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Drying kinetics of a polymer film cast from a polymer - soluent solution is studied. A 
modelization of the whole drying process is performed, including the dif ision of soluent 
through the varnish layer, the moving interface, and the coupled heat and mass transfer 
between the interface and the drying air. The assumptions and the ualdity domain of 
the proposed modelization are thoroughly analyzed. In particular, comparison of the 
varnish temperature with its glass transition temperature all along the process allows us 
to determine the validity domain of the Fickian dif ision assumption. Because of the 
hypodifisiue behavior of polymer solutions, uery large concentration gradients appear in 
the layer, and the drying kinetics is characterized by two successive regimes. This two- 
stage kinetics is investigated first for typical conditions encountered in the packaging 
industry, where a film of a few microns is dried in a few seconds, thanks to hot air 
blown through nozzles. Then, different drying conditions corresponding to evaporation 
experiments at room temperature of thicker films of the same varnish are studied. 

Introduction 
Understanding the drying kinetics of a polymer film cast 

from a polymer/solvent solution is a major issue in numerous 
industrial processes. Indeed, most of lacquer, paint, and var- 
nish coatings are obtained by performing solvent evaporation 
from an initial dilute solution (Vrentas and Vrentas, 1994). 
Besides coating technology, another application is the evapo- 
ration step of asymmetric membrane casting (Krantz et al., 
1986). Controlling the drying rate is important, in order to 
minimize the residual solvent (especially in food-packaging 
applications) and ensure good mechanical properties. The 
optimization of such processes is complex, since the drying 
kinetics is controlled by several phenomena, and results from 
both operating conditions and physicochemical properties of 
the solution. 

As known for  polymer/solvent solutions, the solvent mu- 
tual diffusion coefficient decreases by several orders of mag- 
nitude when the solvent concentration decreases (Duda et 
al., 1979; Hwang and Cohen, 1984; Neogi, 1996). As a conse- 
quence, very large concentration gradients appear in the layer, 
and the drying kinetics is characterized by two successive 
regimes: in thc first stage, the solution is still rather dilute 
and the solvenl concentration high enough to allow an impor- 
tant flux of solvent up to the interface. Moreover, the solvent 
activity is close to one, and the evaporation flux is quite simi- 
lar to the one we would get by evaporating pure solvent. The 
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kinetics of this “fast” regime then depends strongly on the 
coupled heat and mass transfers between the moving inter- 
face and the air. The film thickness shrinks rapidly. In a sec- 
ond stage, as the solvent concentration is falling down in the 
upper layer near the interface, both diffusion and evapora- 
tion decrease significantly and the physicochemical proper- 
ties of the solution have a determining influence on this “slow” 
regime. 

This article deals with the description and the modeliza- 
tion of the whole drying of a polymer film, namely the diffu- 
sion of the solvent through the varnish layer, the moving in- 
terface, and the coupled heat and mass transfers between the 
interface and the drying air. The usual assumptions and 
equations encountered in the description of such processes 
can be found in some previous works (Krantz et al., 1986; 
Vrentas and Vrentas, 1994; Cairncross et al., 1995). Based on 
this description, we performed a sensitivity analysis to investi- 
gate the influence of the various process parameters on the 
drying kinetics in a typical industrial configuration. One of 
the major assumptions usually used is Fickian diffusion in the 
layer, that is, the possible transition from rubbery to glassy 
state is not taken into account. In order to reliably evaluate 
the validity of this assumption, an accurate numerical scheme 
has been developed. It yields the temperature of the layer 
and the concentration profile evolution up to the very end of 
the process. At each time, the temperature of the varnish can 
then be compared with its glass transition temperature. 
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The drying kinetics have been investigated for two differ- 
ent situations: the first one corresponds to typical coating 
conditions in the packaging industry, where a film of a few 
microns is dried in a few seconds, thanks to hot air blown 
through a set of nozzles. The same samples have also been 
used to perform simple evaporation experiments, where a 
thicker film (a few mm) dries thanks to evaporation in room 
air: unlike for the industrial situation, it was then possible to 
record the solvent mass evolution, and to compare it with the 
proposed model. 

The industrial process is given in Figure 1: after coating, 
the aluminum substrate goes through the dryer where hot air 
jets impinge onto the foil perpendicularly through a set of 
nozzles. The air charged with solvent vapor is evacuated, but 
may be partly recycled into the blowing circuit. No radiant 
heating is added in the process. The typical range of the alu- 
minum sheet velocity is between 0.8 and 5 m/s, which corre- 
sponds to a total drying time of a few seconds. The drying air 
is characterized by its temperature T, (50 to 15O"C), its mean 
velocity in a nozzle section, u, ( - 45 m/s), and the solvent 
vapor concentration ( ~ j ' ) ~  (in g/m3). The varnish is mainly 
composed of a mixture of several copolymers dissolved in an 
organic solvent. In the process considered here, no polymer- 
ization reaction takes place during the drying process, and 
the solid film is obtained by solvent extraction only. The ini- 
tial solvent concentration is chosen according to the rheologi- 
cal and wetting properties: the solution viscosity, which 
strongly depends on the polymer concentration, must ensure 
good coating conditions. For the varnish considered here, the 
initial polymer mass fraction (ES) is about 20%. 

The article is organized as follows: in the following section, 
the model and its underlying physical assumptions are pre- 
sented, as well as the heat and mass balances, the boundary 
conditions, and the constitutive laws used to solve the prob- 
lem. The numerical procedure is also given in that section. 
The third section is devoted to the analysis of the simulated 
drying kinetics in the industrial conditions. In particular, the 
influence of the drying air parameters is tested, and a valida- 
tion of the rubbery state assumption is proposed. In the fourth 
section, we present the evaporation experiments in ambient 
air and the validation of the previous model. 

Physical Model 
Presentation 

The purpose of this section is to briefly recall the various 
assumptions usually made for the description of such proc- 
esses. For clarity, they are detailed for the industrial-dryer 
configuration. The few modifications needed for the other 
configuration (evaporation in ambient air) are given in the 
fourth section. 

After coating, the aluminum foil enters the drying cham- 
ber, with a concentration solvent/polymer uniform through- 
out the whole layer thickness. Figure 2 shows the foil and the 
film and defines some of the notation used in the following. 
Because of the high rolling velocity and the geometry of the 
drying machine, one may assume that the main direction of 
heat and mass transfer in the layer and in the interface vicin- 
ity is perpendicular to the foil. In that way, the problem is 
reduced to only two variables, the spatial direction normal to 
the sheet ( z )  and the time ( t ) .  Then, a 1-D model is consid- 
ered (cf. Figure 2). 

I 

Figure 1. Coating unit and the drying chamber. 

The heat and mass transfer between air and foil can be 
expressed thanks to overall exchange coefficients: hsip and 
hZf (W/m2."C) for the heat transfer on the varnished and 
nonvarnished sides of the foil, respectively; and h ,  (m/s) for 
the solvent mass transfer (cf. Figure 2). Due to the large value 
of the thermal diffusivity ( = lo-' m2s- '1, that is, about one 
thousand times higher than the maximum value of the mass- 
diffusion coefficient, one can assume that the thermal diffu- 
sion time is negligible. Moreover the thermal Biot numbers, 
defined as hsipe/A, and hZfe/A for the upper and lower face, 
respectively (where e is the thickness and A the thermal con- 
ductivity), are lower than 5 X due to the small thickness 
involved. Temperature gradients through the layer and the 
aluminum substrate are thus negligible, and a uniform tem- 
perature over the whole substrate and film will be consid- 
ered: an element dx is characterized by a single temperature 
T ( t )  that depends only on time. 

During the whole drying process, the varnish temperature 
is supposed to be greater than the glass transition tempera- 
ture, so that the solution behaves like a viscous binary mix- 
ture (rubbery state) (Vrentas et al., 1977). Under this as- 
sumption, Fickian-type diffusion is considered and the sol- 
vent flux only depends on the concentration gradient. This 
assumption is clearly valid at the beginning of the process, 
when the solvent concentration is high, since the glass transi- 
tion temperature of the initially deposited solution is well be- 
low the ambient temperature. The Fickian diffusion assump- 
tion becomes more problematic when the solvent weight frac- 
tion ws falls to a very low value (ws  less than 0.05) near the 
interface, since the glass transition temperature of a polymer 

Varnish c \ L ' /  

Figure 2. Drying chamber and film: 1-D model. 
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solution, T,, increases very rapidly as solvent concentration 
decreases (Chow, 1980). As the proposed model gives both 
temperature and concentration profiles through the varnish 
as a function of time, the comparison at each time of T( w s )  
and T,(w,) (where ws is the minimal value of the solvent 
weight fraction, that is, near the air/varnish interface) allows 
us to determine a posteriori whether the assumption of Fick- 
ian diffusion is valid. As seen later, for the varnish consid- 
ered in this article, and for typical operating conditions, this 
assumption can be considered as valid during the whole 
process. If this was not the case, the modelization should be 
enlarged in order to take into account the viscoelastic behav- 
ior of the polymer solution. The problem is then more com- 
plex, and a large number of studies, both theoretical and ex- 
perimental, are still devoted to the study of non-Fickian dif- 
fusion. One can refer among others to the works of (Thomas 
and Windle, 1982; Durning and Tabor, 1986; Gall et al., 1990; 
Billovits and Durning, 1993, 1994; Rossi et al., 1995; Edwards 
and Cohen, 1995a,b). Various approaches are proposed to 
take into account the plasticization effects due to the solvent: 
for example, they are treated by setting an upper limit to the 
velocity of the rubbery/glassy state front in the approach pro- 
posed by (Rossi et al., 1995), or by considering two coupled 
evolution equations for concentration and viscoelastic stress 
in order to approximate the "memory" of the polymer with 
respect to its history in Edwards and Cohen (1995b). 

Heat and mass-transfer equations 
The coupled heat and mass-transfer equations are now 

briefly presented. The variables considered in the following 
are the temperature T ( t )  of the sheet, the local partial den- 
sity of solvent p&,t), and the thickness of the layer &). 

The thermal balance is given by Eq. 1: the thermal energy 
brought by exchange with the ambient air is used partly to 
vaporize the solvent, and partly to heat the sheet: 

where pa'c;'ed' is the substrate thermal capacity per unit area 
of sheet (J/m2 "C), G e ( t )  is the varnish thermal capacity, 
which is estimated as an average over the whole thickness of 
varnish, using the intrinsic specific heats of polymer and sol- 
vent. L ,  and am are the vaporization heat (J/g) and the 
evaporating solvent flux (g/m2- s), respectively. The latter is 
given by the following: 

where (P,s),nterfnce is the saturating vapor pressure of the 
polymer/solvent mixture under consideration, taken at the 
current sheet's temperature and at the solvent concentration 
in the varnish near the interface ( z  = e(t)), M, is the solvent 
molar mass, R the gaz constant, and ( ~ $ 1 ~  is the solvent va- 
por concentration in air far from the film/air interface. Let 
us emphasize that heat and mass transfers are coupled 
through P,,, which is a function of both temperature and 

solvent volume fraction 'p,: (P,s),nterface = Pvs[T(t) ,  qs(t ,  z 
= e(t))]. The saturating vapor pressure is one of the key pa- 
rameters of this coupled problem. 

The local solvent partial density ps[ t ,  z = e(t)] results from 
the modelization of the diffusive mass transfer throughout 
the varnish layer. In the spatial domain [O; e(t)],  the local 
conservation of the solvent expresses as (Bird et al., 1960) 

JP, d 
- - - ( Dsp( ws , T )  dt dz  

(3) 

Due to the large dependence of the mutual diffusion coef- 
ficient D,, vs. the temperature T and, above all, vs. solvent 
weight fraction ws, Eq. 3 is strongly nonlinear. The initial 
conditions for the differential Eqs. 1 and 3 are: T( t  = 0) = To; 
ps(z ,  t = 0) = p,,; e(t = 0) = e,. 

The boundary conditions are 
At z = 0: the solvent mass flux equals zero since the sub- 

At z = e(t): the continuity of solvent mass flux across the 
strate is impermeable, hence: [ dps/dz],= = 0. 

interface gives 

The motion of the varnish/air interface, due to solvent 
evaporation, is taken into account through the term de/dt 
(Caroli et al., 1992). 

Another equation is obtained by writing the impermeabil- 
ity of the varnish/air interface to polymers (polymers do not 
evaporate ): 

Dimensionless variables and numerical procedure 

dimensionless variables: 
We solved the equation set numerically using the following 

where Dspo is the value of Ds, for ws -+ 1 and P,, is the 
saturating vapor pressure of the pure solvent that is a known 
function of T only. 

The numerical resolution of this problem raises some spe- 
cific difficulties: 

The diffusion equation (Eq. 3) is strongly nonlinear be- 
cause of D,,(ws, T ) .  

Heat and mass transfer are coupled through P,(pS,  T )  
and D,,(ws, TI. 

Boundary condition 4 induces a coupling with the actual 
solvent concentration at the interface that results from the 
whole preceding drying kinetics. 
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The interface velocity is very large. This moving bound- 
ary was handled using the Landau transformation (Crank 
1988): the physical moving domain is mapped onto a fixed 
domain by the following coordinate transformation: Y = Z/q. 
Thanks to this transformation, the spatial grid has not to be 
modified during the simulation, but the transformation gen- 
erates a pseudoconvective term in the diffusion equation, 
proportional to the interface velocity $: 

The transformed equations are then discretized using a fi- 
nite volume method. Concerning the resolution algorithm, we 
solve at each time step the diffusion equation using the val- 
ues of D,,, temperature, Neumann boundary condition 4 and 
interface velocity-required in the pseudoconvective term in 
Eq. 6-coming from the previous time step or iteration. Iter- 
ations on D,, are first achieved until convergence of Eq. 6; 
then iterations on the other coupling variables are also 
achieved. 

Since an important concentration gradient appears near the 
interface, and since the diffusion coefficient decreases very 
strongly with solvent concentration, a very precise space dis- 
cretization is needed in order to ensure the numerical con- 
vergence of the iterative procedure. For some of the results 
presented in the following, the thickness of the first finite 
volume (near the interface) has to be reduced down to 2.5 x 

(dimensionless value in the fixed domain of thickness = 
1). In order to limit the total number of finite volumes, an 
irregular grid was used, based on a geometrical progression. 
With a progression rate of about 1.04, 200 grid points are 
needed. The dimensionless time step was 3 x Tests are 
performed during the whole simulation to ensure that the 
two usual criteria, C ,  = D , , 6 t / ( 6 ~ ) ~  and C,  = CSt/(Sz), are 
sufficiently small. 

Kinetics Analysis: industrial Configuration 
Choice of the parameters 

As seen through the presentation of the physical model, 
the simulation of the drying kinetics needs on the one hand 
some parameters characterizing the operating conditions, 
namely the exchange coefficients, and on the other hand some 
physicochemical properties of the polymer solution, among 
which are the saturating vapor pressure and the diffusion co- 
efficient. 

The transfer coefficients h:xP and 
h,, corresponding to the blowing of air onto the sheet through 
a set of nozzles, depend on the velocity of air (u,) at the exit 
of the nozzles, on the nozzles geometry, and on the thermo- 
physical properties of air with solvent vapor. To get an esti- 
mation of these coefficients, the following procedure has been 
used: a first estimation was made from various experimental 
studies available in the literature for similar geometries 
(Gardon and Akfirat, 1966; Martin, 1977). Note that the ra- 
diative contribution is negligible with regard to the convec- 
tive heat exchange by blowing. The estimation of hZf takes 
into account the heat exchange by air flow as well as the 
radiative transfer and the conductive transfer by contact with 
the rollers. These estimations were then confirmed thanks to 

Exchange Coeficients. 

experimental measurements of air temperature, air velocity, 
and foil temperature at the oven exit, performed on an indus- 
trial dryer. Finally, considering all the uncertainties, we get 
(Benard et al., 1994) hsKp=150f40 W/m2."C, h z f  = 2 5 f 1 5  
W/m2. "C, h ,  = 0.1 f 0.05 m/s. 

Vurnish Properties. 
1. Diffusion coefficient. Numerous studies have been de- 

voted to the analysis of diffusion in polymer solutions. De- 
pending on the concentration domain, several theoretical ap- 
proaches have been proposed (Waggoner et al.. 19931, among 
them the framework of the scaling laws for semidilute solu- 
tions (DeGennes, 19791, and the free-volume theory for the 
self-diffusion in concentrated solutions (Vrentas et al., 1985). 
No general relationship between self- and mutual-diffusion 
coefficients is currently available, though some approximated 
relations have been developed (Duda et al., 1979; Neogi, 
1996). Thus it is difficult to take advantage of these results to 
get an analytical expression of the mutual diffusion coeffi- 
cient for the whole concentration domain (0.8 > ws > 0) un- 
der consideration. Moreover, the varnish studied is a com- 
plex mixture of copolymers, and the physical parameters 
needed, for example, in the free-volume theory, are not avail- 
able. That is why we have chosen to use experimental data 
obtained by Hwang and Cohen (1984) for the system methyl 
ethyl ketone (MEK), poly butyl methacrylate (PBMA), which 
is somewhat analogous with the industrial products under 
consideration. Figure 3 gives the values measured for differ- 
ent polymer mass fractions. For o, smaller than 0.3, it ap- 
pears that Dsp declines dramatically by more than two orders 
of magnitude. The last point [log(Ds,) = - 12.5 for os = 01 is 
an extrapolated point, since it is very difficult to obtain (both 
theoretically and experimentally) the diffusion coefficient at 
a very weak solvent concentration. 

These experimental values have been obtained at about 
20°C. Under the assumption of a rubbery state (T  > Tg), an 
Arrhenius expression can be used to describe the depend- 
ence of D,, with temperature, but with an apparent acti- 
vation energy that increases by a significant amount with 
polymer concentration (Blum and Pickup, 1987; Lodge et al., 
1990). Due to the lack of data for the studied products, we 
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Figure 3. Mutual diffusion coefficient vs. polymer weight 
fraction: experimental data for MEK/PBMA 
(Hwang and Cohen, 1984) and interpolation 
used in the simulation (dashed line). 
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have chosen to take into account the dependence of D,, with 
temperature in a simplified way: for the industrial configura- 
tion studied, i t  will be seen that the varnish temperature in- 
creases up to 100°C at the end of the process, when solvent 
concentration falls to very small values. Then, we have atten- 
uated the decrease of Dsp for op > 0.9 (i.e., w, < O.l), set- 
ting: log(D,,,) = - 12 for w, = 0 instead of log(D,,) = - 12.5. 
(This would correspond to an apparent activation energy of 
about 13 kJ/mol for w, = 0.) The corresponding numerical 
interpolation used in this section to perform the drying simu- 
lation is shown in Figure 3 (dashed line). This empirical law 
was shown to yield the good order of magnitude of the sol- 
vent residual mass obtained at the end of the drying, in re- 
gard to the industrial measurements. Indeed, the relative dif- 
ference (msrmu - m,,,,)/m,,,, (where mmeas is the mea- 
sured solvent mass and msrmu the simulated one) lies be- 
tween 1 and 5,  which is several orders of magnitude lower 
than the overall solvent mass variation during the whole pro- 
cess. 

The classic Flory-Huggins 
relation (Flory, 1953) was used to express the variation of 
P, with solvent concentration, according to the assumption 
that the film remains in the rubbery state (Berens, 1989; 
Leibler and Sekimoto, 1993): 

2. Saturating vapor pressure. 

where PvSI fT )  is known for the solvent MEK; psV, = (ps is 
the solvent volume fraction; and x is the Flory-Huggins co- 
efficient. It quantifies the mutual affinity between polymer 
and solvent. Since x values are missing for our two copoly- 
mer industrial varnish, we took x = 0, which corresponds to 
a “good solvent.” In the following, it is shown that the influ- 
ence of the x parameter on the drying kinetics is small. The 
other physical constants needed to perform the simulation 
can easily be found in the literature (Brandrup and Im- 
mergut, 1989). 

Analysis of the process kinetics 
The results given below have been obtained with the fol- 

lowing parameters: T, = lWC, hfxp = 150 W/m2-”C, hZf = 25 
W/m2-”C, h ,  = 0.05 m/s, ( p j ) ,  = 0, To = 20°C, ES = 0.2, x 
= 0. 

The time evolution of the solvent mass during the drying 
process is given in Figure 4, while Figure 5 shows the solvent 
weight fraction profile in the layer at different times. Note 
that the temperature conditions are such that the solvent va- 
por pressure does not rise above the atmospheric pressure, 
that is, no bubbling occurs unlike in Cairncross et al. (1995). 
As can be seen, the drying kinetics is characterized by two 
distinct regimes: in the first part ( t  less than about 0.45 s), 
the solvent mass decreases very rapidly. During this “fast” 
regime, the solvent weight fraction at the air/film interface 
remains greater than 0.25. Both the solvent activity and the 
diffusion coefficient are still quite high (P,,,/Pvso 2 0.65 and 
D,, 2 4.5 X 10- ” rn*.s-’), so that important diffusion and 
evaporation fluxes take place. In the second part ( t  > 0.45 s), 
however, as the diffusion coefficient decreases significantly 
for solvent weight fraction smaller than 0.25 (cf. Figure 31, 
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Figure 4. Solvent mass evolution during the drying pro- 
cess. 

diffusion becomes too slow to allow a sufficient regeneration 
of solvent near the interface. As a consequence, a very large 
concentration gradient appears near the interface (cf. Figure 
5). The decrease of the solvent concentration near the inter- 
face results in a decrease of the partial pressure vapor. Both 
coupled phenomena lead to the kinetics and profile evolution 
shown in Figures 4 and 5. As the drying goes on ( t  > 0.5 s), 
the evaporation flux becomes very weak and the concentra- 
tion gradient relaxes slowly. 

The thermal behavior is illustrated in Figure 6. In the first 
regime, the varnish temperature increases slowly, since the 
thermal energy brought by exchange with the ambient air is 
mainly used to vaporize the solvent. After the transition, the 
evaporation flux becomes very small, and the temperature in- 
creases toward the air temperature. The evolution of the 
temperature vs. the solvent mass fraction near the interface 
is given in Figure 7, together with the glass transition temper- 
ature. The glass transition temperature of the dry varnish ( w, 
= 0) was obtained by differential scanning calorimetry, and 
the decrease of Tg with solvent concentration was estimated 

0.6 

‘ Air 0.2 0.4 0.6 0.8 
Aluminum 
substrate z/eo pbase 

Figure 5. Solvent weight-fraction profiles in the varnish 
film, at various times (in seconds), corre- 
sponding to the “fastl’regime ( t  I 0.45 s) and 
to the “slow”regime ( t  > 0.45 5). 
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Figure 6. Film-temperature evolution. 

thanks to the expression given in Chow (1980). As seen in 
this figure, the assumption “ T  2 T,”used to perform the sim- 
ulation is validated a posteriori, and the layer may be consid- 
ered in a rubbery state all along the drying, at least in the 
first approximation. 

The evolution of the evaporation flux @,,* (Eq. 2) during 
the process (Figure 8) shows again the coupled influence of 
temperature and concentration for given values of h)iP and 
hzf .  In the beginning, Qrn grows due to the change of P ,  
under increasing temperature, then Brn decreases since the 
dependence of P,, on concentration becomes preponderant. 
To estimate the influence of the interaction parameter x, we 
also computed the evolution of P ,  for x = 0.5. Let us recall 
that x = 0.5 corresponds to a lower solubility than the pa- 
rameter x = 0 used previously. As a consequence, the evapo- 
ration is easier, so that the maximal value of P, is about 
120 mm Hg (16X lo3 Pa) instead of 115 mm Hg (15.3 X lo3 
Pa) for ,y = 0. For t = 2.5 s, corresponding to the second 
regime, the relative difference on the residual mass is less 
than 2%, which is low in regard to the influence of the other 
parameters. 

Influence of drying air parameters 
The objective of this section is to analyze the influence of 
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Figure 8. Influence of exchange coefficients on the dry- 
ing kinetics. 

the drying air characteristics, within their usual variation 
range. The influence of air velocity is taken into account 
through the exchange coefficients. Different values of these 
coefficients, in their validity domain defined in the subsec- 
tion titled “Choice of Parameters,” have been considered. The 
corresponding evaporation fluxes are given in Figure 8. The 
influence of the exchange coefficients is important at the be- 
ginning, in the first regime. Concerning the residual mass at 
t = 2.5 s, that is, long after the first regime, the relative dif- 
ference is less than +lo%.  Similar results are obtained by 
varying the air temperature between T, = 75 and 125°C. 

We can also compare the solvent mass evolution for ( p j b  
= 0, kg/m3 (for safety reasons, ( pj)= is 
kept much below 5 X lo-* kg/m3). The air recycling rate in- 
fluences (pj’), during the process. The presence of a small 
amount of solvent in the drying air does not significantly af- 
fect the kinetics: the duration of the evaporation regime re- 
mains almost unchanged, and the increase of the solvent 
residual mass at f = 2.5 s is only about 15% for the extreme 
value ( pj)7i = 5 X lo-’ kg/m3 in regard to ( p f ) =  = 0. 

and 5 x 

Kinetics Analysis: Evaporation Experiments in 
Ambient Air 

Due to obvious industrial limitations, it is not possible to 
get experimental data on the solvent mass evolution inside 
the dryer. That is why simple evaporation experiments were 
performed on the same varnish, with continuous recording of 
mass evolution, in order to compare experimental and simu- 
lated kinetics. Unlike for the industrial process using blowing 
air (forced convection), the exchanges with air in these exper- 
iments are mainly diffusive, and new exchange coefficients 
have been estimated. We will see that the main characteris- 
tics of the drying kinetics are the same, that is, the existence 
of two regimes and the development of important gradient 
concentration in the layer. 

Description of the experiments and estimation of the 
exchange coeficients 

A copolymer solution, about 3 mm thick at the beginning, 
dries under evaporation at room temperature, without forced 
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convection. The initial solvent mass fraction is 0.8 (i.e., ES = 
0.21, as in thc simulation performed in the preceding section. 
Mass measurements are recorded all along the drying, thanks 
to a precise balance with a resolution of 

The thermal and mass-transfer coefficients have been esti- 
mated from the data obtained for pure solvent (MEK) evapo- 
ration, without polymers, using the following approximations: 

A 1-D model is still considered. The 2-D effects due to 
the experimental geometry (the solution container is 37 mm 
in diameter) are taken into account thanks to the estimated 
equivalent transfer coefficients. 

The experiments are performed at room temperature, 
equal to the initial varnish temperature. Because the transfer 
with air is mainly diffusive, the mass-transfer coefficient h ,  
is much smaller than in the industrial configuration. As a 
consequence. the decrease in the varnish temperature due to 
solvent evaporation is not very important and the assumption 
of a unique temperature to describe the varnish was main- 
tained. 

Unlike for the industrial configuration, the time of estab- 
lishment of the permanent regime cannot be neglected. It 
was taken into account through a time-variable mass-transfer 
coefficient h,,,(t). 

The exchange coefficient was obtained in the following way. 
An initial guess of the estimation was made with the assump- 
tion of a purely diffusive transfer of the solvent vapor in air, 
considering the following boundary and initial conditions: the 
initial solvent concentration in air is 0. At t > 0, the concen- 
tration of solvent in air is 0 at a large distance L and con- 
stant at the interface. It can be shown that the mass flux is 
written in the form of a constant plus an infinite sum of expo- 
nentials exp( - k2rDMEwlr/L2), with k = 1, 2, . . . , 00, where 

lop5 m2/s and L=30 cm. To take the deviation from the 
assumption of purely I-D diffusion into account, a simple es- 
timation procedure was performed: it consists of adjusting the 
coefficients of the exponential terms in order to fit the exper- 
imental data. A very good agreement was obtained with k = 3 
exponential terms, with the following values: 

g. 

DMEwalr is the diffusivity of MEK in air. We took DMEK,air - - 

h,(t) = [ I  +0.406exp(-t/1O3)+O.255exp(-4t/1O3) 

+0.298exp( -9t/103)]X9.5X lop4 m/s, 

where I is expressed in seconds: 

h:lP = 2.73 W/m*-"C, = 100 W/m2."C, 

where h;iF' and h:tf are estimated, respectively, from the 
thermal transfer in the air and from the thermal contact be- 
tween the varnish container and the balance plate. 

Results 
Figure 9 gives experimental and simulated evolutions of the 

evaporation flux for different values of the diffusion coeffi- 
cient. Note that, since these experiments were performed at 
room temperature, the assumption of pure Fickian diffusion 
( T  > T,) is not valid during the whole horizon: for t > 6,500 s, 
the difference between the varnish temperature and its glass 
transition temperature becomes less than 10°C. 

O.Ooo7 I 
h < 0.0006 
E 
M 0.0005 
3 
X 0.0004 a 

GI 
c 0.0003 

E 0.0002 

N . 

0 .- * 
0 a 
0 
+ 0.0001 w 

0 

1 Experimental data 

D,, = 3.3 IO-'O m2/s 

0 2000 4000 6000 8000 10000 
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Figure 9. Evaporation flux: experimental vs. simulated 
flux for different laws of variation of the diffu- 
sion coefficient. 

The experimental data show again the two regimes de- 
scribed in the preceding section, the transition occurring for 
t ,  = 4,500 s. The length of the first regime is about lo4 times 
larger than in the industrial configuration, in agreement with 
that expected. Indeed, in the first regime, where the kineti= 
is controlled by evaporation in air, that is, by the mass-trans- 
fer coefficient, h,, it can be shown from Eq. 2 that the ratio 
h,t,/e, should be nearly the same in the industrial and in 
the laboratory configurations (given that (PVS)interface has the 
same order of magnitude since temperature is similar in both 
cases). Consequently this factor, lo4, was not unexpected. 

The solid line in Figure 9 corresponds to the simulation 
obtained with x = 0.5, and the diffusion coefficient given in 
(Hwang and Cohen, 1984) (Figure 3). As can be seen, the 
agreement is good and the main characteristics of the kinet- 
ics are well reproduced. It should be emphasized that a per- 
fect fit between the experimental and simulated curves was 
not expected. Indeed, as with many industrial varnishes, the 
varnish studied in this article is a blend of several copoly- 
mers. As mentioned previously, physicochemical parameters 
(as diffusion coefficient or interaction parameter) are not 
available for complex blends, so that approximate values had 
to be used in the simulation presented earlier. 

The two other simulations reported in Figure 9 were done 
using a constant diffusion coefficient: D,, = 3.3 X lo-'' m2/s, 
corresponding to the maximal value of Dsp(ws), and D,, = 
5.8 X lo-" m2/s corresponding to the value D,yp( ws = 0.25) 
(see Figure 3). As expected, these two coefficients do not suc- 
ceed in restoring the drying evolution: in the first case (D,, 
= 3.3 X m2/s), the concentration gradients in the layer 
are not important, so the evaporation flux is driven mainly by 
the decreasing of partial pressure vapor as the solvent con- 
centration decreases. On the contrary, for D,, = 5.8x lop1' 
m2/s, the evaporation slows down from the very beginning, 
due to a large concentration gradient and the rapid decreas- 
ing of concentration near the interface. Finally, we observed 
that the simulation of these experiments shows a large sensi- 
tivity to the choice of the physicochemical parameters. This 
validates the order of magnitude of the coefficients used in 
the previous section. 
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Conclusion 
In this article, a complete theoretical description of a dry- 

ing process was proposed, taking into account the exchange 
with drying air, the solvent diffusion through the polymer 
layer, and the coupled heat and mass transfers. The influence 
of both exchange coefficients and physicochemical properties 
of the solution have been investigated. This model was devel- 
oped with the assumption of Fickian diffusion (rubbery state). 
The comparison at each point of the varnish temperature with 
its glass transition temperature allows us to check the validity 
of this assumption. 

The kinetics shows two regimes, and the transition be- 
tween these two regimes is characterized by the development 
of a very important concentration gradient due to the hypo- 
diffusive behavior of polymer solutions. The results obtained 
for parameters corresponding to typical industrial conditions 
were confirmed by the comparison of the proposed model 
with experimental data obtained from laboratory experi- 
ments. 

It should be emphasized that the solution properties for a 
very weak concentration of solvent (w, + 01, which are still 
not well understood, are found to be of great importance in 
analyzing the kinetics. In particular, the introduction of 
anomalous diffusion in the simulation should be one of the 
developments of the proposed study and would give a better 
description of the end of the drying. 
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