-T, (4.3.1)
Therefore equation (4.1.1]) can be rewritten as

o 9%

The homotopy for heat conduction equation given by equation (4.3.2)) is
ov 81#0 8% aQV
- - a— | = 4.3.
<£% ot >‘+27( o o) =0 (4:3.3)
Then I.C. and B.C. changes to
U(x,0) = tho, ¥(0,1) =0=1v(L,1) (4.3.4)

T 2
7 cosm t.

Suppose the solution of equation (4.3.2)) is given by

Let the initial approximation be 1y = C,, sin

v =1y + pvy + pPrs + pPus 4+ plug + .. (4.3.5)
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Using equation (4.3.5) in equation (4.3.3) and comparing the coefficients of same

powers of p,
0, I _ 9
R TET
0 0?
pt % = aaTVQO,I/l(O,t) =0=w(L,t)
0 0?
p*: % = aaTVQI, v5(0,t) = 0 = (L, t)
ov v
P 8_153 = 048722, v3(0,t) =0 = v3(L,t)
[ J
[ J
[ ]
n al/n 62Vn,1
Pl =03 ,Un(0,t) =0 =v,(L, 1) (4.3.6)
Solving the above system of equation (4 ,
v = C), sin [%] coS [Wzt}
S S
v = —C’na in | L[L in —|— sin [%}
L*7%t + accos [7%t]) sin [®2]  L*sin [Z£] 4+ a?sin
1/2:—C'na( T acos [ 1n[L]+ in [ZZ] + ]
A A
B o (m?t (=2L* + L*m?at — 20°) 4 2% sin [72]) sin [Z£] [mv}
V3 = —Ln 56 Sin i
[ ]
[}
[ J
and so on... (4.3.7)
Taking p = 1 in equation (4.3.5)),
w:lig}l/:VO—|—V1—|—V2—|—1/3+1/4+1/5—|—1/6—|—V7+... (4.3.8)
P
Using equation (4.3.7)) in equation (4.3.8)),
Z Cm [sm—m] g~mimrat/L? (4.3.9)

m=1
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Using 1.C. ¢(x,0) = vy in equation (4.3.9))

Yo = ; Cm [sm%x}

(4.3.10)

Equation (4.3.10]) represents Fourier sine series where the constant C,, is the Fourier

coefficient.

Thus equation (4.3.9) becomes

Y (z,t) = Z Bye” et/ L2 [sm%x]

m=1
where ;
B, = 2 wosmmx/dx/
L J, L
when m is even, B,, = 0;
when m is odd, B, = %.

Therefore equation (4.3.11]) becomes

oo

4w0 1 .omT —m2n2at/L2
r,t) = — —sin——age ™ ot/
(1) mXIjB’Sm 7

o

v _ 4 Z lsm—mﬁ9:6_7”2”20”5@2
L
Yo o me135 "

Using equation (4.3.1)), equation (4.3.14)) becomes

T-T, 4 <~ 1 mx  eo,
T 7 2 i

m=1,3,5

Equation (4.3.15]) can be simplified as

4 1 2t 12
T(fﬂ’t) = Tr + (Tg — Tr)_ Z Esin%xe*m mlat/L
m=1,3,5

For case 2

Suppose
T=q+w
where ¢ satisfies the equation
0%q
—1_9
ox?

60

(4.3.11)

(4.3.12)

(4.3.13)

(4.3.14)

(4.3.15)

(4.3.16)

(4.3.17)

(4.3.18)



along with g =Ty at t =0,g=Ty at x =L
w satisfies the equation

ow 0*w

ot “oa?
along with w=0atr=0andx =L, w=Ty—qatt=0.

From equation (4.3.18]),
x
q="T1+ (T —Tl)z

Using (4.3.9), equation (4.3.19)) changes to

NE

Cm [sin—mﬂ x| et/ L2
L

1

3
Il

Now applying the 1.C. w =Ty — ¢ in equation (4.3.21]),

Ty—q= Z Cm [sm%x]

m=1

m=1

(4.3.19)

(4.3.20)

(4.3.21)

(4.3.22)

(4.3.23)

Equation (4.3.23]) represents Fourier sine series where the constant C,, is the Fourier

coefficient.

Equation (4.3.21]) can be rewritten as

w = Z B,, [sm—x] —m?rat/L?

where
"’ Q/L[T (T3 + (- 1)) sin
= = - —T1)=)]sin —uz dx
q/, Ut 1 2~ )7 i
2 2 [* :
Bm:%(Tgcosmw—Tl)—i—z/o Tosm%mda:

Substituting equation (4.3.20) and equation (4.3.24)) in equation (4.3.17)),

T = T1 + (T2 Tl + Z B [SZHTQZ] €7m27T2at/L2

Substituting the value of B, from equation (4.3.26)) in (4.3.27)),

= 2.2 2 2
T=T + (T, — Tl)% + Z sin %xe‘m mat/L [%(Tg cos mm

2 [ /
_T1)+E/o Tosm%a:d:c]
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(4.3.24)

(4.3.25)

(4.3.26)

(4.3.27)

(4.3.28)



2

T="T+ (T, — —|— Z sin —xe’m et/ (Ty(—1)"
mm
. (4.3.29)
2 /
- T) +Z/0 Tgsm%x dz']
On solving equation (4.3.29)),

2,0 /72 2 AT

T(l‘, t) = T1 + (T2 - Tl)f + [e*” at/L sin ZLU{—(—TQ T1) + —O
L L 'm m (4.3.30)

2 1
+e_4”2°‘t/LQSin%:U{ (Ty — TV}

4.3.2 Solution of Heat Transfer Model using Forward Time
Central Space Method (FTCS)

Explicit FTCS method is Ist order method in time and is conditionally stable. In
FTCS method, the difference formula for time derivative is
OT Ty — Ty
— =21+ O(At 4.3.31
5 A HOAY ( )
And the difference formula for spatial derivative is

PT  Tipry— 2T+ Tiovy
ox? (Ax)?

Using equation (4.3.31]) and ({ , equation (4.1.1] - becomes

+O(Ax) (4.3.32)

—T”'“A; Tij _ a(Ti“’j - QAY;; iy ) (4.3.33)
On rearranging,
Lijn=T;ta+—— A (Tz+13 2T, ; + 11 ) (4.3.34)
(Az)?
Therefore,
Tijyr =Ti; +d(Tip; — 2155 + T ) (4.3.35)
Here d is the dimensionless diffusion number, given by
d= a(AA—;)Q (4.3.36)

The order of accuracy of the explicit FTCS method is O(At, Az?). This method is
conditionally stable for d < 0.5. Equation (4.3.35) is solved using MATLAB for Case
1 and Case 2.
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4.3.3 Solution of Heat Transfer Model using Backward Time
Central Space Method (BTCS)

BTCS method is Ist order in time, IInd order in space and is unconditionally stable.
Implicit BTCS method results in simultaneous linear equations for the temperature
at all nodes for a particular time, instead of the temperature being found one node
at a time.

In BTCS method, the difference formula for time derivative is

or T — Ty
— = 4+ O(At 4.3.37
ot Ar PO (4.3.37)

And the difference formula for spatial derivative is

o*T _ Tivjv1 — 2T 511+ Tiva
@12 (AJZ)Q

Using equations (4.3.37) and (4.3.38)), equation (4.1.1]) can be rewritten as

+ O(Ax) (4.3.38)

Tijr—Tiy Tivj+1 — 2T 1 + i1y
—e ) = ’ ’ ’ 4.3.39
At “ Ax? ( )
On rearranging,
At
Tijyr =Ty + aw(Ti—l,Hl — 2T j1 + Tiv41) (4.3.40)
Using equation (4.3.36]),
—dTioy i1+ (1 +2d)T 0 — d(Tiga j41) = Ty (4.3.41)

The time step At should be taken small to obtain the acceptable accuracy. Equation
(4.3.41)) is solved using MATLAB for Case 1 and case 2.

4.3.4 Solution of Heat Transfer Model using Crank Nicolson
(CN) method

CN method is IInd order in time and is unconditionally stable. CN method is having

a IInd order accuracy in time for one dimensional heat conduction equation. The

63



accuracy of this method is same in both space and time. This method has significant
advantages when time accurate solutions are important. Also, this method is uncon-
ditional stable and has higher order of accuracy.

In CN method, the difference formula for time derivative is

or T — Ty
— = 4+ O(At 4.3.42

And the central difference formula at time ;. for spatial derivative is
o*r 1 <Ti—1,j+1 =275 j1 + Tt 11

oz 2 Az? (4.3.43)
Ti1;— 2T ;+ Ty -
+ A2 + O(Ax)
Using equations (4.3.42) and (4.3.43)), equation (4.1.1)) can be rewritten as
Tij+1 — Ti _ 104 Tic1jv1 — 275 jo1 + Tiga j
At 2 Ax? (4.3.44)
i Tio1; — 2T+ Tina o
Az?
On rearranging,
1 At
Tij1—Tij = —Oé—(Tzel,jH — 2T j11
2 (Az)? (4.3.45)

+ L1 g1 + Tivrj — 2055 + Tiva )
Using equation (4.3.36]),
—dTi 11 + 20+ )T 1 — (T j+1) = dTiq; +2(1 = d)T5; + dTiq ; (4.3.46)

Equation (4.3.46)) is solved using MATLAB for Case 1 and case 2.

4.4 Simulation of Models

Simulation of heat transfer model is done for machine and rolling single nip calender
using equations (4.3.16)), (4.3.30), (4.3.35), (4.3.41) and (4.3.46]). Roll temperature
(RT) is taken in the range from 100°C to 210°C for machine calender and from 70°C

to 210°C for rolling calender. The initial fabric temperature are taken as 50°C and
70°C. The range of design and process parameters and adopted values for single nip

machine calender and rolling calender for simulation purpose are given in table of

APPENDIX.
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4.5 Results and Discussion

4.5.1 Impact of Various Design and Process Parameters on

Machine Calender having Same Roll Temperature

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the calender nip for machine

calender having same roll temperature.

4.5.1.1 Impact of Roll Temperature on Fabric Temperature in Thickness
Direction at Various Depths for Machine Calender having Same

Roll Temperature

The impact of roll temperature on fabric temperature in thickness direction at various
depths with initial temperature 50°C and 70°C has been investigated when fabric is
inside the machine calender nip having same roll temperature. The calculated values
are given in tables|4.1|to 4.8 of APPENDIX. The results obtained are shown in figures
[4.3] and [£.41

It clearly shows that when fabric is inside the machine calender nip having same roll
temperature, the middle part of fabric remains at initial temperature and temperature
of the fabric decreases from outer part to mid part of the fabric from both sides in
thickness direction. The results obtained using homotopy perturbation method are
similar with the exact results while there is a negligible error in the results obtained

using finite difference methods.
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Figure 4.3: Impact of same roll temperature on fabric temperature in thickness

direction at various depths with initial temperature 50°C for machine calender
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4.5.1.2 TImpact of Roll Temperature on Average Fabric Temperature for

Machine Calender having Same Roll Temperature

The impact of roll temperature on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric is inside the machine calender nip
having same roll temperature. The calculated values are given in tables to of
APPENDIX. The results obtained are shown in figures [4.5 and [4.6]

It clearly indicates that, with increase in roll temperature, average fabric temperature
increases linearly. The results obtained using homotopy perturbation method are
similar with the exact results while there is a negligible error in the results obtained

using finite difference methods.
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Figure 4.5: Impact of same roll temperature on average fabric temperature with

initial temperature 50°C for machine calender
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Figure 4.6: Impact of same roll temperature on average fabric temperature with

initial temperature 70°C for machine calender

4.5.1.3 Impact of Dwell Time on Average Fabric Temperature for Ma-

chine Calender having Same Roll Temperature

The impact of dwell time on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric is inside the machine calender nip
having same roll temperature. The calculated values are given in tables to [4.16]
of APPENDIX. The results obtained are shown in figures [4.7] and 4.8

It clearly indicates that, with increase in dwell time average fabric temperature in-
creases as more heat is conducted at different layers of the fabric with increase in
dwell time. The results obtained using homotopy perturbation method are similar
with the exact results while there is a significant error in the results obtained using

finite difference methods.
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Figure 4.8: Impact of dwell time on average fabric temperature with initial temper-
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4.5.1.4 TImpact of Thermal Diffusivity on Average Fabric Temperature

for Machine Calender having Same Roll Temperature

The impact of thermal diffusivity on average fabric temperature with initial tempera-
ture 50°C and 70°C has been investigated when fabric is inside the machine calender
nip having same roll temperature. The calculated values are given in tables to
of APPENDIX. The results obtained are shown in figures [£.9] and [£.10]

It clearly indicates that, with increase in thermal diffusivity average fabric tempera-
ture increases. The results obtained using homotopy perturbation method are similar
with the exact results while there is significant error in the results obtained using

finite difference methods.

65.2 738
—&— HPM Solution N
850 | —e—BTCS Solution 767 | —®— HPM Solution
CN Solution —8— BTCS Solution
734 CN Solution v
> 648 | —¥— FTCS Solution o _—
0 % 0 —v— FTCS Solution -
L a _—
g v %’ 732 4 v
2 646 ° _— E —
& RT100°C — © RT 130°C —
g v 2 730
5 64.4 4 / E) -
L _— o 7284 v /
g a2l 7 / / 8 /
B / 3 e
o o
£ 60 / g /
g $ 7244
Z / Z
.
63.8 722 4
.
63.6 T T T T T 720 T T T T T
9.20E-008  9.40E-008  9.60E-008  9.80E-008  1.00E-007 1.02E-007 9.20E-008  9.40E-008  9.60E-008  9.80E-008 1.00E-007 1.02E-007
Thermal diffusivity(m */s) Thermal diffusivity(m °/s)
828 916
826 4 91.4 o
. —=&— HPM Solution wl| HPM Solution
8244 | —e—BTCS Solution ——BTCS Solution
CN Solution 9101 CN Solution v
822 FTCS Solution - 908 | —v— FTCS Solution _—
82.0 4 — 906 -| //v//
8181 RT 160°C w4 RTI100°C _—
/ 02 ] /
81.6 - o -
_— 900 _—
81.4 4 — v

v / 898 - /
812 4 / %056 ] /
810 4 / / 89.4 /
008 892
/ 89.0 /
806 -
88 u

Average fabric temperature’C)
Average fabric temperaturefc)

88.6 -
802 T T T T T 884 T T T T T
9.20E-008  9.40E-008  9.60E-008  9.80E-008  1.00E-007  1.02E-007 9.20E-008  9.40E-008  9.60E-008  9.80E-008  1.00E-007  1.02E-007

Thermal diffusivity(m */s) Thermal diffusivity(m */s)
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4.5.2 Impact of Various Design and Process Parameters on

Machine Calender having Different Roll Temperature

The Impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the calender nip for machine

calender having different roll temperature.

4.5.2.1 Impact of Roll Temperature on Fabric Temperature for Machine

Calender having Different Roll Temperature

The impact of roll temperature on fabric temperature in thickness direction at various
depths with initial temperature 50°C and 70°C has been investigated when fabric is
inside the machine calender nip having different roll temperature. The calculated
values are given in tables to of APPENDIX. The results obtained are shown
in figures and [4.12]

It clearly shows that temperature of the fabric decreases from outer part to mid
part of the fabric from both sides in thickness direction. When rolls are at different
temperature, the side of the fabric which is in contact with the roll having higher
temperature is more heated as compared to other roll at low temperature. The results
obtained using homotopy perturbation method are similar with the exact results while

there is a significant error in the results obtained using finite difference methods.
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Figure 4.11: Impact of different roll temperature on fabric temperature in thickness

direction at various depths with initial temperature 50°C for machine calender
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Figure 4.12: Impact of different roll temperature on fabric temperature in thickness

direction at various depths with initial temperature 70°C for machine calender
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4.5.2.2 Impact of Roll Temperature on Average Fabric Temperature for

Machine Calender having Different Roll Temperature

The impact of roll temperature on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric is inside the machine calender nip
having different roll temperature. The calculated values are given in tables to
of APPENDIX. The results obtained are shown in figures and

It clearly indicates that, with increase in roll temperature, average fabric temperature
increases. The results obtained using homotopy perturbation method are similar with
the exact results while there is a significant error in the results obtained using finite

difference methods.
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Figure 4.13: Impact of different roll temperature on average fabric temperature
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Figure 4.14: Impact of different roll temperature on average fabric temperature

with initial temperature 70°C for machine calender

4.5.2.3 Impact of Dwell Time on Average Fabric Temperature for Ma-

chine Calender having Different Roll Temperature

The impact of dwell time on average fabric temperature with initial temperature 50°C
and 70°C has been investigated when fabric is inside the machine calender nip having
different roll temperature. The calculated values are given in tables to of
APPENDIX. The results obtained are shown in figures and [4.16]

It clearly indicates that, with increase in dwell time average fabric temperature in-
creases as more heat is conducted at different layers of the fabric with increase in
dwell time. The results obtained using homotopy perturbation method are similar
with the exact results while there is a significant error in the results obtained using

finite difference methods.
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4.5.2.4 TImpact of Thermal Diffusivity on Average Fabric Temperature

for Machine Calender having Different Roll Temperature

The impact of thermal diffusivity on average fabric temperature with initial tempera-
ture 50°C and 70°C has been investigated when fabric is inside the machine calender
nip having different roll temperature. The calculated values are given in tables [4.41]
to of APPENDIX. The results obtained are shown in figures and [£.18

It clearly indicates that, with increase in thermal diffusivity average fabric tempera-
ture increases. The results obtained using homotopy perturbation method are similar
with the exact results while there is significant error in the results obtained using

finite difference methods.
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4.5.3 Impact of Various Design and Process Parameters on

Rolling Calender

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the calender nip for rolling

calender having different roll temperature.

4.5.3.1 Impact of Roll Temperature on Fabric Temperature in Thickness

Direction at Various Depths for Rolling Calender

The impact of roll temperature on fabric temperature in thickness direction at various
depths with initial temperature 50°C and 70°C has been investigated when fabric is
inside the rolling calender nip. The calculated values are given in tables to [4.56]
of APPENDIX. The results obtained are shown in figures and

It clearly shows that temperature of the fabric decreases from outer part to mid
part of the fabric from both sides in thickness direction. In rolling calender, rolls
are at different temperature, therefore side of the fabric which is in contact with
the roll having higher temperature is more heated as compared to other roll at low
temperature. The results obtained using homotopy perturbation method are similar
with the exact results while there is a negligible error in the results obtained using

finite difference methods.
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Figure 4.19: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 50°C for rolling calender
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Figure 4.20: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 70°C for rolling calender
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4.5.3.2 Impact of Roll Temperature on Average Fabric Temperature for

Rolling Calender

The impact of roll temperature on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric is inside the rolling calender nip.
The calculated values are given in tables to of APPENDIX. The results
obtained are shown in figures and [4.22]

It clearly indicates that, with increase in roll temperature, average fabric temperature
increases. The results obtained using homotopy perturbation method are similar with
the exact results while there is a negligible error in the results obtained using finite

difference methods.
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Figure 4.21: Impact of roll temperature on average fabric temperature with initial

temperature 50°C for rolling calender

36



130

125 - —&— HPM Solution
. —@— BTCS Solution

120 — CN Solution

—W%— FTCS Solution

115—-
110—-
105 -
lOO—-

95 —+

Average fabric temperature (C)

90 —

85

T T T T T T T
130/70 160/80 190/90 210/100

Roll temperatures (C)

Figure 4.22: Impact of roll temperature on average fabric temperature with initial

temperature 70°C for rolling calender

4.5.3.3 Impact of Dwell Time on Average Fabric Temperature for Rolling

Calender

The impact of dwell time on average fabric temperature with initial temperature 50°C
and 70°C has been investigated when fabric is inside the rolling calender nip. The
calculated values are given in tables to of APPENDIX. The results obtained
are shown in figures and [4.24]

It clearly indicates that, with increase in dwell time average fabric temperature in-
creases as more heat is conducted at different layers of the fabric with increase in
dwell time. The results obtained using homotopy perturbation method are similar
with the exact results while there is a negligible error in the results obtained using

finite difference methods.

87



0002 0003 0004 0005 0006 0007  0.008

Dwell time(s)

100

84| -
—8—HPM Solution v ~#—HPM Solution
—8— BTCS Solution ’ —&—BTCS Solution i
" CN Solution 9+ CN Solution
~ v FTCS Solution ~ —¥—FTCS Solution
0 s 0
£ o
g ¢ i
3 3 4
25l RT1s0m% 2 ™ Rrsose’c
7 7
3 3
g™ g
9 o ¥
A g
) )
@ 72 T 804
] 0]
g g
70
0
. 754
68|
I T I T I T I T I T I T I I T I T I T I T I T I T I
0002 0003 0004 0005 0006 0007 0008 0002 0003 0004 0005 0006 0007 0008
Dwell time(s) Dwell time(s)
10 |~ HPM Soluton v 1209 | s Hpu Soluton i
—&—BTCS Solution ' —8—BTCS Solution
CN Solution 115 CN Solution
G 105+ | —y—FTCS Solution 8 —¥— FTCS Solution
£ £
g 0 1104
2 0 2 0
‘@ 100+ RT 190/90°C ‘@ RT 210/100°C
g 8
g g 105
[} ]
= g5 L)
9 9
g & 100
& 8
g % 5
g g o5
0 (]
g g
g5 ¥ %
0 b 0
8 L 8

0002 0003 0004 0005 0006 0007 0008

Dwell time(s)

Figure 4.23: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for rolling calender
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Figure 4.24: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for rolling calender
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4.5.3.4 Impact of Thermal Diffusivity on Average Fabric Temperature
for Rolling Calender

The impact of thermal diffusivity on average fabric temperature with initial temper-
ature 50°C and 70°C has been investigated when fabric is inside the rolling calender
nip. The calculated values are given in tables [£.65] to of APPENDIX. The results
obtained are shown in figures and [£.26]

It clearly indicates that, with increase in thermal diffusivity average fabric tempera-
ture increases. The results obtained using homotopy perturbation method are similar
with the exact results while there is significant error in the results obtained using

finite difference methods.
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temperature 50°C for rolling calender

90



904 1040 -
—&—HPM Solution v —&— HPM Solution v
03| _o—BTCS Solution 1038 | | ——BTCS Solution
902 4 CN Solution CN Solution
~ —¥—FTCS Solution ~ 10361 ] —¥—FTCS Solution
0 o1 . 0 .
< <
0 900 0 10344
3 i 3
2 RT 13070°C . g RT 160/80°C .
[ ¢ 1032
9 899 9
E E
0 898 9 1030
Q Q
‘T ‘T 0
4 877 2 10284
- |} -
0 896 [
@ 2 1026 -
© 895-| o
g '3 g )
< 10244
894w u
%93 1022 4
L L}
2 1020 44—
920E-008 9.40E-008 960E-008 9.80E-008  LOOE-007  1.02E-007 920E-008 9.40E-008 9.60E-008 980E-008  1.00E-007  1.02E-007
Thermal diffusivity(m 2/s) Thermal diffusivity(m zls)
1280
176
1174 | ~%—HPM Solution v —=#—HPM Solution v
—8—BTCS Solution 1275+ | —8—BTCS Solution
1172+ CN Solution CN Solution
A 11704 FT lution ~ —v¥—FTCS Solution
0 —¥—FTCS Solutio . 0 o] .
< <
¥ 1168 5
2 166 RT190/90°C . 2 RT 210/100°C .
g T 1265
Q1164 g
E E
8 1162+ 8 160
0 o ]
‘T 116.0 - T
3 g
= 11584 l 8
s 58 %125'5’
G 1156 @
- = ]
g g ¢
Z 11544 g 1250+ x
w2 "
L
uso4 1245
w7 —_—
920E-008  9.40E-008 960E-008  9.80E-008  LOOE-007  1.02E-007 9.20E-008 9.40E-008  9.60E-008 980E-008  1.00E-007  L.02E-007

Thermal diffusivity(m 2/s)

Thermal diffusivity(m Z/s)

Figure 4.26: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for rolling calender
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4.6 Conclusion

This model gives an evolutionary advantage that helps in predicting the fabric tem-
perature at various depths in thickness direction inside the nip which is not possible
using temperature measuring instruments as they can only measure temperature on
the surface of the fabric. From the simulation of the heat transfer model, it is clear
that with increase in roll temperature (and/or) decrease in calender speed, more heat
penetrates inside the fabric from both sides in thickness direction which results in
increase of average fabric temperature. For machine calender when fabric comes out
of the nip, there is remarkable increase in average fabric temperature in the range
of 12% to 80% with increase in same roll temperature from 100°C to 190°C and in
the range of 20% to 96% with increase in different roll temperature from 100°C to
210°C. For rolling calender when fabric comes out of the nip, there is remarkable
increase in average fabric temperature in the range of 29% to 80% with increase in
different roll temperature from 70°C to 210°C. By increasing the calendering speed
beyond a certain limit will not bring any change in average temperature and also
makes pressure effect less efficient which results in decrease of gloss and smoothness.
Also, with increase in thermal diffusivity coefficient of the fabric, there is increase
in average fabric temperature under the same process parameters. So fabric having
more thermal diffusivity can be treated to get desired gloss and smoothness under less
cost as compared with fabric having less thermal diffusivity coefficient. Increasing roll
temperature, pressure and decreasing calendering speed are key factors for improving
gloss and smoothness. Therefore for obtaining desired gloss and smoothness a balance
between mechanical energy, thermal energy and dwell time is to be made. It is found
that results obtained using BTCS method are very close to results obtained using
HPM. Also, comparison of results obtained using explicit FTCS, implicit BTCS and
Crank Nicolson CN methods with results obtained from HPM reflects the remark-
able applicability of numerical and analytical approximate methods in analyzing the
temperature profile of the fabric inside the calender nip for same and different roll

temperatures.
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Chapter 5

Heat Transfer Model when Fabric
is Inside the Temperature Gradient

Calender Nip

The essential elements for enhancing the surface properties of the fabric inside the
calender nip are pressure and temperature between the fabric and heated roll. With
increase in pressure and temperature in calendering system, surface smoothness for
the fabric can be improved but with increase in both the factors beyond a certain limit
can cause damage to the fibre bond resulting in reduction in the mechanical strength
of the fabric. To overcome these undesirable effects, the process of temperature
gradient calendering is employed. Temperature gradient calender (TGC) consist of
alternating hard and soft rolls in which soft roll at room temperature and hard roll
at higher temperature. Hard roll (heated roll) is having a thin layer of chilled cast
iron whereas soft roll is having a thin layer of elastic material like cotton, epoxy and
Nylon 610. polymers, etc. The heated roll surface temperature is between the range
150°C-350°C which is obtained by percolation of heated oil inside the calender roll.
In TGC, it is possible to produce a temperature gradient in the thickness direction
of the fabric at the same time as the fabric is compressed in the nip, also heat is

not transformed upto the center of the fabric in thickness direction, thus the fibres
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which are in direct contact with the heated roll get deformed permanently, while
the fibres on the other side and upto the middle of the fabric do not get deformed.
Thus desirable softening, better fabric surface quality and uniformity of the surface
layers can be obtained while preserving the interior bulk and strength properties.
Temperature gradient calendering selectively plasticize only the outer surface of the

fabric, leading to better smoothness for given thickness.

5.1 Heat Conduction Model

In this section, mathematical models for heat transfer in temperature gradient cal-
ender considering incompressible and compressible semi infinite medium have been
developed. The heat equation in one dimension considering x axis only is given by

oT  O°T

Equation ([5.1.1)) can be solved for finding temperature distribution when fabric is in-
side the calender nip under different initial and boundary conditions depending upon
the type of calender.

Casel: Mathematical Model for Heat Transfer in Temperature Gradient
Calender Considering Incompressible Semi Infinite Medium

In TGC, the temperature of the cold roll has no contribution in temperature distri-
bution because the contact time between heated roll and fabric is so less. So heat
transfer during this procedure can be treated as transient heat conduction into a
semi-infinite medium. Semi infinite solid is bounded by the plane x = 0 and extends
to oo towards x positive. So the face x = L, has been moved to x — oc.

Therefore, initial and boundary conditions for equation (5.1.1)) are taken as

T(z,0) =T, (5.1.2)

(5.1.3)



where T}, is the temperature of heated roll and 7Tj is the initial temperature of the
fabric.

Case2: Mathematical Model for Heat Transfer in Temperature Gradient
Calender Considering Compressible Semi Infinite Medium

In this case, change in volume of fabric is considered when it is compressed inside the
nip of temperature gradient calender as shown in the Figure [5.1| which is bounded by
the plane x = 0 and extends to co towards = positive.

Neglecting moisture evaporation, velocity and temperature field are governed by

Cold soft roll
W

Figure 5.1: Schematic figure of calender nip

continuity and energy equations

Ve(pV)=0 (5.1.4)

p(z)c,V e VT =V e (kVT) =0 (5.1.5)

where V' is the velocity vector.
Due to viscous nature of fabric, it can be assumed to have same y direction velocity

component as x direction component. As density (p) is independent of x direction.

Therefore from equation ([5.1.4)),
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Ouy(x,y) dp(y)
P os T oy

=0 (5.1.6)

where u; and v; are velocities in x and y direction respectively. Since thickness of the
fabric is very small, heat conduction in y direction can be neglected. The thermal

conductivity is constant in x direction.

Therefore equation ((5.1.5) can be rewritten as

T(z,y)  0T(x,y) T (z,y)
= -7 5.1.7
ul(‘ra y) ox + U1 8y (y) o2 ( )
where « is the thermal diffusivity.
The B.C. for u; are
ur(wp(y),y) = U1dxh—(y)
w (5.1.8)

Uy (-Tc (y)7 y) =1 dxéggy)

zp(y) and z.(y) are the functions describing the surface of the hot and cold rolls
respectively as shown in Figure |5.1

Neglecting contact resistance between the hot roll and fabric, boundary conditions

for equation ([5.1.7)) are
T(zn(y),y) = Tn

T([L’, 0) = TO

(5.1.9)

5.2 Methodology Used

Mathematical model for heat transfer in temperature gradient calender considering
semi infinite medium are solved using Lie transformation method and Heat balance
integral methods.

Lie Transformation Method: Symmetry methods for differential equations was
originally developed by Sophus Lie in the latter half of the ninteenth century. Sophus
Lie introduced the notion of a continuous group of transformations acting on the
space of independent and dependent variables of the system. He showed that the

order of an ODE could be reduced by one if it is invariant under a one parametric Lie
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group of point transformations and in case of PDE, the invariance under a continuous
group of point transformations leads directly to the superposition of solutions in
terms of transformations. If a system of PDE is invariant under a Lie group of point
transformations, special solutions called similarity solutions can be obtained, that are
invariant under a subgroup of the full group admitted by the system. These solutions
result from solving a reduced system of differential equations with fewer independent
variables. Lie group of transformations are characterized by infinitesimal generators.
The function appearing in the infinitesimal generator of a Lie group of transformations
satisfy an overdetermined system of linear differential equations [123,124].

Let x = (x1, z9, x3, ..., x,) lies in region D C R™. The set of transformations
T = X(z;¢) (5.2.1)

defined for each x in D and parameter ¢ € T C R with ¢(¢,0) defining a law of

composition of parameters € and ¢ in 7T such that

1. For every € in T, the transformations are bijective on D.
2. T with the law of composition ¢ forms a group.

3. For each z in D, ¥ = x when € = ¢ corresponds to the identity element e of T,
ie.,

X(z;€) =

4. If # = X(x;€), * = X(#;0), then
T = X(259(c,9))
such family of transformation is known as the one parameter group of transfor-

mations.

A one parameter group of transformations defines a one parameter Lie group of trans-
formations if, in addition to satisfy axioms (1)-(4) of above definition, the following

holds [123,[124]:

1. € is a continuous parameter, i.e., T, is an interval in R. Without loss of gener-

ality, € = 0 corresponds to the identity element e.
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2. X is infinitely differentiable w.r.t. = in D and an analytical function of ¢ in 7'

3. ¢(€,d) is an analytic function of € and § in 7.

Heat Balance Integral Method: The heat balance integral method was intro-
duced by Goodman is a well-known approximate mathematical technique for solving
heat transfer problems and particularly the location of the free boundary in heat
conduction problems involving a phase of change. A number of thermal and phase
change problems are solved using heat balance integral method. It is a simple approx-
imate technique originally developed for analyzing thermal problems. The standard
heat balance integral method approximates solutions to the heat equation by first
introducing a heat penetration depth, d(¢), where for z > § the temperature change
above the initial temperature is assumed to be negligible. An approximating function
is then defined for the temperature, typically a polynomial, and by applying suffi-
cient boundary conditions, all the unknown coefficients can be determined in terms
of the unknown function . Finally, the governing heat equation is integrated for

z € [0,6] [125-128].

5.3 Solution of Case 1 using Lie Transformation

Method

Introducing dimensionless variables

T—T,
pu— . .1
0 T T, (5.3.1)
T=ot (5.3.2)
equations (5.1.1)), (5.1.2]) and (5.1.3) get transformed to
20 9%
= (5.3.3)
0(z,0) = 0 (5.3.4)
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o0.7) - (5.3.5)

lim, o 0(z,7) =0

The solution of equation along with conditions given by equations and
(5.3.5) is found using invariance under Lie group of point transformation. A restricted
class of one parameter transformation group is considered which is applicable to
equation ([5.3.3)).

Considering one parameter transformation group

Ty =+ e(x,7)+ O(?)

nn =T1+en(z, )+ O() (5.3.6)

¢ = ¢+ eC(x,T)+ O(?)

/

The above system of equations must hold for all values of z, t, ¢, ¢.., ¢, pr¢. On setting

the coefficients of x,t, ¢, ¢, di, pur to zero,

on _
Ox =0

a 9% -0
oo (5.3.7)

oc | e _ 0% _
25s tor a2 =0

9 9¢ 8n+82n -0

oxr ~ or Ox2

The solution of determining equations is given by

E(x,7) = Ky + Br + yat + 0t
n(z,7) = oq + 26t + 4t? (5.3.8)

C(z,7) = —y(32? + 3t) — 302 + X

/

where &, 3,7, 6, a1, A are six arbitrary parameters.

For parameter (3, the similarity variables are given by

dw _ db _ du (5.3.9)



where &, and ¢ are given by equation (|5.3.8]).
Using these similarity variables, equation ([5.3.3)) reduces to

d*g do
49— = 5.3.10
e t g, =0 (5.3.10)
Also, equation ([5.3.4)) reduces to
n=00,0=0 (5.3.11)
and equation ([5.3.5)) reduces to
n=00=1 (5.3.12)

The other boundary condition given by equation (5.3.5)) reduces to the same form as

given by equation ([5.3.11]).

Putting 2 = &, in equation ((5.3.10]), we get
&

d&:
— 4+2n& =0 5.3.13
dn + 2n&1 ( )
Integrating equation ([5.3.13)),
& =Ce (5.3.14)
Therefore
db
— =Ce " (5.3.15)
dn
Integrating equation (}5.3.15)),
n 2
0= C/ e Tdn+ D (5.3.16)
0

where C' and D are integration constants.

Using the initial and boundary conditions given by equation (5.3.11)), equation ([5.3.12)),

-2
=~ D=1 3.17

Putting the values of C' and D from equation (5.3.17)) in equation (5.3.16])
o—1- 2 /77 7 d (5.3.18)
VT Jo
The integral in the above equation is known as error function. Thus

0=1—erf(n) (5.3.19)
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T-T,
Ty, — Ty

=erfc(n) (5.3.20)

where 7 is similarity variable and for the solution of given problem, Let 7 is given by

x
= 5.3.21
=g = (5.3.21)
Therefore, equation ([5.3.20)) becomes
x
T(x,t)="To+ (I}, —Ty)erfc 5.3.22
(#.0) = To + (1)~ Tujerfol =) (5:3:22)

where ¢ is dwell time and er fe( 5 f&) is the complementary error function.

The above equation is used to find the temperature distribution in fabric inside the

temperature gradient calender nip considering incompressible semi infinite medium.

5.4 Solution of Case 1 using Heat Balance Integral

Method

Introducing dimensionless variables

T—-1T,
0= 4.1
T, T, (5.41)
T=at (5.4.2)
The heat equation, I.C. and B.C. get transformed to the following forms
00 0%
7 4.
or  0Ox? (5:4.3)
with I.C.
0(x,0) =0 (5.4.4)
and B.C.
6(0,7) =1
(5.4.5)
lim, o0 O(z,7) =0

Equation (5.4.3)) is solved under initial and boundary conditions given by equations
(6-4.4) and (5.4.5).
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Define 6(t) i.e. distance over which the temperature changes is felt at time ¢. Integrate

equation (5.4.3)) from z =0 to = = 4(t) giving

oT oT 1 [°®ar

The right hand side integral is performed by applying rule of differentiation under

the integral sign, hence

oT oT 1{d [°® do
| = = | — Tde — T, _s— 4.
(6)37) =5(1) (a‘”> o [dt /0 o dt] o

But (%};) =0and T =Tpat z =4
=0

Let
5()
6= / Tdz (5.4.8)
0
Hence equation ([5.4.3|) becomes
or d
or d

Rate of input of energy at face x = 0 at any time t= Rate of energy of the sensible
heat of the heated layer of thickness J(t).
To calculate the integral method solution, the B.C. at oo with

_9

T(3(t),t) = 5

(0(t),t) =0 (5.4.11)

where 0 is sufficiently far from the boundary such that the boundary temperature has
a negligible effect.

Therefore

T =T,atxz=0

T =Tyatx=96 (5.4.12)
‘g—z =0atx=9

/
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Another condition can be obtained by evaluating the differential equation at x = §(t),
where T' = Tj,=constant.

Therefore

% =0atx =29
(5.4.13)
22725 =0atx =29

Using the above conditions, The solution for G(z,t) is an appropriate approximate

polynomial

O(z,t) = (1 - %) (5.4.14)

then on integrating the heat equation over z € [0,¢], substituting for G(z,t) using
equation ([5.4.14]) and then again on integration, it leads to

d=+/2m(m+ 1)t (5.4.15)

Taking seventh order polynomial, using equation (5.4.14)) and ([5.4.15)), the resulting

solution is given by

T(z,t) = To+(T,—To)

(5 san(5) n(3) () - G) () - )|
(5.4.16)
with

§ = 1120t (5.4.17)

5.5 Solution of Case 2 using Lie Transformation

Method

Using equation (5.1.8)) in equation ({5.1.6)), the velocity field is given by

V(w,y) = [dxglz;y) . _pxh) dz(;)] (5.5.1)
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Using equation ((5.5.1)) in equation ([5.1.8)),
p(y)b(y) = constant = pobyg (5.5.2)

where b(y) = z.(y) — xx(y) is the fabric thickness.
Considering non dimensional variable ¢ given by

T(ma y) B TO

0 —
T, —Tp

(5.5.3)

with similarity transformation

N

mie.s) = @ = sVl [ alo(s)is (55.4)

Using equation (5.5.3)) and (5.5.4]), equation (5.1.7]) reduces to

d29 m db .

L ) 9.9.9
dn? * 2 dm ( )

with the boundary conditions § =1 at 9, =0 and 6 = 0 at 1, = 00

The solution of equation (5.5.5)) using Lie transformation method as discussed in

previous subsection is given by
T
0(m) = erfc[ﬂ (5.5.6)

Using equation
[<x — )o@ ¥ als)(pls)ds]

T(z,y) —To ’
—_— 5 ] (5.5.7)

0 —
Ty, — Ty

=erfc

Since nip width is very large in comparison with fabric thickness, therefore the as-
sumption that the compression and the expansion of the fabric during the calendering
procedure are linear, leads to no great error. Furthermore it is assumed that the den-
sity of the calendered fabric equals that of the uncalendered fabric, therefore the

density variation is modelled with the triangular function

M:b_o_i_(l_

bo >y - %
Lo bmzn

O (5.5.8)

bmin 2

where N, is the nip width, py the density of the uncalendered fabric, by is the thick-

ness of uncalendered fabric and b,,;,, is the minimum thickness of the fabric during the
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calendering procedure. Assuming « to be constant and substituting p(z) from equa-

tion (5.5.8)) and 2, (N,,) = 0 in to equation (5.5.7)) yields the temperature distribution
inside the calender nip of width N,

(5.5.9)

T(Lt):Tg%—(Th—To)erfc( V3 ’ )

\/(bb_o)z 4+ b 2V at

bmin

where t is the dwell time. The above equation is used to find the temperature distri-
bution in fabric inside the temperature gradient calender nip considering compressible

semi infinite medium.

5.6 Simulation of Heat Transfer Models Consid-
ering Incompressible and Compressible Semi

Infinite Medium

The solution of mathematical models for heat transfer considering incompressible

and compressible semi infinite medium described in equations (5.3.22)), ((5.4.16|) and

(5.5.9) are used to investigate the impact of roll temperature, dwell time, thermal
diffusivity on average fabric temperature when fabric is inside the calender nip using
the data given in table [3.1 of APPENDIX. The initial fabric temperature is taken as
50°C and 70°C and heated roll temperatures are taken in the range from 200°C to
320°C. Nip width (1V,,) is taken as 0.0065m which is calculated using nip mechanics
model for rolling calender (NMMR).
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5.7 Results and Discussion

5.7.1 Impact of Various Design and Process Parameters on
Temperature Gradient Calender Considering Incom-

pressible Medium

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the temperature gradient

calender considering incompressible medium.

5.7.1.1 Impact of Roll Temperature on Temperature Profile of Fabric at
Distinct Depths in Thickness Direction Considering Incompress-

ible Medium

Temperature profile of fabric having initial temperature 50°C and 70°C on various
depths has been calculated for incompressible semi infinite medium using equations
and . It is found that there is significant error between the results
obtained using Lie and Integral method. The calculated values are given in tables
6.1 to B.8 of APPENDIX. It is found that the side of fabric which is in touch with
the heated roll is at higher temperature as compared to the side which is in contact
with the non heated roll. Also, temperature of fabric decreases with increase in web

depth and after the middle part, it remains at initial fabric temperature as shown in

figures [5.2 and
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Figure 5.2: Impact of roll temperature on temperature profile of fabric at distinct

depths in thickness direction at initial temperature 50°C for incompressible semi

infinite medium
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Figure 5.3: Impact of roll temperature on temperature profile of fabric at distinct
depths in thickness direction at initial temperature 70°C for incompressible semi

infinite medium
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5.7.1.2 Impact of Heated Roll Temperature on Average Fabric Temper-

ature Considering Incompressible Medium

The impact of heated roll temperature on average fabric temperature having initial

temperature 50°C and 70°C considering incompressible medium has been calculated

using equations ([5.3.22) and ([5.4.16|). There is significant error between the results

obtained using Lie and Integral method. The calculated values are given in tables
to [5.§ of APPENDIX. It is found that with increase in heated roll temperature,

average temperature of the fabric increases when fabric is inside the nip as shown in

figures [5.4] and
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Figure 5.4: Impact of heated roll temperature on average fabric temperature at

initial temperature 50°C for incompressible semi infinite medium
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Figure 5.5: Impact of heated roll temperature on average fabric temperature at

initial temperature 70°C for incompressible semi infinite medium

5.7.1.3 Impact of Dwell Time on Average Fabric Temperature Consider-

ing Incompressible Medium

The impact of dwell time on average fabric temperature having initial temperature
50°C and 70°C considering incompressible medium has been calculated using equa-
tions and . It is found that there is significant error between the
results obtained using Lie and Integral method. The calculated values are given in
tables to of APPENDIX. With increase in dwell time, fabric spends more
time inside the calender nip due to which heat penetrates upto the center of fab-
ric from the side which is in touch with the heated roll due to which average fabric

temperature increases as shown in figures and [5.7]
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Figure 5.7: Impact of dwell time on average fabric temperature at initial tempera-

ture 70°C for incompressible semi infinite medium

5.7.1.4 Impact of Thermal Diffusivity on Average Fabric Temperature

Considering Incompressible Medium

The impact of thermal diffusivity on average fabric temperature having initial tem-

perature 50°C and 70°C considering incompressible medium has been calculated using
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equations and . It is found that there is significant error between the
results obtained using Lie and Integral method. The calculated values are given in
tables to of APPENDIX. With increase in thermal diffusivity, more heat
penetrates to the fabric inside the calender nip upto the center of fabric which in-

creases the average fabric temperature as shown in figures and [5.9]
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Figure 5.8: Impact of thermal diffusivity on average fabric temperature at initial

temperature 50°C for incompressible semi infinite medium
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Figure 5.9: Impact of thermal diffusivity on average fabric temperature at initial

temperature 70°C for incompressible semi infinite medium
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5.7.2 Impact of Various Design and Process Parameters on
Temperature Gradient Calender Considering Incom-

pressible and Compressible Medium

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the temperature gradient

calender considering incompressible and compressible medium.

5.7.2.1 Impact of Roll Temperature on Temperature Profile of Fabric at
Distinct Depths in Thickness Direction Considering Incompress-

ible and Compressible Medium

Temperature profile of fabric having initial temperature 50°C and 70°C on various
depths has been calculated for compressible semi infinite medium using equations
and (5.5.9). The calculated values are given in tables to of AP-
PENDIX. It is found that when impact of change in volume is taken into account,
there is significant difference in temperature at the outermost surface to the middle
of the fabric in thickness direction from heated roll side. The temperature difference

after the middle part becomes negligible with increase in web depth as shown in fig-

ures 5.10l and B.111
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Figure 5.10: Impact of roll temperature on temperature profile of fabric at dis-
tinct depths in thickness direction at initial temperature 50°C for incompressible and

compressible semi infinite medium

116



20
200 —#&—without volume change
—&— with volume change
180
0 w0l RT200°C
<
0]
2
3
T 1404
0
Q
5 120
8 1201
9
3 \
© 100
i \
\\
\\
80 \q
lI""—l~l—l—l—l—l
60
T T T T T T
000000 000002 000004  0.00006  0.00008 000010
Web Depth (m)
300
—&—without volume change
—&— with volume change
250
A RT 280°C
0
<
o 200
2
g
0
Q
E
& 150
9
3
[
i
100
\:\
—f—=—t—a——
50 T T T T T T T T T T
000000 000002 000004  0.00006  0.00008 000010
Web Depth (m)

Fabric Temperature (DC)

Fabric Temperature (JC)

260

w0 —&— without volume change
—&— with volume change
220
RT 240°C
200
180
160
140
120
100
\
80+ N\‘
i —t——a——1—
60
T T T T T T T
000000 000002 000004 000006  0.00008  0.00010
Web Depth (m)
350
—&— without volume change
—8— with volume change
300
RT320°C
250
200
150
\
100 O\
0
\.\ ,
—f =t
50

T T
0.00000 0.00002 0.00004 0.00008 0.00010

Web Depth (m)

0.00006

Figure 5.11: Impact of roll temperature on temperature profile of fabric at dis-

tinct depths in thickness direction at initial temperature 70°C for incompressible and

compressible semi infinite medium
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5.7.2.2 TImpact of Heated Roll Temperature on Average Fabric Temper-

ature Considering Incompressible and Compressible Medium

The impact of heated roll temperature on average fabric temperature having initial
temperature 50°C and 70°C considering compressible medium has been calculated
using equations and (5.5.9). The calculated values are given in tables to
[b.32]of APPENDIX. It is found that the difference between average fabric temperature
for compressible and incompressible semi infinite medium increases with increase in

heated roll temperature as shown in figures and
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Figure 5.12: Impact of heated roll temperature on average fabric temperature at

initial temperature 50°C for incompressible and compressible semi infinite medium
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Figure 5.13: Impact of heated roll temperature on average fabric temperature at

initial temperature 70°C for incompressible and compressible semi infinite medium

5.7.2.3 Impact of Dwell Time on Average Fabric Temperature Consider-

ing Incompressible and Compressible Medium

The impact of dwell time on average fabric temperature having initial temperature
50°C and 70°C considering compressible medium has been calculated using equations
and (5.5.9). The calculated values are given in tables to of AP-
PENDIX. With increase in dwell time, fabric spends more time inside the calender
nip due to which more heat penetrates upto the center of fabric from the side which is
in touch with the heated roll which increases average fabric temperature as shown in
figures and 5.15] It is found that the difference between average fabric tempera-
ture for compressible and incompressible semi infinite medium increases with increase

in dwell time and roll temperature.
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Figure 5.15: Impact of dwell time on average fabric temperature at initial temper-

ature 70°C for incompressible and compressible semi infinite medium

5.7.2.4 TImpact of Thermal Diffusivity on Average Fabric Temperature

Considering Incompressible and Compressible Medium

The impact of thermal diffusivity on average fabric temperature having initial tem-

perature 50°C and 70°C considering compressible semi infinite medium has been

calculated using equations ((5.3.22)) and (5.5.9). Then the results obtained for incom-

pressible semi infinite medium are compared with the results obtained for compress-

ible semi infinite medium. The calculated values are given in tables to of




APPENDIX. With increase in thermal diffusivity, more heat penetrates to the fabric

inside the calender nip upto the center of fabric which increases the average fabric

temperature as shown in figures and |5.17 It is found that the difference between

average fabric temperature for compressible and incompressible semi infinite medium

increases with increase in thermal diffusivity and roll temperature.
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Figure 5.16: Impact of thermal diffusivity on average fabric temperature at initial

temperature 50°C for incompressible and compressible semi infinite medium
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Figure 5.17: Impact of thermal diffusivity on average fabric temperature at initial

temperature 70°C for incompressible and compressible semi infinite medium
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5.8 Conclusion

The mathematical models developed in this chapter for incompressible and com-
pressible medium can be utilized to anticipate the temperature profile of the fabric
in thickness direction in TGC, as it is not possible to measure the temperature of
the fabric at distinct depths physically. With increase in heated roll temperature
(and/or) dwell time, more heat is conducted to the fabric, which increases the av-
erage temperature of the fabric. It is found that for temperature gradient calender
when fabric comes out of the nip, there is remarkable increase in average fabric tem-
perature in the range of 25% to 76% with increase in roll temperature from 200°C
to 320°C. In case of TGC, heat is not transformed upto the center of the fabric in
thickness direction, thus the fibres which are in direct contact with the heated roll
get deformed permanently, while the fibres on the other side and upto the middle of
the fabric do not get deformed due to which the surface properties of the fabric are
developed while maintaining the bulk and strength properties. Subsequently better
gloss and smoothness of the fabric can be accomplished in case of TGC with more
than one nip without affecting the bulk and strength properties. Also, neglecting the
effect of volume change results, difference in amount of heat conducted at distinct
depths and on the average fabric temperature, so volume change during the heat

transfer inside the calender nip cannot be neglected.
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Chapter 6

Heat Transfer Model when Fabric
Comes Out from the Calender Nip

The calendering process modifies the structure and surface of the fabric through si-
multaneous supply of pressure. The inclusion of heat conduction between the roll and
the fabric enhances the effect of pressure. Heat transfer to the fabric in calendering
system used in textile industry occurs in different situations. When fabric comes out
from the calender nip, one side of the fabric is in contact with the heated roll and
other side is exposed to air having convective heat loss. During subsequent contact
with the roll, fabric assumes a temperature gradient which diminishes as the fabric
heats upto the roll temperature. However even after contact over full half circumfer-
ence of roll, a substantial temperature gradient exists [129-136].

Figure 2 shows the heat transfer to a web (fabric) is governed by three resistances
i.e. material resistance of the fabric, contact resistance on the wall side and film re-
sistance on the exposed side. Contact resistance and film resistance are called surface
resistances. The nature of these resistances determines the boundary conditions to
heat transfer. Material resistance is determined by thermal conductivity and web
thickness. The combined effect of contact resistance and thermal conductivity is
called apparent thermal conductivity. Contact resistance between fabric and solid

surface occurs because of imperfect contact due to surface roughness. The magnitude
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Figure 6.1: Heat transfer when fabric comes out from calender nip

of contact resistance is defined by h,. Film resistance between the web and flowing
air exists because the major resistance to heat transfer to the surroundings occurs
over a very small distance in the boundary layer of fabric surface. This resistance is
defined by coefficient hy. The relative importance between the material and surface

resistances may be assessed by non dimensional parameter called Biot number given

by

where L is fabric thickness, h is convection heat transfer coefficient and «, is thermal
conductivity. If Bi is very large, the material resistance offers virtually all of the
resistance to heat transfer. If it is small, all of the resistances are offered by surface
resistances.

In this chapter, mathematical model for heat transfer have been solved when fabric
comes out from the calender nip i.e. one side of fabric is in contact with the roll and
other side is in contact with air. The developed mathematical models has been solved
for machine calender and rolling calender using analytical and forward time central

space finite difference method.
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6.1 Mathematical Model for Heat Transfer when
Fabric Comes Out of the Calender Nip

The one dimensional heat conduction equation is given by

oT o*T
 —a— 6.1.1
ot~ "o (6.1.1)
with initial and boundary conditions given by
T=f(x) at t=0 (6.1.2)
oT
——+hJT=0at 2=0,t>0 (6.1.3)
ox
oT
o ThT=0at x=L1>0 (6.1.4)
x

where h is contact heat transfer coefficient. The above B.C represents the radiation
at the ends in to the medium at zero temperature. These convection boundary con-
ditions are also known as Newton boundary conditions. These boundary conditions
corresponds to the existence of convection heating or cooling at the surface. This
condition assumes that the heat conduction at the surface of material is equal to the

heat convection at the surface in the same direction.

6.2 Solution of Heat Transfer Model having Con-

vective Boundary Conditions

The expression e‘AQ"t(A cos A\x + Bsin \x) satisfies equation 1) It also satisfies

equations (6.1.3]) and (6.1.4)) provided that

—AB+hA=0 (6.2.1)
A Bcos AL — Asin A\L) + hg(Bsin AL + Acos AL) =0 (6.2.2)
From equations (6.2.1)) and (6.2.2)),
A A
- 2.
B (6.2.3)



and

20\h
fan AL — ﬁ (6.2.4)

where A is any arbitrary constant and A is any root other than zero of equation

(6.2.4). Hence the expression A(cos Az + % sin Az)e ot satisfies equations (6.1.1)
FT3) and GIA).

To form an idea of the distribution of real roots of (6.2.4), the roots correspond to

the abscissa of the common points of the curves
n=2cot( (6.2.5)

and
¢ hL
~ hsL (¢

n (6.2.6)

The second of these curves is a hyperbola, whose center is at the origin, and whose

asymptotes are

S

¢ =0 and n:hsL

(6.2.7)

If this hyperbola and the cotangent curves are drawn, from that it will be clear that
roots lie one in each of the intervals (0, 7), (7, 27),... and the negative roots are equal
to the absolute values of the positive ones. Also there are no repeated roots and
imaginary roots.

Let us assume that f(z) can be developed in an infinite series

where
X AT + s (6.2.9)
n = COS ART L.
AT

and A being the nth positive root of equation (|6.2.4)).

Then the solution becomes

T=) A Xpe ! (6.2.10)
n=1
Since
2X,,
s a2 X, =0 (6.2.11)
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and
d’ X,
dx?

Multiply equation (6.2.11]) by X,, and equation (6.2.12)) by X,,, and then subtracting

+02X, =0 (6.2.12)

resulting equations,

L L dQXn dZXm

Equation (6.2.13)) can be rewritten as

L L
(a2, — ai)/ X X, dr = {deX" - Xnde} (6.2.14)
0 dx dr |,
But
X,
ddx =0 when z =0 (6.2.15)
dX
— +hX, =0 when z =1L (6.2.16)
dx
where r is any positive integer.
Thus
L
(a2, —a?) / XpXpdr =0 (6.2.17)
0
and when m # n
L
/ XX, =0 (6.2.18)
0
L L dZX
ai/ X2dy = —/ Xn#d:c (6.2.19)
dX, L rax,\?
X2dr = — ") d 2.2
T R A C O
But
aX, = acosa,r + hgsin o,z (6.2.21)
dX, :
T = —asin a,x + hg cos o, (6.2.22)
Therefore )
adXx,
a2 X? =a’ +h° 6.2.23
+ ( T ) a; + ( )
and
r brdx,
ai/ X2dr + / ( ") dr = (a2 + h2)L (6.2.24)
0 0 dx

129



But

L Lrax,\? dx,1"
ai/ X2 - / ( ) dr = — [Xn—] (6.2.25)
0 0 dz dr |,
L ¥ 7L
zag/ XZdr = L(a2 + h?) — {Xnd ”] (6.2.26)
0 dx
_dX,
o =0 when z =0 (6.2.27)
dX
dxn =0 when =1L (6.2.28)
Therefore
dX
X,—2 = —~h,X? when z =L (6.2.29)
dz
dX
X,—" = hyX? when z =0 (6.2.30)
dx
But
dx,\’
a2 X2+ < ”) =a’ + h? (6.2.31)
dx
Therefore
X?=1 both when =0 and z = L (6.2.32)
Thus
dx,\"
[Xn—} = —2h, (6.2.33)
dr |,
and
L 2 2 L 2
/ X2dz = (a’“th)z + 2h, (6.2.34)
0 2an
Hence, by assuming possibility of expansion and integrating term by term
L L
Ay / X2dr = / f(z) X, dzx (6.2.35)
0 0
and
20[2 L
A, = L X,d 2.
(02 + h2)L + 2h, /D f(@)Xnde (6.2.36)
Thus

n n h n L .
T(x,t) =2 Z Nt X Cg; (jr g}i;)—L :I;L(j & /0 f(z)(ay, cos anx + hgsin a,z)dx

(6.2.37)
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If the radiation takes place at x = 0 and x = L into media at temperature 77 and 75,

the problem can be reduced to the above as usual by putting
T=u+w (6.2.38)

where u is a function of x only, which satisfies the equation

d*u
°r_ 2.
=0 (6.2.39)
du
— —+h(u—T1) =0 at =0 (6.2.40)
d
d_u+h(u_T2)_O at v =1L (6.2.41)
So that
T, —T Ty(1+L T:
yo B=Toha+Ti(1+ Lhy) + Ty (6.2.42)

Lhg+2

and w is a function of x and ¢ which satisfies equations

ow 0w
el hiihed 2.4
or ~ "o (6:2.43)
w= f(x) —u when t =0 (6.2.44)
—%—f+hw-0whenx—0t>0 (6.2.45)
0
a—qf—i—hw 0 when x =L,t >0 (6.2.46)

So the complete solution is
(To — Th)hsx + T1 (1 + Lhs) + Ty
Lhg+ 2

2 n n h/ n L 3
2R [ ) o i

T —

(6.2.47)

If the thickness of slab is taken as 2L and origin is taken at the center, then the

solution becomes

2 n n d n L 3
T — Z A2at € Coa82a+mh—§)L j_lr];a * /_L f(x)(cncos apz + dy sina,x)dr  (6.2.48)

where

¢, = hgsina,, L + o, cos a, L (6.2.49)
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d,, = hgcos o, L — o, sin o, L (6.2.50)

and «,, are the positive roots of

tan 2aL = azoih;@ (6.2.51)
since the above equation is equivalent to
(hssinaL + acosal)(hscosal — asinal) =0 (6.2.52)
Its positive root «,,, comprise the positive roots of two equations
atanal —hs =0 (6.2.53)
atanal + hs =0 (6.2.54)
If f(z) is an even function of x, equation reduces to
—9 Z ~Xat };ffhz CLOSf; / £(2) cos apzds (6.2.55)

where «,, is the positive root of equation (6.2.53]). This is also the solution of the
problem of conduction of heat in the region 0 < z < L, with no flow of heat over the

region « = 0, radiation into a medium at zero at x = L, and initial temperature f(z).

If f(x) is a odd function of z, equation (6.2.48)) reduces to

(h? + a2)sina
f)\Qat nd
=2 E (2T h)L+h / f(z)sin a,zde (6.2.56)

where «,, are the positive root of equation . This is also the solution of the
problem of conduction of heat in the region 0 < z < L, with £ = 0 maintained at zero
temperature, radiation in to the medium at zero temperature at x = L, and initial
temperature f(x).

If f(x) is neither even nor odd, the solution is given by equation ([6.2.48)), and involves

the root of both equations (6.2.53)) and (/6.2.54)). If the initial temperature of the body

is Ty, then the solution becomes

= 2hs cos a,x X’at
¢ 6.2.57
; Oz2+hQL—I—h]cosanLe ( )
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If the initial temperature of the body is zero, and it is heated by radiation from a

medium at Tg, the solution becomes

T = 2h, " >
—=1-Y [( 08 =Nt (6.2.58)

Tk —— a2 + h2)L + hg| cos a, L
Let
d=T —"Ty (6.2.59)
Then equation ((6.1.1) becomes
oY 0?0
A i 6.2.60
ot~ " ox? (6.2.60)
with initial condition
¥(z,0) =0 (6.2.61)
and boundary conditions
oy h
—=—(J—Vg) at = 2.62
pe kp( gr) at x =0 (6.2.62)
v
g_x =0at z=1L (6.2.63)

The exposed side is considered to be insulated.

The solution of equation with convective boundary conditions is given by

w2(n—1)2Ep
v 2¢ Frcos(v/Bis(1 — %)) i )" (2Bi,)e” B cos w
Tg (2 + Big)cosy/ Big — Bi2 + Bis + (n — 1)2x?
(6.2.64)
where E, is the exponent given by
kpBist

= 6.2.65

p CprL ( )

where ¢ is the time for which fabric is in contact with the roll, x, is thermal conduc-
tivity, C), is specific heat, W} is the fabric basis weight, Bis is the Biot number for
contact resistance.

In equation , ¥ is the difference between fabric temperature and initial tem-
perature of fabric given by equation ([6.2.59)). Tj is the difference between the roll

temperature R and the initial temperature Tg i.e. T, = Ry — Ty. Therefore

T (nfl)QEp

T-T, _ _26’Epcos(\/st i 1)"*1(2Bi)e” Bi=  cos _(”—1)7fL(L—X)
Ry — 1Ty (2 + Big)cos st —~ Bi2 + Biy + (n — 1)272
(6.2.66)
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Hence,

72 (n—1)2Ep

L

T - T0+(RT—T0) (1—

(24 Bis)cosy/ Bis Bi2 + Big + (n — 1)%x?

(6.2.67)

n=2

Equation (6.2.67)) is the solution of heat conduction under convective boundary con-
ditions when E, < 0.05.
when F, > 0.05,

(6.2.68)

) 2e Frcos(v/Big(1 — %))
T =T+ (Rr —T)) (1 ~ (2+ Bi,)cos\/Bi, )

6.3 Solution of Heat transfer Model using Forward

Time Central Space Method

In this section, solution of heat transfer model has been solved using forward time

central space method. On applying energy balance for n'* node,

—k:Ag—T+hA( inf — Tno) = pcAgg—T (6.3.1)

where T, is temperature close to node n and T, is initial temperature at node n.

Using FTCS finite difference approximations,

(Tn 0= Tho1 0) AxT,, —Thp
— k— : MTig —Tho) = pc———"——- 3.2
. . . Az
Multiply equation (6.3.2) with QT,
2hA A n1— 1y
2(Tn71,0 - Tn,O) + x(Tmf - Tn,O) - pckl’ ( lAt 70) (633)

2hAx 2hAx Az? Az?
27,10 — 271, — T — Tho=—"T1,1— ——1T, 3.4
n—1,0 n,0 + ( L > inf ( L ) n,0 A\t n,l o n,0 (6 3 )

On rearranging,

alAt [ 2hAx Ax?  2hAx
T ,1=——| —-T; T, _ —_— = — T 3.
n,1 A[E2 ( ]{7 1nf+2 n 1,O+<aAt ]{7 2) n()) (635)
1
Ty = d(2Bi Ty + 21,10 + (Zl —2Bi —2)T,) (6.3.6)
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aAt

=5, Bi is biot number.

where d is non dimensional diffusion number given by d =
Discretizing the domain into ten grid spacing and then applying energy balance at

first and eleventh node. On applying energy balance for 15 node,

oT Ax 0T
kA AT — Tho) = peat A% 3.
k O + ( infl 1,0) pC 9 ot (6 3 7)

where Tj, 1 is temperature close to node 1 and T is initial temperature at node 1.

Tio—Tap)

_ ]{( AI T171 — Tl,O
Ax

hi(Tipp1 — Tho) = pe— ———— 6.3.8
+ hy(Ting1 10) P02 At ( )

Multiply with above equation with (me)

Y

thAI pCAl’z T1 1 — T1 0
2(To o — T} Ting1 — 110 = : : 6.3.9
(T2 10) + ( A ) f1 1,0 2 A ( )
2h Az 2h Az Ax? Az?
2T, o — 2T; Tinpr — Tio=—-T11— ——T; 3.1
2,0 1,0+ ( ) f1 ( 2 ) L0 = AT T Ao (6.3.10)
On rearranging,
alt (2hy Ax Az?  2hAx
Th,=—|——"T; 2T: —_— = —2)T 3.11
L= A3 ( . Linn + 2150 + (aAt ; ) 1,0) (6.3.11)
1
Ty =d(2Biy T + 2150 + (c_l —2Bi; — 2)T1) (6.3.12)
where Bi; is biot number at first node given by Bi; = hl—km’.
On applying energy balance for 11** node,
aor Az 0T
— kA— + ho A(Tip 2 — T = pc—A— 6.3.13
or T2 (Tong2 — Thn0) = pc 5 o ( )

where T, ¢ is ambient temperature close to node 11 and 77, is initial temperature

at node 11.
- kw + ho(Tinps — Th10) = pc%% (6.3.14)
Multiply with equation (6.3.14]) with (me),
N(Tros — Tiro) + (ZhgkAm) (Tons — Tiro) = pciﬁ T11,1A—tT11,o (6.3.15)
2Th00 — 27110 + (QthAx) inf2 — (thAx) 11,0 = ﬁ_ZTll,l - j_ZTlLO (6.3.16)
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On rearranging,

alt [(2hyAx Azx?  2hAx
Thi=——Tn 2T ——c —2)T; 6.3.17
1= A ( 2 2+ 24700 + (ozAt 2 ) 11,0) ( )
1
Tll,l = d(?BlQTO -+ 2T1070 + (a — QBZQ — 2)T1170) (6318)
o th:v.

where Biy is biot number at eleventh node given by Biy = =2

Substituting the values of diffusion parameter, Biot number in equations ((6.3.12)) and
(6.3.18) and solve these equations for first and eleventh node using MATLAB.

6.4 Simulation of Models

Simulation of heat transfer model when fabric comes out from the calender nip is

done for machine and rolling single nip calender using equations (6.2.67)), (6.2.68]),
and (6.3.6). Roll temperature (RT) is taken in the range from 100°C to 210°C for

machine calender and from 70°C to 210°C for rolling calender. The initial fabric
temperature are taken as 50°C and 70°C. The range of design and process parameters

and adopted values for single nip machine calender and rolling calender for simulation

purpose are given in table (3.1]) of APPENDIX.

6.5 Results and Discussion

6.5.1 Impact of Roll Temperature on Fabric Temperature
in Thickness Direction at Various Depths for Machine

Calender having Same and Different Roll Temperature

The impact of roll temperature on fabric temperature in thickness direction at various
depths with initial temperature 50°C and 70°C has been investigated when fabric
comes out from the machine calender nip having same and different roll temperature.

The calculated values are given in tables to of APPENDIX. The results
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obtained are shown in figures to[6.9]

It clearly shows that when fabric comes out from the machine calender nip having
same and different roll temperature, the side of fabric which is in touch with the hot
roll gets heated and temperature decreases as depth increases. The other side of fabric
which is in contact with air remains nearly at the same average temperature. Also it is
found that more heat penetrates into the fabric when FE, > 0.05. The results obtained
using analytical method are compared with forward time central space method. It is

found that there is a significant error in the results obtained using these methods.
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Figure 6.2: Impact of same roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 50°C when E,, < 0.05 for machine

calender
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Figure 6.3: Impact of same roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 70°C when E,, < 0.05 for machine

calender
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Figure 6.4: Impact of same roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 50°C when E, > 0.05 for machine

calender
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Figure 6.5: Impact of same roll temperature on fabric temperature in thickness

direction at various depths with initial temperature 70°C when E, > 0.05 for machine

calender
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Figure 6.6: Impact of different roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 50°C when E,, < 0.05 for machine

calender
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Figure 6.7: Impact of different roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 70°C when E,, < 0.05 for machine

calender
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Figure 6.8: Impact of different roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 50°C when E,, > 0.05 for machine

calender

143



140 160

—&— Analytical Solution 140 —&— Analytical Solution
1209 e FTCS Solution —®FICS Solution
RT 100/130°C Y S RT 130/160°C
1004 0 —u__ —a,
~ Ty . ~ T g
U —a—n 0 L} 1
L) ~o—__ C 100—\.
g % 00— 0—0—0 00— 0 —— o 00— oo 00—
2 7 El
g ]
o o 80
Q Q
E 60 £
g 8
9 o 1
2 g
g W 3
1 1N 404
20 -
0 -— 0 -
000000 000002 000004 000006 000008 000010 000000 000002 000004 000006 000008 000010
Web depth (m) Web depth (m)
180 20
—H&— Analytical Solution - -
160 +FTgétga|S;9u ° 180+ —8— Analytical Solution
guton —@—FTCS Solution
160
My RT 160/190°C RT 190/210°C
l\.\.\. l\.\.
— 140 —
G 1207\ ' e G 1\ . .\.\|\I‘l7l
% o
g -, g 10
5 1] —90—90—0—0—0—0o 0 5 ~ e e o oo o o
g ]
5 5 100
£ o £
g 8 80
9 6 9
2 60 2
2 2 60
1 L
0] ol
204 20
0 -— 0 -
000000 000002 000004 000006 000008 000010 000000 000002 000004 000006 000008 000010
Web depth (m) Web depth (m)

Figure 6.9: Impact of different roll temperature on fabric temperature in thickness
direction at various depths with initial temperature 70°C when E, > 0.05 for machine

calender
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6.5.2 Impact of Roll Temperature on Average Fabric Tem-
perature for Machine Calender having Same and Dif-

ferent Roll Temperature

The impact of roll temperature on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric comes out from the machine calender
nip having same and different roll temperature. The calculated values are given in
tables [6.1] to of APPENDIX. The results obtained are shown in figures to
6.17]

It clearly indicates that, with increase in roll temperature, average fabric temperature
increases linearly. The results obtained using analytical method are compared with
forward time central space method. It is found that there is a significant error in the
results obtained using these methods. Also for £, > 0.05, more heat penetrates to

fabric and thus average fabric temperature increases.
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Figure 6.10: Impact of same roll temperature on average fabric temperature with

initial temperature 50°C when £, < 0.05 for machine calender
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Figure 6.11: Impact of same roll temperature on average fabric temperature with

initial temperature 70°C when £, < 0.05 for machine calender
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Figure 6.12: Impact of same roll temperature on average fabric temperature with

initial temperature 50°C when £, > 0.05 for machine calender
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Figure 6.13: Impact of same roll temperature on average fabric temperature with

initial temperature 70°C when £, > 0.05 for machine calender

120
1| —®— Analytical Solution u
1104| —e—FTCS Solution /
4 ]
100 ~

90_/ — /.///
80 4 T

0y
60 1

50

Average fabric temperature (JC)

40

30

100/130

T T
130/160

T
160/190

T T
190/210

Roll temperature (O C)

Figure 6.14: Impact of different roll temperature on average fabric temperature

with initial temperature 50°C when E,, < 0.05 for machine calender
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Figure 6.15: Impact of different roll temperature on average fabric temperature

with initial temperature 70°C when E,, < 0.05 for machine calender
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Figure 6.16: Impact of different roll temperature on average fabric temperature

with initial temperature 50°C when E,, > 0.05 for machine calender
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Figure 6.17: Impact of different roll temperature on average fabric temperature

with initial temperature 70°C when E,, > 0.05 for machine calender

6.5.3 Impact of Roll Temperature on Fabric Temperature
in Thickness Direction at Various Depths for Rolling

Calender

The impact of roll temperature on fabric temperature in thickness direction at various
depths with initial temperature 50°C and 70°C has been investigated when fabric
comes out from the rolling calender nip. The calculated values are given in tables
to [6.48 of APPENDIX. The results obtained are shown in figures to [6.21]

It clearly shows that when fabric comes out from the the rolling calender nip, the side
of fabric which is in touch with the hot roll gets heated and temperature decreases as
depth increases. The other side of fabric which is in contact with air remains nearly
at the same average temperature. Also it is found that more heat penetrates into the
fabric when £, > 0.05. The results obtained using analytical method are compared
with forward time central space method. It is found that there is a significant error

in the results obtained using these methods.
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Figure 6.18: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 50°C when £, < 0.05 for rolling calender
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Figure 6.19: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 70°C when £, < 0.05 for rolling calender
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Figure 6.20: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 50°C when £, > 0.05 for rolling calender
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Figure 6.21: Impact of roll temperature on fabric temperature in thickness direction

at various depths with initial temperature 70°C when £, > 0.05 for rolling calender
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6.5.3.1 Impact of Roll Temperature on Average Fabric Temperature for

Rolling Calender

The impact of roll temperature on average fabric temperature with initial temperature
50°C and 70°C has been investigated when fabric comes out from the rolling calender
nip. The calculated values are given in tables[6.33|to of APPENDIX. The results
obtained are shown in figures to

It clearly indicates that, with increase in roll temperature, average fabric temperature
increases linearly. The results obtained using analytical method are compared with
forward time central space method. It is found that there is a significant error in the
results obtained using these methods. Also for £, > 0.05, more heat penetrates to

fabric and thus average fabric temperature increases.
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Figure 6.22: Impact of roll temperature on average fabric temperature with initial

temperature 50°C when E, < 0.05 for rolling calender
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Figure 6.23: Impact of roll temperature on average fabric temperature with initial

temperature 70°C when E, < 0.05 for rolling calender
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Figure 6.24: Impact of roll temperature on average fabric temperature with initial

temperature 50°C when E, > 0.05 for rolling calender
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Figure 6.25: Impact of roll temperature on average fabric temperature with initial

temperature 70°C when E, > 0.05 for rolling calender

6.6 Conclusion

In this chapter, mathematical model for heat transfer when fabric comes out from the
calender nip i.e. one side of fabric is in contact with the roll and other side is in con-
tact with air have been solved using analytical and forward time central space finite
difference method for machine calender and rolling calender used in textile indus-
try. Also, comparison of results obtained using explicit FTCS method with results
obtained from analytical method reflects the remarkable applicability of numerical
and analytical methods in analyzing the temperature profile of the fabric when fabric
comes out from the calender nip for same and different roll temperatures. It is found
that there is steep temperature gradient at the outer surface contacting the roll. The
side of fabric which is in touch with the hot roll gets heated whereas center of fabric
remains unheated. For E, > 0.05 more heat penetrates into the fabric due to which
fabric temperature increases. It is found that there is remarkable increase in average
fabric temperature in the range of 10% to 18% with increase in roll temperature from

70°C to 210°C before entering into the second nip of calendering machine.
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Chapter 7

Conclusion

A comprehensive description of finishing process, mathematical modelling and simula-
tion of nip mechanics and heat transfer in calendering system used in textile industry
has been done. The design and process parameters such as material composition,
temperature, nip load and roll diameter of various types of textile calenders has been

analysed which shows the effect of calendering on fabric properties.

7.1 Main Conclusions of Nip Mechanics Model

The developed nip mechanics models are more generalized models which can overcome
the difficulties poised by the models of Hertz and Meijers. Hertz had not considered
the elastic cover thickness on the cylinder, so this model is not appropriate for to
textile calenders. Also, the solution given by Meijers cannot be applied directly for
the calendering process because of the results presented are in non dimensional form
which making it difficult to extract the needed information. The nip mechanics model
for machine calender (NMMM) and nip mechanics model for rolling calender (NMMR)
developed in this present investigation are extension of Hertz and modification of
Meijers which can be suitably used for textile calenders of any design depending
upon composition of material. The impact of load applied, equivalent diameter,

equivalent bulk modulus and cover thickness on nip width has been investigated for
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machine and rolling calender. Also impact of cover thickness on average pressure
has been investigated for both the calenders. The obtained results of the present
models are compared with the data obtained from textile mill and with the results
obtained by Hertz model. The data obtained from textile mill matches more closely
with the NMMM and NMMR solution as compared with the Hertz solution. From
NMMM and NMMR models, it is found that nip width increases with increase in
line load and equivalent diameter. Nip width increases with decrease in equivalent
elastic modulus. With increase in nip width, dwell time increases and hence gloss and
smoothness of fabric increases. The equivalent elastic modulus of rolling calender is
small as compared to machine calender because machine calender consists of hard
rolls and rolling calender consist of alternate hard and soft rolls. Due to which, nip
width of rolling calender is greater than nip width of machine calender having same
dimensions.

There is no effect of cover thickness on nip width obtained from Hertz solution as Hertz
had not considered the elastic cover thickness of the rolls in contact. But NMMM
and NMMR solution shows that nip width increases with increase in cover thickness.
Also, average pressure remains same in case of Hertz solution, while developed models
shows that average pressure decreases with increase in cover thickness. The simulated
results shows that there is difference between the results obtained from developed nip
mechanics models and Hertz model because of the cover thickness factor which cannot
be neglected.

From the analysis of the models it is found that the both the models give better
results as compared to conventional models and near to the actual industry data.
Hence with the help of these models, designing of calendering machine of any type

can be made to obtain desired gloss and smoothness.
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7.2 Main Conclusions of Heat Transfer Model when
Fabric is Inside the Calender Nip

Simultaneous heat transfer has major impact on the calendering process and on the
functioning of calender stack. In the present investigation, heat transfer model has
been developed for machine and rolling calender when fabric is inside and outside the
nip. The heat transfer model when fabric is inside the calender nip having same and
different roll temperature for machine and rolling calender gives an evolutionary ad-
vantage that helps in predicting the fabric temperature at various depths in thickness
direction which is not possible using temperature measuring instruments as they can
only measure temperature on the surface of the fabric.

The impact of roll temperature on fabric temperature in thickness direction at various
depths, dwell time, thermal diffusivity, roll temperature on average fabric tempera-
ture has also been investigated for machine and rolling calender. Simulated results
show that the middle part of fabric remains at initial temperature and temperature
of the fabric decreases from outer part to mid part of the fabric from both sides in
thickness direction. Also it is found that with increase in roll temperature, dwell
time and thermal diffusivity, average fabric temperature increases as more heat is
conducted at different layers of the fabric. For machine calender when fabric comes
out of the nip, there is remarkable increase in average fabric temperature in the range
of 12% to 80% with increase in same roll temperature from 100°C to 190°C and in the
range of 20% to 96% with increase in different roll temperature from 100°C to 210°C.
For rolling calender when fabric comes out of the nip, there is remarkable increase in
average fabric temperature in the range of 29% to 80% with increase in different roll
temperature from 70°C to 210°C.

The results obtained using homotopy perturbation method are similar with the exact
results while there is a negligible error in the results obtained using finite difference
methods such as BTCS, FTCS and CN. It is found that results obtained using BTCS
method are very close to results obtained using HPM which reflects the remarkable

applicability of numerical methods in analyzing the temperature profile of the fabric
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inside the calender nip for same and different roll temperatures. From the simulation
of the heat transfer model, it is clear that with increase in roll temperature (and/or)
decrease in calender speed, more heat penetrates inside the fabric from both sides in
thickness direction which results in increase of average fabric temperature.

With increase in pressure and temperature in calendering system, surface smoothness
for the fabric can be improved but with increase in both the factors beyond a certain
limit can cause damage to the fibre bond resulting in reduction in the mechanical
strength of the fabric. To overcome these undesirable effects, the process of tempera-
ture gradient calendering is employed. Temperature gradient calender (TGC) consist
of alternating hard and soft rolls in which soft roll at room temperature and hard
roll at higher temperature. The mathematical model for TGC has been developed
considering incompressible and compressible fabric medium to anticipate the temper-
ature profile of the fabric in thickness direction.

The impact of roll temperature on fabric temperature in thickness direction at various
depths, impact of dwell time, thermal diffusivity, roll temperature on average fabric
temperature has been investigated when fabric is inside the temperature gradient cal-
ender nip. Simulated results show that the side of fabric which is in touch with the
heated roll is at higher temperature as compared to the side which is in contact with
the non heated roll. With increase in heated roll temperature (and/or) dwell time,
more heat is conducted to the fabric, which increases the average temperature of the
fabric. It is found that for temperature gradient calender when fabric comes out of
the nip, there is remarkable increase in average fabric temperature in the range of
25% to 76% with increase in roll temperature from 200°C to 320°C. In case of TGC,
heat is not transformed upto the center of the fabric in thickness direction, thus the
fibres which are in direct contact with the heated roll get deformed permanently, while
the fibres on the other side and upto the middle of the fabric do not get deformed
due to which the surface properties of the fabric are developed while maintaining the
bulk and strength properties. Subsequently better gloss and smoothness of the fabric
can be accomplished in case of TGC with more than one nip without affecting the
bulk and strength properties. Also, neglecting the effect of volume change results,

difference in amount of heat conducted at distinct depths and on the average fab-
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ric temperature, so volume change during the heat transfer inside the calender nip

cannot be neglected.

7.3 Main Conclusions of Heat Transfer Model when
Fabric is Outside the Calender Nip

When fabric comes out from the calender nip, one side of the fabric is in contact
with the heated roll and other side is exposed to air having convective heat loss.
During subsequent contact with the roll, fabric assumes a temperature gradient which
diminishes as the fabric heats upto the roll temperature. Mathematical model for heat
transfer when one side of fabric is in contact with the roll and other side is in contact
with air have been developed and simulation of the model has been done for machine
and rolling calender used in textile industry. Simulated results show that the side
of fabric which is in touch with the hot roll gets heated and temperature decreases
as depth increases. The other side of fabric which is in contact with air remains
nearly at the same temperature. Also, comparison of results obtained using explicit
FTCS method with results obtained from analytical method reflects the remarkable
applicability of numerical methods in analyzing the temperature profile of the fabric.
It is found that there is a significant error in the results obtained using these methods.
For E, > 0.05 more heat penetrates into the fabric due to which average fabric
temperature increases. It is found that there is remarkable increase in average fabric
temperature in the range of 10% to 18% with increase in roll temperature from 70°C

to 210°C before entering into the second nip of calendering machine.
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7.4 Future Work

e To develop nip mechanics and heat transfer model applicable to process indus-
tries where there is roll to roll or roll to plate contact such as printing and

leather industries.

e To apply Finite element method on nip mechanics and heat transfer models

considering the structural inhomogeneities of calendering system.

e To apply artificial neural network technique for modelling the nip mechanics

and heat transfer process.

e To apply other finite difference methods for heat conduction under convective

boundary conditions.

e To do extensive experimentation on pilot calender for different kind of fabrics.
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APPENDIX

Table 2.1: Design and process variables of three different principal types of calenders

Hard Nip

Soft Nip Calender
Calender

Temperature Gradient Calender

Linear load Linear load

Linear load in the bottom nip

Nip dwell time Running speed Surface temperature of heated rolls

Number of Nips

Hot roll temperature Hardness and material of filled roll

Machine speed Soft roll cover material

Calender speed

Roll diameter

Roll Surface Soft roll position(against

Smoothness top side of the web)

Table 2.2: Design and process parameters of various types of textile calenders

Calender Rolling Silk finishing Friction Embossing Cire
parameters calender calender calender Calender Calender
Top and Top and
Top and Forged top
Alternate bottom bottom
bottom filled Steel roll and
Rolls hard and heated heated
roll, steel filled bottom
soft rolls rolls, filled rolls, filled
middle roll roll
middle roll middle roll
Speed(m/s) 2 1.5 0.46 0.76 0.48-0.53
No. of rolls 2-6 3 3 2 2-3
No. of Nips 1-4 2 2 1 1-2
Nip load(kN/m) 85-435 70-122 262-437 Upto 265 262-525
Heated roll(°C) 150-210 150-180 60-220 180-240 150-260
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Table 3.1: Design and process parameters

Parameters

Machine Calender

Soft Calender

Temperature Gradient

Calender

Composition

Hard rolls

Alternate hard and soft

rolls

Alternate hard and soft

rolls

Hard roll material

Steel cylinders having

covering of chilled cast

Steel cylinders having

covering of chilled cast

Steel cylinders having

covering of chilled cast

iron iron iron
Steel cylinders having Steel cylinders having
covering of soft material covering of soft material
Soft roll material Nil
like cotton, rubber and like cotton, rubber and
polymer etc polymer etc
Nip width(mm) 1-5 5—15 5—25
Cover thickness(mm) 8 — 18 8—18 8 — 18
Thickness of soft
Nil 5—50 5—350
cover(mm)
Diameter of
300 — 1200 300 — 1200 300 — 1200
rolls(mm)
Speed(m/min) 150 — 400 30— 170 400 — 900
Linear load(kN/m) 90 — 550 120 — 480 120 — 480
Hot roll
100 — 250 60 — 240 180 — 420
temperature(°C)
Specific
1400 — 1900 1500 — 1900 1500 — 2200
heat(J/Kg.K)
Thermal
0.17 — 0.22 0.17 —0.22 0.17 — 0.22
conductivity(W/m.K)
Density of
) 895 — 920 895 — 920 895 — 920
fiber(K g/m?)

Dwell time(sec)

0.0001 — 0.0009

0.0001 — 0.0009

0.0001 — 0.0009

Thermal
diffusivity(m?/sec)

9.1 -11.6 x 1078

9.1 —11.6 x 10°8

9.1 -11.6 x 10°8

Thickness of the web

at entering the nip

(m)

100 x 1076

Minimum thickness

of the web (m)

60 x 1076

179




Table 3.2: Impact of load applied on nip width for machine calender

Load applied Nip width (mm) Nip width (mm) Textile mill data

(kN/mm) NMMM Hertz model (mm)
0.2 1.255 1.2609 1.253
0.25 1.4053 1.4097 1.4
0.3 1.5411 1.5443 1.54
0.35 1.666 1.668 1.66
0.4 1.7819 1.7832 1.78
0.45 1.8906 1.8913 1.89
0.5 1.9937 1.9932 1.993
0.55 2.092 2.0909 2.091
0.6 2.1794 2.1839 2.179

Table 3.3: Impact of equivalent diameter on nip width for machine calender

Equivalent Nip width (mm) Nip width (mm)
Diameter(mm) NMMM Hertz model
200 1.3228 1.296
250 1.4747 1.449
300 1.6124 1.5875
350 1.7464 1.7146
400 1.8641 1.833
450 1.9748 1.9442
500 2.0856 2.049
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Table 3.4: Impact of equivalent bulk modulus on nip width for machine calender

Equivalent Bulk Nip width Nip width (mm)
Modulus (kN/mm?) (mm)NMMM Hertz model
76 1.4577 1.4545
79 1.423 1.4267
82 1.3964 1.4003
85 1.3784 1.3754
88 1.3509 1.3517

Table 3.5: Impact of cover thickness on nip width for machine calender

Nip width Nip width (mm)
Cover thickness(mm)
(mm)NMMM Hertz model
10 0.288 1.4458
11 0.3168 1.4458
12 0.3456 1.4458
13 0.3744 1.4458
14 0.4032 1.4458
15 0.432 1.4458

Table 3.6: Impact of average pressure at various cover thickness for machine calender

Cover thickness(mm)

Average Pressure

Average pressure

NMMM Hertz model
10 0.9132 0.1819
11 0.83018 0.1819
12 0.761 0.1819
13 0.7025 0.1819
14 0.6523 0.1819
15 0.6088 0.1819
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Table 3.7: Impact of load applied on nip width for rolling calender

Load applied

Nip width (mm)

Nip width (mm)

Textile mill data

(kN/mm) NMMM Hertz model (mm)
0.2 5.765 5.845 5.75
0.25 6.4226 6.535 6.4
0.3 7.0132 7.1588 7
0.35 7.5516 7.7324 7.6
0.4 8.0483 8.2662 8.15
0.45 8.511 8.7677 8.55
0.5 8.945 9.242 9

Table 3.8: Impact of equivalent diameter on nip width for rolling calender

Equivalent Nip width (mm) Nip width (mm)
Diameter(mm) NMMR Hertz model

200 6.4584 6.5413
250 7.1924 7.3134
300 7.8477 8.0114
350 8.4437 8.6533
400 8.994 9.2508
450 9.5048 9.812

200 9.9838 10.3427
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Table 3.9: Impact of equivalent bulk modulus on nip width for rolling calender

Equivalent Bulk Nip width Nip width (mm)
Modulus (kN/mm?) (mm)NMMR Hertz model
5.9192 6.8486
4 5.1442 5.9311
) 4.6109 5.305
6 4.2152 4.8428
7 3.9066 4.4835

Table 3.10: Impact of cover thickness on nip width for rolling calender

Nip width Nip width (mm)
Cover thickness(mm)
(mm)NMMR Hertz model
10 6.3943 6.7028
11 6.4403 6.7028
12 6.477 6.7028
13 6.5065 6.7028
14 6.531 6.7028
15 6.5511 6.7028

Table 3.11: Impact of average pressure at various cover thickness for rolling calender

Average pressure Average pressure
Cover thickness(mm)
NMMR Hertz model
10 0.0411 0.0392
11 0.0408 0.0392
12 0.0406 0.0392
13 0.0404 0.0392
14 0.0402 0.0392
15 0.0401 0.0392
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Table 4.1: Impact of same roll temperature 100/100(°C) on fabric layer temperature

in thickness direction at various depths with initial temperature 50°C for machine

calender
Web Depth (m) RT 100/100(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 100 100 100 100
0.00001 70.987 70.29011 70.96644 71.65624
0.00002 55.3292 56.07179 56.13636 56.23085
0.00003 50.7747 51.47399 51.34926 51.20425
0.00004 50.0625 50.31647 50.24073 50.15815
0.00005 50.0055 50.114 50.06913 50.02751
0.00006 50.0625 50.31647 50.24073 50.15815
0.00007 50.7747 51.47399 51.34926 51.20425
0.00008 55.3292 56.07179 56.13636 56.23085
0.00009 70.987 70.29011 70.96644 71.65624

0.0001 100 100 100 100
Average temperature 64.0284 64.2199 64.3141 64.4115

Table 4.2: Impact of same roll temperature 130/130(°C) on fabric layer temperature

in thickness direction with initial temperature 50°C for machine calender

Web Depth () RT 130/130(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 130 130 130 130
0.00001 83.5792 82.46418 83.5463 84.64998
0.00002 58.5267 59.71486 59.81817 59.96937
0.00003 51.2395 52.35838 52.15881 51.9268
0.00004 50.1 50.50636 50.38516 50.25305
0.00005 50.0088 50.18241 50.11061 50.04401
0.00006 50.1 50.50636 50.38516 50.25305
0.00007 51.2395 52.35838 52.15881 51.9268
0.00008 58.5267 59.71486 59.81817 59.96937
0.00009 83.5792 82.46418 83.5463 84.64998

0.0001 130 130 130 130
Average temperature 72.4454 72.7518 72.9025 73.0584
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Table 4.3: Impact of same roll temperature 160/160(°C) on fabric layer temperature

in thickness direction with initial temperature 50°C for machine calender

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 160 160 160 160
0.00001 96.1715 94.63825 96.12617 97.64373
0.00002 61.7241 63.35793 63.49999 63.70788
0.00003 51.7044 53.24277 52.96837 52.64934
0.00004 50.1375 50.69624 50.5296 50.34794
0.00005 50.012 50.25081 50.15209 50.06051
0.00006 50.1375 50.69624 50.5296 50.34794
0.00007 51.7044 53.24277 52.96837 52.64934
0.00008 61.7241 63.35793 63.49999 63.70788
0.00009 96.1715 94.63825 96.12617 97.64373

0.0001 160 160 160 160
Average temperature 80.8625 81.2837 81.4909 81.7053

Table 4.4: Impact of same roll temperature 190/190(°C) on fabric layer temperature

in thickness direction with initial temperature 50°C for machine calender

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 190 190 190 160
0.00001 108.764 106.81232 108.70603 97.64373
0.00002 64.9216 67.001 67.1818 63.70788
0.00003 52.1692 54.12716 53.77793 52.64934
0.00004 50.175 50.88612 50.67404 50.34794
0.00005 50.0153 50.31921 50.19357 50.06051
0.00006 50.175 50.88612 50.67404 50.34794
0.00007 52.1692 54.12716 53.77793 52.64934
0.00008 64.9216 67.001 67.1818 63.70788
0.00009 108.764 106.81232 108.70603 97.64373

0.0001 190 190 190 160
Average temperature 89.2795 89.8157 90.0794 81.7053
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Table 4.5: Impact of same roll temperature 100/100(°C) on fabric layer temperature

in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 100/100(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 100 100 100 100
0.00001 82.5922 82.17407 82.57986 82.99374
0.00002 73.1975 73.64307 73.68181 73.73851
0.00003 70.4648 70.88439 70.80956 70.72255
0.00004 70.0375 70.18988 70.14444 70.09489
0.00005 70.0033 70.0684 70.04148 70.0165
0.00006 70.0375 70.18988 70.14444 70.09489
0.00007 70.4648 70.88439 70.80956 70.72255
0.00008 73.1975 73.64307 73.68181 73.73851
0.00009 82.5922 82.17407 82.57986 82.99374

0.0001 100 100 100 100
Average temperature 78.4170 78.5319 78.5884 78.6469

Table 4.6: Impact of same roll temperature 130/130(°C) on fabric layer temperature

in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 130/130(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 130 130 130 130
0.00001 95.1844 94.34814 95.15973 95.98749
0.00002 76.395 77.28614 77.36363 77.47702
0.00003 70.9297 71.76878 71.61911 71.4451
0.00004 70.075 70.37977 70.28887 70.18978
0.00005 70.0066 70.1368 70.08296 70.03301
0.00006 70.075 70.37977 70.28887 70.18978
0.00007 70.9297 71.76878 71.61911 71.4451
0.00008 76.395 77.28614 77.36363 77.47702
0.00009 95.1844 94.34814 95.15973 95.98749

0.0001 130 130 130 130
Average temperature 86.8341 87.0639 87.1769 87.2938
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Table 4.7: Impact of same roll temperature 160/160(°C) on fabric layer temperature

in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 160 160 160 160
0.00001 107.777 106.5222 107.73959 108.98123
0.00002 79.5925 80.92921 81.04544 81.21554
0.00003 71.3945 72.65317 72.42867 72.16765
0.00004 70.1125 70.56965 70.43331 70.28468
0.00005 70.0099 70.20521 70.12444 70.04951
0.00006 70.1125 70.56965 70.43331 70.28468
0.00007 71.3945 72.65317 72.42867 72.16765
0.00008 79.5925 80.92921 81.04544 81.21554
0.00009 107.777 106.5222 107.73959 108.98123
0.0001 160 160 160 160

Average temperature 95.2512 95.5958 95.7653 95.9407

Table 4.8: Impact of same roll temperature 190/190(°C) on fabric layer temperature

in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 190 190 190 190
0.00001 120.369 118.69627 120.31946 121.97497
0.00002 82.79 84.57229 84.72726 84.95405
0.00003 71.8593 73.53756 73.23822 72.89019
0.00004 70.15 70.75953 70.57774 70.37957
0.00005 70.0131 70.27361 70.16592 70.06601
0.00006 70.15 70.75953 70.57774 70.37957
0.00007 71.8593 73.53756 73.23822 72.89019
0.00008 82.79 84.57229 84.72726 84.95405
0.00009 120.369 118.69627 120.31946 121.97497

0.0001 190 190 190 190
Average temperature 103.6682 104.1277 104.3538 104.5876
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Table 4.9: Impact of dwell time on average fabric temperature with initial temper-

ature 50°C for machine calender having same roll temperature 100/100°C

Dwell time (s)

RT 100/100(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 60.07127 60.63594 60.69091 60.75397
0.0004 61.60851 61.97331 62.05379 62.14195
0.0006 62.90261 63.15582 63.24689 63.34335
0.0008 64.02839 64.21988 64.31406 64.4115

Table 4.10: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having same roll temperature 130/130°C

Dwell time (s)

RT 130,/130(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 66.114 67.0175 67.10546 67.20635
0.0004 68.5736 69.1573 69.28607 69.42712
0.0006 70.64417 71.04932 71.19502 71.34935
0.0008 72.44542 72.75181 72.9025 73.0584

Table 4.11: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having same roll temperature 160/160°C

Dwell time (s)

RT 160,/160(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 72.15676 73.39907 73.52001 73.65873
0.0004 75.53873 76.34128 76.51835 76.71229
0.0006 78.38574 78.94281 79.14316 79.35536
0.0008 80.86245 81.28374 81.49094 81.7053
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Table 4.12: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having same roll temperature 190/190°C

Dwell time (s)

RT 190/190(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 78.19953 79.78063 79.93455 80.11111
0.0004 82.5038 83.52527 83.75062 83.99746
0.0006 86.12732 86.83631 87.09129 87.36137
0.0008 89.27954 89.81567 90.07938 90.3522

Table 4.13: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having same roll temperature 100/100°C

Dwell time (s)

RT 100,/100(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 76.04276 76.38156 76.41455 76.45238
0.0004 76.96513 77.18399 77.23228 77.28517
0.0006 77.74156 77.89349 77.94813 78.00601
0.0008 78.41703 78.53193 78.58844 78.6469

Table 4.14: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having same roll temperature 130/130°C

Dwell time (s)

RT 130,/130(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 82.08551 82.76313 82.82909 82.90476
0.0004 83.9302 84.36797 84.46455 84.57034
0.0006 85.48313 85.78699 85.89627 86.01201
0.0008 86.83407 87.06386 87.17688 87.2938
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Table 4.15: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having same roll temperature 160/160°C

Dwell time (s)

RT 160,/160(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 88.12827 89.14469 89.24364 89.35714
0.0004 90.89533 91.55196 91.69683 91.85551
0.0006 93.22464 93.68048 93.8444 94.01802
0.0008 95.25117 95.59579 95.76531 95.9407

Table 4.16: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having same roll temperature 190/190°C

Dwell time (s)

RT 190/190(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 94.17102 95.52626 95.65819 95.80952
0.0004 97.86042 98.73594 98.9291 99.14068
0.0006 100.96622 101.57398 101.79254 102.02403
0.0008 103.66815 104.12772 104.35375 104.5876

Table 4.17: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having same roll temperature 100/100°C

Thermal RT 100/100(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 63.84998 64.06208 64.15242 64.24605
9.5x10~8 63.98411 64.18051 64.27373 64.37022
9.8x1078 64.11635 64.30777 64.40408 64.50362
10.1x1078 64.24689 64.43203 64.53134 64.63383
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Table 4.18: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having same roll temperature 130/130°C

Thermal RT 130/130(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 72.15996 72.49933 72.64388 72.79368
9.5x10~8 72.37455 72.68881 72.83797 72.99235
9.8x10°8 72.58618 72.89244 73.04653 73.2058
10.1x10°8 72.79498 73.09124 73.25014 73.41413

Table 4.19: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having same roll temperature 160/160°C

Thermal RT 160/160(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 80.46997 80.93657 81.13533 81.34132
9.5x10~8 80.76502 81.19711 81.40221 81.61448
9.8x10~8 81.056 81.4771 81.68898 81.90797
10.1x10°8 81.34313 81.75046 81.96894 82.19443

Table 4.20: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C having same roll temperature 190/190°C for machine calender

Thermal RT 190/190(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 88.78004 89.37382 89.62679 89.88895
9.5x10~8 89.15553 89.70541 89.96644 90.23661
9.8x1078 89.52575 90.06177 90.33143 90.61015
10.1x10°8 89.89117 90.40968 90.68774 90.97473
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Table 4.21: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having same roll temperature 100/100°C

Thermal RT 100/100(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 78.30999 78.43725 78.49145 78.54763
9.5x10~8 78.39044 78.5083 78.56424 78.62213
9.8x10°8 78.46981 78.58466 78.64245 78.70217
10.1x1078 78.54811 78.65922 78.7188 78.7803

Table 4.22: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having same roll temperature 130/130°C

Thermal RT 130/130(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 86.61997 86.8745 86.98291 87.09526
9.5x10~8 86.78091 87.01661 87.12848 87.24426
9.8x10~8 86.93965 87.16933 87.2849 87.40435
10.1x10°8 87.09626 87.31843 87.4376 87.5606

Table 4.23: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having same roll temperature 160/160°C

Thermal RT 160/160(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 94.92996 95.31174 95.47436 95.64289
9.5x10~8 95.17131 95.52491 95.69271 95.86639
9.8x1078 95.40943 95.75399 95.92735 96.10652
10.1x10°8 95.64437 95.97765 96.15641 96.3409
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Table 4.24: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having same roll temperature 190/190°C

Thermal RT 190/190(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10°® 103.23989 103.74899 103.96582 104.19053
9.5x10~8 103.56175 104.03321 104.25695 104.48853
9.8x107® 103.87932 104.33866 104.5698 104.8087
10.1x107% 104.19255 104.63687 104.87521 105.1212

Table 4.25: Impact of different roll temperature 100/130(°C) on fabric layer tem-

perature in thickness direction with initial temperature 50°C for machine calender

RT 100/130(°C)
Web Depth (m)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 100 100 100 100
0.00001 83.4373 70.29013 70.96644 71.65624
0.00002 67.6121 56.07192 56.13639 56.23085
0.00003 53.6394 51.4749 51.34955 51.20426
0.00004 43.1805 50.32228 50.24335 50.15862
0.00005 38.2807 50.1482 50.08987 50.03576
0.00006 40.8907 50.50055 50.38254 50.25258
0.00007 52.2262 52.35746 52.15852 51.92678
0.00008 72.1989 59.71472 59.81814 59.96936
0.00009 99.1475 82.46416 83.5463 84.64998
0.0001 130 130 130 130
Average 70.9649 68.4858 68.6083 68.7349

temperature
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Table 4.26: Impact of different roll temperature 130/160(°C) on fabric layer tem-

perature in thickness direction with initial temperature 50°C for machine calender

Web Depth (m) RT 130/160(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 130 130 130 130
0.00001 102.495 82.4642 83.54631 84.64998
0.00002 76.7993 59.71499 59.8182 59.96937
0.00003 54.993 52.35929 52.15911 51.92681
0.00004 39.5047 50.51217 50.38778 50.25351
0.00005 32.8718 50.21661 50.13135 50.05226
0.00006 37.2148 50.69043 50.52698 50.34748
0.00007 53.5798 53.24185 52.96808 52.64933
0.00008 81.3861 63.35779 63.49996 63.70788
0.00009 118.206 94.63823 96.12617 97.64373

0.0001 160 160 160 160
Average temperature 80.641 77.0178 77.1967 77.3819

Table 4.27: Impact of different roll temperature 160/190(°C) on fabric layer tem-

perature in thickness direction with initial temperature 50°C for machine calender

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 160 160 160 160
0.00001 121.553 94.63827 96.12617 97.64373
0.00002 85.9865 63.35807 63.50002 63.70788
0.00003 56.3466 53.24369 52.96866 52.64936
0.00004 35.8288 50.70205 50.53222 50.3484
0.00005 27.4629 50.28501 50.17283 50.06877
0.00006 33.539 50.88031 50.67141 50.44237
0.00007 54.9334 54.12624 53.77763 53.37188
0.00008 90.5733 67.00086 67.18177 67.44639
0.00009 137.264 106.8123 108.70603 110.63747
0.0001 190 190 190 190
Average temperature 90.3171 85.5497 85.7852 86.0288
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Table 4.28: Impact of different roll temperature 190/210(°C) on fabric layer tem-

perature in thickness direction with initial temperature 50°C for machine calender

Web Depth (m) RT 190/210(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 190 190 190 190
0.00001 140.054 106.81233 108.70603 110.63747
0.00002 94.4069 67.00109 67.18182 67.44639
0.00003 57.239 54.12777 53.77812 53.3719
0.00004 32.3839 50.89 50.67578 50.44314
0.00005 22.9555 50.34201 50.2074 50.08252
0.00006 30.8574 51.00884 50.76858 50.50578
0.00007 56.2969 54.71614 54.31743 53.85358
0.00008 97.4648 69.42962 69.63632 69.93873
0.00009 150.527 114.92835 117.09261 119.29996
0.0001 210 210 210 210
Average temperature 98.3805 92.6597 92.9422 93.2345

Table 4.29: Impact of different roll temperature 100/130(°C) on fabric layer tem-

perature in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 100/130(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 100 100 100 100
0.00001 90.732 82.17409 82.57987 82.99374
0.00002 81.4873 73.64321 73.68184 73.73851
0.00003 72.737 70.88531 70.80985 70.72256
0.00004 65.6311 70.19569 70.14706 70.09536
0.00005 61.8866 70.1026 70.06222 70.02476
0.00006 63.3413 70.37396 70.28625 70.18932
0.00007 71.3238 71.76786 71.61882 71.44508
0.00008 86.0742 77.28601 77.3636 77.47702
0.00009 106.442 94.34812 95.15973 95.98749

0.0001 130 130 130 130
Average temperature 84.5141 82.7979 82.8827 82.9703
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Table 4.30: Impact of different roll temperature 130/160(°C) on fabric layer tem-

perature in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 130/160(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 130 130 130 130
0.00001 109.79 94.34816 95.15973 95.98749
0.00002 90.6745 77.28628 77.36366 77.47702
0.00003 74.0906 71.7697 71.61941 71.44511
0.00004 61.9552 70.38558 70.29149 70.19025
0.00005 56.4777 70.171 70.1037 70.04126
0.00006 59.6654 70.56384 70.43069 70.28421
0.00007 72.6774 72.65225 72.42837 72.16763
0.00008 95.2613 80.92908 81.04541 81.21554
0.00009 125.5 106.52218 107.73959 108.98123
0.0001 160 160 160 160

Average temperature 94.1902 91.3298 91.4711 91.6172

Table 4.31: Impact of different roll temperature 160/190(°C) on fabric layer tem-

perature in thickness direction with initial temperature 70°C for machine calender

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 160 160 160 160
0.00001 128.848 106.52222 107.73959 108.98123
0.00002 99.8617 80.92935 81.04547 81.21554
0.00003 75.4442 72.65409 72.42896 72.16766
0.00004 58.2794 70.57546 70.43593 70.28514
0.00005 51.0688 70.23941 70.14518 70.05776
0.00006 55.9896 70.75372 70.57512 70.37911
0.00007 74.031 73.53665 73.23793 72.89018
0.00008 104.448 84.57215 84.72723 84.95405
0.00009 144.558 118.69625 120.31945 121.97497

0.0001 190 190 190 190
Average temperature 103.8662 99.86175 100.0595 100.2641
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Table 4.32: Impact of different roll temperature 190/210(°C) on fabric layer tem-

perature in thickness direction with initial temperature 70°C for machine calender

Web Depth (m)

RT 190,/210(°C)

Fabric Layer Temperature (°C)

HPM Solution

BTCS Solution

CN Solution

FTCS Solution

0 190 190 190 190
0.00001 147.348 118.69628 120.31946 121.97497
0.00002 108.282 84.57238 84.72728 84.95405
0.00003 76.3366 73.53818 73.23842 72.8902
0.00004 54.8345 70.76341 70.57949 70.37988
0.00005 46.5614 70.29641 70.17975 70.07152
0.00006 53.308 70.88225 70.67229 70.44252
0.00007 75.3945 74.12655 73.77773 73.37188
0.00008 111.34 87.00091 87.18178 87.44639
0.00009 157.822 126.8123 128.70603 130.63747
0.0001 210 210 210 210
Average 111.9297 106.9717 107.2166 107.4699

temperature
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Table 4.33: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having different roll temperature 100/130°C

Dwell time (s)

RT 100/130(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 68.38897 63.82672 63.89819 63.98016
0.0004 69.26394 65.5653 65.66993 65.78453
0.0006 70.12245 67.10257 67.22096 67.34635
0.0008 70.96485 68.48585 68.60828 68.73495

Table 4.34: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having different roll temperature 130/160°C

Dwell time (s)

RT 130/160(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 76.87618 70.20829 70.31273 70.43254
0.0004 78.15495 72.74929 72.90221 73.0697
0.0006 79.40973 74.99607 75.16909 75.35236
0.0008 80.64095 77.01778 77.19672 77.38185

Table 4.35: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having different roll temperature 160/190°C

Dwell time (s)

RT 160,/190(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 85.36342 76.58985 76.72728 76.88492
0.0004 87.04603 79.93327 80.13448 80.35487
0.0006 88.69706 82.88956 83.11723 83.35836
0.0008 90.31705 85.54971 85.78516 86.02875
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Table 4.36: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for machine calender having different roll temperature 190/210°C

Dwell time (s)

RT 190/210(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 92.43614 81.90782 82.07274 82.2619
0.0004 94.45523 85.91993 86.16138 86.42585
0.0006 96.43641 89.46747 89.74067 90.03004
0.0008 98.38045 92.65965 92.94219 93.2345

Table 4.37: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having different roll temperature 100/130°C

Dwell time (s)

RT 100/130(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 82.73085 79.57235 79.62182 79.67857
0.0004 83.3366 80.77598 80.84841 80.92775
0.0006 83.93095 81.84024 81.9222 82.00901
0.0008 84.51412 82.79789 82.88266 82.97035

Table 4.38: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having different roll temperature 130/160°C

Dwell time (s)

RT 130,/160(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 91.21807 85.95391 86.03637 86.13095
0.0004 92.22762 87.95996 88.08069 88.21292
0.0006 93.21825 89.73374 89.87034 90.01502
0.0008 94.19019 91.32982 91.4711 91.61725
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Table 4.39: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for machine calender having different roll temperature 160/190°C

Dwell time (s)

RT 160,/190(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 99.70529 92.33547 92.45092 92.58333
0.0004 101.11859 95.14395 95.31297 95.49809
0.0006 102.50552 97.62723 97.81847 98.02102
0.0008 103.86625 99.86175 100.05953 100.26415

Table 4.40: Impact of dwell time on average fabric temperature having different roll

temperature 190/210°C for machine calender with initial temperature 70°C

Dwell time (s)

RT 190/210(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.0002 106.77795 97.65344 97.79637 97.96031
0.0004 108.52781 101.13061 101.33986 101.56907
0.0006 110.24499 104.20514 104.44191 104.6927
0.0008 111.92973 106.9717 107.21657 107.4699

Table 4.41: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having different roll temperature 100/130°C

Thermal RT 100/130(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 70.82555 68.2807 68.39815 68.51987
9.5x10~8 70.93008 68.43466 68.55585 68.68128
9.8x1078 71.03435 68.60011 68.72531 68.85471
10.1x10°8 71.13836 68.76164 68.89074 69.02398
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Table 4.42: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having different roll temperature 130/160°C

Thermal RT 130/160(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 80.4373 76.71795 76.88961 77.0675
9.5x10~8 80.59008 76.94296 77.12009 77.30342
9.8x10°8 80.74247 7718477 77.36776 77.55689
10.1x1078 80.89454 77.42085 77.60954 77.80428

Table 4.43: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having different roll temperature 160/190°C

Thermal RT 160/190(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 90.0492 85.1552 85.38106 85.61513
9.5x10~8 90.25025 85.45126 85.68432 85.92555
9.8x10~8 90.45067 85.76944 86.01021 86.25906
10.1x10°8 90.65066 86.08007 86.32834 86.58458

Table 4.44: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for machine calender having different roll temperature 190/210°C

Thermal RT 190/210(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 98.05905 92.18624 92.45727 92.73816
9.5x10~8 98.30016 92.54152 92.82119 93.11066
9.8x1078 98.54078 92.92332 93.21225 93.51087
10.1x10°8 98.78086 93.29608 93.59401 93.90149
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Table 4.45: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having different roll temperature 100/130°C

Thermal RT 100/130(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 84.41774 82.65587 82.73718 82.82145
9.5x10~8 84.49005 82.76245 82.84636 82.9332
9.8x10°8 84.56223 82.877 82.96368 83.05326
10.1x1078 84.63427 82.98882 83.0782 83.17045

Table 4.46: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having different roll temperature 130/160°C

Thermal RT 130/160(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 94.02948 91.09312 91.22864 91.36908
9.5x10~8 94.15007 91.27076 91.41059 91.55533
9.8x10~8 94.27035 91.46166 91.60613 91.75544
10.1x10°8 94.39044 91.64804 91.79701 91.95075

Table 4.47: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having different roll temperature 160/190°C

Thermal RT 160,/190(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 103.64131 99.53037 99.72009 99.91671
9.5x10~8 103.81016 99.77906 99.97483 100.17746
9.8x1078 103.97856 100.04633 100.24858 100.45761
10.1x1078 104.14664 100.30726 100.51581 100.73105
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Table 4.48: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for machine calender having different roll temperature 190/210°C

Thermal RT 190/210(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10°® 111.6511 106.56141 106.7963 107.03974
9.5x10~8 111.86011 106.86931 107.1117 107.36257
9.8x107® 112.06867 107.20021 107.45062 107.70942
10.1x1078 112.27671 107.52327 107.78148 108.04796

Table 4.49: Impact of roll temperature 130/70(°C) on fabric layer temperature in

thickness direction with initial temperature 50°C for rolling calender

RT 130/70(°C)
Web Depth (m)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 130 130 130 130
0.00001 114.24 113.83579 114.21027 114.47772
0.00002 99.5889 98.9334 99.56004 100.26172
0.00003 86.989 86.30103 86.99959 87.51419
0.00004 77.0862 76.53995 77.15602 77.98239
0.00005 70.1674 69.8276 70.28442 70.60742
0.00006 66.1688 66.00065 66.2984 66.81157
0.00007 64.7408 64.66899 64.84826 64.91349
0.00008 65.3407 65.30698 65.40902 65.60337
0.00009 67.3226 67.30559 67.35316 67.34254
0.0001 70 70 70 70
Average 82.8768 82.6109 82.9199 83.2286

temperature
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Table 4.50: Impact of roll temperature 160/80(°C) on fabric layer temperature in

thickness direction with initial temperature 50°C for rolling calender

Web Depth (m) RT 160/80(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 160 160 160 160
0.00001 138.372 137.8191 138.33248 138.69764
0.00002 118.283 117.38588 118.24569 119.21113
0.00003 101.043 100.10038 101.06105 101.76651
0.00004 87.5567 86.80462 87.65651 88.80298
0.00005 78.2344 77.75864 78.39818 78.85039
0.00006 73.0003 72.75222 73.17969 73.90856
0.00007 71.3787 71.25766 71.52594 71.63224
0.00008 72.6186 72.55066 72.71099 73
0.00009 75.8155 75.77883 75.85632 75.85072
0.0001 80 80 80 80
Average temperature 96.0275 95.6553 96.0879 96.52

Table 4.51: Impact of roll temperature 190/90(°C) on fabric layer temperature in

thickness direction with initial temperature 50°C for rolling calender

Web Depth (m) RT 190/90(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 190 190 190 190
0.00001 162.504 161.80241 162.45468 162.91755
0.00002 136.977 135.83836 136.93134 138.16054
0.00003 115.097 113.89972 115.12251 116.01883
0.00004 98.0273 97.0693 98.157 99.62358
0.00005 86.3013 85.68968 86.51195 87.09336
0.00006 79.8317 79.50378 80.06097 81.00555
0.00007 78.0167 77.84633 78.20362 78.351
0.00008 79.8965 79.79433 80.01297 80.39662
0.00009 84.3084 84.25207 84.35949 84.35891
0.0001 90 90 90 90
Average temperature 109.1782 108.6996 109.2559 109.8114
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Table 4.52: Impact of roll temperature 210/100(°C) on fabric layer temperature in

thickness direction with initial temperature 50°C for rolling calender

Web Depth (m) RT 210/100(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 210 210 210 210
0.00001 178.648 177.85114 178.59396 179.11852
0.00002 149.57 148.27661 149.52262 150.9285
0.00003 124.711 123.3479 124.74563 125.76637
0.00004 105.425 104.32866 105.57997 107.27357
0.00005 92.3515 91.63796 92.59728 93.27559
0.00006 85.4102 85.0066 85.67433 86.79374
0.00007 83.9221 83.68916 84.13485 84.33176
0.00008 86.782 86.62819 86.91241 87.38819
0.00009 92.633 92.54576 92.68925 92.70402
0.0001 100 100 100 100

Average temperature 119.0412 118.4829 119.1318 119.78

Table 4.53: Impact of roll temperature 130/70(°C) on fabric layer temperature in

thickness direction with initial temperature 70°C for rolling calender

Web Depth (m) RT 130/70(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 130 130 130 130
0.00001 117.927 117.60752 117.89759 118.11367
0.00002 106.603 106.08532 106.56623 107.0887
0.00003 96.6431 96.10703 96.63002 97.02865
0.00004 88.4352 88.03183 88.46514 89.0236
0.00005 82.1004 81.89656 82.17065 82.36445
0.00006 77.5178 77.49253 77.60752 77.85278
0.00007 74.3948 74.47499 74.47869 74.42795
0.00008 72.3548 72.45891 72.41521 72.43035
0.00009 71.0101 71.07731 71.04047 70.97849
0.0001 70 70 70 70
Average temperature 89.726 89.5665 89.752 89.9372
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Table 4.54: Impact of roll temperature 160/80(°C) on fabric layer temperature in

thickness direction with initial temperature 70°C for rolling calender

Web Depth (m) RT 160/80(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 160 160 160 160
0.00001 142.059 141.59083 142.01979 142.33359
0.00002 125.297 124.5378 125.25188 126.03811
0.00003 110.697 109.90637 110.69148 111.28097
0.00004 98.9057 98.2965 98.96563 99.84419
0.00005 90.1674 89.8276 90.28442 90.60742
0.00006 84.3493 84.2441 84.4888 84.94977
0.00007 81.0328 81.06365 81.15637 81.14671
0.00008 79.6327 79.70258 79.71718 79.82698
0.00009 79.503 79.55055 79.54364 79.48667

0.0001 80 80 80 80
Average temperature 102.8767 102.6109 102.9199 103.2286

Table 4.55: Impact of roll temperature 190/90(°C) on fabric layer temperature in

thickness direction with initial temperature 70°C for rolling calender

Web Depth () RT 190/90(°C)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0 190 190 190 190
0.00001 166.191 165.57414 166.142 166.5535
0.00002 143.991 142.99028 143.93753 144.98752
0.00003 124.751 123.70572 124.75294 125.53329
0.00004 109.376 108.56118 109.46611 110.66478
0.00005 98.2344 97.75864 98.39818 98.85039
0.00006 91.1807 90.99566 91.37008 92.04676
0.00007 87.6707 87.65232 87.83405 87.86546
0.00008 86.9106 86.94625 87.01915 87.2236
0.00009 87.9959 88.02379 88.0468 87.99486
0.0001 90 90 90 90
Average temperature 116.0274 115.6553 116.0879 116.52
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Table 4.56: Impact of roll temperature 210/100(°C) on fabric layer temperature in

thickness direction with initial temperature 70°C for rolling calender

RT 210/100(°C)
Web Depth (m)
Fabric Layer Temperature (°C)
HPM Solution | BTCS Solution | CN Solution | FTCS Solution

0 210 210 210 210
0.00001 182.336 181.62286 182.28127 182.75447
0.00002 156.584 155.42854 156.52881 157.75548
0.00003 134.365 133.15389 134.37606 135.28084
0.00004 116.774 115.82054 116.88908 118.31478
0.00005 104.285 103.70692 104.48351 105.03262
0.00006 96.7592 96.49848 96.98345 97.83495
0.00007 93.5762 93.49515 93.76528 93.84622
0.00008 93.796 93.78011 93.91859 94.21517
0.00009 96.3205 96.31748 96.37656 96.33997
0.0001 100 100 100 100
Average 125.8905 125.4385 125.9639 126.4889

temperature

Table 4.57: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for rolling calender having different roll temperature 130/70°C

RT 130/70(°C)

Dwell time (s)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 69.76725 68.85615 69.25873 69.61429
0.004 74.98617 74.66195 74.98359 75.27827
0.006 79.30418 79.05789 79.36277 79.65651
0.008 82.87676 82.61091 82.91993 83.22858
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Table 4.58: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for rolling calender having different roll temperature 160/80°C

Dwell time (s)

RT 160/80(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 77.67417 76.39862 76.96222 77.46
0.004 84.98058 84.52673 84.97702 85.38958
0.006 91.02587 90.68104 91.10788 91.51912
0.008 96.02747 95.65527 96.0879 96.52002

Table 4.59: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for rolling calender having different roll temperature 190/90°C

Dwell time (s)

RT 190/90(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 85.58104 83.94108 84.66572 85.30571
0.004 94.97507 94.39151 94.97046 95.50089
0.006 102.74753 102.3042 102.85299 103.38173
0.008 109.17817 108.69963 109.25587 109.81145

Table 4.60: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C for rolling calender having different roll temperature 210/100°C

Dwell time (s)

RT 210/100(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 91.51125 89.59792 90.44334 91.19
0.004 102.47095 101.7901 102.46553 103.08437
0.006 111.53872 111.02157 111.66183 112.27868
0.008 119.04116 118.48291 119.13184 119.78002
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Table 4.61: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for rolling calender having different roll temperature 130/70°C

Dwell time (s)

RT 130/70(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 81.8603 81.31369 81.55524 81.76857
0.004 84.99172 84.79717 84.99015 85.16696
0.006 87.58248 87.43473 87.61766 87.79391
0.008 89.72602 89.56654 89.75196 89.93715

Table 4.62: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for rolling calender having different roll temperature 160/80°C

Dwell time (s)

RT 160/80(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 89.76724 88.85615 89.25873 89.61429
0.004 94.98613 94.66195 94.98359 95.27827
0.006 99.30417 99.05789 99.36277 99.65651
0.008 102.87672 102.61091 102.91993 103.22858

Table 4.63: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for rolling calender having different roll temperature 190/90°C

Dwell time (s)

RT 190/90(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 97.67418 96.39862 96.96222 97.46
0.004 104.98064 104.52673 104.97702 105.38958
0.006 111.02592 110.68104 111.10788 111.51912
0.008 116.02739 115.65527 116.0879 116.52002
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Table 4.64: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C for rolling calender having different roll temperature 210/100°C

Dwell time (s)

RT 210/100(°C)

Average fabric Temperature (°C)

HPM Solution | BTCS Solution | CN Solution | FTCS Solution
0.002 103.60429 102.05546 102.73984 103.34429
0.004 112.47652 111.92532 112.4721 112.97306
0.006 119.81697 119.39841 119.91672 120.41607
0.008 125.89054 125.43854 125.96387 126.48859

Table 4.65: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for rolling calender having different roll temperature 130/70°C

Thermal RT 130/70(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 82.32731 82.1072 82.40315 82.69969
9.5x10~8 82.74097 82.48598 82.79172 83.0976
9.8x10~8 83.14498 82.88789 83.20427 83.51793
10.1x10°8 83.53963 83.27509 83.60196 83.91712

Table 4.66: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for rolling calender having different roll temperature 160/80°C

Thermal RT 160/80(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 95.2583 94.95009 95.36441 95.77957
9.5x10~8 95.83744 95.48038 95.90841 96.33665
9.8x1078 96.40302 96.04305 96.48598 96.9251
10.1x10°8 96.95548 96.58512 97.04274 97.48397
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Table 4.67: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for rolling calender having different roll temperature 190/90°C

Thermal RT 190/90(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 108.18927 107.79297 108.32568 108.85944
9.5x10~8 108.93383 108.47477 109.0251 109.57569
9.8x10°8 109.66107 109.1982 109.76769 110.33227
10.1x10°8 110.37127 109.89516 110.48353 111.05081

Table 4.68: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C for rolling calender having different roll temperature 210/100°C

Thermal RT 210/100(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x10~8 117.88741 117.42513 118.04662 118.66935
9.5x10~8 118.75615 118.22056 118.86261 119.50497
9.8x10~8 119.60465 119.06457 119.72897 120.38765
10.1x10°8 120.43308 119.87768 120.56412 121.22595

Table 4.69: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for rolling calender having different roll temperature 130/70°C

Thermal RT 130/70(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 89.39635 89.26432 89.44189 89.61981
9.5x10~8 89.64465 89.49159 89.67503 89.85856
9.8x1078 89.88696 89.73273 89.92256 90.11076
10.1x10°8 90.12376 89.96505 90.16118 90.35027
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Table 4.70: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for rolling calender having different roll temperature 160/80°C

Thermal RT 160/80(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 102.32725 102.1072 102.40315 102.69969
9.5x10~8 102.74103 102.48598 102.79172 103.0976
9.8x10°8 103.14503 102.88789 103.20427 103.51793
10.1x1078 103.53955 103.27509 103.60196 103.91712

Table 4.71: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for rolling calender having different roll temperature 190/90°C

Thermal RT 190/90(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 115.25825 114.95009 115.36441 115.77957
9.5x10~8 115.83738 115.48038 115.90841 116.33665
9.8x10~8 116.40309 116.04305 116.48598 116.9251
10.1x10°8 116.95539 116.58512 117.04274 117.48397

Table 4.72: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C for rolling calender having different roll temperature 210/100°C

Thermal RT 210/100(°C)
diffusivity Average fabric Temperature (°C)

(m?/s) | HPM Solution | BTCS Solution | CN Solution | FTCS Solution
9.2x1078 124.95647 124.58225 125.08536 125.58947
9.5x10~8 125.65987 125.22617 125.74592 126.26593
9.8x10°8 126.34663 125.90941 126.44726 126.98048
10.1x1078 127.01725 126.56765 127.12333 127.6591
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Table 5.1: Impact of roll temperature 200°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 200°C RT 200°C
(Lie Method) (Integral Method)

0 200 200
0.00001 112.961 117.492
0.00002 65.9875 77.3954
0.00003 52.3241 59.7299
0.00004 50.1873 52.8862
0.00005 50.0082 50.6626
0.00006 50.0002 50.1026
0.00007 50 50.008
0.00008 50 50.0001

0.00009 50 50

0.0001 50 50
Average Temperature 71.0426 73.4797

Table 5.2: Impact of roll temperature 240°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 240°C RT 240°C
(Lie Method) (Integral Method)

0 240 240
0.00001 129.751 135.489
0.00002 70.2508 84.7009
0.00003 52.9439 62.3245
0.00004 50.2373 53.6558
0.00005 50.0104 50.8393
0.00006 50.0002 50.1299
0.00007 50 50.0101
0.00008 50 50.002

0.00009 50 50

0.0001 50 50
Average Temperature 76.6539 79.741
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Table 5.3: Impact of roll temperature 280°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 280°C RT 280°C
(Lie Method) (Integral Method)

0 280 280
0.00001 146.54 153.487
0.00002 74.5141 92.0063
0.00003 53.5637 64.9192
0.00004 50.2872 54.4255
0.00005 50.0126 51.016
0.00006 50.0003 50.1573
0.00007 50 50.0123
0.00008 50 50.0002

0.00009 50 50

0.0001 50 50
Average Temperature 82.2653 86.0022

Table 5.4: Impact of roll temperature 320°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 320°C RT 320°C
(Lie Method) (Integral Method)

0 320 320
0.00001 163.33 171.485
0.00002 787775 99.3118
0.00003 54.1835 67.5138
0.00004 50.3372 55.1951
0.00005 50.0148 51.1927
0.00006 50.0003 50.1846
0.00007 50 50.0144
0.00008 50 50.0002

0.00009 50 50

0.0001 50 50
Average Temperature 87.8767 92.2634
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Table 5.5: Impact of roll temperature 200°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 200°C RT 200°C
(Lie Method) (Integral Method)

0 200 200
0.00001 124.566 128.493
0.00002 83.8558 93.7427
0.00003 72.0143 78.4326
0.00004 70.1623 72.5013
0.00005 70.0071 70.5742
0.00006 70.0002 70.0889
0.00007 70 70.0069
0.00008 70 70.0001

0.00009 70 70

0.0001 70 70
Average Temperature 88.2369 90.3491

Table 5.6: Impact of roll temperature 240°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 240°C RT 240°C
(Lie Method) (Integral Method)

0 240 240
0.00001 141.356 146.49
0.00002 88.1191 101.048
0.00003 72.634 81.0272
0.00004 70.2123 73.271
0.00005 70.0043 70.7509
0.00006 70.0002 70.1163
0.00007 70 70.0091
0.00008 70 70.0002

0.00009 70 70

0.0001 70 70
Average Temperature 93.8478 96.6103
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Table 5.7: Impact of roll temperature 280°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 280°C RT 280°C
(Lie Method) (Integral Method)
0 280 280
0.00001 158.146 164.488
0.00002 92.3825 108.354
0.00003 73.2538 83.6219
0.00004 70.2623 74.0406
0.00005 70.0115 70.9276
0.00006 70.0003 70.1436
0.00007 70 70.0112
0.00008 70 70.0002
0.00009 70 70
0.0001 70 70
Average Temperature 99.4597 102.8716

Table 5.8: Impact of roll temperature 320°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 320°C RT 320°C
(Lie Method) (Integral Method)
0 320 320
0.00001 174.935 182.486
0.00002 96.6458 115.659
0.00003 73.8736 86.2165
0.00004 70.3122 74.8103
0.00005 70.0137 71.1043
0.00006 70.0003 70.171
0.00007 70 70.0133
0.00008 70 70.0002
0.00009 70 70
0.0001 70 70
Average Temperature 105.071 109.1328

216




Table 5.9: Impact of dwell time on average fabric temperature with initial temper-

ature 50°C at roll temperature 200°C for incompressible semi infinite medium

Dwell time (s)

Heated Roll Temperature

RT 200°C
(Lie Method)

RT 200°C
(Integral Method)

0.0002 65.1068 66.3986
0.0004 67.4128 69.1956
0.0006 69.3539 71.4917
0.0008 71.0426 73.4797

Table 5.10: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C at roll temperature 240°C for incompressible semi infinite medium

Dwell time (s) Heated Roll Temperature

RT 240°C
(Lie Method)

RT 240°C
(Integral Method)

0.0002 69.1353 70.7715
0.0004 72.0562 74.3144
0.0006 74.515 77.2228
0.0008 76.6994 79.7409

Table 5.11: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C at roll temperature 280°C for incompressible semi infinite medium

Dwell time (s)

Heated Roll Temperature

RT 280°C
(Lie Method)

RT 280°C
(Integral Method)

0.0002 73.1638 75.1445
0.0004 76.6996 79.4332
0.0006 79.676 82.954
0.0008 82.2653 86.0022
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Table 5.12: Impact of dwell time on average fabric temperature with initial tem-

perature 50°C at roll temperature 320°C for incompressible semi infinite medium

Dwell time (s)

Heated Roll Temperature

RT 320°C
(Lie Method)

RT 320°C
(Integral Method)

0.0002 77.1923 79.5174
0.0004 81.343 84.5521
0.0006 84.837 88.1396
0.0008 87.8767 92.2634

Table 5.13: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C at roll temperature 200°C for incompressible semi infinite medium

Heated Roll Temperature

Dwell time (s)

RT 200°C
(Lie Method)

RT 200°C
(Integral Method)

0.0002 83.0926 84.2121
0.0004 85.0911 86.6362
0.0006 86.7734 88.6262
0.0008 88.2369 90.3491

Table 5.14: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C at roll temperature 240°C for incompressible semi infinite medium

Dwell time (s) Heated Roll Temperature

RT 240°C
(Lie Method)

RT 240°C
(Integral Method)

0.0002 87.1211 88.5851
0.0004 89.7345 91.7551
0.0006 91.9345 94.3573
0.0008 93.8483 96.6103
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Table 5.15: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C at roll temperature 280°C for incompressible semi infinite medium

Dwell time (s)

Heated Roll Temperature

RT 280°C
(Lie Method)

RT 280°C
(Integral Method)

0.0002 91.1496 92.958

0.0004 94.5597 96.8739
0.0006 97.0955 100.0884
0.0008 99.4597 102.8716

Table 5.16: Impact of dwell time on average fabric temperature with initial tem-

perature 70°C at roll temperature 320°C for incompressible semi infinite medium

Dwell time (s)

Heated Roll Temperature

RT 320°C
(Lie Method)

RT 320°C
(Integral Method)

0.0002 95.1781 97.331

0.0004 99.0213 101.9927
0.0006 102.2567 105.8195
0.0008 105.071 109.1328

Table 5.17: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C at roll temperature 200°C for incompressible semi infinite medium

Thermal diffusivity

Heated Roll Temperature

(m?/s)
RT 200°C (Lie Method) | RT 200°C (Integral Method)
9.2x1078 70.775 72.3468
9.5x10~® 70.9762 73.4015
9.8x1078 71.1746 73.6348
10.1x1078 71.3703 73.865
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Table 5.18: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C at roll temperature 240°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 240°C (Lie Method) | RT 240°C (Integral Method)
9.2x1078 76.315 79.3423
9.5x10~8 76.5698 79.6419
9.8x1078 76.8211 79.9375
10.1x10°8 77.0691 80.229

Table 5.19: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C at roll temperature 280°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 280°C (Lie Method) | RT 280°C (Integral Method)
9.2x10~8 81.855 85.5196
9.5x10~8 82.1634 85.8823
9.8x10~8 82.4677 86.2401
10.1x1078 82.7679 86.5931

Table 5.20: Impact of thermal diffusivity on average fabric temperature with initial

temperature 50°C at roll temperature 320°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 320°C (Lie Method) | RT 320°C (Integral Method)
9.2x10~8 87.3949 91.6968
9.5x1078 87.7571 92.1209
9.8x10~8 88.1142 92.5427
10.1x10°8 88.4666 92.9569
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Table 5.21: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C at roll temperature 200°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 200°C (Lie Method) | RT 200°C (Integral Method)
9.2x10°® 88.0049 90.0763
9.5x1078 88.1794 90.2813
9.8x10°® 88.3513 90.4835
10.1x10°8 88.521 90.683

Table 5.22: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C at roll temperature 240°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 240°C (Lie Method) | RT 240°C (Integral Method)
9.2x10~8 93.55 96.2536
9.5x1078 93.773 96.5217
9.8x10~8 93.9978 96.7818
10.1x10°8 94.2197 97.047

Table 5.23: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C at roll temperature 280°C for incompressible semi infinite medium

Thermal diffusivity
Heated Roll Temperature
(m?/s)
RT 280°C (Lie Method) | RT 280°C (Integral Method)
9.2x1078 99.0849 102.4309
9.5x1078 99.3666 102.762
9.8x10~8 99.6398 103.089
10.1x10°8 99.9185 103.411
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Table 5.24: Impact of thermal diffusivity on average fabric temperature with initial

temperature 70°C at roll temperature 320°C for incompressible semi infinite medium

Thermal diffusivity

Heated Roll Temperature

(m?/s)
RT 320°C (Lie Method) | RT 320°C (Integral Method)
9.2x1078 104.625 108.6082
9.5x1078 104.96 109.0935
9.8x1078 105.2909 109.3915
10.1x1078 105.6172 118.8659

Table 5.25: Impact of roll temperature 200°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 200°C RT 200°C
(Without Volume Change) (With Volume Change)
0 200 200
0.00001 117.954 136.704
0.00002 70.013 89.8858
0.00003 53.6566 64.2731
0.00004 50.403 53.9113
0.00005 50.0263 50.812
0.00006 50.001 50.1267
0.00007 50 50.0148
0.00008 50 50.0013
0.00009 50 50.0001
0.0001 50 50
Average
72.0049 76.8845
Temperature
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Table 5.26: Impact of roll temperature 240°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 240°C RT 240°C
(Without Volume Change) (With Volume Change)

0 240 240
0.00001 136.075 159.825
0.00002 75.3498 100.522
0.00003 54.6317 68.0793
0.00004 50.5104 54.9544
0.00005 50.0333 51.0285
0.00006 50.0013 50.1605
0.00007 50 50.0187
0.00008 50 50.0016
0.00009 50 50.0001

0.0001 50 50
Average Temperature 77.8729 84.0536

Table 5.27: Impact of roll temperature 280°C on the fabric layer temperature at

various depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 280°C RT 280°C
(Without Volume Change) (With Volume Change)

0 280 280
0.00001 154.197 182.946
0.00002 80.6866 111.158
0.00003 55.6068 71.8855
0.00004 50.6179 55.9974
0.00005 50.0404 51.245
0.00006 50.0015 50.1943
0.00007 50 50.0227
0.00008 50 50.002
0.00009 50 50.0001

0.0001 50 50
Average Temperature 83.7409 91.2228
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Table 5.28: Impact of roll temperature 320°C on fabric layer temperature at various

depths in thickness direction with initial temperature 50°C

Web Depth (m) Heated Roll Temperature
RT 320°C RT 320°C
(Without Volume Change) (With Volume Change)

0 320 320
0.00001 172.318 206.067
0.00002 86.0234 121.794
0.00003 56.5819 75.6917
0.00004 50.7234 57.0404
0.00005 50.0474 51.4616
0.00006 50.0018 50.2281
0.00007 50 50.0266
0.00008 50 50.0023
0.00009 50 50.0001

0.0001 50 50
Average Temperature 89.6087 98.392

Table 5.29: Impact of roll temperature 200°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 200°C RT 200°C
(Without Volume Change) (With Volume Change)

0 200 200
0.00001 124.566 141.466
0.00002 83.8558 100.105
0.00003 72.0143 79.4562
0.00004 70.1623 72.1748
0.00005 70.0071 70.3618
0.00006 70.0002 70.0432
0.00007 70 70.0037
0.00008 70 70.0002

0.00009 70 70

0.0001 70 70
Average Temperature 88.2369 92.1465
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Table 5.30: Impact of roll temperature 240°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 240°C RT 240°C
(Without Volume Change) (With Volume Change)

0 240 240
0.00001 141.356 163.455
0.00002 88.1191 109.368
0.00003 72.634 82.3658
0.00004 70.2123 72.8439
0.00005 70.0093 70.4731
0.00006 70.0002 70.0564
0.00007 70 70.0048
0.00008 70 70.0003

0.00009 70 70

0.0001 70 70
Average Temperature 93.8483 98.9607

Table 5.31: Impact of roll temperature 280°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 280°C RT 280°C
(Without Volume Change) (With Volume Change)

0 280 280
0.00001 158.146 185.445
0.00002 92.3825 118.631
0.00003 73.2538 85.2754
0.00004 70.2623 73.5131
0.00005 70.0115 70.5844
0.00006 70.0003 70.0697
0.00007 70 70.0059
0.00008 70 70.0004

0.00009 70 70

0.0001 70 70
Average Temperature 99.4597 105.775
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Table 5.32: Impact of roll temperature 320°C on fabric layer temperature at various

depths in thickness direction with initial temperature 70°C

Web Depth (m) Heated Roll Temperature
RT 320°C RT 320°C
(Without Volume Change) (With Volume Change)
0 320 320
0.00001 174.935 207.434
0.00002 96.6458 127.894
0.00003 73.8736 88.185
0.00004 70.3122 74.1822
0.00005 70.0137 70.6957
0.00006 70.0003 70.083
0.00007 70 70.0071
0.00008 70 70.0004
0.00009 70 70
0.0001 70 70
Average
105.071 112.5892
Temperature

Table 5.33: Impact of dwell time at roll temperature 200°C on average fabric

temperature with initial temperature 50°C

Dwell time (s) Heated Roll Temperature
RT 200°C RT 200°C
(Without Volume Change) (With Volume Change)
0.0002 65.1068 67.0269
0.0004 67.4128 70.4569
0.0006 69.3539 73.2023
0.0008 71.0425 75.5536
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Table 5.34: Impact of dwell time at roll temperature 240°C on average fabric

temperature with initial temperature 50°C

Dwell time (s)

Heated Roll Temperature

RT 240°C
(Without Volume Change)

RT 240°C
(With Volume Change)

0.0002 69.1353 71.5674
0.0004 72.5617 75.9121
0.0006 74.715 79.3897
0.0008 76.6994 82.3678

Table 5.35: Impact of dwell time at roll temperature 280°C on average fabric

temperature with initial temperature 50°C

Dwell time (s)

Heated Roll Temperature

RT 280°C
(Without Volume Change)

RT 280°C
(With Volume Change)

0.0002 73.1638 76.1079
0.0004 76.6996 81.3673
0.0006 79.676 85.5769
0.0008 82.2653 89.1822

Table 5.36: Impact of dwell time at roll temperature 320°C on average fabric

temperature with initial temperature 50°C

Dwell time (s)

Heated Roll Temperature

RT 320°C
(Without Volume Change)

RT 320°C
(With Volume Change)

0.0002 77.1923 80.6481
0.0004 81.343 86.8224
0.0006 84.837 91.7645
0.0008 87.8767 95.9964
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Table 5.37: Impact of dwell time at roll temperature 200°C on average fabric

temperature with initial temperature 70°C

Dwell time (s)

Heated Roll Temperature

RT 200°C
(Without Volume Change)

RT 200°C
(With Volume Change)

0.0002 83.0926 84.7567
0.0004 85.091 87.7293
0.0006 86.7734 90.1087
0.0008 88.2389 92.1465

Table 5.38: Impact of dwell time at roll temperature 240°C on average fabric

temperature with initial temperature 70°C

Dwell time (s)

Heated Roll Temperature

RT 240°C
(Without Volume Change)

RT 240°C
(With Volume Change)

0.0002 87.1211 89.2972
0.0004 89.7345 93.1845
0.0006 91.9345 96.296
0.0008 93.8483 98.9607

Table 5.39: Impact of dwell time at roll temperature 280°C on average fabric

temperature with initial temperature 70°C

Dwell time (s)

Heated Roll Temperature

RT 280°C
(Without Volume Change)

RT 280°C
(With Volume Change)

0.0002 91.1496 93.8377
0.0004 94.5597 98.7306
0.0006 97.0955 102.4833
0.0008 99.4597 105.775
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Table 5.40: Impact of dwell time at roll temperature 320°C on average fabric

temperature with initial temperature 70°C

Dwell time (s)

Heated Roll Temperature

RT 320°C
(Without Volume Change)

RT 320°C
(With Volume Change)

0.0002 95.178 98.3782
0.0004 99.0213 104.0949
0.0006 102.2566 108.6705
0.0008 105.071 112.5892

Table 5.41: Impact of thermal diffusivity at roll temperature 200°C on average

fabric temperature with initial temperature 50°C

Thermal Heated Roll Temperature

diffusivity RT 200°C RT 200°C
(m?/s) (Without Volume Change) (With Volume Change)

9.2x1078 70.775 75.1825

9.5x10~® 70.9762 75.4615

9.8x1078 71.1746 75.7364

10.1x1078 71.3703 76.0074

Table 5.42: Impact of thermal diffusivity at roll temperature 240°C on average

fabric temperature with initial temperature 50°C

Thermal Heated Roll Temperature

diffusivity RT 240°C RT 240°C
(m?/s) (Without Volume Change) (With Volume Change)

9.2x1078 76.315 81.8978

9.5x10~® 76.5698 82.2513

9.8x107® 76.8211 82.5994

10.1x1078 77.0691 82.9427
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Table 5.43: Impact of thermal diffusivity at roll temperature 280°C on average

fabric temperature with initial temperature 50°C

Thermal Heated Roll Temperature

diffusivity RT 280°C RT 280°C
(m?/s) (Without Volume Change) (With Volume Change)
9.2x1078 81.8549 88.6132

9.5x10~® 82.1634 89.0409

9.8x10~8 82.4677 89.4625

10.1x1078 82.7679 89.8781

Table 5.44: Impact of thermal diffusivity at roll temperature 320°C on average

fabric temperature with initial temperature 50°C

Thermal Heated Roll Temperature

diffusivity RT 320°C RT 320°C
(m?/s) (Without Volume Change) (With Volume Change)

9.2x1078 87.3949 95.3285

9.5x10~® 87.7571 95.8307

9.8x1078 88.1142 96.3255

10.1x1078 88.4666 96.8133

Table 5.45: Impact of thermal diffusivity at roll temperature 200°C on average

fabric temperature with initial temperature 70°C

Thermal Heated Roll Temperature

diffusivity RT 200°C RT 200°C
(m?/s) (Without Volume Change) (With Volume Change)
9.2x1078 88.0049 91.8248

9.5x10~® 88.1794 92.0667

9.8x107® 88.3513 92.3049

10.1x1078 88.521 92.5397
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Table 5.46: Impact of thermal diffusivity at roll temperature 240°C on average

fabric temperature with initial temperature 70°C

Thermal Heated Roll Temperature

diffusivity RT 240°C RT 240°C
(m?/s) (Without Volume Change) (With Volume Change)
9.2x1078 93.55 98.5402
9.5x10~® 93.773 98.8564
9.8x10~8 93.9978 99.168

10.1x10°8 94.2197 99.4751

Table 5.47: Impact of thermal diffusivity at roll temperature 280°C on average

fabric temperature with initial temperature 70°C

Thermal Heated Roll Temperature

diffusivity RT 280°C RT 280°C
(m?/s) (Without Volume Change) (With Volume Change)

9.2x1078 99.0849 105.2554

9.5x10~® 99.3666 105.6461

9.8x1078 99.6398 106.031

10.1x1078 99.9185 106.4104

Table 5.48: Impact of thermal diffusivity at roll temperature 320°C on average

fabric temperature with initial temperature 70°C

Thermal Heated Roll Temperature

diffusivity RT 320°C RT 320°C
(m?/s) (Without Volume Change) (With Volume Change)

9.2x1078 104.625 111.9708

9.5x10~8 104.96 112.4358

9.8x1078 105.2909 112.8941

10.1x10-8 105.6172 113.3456
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Table 6.1: Impact of same roll temperature 100/100(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when FE, < 0.05

Web Depth (s RT 100/100(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 76.5552 66.4187

0.00001 74.5194 64.2987

0.00002 72.6644 64.023

0.00003 71.0024 64.0012
0.00004 69.5434 64
0.00005 68.2959 64
0.00006 67.2667 64
0.00007 66.461 64
0.00008 65.8828 64
0.00009 65.5349 64
0.0001 65.4188 64

Average Temperature 69.3768 64.2492

Table 6.2: Impact of same roll temperature 130/130(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 130/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 92.4884 76.27
0.00001 89.231 72.878
0.00002 86.2631 72.4369
0.00003 83.6038 72.4019
0.00004 81.2694 72.4001
0.00005 79.2734 72.4
0.00006 77.6266 72.4
0.00007 76.3376 72.4
0.00008 75.4126 72.4
0.00009 74.8559 72.4
0.0001 74.67 72.4
Average Temperature 81.0029 72.7988
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Table 6.3: Impact of same roll temperature 160/160(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, < 0.05

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 108.552 86.3078

0.00001 104.084 81.6556

0.00002 100.014 81.0506

0.00003 96.3664 81.0026

0.00004 93.1647 81.0001
0.00005 90.4271 81
0.00006 88.1685 81
0.00007 86.4005 81
0.00008 85.1318 81
0.00009 84.3683 81
0.0001 84.1134 81

Average Temperature 92.792 81.547

Table 6.4: Impact of same roll temperature 190/190(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, < 0.05

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 124.485 96.159

0.00001 118.796 90.2348

0.00002 113.612 89.4644

0.00003 108.968 89.4033

0.00004 104.891 89.4001
0.00005 101.405 89.4
0.00006 98.5285 89.4
0.00007 96.2771 89.4
0.00008 94.6615 89.4
0.00009 93.6892 89.4
0.0001 93.3646 89.4

Average Temperature 104.4253 90.0965
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Table 6.5: Impact of same roll temperature 100/100(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, < 0.05

Web Depth (m) RT 100/100(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 85.9331 79.8512

0.00001 84.7116 78.5792

0.00002 83.5987 78.4138

0.00003 82.6014 78.4007
0.00004 81.726 78.4
0.00005 80.9775 78.4
0.00006 80.36 78.4
0.00007 79.8766 78.4
0.00008 79.5297 78.4
0.00009 79.3209 78.4
0.0001 79.2513 78.4

Average Temperature 81.6261 78.5495

Table 6.6: Impact of same roll temperature 130/130(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, < 0.05

Web Depth (m) RT 130/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 101.997 89.889

0.00001 99.5648 87.3568

0.00002 97.3492 87.0275

0.00003 95.364 87.0014

0.00004 93.6213 87.0001
0.00005 92.1312 87
0.00006 90.9018 87
0.00007 89.9395 87
0.00008 89.249 87
0.00009 88.8334 87
0.0001 88.6946 87

Average Temperature 93.4223 87.2977
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Table 6.7: Impact of same roll temperature 160/160(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, < 0.05

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 117.799 99.5537
0.00001 114.135 95.7377
0.00002 110.796 95.2415
0.00003 107.804 95.2021
0.00004 105.178 95.2001
0.00005 102.933 95.2
0.00006 101.08 95.2
0.00007 99.6298 95.2
0.00008 98.5891 95.2
0.00009 97.9628 95.2
0.0001 97.7538 95.2
Average Temperature 104.8782 95.6486

Table 6.8: Impact of same roll temperature 190/190(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, < 0.05

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 133.993 107.7625
0.00001 129.13 104.4647
0.00002 124.698 104.0359
0.00003 120.728 104.0019
0.00004 117.243 104.0001
0.00005 114.262 104
0.00006 111.804 104
0.00007 109.879 104
0.00008 108.498 104
0.00009 107.667 104
0.0001 107.389 104
Average Temperature 116.8446 104.3877
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Table 6.9: Impact of same roll temperature 100/100(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, > 0.05

Web Depth (m) RT 100/100(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 78.4069 76.3099
0.00001 77.1572 66.9958
0.00002 76.0217 64.474
0.00003 75.006 64.0512
0.00004 74.1153 64.0039
0.00005 73.3539 64.0002
0.00006 72.7257 64
0.00007 72.2338 64
0.00008 71.8807 64
0.00009 71.6681 64
0.0001 71.5971 64
Average Temperature 74.0151 65.4395

Table 6.10: Impact of same roll temperature 130/130(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, > 0.05

Web Depth (m) RT 130/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 95.451 92.0959
0.00001 93.4515 77.1933
0.00002 91.6347 73.1583
0.00003 90.0096 72.4819
0.00004 88.5844 72.4062
0.00005 87.3662 72.4003
0.00006 86.3611 72.4
0.00007 85.5741 724
0.00008 85.0091 72.4
0.00009 84.669 72.4
0.0001 84.5554 724
Average Temperature 88.4242 74.7033
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Table 6.11: Impact of same roll temperature 160/160(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, > 0.05

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 112.615 108.0134
0.00001 109.873 87.5742
0.00002 107.381 82.0401
0.00003 105.152 81.1123
0.00004 103.197 81.0085
0.00005 101.527 81.0004
0.00006 100.148 81
0.00007 99.0686 81
0.00008 98.2937 81
0.00009 97.8272 81
0.0001 97.6715 81
Average Temperature 102.9776 84.1590

Table 6.12: Impact of same roll temperature 190/190(°C) on fabric temperature in

thickness direction at various depths with initial temperature 50°C when £, > 0.05

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 129.659 123.7994
0.00001 126.167 97.7717
0.00002 122.994 90.7244
0.00003 120.156 89.543
0.00004 117.667 89.4108
0.00005 115.539 89.4006
0.00006 113.783 89.4
0.00007 112.409 89.4
0.00008 111.422 89.4
0.00009 110.828 89.4
0.0001 110.63 89.4
Average Temperature 117.3867 93.4227
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Table 6.13: Impact of same roll temperature 100/100(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, > 0.05

Web Depth (m) RT 100/100(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 87.0441 85.7859
0.00001 86.2943 80.1975
0.00002 85.613 78.6844
0.00003 85.0036 78.4307
0.00004 84.4692 78.4023
0.00005 84.0123 78.4001
0.00006 83.6354 78.4
0.00007 83.3403 78.4
0.00008 83.1284 78.4
0.00009 83.0009 78.4
0.0001 82.9583 78.4
Average Temperature 84.4091 79.2637

Table 6.14: Impact of same roll temperature 130/130(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, > 0.05

Web Depth (m) RT 130/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 104.208 101.7035
0.00001 102.716 90.5783
0.00002 101.359 87.5661
0.00003 100.146 87.0611
0.00004 99.0821 87.0046
0.00005 98.1727 87.0002
0.00006 97.4223 87
0.00007 96.8348 87
0.00008 96.413 87
0.00009 96.1591 87
0.0001 96.0743 87
Average Temperature 98.9625 88.7194
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Table 6.15: Impact of same roll temperature 160/160(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, > 0.05

Web Depth (m) RT 160/160(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 121.132 117.3578
0.00001 118.883 100.5925
0.00002 116.839 96.0531
0.00003 115.011 95.2921
0.00004 113.407 95.207
0.00005 112.037 95.2004
0.00006 110.906 95.2
0.00007 110.021 95.2
0.00008 109.385 95.2
0.00009 109.003 95.2
0.0001 108.875 95.2
Average Temperature 113.2272 97.7912

Table 6.16: Impact of same roll temperature 190/190(°C) on fabric temperature in

thickness direction at various depths with initial temperature 70°C when £, > 0.05

Web Depth (m) RT 190/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 138.416 133.407
0.00001 135.431 111.1567
0.00002 132.718 105.1322
0.00003 130.292 104.1223
0.00004 128.164 104.0092
0.00005 126.345 104.0005
0.00006 124.845 104
0.00007 123.67 104
0.00008 122.826 104
0.00009 122.318 104
0.0001 122.149 104
Average Temperature 127.9249 107.4389
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Table 6.17: Impact of different roll temperature 100/130(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 100/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 91.5766 72.9484

0.00001 88.2401 71.2406

0.00002 85.2 71.0186

0.00003 82.4761 71.001

0.00004 80.085 71
0.00005 78.0405 71
0.00006 76.3537 71
0.00007 75.0333 71
0.00008 74.0858 71
0.00009 73.5155 71
0.0001 73.3252 71

Average Temperature 79.812 71.2008

Table 6.18: Impact of different roll temperature 130/160(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) BT 130/160C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 108.552 84.2922
0.00001 104.084 81.4066
0.00002 100.014 81.0314
0.00003 96.3664 81.0016
0.00004 93.1647 81.0001
0.00005 90.4271 81
0.00006 88.1685 81
0.00007 86.4005 81
0.00008 85.1318 81
0.00009 84.3683 81
0.0001 84.1134 81
Average Temperature 92.7992 81.3393
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Table 6.19: Impact of different roll temperature 160/190(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 125.071 94.9829
0.00001 119.433 90.8784
0.00002 114.296 90.3446
0.00003 109.693 90.3023
0.00004 105.652 90.3001
0.00005 102.197 90.3
0.00006 99.3468 90.3
0.00007 97.1156 90.3
0.00008 95.5144 90.3
0.00009 94.5508 90.3
0.0001 94.2292 90.3
Average Temperature 105.1908 90.7826

Table 6.20: Impact of different roll temperature 190/210(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 190/210(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 137.321 104.5543

0.00001 131.01 99.1601

0.00002 125.26 98.4586

0.00003 120.107 98.403

0.00004 115.585 98.4001
0.00005 111.717 98.4
0.00006 108.527 98.4
0.00007 106.029 98.4
0.00008 104.237 98.4
0.00009 103.158 98.4
0.0001 102.798 98.4

Average Temperature 115.0681 99.0342
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Table 6.21: Impact of different roll temperature 100/130(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 100/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 100.368 85.5414

0.00001 97.7953 84.6286

0.00002 95.4509 84.5099

0.00003 93.3502 84.5005
0.00004 91.5062 84.5
0.00005 89.9295 84.5
0.00006 88.6287 84.5
0.00007 87.6104 84.5
0.00008 86.8797 84.5
0.00009 86.44 84.5
0.0001 86.2932 84.5

Average Temperature 91.2956 84.6073

Table 6.22: Impact of different roll temperature 130/160(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) BT 130/160C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 117.148 96.6053

0.00001 113.427 94.4971

0.00002 110.037 94.2229

0.00003 106.999 94.2012
0.00004 104.332 94.2
0.00005 102.052 94.2
0.00006 100.171 94.2
0.00007 98.6981 94.2
0.00008 97.6414 94.2
0.00009 97.0055 94.2
0.0001 96.7932 94.2

Average Temperature 104.0277 94.4479
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Table 6.23: Impact of different roll temperature 160/190(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 133.993 107.7625
0.00001 129.13 104.4647
0.00002 124.698 104.0359
0.00003 120.728 104.0019
0.00004 117.243 104.0001
0.00005 114.262 104
0.00006 111.804 104
0.00007 109.879 104
0.00008 108.498 104
0.00009 107.667 104
0.0001 107.389 104
Average Temperature 116.8446 104.3877

Table 6.24: Impact of different roll temperature 190/210(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 190/210(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 146.178 117.2406

0.00001 140.636 112.6473

0.00002 135.587 112.0499

0.00003 131.062 112.0026

0.00004 127.09 112.0001
0.00005 123.694 112
0.00006 120.893 112
0.00007 118.699 112
0.00008 117.126 112
0.00009 116.178 112
0.0001 115.862 112

Average Temperature 126.6368 112.54
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Table 6.25: Impact of different roll temperature 100/130(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 100/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 94.6113 80.9163
0.00001 92.5632 73.4133
0.00002 90.7022 71.3818
0.00003 89.0376 71.0412
0.00004 87.5778 71.0031
0.00005 86.33 71.0002
0.00006 85.3004 71
0.00007 84.4943 71
0.00008 83.9156 71
0.00009 83.5672 71
0.0001 83.4508 71
Average Temperature 87.4137 72.1596

Table 6.26: Impact of different roll temperature 130/160(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 130/160(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 112.615 97.7552
0.00001 109.873 85.0777
0.00002 107.381 81.6451
0.00003 105.152 81.0697
0.00004 103.197 81.0053
0.00005 101.527 81.0003
0.00006 100.148 81
0.00007 99.0686 81
0.00008 08.2937 81
0.00009 97.8272 81
0.0001 97.6715 81
Average Temperature 102.9776 82.9594

244



Table 6.27: Impact of different roll temperature 160/190(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 130.199 114.1334
0.00001 126.738 96.1003
0.00002 123.593 91.2176
0.00003 120.781 90.3991
0.00004 118.314 90.3075
0.00005 116.205 90.3004
0.00006 114.465 90.3
0.00007 113.103 90.3
0.00008 112.125 90.3
0.00009 111.536 90.3
0.0001 111.34 90.3
Average Temperature 118.0363 93.0871

Table 6.28: Impact of different roll temperature 190/210(°C) on fabric temperature

in thickness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 190/210(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 143.061 129.7219
0.00001 139.187 106.0227
0.00002 135.667 99.6059
0.00003 132.519 08.5302
0.00004 129.757 98.4098
0.00005 127.397 98.4005
0.00006 125.45 98.4
0.00007 123.925 98.4
0.00008 122.83 98.4
0.00009 122.171 98.4
0.0001 121.951 98.4
Average Temperature 129.4468 102.0628
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Table 6.29: Impact of different roll temperature 100/130(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 100/130(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 102.709 89.8001
0.00001 101.129 85.7899
0.00002 99.6941 84.7041
0.00003 98.4104 84.522
0.00004 97.2846 84.5017
0.00005 96.3223 84.5001
0.00006 95.5283 84.5
0.00007 94.9066 84.5
0.00008 94.4603 84.5
0.00009 94.1916 84.5
0.0001 94.1019 84.5
Average Temperature 97.158 85.1198

Table 6.30: Impact of different roll temperature 130/160(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) BT 130/160C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 120.533 106.4415
0.00001 118.248 97.1792
0.00002 116.173 94.6713
0.00003 114.317 94.2509
0.00004 112.688 94.2038
0.00005 111.297 94.2002
0.00006 110.149 94.2
0.00007 109.25 94.2
0.00008 108.604 94.2
0.00009 108.216 94.2
0.0001 108.086 94.2
Average Temperature 112.5056 95.6315
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Table 6.31: Impact of different roll temperature 160/190(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 160/190(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 138.416 123.1488
0.00001 135.431 108.6602
0.00002 132.718 104.7373
0.00003 130.292 104.0796
0.00004 128.164 104.006
0.00005 126.345 104.0003
0.00006 124.845 104
0.00007 123.67 104
0.00008 122.826 104
0.00009 122.318 104
0.0001 122.149 104
Average Temperature 127.9249 106.2393

Table 6.32: Impact of different roll temperature 190/210(°C) on fabric temperature

in thickness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 190/210(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 151.219 138.6715
0.00001 147.817 118.491
0.00002 144.726 113.0269
0.00003 141.961 112.1109
0.00004 139.536 112.0084
0.00005 137.463 112.0004
0.00006 135.753 112
0.00007 134.414 112
0.00008 133.453 112
0.00009 132.874 112
0.0001 132.681 112
Average Temperature 139.2634 115.119
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Table 6.33: Impact of roll temperature 130/70(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 130,/70(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 99.3916 86.1578
0.00001 96.7336 83.39

0.00002 94.3119 83.0301

0.00003 92.142 83.0016

0.00004 90.2372 83.0001
0.00005 88.6085 83
0.00006 87.2648 83
0.00007 86.213 83
0.00008 85.4582 83
0.00009 85.0039 83
0.0001 84.8523 83

Average Temperature 90.0197 83.3254

Table 6.34: Impact of roll temperature 160/80(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 160/80C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 118.32 100.3
0.00001 114.701 96.5311
0.00002 111.403 96.041
0.00003 108.449 96.0021
0.00004 105.855 96.0001
0.00005 103.637 96
0.00006 101.807 96
0.00007 100.375 96
0.00008 99.3473 96
0.00009 98.7287 96
0.0001 98.5222 96
Average Temperature 105.5587 96.443
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Table 6.35: Impact of roll temperature 190/90(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 190/90C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 137.38 114.6287
0.00001 132.81 109.8705
0.00002 128.647 109.2517
0.00003 124.916 109.2027
0.00004 121.642 109.2001
0.00005 118.842 109.2
0.00006 116.532 109.2
0.00007 114.724 109.2
0.00008 113.426 109.2
0.00009 112.645 109.2
0.0001 112.384 109.2
Average Temperature 121.268 109.7594

Table 6.36: Impact of roll temperature 210/100(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, < 0.05

Web Depth (m) RT 210/100C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 150.737 125.114

0.00001 145.591 119.7551

0.00002 140.902 119.0583

0.00003 136.7 119.003

0.00004 133.012 119.0001
0.00005 129.859 119
0.00006 127.257 119
0.00007 125.221 119
0.00008 123.759 119
0.00009 122.88 119
0.0001 122.586 119

Average Temperature 132.591 119.63
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Table 6.37: Impact of roll temperature 130/70(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 130,/70(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution

0 103.95 92.6875

0.00001 101.688 90.3319

0.00002 99.6271 90.0256

0.00003 97.7804 90.0013
0.00004 96.1593 90
0.00005 94.7732 90
0.00006 93.6296 90
0.00007 92.7344 90
0.00008 92.092 90
0.00009 91.7055 90
0.0001 91.5764 90

Average Temperature 95.97418 90.277

Table 6.38: Impact of roll temperature 160/80(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 160/80C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 122.879 106.8297
0.00001 119.656 103.473
0.00002 116.719 103.0365
0.00003 114.087 103.0019
0.00004 111.777 103.0001
0.00005 109.802 103
0.00006 108.172 103
0.00007 106.897 103
0.00008 105.981 103
0.00009 105.43 103
0.0001 105.246 103
Average Temperature 111.5133 103.3947
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Table 6.39: Impact of roll temperature 190/90(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 190/90C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 141.808 120.9718
0.00001 137.623 116.6141
0.00002 133.81 116.0474
0.00003 130.394 116.0025
0.00004 127.395 116.0001
0.00005 124.83 116
0.00006 122.715 116
0.00007 121.059 116
0.00008 119.87 116
0.00009 119.155 116
0.0001 118.916 116
Average Temperature 127.0523 116.512

Table 6.40: Impact of roll temperature 210/100(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, < 0.05

Web Depth (m) RT 210/100C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 155.296 131.6437
0.00001 150.545 126.697
0.00002 146.217 126.0538
0.00003 142.339 126.0028
0.00004 138.935 126.0001
0.00005 136.024 126
0.00006 133.622 126
0.00007 131.742 126
0.00008 130.393 126
0.00009 129.581 126
0.0001 129.31 126
Average Temperature 138.5458 126.5816

251



Table 6.41: Impact of roll temperature 130/70(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 130,/70(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 101.809 99.0713
0.00001 100.177 86.9112
0.00002 98.695 83.6188
0.00003 97.369 83.0668
0.00004 96.206 83.005
0.00005 95.212 83.0003
0.00006 94.3919 83
0.00007 93.7497 83
0.00008 93.2887 83
0.00009 93.0111 83
0.0001 92.9185 83
Average Temperature 96.0753 84.8794

Table 6.42: Impact of roll temperature 160/80(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 160/80C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 121.612 117.8843
0.00001 119.391 101.3259
0.00002 117.372 96.8426
0.00003 115.566 96.091
0.00004 113.983 96.0069
0.00005 112.629 96.0004
0.00006 111.512 96
0.00007 110.638 96
0.00008 110.01 96
0.00009 109.632 96
0.0001 109.506 96
Average Temperature 113.8046 98.5592
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Table 6.43: Impact of roll temperature 190/90(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 190/90C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 141.535 136.8289
0.00001 138.731 115.924
0.00002 136.182 110.2638
0.00003 133.902 109.3149
0.00004 131.903 109.2087
0.00005 130.194 109.2005
0.00006 128.784 109.2
0.00007 127.68 109.2
0.00008 126.888 109.2
0.00009 126.411 109.2
0.0001 126.251 109.2
Average Temperature 131.6783 112.431

Table 6.44: Impact of roll temperature 210/100(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 50°C when E, > 0.05

Web Depth (m) RT 210/100C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 155.417 150.1167
0.00001 152.258 126.5728
0.00002 149.388 120.198
0.00003 146.821 119.1294
0.00004 144.569 119.0098
0.00005 142.645 119.0005
0.00006 141.057 119
0.00007 139.813 119
0.00008 138.921 119
0.00009 138.383 119
0.0001 138.204 119
Average Temperature 144.316 122.6389
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Table 6.45: Impact of roll temperature 130/70(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 130,/70(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 106.008 103.6777
0.00001 104.619 93.3287
0.00002 103.357 90.5266
0.00003 102.229 90.0569
0.00004 101.239 90.0043
0.00005 100.393 90.0002
0.00006 99.6952 90
0.00007 99.1487 90
0.00008 98.7563 90
0.00009 98.5201 90
0.0001 08.4412 90
Average Temperature 101.1279 91.5995

Table 6.46: Impact of roll temperature 160/80(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 160/80(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 125.811 122.4907
0.00001 123.832 107.7434
0.00002 122.034 103.7504
0.00003 120.426 103.081
0.00004 119.016 103.0061
0.00005 117.81 103.0003
0.00006 116.816 103
0.00007 116.037 103
0.00008 115.478 103
0.00009 115.141 103
0.0001 115.029 103
Average Temperature 118.8573 105.2793

254



Table 6.47: Impact of roll temperature 190/90(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 190/90C°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 145.614 141.3037
0.00001 143.045 122.1581
0.00002 140.711 116.9742
0.00003 138.623 116.1052
0.00004 136.792 116.0079
0.00005 135.227 116.0004
0.00006 133.936 116
0.00007 132.925 116
0.00008 132.199 116
0.00009 131.762 116
0.0001 131.616 116
Average Temperature 136.5864 118.959

Table 6.48: Impact of roll temperature 210/100(°C) on fabric temperature in thick-

ness direction at various depths with initial temperature 70°C when E, > 0.05

Web Depth (m) RT 210/100(°C)
Fabric Layer Temperature (°C)
Analytical Solution | FTCS Solution
0 159.616 154.7231
0.00001 156.7 132.9903
0.00002 154.051 127.1059
0.00003 151.681 126.1194
0.00004 149.602 126.009
0.00005 147.826 126.0005
0.00006 146.36 126
0.00007 145.212 126
0.00008 144.388 126
0.00009 143.892 126
0.0001 143.727 126
Average Temperature 149.3686 129.3589
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