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Abstract 

Abstract 

The deformable roll coating is extensively used in the co il coating industry. The 
aim of the roll coating is to apply a thin liquid film on a moving substrate. The roll 
coating permits a high continuous speed and less defects application in theory. ln 
reality, a transverse defect appears. This defect is commonly called "ribbing" and is 
characterized by periodic ribs parallel to the moving direction of the substrate. The wet 
thickness applied on the strip is adjusted by different gaps between rolls. The applied 
speeds and loads on the rolls modify the final film thickness and film stability. The 
elastomeric roll cover is used to avoid clashing between rolls, to permit thinner film 
application and to delay the onset of ribbing instability. The applied wet thickness on 
the moving substrats is a function of the speed ratio between rolls in contact, roll 
radius, elastomeric roll cover properties, fluid properties, exterior load applied, roll 
roughness and thickness of the elastomeric roll cover. 

ln this work, the flow between the applicator roll and the pick-up roll is 
presented for a deformable roll coating in negative gap mode. The aim of the study is 
an optimisation of the application in real industrial conditions by a good mastering of 
the contact parameters at the strip 1 roll cover interface. Compared to previous 
published studies, the presented work will take into account the elastomer cover 
behaviour used in industrial environments. A specifie cyclic compression test is 
developed to analyse the elastomer behaviour as a function of representative 
solicitation and chemical environment. A modification of the Young Modulus and 
relaxation time of the elastomer is observed for different environments. A Prony series 
is identified with the compression test results and will be used in the numerical 
modelling. The finite element simulation of the process is proposed through a solid-fluid 
interaction. The solid part of the model predicts the mechanical pressure in the gap as 
a function of the elastomer behaviour and roll coater adjustment. The fluid part gets the 
associated wet thickness and free surface position. 

Moreover, an experimental investigation is performed to correlats the numerical 
result and the industrial process. For each adjustment a ribbing defect 
macrophotography is performed. A specifie image analysis tool is developed to 
evaluate the ribbing wavelength. The ribbing wavelength evaluation permits to link the 
bidimensional free surface position of the finite element simulation with the three 
dimensional instability for the different roll coater adjustments. 
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Abstract 

Résumé 

L'enduction par rouleaux déformables est largement utilisée dans l'industrie du 
pré laquage d'acier galvanisé. Le but du pré laquage est d'appliquer une fine épaisseur 
de peinture liquide sur un support en mouvement. Ce procédé permet une application 
en continu et sans défaut en théorie. En réalité, un défaut nommé "cordage" apparaît et 
se caractérise par des rides de peinture parallèles au sens de défilement de la bande. 
L'épaisseur humide appliquée sur la bande est réglée au travers de différents passage 
entre les rouleaux. L'épaisseur finale et la stabilité de l'application sont modifiées par 
les vitesses de rouleaux et les efforts de serrage. Le revêtement d'élastomère qui 
recouvre certains rouleaux permet une application de peinture plus fine, d'éviter l'usure 
des rouleaux et de retarder l'apparition du défaut de cordage. L'épaisseur humide 
appliquée sur la bande est fonction du ratio de vitesse entre les rouleaux en contact, le 
rayon des rouleaux, les propriétés matériaux de l'élastomère, les propriétés du fluide, 
l'effort de serrage appliqué entre rouleaux, la rugosité des rouleaux et l'épaisseur du 
revêtement d'élastomère. 

Dans cette étude, l'écoulement entre le rouleau applicateur et le rouleau 
preneur est présenté pour un serrage dit « négatif». Le but de cette étude est 
l'optimisation de l'application pour des conditions industrielles, et cela à travers la 
maîtrise des paramètres de contact à l'interface bande 1 rouleau. L'originalité de cette 
étude par rapport aux travaux déjà publiés est la prise en compte des revêtements 
d'élastomère et de l'environnement industriel. Pour ce faire, un test spécifique de 
compression est développé pour analyser le comportement de l'élastomère face aux 
sollicitations et ambiance chimique industrielles. Des modifications du module d'Young 
et du temps de relaxation sont observés en fonction de l'environnement chimique. A 
partir des résultats de compression cyclique, des séries de Prony sont identifiées et 
sont utilisées pour modéliser le comportement viscoélastique de l'élastomère dans la 
simulation. Une modélisation par éléments finis du procédé est réalisée via une 
architecture de simulation solide-fluide. La première simulation solide permet d'évaluer 
la pression dans le contact en fonction des paramètres de réglages et des propriétés 
de l'élastomère. La seconde permet d'obtenir l'épaisseur humide et la position de la 
surface libre. 

Afin de corréler ces résultats numériques au procédé industriel, une approche 
expérimentale est réalisée sur une tête d'enduction industrielle. Une base de donnée 
complète est créée et pour chaque réglage une macrophotographie du défaut est prise. 
Un outil spécifique de traitement d'image est développé pour évaluer la période du 
cordage sur ces photographies. Cette évaluation de période du défaut permet de relier 
les positions de surface libre numériques en 2D à l'instabilité en 3D pour différents 
réglages machine. 
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Introduction 

Introduction 

lndustrial context 

MYRIAD is a coil coating company and a part of CORUS group. The 
productivity coupled with the quality of the galvanized steel product are the two 
conditions to be competitive in the current world. The final product of coil 
coating feeds the building, the coolers and the luminary industries. 

MYRIAD is one of the continuous galvanized and prepainted lines around the 
Europe. This particularity requires a high level of process control to guaranty 
quality along the production. The less defect through the production process 
involves a loss of quality on the final product and then, an increase of 
production cast for the company. The different steps of process to manage the 
quality are defined as follows: 

~ Hot rolled steel quality control at the receipt. 

~ Pickling and cold rolling mastering to obtain a clean and less defect steel 
strip with the targeted thickness. 

~ Cold rolled steel degreasing and recristallization annealing to recover its 
mechanical properties. 

~ Thickness of galvanisation check to have an homogenous anticorrosion 
behaviour. 

~ Skin-pass mastering to obtain a good surface roughness before painting. 

~ Paint application and curing control to obtain the final visual aspect, 
mechanical properties of coating, glass, and colour. 

The operation defined by the paint application is one of the most important in 
the process. This operation involves the management of many resin familias 
and colours. Moreover, the applied paint thickness can be different from a strip 
to another, according to the desired final product. The paint application is 
performed with a three deformable roll coater. The advantage of the deformable , 
roll coater is a thinner film and less defect application in theory. ln reality, a 
transverse defect appears. This defect is commonly called "ribbing" and is 
characterized by periodic ribs parallel to the moving direction of the substrate. 
The ribbing causes a poor quality on the final product and limits the commercial 
application. 
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The wet thickness of paint applied on the steel strip is adjusted by different gaps 
between relis. The applied speeds and loads on the relis modify the final film 
thickness and film stability. The studied industrial three rails coater has two rails 
with elastomeric roll caver called "applicator-roll" and "metering-roll". The last 
one is a steel roll called "pick-up roll". The applied wet thickness on the moving 
substrate is a function of the speed ratio between "applicator-roll" and "pick-up 
roll", roll radius, elastomeric roll caver properties, fluid properties, external load 
applied between rails, roll roughness and thickness of the elastomeric roll caver. 

lndustrial aim 

The industrial aim is defined by a product quality and productivity improvement. 
The deformable roll coater is used in MYRIAD for galvanized steel coating but it 
is also used for aluminium coating, paper or glue in ether industries. The 
knowledge on the paint application will permit to improve many processes. 
Moreover, environmental restriction imposed new passivating surface treatment 
before paint coating. This surface treatment is obtained by deformable roll 
coating as the current chromatic passivation. ln a near future, benefits of this 
paint application study could be applied to the chrome free passivation. 

ln arder to reach these goals, MYRIAD needs to understand the paint 
application by deformable roll coater. This understanding will be obtained 
through the analysis of roll coater adjustment parameters and materials (fluid, 
elastomer of the roll caver). 

Scientific aim 

The aim of this study is to develop knowledge of the roll-coater process. To 
improve the product quality for the real application speed, an accurate 
understanding of the roll coating is essential. This understanding is based on 
the determination of one or more criterion based on the roll coater 
characteristics for limiting the ribbing instability. 

With this accurate scientific learning of the flow rate in the deformable contact, it 
will be possible to improve productivity by short time adjustment of the roll
coater process to production variations (line speed, different resins and 
colours). 

Recent studies on the evaluation of the wet thickness have been led. Different 
authors have established power law to predict the film wet thickness as a 
function of the contact parameters. These laws are interesting to have an 
approximate estimation of the wet thickness for the real application, but the 
evolution of the elastomer behaviour as a function of time has not been taken 
into account. Actually, the elastomer behaviour during the application is a very 
important parameter to master, because the mechanical pressure in the contact 
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is a function of the behaviour law. The pressure in the contact modifies the flow 
rate and the stability of the meniscus where the film split occurs. Concerning the 
ribbing instability, the position of the meniscus and the link with the ribs has 
been discussed. Models coming from literature to study the flow rate between 
deformable rolls are based on the lubrication theory coupled with a one 
dimensional elastic mode! for the roll caver deformation. The predicted critical 
capillary number and wavelengths of the ribbing are compared with the 
obtained experimental values, showing a good correlation. 

ln this work, the proposed approach is different from the recent studies. lt is 
based on the numerical simulation of an industrial roll-coater in arder to be as 
representative as possible of the real contact conditions. The introduced 
parameters such as line speed, roll speeds, and loads between rolls come from 
the production line adjustments. Compared to previous published studies, the 
presented work will take into account the elastomer roll caver behaviour used in 
industrial environments. The viscoelasticity of the elastomer gets modified with 
the environment. ln the industrial process the used coil coating paints are very 
different in composition to obtain different colors and mechanical properties. A 
modification of the Young Modulus and relaxation time of the elastomer is 
observed for different environments. The elastomer and resins used for the 
characterization of the behaviour laws are also taken on the production line. 
This methodology of work is mainly oriented to get a better optimisation of the 
process by numerical simulation coupled to an industrial experimental roll 
coater. The final aim is to improve the quality and the productivity of the 
production line. 

The first part is a literature review on the roll coating. The different experimental 
works, theoritical models and finite element modelling are exposed and 
compared. This part will help us to understand the free surface flow rate during 
roll coating and to define our research ways. 

The second part deals with the testing stand selection. A list of available 
possibilities to perform the experimental investigation is suggested. After a 
description of the selection criterion and a comparison between testing stand, 
the results of the experimental investigation on the selected testing stand are 
summed-up. This part will help us to determine and highlight the key 
parameters acting on the ribbing defect and wet thickness adjustment. 

The third part details the numerical modelling of the process. The goal is to 
understand the physical mechanisms acting on the flow rate in the deformable 
contact. After a presentation of the roll coater study and the used methodology, 
the first point is the characterization of the elastomer behaviour law for different 
environments. The elastomer roll caver is studied with a specifie cyclic 
compression test to reproduce inline solicitation with the chemical environment. 
Finally, a Prony series is identified. lt models the viscoelastic behaviour of the 
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elastomer in the numerical simulation. Next, the deformable finite element 
model is detailed. This model evaluates the mechanical pressure in the contact 
for different elastomer behaviour laws. The last point of this part is the fluid 
numerical simulation at the interface taking into account the mechanical contact 
pressure determined during the previous part. The influence of the contact 
pressure and speed ratio between rolls on the free surface position is 
discussed. 
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Chapter 1 

The deformable roll coating in industrial process 

1. Presentation of the industrial process 

1.1 Overview of the coil coating 

MYRIAD is a coil coating company and is part of CORUS group. ft produces 
around 400KT of organic coated product per year. The principal customers are 
building envelope, cold room, lighting and general industry. 

Myriad has two organic coating fines combined with hot dip galvanizing. Their 
special features are continuous fines, induction curing and vertical coating. 

Figure 1-1 illustrates the industrial coif coating process. First, suppliers deliver 
hot rolled coils with a thickness between 2 and 3.5mm. Several operations are 
performed to prepare the coil for the production fine. Pickling eliminates oxides 
on the hot rolled coil and edging adjusts the width of the strip. During the 
recoiling, a thin oil deposition on the strip prevents corrosion. A SENDZIMIR 
cold rolfing mill permits a strip thickness reduction and length increasing by 
plastic strain. The final strip thickness is between 0.3 and 2mm. 

The next steps are the degreasing and the recristallization annealing of the 
strip. The strip dips in a hot zinc bath around 450°C. lt is the galvanizing 
operation. The galvanized strip is skin passed to print roughness and increase 
surface aspect. Then, a chemical surface treatment permits a good primer 
coating adhesion on the strip. The finish coat applied on the primer coat confers 
the final aspect and protection characteristics of the product. This coating 
section will be detailed in the next paragraph. The primer coat and finish coat 
are liquid paints including solvent in their composition. The induction curing 
evaporates solvent to obtain a cross-linking coating. After recoiling, the 
galvanized steel coil is packaged and delivered to the customers. 
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Degreasing and 
recristallization annealed 

Packaging 

Figure 1-1: Presentation of the industrial process with the coating section 

This complex industrial process is composed of different parts: cold rolling , 
galvanizing , prepainting and curing . To obtain the target quality of the product, 
each section must be mastered. Deltombe [1] studied the cold rolling mill to 

optimise the number of passes for a best productivity. Huart [2] analysed the 
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skin-pass operation to improve the surface aspect before coating and decrease 

the associated pollution. ln arder to complete the knowledge, the present work 

is focused on the paint application section to increase the roll coater mastering 

and decrease the aspect defects. 

1.2 Deformable roll coating: principles and defects 

A vertical galvanized strip with primer coat maves upwards. The line speed can 

reach 120m/min. Two roll coaters squeeze the vertical strip to avoid vibrations. 

The deformable roll in contact with the strip is called "applicator roll ". The next 
rigid roll in contact with the "applicator roll" is "the pick-up roll ". Finally, the 

deformable roll in contact with "the pick-up roll" is "the metering roll ". The 

applicator roll deposits the liquid paint on the galvanized substrate. The radius 

of the applicator roll including the deformable caver can be in the range [120-

135mm]. The deformable layer thickness evolves because of wear and surface 

finishing in the range [25-40mm]. The elastomer is polyurethane with high 
chemical and mechanical resistance. Table 1-2 sums-up the supplier 

polyurethane properties . The elastomeric roll caver is used to avoid clashing 
between rolls , to permit thinner film application and to delay the onset of ribbing 

instability (Figure 1-2) [3]. 

Figure 1-2: Ribbing instability between rolls (left), on the strip (right) 

The ribbing causes a poor quality on the final product and limits the commercial 
application. When the wet thickness is adjusted between the applicator and the 

pick-up rolls , the ribbing is present at the contact output and is transferred to the 

substrate. The last contact between the strip and the applicator roll permits a 

levelling of the defect, but it still remains on the substrate . The wavelength (A) 

characterises the ribbing defect in this study. This wavelength is in general 

between 1 mm and 3mm. Figure 1-3 presents the standard roll coater used in 

the MYRIAD painting section . 
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r 

r 

Applicator roll with 
deformable cover 

Steel strip with a thickness 
between 0,3 and 2mm 

Galvanized coating with a 
thickness around 181-Jm 

Pick-up roll 

Finish coating with a thickness 
between 201-Jm and 2001-Jm 

Pain! 

Metering 

Prime coating with a 
thickness between 51Jm and 

Surface 
Pre-treatment 
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• 
• 

.. · : 
.... ··· 

Figure 1-3: Focus on roll coater n°1 (top) 

Two roll coaters during application on vertical strip (bottom) 
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The applicator roll has a reverse direction of rotation regarding the strip 

direction . lts peripheral speed of rotation is ranging between 101% and 120% of 

the strip speed . The pick-up roll has a 145mm radius and an inverse direction of 

rotation compared to the applicator roll. lt is steel or ceramic made for Myriad 

plant. lts peripheral speed of rotation is ranging between 20 and 50% of the 
strip speed . The last roll in contact with the pick-up roll is "the metering roll ". lts 

speed is around 20% of the line speed. lt presets flow rate of paint. Table 1-1 

sums-up the roll coater speeds. 

Table 1-1: Roll coaterspeeds 

Ls(m/min) Strip speed Until120 
Va(% of Ls) Applicator speed 101 to 120 

Vp (%of Ls) Pick-up speed 30 to 50 
Vm(% of Ls) Metering speed 20 

Coil coating industry uses different paint compositions. The resin families are 

mostly polyester (SP) , Polyvinylidene Fluoride (PVDF) , Polyvinyl chloride 

(PVC), and polyurethane (PU). lnline, operators modify the pick-up roll position 

to increase or decrease the paint wet thickness on the strip. They modify the roll 

speeds to act on the application defects and especially on the ribbing . Table 1-2 

sums-up the elastomer polyurethane properties of the applicator roll caver. 

Table 1-2: Polyurethane properties 

Properties Value Unity 

Hard ness 45-60 Shore A 
Density 1370 Kg/m3 
Rm 17 Mpa 

Ultimate elongation 403 % 

Young Modulus (E1) 3,2 MPa 

Surface energy (ysl) 53 mN/m 

The surface energy acts on the wet th ickness. The wettability of a liquid is 

defined as the contact angle between a droplet of the liquid in thermal 

equilibrium on an horizontal surface. Depending on the type of surface 

(polyurethane), and liquid (coil coating paint) the droplet may take a variety of 
shapes as illustrated in Figure 1-4. 

Figure 1-4: Surface wettability: non-wetting fluid (left), wetting fluid (right) 
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The wetting angle 8 is given by the angle between the interface of the droplet 
and the horizontal surface. The liquid seems wetting when 90< 8 <180 degrees 
and non-wetting when 0< 8 <90. 8 =0 or 180 degrees correspond to perfect 
wetting and the drop spreads forming a film on the surface. Actually, the wetting 
angle 8 is a thermodynamic variable which depends on the interfacial tensions 

of the surfaces. Let y1g denotes the interfacial tension due to the liquid-gas 

surface, r .. , refers to the interfacial tension due to the solid-liquid surface and 

rsg indicates the interfacial tension of the solid-gas interface. ln thermodynamic 

equilibrium the wetting angle 8 is given by Young's law (1-1): 

r.,g = r .. , + rlg cos s (1-1) 

The goal of this study is to develop a better understanding of the ribbing defect 
in the deformable contact, in order to improve the roll coating in MYRIAD. The 
next paragraph focuses on the contact between the applicator roll and the pick
up roll since the ribbing defect occurs between these two rolls. 

1.3 Contact zone between applicator and pick-up rolls 

The roll coating permits a continuous wet film deposition on a moving substrate. 
The number of rolls used depends on the final product required. ln fact, each 
film split between rolls decreases the final wet thickness. For the myriad 
coating, three rolls by roll coater allow a good wet thickness and quality aspect 
adjustment. The basis of the study is a three rolls coater system with two 
deformable rolls. The deformable rolls are the "applicator" and the "metering". 
The roll coater works in negative gap mode. For two rolls in contact (a 
deformable and a rigid one), if the sum of initial rolls radius is less than the 
center to center distance, this is "the negative gap mode". On the opposite, it is 
"the positive gap mode". 

Negative gap mode Positive gap mode 

Centerto 
center distance 

Figure 1-5: Negative gap mode and positive gap mode between two rolls 
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The paint is flowing through a rigid roll and a deformable one. Figure 1-6 

presents the parameters used to describe deformable roll coater in general way. 

The rolls speed "Va , Vp" and Negative gap or initial upsetting imposed "Ng" 

modify the flow rate performance in the channel between rolls. The channel 

height or distance between roll surfaces is commonly called the gap and 

identified by"HO". The gap corresponds to the paint thickness which separates 
the two roll surfaces. At the exit, the meniscus of fluid occurs. Figure 1-7 

focuses on the gap exit. The free surface (ie , the meniscus) is split in two 
unequal wet thicknesses on each roll. 

Elastomer 
' 

\ GJ 
Figure 1-6: Contact parameters describing deformable roll coater used in 

literature and industrial plant 

Pick-up roll 

Figure 1-7: Focus on the fluid meniscus (film split zone) between two rolls 
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The paint film on the deformable roll "Ea" is transferred on the substrate. The 

wet film on the rigid roll "Ep" returns back to the paint reservoir. 

The corresponding parameters that describe the contact between rolls are 
summed in Table 1-3. A colour code is used to distinguish the different 

parameters. ln industrial plant, only the pick-up wet thickness and rolls speeds 

are measured during application . Operators adjust the wet thickness with a 
negative gap (red colour). The blue colour highlights parameters that will evolve 

in our experimental investigation . A Joad measurement will be performed, with 

the different roll speeds and the pick-up wet thickness. This is the goal of the 

experimental chapter. Finally, the pink colour is used for the parameters found 
in the literature. These last ones will be used in our numerical chapter. 

Table 1-3: Description of the contact parameters and unity 

Parameters Description Unity 

D.. Rp Pick-up radius mm 
::::J 
' Vp Pick-up speed m/s ~ 

u 
0::: Ep Pick-up wet thickness ~rn 

._ Ra Applicator radius mm 0 -co b Elastomer thickness mm .~ 
c.. Va Applicator Speed m/s c.. 
~ Ea Applicator wet thickness ~rn 

Ng Negative gap imposed (crushing) mm -(.) 

w External load co N/m -c 
0 L Contact length mm u 

HO gap or channel thickness between rolls ~m 

The paint and contact geometry variation in industrial environment involves a 

Joad modification for a sa me negative gap "Ng". This Joad modification acts on 

the flow rate in the contact. Then, the wet thickness and the ribbing instability 
evolve in the time. Figure 1-8 focuses on the elastohydrodynamic action 

between the two roll s. 1 n the contact, the re are two principal actors: the fluid and 

the elastomer. The flu id is defined by its rheology: dynamic viscosity, surface 
tension and density. The elastomer is characterised by its viscoelastic 

properties: density, dynamic Young modulus, relaxation time . During 

application, these two materials evolve to reach an equilibrium state for a given 

roll coater configuration . The final wet thickness is the result of the equilibrium 

between three forces in the gap: the hydrodynamic viscous force induced by the 

fluid , the viscoelastic response of elastomer resulting from the roll cover 

deformations, and the externalload resisting to roll deformation [4] , [5]. The fluid 

flows through the rails as a function of the geometry of the channel. This 
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geometry is the result of the coupled interaction between paint and elastomer. 
For small external load, the paint properties control the flow rate. The surface 

tension of the fluid acts on the ribbing defect by a modification of the film 
splitting and of the time levelling before curing [6] . For high external load, the 
wet thickness is very small and the elastomer properties control the flow rate . 

Deforma ble 
roll 

Elastomer 
deformations 

Rigid roll 

Meniscus or 
free surface 

Paint flow rate 

Figure 1-8: Nip deformation, equilibrium between viscous and elastic forces 

We have seen the deformable contact geometry and associated parameters. ln 

order to complete the coil coating presentation and the mechanisms governing 
the flow rate in the gap, a literature review is exposed . The gap performance 

and ribbing studies will be focused on deformable roll in negative gap mode. 
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2. Roll coating literature 

The aim of this literature review is to highlight existing knowledge on roll 
coating. Severa! authors worked on the roll coating application. These studies 
were for rigid and deformable gap between rolls, roll-plate contact, both forward 
and reverse application. 

Greener [4],· [7] exposed one of the first roll coating study for viscous and 
viscoelastic fluids. A wet thickness prediction model is proposed for Newtonian 
fluid and an empirical mode! for non-Newtonian viscoelastic fluid. He proposed 
an instability criterion through a ribbing study between rolls and Newtonian fluid 
[8]. Babchin [9] experimentally analysed a rigid pair of rolls in forward and 
reverse mode. He defined different defects range as a function of the wet 
thickness and speed ratio. Benkreira [10], [11], [12] studied rigid roll contact 
between rolls in forward mode. He proposed numerical and experimental 
approaches. His conclusions show the inlet feeding importance on the flow rate 
stability in a rigid contact. 

Figure 1-9: Focus on rigid gap by Benkreira [10], [11] 
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The dynamic wetting line position is defined by Xd in his study. Application 
defect is observed if the wetting line passes the middle of the contact, i.e. Xd=O. 
Thompson [13] proposed a fed-reservoir of a roll coater analysis. The study 
shows the fluid recirculation inside the reservoir as a function of roll speed. This 
study can be linked to the Benkreira analysis. 

Savage [14], [15], [16], [17] proposed mathematical models and experimental 
investigation to predict wet thickness and onset of ribbing between a rigid roll 
and plate. Finally, Ruschak [21] overviewed the coating techniques and 
understanding progress. These works are not detailed in this review, because 
they cannot focus on the deformable problem and inline production speed. 

The flow between rolls has been extensively studied by bath experiments and 
theory. The first authors were Pearson [18], Pitt's & Greiller [19], Mill & south 
[20] in the fifties and sixties. They have developed many stability criteria with 
regards to the ribbing instability and have contributed to the mathematical 
mode! development. They observed the ribbing instability occurrence for critical 
capillary numbers and geometrical factor (Figure 1-1 0). The capillary number 

represents the relative effect of viscous forces and surface tension acting 
across an interface between a liquid and a gas, or between two immiscible 
liquids. The capillary number is defined by equation (1-2): 

Ca= J.LV 
ylg 

(1-2) 

With J.l : dynamic fluid viscosity (Pa.s), V: mean peripheral roll speed (m/s) 

(1-3), y lg: fluid surface tension (N/m). 

(1-3) 

With Va: applicator roll speed (m/s), Vp: pick-up roll speed (m/s) 

The geometrical factor is defined by equation (1-4) as follows: 

HO 
a=- (1-4) 

R 

With HO: gap between rolls (m), R: equivalent roll radius (m)(1-5) 
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Equation (1-5) gives the equivalent roll radiusR: 

1 l l 
-=-+-
R R" R" 

(1-5) 

With R" : deformable roll radius (m), R" : rigid roll radius (m) 

For the co il coating process, a is in the range [1 o-4; 1 o-3] and Ca is in the range 

[1 ; 1 0]. For these two ranges, the ribbing defect is always present. Our 

experimental investigation exposed in next chapter will be in this defined 

ranges. 

Ca 

Ribbing 

No ribbing 

(X 

10- ~--------~----------------------~ 

Figure 1-10: Coil coating process: diagram of stability [14], [19], [21] 

This literature review is limited to the deformable contact in negative mode. The 

deformable roll coating literature can be separated in two-research axis: 

The first axis is the theoritical approach essentially based on madel 

development: to predict the wet thickness as a function of roll coater 

parameters; to study the roll coater parameters influence on the ribbing defect. 

The flow rate is essentially modelled by hydrodynamic lubrication theory with 

different free surface conditlions. Moreover, different authors used the complete 

Navier-stokes equation to madel accurately the flow rate . The elastomeric roll 

caver was studied from simple semi-infinite elastic domain [22] , [23] to complex 

finite element models [3], [24]. 
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The second axis is the experimental investigation to validate theoritical 
predictions. Sorne authors worked on experimental approaches closed to our 
ribbing instability problem but did not work on the deformable roll coating. The 
different apparatus are roll-plate, deformable roll - rigid roll or industrial roll 
coater. ln ali cases, the gap performance by wet thickness prediction as a 
function of the testing stand parameters and the ribbing instability occurrence 
will be exposed. 

2.1 Theoritical works 

2.1.1 Wet thickness prediction 

Herrebrugh [22] solved the first elastohydrodynamic problem closed to the 
deformable roll contact problem. lt is a lubrication problem with line contact. 
This author approximates the wet thickness e by equation (1-6) as a function of 
the deformable contact parameters. 

(1-6) 

With, 

~ R: equivalent roll radius (m) 

~ J.1 : dynamic fluid viscosity (Pa.s) 

~ V :mean peripheral roll speed (m/s) 

~ E: Equivalent Young modulus (Pa) 

~ W : external Joad (N) 

The equivalent Young modulus Eis computed with equation (1-7) as follows: 

(1-7) 

With, 

~ E,: Young modulus of deformable roll cover (Pa) 
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)' v a : Poisson coefficient of deformable roll co ver 

)' E 2 :Young modulus of rigid roll material (Pa) 

~ v P :Poisson coefficient of rigid roll material 

Hall & Savage [23] obtained similar results that Herrebrugh for their thickness 
prediction. 

Herrebrugh, Savage & Hall worked with a semi-infinite deformable roll 
hypothesis. ln deformable roll coating, a finite elastomer layer defines the 
deformable part of the applicator roll. The elastomer layer thickness has an 
importance on the elastomer stiffness and influence on the flow rate. 

Coyle [25] treats the problem by a coupled mode!. The elastomer behaviour is 
modelled by an Hookean spring madel with linear response. The elastomer is a 
finite layer thickness. The fluid flow rate modelling is obtained by the lubrication 
theory. Equation (1-8) defines the power law computed from numerical results 

of his madel. 

(1-8) 

Hooke [26] exposes the elastomeric layer influence on the wet thickness 
prediction. The layer thickness "b" has a slight influence on the wet thickness, if 

the half contact length "L" is Jess than the layer thickness "b". 
2 

ln arder to complete the analysis, Coyle used a bidimensional finite element 

approach [24]. The modelleads to the following expression (1-9): 

(1-9) 

More recent studies have been led on the wet thickness evaluation. Carvalho 
[3] developed a theoretical madel with non-linear elastic behaviour for the 
deformable caver (Mooney-Rivlin) and Navier-Stokes equations for the flow 
rate. The predictions show that the roll caver considerably affects the flow rate. 
A more complex model with single relaxation time for viscoelastic behaviour 
permits to predict the flow rate for thin and thick elastomer layer [27]. He 
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obtained two equations for thin layer ~<0.1 and thick layer ~>0.1, (1-10), 
R R 

(1-11). 

(_Q_) . = 0_67(J.LV)o.6(~)o.29( W )-o.31 
2VR 11

"" ER R ER 
(1-10) 

(_Q_) = O 34(J.LV)o.6 ( W )-o.31 
2VR thick • ER ER (1-11) 

WithQ: flow rate (m3/s). 

Equation (1-11) is close to Coyle's equation from his finite element madel (1-8). 

Moreover, the results are in good agreement with the experimental 
measurements of Cohu [28]. These laws are interesting ta have an approximate 
estimation of the wet thickness for the real application, but the evolution of the 
elastomer behaviour as a function of ti me has not been taken into account. The 
elastomer behaviour during the application is a very important parameter to 
master, because the mechanical pressure in the contact is a function of the 
behaviour law. The pressure in the contact modifies both flow rate and the 
stability of the meniscus where the film split occurs. 

The next paragraph exposes the ribbing instability defect and associated 
lite rature. 

2.1.2 Ribbing instability study 

Figure 1-11 illustrates the different zones of the fluid meniscus and the ribbing 

defect occurence. 
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1 2 

Figure 1-11: Film splitting, details of the four states 

The four zones are defined as follows: 

Zone 1: the pressure in the contact involves a rib occurrence and development. 
The meniscus position evolves. 

Zone 2: the pressure gradient is not sufficient to act on the meniscus position. 
The viscous forces and the surface tension are in equilibrium in the fluid. 

Zone 3: the viscous forces do not govern the fluid stability. The surface tension 
is dominant and permits the ribs levelling. 

Zone 4: the wet film reaches its stable state. 

Carvalho & Scriven [29] developed a theoritical model to study the flow rate 
between deformable rails based on the lubrication theory coupled with a one
dimensional elastic model for the roll cover deformation. The principal result is 
the prediction of higher Ca for a deformable nip than for a rigid nip. ln tact, he 
proposed a comparison between a rigid gap and a deformable one. The 
deformable contact permits to obtain a stable flow rate when the ribbing defect 
occurs in the rigid one. An important remark is the decreasing of the ribbing 
wavelength with an increasing of the load. 

Gostling [30] studied a deformable negative gap mède for equal roll speed and 
Newtonian fluid. His finite strip madel coupled with the lubrication theory shows 
a different behaviour of the gap for higher external load. The fluid separation 
restabilizes at large negative gap. The wet thickness in this case increases on 
the deformable roll when the pick-up wet thickness decreases. When the 
external load increases, a thinner elastomer layer increases the film stability. 
This last work is very interesting because it shows the transition between low 
load and high load importance on the roll coater mastering. ln fact, the roll 

31 



Chapter 1 : The deformable roll coating in industrial process 

coater requires different adjustments as a function of the imposed load and 
elastomeric layer thickness for a same-targeted wet thickness. 

The above theoritical power laws to predict the wet thickness and the 
parameters acting on the ribbing wavelength need to be validated. This is the 
goal of the experimental works. 

2.2 Experimental works 

ln arder to validate numerical and theoritical prediction, severa! experimental 
approaches have been performed and exposed in the literature. 

2.2.1 Wet thickness prediction 

Severa! authors have reported experiments with deformable contact and 
Newtonian fluid. Smith & Maloney [31] established a power law with 700 data 
points defined by equation (1-12): 

(1-12) 

Coyle obtained a power law defined by equation (1-13) with 200 data points on 
a rigid roll-deformable roll testing stand. 

(1-13) 

Coyle did not get a good correlation between experimenta1(1-13) and theoritical 
results (1-8). He explained these discrepancies by the viscoelastic properties of 
the roll caver. ln fact, his mathematical madel is built on elastic roll caver 
response. The real elastomer is a viscoelastic material with relaxation time. 

Cohu [28] performed experimental measurements on industrial three rails 
coater. This is a similar industrial roll coater as the one used in Myriad. The roll 
caver is viscoelastic and the fluid is coil coating paint. The final power law 
obtained is described by equation (1-14): 

(1-14) 

Equation (1-14) is in good agreement with equation (1-8) obtained by finite 
elements approach of Coyle. The maximum error encountered between 
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experimental and power law is around 25% for the experimental studied 

parameters of Cohu. 

Figure 1-12 sums-up the different power laws of the literature for a specifie 

configuration. On one hand, wet thickness predictions are closed for Cohu [28], 

Coyle [25] and Herrebrugh [22]. Cohu performed measurements on industrial 

roll coater and his results will be our reference. On the other hand, for Coyle 

[24] and Smith & Maloney [31] wet thickness predictions are higher. These two 

last results seem to be too far from reality with regards to the deformable roll 

coating process. 
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Figure 1-12: Wet thickness prediction as a function of the external load, 

(Viscosity =0,5Pa.s, V=1 m/s, R=0,069, E=3MPa) 

2.2.2 Ribbing instability study 

Adachi [32] studied the ribbing instability for a rigid roll-plate apparatus. The 

ribbing wavelength was evaluated for different ails and speeds. The position of 
the meniscus and the re.lation with the ribs were discussed . Figure 1-13 

illustrates the free surface position observation and influence on the ribbing 

wavelength. 
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Figure 1-13: Ribbing wavelength between roll and rigid plate (32] 

The ribbing defect amplitude increases when the angle with the plate 9c 
decreases. On the opposite, the ribbing amplitude decreases when Be increases 
and cornes in the contact between roll and plate. ln addition, the ribbing 
wavelength decreases with the amplitude and inversely. lt is a rigid roll-plate 
contact but the experimental observations are very interesting to understand the 
ribbing defect variations. Moreover, these observations found to be good with 
the below study of Carvalho. 

Carvalho & Scriven [33] studied the stability of the flow in the transverse 
direction of a deformable contact. The two rolls are partially immerged in a 
liquid. The liquid composed of water and glycerine is Newtonian with a viscosity 
in the range [0.092; 0.115Pa.s]. The ribbing wavelength observation is obtained 
through a flexible and transparent film fixed on the rigid roll. They show that the 
critical capillary number is delayed at smaller gap compared to rigid roll. 

Chang [34] observed the same phenomenon for a negative gap mode with 
deformable contact. The ribbing instability wavelength decreases on the two 
rolls when the external Joad between rolls increases. ln the same time, the wet 
thickness on the rigid roll decreases. The viscoelastic effect of the rubber 
involves a wet thickness increasing on the deformable roll. This phenomenon 
appears for high imposed externalload or negative gap. Figure 1-14 exposes 
his results. The fluid used is not coil coating paint and the maximum speed is 
64m/min. There are no coating problems at this line speed on industrial line. 
These results are very interesting but come from a testing stand and are not 
representative of an industrial environment. The industrial environment exposes 
the roll coater to temperature variation, different paint temperature and 
viscosity, vibrations. 

Tiu [35] studied a non-Newtonian flow between reverse roll and negative gap 
mode. He exposed the influence of fluid viscoelasticity and the increasing of the 

34 



Chapter 1 : The deformable roll coating in industrial process 

free surface stability in reverse mode. The viscoelastic fluid produces a thicker 
film than a high viscous Newtonian one. ln fact, the viscoelasticity of fluid has a 
great importance for large meniscus. This type of meniscus is observed 
between rigid roll. 

Finally, Zevallos [36] proposed a non-Newtonian fluid approach between rigid 
rolls in forward mode. The conclusions are closed to Tiu's ones. The 
viscoelasticity destabilizes the flow in forward mode and implies a low critical 
capillary number. The ribbing defect appears faster with non-newtonian fluid 
than with Newtonian fluid. 
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Figure 1-14: Film thickness and ribbing wavelength on the rigid roll (a} and 

deformable roll (b) [34] 
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3. Additional works 

We reviewed the contact between two rolls in literature. Two authors 
investigated the contact between roll and strip. The two approaches are based 
on a numerical approach by finite elements. 

Carvalho [27] proposed a finite element mode! to analyse the 
elastohydrodynamic of tensioned web roll coating process. He studied the angle 
and speed between roll and strip influence. The results showed an influence of 
these two parameters on the film stability. 

Chandio [37] studied a similar contact between strip and roll with finite element 
modelling. His study showed the strip vibration occurrence in specifie conditions 
and the influence on the fluid stability. A pressure is occurred between strip and 
roll as a function of the speed ratio between both. This is this pressure variation, 
which involves strip vibration and modification of the free surface position. 

4. Thesis scope 

ln this study, the proposed approach is different from the above presented 
recent studies. lt is based on the numerical simulation of an industrial roll-coater 
in order to be as representative as possible of the real contact conditions. The 
introduced parameters such as line speed, roll speeds, and loads between rolls 
come from the production line adjustments. The elastomer and resins used for 
the characterization of the behaviour laws are also taken on the production line. 
This methodology of work is mainly oriented to get a better optimisation of the 
process by numerical simulation and correlation with an industrial experimental 
roll coater. The final aim is to improve the quality and the productivity of the 
production li ne by a better roll coater mastering. 

The study will be led in three steps. An experimental approach, a numerical 
analysis of the process with accurate behaviour laws and an optimisation 
transfer to the production line. 

First, inline investigation permits to select many interesting configurations and 
materials to study the ribbing defect. After a testing stand selection, a complete 
experimental investigation is performed on industrial roll coater. The 
experimental results are analysed. lt permits us to establish the key parameters 
on the roll coater efficiency. 

From this experimental investigation, a numerical approach is proposed to 
understand the process. This numerical simulation of the process is based on a 
structure interaction on the fluid. The influence of the elastomeric roll cover on 
the flow rate and free surface position is proposed. We need elastomer and 
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paint behaviour law to feed the simulation. The elastomer is characterized by a 
specifie cyclic test in industrial environment developed at the LAMIH. From this 
test, a complete identification methodology is used to define the behaviour law 
parameters. Prony series are used to madel the elastomer behaviour in the 
numerical simulation. The paint is a simple Newtonian fluid madel in the 
numerical simulation. The numerical results are correlated to the experimental 
on es. 

Final step, a knowledge transfer to the production line will be performed. This 
transfer acts on the roll coater adjustment optimisation and operator 
understanding of the paint application with deformable rolls. 
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Chapter 2 

Key parameters on roll coater efficiency 

Introduction 

To optimize the industrial deformable roll coating application, we need to 
analyze the ribbing defect and the key parameters acting on it. Experimental 
investigation is the best way to understand this phenomenon in a real 
environment and to fix the industrial roll coater limits. lt will allow us to identify 
the key operating parameters to study. The operator experience brings 
knowledge on the inline parameters influence. The speed line is one of the most 
important parameter on the defect occurrence but not the only one. The 
operators adjust the roll speeds by a percentage of the line speed. For example, 
1 01% of the li ne speed for the applicator roll and 30% of the line speed for the 
pick-up roll. ln these conditions, the paint and roll cover behaviours are very 
different for a line speed increasing. There is no defect on the product for 
60m.min-1 line speed and there is ribbing at 100m/min. 

Chapter 1 described the process and especially the paint application. The usual 
approach for the LAMIH (Laboratoire d'Automatique, de Mécanique et 
d'Informatique industrielles et Humaines) would have been a complete testing 
stand development to reproduce the studied process [1], [2]. ln our context, high 
speed, industrial coil coating paints and industrial solvents involve many safety 
problems. Moreover, a set of two testing stands is available in MYRIAD. 

A criterion for the selection of the testing stand is first presented. The selected 
testing stand and the associated measurement equipment are first detailled. 
Finally, the complete set of experiments is performed. The main conclusion 
permits to highlight key parameters for industrial roll coater efficiency. 
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1. Definition of the criterion and testing stand selection 

This part deals with the selection of the testing stands. Two testing stands are 
available to perform experimental investigations. As previously said the design 

of a specifie prototype is impossible in the laboratory regards to the safety and 

environmental standards. To select the best testing stand between the different 

available possibilities, we define a selection criterion called "Cs". A simple ratio 

(G/T} characterizes this criterion. A good item (G) corresponds to the possible 

reproduction of a given industrial parameter on a testing stand. A total item (T) 

corresponds to the sum of available item. Table 2-1 sums-up the different 

parameters which are taken into account for the selection criterion . 

Table 2-1: Parameters selected for the selection criterion, 

industrial line reference 

Parameters 1 Reference: lndustrialline 

Dimensions 
Applicator diameter(mm) 210 to 270 1 

Pick-up diameter(mm) 290 1 

Roll width(mm) 1470 to 1680 1 

Strip width(mm) until1504 1 

Strip thickness(mm) until2mm [ 

Speed 
Line(m/min) 100 
Applicator(% of line speed} 200 f 

Pick-up(% of line speed) 150 
1 

Other 
Cu ring induction 1 

lndustrial paint y es 1 

Strip sample y es 1 

Using facil ity no 1 

Measurement equipment 

Load cell Available i 
Ribbing evaluation by camera 1. 

Wet thickness measure Available 1 

Viscosity measure A va il able 1 

Criterion selection 

Good item 14 1 

Total item 16 1 

G/T 0,875 1 

ln tact, the best testing stand would be the industrial line. Of course, this 

possibility is not conceivable and the significant reason is the cost due to the 

lost of productivity involved by trial (lost of raw material and unproductivity for 

customers) . The Cs computed for the reference line is 0.875. 
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ln arder to complete the above presentation, the two testing stands in relation 

with the industrial process are described . For each of them, the advantages and 

disadvantages are exposed and finally the selected experimental stand will be 

faced to the authors' approach. 

). lndustrial roll coater as a testing stand 

The industrial process exploits up to four roll coaters during coating (Figure 

2-1 ). lt permits a fast colour changing. Du ring roll coating , two roll coaters coat 

and two others are available . One of them will be used to perform trials . This 

testing stand is then a part of the production line. We define a work hypothesis 

to perform trials and face sorne production line problems. The ribbing defect 
appears between rolls and it must be reduced before the contact with the strip 

to optimize the coating and its levelling [38].Then, the contact with the strip and 

the induction curing are not considered in experiments. If an optimization is 

determined, it will be possible to connect the roll coater to the line. lt permits an 

industrial coating with final product correlation and analysis. 

With this industrial roll coater, ali the industrial conditions are present to have a 

good view of the key parameters and to correlate the results with the future 

numerical simulations. The industrial parameters are coil coating paints (Table 

2-2), elastomeric roll caver properties (Table 2-2), standard diameters (210mm 

until 270mm), gap imposed between rolls , real line speed (until 1 QOm/min), 

temperature in the room , and line vibrations. This industrial environment 

ensures the good reproduction of the defects and especially of the ribbing or 
flow line defect. 

Table 2-2: Designation, description and selected material for paint and 
elastomeric roll cover for this experimental study 

lndustrial coil coating paint family 

SP Polyester resin BC,TC1 ,TC2 

PVDF Polyvinylidiene fluoride -
PVC polyvinyl chloride -

PU Polyurethane -
lndustrial elastomeric roll cover 

PU Polyurethane PU 
EPDM Ethylen polyden diene -

NI Nitrile -

ln the same time, the industrial environment presents disadvantage and in 

particular the using facility problem. During the inline production , the selected 

roll coater usually applies the back coat paint as BC. We can use this roll coater 

between two planned products. The roll coater is available between 1 hour and 

5 hours. During this time, we must clean the testing stand to start with our 

selected paint (BC, TC1 , TC2 ), work out, perform the trial and still clean the roll 
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coater for the production needs. The contact parameters measurement is 
another difficulty. ln tact, we measure the load between rails by a load cell, the 

pick-up wet thickness by an eccentric roll, and the ribbing defect by a 
macrophotography. For each parameter modification. these three values must 
be measured in a minimum of time. Ali trials and therefore line speed depend 

on the production planning (paint, strip width and thickness). A simple 

modification for the lower problem in the production involves new parameters 
measurements. The control of the trial is much more difficult in this unfriendly 
environment than in a laboratory. The Cs computed for this testing stand is 
0.63. ln the final step of experiments, the experimental roll coater deviee is 
added to the line and Cs reaches 0.875 (Table 2-3) . 

Figure 2-1: industrial roll coater 

> MYRIAD "Research and development pilot line" 

This reduced scale line is an accurate tool to reproduce the induction baking 
cycle of the coil coating paint. "MYRIAD" uses this li ne ta validate the new paint 

composition for the curing problem like the boiling . This line is a good tool for 

this kind of study, because we have a lot of time to work out and perform trials. 
Specifie roll coater adjustments allow the ribbing defect occurrence but no 
correlations with the industrial line are possible. There are three rails like the 

production line and the same materials for elastomeric roll caver properties (PU) 
and paints (SP, PU, PVDF, PVC) . The roll diameters are 40% smaller than the 
production line (167mm until 185mm) and one fifth smaller width (295mm). The 
baking apparatus is an 1induction aven . Table 2-3 describes the roll coater 

dimensions. However, an important disadvantage exists. The line and rails 
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speed are very low. The maximum line speed is about 20m/min . lt is five to six 

times slower than the realline speed . ln these conditions, dynamic behaviour of 

the fluid is not the same. ln theory, a fluid similarity approach can be done to 
reproduce the defect. 

Metering 

Applicator 
Pick-up 

Drum 

Figure 2-2: R&D Pilot line roll coater 

The strategy to obtain the same dimensionless number defined by the capillary 

number and the Reynolds number, between the real process and the pilot line is 
a fluid properties modification . This modification involves many problems for the 

baking cycle because the solvent quantity in the paint is not the same. 

Figure 2-2 presents the roll coater of the pilot line. The Cs computed for this 
testing stand is 0.375 (Table 2-3). Table 2-3 sums-up the two possibilities for 

the experimental investigation with the associated criterion of selection. The 
testing stand selected for the experimental investigation is the industrial roll 

coater. The Cs is greater than the Myriad R&D pilot line and the speed is too 
important in the defect .reproduction to be neglected. 
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Tab le 2-3 : Testing stand parameters and assoc iated selection c r iterion 

Parameters 1 Reference: lndustrialline j Roll coater deviee ! R&D pilot line 
Dimensions 
Applicator diameter(mm) 210 to 270 210 to 270 167 to 185 
Pick-up diameter(mm) 290 290 180 
Roll width(mm) 1470 to 1680 1470 to 1680 295 
Strip width(mm) until 1504 No strip* 140 
Strip thickness(mm) unti12mm No strip* until2mm 
Speed 
Line(m/min) 100 100 21 
Applicator(% of line speed) 200 200 200 
Pick-up(% of line speed) 150 150 150 
Other 
Cu ring induction no* induction 
lndustrial paint y es y es yes but modified 
Strip sample y es no* y es 
Using facility no no y es 
Measurement eqUipment 
Load cell Available Available To buy 
Ribbing evaluation by camera - To buy To buy 
Wet thickness measure Available Available Available 
Viscosity measure Available Available Available 
Cntenon selection 
Good item 14 10 6 
Total item 16 16 16 
G/T 0,875 0,63 0,375 

*During trial , but possi bility to perform an industria l application 

To complete the presentation of the testing stands a review of the authors 

'experimental approach is exposed. Cohu [28] uses an industrial roll coater. ln 

his configuration, a big drum is used to simulate the contact with the strip but no 
real coatings are performed during trials . Cohu measures the wet thickness by 

eccentric roll and scraping . The scrapping method permits measurements on 

the deformable roll. ln his experimental investigations, the ribbing defect was 

slightly studied. The final product is evaluated by a roughness measurement on 

dry product for the paint used in his trials. The result of his investigation is a 

power law to establish the wet thickness as a function of the roll coater 

parameters with an accuracy of 25% compared to his industrial measurements . 
Jones [39] and Chong [34] use a complete laboratory-testing stand with a 

contact between deformable and rigid rolls but their testing stand has no baking 

cycle and thus no final product comparison. The disadvantage for Jones and 

Chong is the miss of connection with a real process. Many authors have 

performed experimental approaches to determine wet thickness power law as a 

function of the contact parameters [40], [32] , [24]. ln reality, each process has a 

particular power law for a range of parameters. 

The selected experimental deviee is the industrial roll coater. The measurement 

equipment to evaluate the wet thickness and ribbing defect wavelength will be 
detailed in the following part. 
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2. lndustrial roll coater as experimental deviee : measurement strategy 

The aim of this paragraph is to detail the measurement equipment used during 

our trials to evaluate wet thickness and ribbing defect wavelength . The 

adjustment parameters (paint viscosity, speed, geometry and load between 
rolls) have been already presented. The Figure 2-3 presents the industrial roll 

coater and the measurement equipments. 

Pick-up wet thickness 
measurement 

Ribbing 
macrophotog raphy 

Load 
measurement 

Rolls speed 
measurement 

Figure 2-3 : experimental roll coater and measured parameters 

2.1 External load between deformable and rigid roll 

The external load is a function of the roll diameter, paint viscosity , and 

elastomeric roll cover properties. The operator modifies the position between 

rolls to act on the wet thickness. This position displacement corresponds to a 

load response . Two load cells are placed between the applicator roll and the 

pick-up roll in order to measure the load response during trial. The load 

measurement is parallel to the rolls axis to have a direct value of the imposed 

load. Figure 2-4 precises the load cell position. The maximum accepted load is 

20KN by load cell with 4% error on the instantaneous measurement. A iload cell 

is placed on each side of the roll coater. The zero of the load cell is obtained 

when the two rolls are just in contact. As soon as the pick-up roll position is 

modified , the pressure on the fixed load cell increases or decreases. The 

continuous value of the load cannat be monitored on this deviee. One single 

value is recorded by configuration . The load measurement is in N/m in this 
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study to have a universal reference . ln tact, the roll length is variable in Myriad 

and this experimental investigation is based on one specifie roll length . 

Numerical simulation evaluates the correspondence between gap and Joad. The 
method will be detailed in the numerical chapter of the work. 

machine frame 

Applicator roll on 
machine frame 

Pick-up roll on 
slidind rail 

Pressure modification on 
the load cell as a 

function of the pick-up 
roll displacement 

Figure 2-4: load cell position focus on the roll coater 

2.2 Pick-up wet thickness 

The operator adjust the roll coater with the pick-up wet thickness to reach the 

targeted final product thickness . He uses an eccentric roll to measure the wet 

thickness on the pick-up roll and we will use the same technique in our trials. 
Figure 2-5 illustrates the eccentric roll. tt permits a fast wet thickness 

measurement but the reliability is not very good. The accuracy is around 5% for 

a 1 001-Jm total scale. The accuracy is a function of the operator, and paint 

viscosity. This technique is not reproducible for the deformable roll due to the 

elastic strain. The scrapping method used by authors [28],[34] is not 

conceivable to face this problem. This method is based on the paint weight 

measurement for a given time interval. This methodology requires too much 

ti me and manipulation to be performed in the available ti me of the trial. 
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Paintfilm 

Figure 2-5: Pick-up wet thickness measurement with. eccentric roll 

2.3 Ribbing wavelength 

ln arder to evaluate ribbing in their experimental investigation, Pearson [18], 
Pitts [19], Mill & South [20], Adachi [32], and Benkreira [12] use a photography 
based strategy. To evaluate the rib wavelength in our trials we use a 
macrophotography coupled with an image analysis processing. The digital 
camera is a "Nikon 070" with a 6.1 Millions Pixels resolution sense. The lens is 
a "Sigma" f3.2/50mm macro. A macrophotography of the ribbing defect on the 
applicator roll is carried out for each parameter modification. ln our case, the 
database will be around 450 macrophotography for the ribbing defect. A specifie 
image analysis tool has been developed to automatically process the data and 
evaluate the ribbing wavelength. Figure 2-6 explains the methodology. 

First, we need a reference scale macrophotography (A). The program 
processes this macrophotography to evaluate the number of pixel 
corresponding to 1 mm length. Then, the program processes the complete 
database of the ribbing defect macrophotography. This tool is based on a 
"Dériche filter". This filter uses grey levels photography. lt highlights the grey 
variations in the horizontal and vertical direction. The ribbing defect is 
composed of vertical !ines. Then, the horizontal filter is selected for the analysis. 
From the original macrophotography (8), the horizontal "Dériche filter" evaluates 
the contour of each rib. A binary search allows rib number evaluation (C) and 
the associated profile. The ribbing wavelength is computed with the rib number 
and the reference scale. The result is a rib wavelength associated with each 
macrophotography database (D). 
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Defect macrophotography 
for database : 

User selected area in red 

À is the ribbing wavelength 

Selected line on 
Binary result after 
contour detection 

Associated profi le ---• 

Ribbing wavelength 
evaluated 

Figure 2-6: Ribbing wavelength evaluation methodology 
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2.4 Viscosity and temperature 

The inline viscosity is measured by a standard cup(Figure 2-7). A given amount 

of paint flows through a 4mm diameter hole. The time to empty the eup can be 

linked to the paint viscosity. lt is a simple inline method to evaluate the viscosity. 

The viscosity in "seconds" is used inline. ln our case , the dynamic viscosity is 

needed. We use a correponding table to perform the conversion. The paint 

density in "kg/m3"and the time in "seconds" permits to evaluate the dynamic 

viscosity in "Pa.s". We use three paints in our experimental investigation . The 

polyester resin family is selected because it represents an important part of the 

industrial production. The three studied paints are a backcoat called BC, and 

two white polyester top coats TC1 and TC2 . Table 2-4 sums-up the paint 

designation and viscosity. ln a near future , shear flow and elongational 

rheometer will be used to have an accurate viscosity measurement in relation 

with the inline solicitation. 

Figure 2-7: Standard eup for viscosity measurement 

Table 2-4: Paints designations and properties 

Designation BC TC1 TC2 

Description 
Polyester Polyester Polyester 
Backcoat Topcoat Topcoat 

lnline 
105 105 95 

viscosity (s) 
inline target 

17 40 45 
wet film (IJm) 
Dy na mie 

0,51 0,51 0,59 
viscosity (Pa.s) 
Surface 

0,035 0,035 0,035 
Tension (N/m) 
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The measurement strategy associated to the experimental roll coater has been 
exposed. ln the next part, the research of key parameters on roll coater 
efficiency is presented. 

3. Key parameters on roll coater efficiency : experimental 

measurements 

The basis of the experimental investigation consists in the standard operating 
adjustments. lnline operators can act on two important parameters to target the 
good wet thickness. These two parameters are gap between rails and speed 
ratio between rails. For each selected top coat paint (TC1 and TC2), a standard 
adjustment is performed. The speed ratio is 0.3 with an applicator roll speed at 
101% of the li ne speed and pick-up roll speed at 30% of the li ne speed. The 
gap corresponds to a load of 6867N/m. The gap remains the same for the two 
top coats since the rolls diameters and the elastomeric caver do not change 
during trials. For the two topcoat paints, the corresponding pick-up wet 

thickness is in the range [35-381-Jm]. From this first operator adjustment, 
extrapolations of the speed and load parameter around their corresponding 
reference values define the trials adjustments. Input data for experiments 
represent 150 configurations by paint (roll coater adjustment). The total number 
of wet thickness and ribbing wavelength measurement is around 450. The 
reference adjustment is based on the topcoat because it gives an added value 
to the product. The backcoat has no decorative use. 

ln arder to complete the experimental overview, Table 2-5 sums-up the 
parameters and range. Concerning the geometrical parameters, the applicator 
roll diameter "Da" is 265mm and its associated elastomeric caver thickness "b" 
is 37.5mm. The elastomeric roll caver is polyurethane with high mechanical and 
chemical resistance. The polyurethane characteristics will be exposed in 
chapter 3. The pick-up roll diameter "Dp" is 290mm. Roll diameters are 
considered constant during trials. There is no contact between the applicator roll 
and the strip, then, the strip vibrations are not taken into account. The line 
speed during trials is a function of the inline production. The three trials are 
performed for a line speed "Ls" between 77 and 85m/min. A percentage of the 
line speed defines the peripheral speed of roll. The applicator roll speed "Va" is 
between 101% and 120% of the line speed, and the given pick-up roll speed 
"Vp" between 20% and 60% of the line speed. The speed ratio "S" is going from 
0.16 to 0.6 for our trials. "S" is defined by equation ( 2-1) as follows : 

S= Vp 
Va 

( 2-1) 
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Finally, the externalload "W " is in the range [2866-16866N/m]. lt corresponds to 

the imposed gap. Parameters range and materials used for trials are summed in 

Table 2-5. 

Table 2-5: Experimental parameters and range 

Parameters Range Unity Material 

Li ne speed, Ls 77-85 m/min -
External load , Wi 2866-16866 N/m -

Applicator roll diameter, Da 265 mm Polyurethane 
Applicator roll caver thickness, b 37 ,5 mm Polyurethane 

Roll caver hardness 50 Shore A -
Pick-up roll diameter, Op 290 mm Steel 
Applicator roll speed, Va 101-120 %of Ls -

Pick-up roll speed , Vp 20-60 %of Ls -
Speed ratio = Vp!Va , S 0,16-0,6 - -

Fluid eup viscosity at T=20°C, 1-1 0,51-0 ,59 Pa.s Polyester resins 

3.1 Analysis of the load influence 

The first parameter studied is the external load imposed between the 
deformable applicator roll and the rigid pick-up roll. From now on, low load case 

(WL) and high load case (WH) will respectively correspond to 6867N/m and 

16866N/m. lnline, to modify the wet thickness, the operator modifies the gap 

between these two rolls. This gap modification corresponds to a load variation 

due to the viscoelasticity of the applicator roll caver. The external load has a 

direct influence on the pick-up wet thickness (Figure 2-8) and applicator ribbing 
wavelength (Figure 2-10). This influence has been studied in our trials and will 

be discussed later. 

3.1.1 Load influence on the wet thickness 

Figure 2-8 shows the pick-up wet thickness evolution as a function of the 

imposed external load between the applicator roll and the pick-up roll. The 

measured wet thickness on the rigid pick-up roll is in the range [15-951Jm] for 

WL and [1 0-381Jm] for WH. ln tact, for each load case , speed ratio variation is 

performed between 0.16 and 0.6. This speed ratio variation explains the range 

of wet thickness for a given load. For each load case, when the speed ratio "S" 

increases the pick-up wet thickness increases. 
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Figure 2-8: Pick-up roll wet thickness as a function of the imposed external load 
between rolls, three paints: BC, TC1 and TC2 
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The curves have the same tendency for TC2 and BC. They correspond to 
experimental data for a 75m/min line speed. ln the case of TC1 , the 

experimental line speed was 85m/min. For TC1 a faster wet thickness 
decreasing is observed than for TC2 and BC. These three curves are given to 
have a global tendency and we can see a bad determination coefficient (around 

20% for BC and TC2). Nevertheless, a global tendency of the load influence on 

the pick-up wet thickness can be observed. The paint behaviour sensitivity to 
the line speed is highlighted. 

Figure 2-9, presents the wet thickness for four speed couples. ln the case of BC 

for its two last speed couple, Vp equals to 40% contrary to TC1 and TC2 where 
Vp=50%. A given speed ratio can be obtained for different speed couples. The 

goal is to highlight the separate speed influence on the wet thickness. This 
diagram underlines first the influence of the imposed external load on the pick
up wet thickness. lt shows that the speed ratio has a direct influence on the wet 
thickness. As for an example, we study the curves correspond ing to Va = 1 01% 

- Vp = 30% and Va = 101% - Vp = 50% for TC1 and TC2 . These curves ( t ) 
have the same tendency with a power law exponent of -0.9. A least square 
fitting gives a coefficient of correlation around 98%. The pick-up speed 
difference of 20% leads to an average offset between the two curves . This 

offset is 201Jm for TC1 and 161Jm for TC2 . The BC paint is less sensitive with an 
offset of 111Jm, but Vp = 40% of the line speed . When the external load 

between the two rolls increases, the wet thickness offset decreases. The pick
up roll speed influence on the wet thickness decreases with the external load 

increasing. 

The deformable roll wet thickness is not measured in our trials. Elastomeric roll 

cover effect has an importance on the deformable wet thickness. For higher 
load case, CHONG [34] shows an increasing of the deformable wet thickness 

when the pick-up wet thickness decreases or reaches a limit. The elastomeric 

roll caver has an increasing influence on the wet thickness for the higher load 
cases just when the speed ratio influence decreases. The goal in this part is to 
obtain a power law to predict the wet thickness on the rolls as a function of the 

different parameters of the roll coater. Neverthless, each process has a 
particular power law, and it seems difficult to obtain a global law for ali the roll 
coater. 
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Figure 2-9 : Pick-up roll wet thickness as a function of the imposed external Joad 

between rolls, four speed couples, three paints BC, TC1 and TC2 
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We have seen the influence of the imposed external load between rolls on the 
wet thickness, but it also acts on the ribbing wavelength. lt is the object of the 
next point. 

3.1.2 Load influence on the ribbing wavelength 

The imposed external load has an influence on the ribbing wavelength. Figure 
2-10 shows this influence. ln this diagram, a mean ribbing wavelength with a 

standard deviation is computed for each load case. A low influence of the speed 
ratio on the ribbing wavelength has been observed . The least square method 
used to build the curves gives a good correlation coefficient between 95% and 
99%. The global analysis shows that the ribbing wavelength decreases when 
the load increases for the three paints. The ribbing wavelength is between 

1 ,2mm and 2,4mm. On one hand, the minimum ribbing wavelength is obtained 
for TC1 polyester top coat and the higher external load. On the other hand, the 

maximum ribbing wavelength is obtained for BC polyester back coat and the 
lower load. The general phenomenon is a ribbing wavelength decreasing with 

the increasing of the external load. 
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Figure 2-10 : Applicator ribbing wavelength as a function of the imposed external 
load between rolls for the three paints BC, TC1 and TC2 

Power law permits a good approximation of the load influence. For TC1 and 
TC2 , a negative exponent of 0 .3 defines the load influence on the ribbing 

wavelength. For BC, it is a negative exponent of 0.2, but its behaviour is 
different due to chemical resin composition. These three paints give global 

tendency of the external load influence on the ribbing wavelength. We have 
seen a difference of 1mm between WL and WH on the ribbing wavelength. This 

variation is very important for the levelling of the micrometrie wet film of paint. 
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To have a better understanding of the load influence on the ribbing wavelength, 
Figure 2-11 illustrates the phenomenon. Two cases are presented and defined 
as follows: a lower load case corresponding to a small negative gap between 
rolls and a higher load case corresponding to an important negative gap. The 
lower load involves a long ribbing wavelength with high meniscus of fluid 
between rolls. The results after the application on the strip is a long period 
defect À with high amplitude. Anyway, the higher load case involves a small 
period defect À with small amplitude. For this example, a defect measurement 
has been realised on the final baked product to compare with the wet defect 
photog raphy. 
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Result on the strip just after 
the application by the 
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(B): WH between rolls or small gap 

Figure 2-11: Photography of the Joad influence on the ribbing wavelength on the 
industrial roll coater 
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The dry measurement has been performed with a profilometer (Figure 2-12). 

This last one measures the wavelength and amplitude defect on the dry 

product. 
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Figure 2-12: Roughness measurement with the profilometer on the dry product 

The wet ribbing wavelength is compared to the dry ribbing wavelength in Table 
2-6. We can see in the wet case , a smaller ribbing wavelength in the high load 

case than in the low one. When , we compare the dry ribbing wavelength and 

wet ribbing wavelength l the results have the same tendency. Concerning the 
dry ribbing amplitude , the difference is much more important with 4.24~m for 

WL and 1.41 for WH . A smaller wet ribbing wavelength involves a smaller wet 

amplitude. The levelling before curing is better [38] and the final product has a 

better surface aspect. The higher load case seems to give the better final 

product quality (Figure 2-11 ). A smaller wet wavelength and amplitude will be the 

goal to increase the quality inline (Table 2-6) . 

Table 2-6: Applicator ribbing wavelength and dry amplitude as a function of the 

external imposed load for the three paints 

Wet ribbing Dry ribbing Dry ri bbing 
wavelength À (mm) wavelength (mm) amplitude (!-lm) 

Lower load 
1,97 2 ,41 4 ,24 

case -
Higher load 

1,45 2 ,2 1,41 
case 
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Figure 2-13: Applicator ribbing wavelength as a function of the externalload 

four speed couples, Three paints: BC, TC1 and TC2 
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ln order to complete the external load influence on the ribbing wavelength, 
Figure 2-13 shows the load influence on the ribbing wavelength for different 
speed couples. 

The speed influence for these four speed couples on the ribbing wavelength is 
fou nd to be small. The respective coefficient of correlation for Va = 101% - Vp = 
30 % and Va = 101% - Vp = 50% are 98% and 97%. An offset a round 0.2mm is 
observed between the two curves. This offset is constant from WL case to WH 
case. From these results, the speed of the pick-up roll has less influence on the 
ribbing wavelength. A first conclusion could be at this stage: the minimisation of 
the ribbing defect will occur when the load between rolls will be higher and 
when the pick-up roll speed will be lower. This conclusion leads to the loss of 
wet thickness when the imposed external load increases with the decreasing of 
the pick-up roll speed. To understand this phenomenon the next paragraph 
analyses the roll speed influence on the pick-up wet thickness and the 
applicator ribbing wavelength. 

3.2 Rolls speeds influence 

3.2.1 Rolls speeds influence on the pick-up wet thickness 

The Figure 2-14 shows the speed ratio influence on the pick-up wet thickness. 
The speed ratio is ranging from 0.25 to 0.6. For each paint (BC, TC1 and TC2), 
the lower load case (WL) and the higher load case (WH) are presented. The 
general observation is an increasing of the pick-up roll wet thickness with the 
speed ratio. A power law is in good agreement with the experimental points. 
The coefficient of correlation is between 91% for BC and 97% for TC1. Between 
TC1 and TC2, no differences are observed in the wet thickness. The power 
laws are the same for the given load case. A wet thickness difference is noted 
with BC. The smallest wet thickness is 321Jm for BC with WH and a little speed 
ratio S. The pick-up thickness for TC1, TC2 is around 161Jm for the same 
adjustment. The wet thickness for top coat is thinner for a given external load 
and speed ratio than the back coat (Table 2-7). 
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Pick-up wet thickness = f (S) 
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Figure 2-14: Pick-up wet thickness as a function of the speed ratio between rolls 
for a low load and a high load 
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Table 2-7: Wet thickness comparison for 5=0,35 and 5=0,55 

and for two load WL and WH 

15=0,35 Low load WL High load WH 
1 Polyester back coat: BC 50 IJm 401Jm 
Polyester top coat: TC1 401Jm 221Jm 
Polyester top coat: TC2 381Jm 221Jm 
5=0,55 Low load WL High load WH 

1 Polyester back coat: BC 681Jm 551Jm 
Polyester top coat: TC1 581Jm 351Jm 
Polyester top coat: TC2 581Jm 351Jm 

The difference between back coat and top coat wet thickness can be explained 

by the paint composition difference and by its reaction with the elastomeric roll 
caver. ln general, authors consider the fluid by a simple viscosity [28], [24], [41], 
[32], [25] , [21], [14] , [15], [12], corresponding to the Newtonian plate for a high 
shear rate. Between the applicator roll and the pick-up roll, the shear rate is 

high and is between 104 and 1 06 s-1 . Shear rate "fi. is a gradient of velocity and 

defined by equation ( 2-2) as follows: 

fo;= àVx = Vx 
àx x 

( 2-2) 

ln our case, the study is exclusively based on polyester resins and the paint is 

considered Newtonian. Myriad uses PE, PVC, PU and PVDF resins. 

The speed ratio influence and in particular the roll speeds influence on the wet 
thickness will be an important parameter to master the roll coater. Figure 2-15 

details the speed couple (Va - Vp) for BC, TC1 and TC2 . Each box presents 

the wet thickness evolution as a function of the pick-up roll speed Vp for a 
corresponding constant applicator roll speed Va . ln the four boxes, the pick-up 
wet thickness increases with the pick-up roll speed . The wet thickness is 

between 161Jm and 571Jm for WH case and between 321Jm and 701Jm for WL 
case. The greatest thicknesses are obtained for the back coat for the same 
load . 
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Figure 2-15: Wet thickness as a function of the roll speed couples, 

two load cases, three paints: BC, TC1 and TC2 
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An offset on the wet thickness is observed between the lower load case WL and 

the higher load case WH. For standard li ne adjustment Va = 101% - Vp = 30%, 

the offset is around 1 Ü!Jm for BC, 201Jm for TC1 and 181Jm for TC2. For Va = 
101% - Vp= 50%, the offset is a round 81Jm for BC, 251Jm for TC1 and 171Jm for 

TC2 . The roll speed affects the pick-up wet thickness evolution but the offset 
seems to be constant when external load decreases. A mean offset o with a 

standard deviation o are computed for the three paints. Table 2-8 sums-up the 
results. 

Table 2-8: Wet thickness offset between WL and WH, 

Three paints: BC, TC1 and TC2 

Mean offset li Standard deviation a 
BC 10,07 3,26 

TC1 20,92 3,59 

TC2 19,35 3,13 
1 

1 

We can obtain the same pick-up wet thickness for many configurations of the 
roll coater but the increase of imposed external load decreases the range and 
the sensibility of the adjustment. 

3.2.2 Rolls speeds influence on the ribbing wavelength 

Figure 2-16 shows the rolls speeds influence on the ribbing defect. The ribbing 

wavelength is evaluated for two external loads WL and WH. The applicator roll 

speeds are between 101 % and 115% of the li ne speed. The pick-up roll speed 
is ranging from 20% to 60% of the line speed . From these results it is not 

possible to extract an objective conclusion . For the three tested paints , the 
curves are very scattered and no accurate fitting is possible. The applied 

external load gives an initial ribbing wavelength . The ribbing wavelength has a 
stochastic evolution with speed. The minimum ribbing wavelength is 1.15mm 
for TC1 and WH. The maximum ribbing wavelength is 2.20mm for BC and WL. 
Table 2-9 sum-up the mean ribbing wavelengths "mrw" and standard deviation 

"o" for each case. 
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Figure 2-16: Ribbing wavelength as a function of rolls speeds, 

Two load cases , three paints: BC, TC1 and TC2 
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Table 2-9: Mean ribbing wavelength with standard deviation, 

Two load cases, three paints: BC, TC1 , TC2 

WH WL 

BC mrw (mm) 1,47 1,74 
cr 0,08 0,14 

TC1 mrw (mm) 1,24 1,63 
cr 0,07 0,13 

TC2 mrw (mm) 1 ,41 1,83 
cr 0,12 0,15 

The mean ribbing wavelength is ranging from 1 ,24mm to 1 ,4 ?mm for the high 

external load. lt is ranging from 1 ,63mm to 1 ,83mm for the law external load. 

The minimum ribbing wavelength for WL is bigger than the maximum ribbing 
wavelength for WH. Rolls speeds have a low influence on the ribbing defect 
wavelength for each tested paint. The most important parameter acting on the 

wavelength is the imposed external load between rails . For a given external 

load, it is possible to establish a ribbing wavelength border between high load 

and low load. A value of 1 ,54mm seems to be correct. Ribbing wavelength 
never exceeds this value for WH. lt is difficult to establish a link between the roll 

speed and the ribbing wavelength with regards to the externalload influence. 

We have seen that the external load has an influence on the wet thickness and 
on the ribbing wavelength. ln the same time, we have seen that the speed ratio 

has a great influence on the pick-up wet thickness, but not on the ribbing 

wavelength. That remains to be checked because Carvalho [29] have seen a 

ribbing wavelength decreasing when the roll speed increases. To complete this 
experimental investigation, a coupled approach of these parameters is 

proposed in the next part. 

3.3 Coupled parameters 

Figure 2-17 presents the ribbing wavelength as a function of the scalar product: 
speed ratio S by applied load W . The ribbing wavelength measurement and 
display are not very accurate for the small ribbing wavelength variation. lt is 

sufficient to evaluate the ribbing wavele:ngth for a comparison between a high 

load and a low load . Two distinct areas are visible. A vertical area is on the left 
for WL and a horizontal one is on the right for WH. The ribbing wavelength is 
between 1.4mm and 2.3mm for WL and between 1.1 mm and 1.6mm for WH. 
The increasing of the externalload decreases the ribbing wavelength range. For 

the low and high load cases, many set-ups give a ribbing wavelength lower than 
1.5mm. To highlight the aim of an externalload increasing, Table 2-10 presents 

the percentage of the ribbing wavelength less than 1 ,5mm for the low load case 
and the high load case. This criterion is a good value to obtain a good quality 
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product. ln Table 2-6 we have seen the final dry product for a given wet 

application. 
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Figure 2-17: Ribbing wavelength as a function of the scalar product of 

(Externalload * speed ratio) 

The dry ribbing wavelength and corresponding amplitude are smaller for the 

high load case . The wet ribbing wavelengths are less than 1.5mm in this case. 

Table 2-10: Number of measurements and associated percentage to the total with 

a ribbing wavelength less than 1.5mm, two load cases 

WL ,.~~,H 

Total by load 

TC2 33 26 
TC1 36 31 
BC 35 34 

104 91 

Number for À<1,5mm 

TC2 2 22 
TC1 3 31 
BC 0 25 

5 78 

% by colour 

TC2 6,06 84,62 
TC1 8,33 100,00 
BC 0,00 73,53 

%total 

4,81 85,71 
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For the law load case, the total population is 104 ribbing wavelength values. 
Only 4.81% of this population has a ribbing wavelength less or equal to the 

quality criterion. For the high load case, the total population is 91 ribbing 
wavelength and 85.71% of this population has a ribbing wavelength smaller 
than the quality criterion. 

Figure 2-18 shows the wet thickness as a function of the speed ratio S by the 
scalar product of the applied load W. This diagram approach makes obvious the 

decrease of the wet thickness interval with the increasing of the external load. 

The wet thickness is in the range [151Jm, 701Jm] for WL and [1 01Jm, 581Jm] for 
WH. The slope of the three curves decreases when (W*S) increases. 
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Figure 2-18: Ribbing wavelength as function of the scalar product 

(External load * speed ratio) 
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The standard pick-up wet thickness for polyester top coats is around 351Jm . 
Usual inline adjustment gives a (W*S) of 2000 to obtain this thickness. ln our 

trials, the ribbing defect is reduced for high load case. This (W*S) of 9000 gives 
the same thickness with a smaller defect. The ro ll speed adjustment is going 

from 0.2 to 0.6. For the top coat, the wet thickness variation is reduced to 281Jm 
for WH , when it was 461Jm for WL. The wet thickness adjustment by speed ratio 
decreases when the external load increases. The elastomeric roll caver will 

have a dominant influence on the wet thickness adjustment for the high load 

case. The goal of these two diagrams presentation is to highlight the external 
load influence on the ribbing wavelength decreasing. The link with the speed 
ratio to compensate the loss of wet thickness has been already shawn. 
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4. Conclusion 

Trough these different results, we have established the influence of the external 
load and speed ratio between rolls on the pick-up wet thickness and applicator 
ribbing wavelength. The key parameter to reduce the ribbing defect is the 
external load imposed between rolls. The increasing of the external load 
between the pick-up roll and the deformable roll permits to decrease the ribbing 
wavelength and amplitude of the defect. ln the same time, the gap reduction 
involves a decreasing of the flow rate between rolls and a loss of applied wet 
thickness. The first way to face this problem would be a modification of the 
speed ratio between rolls. This operation permits a little adjustment range and 
reaches a limit as a function of the external load. The other way to increase the 
range of the speed ratio is a work on the materials and especially on the 
elastomeric roll cover. The behaviour of this material is varying during life 
because the paint environments are different and its thickness is decreasing 
with surface finishing. These two coupled parameters acting with the fine speed 
effect, the pressure and the geometry in the gap involve a wet thickness and 
ribbing modification. 

Currently the operator imposes a roll speed and modifies the negative gap 
between roll to have a good wet thickness. These work techniques are based 
on the experiment of the production plant people. lt implies a modification of the 
ribbing wavelength for each negative gap modification. The roll coater is not 
mastered to improve the application quality and to limit the starting waste. The 
waste is due to the time of roll coater adjustment. The knowledge on the gap 
dynamic will help us to reduce these quality and adjustment problems. 

The tool that will help us to understand the deformable roll coating process is 
the finite element simulation coupled with a material analysis and identification. 
The finite element approach permits a complete and accurate understanding on 
the physical mechanisms in the studied contact. The elastomeric roll caver will 
be analysed in laboratory by a specifie technique developed at the LAMIH. The 
goal is an understanding of its behaviour to the speed influence and paint 
environment. Behaviour law identification will feed the numerical simulation to 
analyse its influence on the flow rate. We have seen the experimental load 
influence on the ribbing defect and the limit of speed ratio compensation on the 
wet thickness. With the numerical simulation, it will be easy to study the 
influence of each parameter, speed, load, elastomeric caver properties, on the 
flow rate. This understanding of parameters influence will bring information on 
the best roll coater adjustment to use. Moreover, the relation with the ribbing 
wavelength will be established from numerical simulation and experimental 
data. The final goal is to obtain many abacuses to facilitate the operators' 
adjustment as a function of the roll coater characteristics. On one hand to 
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decrease the time of roll coater adjustment and on the other hand to improve 
the quality of the final product. 
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Chapter 3 

Numerical strategy for wet thickness and free surface 
prediction 

1. Outline 

ln the experimental part, the flow between the applicator roll and the pick-up roll 
has been studied in negative gap mode. The result highlights the key 
parameters on roll coater efficiency. The knowledge of key parameters leads us 
to an optimisation of the application in real industrial conditions. A good 
mastering of the contact parameters facilitates this optimisation. Knowledge on 
key parameters influence on the contact dynamic is essential to optimise the 
industrial roll coater adjustments. These parameters are the imposed external 
load (i.e., the gap) and the speed ratio between rolls: an increase of the 
negative gap decreases the ribbing wavelength. The idea is to use the 
numerical simulation to analyze these phenomena and increase their 
understanding. Moreover, the implementation of a predictive plan of the coil 
coating can become an essential tool to reduce the adjustment time for a new 
paint application. A fluid solid interaction (FSI) computation plan seems an 
interesting way to do it. A review of existing commercial codes has been 
performed taking into account the free surface management. The selected code 
showed some limits in the management of the elastomer behaviour (no viscous 
behaviour consideration of the elastomer). For these reasons and some 
problems of convergence due to the very low thickness of fluid, the computation 
of parameters is divided in two parts: 

1) Computation of the mechanical stress in the gap with a large deformation 
solver dedicated to solid mechanics. 

This predictive plan is built with the solid impact on the fluid flows. First, we 
perform a F.E.M simulation of the deformable contact between applicator and 
pick-up roll without fluid between bath. The viscoelasticity of the elastomer gets 
modified with the inline chemical environment. ln the industrial process the used 
coil coating paints are very different in composition to obtain different colors and 
mechanical properties. Modifications of the Young Modulus and relaxation time 
of the elastomer are observed for different environments. 

The elastomer behaviour is modelled by a Prony series. The parameters of this 
behaviour law come from a new identification methodology. A specifie cyclic 
compression test has been developed to reproduce inline solicitation. The 
results of the numerical simulation are mechanical pressures in the contact as a 
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function of the behaviour laws, geometries of the contact and deformable layer 

thicknesses. The mechanical pressure will be used as boundary condition in the 

fluid simulation. 

2) Computation of the parameters of the paint (meniscus, free surface) with a 

solver dedicated to fluid mechanics. 

The fluid dynamic simulation is performed with a F.E.M free surface code. The 

used fluid model is Newtonian. There is no deformable part but the imposed 
mechanical pressure reproduces the elastomer influence on the flow rate. t he 

different results are the free surface position and wet thicknesses as a function 

of the different elastomer behaviour laws, speeds rolls and viscosity. The free 

surface position can be directly associated with the ribbing wavelength . 

Compared to previous published studies, the presented work will take into 

account the elastomer caver behaviour used in industrial environments. 

Figure 3-1 illustrates the strategie position of the F.E.M simulation in the 

complete study. This chapter deals with the part inside the red dash point box. 

The global view links the numerical simulations , experimental investigation and 
industrial process. 

~ Paint - Elastomeric 

r--- r ---------------------~ 

1 : 

Speed - Diameter - load 

l 
1 Process parameters : 

Online measurements 

Optimisation and transfer 

Figure 3-1: Numerical simulation coupling diagram 

ln the chapter 2, we have studied the industrial process by an experimental 

approach. The goa:l was to obtain a complete database with roll coater 
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parameters and associated ribbing macrophotography. From the result of the 
numerical chapter, a correlation in term of external load is performed. This load 
comparison allows a linking between numerical simulations and experimental 
measurements. A correction will be performed in the numerical simulation to 
obtain a good correlation if it is necessary. After that, from the obtained results 
in this chapter and in with the experimental approach, a transfer on the 
industriel roll coater will propose an optimisation of the roll coater adjustment. 

The next paragraph deals with the methodology used to determine elastomer 
behaviour law. This behaviciur law will feed the deformable contact finite 
element simulations. 

2. Elastomeric roll caver behaviour law 

This part is devoted to the determination of an accurate behaviour law for the 
elastomeric applicator roll caver. During the application, the elastomer 
undergoes cyclic compression followed by relaxation phenomenon and dips in 
different paints including solvent. To study the behaviour of this elastomer, a 
cyclic compression test with a specifie deviee has been chosen in arder to 
reproduce the exact process phenomenon at the sa me frequency, amplitude 
and with a solvent bath. From the cyclic compression test results, a rheological 
madel is established. The generalized Maxwell madel has been developed 
since it permits a simple fitting of the experimental results. When the Maxwell 
madel is established, an analytical computation is performed to obtain the Prony 
series parameters. The Prony series is required for the used finite element 
solver. Figure 3-2 summarizes the methodology used for the elastomer 
behaviour law identification. 
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Known Complex 
dynamic Modulus 

E* exp = 
E'exp + i E"exp 

E*exp 

Unknown Complex 
dynamic Modulus 

E*num = 
E'num + i E"num 

Computation of the Maxwell function coefficients E7 • E,, r ,.,, 

by non linear optimisation algorithm: 
E* exp= E* num 

Analytical computation of the Prony series coefficients 
G", g,, T , from the Maxwell coefficients 

Numerical simulation of the cyclic compression test 
performed with the Prony series coefficients 

Validation of the behaviour law 

Figure 3-2: Methodology of identification of the behaviour law 

The next paragraph introduces the specifie deviee used during cyclic 

compression test. 

2.1 Presentation of the cyclic compression test 

The cyclic compression test is performed on a tensile testing machine with a 
hydraulic cylinder command in vertical position. The driver that commands the 
machine allows different configuration to pilot the displacement of the moving 

crosshead: sinus, square, triangle. The frequency and amplitude of 

displacement are adjustable. The load cell used during the test is a 6KN one . A 
cylindrical workpiece is moulded by the suppl ier. Standard cylindrical workpiece 

with a diameter d0 of 29mm and height h0 of 13mm is used. 

The bottom of the workpiece is glued on the steel cylinder to ensure a 
permanent position . The steel cylinder is filled with solvent or paint before 

cycling to reproduce industrial chemical environment. The Figure 3-3 shows the 

stand on the testing machine. A sinusoïdal displacement with a frequency ( f ) 

and an amplitude ( dh",.,x ) is imposed. A small initial compression on the 

workpiece permits to keep the contact during the cyclic compression test. The 
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load response is recorded every hundred cycles. This cyclic compression test 

brings the experimental curves to determine the coefficients of the behaviour 

law. The linear viscoelasticity theory is used to compute the parameters of the 
generalized Maxwell madel and finally Prony series. 

The representative frequency and amplitude of solicitation to the production line 
are exposed in the next paragraph. 

Work piece 1 

100 mm 

Sol vent r 
50 mm 

l 
Steel cylinder 

Figure 3-3: Specifie deviee for the cyclic compression test 

2.2 Cyclic compression test conditions to reproduce inline solicitations 

lnline , the elastomer of the applicator roll undergoes upsetting followed by 

relaxation time. The elastomer is in contact with the strip and the pick-up roll 
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(Figure 3-4 ). The frequency of solicitation is a function of the line speed, roll 
speed and roll diameters. The goal of the cyclic compression test is a 
reproduction in laboratory of the solicitation undergone by elastomer on the roll 
coater. 

The cyclic compression test is performed during 7500 cycles in different 
selected environments. The number of cycle corresponds to 2700m of painted 
strip during an inline production. The reference line speed is 85m/min with an 
applicator roll speed of 110%. We consider two upsetting by revolution because 
of the applicator/pick-up and applicator/strip contacts. 

Applicator roll 

One contact 
with the strip 

Pick-up roll 

One contact with 
the pick-up roll 

Figure 3-4: Contact localisation on the applicator roll 

The computed frequency f for the cyclic compression test is the double 

frequency of rotation w of the applicator roll defined by equations (3-1 ), (3-2). 

Va 
W=- (3-1) 

Ra 

f=2w (3-2) 

With, 

:J;> Va the applicator roll speed (m/s} 
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);> w the applicator roll frequency of rotation (tr/s) 

).- Ra the applicator roll radius (m) 

).- f the cyclic compression test frequency (Hz) 

The calculated frequency of the cyclic compression test is f =3.8Hz. To 

perform the cyclic compression test, we need of the inline upsetting amplitude 
(Ng). Figure 3-5 illustrates the evaluation of Ng. 

lndustrial roll coater 
Measured industrial 

adjustment for 
load Findustrial selected studied case 

l 
Finite element 

Rolls diameter, simulation of the 
Materials, Speed contact between 

applicator and pick-up 

! 
Determination of Ng 

corresponding to 
F industrial 

! 
Initial compression 

for cyclic compression test equal Ng 

Figure 3-5: Ng evaluation for the imposed initial compression 

A numerical simulation of the contact is performed to obtain a load reaction as a 

function of the roll coater adjustment. The evaluated Ng is around 2mm for a 
usual inline application with the selected roll coater configuration of the chapter 

2. This value will be used as initial compression in the cycl ic compression test. 

The amplitude of solicitation dh max is 1.5mm around this initial compression to 

keep the contact during test. 

The next paragraph exposes the used equations and model in the methodology 

of identification . The final results will be the Prony series to reproduce the 
viscoelastic behaviour of the elastomer roll cover in f1inite element simulation. 
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2.3 Linear viscoelasticity theory 

A sinusoïdal displacement is applied on the workpiece and the following 
equivalent strain is used: 

e(t) = ê 0 sin(wt) with (3-3) 

With, 

~ ê 0 the maximum imposed strain 

~ w (radis) the pulsation 

~ t (s) the time 

~ 

~ 

~ 

~ 

~ 

The corresponding stress answer (3-4) computed from the load response is 

sinusoïdal with a phase angle difference cp ranging between [0; JC ]. 
2 

a(t) = Œ 0 sin(wt +cp) with F:nax O'o=--
(3-4) 

So 

With, 

a
0 

the maximum stress 

w (rad/s) the pulsation 

t (s) the time 

cp (rad) the phase angle 

S0 {mm2
) the initial section 

The elastomer behaviour is a function of the phase angle between strain and 
stress. The elastomer is completely elastic if cp =0 or completely viscous if 

7C 
cp=-. Between these two values the elastomer has a viscoelastic behaviour. 

2 
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' ' . ' . ' . 

Imposed 
strain 
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Corresponding 
stress 
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Figure 3-6: lmposed strain and corresponding stress 

for viscoelastic material 

From the complex representation of the equations (3-3), (3-4), the 

corresponding complex Young modulus: E. = Œ (3-5) is defined as follows: 
e 

(J" 0 . (J" 0 (3-5) 
E *exp = -e''P = -(coscp+ isincp) = E'+iE''= E'(l + itgcp) 

éo éo 

with, 

);;.. lE* exp 1 = Œ 0 the dynamic Modulus 
éo 

);;.. E'exp = IE*explcoscp the real part of the dynamic Modulus. lt characterizes the 

response that is in phase with the excitation. E'exp is called the « Storage 

Modulus ». lt corresponds to the measurement of the energy stored and 
restored during a cycle. 

~ E" exp = lE* exp 1 sin cp the imaginary part of the dynamic Modulus. lt characterizes 

the response that is in quadrature with the excitation. E''exp is called the « Loss 

Modulus ». lt corresponds to the measurement of the dissipated energy du ring 
a cycle. 

Figure 3-7 illustrates the dynamic modulus through the imaginary representation 
as described above. 

78 



Chapter 3: Numerical strategy for wet thickness and free surface prediction 

lmaginary 

E" 

Real 

E' 

Figure 3-7: Dynamic modulus in the complex plan 

Experimental test permits to compute the real part E'exp and imaginary part E"exp 
of the complex modulus. These two values will be the references for the 
determination of the mathematical mode! coefficients. The selected 
mathematical mode! is the Maxwell generalized mode!. lt is selected to 
reproduce the behaviour of the Polyurethane in the numerical simulation. 
Finally, it will be transformed in Shear relaxation Prony series. The finite 
element program need this formulation to simulate the viscoelastic behaviour. 

2.4 Generalized Maxwell model identification 

The next step is the determination of the behaviour law coefficients. Figure 3-8 
illustrates the Maxwell generalized mode!. 

E. 
1 

1J; 

Figure 3-8: Maxwell generalized model 

This mode! is chosen since it can mode! a wide range of time-dependent 
viscoelastic behaviour with their spring-dashpot elements in parallel. Validation 
of the result will show good accuracy of the model with n=1. 

The elastic relaxation modulusE(t) is described by equation (3-6) as follows: 
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__ ,_ E --'-
E (t) = E + E e '""Tl/ = E (1 + - 1 )e '"'"" mun co 1 co E 

C1) 

With the relaxation time coefficient (3-7), 

TJ, 
r,mm=E 

1 

With, 

~ TJ 1 the dashpot coefficient 

~ E 1 the corresponding elastic coefficient (spring) 

~ E"' the long term elastic coefficient 

(3-6) 

(3-7) 

For a harmonie excitation, the dynamic Modulus E * (w) is computed with the 

Fourier transform of the normalized Modulus (3-8): 

C1) E --'- " 
Ft( W) = J-' e '""'" e -""1 dt 

o E"" 

The relation between the dynamic Modulus E *and Ft is defined by (3-9), 

E*(w) = iw·Ft(w) 

(3-8) 

(3-9) 

ln this case, the integration of (3-8) with the factorized form of (3-6) gives (3-10), 

E*(w) = E"' 

{
ill'+-' )/ 00 

E exp '"""' 1 +iw. ,. 
1 

Eoo--+iw 

(3-10) 

r/111111 0 
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And, the final expression of the dynamic Modulus E * (3-11) 

iwE1 E*(w) = Eà.J +--.!..._ 
1 . 

--+lW 

'L/111111 

(3-11) 

The dynamic modulus E * can be separated in real and imaginary part as 

previously seen in Figure 3-7. ln this case, we can write E* = E'+iE" to obtain 

E'/111111 and E"/111111" 

Equation (3-12) and (3-13) defines E' 111, 111 and E"ll/1/ll: 

(3-12) 

(3-13) 

The real part E'
1111111 

and imaginary part E",111111 expressions are known for the 

single term generalized Maxwell madel. ln the experimental part, cyclic 
compression test and linear viscoelasticity have been used ta determine the 

values of E'exp and E"exp. The goal of this identification methodology is to 

compute the three coefficients E"', E1 , 'i 1111111 of the Maxwell madel to fit on the 

experimental results. An optimization program on Matlab© software is 
developed to perform this curve fitting. We use optimization and curve fitting 
toolbox in this case. Nonlinear models are more difficult to fit than linear models 
since the coefficients cannat be estimated using simple matrix techniques. 
lnstead, an iterative approach is required. Figure 3-9 illustrates the different 
steps of the optimisation. First, we start with an initial estimation for each 
coefficient. This estimation of Prony series coefficients cornes from a tire study 
[45]. The elastomer properties used to manufacture tire are closed to our 
polyurethane one. Optimization program produces the fitted curve for the 
current set of coefficients. lt adjusts the coefficients and determines whether the 
fit improves. The direction and magnitude of the adjustment depend on the 
fitting algorithm. ln our case, the Trust-region method is used for non-linear 
minimisation [46]. The process iterates by returning to previous step until the fit 
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re aches the specified convergence criterion. The convergence criterion is 1 o·3• 

Finally, the result is the three coefficients of the general ize Maxwell madel. 

Initial set of coefficients : 
E.,,Et,-rt,E*exp 

! 
1 

Evaluation of E *,
11111 

1 

New set of 
coefficient 

! 
Criterion 

convergence : 

E*mm1 -E*exp 
<10"3 

E*exp 

! ! Trust region non 

1 
Y es 

1 1 
No ~ linear minimisation for 

l 
E* -E* exp 1wm 

Final coefficients for 
the behaviour law 

Figure 3-9: optimisation diagram 

The Prony series coefficients can be evaluated from E' 1111111 and E"
111111

,for the 

finite element madel. 

2.5 Prony series coefficients evaluation 

The finite element code uses a single term Prony series based on the Shear 

relaxation modulus Gr defined by(3-14). 

Gr(t)=G0 (1-g1(l-e '')) 
(3-14) 

With, 

~ G0 the instantaneous shear relaxation modulus 

~ 1'1 the shear relaxation time 
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~ g 1 the Prony series spring coefficient. 

We need to compute g 1 , -r1 G0 from the single term Maxwell function. The 

linear viscoelasticity hypothesis are used to performed this computation. The 

different used relation to determine the bulk modulus K (3-15), shear modulus 

G (3-16) and Young Modulus E0 (3-17) are defined as follows: 

K= Eo 
3(1- 2v) 

G= 3E"' 
9K-E1 

(3-15) 

(3-16) 

(3-17) 

We know ali the parameters and the final relations for the Prony series 
coefficients are (3-18), (3-19), (3-20) [7], 

9K -E -E -r = oo 1 , 
I 9K-E mml 

00 

Go= 3K(E"' +E1) 

9K -(E"' +E1) 

(3-18) 

(3-19) 

(3-20) 

The equations to determine the parameters of the behaviour law are 
established. The experimental results, computed coefficients and numerical 
validation for one example of elastomer are presented in the next part. 
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2.6 Validation of the behaviour law with numerical compression test 

2.6.1 Geometry and boundary conditions 

The numerical compression test is modelled via a rectangular mesh (Figure 
3-10) 14.5mm length and 13mm heightl with 100 plane stress axisymmetric 
elements with 4 integration points. 

Friction coefficient 

1 

1 

1 

1 

' ,;1 ~ 

1 

' 
' 
1 

1 1 1 1 

1 

,+r-I 

Rigid body for the 
moving crosshead 

Axisymmetric 
element 

Figure 3-10: Numerical compression test, geometry and boundary conditions 

Axis of revolution for the symmetry is the centre of the workpiece. The basis of 
the rectangular plane has a zero displacement to model the glue on the 
experimental test. A rigid line represents the moving crosshead. Between the 
rigid line and the top of the rectangular plane, a friction coefficient of 0.8 is used 
[47]. An initial compression is imposed by the rigid line displacement. When the 
rigid line is in position, a sinusoïdal displacement is imposed for one cycle. The 
displacement cornes from the experimental results for an accurate modelling. 
The elastomer in ambient environment (ie, without solvent or paint) is chosen 
for the comparison between the experimental and the numerical stress. 
Coefficients computed by the above methodology are summed-up in Table 3-1. 

Table 3-1: Polyurethane properties without solvant from cyclic compression test 

Elastic Shear relaxation time 
Poisson ratio g1 

Modulus (Mpa) 't'1 (s) 
2.04 0.49 0,32 0.034 
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2.6.2 Results 

The numerical response using the identified parameters of the Prony series is in 

good agreement with the experimental response of the elastomer without 
solvent (Figure 3-11 ). 

z 
"0 
Cil 
0 

...J 

Displacement (mm) 

-Experimental 

- - Numerical 

Figure 3-11: Numerical response with the computed parameters and experimental 
reference response, Polyurethane in dry condition , f=3.8Hz, dhmax=2mm 

The small gap between curves is due to the numerical optimisation. This 
operation requires an approximation of the sinus response of the experimental 

load. This approximated sinus is shifted compared to the initial experimental 
response. When the computation of the phase angle is done, the obtained final 

relaxation time can be different from the experimental value. For the 
comparison presented in Figure 3-11 , the average relative error between the 
numerical and experimental value is 1.5% but we have a standard deviation 

around 48 for many value. The global numerical response is in good agreement 
with the experimental load response and then , the behaviour law determination 

methodology is validated. The model can be used for industrial elastomer in 
specifie environments. 

2.6.3 Conclusion 

The determination of the elastomer behaviour law associated to a chemical 
environment has been presented in this previous part. A complete methodology 
has been developed and used to identify the coefficients of the Prony series. 

The Prony series will be used to model the real elastomer behaviour in a 
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numerical simulation of the roll-coating process. The Prony series is a 

reformulation of the selected generalized Maxwell madel. The generalized 

Maxwell madel coefficients have been identified from the experimental results of 

the cyclic compression test. Finally, the behaviour law has been validated. 

The elastomer behaviour evolves in time and is a function of the solvent and 

paint environment. The next paragraph deals with the cyclic compression 

results characterizing the selected industrial materials and environments. 

2.7 Cyclic compression test on selected industrial materials 

On Corus-Myriad production line, the elastomeric roll caver is in contact with 

different industrial paints, diluent to adjust the viscosity or cleaning solvents. 

These fluids in contact with elastomer are called environment in the following. 

During application the wet thickness and ribbing defect evolves for a given roll 

coater adjustment. ln arder to understand these observations and problems, we 

have to determine elastomer behaviour laws for different environments. This 

step is possible with the specifie cyclic compression test: this test permits to 

analyse the elastomer response according to the time as a function of the 

environment. The determined behaviour laws will be used to perform an 

accu rate modelling of the roll coating process. 

2. 7.1 Review of the selected mate rials 

The materials in the roll coating application can be shared in two groups: the 

deformable roll caver and the fluid. Table 3-2 sums-up the selected roll caver 

materials and fluids by designation. The used elastomers are PU , EPDM and 

NITRILE . The used fluids are polyester top coat, polyester diluent and cleaning 

solvent with Metyl Ethyl Ketone (MEK) and without MEK. 

Table 3-2: Materials and designation 

Elastomer roll cover 
1 

Description Code 

Polyurethane PU 
Ethylen propylen terpolymer EPDM 
Butadiene acrylonitrile NITRILE 

Fluid 
Description Code 

White Polyester resin , top coat no1 TC1 
White Polyester resin , top coat no2 TC2 
Polyester diluent to decrease polyester resin viscosity Pdi 
Cleaning solvent with Methyl Ethyl Ketone CSM 
Cleaning solvent without Methyl ethyl ketone CSWM 
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The Table 3-3 associates the roll cover materials and fluids in cyclic 

compression test. 

Table 3-3 : Roll caver and associated paint during cyclic compression test 

---- PU EPDM NITRILE 

TC1 Y es Y es Y es 
TC2 Y es No No 
Pdi Y es No No 
CSM Y es No No 

CSWM Y es No No 

The usual elastomeric roll caver used in Myriad is Polyurethane (PU). This 

materialisa reaction between diisocyanate (aromatic and aliphatic types) and a 

polyol, typically a polyethylene glycol or polyester polyol , in the presence of 
catalysts and materials for controlling the cell structure. Polyurethane can be 

made in a variety of densities and hardnesses by varying the type of monomer 

used and adding other substances to modify their characteristics . Other 

additives can be used to improve performance and stability in chemical 
environments (aliphatic hydrocarbons, aromatic hydrocarbons, ketones, esters) . 

Suppliers propose other roll caver material. We will study two of them to 

increase the knowledge : the EPDM and NITRILE. 

Ethylen propylene terpolymer rubber (EPDM) is obtained by a copolymerisation 

of ethylene and propylene in equal proportion. An added diene inside permits to 

obtain the necessary double linkage for a good vulcanisation . The properties 

are closed to the natural rubber but with a glass transition temperature around -

55°C. 

Butadiene acrylonitrile (NITRILE} is a synthetic rubber copolymer ·and 

butadiene. lts physical and chemical properties vary depending on the 

polymer's composition of acrylonitrile within the polymer. This material is 

generally resistant to aliphatic hydrocarbons. However, it can be attacked by 

aromatic hydrocarbons, ketones or esters. 

We select two paints usually sensitive to the ribbing defect. The two selected 
paints are white polyester resins used as top coat (TC1 , TC2). 

lnline, diluent is used to decrease the viscosity and improve the paint 

application quality. To understand this quality improvement and influence on the 

elastomer, an aromatic diluent is selected (Pdi). 

At fast , two cleaning solvents are selected (CSM, CSWM). The first is the initial 

formulation with Methyl Ethyl Ketone. The second is the modified formulation 

without Methyl Ethyl Ketone to reduce the environment and toxicity impact. 

These two solvents are used to clean the roll coater. 
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2.7.2 Cyclic compression test results 

The cyclic compression test has been performed on the PU and two other 

materials EPDM, Nitrile in the different presented environments TC1 , TC2, PDi, 

CSM and CSWM. The load response according to the time is proposed in 

Figure 3-12. The load response is the direct measurement for the imposed 2mm 

on the workpiece coup led to the cyclic sa licitation ( dh max , f ). Before each 

cyclic compression test 100 cycles are performed to en sure an initial 
accommodation and to limit error of measurement in the first cycles. ln arder to 

complete analysis, a load variation compared to the first load response is 

established in Figure 3-13 . The elastomer response evolves as a function of the 

chemical environment. The presented values in this analysis come from the 

equilibrium state around 6500-7000 cycles. 

"Y Global load response analysis 

800 

-750 
~ 
~ 700 -+- PU-Dry condition 
r::::: 
0 -e- PU-TC1 
~ 650 
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Cil ... 

'#'~.ee&<ilee€~:::::::::::::=::=====~ -- PU-TC2 ~ ~ PU-CSM 

,....,._~ ... _..._;._~~~~~~~~~;a.lilW-. .... U.~ -- PU-CSWM 
V/; -R- PU-TC2-PDi 
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Fig ure 3-12: Elastomer load response in different environments as a function of 

the solicitation cycle, f=3.8Hz, dhmax=1.5mm, Ng=2mm 

The first observation is the influence of the environment on the PU. We can 

show an offset around 300N for the same PU with two different environments 

(PU-CSM and PU-TC2-PDi). The PU is chemically modified by environment. 

This modification is highlighted by its behaviour evolution . The maximum is 
720N for (PU-CSM). The CSM increases the PU stiffness. The minimum load 

response is 420N for (PU-TC2-PDi). The PDi decreases the PU stiffness. ln 

addition , we can show the less influence of the CSWM on the PU. The curve 

with this cleaning solvent (PU-CSWM) is the same that the one obtained with 

(PU-dry cond ition) . 

88 



Chapter 3: Numerical strategy for wet thickness and free surface prediction 

EPDM and Nitrile have been tested in TC1 (EPDM-TC1 and Nitrile-TC1) 
environment. The load response of each one of them is compared to the PU in 

the sa me environ ment (PU-TC1 ). The load response for (PU-TC1) is the lowest 
with 470N. The load response for (Nitrile-TC1) is the highest with 640N. We 

have an offset of 170N between (PU-TC1) and (Nitrile-TC1) for the same 
chemical environment (TC1). EPDM response is closer from the Nitrile 

response than the PU response. 

The Young Modulus modification as a function of the environment explains this 

load variation response. The Young modulus for PU-CSM is the highest with 

2.8MPa. The Young Modulus for PU-TC2-PDi is the lowest with 1.6MPa. These 
Young modulus are found to be in good agreement with the load response 
measurement during test. 

The second observation is the material behaviour accommodation to the 
imposed solicitation. ln fact, the elastomer behaviour is a function of the 

temperature, the frequency of solicitation, the amplitude of solicitation and the 
chemical environment. Figure 3-13 allows to better understand the different 

elastomer accommodation states as a function of chemical industrial 
environ ments. 

~ Elastomer accommodation states: load variation analysis 

This figure shows the load variation face to the first cycle as a function of 
solicitation cycles for different elastomer and environment. 

40 

-+- PU-dry condition 
-.!!-- PU-TC1 
-+- PU-TC2 
-- PU-CSM 
-- PU-CSWM 
-e- PU-TC2-PDi 
-+- EPDM-TC1 

-~~~iallllel<~~ --(>-- Nitrile-TC1 

-60 

Cycle no 

Figure 3-13: Elastomer load variation to the first cycle response as a function of 
the solicitation cycle, f=3.8Hz, dhmax=1.5mm, Ng=2mm 
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An important observation is the difference between the responses in polyester 
resin TC1, TC2 and the response in solvent CSM, CSWM, PDi. We can share 
in two groups the load responses. 

• Group 1: TC1 and TC2 

The load variation can be divided in two parts. A high load increasing to reach a 
maximum corresponding to 1200 cycles. A slow decreasing to reach an 
equilibrium state around 6000 cycles. 

The polyester resins seem to increases the load response of the PU, NITRILE 
and EPDM. lnline, this load variation in two phases will involve a wet thickness 
decreasing followed by a wet thickness increasing in a second time for a same 
roll coater adjustment. 

The EPDM has a load increasing and a slow load decreasing to reach an 
equilibrium state. This material seems the best to have a fast and constant roll 
coater adjustment. ln opposite way, Nitrile has a load increasing followed by an 
important load decreasing. ln this case, it is very difficult to anticipate the roll 
coater adjustment. 

• Group 2: CSM, CSWM and PDi 

The load variation corresponds to a slow decreasing to reach an equilibrium 
state around 6000 cycles. 

PU in the cleaning solvent with MEK (PU-CSM) has the same behaviour that in 
dry condition (PU-dry condition). The load decreases and reaches an 
equilibrium state. lnline, these solvent is used between colour resin 
modifications on the roll coater to clean it. lt is difficult to establish a relation with 
the inline behaviour, but we have shown an increase of the load response with 
this type of solvent on the global response. 

For a same roll coater configuration obtained different inline wet thickness and 
application quality one. The cyclic compression test observations confirm the 
chemical environment influence on the elastomer behaviour. ln the next point, 
the computed Prony series corresponding to cyclic compression test are 
exposed with analysis of these coefficients in relation with the load response. 

2.8 Sum-up of mate rials properties for the F .E.M simulations 

A set of elastomer and fluid have been used and characterized with the cyclic 
compression test in association with the identification methodology. ln order to 
perform the F.E.M simulation and correlate with the experimental part, a sum-up 
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of the experimental results material is presented. Table 3-4 sums-up the Prony 
series results of the elastomer behaviour law. 

Table 3-4: Prony series coefficient for different Elastomeric roi! cover and 
associated environment of the cyclic compression test 

Elastomer material beahviour coefficents for FEM simulation 

Young Modulus Shear relaxation time Poisson ratio 
Designation 

E(Mpa) 
g1 

"t'l(s) v 

PU 2,04 0,32 0,034 0,49 
PU--CSM 2,8 0,32 0,034 0,49 
PU--CSWM 1,96 0,32 0,044 0 49 
PU--TC1 1,78 0,32 0,146 0,49 
PU--TC2 1,71 0,32 0,034 0,49 
PU--TC2--Pdi 1,6 0,32 0,002 0,49 
EPDM--TC1 2,55 0,32 0,036 0,49 
NITRILE--TC1 2,57 0,32 0,059 0,49 

ln these results, g1=0.32 and v=0.49 are constant for each selected case. The 
two coefficients E the Young Modulus and 1:1 the relaxation time evolves as a 
function of the material and environ ment. The coefficients proposed in this table 
are the results corresponding to 7000th cycle. 

ln the previous analysis, (PU-CSM) gives the higher load response and (PU
TC2-PDi) the lower one. ln the Prony series result, the Young Modulus agrees 
with these observations. (PU-CSM) gives 2.8MPa when (PU-TC2-PDi) is 
1.6MPa. (PU- dry condition) is between these two values with E=2.04MPa so as 
the load response. 

The relaxation time is also very different. (PU-CSM) has t 1=0.034 when (PU
TC2-PDi) has 1:1=0.002. ln the load variation response, (PU-CSM) has a loss of 
(40N) when (PU-TC2-PDi) has no load variation compared to the first cycle. We 
can show a similarity between PU-dry condition and (PU-CSM) with t1=0.034. 
The load variation is the same in the Figure 3-13 with (-40N) for both cases. 
The relaxation time correlates the load/time variation of the elastomer as a 
function of the chemical environment. The relaxation time influence will be 
discussed in the numerical simulation plan. 

A numerical simulation of the process is performed to better understand the 
load variation influence in the gap and its influence on the flow rate. The goal is 
to analyse for the same roll coater adj~stment the influence of the load variation 
on the ribbing wavelength and final wet thickness. 

3. Numerical simulation strategy by an example 

The F.E.M simulations of the roll coating process will be done in two steps. The 
first is the simulation of the deforma ble contact between applicator roll and pick-
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up roll without fluid. The goal is to obtain the mechanical pressure in the contact 
for a selected behaviour law of the elastomer and a set of adjustment 
parameters. 

Second, we perform a F.E.M simulation of the flow rate between these two rolls 
without deformable part. An imposed pressure field as boundary condition 
computed in the deformable simulation models the elastomer impact on the 
fluid. The goal is to obtain the free surface position and associated wet 
thicknesses on each roll. 

This numerical simulation plan is presented through a complete example. This 
example is detailed in the following part. 

3.1 Deformable F.E.M simulation between applicator and pick-up rolls 

3.1.1 Geometry and boundary condition 

Figure 3-14 presents the numerical simulation of the deformable contact without 
fluid (A) and the associated real contact on the industriel roll coater (B). 

This contact is studied for a real line speed of 85m/min. Two rigid bodies madel 
the pick-up and the core of the applicator rolls. Their centre of rotation drives 
these two rolls. The applicator and pick-up roll speeds are respectively 110% 
and 30% of the line speed. The elastomeric applicator cover is polyurethane 
composed of 17500 plane strain linear elements with 4 integration points. The 
elastomer thickness is 37.5mm. The behaviour law used in the simulation is the 
Prony series computed in the previous part for the polyurethane in polyester top 
coat 1 (PU-TC1 ). ln a first step, the pick-up roll penetrates the applicator to 
reach an initial compression of 2mm. Then, the centres of the applicator and 
pick-up rolls begin their rotation. Ta reproduce the influence of the fluid in the 
contact a friction coefficient of 0.03 is applied between these two rolls [49]. 
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Applicator roll : 
Rigid body core 
lnterior diameter Dai= 190mm 
Polyurethane caver 
Exterior diameter Dae=265mm 

Appl icator roll speed Wa 
110% ofls 

Initial compression 
2mm 

Load reaction 

(B) 

Pick-up roll : 
Rigid body 
Diameter Dp=290mm 

Pick-up roll speed Wp 
30% of Ls 

Elastomer roll 
co ver 

Contact 
length 

(A) 

Figure 3-14: Deformable F.E.M simulation between applicator and pick-up rolls(A) and 
associated real contact (B) 
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3.1.2 Results of the structural numerical simulation 

);;- Load reaction 

The first result is the load reaction for the imposed 2mm initial compression. 

The layer thickness is 37.5mm with a PU-TC1 behaviour law for the elastomer. 
The experimental measurement of the chapter 2 gives one Joad measurement 
for the same roll coater adjustment. This experimental Joad is compared to the 

numerical one in order to correlate the F.E.M simulation result with the 

experimental data . We can show a good agreement. The Figure 3-15 shows 
the load reaction comparison . The load reaction is given on 0.1 s. This is the 

time of the rotation in the simulation after the initial compression. The load 
reaction reaches a constant value of 7333N after an initial increase. 
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.. . ... . .. . .. . . . .... 
Experimentalload 
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= 6866N/m 

0,08 0,1 

Figure 3-15: Load reaction in the centre of applicator roll during simulation, PU

TC1, Ls=85m/min, Va=11 0%, Vp=30%, initial compression=2mm, Layer 

thickness=37,5mm 

.,_ Stress field in the elastomer layer 

The imposed external load implies a material response. ln our case , the 

elastomeric roll cover is a viscoelastic material defined by a Young Modulus, a 
Poisson ratio and a relaxation time. Figure 3-16 shows the Von Mises stress in 

the elastomer thickness. Figure 3-17 illustrates the shear stress localisation in 

the layer thickness. 

94 



Chapter 3: Numerical strategy for wet thickness and free surface prediction 

S. MIS&S 

(Ave Cnt ï5%) 
+ 1 613e-01 
+1 4ï9e-01 
+ 1 345e-01 
+ 1 210e-01 
+ 1 076e-O 1 
•9"12e-02 
+8 067e-02 
+6 723e-02 
+5 3ï8e-02 
+4 034e-02 
•2 639e-02 
+ 1 345e-02 
+2 249e-06 

., 

L ~.,-----------, 
Step ro tat1on 
Increment 44 Step Ttme = 0 1000 
Pnm~ry Var S MJ<;l=!o;; 
Deforrred Var U Oeformatl•)n Scale Fa:;tor +1 OOOe+Oû 

Figure 3-16: Von Mises equivalent stress in the elastomer layer, PU-TC1, 
Ls=85m/min, Va=110%, Vp=30%, initial compression=2mm 
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Figure 3-17: Shear stress in the elastomer layer, PU-TC1, Ls=85mlmin, Va=110%, 
Vp=30%, initial compression=2mm 

The maximum equivalent stress is cr=0.16MPa at 7.3mm deep. The absolute 
maximum shear stress is r = 0.065MPa at 5.7mm deep. Two zones of 

maximum shear exist: one near the contact inlet and one near the contact exit. 
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~ Mechanical pressure at the pick-up/applicator interface 

The last important information used in the numerical plan is the mechanical 

pressure obtained in the contact for a set of adjustments. Figure 3-18 illustrates 

the mechanical pressure result obtained for this example. 
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Figure 3-18 : Mechanical pressure in the contact for the PU-TC1 studied case 

The maximum mechanical pressure is P=0.25 MPa near the centre of the 

contact. The contact length L is around 28 mm. From this result, a third order 

polynomial approximation is fitted to obtain a coefficient of determination at 
least 99%. ln this example the approximation gives equation (3-21 ). 

~1,1 (x)= 0.0059 + 0.058x - 0.0054x 2 + 0.0002x1 
(3-21) 

This result will be implemented in the flow rate simulation to represent boundary 

condition . The next paragraph deals with the dynamic fluid simulation. 

3.2 Fluid dynamic F.E.M simulation 

3.2.1 Geometry and boundary conditions 

Figure 3-19 presents the simulation of the flow rate with free surface between 
applicator and pick-up rolls. Table 3-5 sums-up the properties of the used fluid 

in the free surface simulation. 
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Table 3-5: Experimental paint properties of t he selected flu id 

Fluid properties for FEM simulation 

Designation Density(kg/m3) Viscosity(Pa.s) Surface tension(N/m) 
TC1 1390 0,51 0,035 

Applicator roll 
outline : 

Tangential speed 
imposed V ta 

Pick-up roll 
outline: 

Tangential 
speed imposed 

Vtp 

Fluid 

(A) 

(8 ) 

Figure 3-19: Dynamic fluid F.E.M simulation (A) and associated real contact (B) 

The fluid numerical simulation is defined by the outline of the applicator and 

pick-up rails. lt is composed of 1500 quadrangle elements with 4 integration 

points. The output of the contact is a free surface governed by its surface 

tension. The inlet is modelled by a speed flooded condition . A tangential speed 

is applied to the fluid located on the applicator and pick-up rolls outl1ine. 
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3.2.2 Specifie pressure boundary condition determination 

The numerical plan is based on a mechanical pressure transfer from the 
deformable simulation to the free surface fluid simulation. This transfer is 

performed by an imposed pressure field as boundary condition illustrated in 

Figure 3-20. This imposed pressure field is the sum of the mechanical pressure 
result (3-21) (deformable F.E.M simulation) and the pressure resulting (3-22) 

from an initial free surface F.E .M (without imposed pressure field) . 

lmposed pressure field 

------- ----~-----

Applicator and pick-up 
outline to limit the fluid 

mesh 

-------------------------------ï-----------------------------------------------

Deformable F.E.M with 
Mechanical pressure result 

1 
1 
1 

1 Free surface F.E.M with imposed pressure 
field as boundary condition 

Figure 3-20: Pressure field transfer in the free surface F.E.M simulation 
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Figure 3-21: Pressure result in the contact from the fluid dynamic simulation 
without imposed pressure field of the deformable F.E.M; TC1, Ls=85m/min, 

Va=11 0%, Vp=30% 

Figure 3-21 illustrates the initial fluid dynamic simulation. The result is a 
classical curve for this converging-diverg ing flow rate [40] . The curve is not 

symmetric to the x-axis. The pressure amplitude is in the range [-0 .12MPa; 

0.16MPa]. 

A third arder polynomial approximation of the pressure result is done (3-22) as 
the deformable F.E.M simulation. 

p f/wd (x )= 0.0724 + 0.0324x - 0.0032x 2 + 7.1 o-5 x 3 
(3-22) 

The final imposed pressure as boundary condition is the sum of (3-21 ) and 

(3-22). The result is equation (3-23): 

p""" (x) = 0.363 - 0.0248x - 0.00 1x 2 + 7. 1 o-5 x 3 (3-23) 

Figure 3-22 illustrates the pressure resu lt (3-23) that will be used as boundary 

condition in the free surface F.EM simulation (Figure 3-20). Th is pressure 

reproduces the elastomer impact on the flow rate. The meniscus position and 

associated wet thickness willl be obtained by this simulation . 
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Pressure boundary conditions for the free surface F.E.M 

~-------------------10~-------------------------, 

y= 7E-05x3
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Figure 3-22: Pressure field as boundary condition in the free surface F.E.M 

simulation 

The pressure transfer between the deformable F.E.M simulation and the free 

surface F.E.M simulation has been presented. The next paragraph gives the 

obtained results in terms of free surface position, wet thickness and velocity 

vectors field . 

.,.. Velocity vector 

Figure 3-23 presents the velocity vector near the free surface. The velocity in 

the numerical simulation is in ( mm/s ). The applicator roll speed is 1560mm/s 

(110% of the 85m/min line speed) . The pick-up roll is 425mm/s (30% of the 

85m/min line speed) . 

We can show a low speed zone in blue with V=70mm/s when the applicator roll 

speed is 1560mm/s. This is the film split area where the film separates in two 
unequal wet thicknesses. This low speed area measures around 2501-Jm in this 

example. The free surface position will modify this zone length and then the film 

split position and stability. 

We have seen the influence of the free surface position on the ribbing 

wavelength through the literature in chapter 1 and experimental investigation in 

the chapter 2. This numerical approach will lead us to have an accurate 

analysis of the roll coater parameters on the free surface position. 
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Figure 3-23: Velocity vector to the output of the contact; TC1, Ls=85m/min, 

Va=11 0%, Vp=30% 

;;.. Free surface position 

Figure 3-24 illustrates the free surface or meniscus position. ln white , this is the 

initial position of the free surface before computation . ln green, this is the final 

position of the free surface after computation and convergence for the set of 

input parameters. When the free surface position evolves, the associated wet 

thickness on each roll evolves in the same time . 

Free surface position 
measurement 

Figure 3-24: free surface position, comparison between initial (white) and final 
position after computation (green) 
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The center of meniscus is the measured value to evaluate the position of the 
free surface. lt is 16.87 mm to the centre of the contact in this example. Figure 

3-25 illustrates the focus on free surface. 
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Figure 3-25: focus on the free surface 
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ln association with the free surface position, we have the wet thicknesses on 
each roll. These wet thicknesses are function of the pressure in the contact, roll 

speeds and fluid properties. The obtained results are: 

- Applicator roll wet thickness eanum=811Jm 

- Pick-up roll wet thickness epnum=371Jm 

We can compare these numerical wet thicknesses to the experimental one. ln 
the numerical simulation F.E.M, we have the pick-up roll wet thickness and the 
applicator roll wet thickness. ln our experimental investigation of the chapter 2, 
the associated result is the pick-up wet thickness since no applicator wet 

thickness is available. The experimental pick-up wet thickness is epexp=441Jm. 

The agreement is found to be good between experimental and numerical pick

up wet thickness with a difference of 15%. 

As comparison, Cohu experimentally studied a three deformable roll coater. He 
compared his experimental wet thickness measurement to a predictive wet 
thickness power law. He evaluated the relative error between experimental and 
mode! around 25% [28]. 
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The global numerical simulation strategy has been presented. The classical FSI 
framework has been simplified. First, a deformable F.E.M simulation gives 
mechanical parameters at the "pick-up/applicator" rolls interface. 

Second, these parameters are implemented in a F.E.M fluid madel to compute 
their impact on the paint behaviour, in term of free surface position and wet 
thickness at the exit. An example (Ls=85m/min, Va=110%, Vp=30%, PU-TC1, 
initial compression of 2mm, layer thickness=37.5mm) has been used to present 
the strategy. 

3.3 Numerical simulation plan 

The goal of the following simulation plan is to investigate with accuracy the 
influence of ali the parameter on numerical results. Two numerical modelling 
are available to study the deformable roll coating process. The first is the 
deformable F.E.M simulation. This one permits to analyse the elastomer 
behaviour in the contact and its influence on the geometry response. The next 
paragraph deals with the obtained results 

3.3.1 Contact pressure at pick-up/applicator interface : influence of 

elastomer behaviour and layer thickness 

~ Elastomer behaviour law influence on the deformable contact 

Different elastomeric roll covers in different industrial chemical environments 
have been studied. Their behaviour has been analysed through Prony series. 
Figure 3-26 presents the obtained mechanical pressure in the contact for the 
different behaviour laws. The mechanical pressure in the contact is a function of 
the elastomer properties since the other parameters are constant in this case 
(Ls=85m/min, Va=110%, Vp=30%, Poisson ratio=0.49, applicator 
diameter=265mm, pick-up diameter=290mm, layer thickness=37.5mm, initial 
compression=2mm). The mechanical pressure fields correlate the loads 
response coming from the cyclic compression test. The relaxation time could 
explain the difference. The curves are parabolic with a maximum mechanical 
pressure near the centre of the contact. The maximum mechanical pressure in 
the contact is 0.38MPa for the Polyurethane in cleaning solvent with MEC (PU
CSM). The minimum is 0.15MPA for the Polyurethane in polyester topcoat 2 
with diluent added (PU-TC2-Pdi). The difference between bath pressure values 
is 0.23MPa. We will show the influence of this difference on the free surface 
position and wet thickness in the free surface simulation results. 

The contact length is around 28mm. The contact length variation between the 
maximum and the minimum is 1 mm. 
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Figure 3-26: Mechanical pressure in the contact for the different behaviour laws, 
initial compression 2mm, Ls=85m/min, Va=11 0%, Vp=30%, Layer 

thickness=37,5mm 

The chemical environments imply different mechanical pressure response in the 

contact for the same material (PU). The mechanical pressure in the contact can 

be at least the double of the minimum value for two different used solvent (PDi 

and CSM) . These chemical environments act on the elastomer structure. This 

modification is directly indicative to a different mechanical response. 
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Figure 3-27: Maximum mechanical pressure in the contact as a function of the 
corresponding Young modulus for the different behaviour law 
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Chemical environments modify dynamic Young modulus and relaxation time of 
the elastomer(Table 3-4). ln Figure 3-27, we can see the maximal mechanical 

pressure in the contact and the associated computed Young modulus. The 
higher is the Young Modulus, the higher is the maximum pressure in the 
contact. The mechanical pressure in the contact agrees with the value of their 

Young Modulus. 

The relaxation time modify the mechanical pressure response. We use an 

additional study to show the relaxation time influence on the mechanical 

pressure in the contact. The PU-CSM case is selected for this study. 

lts initial relaxation time result is t 1=0.034. Two numerical simulations are 

performed with the same roll coater configuration and behaviour law. The 

difference is the relaxation time modification in these simulations to evaluate the 

influence of this parameter on the mechanical pressure and contact length . The 
two values are t 1=0.0034 and 0.34. Figure 3-28 exposes the mechanical 

pressure response and contact length for these two added simulations. 
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Figure 3-2-8: Mechanical pressure in the contact for PU-CSM, initial compression 
2mm, Ls=85m/min , Va=11 0%, Vp=30%, Layer thickness=37.5mm, two dljfferent 

relaxation time to1=0.0034 and 0.34 

The dynamic Young modulus is E=2.8MPa for the two curves. The mechanical 

pressure and contact length difference are observed as a function of the 
relaxation time. 

The mechanical pressure in the contact is 0.38MPa for t 1=0.34. The contact 

length is 28mm. These values are equal of the initial PU-CSM case. 
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The mechanical pressure in the contact is 0.29MPa when 1:1=0.0034. The 

contact length is 27mm. 

A difference is noted between two relaxation times on the mechanical pressure 
response and contact length. For the selected roll coater configuration, it seems 
to exist a limit of relaxation time influence. On one hand, for the PU-CSM 
example, we obtain equal result for E=2.8MPA with to1=0.034 and t,=0.34. On 
the other hand, a difference is observed when to1 =0.0034 with a smaller 
mechanical pressure and contact length result. ln fact, the peripheral roll speed 
is around 1500mm/s (11 0% of 85m/min) and then for 28mm, the material is 
deformed during 0.018s in the contact. This time is lower than 0.034 and 0.34. 
The elastomer do not has the time to relax the stress inside it and the pressure 
is maximum. 

ln fact, a same roll coater adjustment brings different mechanical pressure in 
the contact as a function of the elastomer behaviour. Moreover, the elastomer 
layer thickness modifies the pressure response in the contact. 

~ Layer thickness influence on the deformable contact pressure 

lnline, the deformable roll undergoes mechanical wear because of the contact 
with the strip during paint application. Surface finishing is performed to eliminate 
defects on the roll. This finishing implies a decrease of elastomer layer 
thickness, leading to a new roll when this thickness is not sufficient. This smaller 
layer thickness causes a modification of the roll coater adjustment for the same 
targeted wet thickness. A layer thickness variation is coupled to the mechanical 
pressure variation in the contact. The goal of this numerical simulation will be to 
evaluate the mechanical pressure in the contact for the different roll diameter 
evolution. A standard adjustment is expected to obtain the good wet thickness 
as a function of the roll coater configuration. The same contact configuration 
(contact length and mechanical pressure) can be obtained by a different 
imposed gap or load, for different elastomer layer thicknesses. 

Four deformable numerical simulations are performed to illustrate the layer 
thickness influence on the mechanical pressure and on the roll coater 
adjustment: 

The first is the above deformable simulation (Figure 3-14). The applicator roll 
diameter is Dae=265mm corresponding to 37.5mm elastomer thickness. The 
pick-up roll diameter is 290mm. The initial compression is 2mm. The line speed 
is 85m/min with Va=11 0% of Ls and Vp= 30% of Ls. The used behaviour law is 
PU-TC1. 

For this first simulation considered as reference, the maximal mechanical 
pressure in the contact is 0.25MPa with 28mm contact length. 
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A second simulation is performed with the same parameter but with a smaller 

applicator roll diameter. ln this case, Dae=255mm corresponds to 32.5mm 

elastomer thickness. 

The maximum pressure in the contact is 0.27MPa with 30mm contact length. 

A third and a fourth simulation are performed with the same parameters of the 
second case (smaller diameter). The difference is the initial imposed 

compression with respectively 1.5mm and 1.8mm. 

The maximal pressure is 0.22MPa and the contact length 24mm for 1.5mm 

initial compression . When, the initial compression is 1.8mm the mechanical 

pressure in the contact is the same that the reference case, equal to 0.25MPa. 

The contact length is also the same with 28mm . 

Figure 3-29 exposes the mechanical pressure in the contact for the four studied 

cases. 

0,3 

~ 0,25 

~ 
Q) 0,2 ... 
::3 
Ul --~>- Dae=265mm--2mm 
Ul 
Q) 

ii 0,15 
---+- Dae=255mm--2mm 

------ Dae=255mm--1.5mm 
iii 
.!:! 

0,1 c: 
--+- Dae=255mm--1.8mm 

Cil 
-'= u 
~ 0,05 

0 

0 5 10 15 20 25 30 35 
Contact length (mm) 

Figure 3-29: Mechanical pressure in the contact, PU-TC1, two deforma ble roll 

diameter (255mm,265mm) and different initial compression (1.5mm, 1.8mm and 
2mm) 

We have shawn the elastomer behaviour and layer influence on the mechanical 

pressure response in the contact. The free surface F.E.M simulation can be 

introduced to study the mechanical pressure influence on the free surface or 

meniscus position and on the wet thicknesses. 

3.3.2 Free surface F.E.M simulation results : influence of elastomer 

behaviour and roll speeds 
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, Elastomer behaviour law influence on the meniscus position 

Elastomer behaviour influence has been studied in the above paragraph. The 

result was a set of mechanical pressures in the contact. These different 

mechanical pressures have been implemented in the free surface F.E.M 

simulation. Figure 3-30 illustrates the different imposed pressure in the free 

surface F.E.M corresponding to the different elastomer behaviour law. 
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Figure 3-30: lmposed pressure in the free surface F.E.M for the different 
behaviour laws, initial compression 2mm, Ls=85m/min, Va=110%, Vp=30%, Layer 

th ickness=3 7 ,Sm rn 

The maximum pressure is before the centre of the contact. These curves agree 

with the literature observations [3]. The maximum pressure in the contact is 
observed for PU-CSM with 0.62MPa. The minimum is 0.25MPa for PU-TC2-

PDi. 

Three different selected cases: PU-TC1, PU-TC2 and PU-CSM illustrate the 

results of free surface F.E.M. in the following. TC1 and TC2 are the used paint 

of the chapter 2 experimental investigation. PU-CSM is the cleaning solvent 

used during trials . 

• Velocity vector 

Figure 3-31 presents the velocity vector in the meniscus zone for PU-TC1 in 

negative gap mode. The gap between rolls is around 70j..Jm . The film splits in 

two unequal wet thicknesses near the meniscus. We only present the PU-TC1 

since there are no important differences between PU-CSM, PU-TC1 and PU

TC2 for the speed vector field . We can show a low speed area (70mm/s) near 

the meniscus. The applicator roll speed is around 1560mm/s (110% of 85m/min 
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line speed) and the pick-up roll speed is 425mm/s (30% of 85m/min line speed). 

Moreover, there is no recirculation of fluid near the free surface as exposed in 

the literature [40] , [10]. 

Figure 3-31: Velocity vector for PUTC1 case, initial compression 2mm, 
Ls=85m/min, Va=110%, Vp=30%, Layer thickness=37,5mm 

Figure 3-32 illustrates a case with fluid recirculation near the free surface. The 

gap between rolls is 2mm and the dynamic viscosity is 1 Pa.s. The roll speed is 

very low around 1 mm/s. 

Figure 3-32: Velocity vector for a rigid roll case, positive gap of 2mm 

This type of speed vector field never appears in our industrial negative gap 

mode. The free surface area is smaller than the positive gap mode one. The 
meniscus is closer to the contact output. ln the negative gap mode, the 

elastomer viscoelasticity is a mainly parameter and affects the pressure in the 
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contact. A modification of the pressure modifies the free surface position near 
the contact exit. ln the next paragraph , the free surface F.E .M simulation results 

highlight this pressure influence on the free surface position and then on the 
ribbing defect wavelength. 

• Free surface position 

Figure 3-33 exposes the free surface position results for the three selected 

cases . The three-selected behaviour law are PU-CSM, PU-TC1 and PU-TC2. 
The used fluid properties are the one of Topcoat 1 (TC1) paint. ln fact, TC2 
properties are very close to the TC1 properties. 

The parameters of the simulation are Ls=85m/min , Va=110% of Ls, Vp=30% of 

Ls, Poisson ratio=0.49, applicator diameter=265mm, pick-up diameter=290mm, 

layer thickness=37.5mm, initial compression=2mm . The difference is the 
imposed pressure boundary corresponding to the behaviour law. 

We can show a modification of the free surface position as a function of contact 
pressure. The minimum free surface position is 16.85mm for the PU-CSM case. 

The maximum free surface position is 17.03mm for the PU-TC2 case . The PU
TC1 is between the PU-CSM and PU-TC2. 
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Figure 3-33: Free surface position for three different elastomer and TC1 paint, 

initial compression 2mm, Ls=85m/min, Va=11 0%, Vp=30%, Layer 

thickness=37,5mm, WL 

The correlation between this free surface position and the three dimensional 

ribbing wavelength is essential to use these madel in a predictive way to reduce 
ribbing . 
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Adachi [32] studied the ribbing instability for a rigid roll-plate apparatus. Figure 
3-34 illustrates the link between ribbing wavelength and free surface position. 

The ribbing amplitude and wavelength increases when the free surface maves 

far from the contact exit. lnversely, the ribbing wavelength and amplitude 

decreases when the free surface cames in the contact. 
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Figure 3-34: Adachi experimental observation between ribbing wavelength and 

meniscus position 

ln our experimental investigation , we have performed different ribbing 

wavelength photography on the deformable roll. Two different paints have been 

tested TC1 and TC2 . Table 3-6 sums-up the experimental results for the 

corresponding numerical simulation . 

Table 3-6: ribbing wavelength and associated wet thickness for TC1 , TC2 and WL, 

Ls=78m/min, Va=110%, Vp=30% 

Low load WL 
6866N/m 

ITC1 

ep(tJm) 32 
À( mm) 1.49 

ITC2 

ep(tJm) 33 
A( mm) 1.79 

The experimental observations show a higher ribbing wavelength for TC2 than 

TC1 . The wet thicknesses are the same and have no influence on the result. A 

comparison with the numerical free surface position for TC1 , TC2 is performed. 

ln Figure 3-33, we can show a difference between TC1 and TC2 free surface 

position . TC2 free surface is far from the contact exit than TC1 free surface. We 

can consider a relation between the free surface position and the ribbing 

wavelength . A free surface position far from the contact exit will imply a long 
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ribbing wavelength . This hypothesis agrees with the literature observation and 

our experimental investigation . The idea will be to establish a law to determine 

the ribbing wavelength as a function of the bidimensional free surface position 
as Figure 3-35. 
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Figure 3-35: experimental ribbing wavelength as a function of the numerical free 

surface position 

ln addition , we can add the experimental exterior load influence on the ribbing 

wavelength . ln our experimental investigation , different applied load have been 

tested to evaluate this parameter influence on the ribbing wavelength . We have 

shawn a ribbing wavelength decreasing when the imposed load increases 

between rolls (Figure 3-36). 
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Figure 3-36: Experimental applicator ribbing wavelength as a function of the 
imposed external load between rolls for the three paints BC, TC1 and TC2 
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ln this experimental approach, the exterior Joad modifies the ribbing wavelength. 
This Joad modification implies a pressure variation in the contact as a function of 
the elastomer behaviour and chemical environment. Moreover, this pressure in 
the contact variation can be assimilated to an elastomer behaviour modification. 
The ribbing wavelength during application is a function of the elastomer 
behaviour in chemical environment and imposed exterior load. 

The elastomer behaviour and exterior load modify the ribbing wavelength and 
the wet thickness. An analysis of this influence is proposed in the next 
paragraph. 

~ Elastomer behaviour law influence on the wet thickness 

The numerical simulation for the three different behaviour law PU-TC1, PU
TC2, PU-CSM permits to obtain the pick-up and applicator roll wet thicknesses. 
On one hand, the numerical pick-up wet thickness for the three cases is 331Jm. 
On the other hand, the applicator wet thickness is different in the three 
simulation: 

• Eanum = 581Jm for PU-CSM 

• Eanum = 651Jm for PU-TC1 

• Eanum = 801Jm for PU-TC2 

We can show for a same pick-up wet thickness an increasing of the applicator 
wet thickness when the pressure in the contact decreases. ln opposite way, the 
free surface is far from the contact exit and the ribbing wavelength increases 
when the pressure in the contact decreases(Figure 3-33, Table 3-6). A goal in 
relation with the production line is to target a wet thickness on the strip. ln tact, 
we consider the wet thickness on the strip equals to the applicator wet 
thickness. This wet thickness will be obtained by a modification of the exterior 
load or by roll speed compensation. 

~ Roll speed influence on the meniscus position 

The experimental approach in the chapter 2 has shawn the roll speed influence 
on the final wet thickness. Experimentally, it was impossible to define its 
influence on the ribbing wavelength. The free surface F.E.M simulation could 
permit to obtain the roll speeds influence on the ribbing wavelength and 
especially on the free surface position. The PU-TC1 is selected for this study 
and Figure 3-37 illustrates the results. The pick-up roll speed increases from 
35% to 60% of Line speed for a constant applicator roll speed at 101% of Li ne 
speed. This speed increasing involves a free surface shifting to the output 
contact. The minimum free surface position is 16.93mm for (Va=1 01 %, 

113 



Chapter 3: Numerical strategy for wet thickness and free surface prediction 

Vp=35%). The maximum is 17.01mm for (Va=101%, Vp=60%). A set of 

computation are performed with Vp constant to complete these results. 
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Figure 3-37: free surface position, Vl=85m/min, Va=101%, viscosity=0,51Pa.s, 

surface tension=0,035N/m, Vp variation from 35% to 60% 

Figure 3-38 shows the applicator roll speed increasing influence on the free 

surface. The applicator roll speed increases from 100% to 120% of Ls for a 
constant pick-up roll speed at 30% of Ls. 
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Figure 3-38: free surface position, Vl=85m/min, Vp=101%, Vp=30%, 

viscosity=0,51 Pa.s, surface tension=0,035N/m, Va variation from 100% to 120% 
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This speed increasing involves a free surface shifting in the contact. The 
minimum free surface position is 16.83mm for (Va=120%, Vp=30%). The 

maximum is 16.92mm for (Va=100%, Vp=30%). 

On one hand, the accurate numerical results permit to show the rolls speeds 
influence on the free surface position . The applicator roll speed increasing 

seems to improve the application quality by a decreasing of the ribbing 
wavelength through the free surface position . ln opposite way, the pick-up roll 
speed seems to damage the application quality by a increasing of the ribbing 

wavelength . 

On the other hand, the experimental investigation does not permit to have the 
same observations. ln tact, the used image analysis tool is not enough accurate 

to feel the roll speed influence face to the imposed external load impact on the 

ribbing defect. An improvement of the data processing would be interesting to 
complete this study. 

The roll speed influence has been exposed above. These rolls speeds 
modification improve or degrade the film quality during application. ln parallel , 

this roll speed modification involves a modification of the wet thickness. The 
next paragraph deals with this wet thickness variation as a function of the roll 

speeds . 

)... Roll speed influence on the wet thickness 

Figure 3-39 sums-up the numerical wet thickness results. The applicator roll 
speed is constant at 101% of Li ne speed and the pick-up speed increases from 

15% to 60% of Line speed . 
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Figure 3-39: numerical wet thickness, Va=constant, Vp increases, Ls=85m/min, 

initial compression=2mm, paint: TC1 

First, we can show a pick-up wet thickness increasing with the pick-up roll 

speed. The minimum pick-up wet thickness is ep=401Jm and the maximum pick

up wet thickness is ep=601Jm. 

Second, the applicator roll wet thickness seems to be constant. The maximum 

applicator roll wet thickness is ea=821Jm and the minimum is ea=781Jm. 

The pick-up roll speed has an influence on the pick-up wet thickness. The 

applicator roll wet thickness does not evolve. 

Figure 3-40 sums-up the numerical wet thickness result. The pick-up roll speed 

is constant 30% of Ls and the applicator roll speed increases from 100% to 

120% of Ls. 
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Figure 3-40: numerical wet thickness, Vp=constant, Va increases, Ls=85m/min, 
initial compression=2mm, paint: TC1 

The applicator roll speed has less influence than pick-up roll speed on the pick

up wet thickness and applicator one. The applicator and pick-up rails wet 

thickness are respectively 801Jm and 401-Jm. 

The applicator roll speed increasing seems to reduce the ribbing wavelength by 

a shifting of the free surface position in the contact exit. ln opposite way, we can 

show that the pick-up roll speed increasing damages the paint application with a 

shifting of the meniscus far from the contact exit. ln addition , this pick-up roll 

speed variation implies an increasing of the wet thickness on it. 
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Experimentally, we have shown a pick-up wet thickness increasing with its roll 

speeds increasing. This observation agrees with the numerical study. We do not 

have experimental data for the applicator wet thickness and then no correlation 

with the numerical results observation. 

For the ribbing wavelength defect, we do not observe a decreasing when the 

applicator roll speed increases. This remark must be linked to the image 

analysis accuracy. ln fact , the ribbing wavelength variations to the roll speed are 

too small to be detected by this technique. 

> Wet thickness : numerical prediction and experimental data comparison 

To complete and validate the different above observations, Figure 3-41 

compares experimental wet thickness measurements, numerical model 

predictions and Cohu power law results [28]. The comparison is proposed for 

two load cases (WL=6866N/m and WH=16866N/m). 
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Figure 3-41 : Numerical prediction and experimental measurement comparison 

On one hand, we can observe a good approximation between numerical model 

prediction and experimental data. This agreement is found to be good for the 

two load cases WL, WH. 

On the other hand, the results with the power law of Cohu are less accurate 

than finite element model prediction. Table 3-7 sums-up some results from the 

curves presented above. 
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Table 3-7: Relative error between experimental wet thickness, numerical 
simulation and Cohu power law for two roll speeds couple (101%-30%), (101%-

60%) and two exterior load (WL, WH) 

TC1 Numerical Error(%) Co hu Error(%) 
101%-30% 

WL 37,00 39,00 5,41 49,00 32,43 
WH 23,00 20,00 -13,04 42,00 82,61 

115%-30% 
WL 55,00 53,00 -3,64 53 ,00 -3 ,64 
WH 35,00 28,00 -20 ,00 45 ,00 28 ,57 

Average 
WL 0,88 14,40 
WH -16,52 55,59 

~ 
1 

1 

1 

A relative error in(%) notes the accuracy of the F.E .M madel and Cohu results 

to the experimental data. There are two speed couples and two load cases in 
this table. 

• (WL): The numerical madel predicts a wet thickness 0.88% higher than 

the experimental measurement. Cohu predictions are 14.4% higher than 
the experimental wet thickness in average. 

• (WH): The numerical madel predicts a wet thickness 16.5% lower than 

the experimental measurement. Cohu predictions are 55.6% higher than 
the experimental wet thickness in average. 

The wet thickness predictions of the developed F.E.M madel are accurate. The 

relative error is in the range [-3%; 5%] for WL and [-13%; 20%] for WH to the 
experimental measurement. 

4. Conclusion 

ln this chapter, the roll coating process has been studied through a numerical 
strategy. This numerical approach permits us to understand the physical 
mechanisms acting on the flow in the gap. The studied parameters are the 
elastomer behaviour , imposed load between rolls , elastomer layer thickness 

and rolls speeds. A specifie cyclic compression tests with chemical environment 

are performed to study the elastomer behaviour. An identification methodology 
is used to determine elastomer behaviour law from these tests. The identified 

behaviour law will feed the numerical simulation of the roll coating process. 

The numerical simulation was performed in two steps to understand roll coater 
parameters influence on the final application . The first is a deformable 
simulation of the contact between the applicator and the pick-up roll. The goal is 

to obtain the mechanical pressure in the contact and associated load reaction 
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as a function of the elastomer behaviour law and layer thickness. The next step 
was the free surface flow simulation with the mechanical pressure of the 
deformable simulation as boundary condition. The goal was to have the free 
surface position and associated wet thickness on each rolls. 

First, we have shown the chemical environment impact on the elastomer 
behaviour through the cyclic compression test. The different determined 
behaviour laws bring different mechanical pressures in the contact for the same 
roll coater configuration. The Young modulus and relaxation time of elastomer 
evolves as a function of the paint or used solvent. The relaxation time can be 
lower or higher than the solicitation time in the contact. The relaxation time has 
two influences on the application: 

• A flow rate modification in the contact (wet thickness) 

• A free surface position modification (ribbing defect) 

The flow rate increases for a lower relaxation time to the solicitation time. The 
contact shape evolves by an increasing of the gap and the pressure in the 
contact decreases. The result is a free surface variation as a function of the 
pressure in the contact. An high pressure in the contact involves a meniscus 
closes to the gap exit and inversely. lnline, the increasing of the external Joad 
between rolls i.e., a pressure increasing in the contact, involves a ribbing 
wavelength and amplitude decreasing. Adachi [32] observes the same 
phenomenon in his experimental study. 

ln opposite way, the flow rate is constant for a relaxation time higher to the 
solicitation time. The gap shape does not evolve and the pressure in the contact 
is maximum. The difficulty is to define the relation between the pressure in the 
contact and the ribbing wavelength. For a same roll coater and contact 
geometry, the result can be different for two chemical environments and the 
same elastomer. 

The second result is the influence of the elastomer layer thickness on the roll 
coater adjustment. ln tact, the layer decreasing involves an higher mechanical 
pressure in the contact for a same roll coater configuration. This pressure 
increasing involves a flow rate decreasing. The goal will be to create abacus of 
adjustment as a function of the diameter for the inline operator. 

We have shown the pressure impact on the flow rate by the modification of the 
elastomer behaviour law and layer thickness. Carvalho analysed the layer 
thickness and viscoelasticity influence on the flow rate. The conclusions on the 
flow rate are the same [42]. lnline, the roll speed seems to have an importance 
on the wet thickness and application quality. The experimental investigation has 
shown a real influence of the pick-up roll speed on the wet thickness but no 
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influence on the ribbing wavelength. The ribbing wavelength variation to the roll 
speed seems too sensible for the used measurement technique. 

The numerical roll speed study shows wet thickness modification and free 
surface position variation for a single behaviour law. The free surface position is 
near the contact exit when the applicator roll speed increases and for a constant 
pick-up roll speed. The free surface position is far from the contact exit when 
the pick-up roll speed increases and for a constant applicator roll speed. The 
numerical wet thickness increases with the roll speed as the inline observations. 

A free surface position modification has been observed as a function of 
elastomer behaviour and roll speed. This free surface position is the link with 
the ribbing defect problem. ln fact, the numerical study is based on 
bidimensional analysis and the defect is a three dimensional instability. To face 
this problem, an hypothesis of work has been proposed. The literature and 
inline observation show a variation of the ribbing wavelength as a function of the 
meniscus position. We have linked our inline ribbing wavelength measurement 
to the corresponding free surface F.E.M simulation. The results was a long 
ribbing wavelength for a long distance free surface position and inversely. From 
this result, we consider our hypothesis validate. lt is possible to evaluate the 
ribbing wavelength as a function of the bidimensional approach and with its 
associated parameters. 

The link between pressure in the contact (behaviour law, fluid properties, 
elastomer layer thickness and imposed load) and the roll speed (Ls, Va, Vp) is 
essential to improve and standardise the roll coater adjustment. ln this chapter, 
we have studied the inline adjustment parameters with the chemical 
environments influence on the elastomer response. This bidimensional 
numerical study is based on sorne work hypothesis to correlate the three 
dimensional experimental data. A new research way is proposed to complete 
knowledge. This is a three dimensional approach. These new ways are based 
on the surface finishing impact on the pressure in the contact and three
dimensional F.E.M simulation of the ribbing. A complementary non-Newtonian 
model for the fluid is also proposed and face to the present bidimensional 
model. 
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Conclusion 

ln this work, a three deformable roll coater in industrial context has been 
studied. This study was axed towards the negative gap mode as usually used in 
MYRIAD and other CORUS plants. This negative gap mode permits to depose 
thinner wet thickness on the strip than in the positive mode. The goal was to 
highlight key adjustments and material parameters acting on the paint 
application control and flow stability. ln order to analyze, to understand and to 
optimize this process bath experimental and numerical approaches have been 
proposed. Moreover, a specifie test has been developed to analyse the 
elastomer roll caver behaviour in the process environment. 

A literature review on this topic allowed us to understand the different roll 
coating applications. We have shawn many works and differences on the flow 
between rolls defined by rigid gap, deformable gap, forward mode and reverse 
one. The different authors have studied the film splits and the ribbing defect 
occurrences in bath experimental and theoretical approaches. One of the most 
important problems is the observed differences between testing stand and 
industrial roll coater results. These differences are very important in term of wet 
thickness prediction and ribbing wavelength evaluation. ln our study, an 
experimental investigation on industrial roll coat er is proposed. The main goal is 
to understand application and ribbing defect evolution during the process. The 
hypothesis to transfer results on industrial plant is decreased in this case. 

The first research axis in this work was the experimental investigation on the 
industrial roll coater. The goal was to reproduce exact industrial conditions 
(dimensions, speeds, imposed external load, elastomeric roll caver properties 
and thickness, coil coating paints, temperature, and vibrations) to study the 
ribbing defect and the wet thickness. Different parameters measurements have 
been done to create a complete database. Moreover, a specifie image analysis 
tool has been developed to evaluate the ribbing wavelength on the applicator 
roll. This "experimental-industrial investigation" has highlighted the key 
parameters acting on the ribbing defect and the wet thickness. 

The experimental observations and measurements have mainly shawn an 
externalload impact on both ribbing wavelength and wet thickness. The higher 
is the external load between applicator roll and pick-up roll, the lower are the 
ribbing wavelength and wet thickness. Moreover, we have shawn the pick-up 
roll speed influence on the wet thickness. For an imposed external load, 
increasing the pick-up roll speed increases the wet thickness on it. For high 
negative gap, we have observed a decreasing of the externalload influence on 
the ribbing wavelength and wet thickness. ln this case, the elastomeric roll 
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caver and its viscoelastic properties are dominant to control the flow rate and 
the film stability. Moreover, the operator inline experiences show a variation of 
the wet thickness and ribbing wavelength along the production and for a same 
roll coater adjustment. This variation has been explained by the paint and 
solvent influence on the elastomer behaviour. 

This elastomer behaviour modification has been studied by a specifie 
compression test. The upsetting and relaxation undergone by the elastomer 
during paint application are reproduced in laboratory in chemical environment. 
We have shawn an evolution of the elastomer Joad response according to the 
time. ln fact, this Joad modification can be directly linked to the inline wet 
thickness increasing or decreasing. The solvent influence on the elastomer is 
clearly highlighted but more analysis with different paints and for other 
elastomers are needed to increase the knowledge. This knowledge will be help 
us to predict the wet thickness variation according to the time during paint 
application. 

ln order to understand these experimental observations, the second research 
axis is the numerical modelling of the process. Two finite element simulations 
have been used to perform these numerical analysis. 

The first is the deformable simulation with a solver of mechanics of solids. lt has 
been used to study the roll coater geometry and elastomer viscoelastic 
properties influence on the mechanical pressure in the gap between rolls. The 
behaviour law to feed the deformable simulation cornes from the specifie cyclic 
compression test in chemical environment and a coupled identification 
methodology. The result is a Prony series to model with accuracy viscoelastic 
behaviour of the elastomer in the simulation. This deformable numerical 
simulation has shown the elastomer properties and layer thickness influence on 
the mechanical pressure in the gap. For different chemical environment, the 
same elastomer has different behaviour and the response in the contact is 
modified. ln fact, the elastomer Young modulus and relaxation time evolves with 
the solvent or paint. We have shown the relaxation time influence on the 
mechanical pressure in the gap. As a function of the roll frequency of rotation, 
the relaxation time can modify the flow rate in the gap and then the stability of 
the film. This influence is observed for relaxation time lower than the solicitation 
time in the gap. The next simulation helps us to analyse the elastomer 
behaviour impact on the flow rate. 

The second simulation has been used to understand the influence of the 
elastomer and roll coater geometry on the wet thickness and ribbing defect. 
This free surface finite element simulation uses a solver of mechanic of fluid. ft 
is performed with the mechanical pressure of the deformable simulation as 
boundary condition to reproduce the elastomer influence on the flow rate. This 
simulation has permitted to analyse elastomer properties and roll speed ratio 
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influence on the wet thickness and free surface position. The wet thicknesses 
and ribbing wavelength can be different for a same roll coater adjustment. This 
difference is explained by the elastomer behaviour as a function of the paint or 
solvent. The mechanical pressure in the contact evolves and then, the free 
surface position and wet thickness are modified. The roll coater mastering is a 
function of standard adjustment parameters and elastomer behaviour prediction 
for the associated chemical environment. An accurate knowledge of the 
elastomer behaviour is essential to prevent wet thickness variation during 
application and then, ribbing wavelength modification. 

To complete understanding, the film split ratio study is performed. 
Experimentally, the increasing of the external load decreases the ribbing 
wavelength but in the same time, the wet thickness decreases on the pick-up 
roll. To face this problem, the pick-up roll speed increasing is a part of the 
solution to obtain the targeted wet thickness with a minimum of ribbing. We can 
show a modification of the free surface position with the pick-up roll speed 
increasing in the numerical simulation. This acceleration seems to increase the 
ribbing wavelength but the imposed external load has more influence than 
speed on the defect wavelength. Experimentally, this pick-up roll increasing 
influence on the ribbing is not seen since the measurement technique is not 
accu rate enough for high external load. 

The coupled experimental and numerical studies have highlighted different 
direct parameters influence: 

External load and speed are the two direct parameters to control the flow rate 
and the ribbing wavelength. To limit the external load on the roll coater and 
increase the mechanical pressure in the contact, a lower elastomeric layer 
thickness can be used. ln parallel, we have shawn the importance of the 
elastomer behaviour modification as a function of the chemical environment. 
Moreover, this parameter is dominant in high negative gap when the ribbing 
wavelength is very law. A work on the elastomer to obtain a neutral behaviour in 
the time is essential to master the roll coater. As a function of the different 
paints, solvent and elastomer, a maximum knowledge on their interactions is 
essential to predict the roll coater behaviour during application. 

123 



Outline studies 

Outline studies 

1. Outline 

ln the two previous chapters, the basis of work was an optimization of the usual 
application on the Myriad plant. From the different inline adjustment parameters 
(geometry, roll speed, external load and materials properties), a complete 
analysis by experimental and numerical approach has been performed. This 
analysis allowed to highlight the key parameters acting on the ribbing 
wavelength and wet thicknesses. From the different observations and 
investigations, it is possible to improve the liquid paint application. ln order to 
get better the understanding of the ribbing defect occurrence, new research 
axes are proposed. The new goal is to identify the ribbing defect origin. The 
different research axes are defined as follows: 

~ The first approach is the applicator roll surface finishing influence on the 
paint application quality. During its service-lite, the applicator roll undergoes 
surface finishing to recover both mechanical properties and surface aspect. 
This surface finishing involves diameter decreasing and new surface 
roughness. From the surface roughness measurement on industrial 
applicator roll, a three dimensional numerical simulation will be performed to 
obtain the corresponding contact pressure in the contact. Using the same 
methodology as in chapter 3, a free surface F.E.M simulation with the 
pressure result as boundary condition will permit us to obtain the free 
surface shape and position. The goal is to have the numerical ribbing 
wavelength for a specifie roll coater adjustment. 

~ The second approach is the inline vibration influence on the liquid paint 
application. The roll coater undergoes vibration by its contact with the strip, 
the roll rotations and others machine on the plant. Moreover, the roll coater 
has no vibration insulating. A three dimensional simulation of the applicator 
roll is proposed and allows us to extract the eigenvalues. These extractions 
will get the different critical natural frequencies of vibration and the 
associated mode shapes. 
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2. Roll roughness influence on the paint application 

This part deals with the three dimensional modelling of the contact between 
applicator and pick-up rolls to evaluate the applicator roll roughness influence 
on the paint application. A three dimensional deformable F.E.M simulation is 
performed with a roughness profile on the deformable roll. The pressure results 
will be introduced in the free surface FEM simulation to study the free surface 
stability. The elastomer layer thickness (30mm) in this simulation is lower than 
the case proposed in the chapter 3 (37.5mm). lt is a simple approach to 
evaluate the possibility of the 30 roughness modelling with other roll coater 
geometry. 

2.1 lnline roughness measurement 

The first step is the roughness measurement. The different roughness 
measurements are performed with a mechanical profilometer. The sampling 
length is 50mm at 2mm/s by zone. The measurement is performed on three 
different zones along the roll length. Two values define the surface finishing 
quality. The wavelength P(mm) and the amplitude Wm(J.Jm). Figure 4-1 
illustrates the three measurement zones on the roll. 

Roll radius 
Profilometer 1 

Zone 1 Zone2 

Rolllength 

Wm 

Figure 4-1: measurement zone on the applicator roll 
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Table 4-1 sums-up the obtained results for each zone and the average 
roughness. 

Table 4-1: Roughness measurements on the applicator roll 

Zone1 Zone2 Zone3 Average 
P(mm) 1 Wm(IJm) P(mm) 1 Wm(IJm) P(mm) 1 Wm(IJm) P(mm) 1 Wm(IJm) 
0,59 1 10,61 0,74 1 7,92 0,67 1 9,6 0,67 1 9,38 

The roughness evolves along the roll. A maximum Wm=9.61Jm is observed in 
the zone 3 and a minimum Wm=7.921Jm in the zone 2. ln a complete analysis 
the influence of roll grinder accuracy and operator practice on the roll roughness 
should be experienced. ln the following part, we will use the average value with 
P=0.67mm and Wm=9.381Jm. 

2.2 Roughness modelling in the deformable contact 

2.2.1 Deformable contact details 

Figure 4-2 presents the three-dimensional numerical simulation of the 
deformable contact with roughness modelling on the deformable roll. This 
simulation is without fluid. To reproduce the influence of the fluid in the contact 
a friction coefficient of 0.03 is applied between these two rails [49]. The madel is 
extruded on a 5mm width. Two rigid bodies madel the pick-up roll and the core 
of the applicator roll. The applicator roll exterior diameter is 240mm and the 
pick-up roll diameter equals 290mm. The elastomer thickness of the applicator 
roll is 30mm. These two rolls are driven in rotation around their revolution axis. 
20592 tetrahedral elements compose the elastomeric roll caver. ln our simple 
analysis, the used behaviour law follows a simple elastic madel of (PU) to 
decrease the computation time and convergence problem encountered with a 
viscoelastic law. We define a sinusoid with the average value P=0.67mm and 
Wm=9.381Jm to madel the roughness on the applicator roll in the three 
dimensional F.E.M simulation. A 2 mm height initial compression is applied 
between rails. 
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Figure 4-2: deformable F.E.M simulation, roughness modelling on the applicator roll 

2.2.2 Deformable model result 

Figure 4-3 illustrates the contact pressure print result. Figure 4-4 presents the 

contact pressure in the contact along the path. The contact pressure along the 
path is in the range [0.6MPa; 2.1 MPa]. lts influence on the free surface position 

has been discussed in the numerical chapter 3. The free surface (i.e. , the fluid 
meniscus) maves towards the contact with the pressure increasing and then , 

the ribbing wavelength decreases. lnversely, the free surface maves outwards 
the contact exit with the pressure decreasing and the ribbing wavelength 
increases. 

127 



Outline studies 

(TRESS 
+: .4 :!3to:+L' 
...: . z::1e +ü 
+: . (ll~e +- 0 

- +l . 1;(111::' + 0 
+ 1 . 61 •: .. -- + (1 

~1.4Ue ~ o 
+l . ';;lle +O 
+l . 009e +O 
+6 . 076e+O 
+t::" . 057e +O 
+4 . •) J0e: +O 
+2 . 019.? +0 
+0 . (100,:;. +0 

'\ 

Figure 4-3: Contact pressure print in the contact between rolls 
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Figure 4-4: Contact pressure along the path in the contact 
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The contact pressure profile along the path is a function of the surface finishing. 
The roughness profile acts on the local pressure and the ribbing wavelength will 
be directly modified as we can see in the chapter 3. The modification of the 
pressure in the contact involves a variation of the free surface position and then, 
the wet ribbing wavelength. As an example, a measurement on a dry prepainted 
workpiece is performed. We can see a sinusoïdal profile on the final product 
with an amplitude in the range [-41Jm; 31Jm]. This observation leads us to 
analyze the surface finishing influence on the ribbing wavelength by a numerical 
fluid approach. An initial perturbation approach is used in the three dimensional 
F.E.M simulation. This perturbation is evaluated from two-bidimensional 
simulations. The methodology is exposed in the following part. 

2.3 3D free surface F.E.M simulation 

2.3.1 Initial perturbation approach 

> Methodology 

3D deformable F.E.M between applicator 
and pick-up roll 

Pressure print result in the contact 

Selection of minimum P min and maximum 
P max pressure on the pressure print 

2D free surface F.E.M with 

p min and p max 

Free surface position result associated to 
p min and p max 

Initial perturbation determination : 
difference between min and max position 

Initial perturbation in Steady state 3D free 
surface F.E.M 

Deformed shape : Ribbing result 

Figure 4-5: Detail ofthe numerical methodology 
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This paragraph deals with an initial perturbation approach of the 30 free surface 

F.E.M to obtain the numerical ribbing defect. The basis of this new approach is 

the minimum and maximum pressure in the contact using. Figure 4-5 sums-up 
the different steps of the methodology from the 30 deformable simulation to the 
ribbing result. 

-7 The start point of the methodology is the 30 deformable F.E .M simulation 
(solid) and its contact pressure print result (Figure 4-6). 

Figure 4-6: Contact pressure print and selected path for Pmax and Pm;n 

-7 On the pressure print, we define two paths to obtain a maximum contact 

pressure and a minimal one in the contact. Figure 4-7 illustrates the two 
selected pressure curves. These curves are third order polynomial 

approximations. The maximum contact pressure is 1.6MPa and the minimum is 
0.4MPa . 
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Figure 4-7: Polynomial approximation of the contact pressure in the contact 

~ These polynomial approximations are used as boundary conditions in the 
bidimensional free surface F.E.M (fluid) of chapter 3. The results are two free 
surface positions. The free surface positions are 16.7mm for the simulation with 

p max and 17 .2mm for p min· 

~ The difference between the maximal free surface position and the minimal 

free surface position gives the initial perturbation. ln this case, the initial 
perturbation is 0.5mm. 

~A first 3D free surface F.E.M simulation is performed to obtain a steady state 
flow rate. Figure 4-8 shows the result focus on the meniscus. 
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Figure 4-8, Speed contour: 3D free surface F.E.M, steady state flow rate 

-7 The evaluated initial perturbation of 0.5mm is introduced in the steady state 

simulation. The goal of this perturbation is to modify the equilibrium of the 

steady state flow rate to obtain a numerical ribbing. The initial perturbation will 
be the initial displacement imposed to a free surface node. After convergence of 

the 30 free surface F.E.M with initial perturbation, a rib between rolls occurs. 

)- Results 

Figure 4-9 shows the obtained rib between applicator and pick-up rolls in the 30 
free surface F.E.M. The result of the 30 free surface simulation with initial 

perturbation is the free surface shape . This result is not sufficient to evaluate 
the ribbing wavelength because there is only one rib . A simulation on 5mm 

extrusion width with a fine meshing will give best results on the ribbing 

wavelength evaluation. 
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Applicator 1 

1 Pick-up 

L 

Figure 4-9: Rib result of the 30 free surface F.E.M simulation 

ln this paragraph , we have exposed the first future work; a new numerical 

approach to increase the understanding on the ribbing defect occurrence has 
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been exposed. This 30 numerical approach allows ribbing occurrence for a 
specifie roll coater adjustment. The 30 simulation F.E.M is a step development 
and could be used in future works. The roll coater parameters influence on the 
30 instability could be a research axis to correlate with the inline data. The 
model requires a larger extrusion in the third dimension to obtain more rib 
between rolls and to evaluate the defect wavelength. 

lnline, different phenomena can disturb the paint application and especially the 
vibration. The next paragraph will introduce this second research axe. 

2.4 Vibration influence on the applicator roll 

2.4.1 Model details 

This is a three-dimensional approach with free rotation conditions (Figure 4-10). 
The applicator roll is defined by a deformable part following an elastic (PU) law. 
This deformable part is composed of 6800 plane strain elements with 4 
integration points. The core of the roll is a rigid body since the steel Young 
modulus of this part is at least 100000 higher than (PU). An eigenvalues 
extraction is performed with a Lanczos eigensolver to determine the natural 
frequencies of vibration. 

Deformable part : 
Diameter 265mm 

Rigid core: 
Steel material 

Diameter 1 90mm 

Figure 4-10: bidimensional vibration model 
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2.4.2 Results 

Figure 4-11 and Figure 4-12 show two obtained natural frequencies of vibration. 
The frequencies are 4.9Hz and 5.2Hz. We apply a scale factor of 100 on the 

displacement amplitude to highlight the different modes shapes. 

These natural frequencies of vibration are the double of the roll frequency of 
rotation during paint application (applicator roll frequency f~ 2-2 . 5Hz). lnline, 

there are many rotating machine with different roll frequencies and the roll 
coater has no vibration insulating . An important observation is the deformed 
shape. lt has a sinusoïdal shape like the ribbing instabilities. 
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Figure 4-11: Natural freq uencies of vibration for the applicator roll , elastic 

behaviour law PU, f=4.9Hz 

The defect along the roll is much higher than the ribbing defect during 

application. For f=4.9Hz, the roll length is 1500mm and we can see two 
approximated periods on the sinusoid wave. ln the second case illustrated in 

Figure 4-12, the number of period ·equals seven . ln this case, the wavelength 
(214mm) decreases but it is still higher than the liquid ribbing wavelength 

(around 1 mm). 
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Figure 4-12: Natural frequencies of vibration for the applicator roll, elastic 

behaviour law PU, f=5.2Hz 

The frequency of vibration gives different deformed shape closer to the ribbing 

defect shape. The wavelengths are very different from the one occurring during 

the liquid application but the impact on the flow rate is certainly present. A more 

complex study and modelling are necessary to improve the understanding of 

the vibration influence on the flow rate . The management of the contact 

between rolls will lead to improve the accuracy and reality of the vibration 

impact on the flow rate . 

2.5 Conclusion 

Different additional works to understand the ribbing defect origin have been 

proposed above. These works are just outlined and require more analyses to 

bring scientific added value. 

The first research axis has been the numerical modelling of the ribbing defect. 

The advantage of the three dimensional approach is the hypothesis elimination 

of the bidimensional approach . The result is a three dimensional flow rate as a 

function of the fluid properties and roll coater adjustments. We can measure the 
numerical ribbing defect wavelength and will correlate the result with the inline 

measurement in a near future. The current model is not sufficient to perform this 
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correlation because it requires a more width extrusion to obtain two or three 
wavelengths. The disadvantages of the extrusion increasing in the three 
dimensional modelling are the computation time and the meshing time between 
restart to obtain the final free surface position. As an example, the current 
madel needs of two or three remeshing to converge. The total computation time 
is around 140h on a 2.1 GHz processor. 

The second axis proposed is the vibration analysis. lt is just a simple elastic 
three-dimensional modelling. This simulation has permitted to extract the 
natural frequencies of vibrations for the deformable roll. To improve the 
modelling, a three-dimensional approach with different viscoelastic behaviour 
law and layer thickness can be performed to complete this first analysis. The 
contact between roll will be added to have an accurate and realist result. 

These outline studies leads us to new research ways. ln future works, we can 
increase the experimental measurement and numerical modelling accuracy. 

Experimentally, the applicator roll wet thickness measurement seems important 
to have an accurate correlation with the numerical simulation. Moreover, this 
parameter is essential to control the targeted wet thickness on the strip during 
application. An upsetting roll measurement during application will be interesting 
to have a good correlation with the external load. This instrumentation will allow 
to accurately master the wet thickness and ribbing wavelength on the roll 
coater. Moreover, the image analysis tool used and developed can be improve 
by a Fourier transform using to evaluate the ribbing wavelength. This last one 
will permit to have an accurate ribbing wavelength measurement on the roll 
coater. 

Numerically, we can consider new research axis. The using of non-newtonian 
fluid to accurately madel the coil coating paint in the free surface finite element 
simulation. The aim will be to analyse the fluid viscoelasticity influence on the 
wet thickness and ribbing wavelength. The coil coating paint are not Newtonian 
except in the gap. After the high shear rate in the gap, the paint recover is initial 
viscosity. This time to recover its initial properties is very important for the 
surface tension before curing. This parameter acts directly on the final product 
aspect. This Non newtonian madel will be also used in the three dimensional 
approach for the ribbing wavelength evaluation. 

The second numerical axis can be the modelling of the contact between 
applicator roll and the strip. During this last contact, a paint transfer is 
performed and new defect can occur. Besides, for a same roll coater 
adjustment, the wet thickness on the strip can be different as a function of this 
new gap geometry. This understanding of the last contact in association with 
the current work will get an accurate mastering of the roll coater during 
application. 
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Appendix 1 · inline measurements 

Date 27/07/2006 
Code 1SG410 

Viscositv 105s 
Applicator diameter 265 mm 

Layer thickness 22,5mm 
Elastomer PUV550 

External load W(N/m) LS(m/min) Va(%) Vp(%) Ep(I.Jm) S-VpNa Ribbing wavelength(mm) 
2417 75 101 30 100 0 30 249 
2417 75 101 35 100 0 35 2 24 
2417 75 101 40 100 0 40 2 80 
2417 75 101 45 100 0 45 2 80 
2417 75 101 50 100 0 50 2 80 
2417 75 105 30 100 0 29 3 73 
2417 75 105 35 100 0 33 2 80 
2417 75 105 40 100 0 38 2 80 
2417 75 105 45 100 0 43 249 
2417 75 105 50 100 0 48 2 80 
2417 75 110 30 100 0 27 2 49 
2417 75 110 35 100 0 32 3 20 
2417 75 110 40 100 0 36 3 20 
2417 75 110 45 100 0 41 2 80 
2417 75 110 50 100 0 45 448 
2417 75 115 30 100 0 26 249 
2417 75 115 35 100 0 30 3 20 
2417 75 115 40 100 0 35 2 24 
2417 75 120 30 100 0 25 3 20 
2417 75 120 35 100 0 29 2 80 
2417 75 120 40 100 0 33 2 80 
2867 75 101 30 62 0 30 1 82 
2867 75 101 35 67 0 35 2 15 
2867 75 101 40 75 0 40 197 
2867 75 101 45 77 0 45 2 36 
2867 75 101 50 80 0 50 2 36 
2867 75 105 30 62 0 29 215 
2867 75 105 35 67 0 33 2 36 
2867 75 105 40 70 0 38 2 36 
2867 75 105 45 77 0 43 2 15 
2867 75 105 50 80 0 48 2 15 
2867 75 110 30 57 0 27 2 15 
2867 75 110 35 65 0 32 215 
2867 75 110 40 77 0 36 2 36 
2867 75 110 45 80 0 41 2 36 
2867 75 110 50 87 0 45 2 36 
2867 75 115 30 62 0 26 2 36 
2867 75 115 35 67 0 30 2 36 
2867 75 115 40 77 0 35 2 15 
2867 75 120 30 62 0 25 215 
2867 75 120 35 65 0 29 263 
2867 75 120 40 75 0 33 263 
2867 75 120 45 82 0 38 2 36 
3533 75 101 30 52 0 30 266 
3533 75 101 35 60 0 35 2 18 
3533 75 101 40 67 0,40 266 
3533 75 101 45 67 045 199 
3533 75 101 50 77 0 50 184 
3533 75 105 30 57 0 29 199 
3533 75 105 35 65 0 33 1 99 
3533 75 105 40 67 0 38 199 
3533 75 105 45 72 0 43 218 
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3533 75 105 50 75 0 48 2 39 
3533 75 110 30 50 0 27 1 84 
3533 75 110 35 57 0 32 218 
3533 75 110 40 65 0 36 2 39 
3533 75 115 30 50 0 26 218 
3533 75 115 35 57 0 30 218 
3533 75 115 40 62 0 35 2 39 
3533 80 120 30 52 0 25 218 
3533 80 120 35 60 0 29 1 84 
3533 80 120 40 67 0 33 218 
4867 80 101 30 47 0 30 1 94 
4867 80 101 35 50 0 35 1 94 
4867 80 101 40 57 0 40 212 
4867 80 101 45 62 0 45 1 79 
4867 80 101 50 67 0 50 179 
4867 80 105 30 45 0 29 1 66 
4867 80 105 35 47 0 33 179 
4867 80 105 40 60 0 38 1 94 
4867 80 105 45 62 0 43 212 
4867 80 105 50 65 0 48 1 94 
4867 80 110 30 47 0 27 1 94 
4867 80 110 35 50 0 32 1 66 
4867 80 110 40 57 0 36 1 94 
4867 80 110 45 60 0 41 1 66 
4867 75 115 30 45 0 26 1 66 
4867 75 115 35 50 0 30 1 94 
4867 75 115 40 55 0 35 194 
4867 75 115 45 62 0 39 1 79 
4867 75 120 30 42 0 25 1 79 
4867 75 120 35 50 0 29 1 79 
4867 75 120 40 55 0 33 1 66 
4867 75 120 45 62 0 38 212 
6883 75 101 30 45 0 30 1 86 
6883 75 101 35 47 0 35 1 73 
6883 75 101 40 55 0 40 1 61 
6883 75 101 45 57 045 1 73 
6883 75 101 50 60 0 50 1 61 
6883 75 101 55 65 0 54 1 86 
6883 75 101 60 70 0 59 1 86 
6883 75 105 30 40 0 29 1 73 
6883 75 105 35 47 0 33 2 02 
6883 75 105 40 55 0 38 1 73 
6883 75 105 45 57 0 43 1 73 
6883 75 105 50 60 048 173 
6883 75 105 55 65 0 52 1 86 
6883 75 105 60 70 0 57 1 73 
6883 75 110 30 45 0 27 2 20 
6947 75 110 35 47 0 32 2 02 
6947 75 110 40 50 0 36 1 73 
6947 75 110 45 55 0 41 1 86 
6947 75 110 50 60 0 45 1 73 
6947 75 110 55 62 0 50 1 73 
6947 75 110 60 67 0 55 1 73 
6947 75 115 30 42 0 26 173 
6947 75 115 35 47 0 30 173 
6947 75 115 40 50 0 35 1 61 
6947 75 115 45 60 0 39 202 
6947 75 115 50 62 043 1 61 
6947 75 115 55 62 048 1 73 
6947 75 115 60 65 0 52 186 
7000 75 120 30 42 0 25 186 
7000 75 120 35 47 0,29 2,20 
7000 75 120 40 52 0 33 1 86 
7000 75 120 45 57 0 38 186 
7000 75 120 50 62 0 42 173 
7000 75 120 55 65 046 186 
7000 75 120 60 67 0 50 173 
16867 75 101 30 35 0 30 1 41 
16867 75 101 35 40 0 35 1 41 
16867 75 101 40 42 040 149 
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16867 75 101 45 50 0 45 1 49 
16867 75 101 50 52 0 50 1 59 
16867 75 101 55 52 0 54 149 
16867 75 101 60 55 0 59 1 41 
16867 75 105 30 35 0 29 149 
16867 75 105 35 40 0 33 1 41 
16867 75 105 40 42 0 38 1 33 
16867 75 105 45 45 0 43 1 41 
16867 75 105 50 47 0 48 1 59 
16867 75 105 55 50 0 52 1 59 
16867 75 105 60 57 0 57 1 49 
16867 75 110 30 32 0 27 1 49 
16867 75 110 35 37 0 32 1 59 
16867 75 110 40 47 0 36 1 49 
16867 75 110 45 47 0 41 1 49 
16867 75 110 50 50 0 45 1 59 
16867 75 110 55 50 0 50 1 33 
16867 75 110 60 55 0 55 1 41 
16867 75 115 30 35 0 26 1 33 
16867 75 115 35 37 0 30 1 41 
16867 75 115 40 42 0 35 149 
16867 75 115 45 47 0 39 1 59 
16867 75 115 50 47 0 43 149 
16867 75 115 55 52 0 48 1 41 
16867 75 120 30 32 0 25 1,59 
16867 75 120 35 37 0 29 1 59 
16867 75 120 40 40 0 33 1 41 
16867 75 120 45 47 0 38 1 41 
16867 75 120 50 47 0 42 1 49 
16867 75 120 55 50 0 46 1,41 
16867 75 120 60 52 0 50 1 59 
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Date 03/08/2006 
Code 2BW830 

Visoslty 105s 
Applicator diameter 265mm 

Layer thickness 22,5mm 
Elastomer PUV550 

Externalload W(N/m) LS (rn/min) Va(%) Vp(%) Ep(pm) S=VpNa Ribbing wavelength(mm) 
3533 82 101 30 50 0 30 2 08 
3533 82 101 35 60 0 35 2 27 
3533 82 101 40 65 040 1 92 
3533 82 101 45 75 045 2 08 
3533 82 101 50 80 0 50 2 08 
3533 82 101 55 85 0 54 2 08 
3533 82 101 60 90 0 59 2 08 
3533 82 105 30 50 0 29 1 92 
3533 82 105 35 60 0 33 2 08 
3533 82 105 40 65 0 38 2 08 
3533 82 105 45 70 043 1 78 
3533 82 105 50 75 048 1 92 
3533 82 105 55 85 0 52 2 27 
3533 82 105 60 95 0 57 1 66 
3533 82 110 30 52 0 27 1 92 
3533 82 110 35 57 0 32 1 92 
3533 82 110 40 62 0 36 2 27 
3533 82 110 45 67 0 41 1 92 
3533 82 110 50 75 045 2 27 
3533 82 110 55 82 0 50 1 78 
3533 82 110 60 90 0 55 2 50 
3533 82 115 30 47 0 26 1 92 
3533 82 115 35 60 0 30 1 92 
3533 82 115 40 60 0 35 2 08 
3533 82 115 45 67 0 39 2 08 
3533 82 115 50 75 043 1 92 
3533 82 115 55 80 048 2 27 
3533 82 115 60 87 052 2 08 
3533 82 120 30 52 0 25 2 27 
3533 82 120 35 60 0 29 2 27 
3533 82 120 40 67 0 33 2 08 
3533 82 120 45 70 0 38 1 92 
3533 82 120 50 75 042 2 27 
3533 82 120 55 77 046 2 27 
3533 82 120 60 90 050 1 92 
6867 82 101 30 37 0 30 1 49 
6867 82 101 35 40 0 35 1 41 
6867 82 101 40 45 040 1 68 
6867 82 101 45 50 045 1 58 
6867 82 101 50 55 0 50 1 79 
6867 82 101 55 60 054 1 79 
6867 82 101 60 60 059 1 68 
6867 82 105 30 35 0 29 1 58 
6867 82 105 35 37 0 33 1 79 
6867 82 105 40 40 0 38 1 58 
6867 82 105 45 47 043 1 49 
6867 82 105 50 50 048 1 68 
6867 82 105 55 55 052 1 49 
6867 82 105 60 60 0 57 1 79 
6867 82 110 30 32 027 1 49 
6867 82 110 35 37 0 32 1 68 
6867 82 110 40 45 0 36 1 58 
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6867 82 110 45 47 0 41 1 58 
6867 82 110 50 52 045 1 58 
6867 82 110 55 55 0 50 1 79 
6867 82 110 60 57 0 55 1 92 
6867 82 115 30 32 0 26 1 49 
6867 82 115 35 40 0 30 1 49 
6867 82 115 40 42 0 35 1 41 
6867 82 115 45 45 0 39 1 68 
6867 82 115 50 50 043 1 68 
6867 82 115 55 52 0 48 1 58 
6867 82 115 60 57 0 52 1 68 
6867 82 120 30 35 0 25 1 68 
6867 82 120 35 37 0 29 1 58 
6867 82 120 40 40 0 33 1 68 
6867 82 120 45 45 0 38 1 68 
6867 82 120 50 50 0 42 1 58 
6867 82 120 55 52 0 46 1 79 
6867 82 120 60 60 0 50 1 68 
6867 82 101 30 32 0 30 1 49 
10200 82 101 30 25 0 30 1 49 
10200 82 101 35 26 0 35 1 41 
10200 82 101 40 31 0 40 1 41 
10200 82 101 45 32 0 45 1 58 
10200 82 101 50 37 0 50 1 58 
10200 82 101 55 41 0 54 1 41 
10200 82 101 60 47 0 59 1 41 
10200 82 105 30 22 0 29 1 28 
10200 82 105 35 26 0 33 1 41 
10200 82 105 40 30 0 38 1 34 
10200 82 105 45 33 0 43 1 41 
10200 82 105 50 36 0 48 1 58 
10200 82 105 55 37 0 52 149 
10200 82 105 60 43 0 57 1 58 
10200 82 110 30 20 0 27 1 41 
10200 82 110 35 23 0 32 1 49 
10200 82 110 40 30 0 36 1 41 
10200 82 110 45 32 0.41 1,34 
10200 82 110 50 36 0 45 1 41 
10200 82 110 55 38 0 50 1 49 
10200 82 110 60 43 0 55 1 34 
10200 82 115 30 20 0 26 1 49 
10200 82 115 35 25 0 30 1 34 
10200 82 115 40 30 0 35 1 49 
10200 82 115 45 33 0 39 1 41 
10200 82 115 50 37 0 43 1 49 
10200 82 115 55 42 0 48 1 58 
10200 82 115 60 43 0 52 1 41 
10200 82 120 30 20 0 25 1 34 
10200 82 120 35 25 0 29 1 41 
10200 82 120 40 27 0 33 1 41 
10200 82 120 45 30 0 38 1 49 
10200 82 120 50 33 0 42 1 58 
10200 82 120 55 36 0 46 1 41 
10200 82 120 60 42 0 50 1 58 
10200 82 101 30 22 0 30 1 28 
13533 82 101 30 21 0 30 1 33 
13533 82 101 35 23 0 35 1 33 
13533 82 101 40 26 0 40 1 21 
13533 82 101 45 30 0 45 1 27 
13533 82 101 50 33 0 50 1 39 
13533 82 101 55 35 0 54 1 33 
13533 82 101 60 40 0 59 1 39 
13533 82 105 30 20 0 29 1 27 
13533 82 105 35 22 0 33 1 27 
13533 82 105 40 27 0 38 1 39 
13533 82 105 45 30 0 43 1 21 
13533 82 105 50 32 0 48 1 27 
13533 82 105 55 35 0 52 1,39 
13533 82 105 60 37 0 57 1 33 
13533 86 110 30 18 0 27 1 21 
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13533 78 110 35 20 0 32 1 27 
13533 78 110 40 25 0 36 1 27 
13533 78 110 45 26 0 41 1 39 
13533 78 110 50 31 0 45 1 27 
13533 78 110 55 35 0 50 1 47 
13533 80 110 60 38 0 55 1 27 
13533 80 115 30 17 0 26 1 33 
13533 80 115 35 22 0 30 1 27 
13533 80 115 40 25 0 35 1 39 
13533 80 115 45 28 0 39 1 33 
13533 80 115 50 32 0 43 1 33 
13533 80 115 55 36 0 48 1 39 
13533 80 115 60 37 0 52 1 39 
13533 87 120 30 18 025 1 47 
13533 87 120 35 21 029 1 33 
13533 87 120 40 25 0 33 1 27 
13533 87 120 45 28 038 1 39 
13533 87 120 50 32 0 42 1 39 
13533 87 120 55 35 0 46 1 33 
13533 87 120 60 38 0 50 1 39 
13533 87 101 30 20 0 30 1 33 
16867 87 101 30 17 0 30 1 21 
16867 87 101 35 23 0 35 1 33 
16867 87 101 40 26 0 40 1 21 
16867 87 101 45 27 0 45 1 40 
16867 87 101 50 30 0 50 1 26 
16867 87 101 55 33 0 54 1 15 
16867 87 101 60 37 0 59 1 26 
16867 78 105 30 17 0 29 1 21 
16867 78 105 35 21 0 33 1 26 
16867 78 105 40 23 0 38 1 40 
16867 78 105 45 26 0 43 1 47 
16867 78 105 50 31 0 48 1 40 
16867 78 105 55 32 0 52 1 47 
16867 78 105 60 35 0 57 1 33 
16867 78 110 30 16 027 1 21 
16867 78 110 35 20 0 32 1 21 
16867 78 110 40 22 0 36 1 26 
16867 78 110 45 25 041 1 26 
16867 78 110 50 27 045 1 21 
16867 78 110 55 31 0 50 1 26 
16867 78 110 60 33 0 55 1 26 
16867 78 115 30 17 0 26 1 21 
16867 78 115 35 18 0 30 1 33 
16867 70 115 40 21 0 35 1 21 
16867 70 115 45 23 0 39 1 15 
16867 70 115 50 26 043 1 15 
16867 80 115 55 27 048 1 40 
16867 85 115 60 35 0 52 1 21 
16867 63 120 30 15 0 25 1 21 
16867 63 120 35 17 0 29 1 21 
16867 62 120 40 20 0 33 1 33 
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Date 23/08/2006 
Code 2RW708 

Viscositv 95s 
Applicator diameter 262mm 

Layer thickness 
Elastomer PUV550 

External load W(N/m) LS(m/min) Va(%) Vp(o/o) Ep(IJm) S=Vp/Va Ribbing wavelength (mm) 
4867 77 101 20 31 0 20 212 
4867 77 101 30 40 0 30 1 94 
4867 77 101 40 52 0 40 1 94 
4867 77 101 50 62 0 50 1 94 
4867 77 101 60 75 0 59 2 33 
4867 77 101 30 45 0 30 1 94 
4867 77 105 20 30 0 19 212 
4867 77 105 30 40 0 29 212 
4867 77 105 40 55 0 38 2 33 
4867 77 105 50 62 0 48 1 94 
4867 77 105 60 75 0 57 2 33 
4867 77 105 30 40 0 29 1 79 
4867 77 110 20 30 0 18 1 79 
4867 77 110 30 40 0 27 2 33 
4867 77 110 40 52 0 36 1 94 
4867 77 110 50 67 0 45 2 59 
4867 77 110 60 75 0 55 2 12 
4867 77 110 30 40 0 27 1 79 
4867 77 115 20 25 0 17 1 94 
4867 77 115 30 40 0 26 1 79 
4867 77 115 40 52 0 35 2 33 
4867 77 115 50 63 0 43 2 12 
4867 77 115 60 72 0 52 1 94 
4867 77 115 30 40 0 26 212 
4867 77 120 20 27 0 17 2 12 
4867 77 120 30 40 0 25 1 94 
4867 77 120 40 50 0 33 1 94 
4867 77 120 50 62 0 42 212 
4867 77 120 60 72 0 50 2 59 
4867 77 120 30 40 0 25 2 12 
6867 77 101 15 17 0 15 1 47 
6867 77 101 20 23 0 20 1 79 
6867 77 101 25 26 0 25 1 67 
6867 77 101 30 35 0 30 1 79 
6867 77 101 35 38 0 35 209 
6867 77 101 40 41 0 40 1 79 
6867 77 101 45 45 0 45 1 79 
6867 77 101 50 47 0 50 1 67 
6867 77 101 30 32 0 30 1 57 
6867 77 105 15 17 0 14 1 57 
6867 77 105 20 23 0 19 1 79 
6867 77 105 25 27 0 24 2 09 
6867 77 105 30 32 0 29 1 93 
6867 77 105 35 38 0 33 2 09 
6867 77 105 40 43 0 38 1 79 
6867 77 105 45 47 0 43 1 67 
6867 77 105 50 55 0 48 1 93 
6867 77 105 55 55 0 52 1 93 
6867 77 105 60 60 0 57 209 
6867 77 105 30 32 0 29 1 79 
6867 77 110 15 14 0 14 1 67 
6867 77 110 20 20 0 18 1 93 
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6867 77 110 25 29 0 23 167 
6867 77 110 30 33 0 27 179 
6867 77 110 35 37 0 32 179 
6867 77 110 40 40 0 36 1 67 
6867 77 110 45 45 0 41 1 93 
6867 77 110 50 52 045 1 79 
6867 77 110 55 57 050 209 
6867 77 110 60 60 0 55 1 67 
6867 77 110 30 32 0 27 179 
6867 77 115 15 14 013 167 
6867 77 115 20 17 017 193 
6867 77 115 25 25 022 1 79 
6867 77 115 30 32 026 1 79 
6867 77 115 35 37 0 30 1 39 
6867 77 115 40 40 0 35 167 
6867 77 115 45 45 0 39 1 93 
6867 77 115 50 47 043 2 09 
6867 77 115 55 55 048 2 28 
6867 77 115 60 57 0 52 209 
6867 77 115 30 31 0 26 2 09 
6867 77 120 15 14 013 167 
6867 77 120 20 20 0 17 179 
6867 77 120 25 25 0 21 1 93 
6867 77 120 30 30 025 1 93 
6867 77 120 35 35 0 29 1 93 
6867 77 120 40 40 0 33 1 79 
6867 77 120 45 45 0 38 2 09 
6867 77 120 50 50 042 1 67 
6867 77 120 55 52 046 1 79 
6867 77 120 60 55 0 50 1 93 
6867 77 120 30 30 0 25 1 57 
10200 77 101 20 17 0 20 160 
10200 77 101 30 25 0 30 1 60 
10200 77 101 40 35 040 1 51 
10200 77 101 50 45 0 50 1 83 
10200 77 101 60 50 059 1 51 
10200 77 101 30 25 0 30 1 51 
10200 77 105 20 17 019 1 51 
10200 77 105 30 29 0 29 1 60 
10200 77 105 40 35 0 38 1 42 
10200 77 105 50 41 0 48 1 60 
10200 77 105 60 50 0 57 1 51 
10200 77 105 30 26 0,29 1 60 
10200 77 110 20 15 0 18 1 51 
10200 77 110 30 25 0 27 1 60 
10200 77 110 40 35 0 36 1 60 
10200 77 110 50 41 0 45 1 51 
10200 77 110 60 45 0 55 1 71 
10200 77 110 30 25 0 27 142 
10200 77 115 20 15 017 1 60 
10200 77 115 30 25 0 26 1 60 
10200 77 115 40 35 0 35 1 51 
10200 77 115 50 40 0 43 1 60 
10200 77 115 60 47 0 52 1 71 
10200 77 115 30 23 0 26 1 51 
10200 77 120 20 16 017 1 51 
10200 77 120 30 22 0,25 1 60 
10200 77 120 40 32 0 33 1 71 
10200 77 120 50 37 0 42 1 71 
10200 77 120 60 47 0 50 1 60 
10200 77 120 30 23 0 25 1 60 
13533 77 101 20 13 0 20 1 59 
13533 77 101 30 21 0 30 133 
13533 77 101 40 27 0 40 1 33 
13533 77 101 50 32 0 50 1 50 
13533 77 101 60 37 0 59 1 33 
13533 77 101 30 20 0 30 1 33 
13533 77 105 20 12 019 1 41 
13533 77 105 30 21 0 29 1 50 
13533 77 105 40 27 0 38 1 41 
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13533 77 105 50 33 0 48 1 50 
13533 77 105 60 40 0 57 1 50 
13533 77 105 30 21 0 29 1 33 
13533 77 110 20 13 018 1 59 
13533 77 110 30 21 0 27 1 41 
13533 77 110 40 28 0 36 1 41 
13533 77 110 50 35 0 45 1 26 
13533 77 110 60 39 0 55 1 41 
13533 77 110 30 20 0 27 1 50 
13533 77 115 20 11 0 17 1 33 
13533 77 115 30 20 0 26 1 33 
13533 77 115 40 30 0 35 1 33 
13533 77 115 50 36 0 43 1 41 
13533 77 115 60 41 0 52 1 50 
13533 77 115 30 21 0 26 1 41 
13533 77 120 20 12 0 17 1 26 
13533 77 120 30 18 0 25 1 33 
13533 77 120 40 27 0 33 1 50 
13533 77 120 50 32 0 42 1 59 
13533 77 120 60 37 0 50 1 59 
13533 77 120 30 20 0 25 1 50 
16927 77 101 20 11 0 20 1 27 
16927 77 101 30 17 0 30 1 50 
16927 77 101 40 23 0 40 1 50 
16927 77 101 50 30 0 50 1 34 
16927 77 101 60 35 0 59 1 50 
16927 77 101 30 20 0 30 1 41 
16927 77 105 30 17 0 29 1 34 
16927 77 105 40 23 0 38 1 21 
16927 77 105 50 30 0 48 1 41 
16927 77 105 60 36 0,57 1 34 
16927 77 105 30 20 0 29 1 34 
16927 77 110 30 17 0 27 1 21 
16927 77 110 40 23 0 36 1 59 
16927 77 110 50 30 0 45 1 41 
16927 77 110 60 37 0 55 1 34 
16927 77 110 30 17 0 27 1 41 
16927 77 115 30 17 0 26 1 59 
16927 77 115 40 22 0 35 1 41 
16927 77 115 50 28 0 43 1 41 
16927 77 115 60 35 0 52 1 59 
16927 77 115 30 17 0 26 1 34 
16927 77 120 30 16 0 25 1 59 
16927 77 120 40 21 0 33 1 50 
16927 77 120 50 27 0 42 1 50 
16927 77 120 60 31 0 50 1 41 
16927 77 120 30 17 0 25 1 59 
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