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he film coating technique is used for the surface treatment of 
fragile webs, as very little stress is applied to the substrate, contrary T to blade coating. Film coating is also known to produce a contour- 

like coating with superior coverage even a t  high process speeds 
(Wickstrom and Cron, 2000). These advantages are achieved due to the 
use of a pre-metering step, in which a thin coating film is first formed in 
a metering section, before being applied to the substrate. In the 
metering nip, the film is formed between a small smooth metering rod 
and a large-diameter soft transfer roll. The metered film characteristics 
depend on the coating formulation and the nip flow conditions, which 
are in turn governed mainly by the load exerted on the roll by the rod, 
the speed, and the roll cover hardness. Since the metered film is an 
essential part of the final product, a thorough understanding of the 
metering nip flow is central to the better design of film coating 
equipment. 

In coating processes, thin films of the order of a few tens of microns 
are produced. In order to obtain such thin coatings and to avoid roll 
damage, a deformable cover on the transfer roll is essential. The use of 
an elastic cover results in a fluid-solid boundary that changes according 
to the hydrodynamics of the flow. In practice, the fluid domain, which is  
influenced by the equilibrium between flow and elastic forces, is difficult 
to describe. Coyle (1 988) used the lubrication theory to model such fluid 
domain and described the deformation of the roll cover as simple 
Hookean springs. He reported that the maximum pressure is lower than 
that with rigid rolls. In terms of coating thickness, he identified two load 
regions of different slopes, similar to those observed experimentally a t  
high speeds with Newtonian fluids and suspensions (Reglat and Tanguy, 
1997, 1998; Alonso et al., 2000). Carvalho and Scriven (1 993) compared 
three methods to describe the deformation of the elastic cover. Since the 
one proposed by Coyle (1 988) gave results similar to those of the other 
models, Carvalho and Scriven (1993) concluded that the spring model 
was reliable enough for practical design considerations. The lubrication 
theory, however, does not account for the effect of the hydrodynamic 
stresses on the deformation, and the spring model does not allow for 
sideways displacements or incompressible covers. 

Fourcade e t  al. (1 999) proposed a novel model for the deformation of 
a Hookean incompressible cover that allows for sideways displacements 
generated by fluid stresses. For Newtonian fluids, the calculated 
maximum pressure was compared to that measured experimentally. The 
results showed similar trends although quantitative differences were 
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Computer fluid dynamic simulations of the metering 
nip flow were used to assess the process viscosity of 
the coating colours. The numerical solution was based 
on a Calerkin/finite element technique that included 
the deformation of the roll cover to better represent 
the flow elastohydrodynamics. The Navier-Stokes 
prediction was compared with experimental measure- 
ments of torque and pressure in the metering nip. 
From the comparisons, the process viscosity 
determined in a region of shear-dominated flow is the 
one, among the three models analyzed, that can 
better describe the hydrodynamics of the metering 
nip flow. To improve further the fluid flow numerical 
description, this process viscosity was combined with 
an adapted transient Cross model. This new semi- 
analytical rheological model decreased the differences 
between the numerical and experimental results. The 
findings also suggested that the model requires further 
enhancements, topic that will be addressed in future 
work. 

On a utilise la simulation par ordinateur des 
Ccoulements dans une pince de dosage pour 
determiner la viscosite de procede des sauces de 
couchage. La solution numerique basbe sur la 
methode des elements finis de Calerkine tient compte 
de la deformation de I'enveloppe du rouleau afin de 
mieux representer le comportement Clastohydrody- 
namique de I'ecoulement. La prediction a ete 
comparee a des mesures experimentales du couple et 
de la pression dans la pince de dosage. On a pu 
montrer que la viscosite de procede determinee dans 
la region de I'ecoulement dominee par le cisaillement 
est celle qui, des trois modeles analyses, peut le mieux 
decrire I'hydrodynamique de I'ecoulement dans la 
pince de dosage. Afin d'ameliorer encore la descrip- 
tion numerique de I'6coulement du fluide, cette 
viscosite de procede est combinee a un modele de 
Cross adapt6 au cas instationnaire. Ce nouveau 
modele rheologique semi-analytique permet de 
reduire I'ecart entre les resultats numeriques et 
experimentaux. Les resultats suggerent egalement 
que le modele necessite d'autres ameliorations, un 
theme qui sera etudie dans des travaux ulterieurs. 

Keywords: process viscosity, metering nip, maximum 
pressure, torque, coating colour. 
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observed. They were attributed to the uncertainty associated 
with the measurement of the metering rod position relative to 
the transfer roll (apparent nip gap), and three-dimensional and 
free surface effects (Fourcade et al., 1999). 

An improvement in the coating flow simulations was 
achieved by including the free surface downstream from the 
nip. Carvalho and Scriven (1997), using the lubrication theory, 
adapted a viscocapillary model for the free surface to a spring- 
like model for the roll deformation. They found that the 
deformation of the cover reduces the pressure and delays the 
onset of the ribbing pattern to higher capillary numbers. 
Carvalho and Scriven (1 999) improved the numerical treatment 
of the forward roll coating problem by carrying out a three- 
dimensional flow stability analysis, together with a spring-like 
model for the roll deformation. Their results confirmed that the 
deformable cover decreases the pressure gradients and delays 
the onset of instabilities. 

In reverse roll coating flows, the numerical treatment of the 
free surface is very complex. The three-phase dynamic wetting 
line leads to a non-integrable stress singularity, so that a slip 
hypothesis must be implemented (Coyle et al., 1990; Hao and 
Haber, 1999). The dynamic contact angle needs to be known as 
well. The uncertainties about the conditions prevailing at the 
dynamic wetting line make uncertain the reliability of the 
quantitative predictions of the flow field (Coyle et al., 1990). 
From experiments, Channam and Esmail (1 997) showed that, 
for rotating rolls, the contact angle depends on the geometry of 
the wetted surface and the capillary number. Numerically, Hao 
and Haber (1999) found that the contact angle and the slip 
distance have a strong influence on the location of the three- 
phase line and the coating thickness. As a result, the numerical 
solution depends strongly on the conditions of the dynamic 
wetting line, and matching a set of experimental conditions to the 
numerical model requires specific values of the slip coefficient, 
slip length, and dynamic contact angle. 

In numerical simulations, considering the cover deformation 
results in a better approximation of the coating flow hydrody- 
namics (Carvalho and Scriven, 1997; Fourcade e t  al., 1999). 
Consequently, parameters that are particularly sensitive to the 
nip elastohydrodynamic forces, such as the torque acting on the 
metering rod, become natural candidates for the assessment of 
the reliability of computational models. Torque measurements 
are a t  the basis of rotational rheometry (Macosko, 1994; 
Carreau et al., 1997), and they can also be adapted to mixing 
process rheometry (Brito et al., 1998). Although it is relatively 
simple to measure the torque on a rotating roll, only a few works 
have dealt with this issue (Alonso et al., 2000, 2001). From a 
fluid mechanics viewpoint, the torque signal may provide 
relevant information about the rheological conditions of the 
fluid in the metering nip, in the spirit of what has been obtained 
from experimental pressure measurements (R6glat and Tanguy, 
1998; Alonso et al., 2000, 2001). Thus, the objective of this 
article is to use the torque signal on the rod and the nip 
pressure to assess the process viscosity models developed in film 
coating by means of computer fluid dynamic simulations of the 
metering nip flow. Newtonian fluids and paper coating colours 
are used under the typical conditions of the paper film coating 
process. Numerical simulations that consider the deformation of 
the roll cover as in Fourcade et al. (1 999) are carried out. On the 
metering rod, both maximum pressure and torque are 
calculated and comparisons with experimental measurements 
are performed. In order to avoid the numerical complexity 

associated with coupling an elastohydrodynamic model with a 
free surface algorithm, the nip is considered fully flooded. This 
simple two-dimensional model maintains the main features of 
the nip flow and is numerically more manageable than the 
entire representation of the free surface elastohydrodynamic 
reverse roll coating problem in three dimensions. 

Physical and Numerical Experiments 
The laboratory reverse roll coater used in the experiments is 
described in Alonso e t  al. (2000). Briefly, the metering rod 
is instrumented with a wall-mounted piezoelectric transducer 
to obtain the nip pressure profile a t  each revolution (Figure 1). 
A torquemeter is directly connected to the shaft of the metering 
rod so that the torque signal is continuously monitored and 
recorded. Two displacement transducers, both located at each 
end of the rod, measure the relative position of the metering 
rod with respect to the undeformed surface of the transfer roll. 
The zero position is set when both rod and roll are in slight 
contact while being at rest. 

Polyethylene glycol solutions at  three concentrations 
(1 3.2%, 17% and 18.3% w/w) were used as Newtonian fluids. 
Three paper coating colour formulations were used, all based 
on 100 dry parts of clay, ten of latex, 0.04 of dispersant and 
with different CMC and solids contents as shown in Table 1. 

I 

Figure 1. Instrumentation of the metering section of the laboratoty coater. 

Table 1. CMC and solids content in the coating colours. 

1 0.5 61 .O 
2 1 .o 61 $0 
3 0.5 63.3 

Table 2, Parameters of Cross model phss = q- + [q, - qJ/[1 + ( ~ M .  

CoatingC~low t P no rl, IUq&/Pd 
Label (5) (Pas) ( P a 4  

500 0.063 0.083 
2 62.5 0.83 500 0.082 0.095 
3 0.82 500 0.080 0.094 
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Table 3. Operating and geometrical parameters. 
____ 

Variable Nomenclature Ranae 

Transfer speed v, 
Metering rod speed "m 
Experimental metering load - 
Numerical nip gap - 
Transfer roll radius Rt 

Metering rod radius Rm 

Elastomer thickness te 
Metering nip length I 

Relaxation parameter w 
Metered coated strip - 

500 - 1900 m/min 
30 m/min 

0.25-2.0 kN/m 
4 0  - 80 mm 
0.40 m 
0.02 m 
0.015 rn 
0.02 m 
0.2 rn 
0.3 

The Cross model rheological parameters are showed in Table 2 
(the details about their rheological characterization can be 
found in a related paper; Alonso et al., 2001). All the rheological 
parameters are similar and lie within the rheological behaviour 
of typical industrial paper coating colours. The low shear viscosity 
limit qlo of the Cross model was chosen 500 Pa.s because it fits 
fairly well the rheological data obtained from the rheometer for 
each coating colour in the low shear region and eliminates 
computational problems. Choosing a higher value of qo for 
each coating colour would certainly improve the fitting since 
the coating colours do not have a low-shear viscosity plateau. 
Unfortunately, the higher the qv the stiffer the solution of the 
numerical problem (higher viscosity gradients are generated) as 
pointed out in Roper and Attal(l993). In fact, the best fit would 
be a power law model with a high shear rate viscosity plateau 
(Iziquel et al., 1999), but, again, it would generate infinite 
viscosities at very low shear rates, making the numerical 
problem very difficult to solve (Roper and Attal, 1993). 

The computational approach described in Fourcade et al. (1 999) 
was used for the flow simulations. The computational domain, 
the nomenclature and the finite element elastohydrodynamic 
model are recalled in the Appendix (the simulation parameters 
are given in Table 3). The rigid-roll fluid problem is first solved. 
Next, the stress at the fluid-solid interface is used to calculate the 
force exerted by the fluid on the transfer roll. This force is then 
used to predict the cover deformation. Once the cover is 
deformed, the new fluid-solid interface generates new fluid and 
solid domains that are remeshed for the next iteration. The fluid 
problem is thus solved again, and this process is iterated upon 
until the normal force exerted by the fluid becomes equal to the 
elastic stresses. In practice, the fixed-point iteration procedure 
was applied until the fluid-solid normal stress residual value at 
the interface was equal or less than 3% of the fluid normal 
stress value [(FKSN)IFN 50.031. 

In the present study, the two-dimensional elastohydrody- 
namic problem was discretized with the Calerkin finite element 
method by means of the CFD code POLY2DTM (Rheotek Inc.) 
The meshing procedure was achieved using IDEASTM (SDRC 
Inc.) Both fluid and solid meshes contained around 3400 and 
4800 quadratic-interpolated triangular elements, respectively. 
Mesh refinement tests were performed to ensure that the 
results were independent of the mesh size. The remeshing 
procedure was such that the variation of the number of 
elements did not change appreciably so as to affect the 

accuracy of the results from one iteration to the next one. 
Additionally, a relaxation parameter w was used to avoid too 
large displacements and to ensure convergence. 

The tangential force exerted by the fluid on the metering rod 
was used to calculate the torque T, namely: 

where Rm is the metering rod radius and TFm the wetted surface 
of the rod to be integrated. 

Results and Discussion 
In this investigation, it is important to consider that, as 
explained in RCglat and Tanguy (1 997), the experimental error 
in the calibration of the metering rod relative position can be up 
to 20 mm, a value that may be kept in mind when analyzing the 
results. The size of the pressure transducer may be another 
source of systematic error. It is relatively large (2.5 mm in 
diameter) with respect to the total length of the nip (-1 3 mm) 
so that the experimental pressure is an average value on the 
surface of the transducer. This effect was somehow considered in 
the numerical results by averaging the pressure profile in a distance 
of 2.5 mm, yet the error associated with this approximation 
may be added to the discrepancy between the numerical results 
and the experimental data (RCglat and Tanguy, 1997). Finally, 
the fluids used in this investigation contained a significant solids 
content, but the numerical model considers only one single 
phase and consequently neglects particle interactions. 
Assuming minimal sources of error, the numerical simulations 
were used to assess the methods of evaluation of the process 
viscosity models of Alonso et al. (2000, 2001). 

Process Viscosity 
Maximum Pressure 
The process viscosity is defined as the shear viscosity of a 
Newtonian fluid that would yield the maximum pressure of 
a non-Newtonian fluid a t  the same flow conditions (Reglat and 
Tanguy, 1998). In the method, the maximum pressure is first 
measured with Newtonian fluids at different Vis, nip gaps, and 
viscosities so that P,, = P,, (Vt, nip gap, pJ (Reglat and 
Tanguy, 1997). This equation is differentiated to approximate 
the dependency of the maximum pressure on the process 
variables. At the end, for coating colours, the maximum 
pressure is measured and used in the differential equation to 
estimate the viscosity of the coating colours following the 
definition of the process viscosity pprop. With this procedure 
(Alonso et al., 2000), the calculated process viscosity pPmp of the 
coating colours was found to be significantly higher than the 
steady state shear viscosity p, obtained in a rheometer (Table 4). 

Figure 2a displays the variation of the maximum pressure 
values with respect to the metering rod position for two coating 
colours. From the fact that the experimental curve is below the 
numerical results, one can infer that the parameters for the 
steady state shear viscosity predicted by the Cross model 
overestimate the viscosity of the coating colours. The use of the 
process viscosity ppmf in the numerical simulations would result in 
an even higher difference between the numerical and experimental 
results since pprKp is about six times higher than the Cross 
model viscosity (a more viscous fluid generates a higher 
maximum pressure). This behaviour is of course surprising since 
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Table 4. Process, transient, steady state and plateau viscosities for the coating colours. 

rl+ Pss T1, P r 
Viscosity Ppmc PPW PpWC 
(Pa.5) at 1000 s-1 (Cross) 

Colour Alonso et al. (2000a) Alonso et al. (2000b) 

1 0.478 
2 0.645 
3 0.641 

0.063 
0.069 
0.062 

0.01 9 0.082 0.095 0.063 
0.022 0.140 0.1 29 0.082 
0.070 0.1 03 0.1 08 0.080 

one would expect that using the process viscosity in the 
numerical model yielded more accurate results, i.e., to decrease 
the difference between the numerical and experimental data by 
decreasing the numerical maximum pressure. 

The discrepancies may be linked to the location of the 
maximum pressure and the rheological behaviour of the coating 
colours under extensional flow. Between rolls, the maximum 
pressure is located upstream from the nip centre (Caskell et al., 
1998), i.e., in the converging region of the nip, where shear and 
extensional flows coexist. The fact that a converging-diverging 
channel can be used to investigate the extensional behaviour of 
the coating colours through pressure measurements (Isaksson 
e t  al., 1998; Lavoie e t  al., 1997) suggests that the extensional 
behaviour of the coating colours greatly influences the values of 
the process viscosity pprKp. This effect can be explained by the 
occurrence that, for a set of operating conditions of transfer 
speed and rod position, the maximum pressure depends on the 
extensional a, and shear a, flow contributions (Rkglat and 

1 Tanguy, 1998) as: 

= as + ka, 
4 s  

where a, = aPrnaX/apL,, and a, = dP,,,,Jdp, and k is the Trouton 
ratio, i.e., the ratio of extensional to shear viscosity. For 
Newtonian fluids, there is no stretching, a, = 0, and the term 
aPmJdps (or AP,,,&$LJ can be evaluated directly from experiments 
(R6glat and Tanguy, 1998; Alonso et al., 2000). For non-Newtonian 

fluids, a, is still valid but k and a, may be a function of the 
extension rate. k can be known from experiments in an 
extensional rheometer, but a, can only be evaluated explicitly 
from tests in the film coater with fluids with different 
extensional viscosities and constant shear viscosity. As a result, 
the coating colour process viscosity p ,,P evaluated from 
maximum pressure measurements may cLange - depending 
on the values of CL, and k -when the extensional behaviour of 
the fluids is taken into account. 

Torque 
The process viscosity pPmJ represents a value of the fluid viscosity 
based upon the global shear and extensional conditions that 
prevail within the metering nip. This procedure requires a 
dimensional analysis of the metering nip, the measure of the 
torque for Newtonian fluids (used as reference) and coating 
colours and applies the concept of Metzner and Otto (1957) 
used in the theory of mixing. To evaluate pprKT, the process 
shear rate was estimated as ibrnC = KsV,/H. K, is the constant of 
Metzner and Otto for the torque behaviour in the nip that 
depends on both Newtonian fluids (Kp) and coating colours 
(Kp,), the latter considered as power law fluids. In the reference 
(Alonso et al., 2000), the process viscosity pFr was found 
lower than the viscosity pss obtained in the rheometer (Table 4). 

Figure 2b shows the variation of the experimental and 
numerical torque values with respect to the metering rod 
relative position. One may readily observe that the discrepancies 
are more significant than in the case of the maximum pressure 
measurements. One can also infer from these results that the 

Figure 2a. Variation of the maximum pressure with the metering rod 
position for two different coating colours (V, = 1 750 m/min, V, = 30 m/min). 

754 

Figure 2b. Variation of the torque with the metering rod position for two 
different coating colours (V, = 1 750 m/min, V,,, = 30 m/min). 
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Figure 3a. Power number as function of the Reynolds number for 
Newtonian fluids. 

rheological parameters of the Cross model overestimate the viscosity 
in all cases since the experimental results are below the numerical 
curve. From a rheological standpoint, two comments are in 
order. In mixing, the Metzner and Otto concept (Metzner and 
Otto, 1957) was developed for laminar flow. Since Alonso et al. 
(2000) does not mention the regime underlying their process 
viscosity evaluations, their results are revisited in this work. In 
order to better account for the physics of the problem 
(regarding the analogy with a mixing system), a new 
dimensional analysis is carried out. The power number is redefined 
as Np = C ,/SV$?,p, the Reynolds number is Re = pV,H/pL, and 
Kp = Np.ie for Newtonian fluids, and Re, = pV:.nH,,/m(VJH)wl, 
and Kp, = Np.Re, for the coating colours, both Kp and Kp, are 
constants in the laminar regime (Sterbacek and Tausk, 1965); 
finally, Cp, is the effective torque measured on the wetted area 
S of the metering rod, V, is the transfer speed, R, the rod radius, 
p the density, H the calculated nip gap, and m and n the power 
law parameters. We give in Figure 3 the Np and Kp curves 
obtained for Newtonian fluids and coating colours. It comes 
from experiments and dimensional analysis that the slope of an 
Np vs. Re curve should be equal to -1 (logarithmic scale) in the 
laminar regime and decrease to near zero in the fully turbulent 
regime (Sterbdcek and Tausk, 1965). The slope of -1 is 

Figure 3c. Power number as function of the Reynolds number for 
coating colours. 

independent of the index n of the power law rheological model 
so that the Metzner and Otto concept works for both shear- 
thinning and shear-thickening fluids (Tanguy et al., 1996), 
common rheological behaviours observed in coating colours 
(Laun and Hirsch, 1989; Roper and Attal, 1993). 

Figure 3a shows the variation of Kp with respect to the 
Reynolds number. Each data series (represented by the dotted 
line) corresponds to a constant load but different transfer 
speeds and nip gaps. The geometric constant Kp (Figure 3b) 
appears to be a function of the Reynolds number for 
Newtonian fluids. These variations are mostly owing to the fact 
that different gaps correspond to different nip geometries and 
hence, in the spirit of dimensional analysis, to different 
processes. Figure 3c shows the Np-Re, curves for the coating 
colours, results that depict a behaviour similar to that of the 
Newtonian fluids. Kp curves (Figure 3b and 3d) reveal that the 
Kp values range from 0.2 to 2.15 in the Newtonian case and 
from 45 to 125 for the coating colours. Such Kp and Kp, 
variations make it difficult to use the concept of Metzner and 
Otto. As a result, the concept of process viscosity should be 
applied at  low speed, in order to ensure the laminar regime 
and minimize the influence of the nip gap on the geometric 
constant Kp. 

Figure 3b. Kp as function of the Reynolds number for Newtonian fluids. Figure 3d. K,, as function of the Reynolds number for coating colours. 
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The torque-based methodology presented above considers 
that the coating colours are power law fluids. Consequently, the 
very high Reynolds numbers calculated for the coating colours 
(Figs. 3c and 3d) are a consequence of the very small viscosity 
predicted by the power law model a t  the shear rates of the 
coating process (-lo5 s-l). In the metering nip, however, the 
rheological model is likely to perform poorly because the shear 
rates are such that the viscosity may be on the Newtonian 
plateau (Alonso et al., 2001). In order for the coating colours to 
behave as power law fluids, the shear rates and speeds should 
be low, which were not the work conditions of Alonso et al. 
(2000). As a result of both remarks, the torque-based procedure 
for evaluating the process viscosity is suitable only when the 
shear rates and process speeds are small. 

Pressure and Torque Combined 
The two methods proposed above suffer from drawbacks that 
come from the speed and converging-diverging geometry of 
the metering nip. Thus, by considering a region within the nip 
where the flow is shear-dominated - the nip centre, for 
example - the uncertainty with respect to the extensional 
effects on the flow can be considerably reduced. Additionally, 
the transient nature of the metering nip flow (Laun and Hirsch, 
1989; Cohu and Magnin, 1995) brings the idea that the process 
viscosity should be compared with transient rheological tests in 
the rheometer. Both of these issues were considered in the 
methodology proposed in a previous paper (Alonso et al., 
2001). This methodology combines the pressure gradient and 
the torque by means of the lubrication theory applied in the 
centre of the nip and requires no Newtonian reference fluids. 
With this method (Alonso et al., 2001), the values of the process 
viscosity ppmo the viscosity of the coating colour in the centre of 
the nip, were found to be lower than the transient viscosity q+ 
obtained with step growth tests in a rheometer (see the values 
in Table 4). 

A few comments must be made about the coating colour 
rheology. In Table 4, the values of the transient viscosity qt 
(obtained 0.1 s after a step growth test from 80 s-l to 1000 s-' 
in Alonso et al., 2001) are very close to the steady state viscosity 
values F~~ but higher than the viscosity plateau qm estimated 
from fitting the rheological data to the Cross model. Thus, one 
would expect that using the values of q+ in the numerical 
simulations give a larger difference between the numerical and 
experimental results than those obtained from the Cross model. 
The only suitable viscosity that allows to decrease the numerical 
results is then the process viscosity pprM (the process viscosity 
from the torque methodology pprwT could also shift down the 
numerical curve but it does not perform properly). 

An additional issue of importance is the use of the torque 
measurements in the evaluation of the process viscosity ppmc. 
From the numerical simulations (Alonso et al., 2001), it is 
observed that the stress values change with the position, with 
positive and negative values. This change in sign may make it 
difficult to use the torque in the evaluation of the process viscos- 
ity in the whole nip. The process viscosity pproc was evaluated 
exclusively in the centre of the nip (with a pressure gradient 
almost constant), where the shear stress is always positive, 
although not constant. The methodology considers the integral 
of the stress in that region only; thus, the process viscosity p 
regarding the torque measurements i s  an average vaLmi 
represented by the area under the stress curve in the region of 
almost constant pressure gradient. Since experimentally it is not 

.- a 
s a a 0.1 

Figure 4. Steady rate and transient viscosities for two coating colours. 

possible to measure the torque in such region, a numerical 
procedure was adapted to deduce the experimental torque that 
corresponds to the region of application of the lubrication 
theory (Alonso et al., 2001). That is also the region of maximum 
shearing, i.e., the minimum viscosity the fluid can have when 
passing through the nip. As a result, this process viscosity ppm 
in the one that the coating colour has in the metering nip and 
before arriving to the application nip (Alonso et al., 2001). 

The time and shear dependence of the coating colours does 
not allow us to use directly in the simulations the process viscosity 
pP,. We illustrate this in Figure 4, which shows the steady state 
shear viscosity CL,, for two coating colours. The other qt curves 
were constructed from the rheological results obtained after an 
initial preshearing of the sample a t  80 s-1 for 30 s and then 
applying step growth tests up to 1000 s-l (the readings were 
taken 0.1 s after the increase in shear rate). The values of this 
transient viscosity q+ decrease with the step growth rate level 
and follow also the trend of the steady state viscosity. The 
transient values are slightly below, but the differences can be 
better seen by zooming the high shear region (these differences 
in viscosity are enough to change the hydrodynamics of the 
metering nip flow, i.e., the pressure profile; Reglat and Tanguy, 
1997, 1998; Alonso and Tanguy, 2001). This transient viscosity 
q+ behaviour for coating colour 3 could be fitted with the Cross 
model with the following parameters: p = 0.79 and t = 150 s. 

New numerical experiments were performed with the 
transient Cross model parameters in order to consider 
somehow the shear and time dependence of the fluid upstream 
the metering nip. In the centre, we believe that the viscosity of 
the coating colour is that approximated from the combination 
of the pressure gradient and torque methodology, pproc, by 
means of the lubrication theory. Thus, this process viscosity ppmc 
of colour 3 was used as viscosity plateau in what we called a 
semi-analytical rheological model. The results are shown in 
Figure 5, in which one can observe that the use of this rheological 
model shifts down the numerical curve and brings it closer to 
the experimental results. The remaining smaller difference then 
suggests that this model needs further improvements. 

From the discussion of above, a very important question 
arises: what rheological model should be used in the simulations 
of the metering nip flow? Since the colour has no time to 
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Figure 5. Maximium pressure vs. metering rod relative position for 
colour 3 (Vt = 1750 m/mn, V, = 30 m/min). 

restructure before arriving to the application nip (Alonso et al., 2001), 
a suitable assumption may be to consider that the coating 
colour behaves as Newtonian downstream the nip, with a 
viscosity equal to the process viscosity p Upstream the nip, 
the fact that the mixing procedure use&!;: the coating colour 
makedown may affect the coating colour rheological behaviour 
and runnability (Persson et al., 1997; Alonso and Tanguy, 2001) 
suggests that the shear preconditioning may affect the 
measurements in the film coater, plus the possible effect of the 
extensional behaviour of the coating colours. Thus, more 
rheological tests are needed in order to clarify the relative 
influence of time, preconditioning and the extensional 
behaviour of the coating colours. 

For the time being, the combination of transient rheological 
tests with the process viscosity in a semi-analytical model is a 
clear improvement of the metering nip flow although it 
certainly admits further enhancements. For example, improvements 
in the transient rheological tests may be made by using a more 
powerful rheometer (in this investigation the lowest reliable 
time to perform the step growth tests was 2 s with a data 
acquisition response time estimated in 0.1 s, far long compared 
to the residence time of milliseconds in the metering nip). We 
must also keep in mind that each coating formulation has its 
own rheological behaviour so that what was observed in this 
work may be different with other formulations. A further 
analysis with more complex coating industrial coating colours is 
needed, including some fluids with a rheological behaviour 
different than that of the fluid presented here, and licensed 
industrial formulations. Finally, the process viscosity may also be 
related to the occurrence of instabilities in the metering and 
application nips, which will be the topic of future work. 

Conclusion 
In a laboratory film coater, the hydrodynamic pressure and the 
torque signal on the metering rod were used to investigate the 
coating colour rheological behaviour in the metering nip. 
Numerical simulations were used as a key to assess the process 
viscosity of the coating colours from former publications. From 
the valuable points arrived a t  in this work, it was found that the 
maximum pressure may be preferably used to evaluate the 
process viscosity when the extensional behaviour of the coating 

colours is  known. The torque may be used to determine the 
process viscosity when the coating colours are subjected to low 
shear rates and follow the power law rheological model. Our 
major contribution here is the finding that the process viscosity 
evaluated in a region of shear-dominated flow is  the one that 
can better describe the hydrodynamics of the metering nip 
flow. This was found by making a combination of the process 
viscosity with an adapted transient Cross model, idea proposed 
as a first attempt at exploring the numerical description of the 
coating colours rheological behaviour in the nip since it better 
approximates the flow hydrodynamics than the steady state 
rheological model alone. 

Appendix 
The computational domain for the simulations is shown in 
Figures A1 and A2. V,,, and Vt are the speeds of the metering 
rod and the transfer roll, respectively, I is the length of the 
domain, H defines the minimum clearance between rod and roll 
before deformation, and t, is the thickness of the elastic cover. 
Rf  is the computational domain for the fluid and R, that for the 
solid, rF is the fluid boundary, T, the solid boundary, and r the 
solid-fluid interface along the transfer roll. I-,, is the fluid 
boundary along the transfer roll surface, I-,,,, the fluid boundary 
along the metering rod surface, Tsr the solid boundary along 
the transfer roll, nF the unit vector normal to rFt, n, the unit 
vector normal to rst, and t, the unit vector tangent to rFm. 

Fluid Problem 
The flow of an incompressible fluid in the computational fluid 
domain R, with boundary rF is  governed by the 2-0 
momentum and continuity equations: 

div oF - pv .grad v = 0 in RF 

div v = 0 in RF 

where the total stress and the rate-of-strain tensors are defined as: 

t = -[grad 1 v + (grad v)'] 
2 

/---- '-\\ / Metering rod 

l 0 ),,/- domain 
Computational 

,- Coating film 

Elastom-.'/ Transfer roll 

Figure A l .  Computational domaine in the simulation of the metering nip. 
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Figure A2. Nomenclature of the computational domain. 

In this paper, rheological behaviour of the coating colours was 
approximated with the Cross model due to its improved 

The linearized strain tensor is: 

numerical stability (Roper and Attal, 1993): E = ?[grad 1 u + (grad u) T ] 
L 

(A51 
and the displacements u of the elastomer cover are cioverned 
by the two-dimensional Stokes-like equations: 

- 
The following essential boundary conditions are imposed: - 

V = &  On rFt 

v = v, On rFm 

(T, = 2CE + 9s 
together with the natural boundary conditions: 

('F)nn = O On rF \ (h rFm) (A8) 

( ~ 9 )  
((TF)nt = O on rF \ (rFt rFrn) introduced to enforce the incompressibility constraint. 

where n stands for the outward unit vector normal to rF(rFt x 

where C is the shear modulus and can be related to the Young's 
modulus E as C = E/3, and where 9 is a Lagrange multiplier 

The cover of the transfer roll deforms only when it is in contact 
with the fluid. As a consequence, the following Dirichlet 
boundary condition is set: rrm), the extremities of the nip. ....- 

On the metering rod, the total torque exerted on the rod is 
= on rJ\rst calculated as: 

(A1 0) At equilibrium, the stress balance between the hydrodynamic 
and elastic stresses satisfies: 

Solid Problem 
The evaluation of the displacement u of the elastomer cover 
under the influence of hydrodynamic forces is carried out under 
the following assumptions: 

The displacements u are small. 
The elastomer is isotropic and homogeneous. 
The elastomer elasticity obeys Hook's law. 
The elastomer is incompressible. 

which is in fact a Newmann boundary condition that provides 
the load for the elasticity problem (A1 2) to (A1 3). 

The stresses that build up in the elastomer are stored so that 
they can be used in the following iteration. A continuation 
method can also be used when one-go simulations are difficult 
to carry out. A given set of parameters for which the solution is 
known can be used to generate a new solution for a different 
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set of parameters where one or several variables can be 
modified. For example, this method has helped achieve conver- 
gence when negative gaps have been required (Fourcade et at., 
1999). 
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Nomenclature 
Cproc 
FN fluid normal stress, (Pa) 
H calculated nip gap, (m) 
k Trouton ratio 
Ks 

m 
n 
P 
f,, 
Rt transfer roll radius, (m) 
Rm metering rod radius, (rn) 
5 
5, solid normal stress, (Pa) 
t 

t F  
T 
"t transfer roll speed, (m/s) 

effective torque measured on the metering rod, (Nm) 

Metzner and Otto constant in the evaluation of the process 
shear rate 
consistency index in the power law model, (Pad') 
power index in the power law model 
shear-thinning index in the Cross model 
maximum pressure within the metering nip, (Pa) 

wetted surface on the metering rod, (m2) 

consistency index in the Cross model, (s) 
tangent vector for the fluid domain 
calculated torque on the metering rod, (Nm) 

Creek 
ae 

Symbols 
extensional flow contribution to the maximum pressure, (1 /s) 
shear flow contribution to the maximum pressure, (l/s) 
shear rate, (1 /s) 
process shear rate, (1 /s) 
solid-fluid interface along the metering rod 
transient viscosity, (Pa.s) 
viscosity plateau at low shear rates, (Cross model) (Pa.$ 
viscosity plateau a t  high shear rates, (Cross model) (Pa.s) 
cross model viscosity, (Pa.s) 
steady state shear viscosity, (Pa.$ 
extensional viscosity, (Pa,s) 
process viscosity calculated from pressure measurements, (Pa.$ 
process viscosity calculated from torque measurements, (Pas) 
process viscosity from the lubrication approximation, (Pa.$ 
stress tensor for the fluid 
density, (kg/m3) 
relaxation parameter 
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