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ABSTRACT: Optimal conditions for drying polymer–solvent coatings result from a
trade-off between minimizing the residual solvent level and creating defects. This
article describes an application of automated constrained optimization with a detailed
mathematical drying model to find the optimal drying conditions for a prototypical
coating in a single-zone oven. The optimization process seeks oven conditions that
minimize the residual solvent level for a fixed oven residence time without boiling the
solvent within the coating. The optimal oven conditions include the air temperature and
coating-side and substrate-side heat-transfer coefficients. The conditions are con-
strained to physically reasonable values. According to our results, the optimal coating-
side heat-transfer coefficient is always equal to or greater than the optimal substrate-
side heat-transfer coefficient. © 2000 John Wiley & Sons, Inc. J Appl Polym Sci 78: 149–165,
2000
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INTRODUCTION

Many industrial and consumer products are thin
coatings prepared by spreading polymer–solvent
solutions onto moving webs; for example, adhe-
sive tapes, magnetic media, paints, protective
coatings, and imaging coatings are often produced
this way. After deposition, the solvent is typically
removed from the coating in parallel flow, im-
pingement, or floatation driers. Drying is fre-
quently the last process that can affect the prop-
erties of a coated web. Improper drying conditions
can create a variety of drying-induced defects
such as blisters, warping, mottle, cracks, and
crazing. Improper drying conditions can also lead
to insufficient solvent removal from the coating.
Thus, the choice of drying conditions often means

the difference between generating a high-quality,
salable product and generating an unusable prod-
uct. In addition, drying requires massive amounts
of energy to heat the drying gas and so has high
operating costs. Drying equipment also repre-
sents one of the greatest capital expenditures for
the production of coated webs. In the design of
drying systems and the choice of drying condi-
tions, there is often a trade-off between the desire
to produce a defect-free product at high speeds
(which leads to long driers and high energy costs)
and process economics. For a given drier length, it
is important to optimize the drier design and dry-
ing conditions.

In the coating industry, the operating condi-
tions for driers are usually determined by a com-
bination of experimentation, heuristics from prior
experience, and statistical analysis. The question
frequently arises as to whether the drying condi-
tions are optimal. The answer to this question
requires a clear definition of what results are
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optimal; for example, optimal conditions could
maximize profits or minimize costs. In this arti-
cle, we consider a drier to be operating at optimal
conditions when it minimizes the residual solvent
in the film for a specified web speed. However, the
search for an optimum is subject to constraints on
heat-transfer rates and avoidance of defects. For
practical purposes, varying air flow in a drier can
only change the effective heat-transfer coefficient
from ; 1024 cal cm22 s21 °C21 for stagnant air to
; 4 3 1023 cal cm22 s21 °C21 for high-velocity
impingement driers.1 In this article, we define
defects as blisters or bubbles that occur by boiling
of the solvent. This constrained optimization
problem is closely related to the problem of find-
ing the maximum line speed to reach a specified
residual level.

There are many other processes that can occur
simultaneously with drying (e.g., curing, particle
migration, elastic stresses) and can also affect the
product quality. A drying model that includes
these processes would be significantly more com-
plex than the model presented here. In practice,
these additional processes could require drying
conditions that are less than optimal, as presently
defined.

This article describes a method for optimizing
drier heat-transfer coefficients, which relate to
air-flow rates, and drier air temperature in order
to minimize solvent retention without boiling the
solvent within the coating. We used a detailed
mathematical model of solvent diffusion and heat
conduction within the coating and found numeri-
cal solutions to the model equations using the
finite element method. We applied the model to
drying of a prototypical coating consisting of a
poly(vinyl acetate)/toluene solution on a polyester
web. The results for a base case using typical
drying conditions demonstrate why optimal dry-
ing conditions do not always correspond to high
oven temperatures and high air flows. This is not
a complete analysis for all coatings, but the qual-
itative results for this particular system should
extend to many other systems.

The next section describes a method for using
the drying model to automatically find optimal
drying conditions. This method predicts the oven
temperature, coating-side heat-transfer coeffi-
cient, and substrate-side heat-transfer coefficient
which produces the lowest residual solvent level
without blisters. The results appear to contradict
the widely held notion that higher substrate-side
heat-transfer coefficients, that is, “backside dry-
ing,” are preferable for blister prone coatings.

However, nearly optimum conditions can exist
with high substrate-side heat-transfer coeffi-
cients and low coating-side heat-transfer coeffi-
cients. In some cases, such conditions are cer-
tainly preferable to the high heat-transfer coeffi-
cients on both sides of the web that typically occur
in floatation ovens.

The optimal drying conditions are sensitive to
other operating and physical parameters such as
coating weight, percent solids, solvent diffusivity,
and oven residence time. Optimization calcula-
tions over a range of these parameters show that
the optimum coating-side heat-transfer coeffi-
cients are always equal to or greater than the
optimum substrate-side heat-transfer coeffi-
cients. However, there are conditions where, un-
like the results described above, high heat-trans-
fer coefficients on both sides of the web are pref-
erable to a “backside drying” approach.

MODEL

Drying Model

Drying involves simultaneous mass, energy, and
momentum transport. In many practical cases,
the equations reduce to one-dimensional mass
and energy transport. Detailed drying models
have received considerable attention, most nota-
bly by Robinson et al.,2 Roehner,3 Yapel,4 Cairn-
cross et al.,5 Vrentas and Vrentas,6 and Aust et
al.7 These drying models predict heat and mass
transport within a thin slice of a binary polymer–
solvent coating on an impermeable substrate
(web), shown schematically in Figure 1. The coat-
ing thickness and temperature and solvent con-
centration profiles evolve as the coating/web sys-
tem moves through the drying oven.

Conservation of Mass

Neglecting chemical reactions and assuming that
there is no volume change on mixing (ideal solu-
tion), the solvent mass balance in the coating
phase is

cS

t 5


x SD
cS

x D (1)

cS( x, t) is the solvent concentration in the poly-
mer phase in units of mass per volume; t, the
time; x, the vertical position in the coating; D(cS,
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T), the solvent–polymer mutual diffusion coeffi-
cient; and T, the temperature.

The value of the diffusion coefficient character-
izes how quickly a solvent can transport to the
surface. Several authors have shown that correct
prediction of how the diffusion coefficient varies
with the temperature and solvent concentration
is critical to accurate predictions of the drying
process. In particular, as the polymer concentra-
tion increases, diffusion is hindered by low mobil-
ity of the polymer molecules, and the mutual dif-
fusion coefficient can decrease by several orders of
magnitude. We use the Vrentas and Duda8,9 free-
volume theory to describe the concentration and
temperature dependence of the mutual diffusion
coefficients:

D 5 QD0 expS2
E

RTDexpS2
g~wSV̂*S 1 wPjV̂*P!

V̂FH
D
(2)

D0 is a preexponential factor; E, the activation
energy; R, the gas constant; V̂*S and V̂*P, the sol-
vent and polymer specific critical hole free vol-
umes; j, the ratio of the solvent and polymer
critical molar jumping unit volumes; wS and wP,
the mass fractions of solvent and polymer; and Q,
a thermodynamic parameter that converts the
self-diffusion coefficient into the mutual diffusion
coefficient:

Q 5 ~1 2 fS!2~1 2 2xfS! (3)

fS is the volume fraction of solvent; x, the Flory–
Huggins parameter; and V̂FH, is the free volume
available for diffusion:

V̂FH

g
5

K11

g
wS~K21 1 T 2 TgS!

1
K12

g
wP~K22 1 T 2 TgP! (4)

K11/g and K21 2 TgS are free volume parameters
for the solvent, and K12/g and K22 2 TgP, free
volume parameters for the polymer. Mass frac-
tions, wi 5 ci/(cS 1 cP), and volume fractions, fi
5 ciV̂i, are related to ci by ideal solution behavior
with V̂i, the specific volume of pure species i.

The initial solvent concentration is assumed
uniform:

cS~x, 0! 5 cS
0 (5)

The coating has an initial thickness X(0) 5 L.
The substrate (web) is impermeable, so the

concentration gradient must be zero at the coat-
ing/substrate interface:

cS

x 5 0 x 5 0 (6)

The solvent flux through the top coating surface
(i.e., the evaporation rate) is the result of an in-
terfacial mass balance. We use a mass-transfer
coefficient, kG, to characterize the mass transport
in the external gas:

2 D
cS

x 1 cS

dX
dt 5 2kG~PS

G 2 PS
G`! x 5 X~t!

(7)

PS
G is the equilibrium solvent pressure at the coat-

ing/air interface, and PS
G`, the solvent pressure in

the bulk air. The left-hand side of eq. (7) repre-
sents the rate of solvent flux relative to the mov-
ing surface, which must equal the flux in the gas
phase. The mass-transfer coefficient is calculated
by analogy with a heat-transfer coefficient, as
discussed below.

The solvent partial pressure at the surface is
the product of the vapor pressure of pure solvent
at the current temperature multiplied by the ac-
tivity of the solvent at the current polymer phase
solvent concentration. We assume that the Flory–
Huggins equation describes the solvent activity:

Figure 1 Diagram of a typical coating/substrate sys-
tem. The coating thickness is X and the substrate
thickness is H. Blowing air supplies heat to the top of
the coating and the bottom of the substrate. The blow-
ing air also removes solvent from the top of the coating.
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PS
G 5 P*SfS exp~fP 1 xfP

2! (8)

x is the Flory–Huggins interaction parameter.
The Antoine equation describes the pure compo-
nent vapor pressure:

log~P*S! 5 A 2
B

T 1 C (9)

A, B, and C are Antoine coefficients.
The evaporation rate also sets the rate of film

shrinkage by a volume balance at the coating
surface:

dX
dt 5 2kGV̂S~PS

G 2 PS
G`! x 5 X~t! (10)

V̂i is the specific volume of the pure solvent.
Equations (1)–(10) form a complete description of
the evolution of solvent concentration and coating
thickness through a drier.

Conservation of Energy

Industrial drying of coatings typically involves
blowing hot air on the coating/substrate system to
accelerate the rate of drying. Energy flows
through the coating and substrate by conduction:

rĤ~T!

t 5


x Sk
T
xD (11)

Ĥ(T) is the enthalpy of the material per unit
mass; k, the thermal conductivity; and r, the den-
sity. In this equation, the convective transport of
energy with the mass-averaged motion of the ma-
terial is neglected. This assumption is justified,
because even if the mass average velocity is not
zero, thermal diffusion is much faster than mass
diffusion in most coating applications (i.e., Le
@ 1), so convective heat transfer in the coating is
small.

The enthalpy is normally expanded as the
product of the specific heat multiplied by the tem-
perature difference between the material and a
reference value. In the substrate or web, the den-
sity, specific heat, and thermal conductivity are
essentially constant, so the energy balance sim-
plifies to

rWĈpW

T
t 5 kw

2T
x2 (12)

rw, ĈpW, and kW are the density, specific heat,
and thermal conductivity of the substrate, respec-
tively. The energy balance for the coating is

rcĈpc

T
t 5



x Skc

T
xD (13)

rC, Ĉpc, and kC are the density, specific heat, and
thermal conductivity of the coating, respectively.
In this equation, the enthalpy of the polymer–
solvent solution is assumed to be a sum of the
enthalpy of the polymer and solvent components
(i.e., no heat of mixing).

The initial temperature in the polymer and
substrate phases is uniform at T( x, 0) 5 T0. We
assume that energy flux to the lower substrate
surface is described by the substrate-side heat-
transfer coefficient, hW:

2 kw

T
x 5 2hw~T 2 T`! x 5 2H (14)

At the coating/web interface, the energy flux and
temperature are both continuous:

2 kW

TW

x 5 2kC

TC

x x 5 0 (15)

TW 5 TC x 5 0 (16)

The energy flux to the upper surface of the coating
is the result of an interfacial energy balance in-
cluding the effect of evaporative cooling. We use
the coating-side heat-transfer coefficient, hC, to
characterize the energy transport from the sur-
rounding air:

2 kC

T
x 5 2hC~T 2 T`!

1 DHVSkG~PS
G 2 PS

G`! x 5 X (17)

Here, DHVS is the heat of vaporization of the
solvent.

The heat and mass-transfer coefficients are re-
lated by the Chilton–Coburn analogy:

hCMS

kG
5 rairĈpairRT# SrairĈpairDair

kair
D20.67

(18)

MS is the solvent molecular weight; rair, Ĉpair,
and kair are the density, specific heat, and ther-
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mal conductivity of the air evaluated at the aver-
age temperature, T# 5 (T 1 T`)/ 2, and Dair, the
diffusivity of the solvent in air at the average
temperature.

Numerical Methods

The numerical methods for solving this system of
equations were discussed in detail elsewhere.5,10

To obtain approximate solutions to the set of cou-
pled nonlinear ordinary and partial differential
equations that comprise the drying model, eqs.
(1), (12), and (13) are discretized in space with the
Galerkin finite element formulation using piece-
wise linear basis functions.11 This discretization
produces a set of ordinary differential equations
that are integrated using DASSL,12 an efficient
solver for systems of stiff nonlinear ordinary dif-
ferential-algebraic equations. The discretization
and time-step error tolerances were tested for
convergence under refinement. We used 30 un-
equally spaced elements and set the error toler-
ance in DASSL to 1025.

Typical Drying Profiles

Optimal drying conditions result from complex
interactions among solvent transport, energy
transport, materials properties, and process con-
ditions. This section demonstrates typical drying
behavior of polymer–solvent coatings; of particu-
lar interest are the residual solvent content in the
coating (i.e., the solvent concentration integrated
through the film thickness) and average web tem-
perature (average temperature of coating and
substrate). The polymer–solvent system used in
these predictions is poly(vinyl acetate) in toluene,
which is a model system typical of adhesive coat-
ings. The physical properties of poly(vinyl ace-
tate) and toluene are well known and are listed in
Table I. The free-volume theory diffusion param-
eters were obtained by regression analysis of
bench-top experiments.13 Our base-case coating
has a dry weight of 4.19 3 1023 g/cm2 of poly(vinyl
acetate) and rests on a 3.56 3 1023 cm (1.4 mil)
polyester backing. The initial coating contains
30% solids by weight in toluene.

Figure 2 shows typical evolution of the residual
solvent and average web temperature as a coated
web passes through a single drying zone. The
residual solvent, RS, is the total solvent con-
tained in the coating per unit area, which is equal
to the integral of the solvent concentration
through the coating thickness:

RS 5 E
0

X~t!

cS dx (19)

Because the web moves at constant speed, the
distance through the drier is converted to time
since entering the drier. The curves show three
distinct regions of drying behavior, which are
commonly called warm-up, constant rate drying,
and falling rate drying.

The warm-up region is the initial transient
during which the coating enters the drier and the
temperature increases rapidly until the rate of
energy supplied by the air nearly matches the
rate of energy consumption by evaporation (due to

Table I Drying Model Parameters for
Poly(vinyl acetate) and Toluene

Toluene Properties

rS (g/cm3) 0.866
CpS (cal g21 °C21) 0.44
kS (cal/s21 cm21 °C21) 3.475 z 1024

MS (g/mol) 92.14
DHvap,S (cal/g) 98.89
A 4.07383
B 1344.8
C 253.668
x 0.39

Poly(vinyl acetate) Properties

rP (g/cm3) 1.17
CpP (cal g21 °C21) 0.35
kP (cal/s21 cm21 °C21) 3.5 3 1024

Substrate Properties

rW (g/cm3) 1.38
CpW (cal g21 °C21) 0.45
kW (cal s21 cm21 °C21) 3.22 3 1024

H (cm) 3.556 3 1023

Diffusion Parameters

D0 (cm2/s) 3.998 3 1024

Ea (cal/mol) 0.0
j 0.958
K11/g (cm3 g21 K21) 2.21 3 1023

K21 2 TgS (K) 2103.0
K12/g (cm3 g21 K21) 6.145 3 1024

K22 2 TgP (K) 2223.9
V̂*S (cm3) 0.917
V̂*P (cm3) 1.0
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evaporative cooling). The duration of this warm-
up region depends largely on the specific heat of
the coating/substrate system, on the air flow rates
(i.e., heat-transfer coefficients), and on the oven
temperature.

When rate of energy supplied to the coating
and the rate of evaporative cooling are nearly
equal, the coating temperature and the rate of
evaporation are nearly constant. This is called the
constant rate period of drying (or more precisely,
nearly constant rate period). The term constant
rate period relates to drying of porous media in
which the surface remains wet with the solvent
during the early stages of drying. In porous me-
dia, the activity of the solvent is relatively insen-
sitive to the initial decrease in solvent content, as
long as the surface stays wet, and thus the drying
rate remains practically constant. During drying
of polymer–solvent coatings, the activity is more
sensitive to solvent concentration, so the constant
rate period more accurately corresponds to a case
where the drying rate is slowly decreasing.

The falling rate period starts either when the
solvent activity drops sharply (because the coat-
ing is running out of solvent) or when the rate of
solvent diffusion to the surface drops. In poly-
mer–solvent systems, the mutual diffusion coeffi-
cient is a strong function of concentration, so dif-
fusion-controlled drying is normally the cause of
the falling rate period. When drying becomes dif-
fusion-controlled, the solvent concentration at the
coating surface approaches equilibrium with the
bulk gas-phase solvent concentration, typically
near zero; the evaporation rate drops, and the
web temperature increases to the oven tempera-

ture. This rapid increase in temperature at the
onset of the falling rate period is a critical factor
in the formation of blisters due to solvent boiling.

The duration and intensity of the three drying
regimes depend upon the physical properties of
the coating and the drying conditions. In some
cases, the constant rate period is undetectable or
appears as a small shoulder in the temperature
increase. In other cases, the warm-up period is
actually a cool-down period as evaporative cooling
causes a drop in the web temperature. The results
in Figure 2 correspond to coating-side and sub-
strate-side heat-transfer coefficients of 2.0 3 1024

cal s21 cm22 °C and an oven with 100 s of resi-
dence time. These values are typical of a low-
velocity parallel flow drier. Under these condi-
tions, the three distinct drying periods are all well
defined.

Figure 2 also displays the minimum bubble-
point temperature in the coating versus time. This
bubble point results from computing the local
bubble-point temperature at each point within
the coating and finding the minimum value. The
bubble-point temperature is the temperature at
which the local equilibrium solvent partial pres-
sure (as computed at a hypothetical internal in-
terface) equals ambient pressure. A criterion for
blister formation, which is adopted in this article,
is that blisters form when the temperature any-
where within the coating exceeds the local bub-
ble-point temperature. Figure 2 shows that the
web temperature remains well below the bubble-
point temperature, so blisters would not form un-
der the base-case conditions.

Figure 3 shows solvent concentration profiles
through the coating at a series of times corre-
sponding to the same conditions as in Figure 2;
the temperature profiles vary by less than 1 de-
gree across the thickness of the coating and sub-
strate and are not shown. Under the gentle drying
conditions of this example, mild concentration
gradients develop in the coating, with the highest
solvent concentrations persisting at the coating/
backing interface. The coating/backing interface
is typically the location of the minimum bubble
point within the coating, primarily because of the
high solvent content there.

At higher heat-transfer rates, the energy con-
sumption by evaporation never balances the en-
ergy supplied by the oven air. Under such condi-
tions, the web temperature increases rapidly,
without the leveling off that is indicative of the
constant rate drying period. An example of this
behavior is shown in Figure 4. The figure shows

Figure 2 Example of drying of a poly(vinyl acetate)/
toluene coating under low air flow. The oven tempera-
ture is 120°C, and the heat-transfer coefficients are
both 2 3 1024 cal cm22 s21 °C21. The coating initially
contains 30% solvent by weight and the dry coating
weight is 4.19 3 1023 g/cm2.
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the residual solvent and average web tempera-
ture profiles for the model system in an oven with
coating-side and substrate-side heat-transfer co-
efficients of 2.0 3 1023 cal s21 cm22 °C and all
other parameters the same as used for Figure 2.
These heat-transfer coefficients are typical of im-
pingement or floatation ovens. Because of the fast
temperature increase at these high heat-transfer
rates, the coating approaches the bubble point of

the solution more closely than it did for the low
heat-transfer case.

Figure 5 shows solvent concentration profiles
through the coating at a series of times for the
same conditions as in Figure 4. At the high heat-
and mass-transfer rates of this example, large
concentration gradients develop immediately in
the coating, a process sometimes referred to as
skinning. At higher air flow rates, the web tem-
perature increases to the oven temperature rap-
idly, while the solvent concentration remains
high near the coating/substrate interface. Such
conditions cause the coating temperature to ap-
proach the bubble-point temperature very rap-
idly.

Example of Optimal Drying

Optimal drying conditions, for the purposes of
this article, are the accessible conditions that
yield blister-free coatings and the lowest residual
solvent for a particular oven residence time (or
web speed). The formation of blisters is predicted
whenever the coating temperature exceeds the
bubble-point temperature. In real coating opera-
tions, dissolved or entrained air also contributes
to blister formation, so blisters can form at coat-
ing temperatures below the bubble point. To op-
timize the drying process, a set of process condi-
tions can be varied within ranges accessible to
typical drying equipment. Heat-transfer coeffi-
cients typically range between 2 3 1024 and 3.6
3 1023 cal s21 cm22 °C21; these values corre-
spond to oven configurations that vary from mild
parallel flow to vigorous impingement. For the

Figure 3 Concentration profiles of toluene corre-
sponding to the conditions shown in Figure 2 for low air
flow. Profiles are shown in 10-s increments starting at
t 5 0 when the solvent concentration is uniform.

Figure 4 An example of drying of a poly(vinyl acetate)/toluene coating under high air
flow. The oven temperature is 120°C, and the heat-transfer coefficients are both 2
3 1023 cal cm22 s21 °C21. The coating initially contains 30% solvent by weight and the
dry coating weight is 4.19 3 1023 g/cm2.
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remaining discussion, the oven residence time is
set to 30 s.

To achieve the lowest residual solvent without
blistering, the coating temperature must be
nearly equal to the bubble-point temperature at
some point within the oven; we call this the point
of near-blistering. When near-blistering occurs,
any increase in coating temperature, due to

higher oven temperature or higher air flows,
would cause blisters to form (see Figs. 6 and 7).

Figures 6 and 7 demonstrate why a hotter oven
with lower substrate-side heat-transfer coeffi-
cients can yield a lower nonblistering residual
solvent level. Figure 6 shows the average solvent
content and web temperature profiles under high
air flow (hW 5 2.8 3 1023 cal s21 cm22 °C21 and
hC 5 3.6 3 1023 cal s21 cm22 °C21) where the
maximum allowable oven temperature is 118°C.
The high heat-transfer rates in this case cause
the temperature in the coating to approach the
oven-zone temperature very quickly, much faster
than solvent diffusion can reduce the solvent con-
centration near the base of the coating. The high
external mass-transfer rates cause sharp concen-
tration gradients in the coating (similar to Fig. 5).
The elevated temperature and high solvent con-
centration at the bottom of the coating led to
near-blistering very early in the oven, at approx-
imately 10 s. In this case, the maximum allowable
oven temperature (118°C) is only slightly higher
than the bubble point of the initial solution
(111°C).

At lower air flow, the approach to near-blister-
ing is delayed. Figure 7 shows the average solvent
content and web temperature profiles under low
air flow (hW 5 2.0 3 1024 cal s21 cm22 °C21, and
hC 5 2.6 3 1023 cal s21 cm22 °C21), where the
maximum allowable oven temperature is 126°C.
Again, these conditions produce a web tempera-
ture just below the bubble temperature. In this
case, the oven temperature (126°C) is signifi-
cantly higher than is the bubble point of the ini-

Figure 5 Concentration profiles of toluene corre-
sponding to the conditions shown in Figure 4 for high
air flow. Profiles are shown in 10-s increments starting
at t 5 0 when the solvent concentration is uniform.

Figure 6 Drying under locally optimal conditions for an oven temperature of 118°C.
The coating is initially 30 wt % poly(vinyl acetate) in toluene and the dry coating weight
is 4.19 3 1023 g/cm2. The heat-transfer coefficients are hW 5 2.8 3 1023 cal s21 cm22

°C21 and hC 5 3.6 3 1023 cal s21 cm22 °C21.
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tial solution (111°C). Although the oven temper-
ature is higher, the lower heat-transfer coeffi-
cients cause slower heating and allow more time
for the solvent to diffuse through the coating.
Thus, near-blistering occurs later, at approxi-
mately 15 s.

In this low air-flow case, a higher oven temper-
ature is allowed because the temperature in-
creases more slowly. At low air flow, the point of
near-blistering occurs after the bubble-point tem-
perature starts to increase, and the coating ulti-
mately reaches a higher temperature than in the
high air-flow case. The higher temperature allows
faster solvent diffusion and ultimately a lower
residual solvent level.

Automatic Calculation of Optimal Conditions

The examples discussed in the last section show
how the final residual solvent levels respond to
changes in oven temperature and air flow (heat-
transfer coefficients). They also suggest that the
minimum allowable residual solvent level with-
out blisters occurs under low air flow and high
temperature. To find that minimum requires ex-
tensive trial and error calculation or automated
optimization.

We use a modified Levenberg–Marquardt non-
linear least-squares regression to locate the opti-
mum heat-transfer coefficients as a function of
oven temperature. The global optimum is the
oven temperature which gives the lowest optimal
residual solvent.

The optimization routine minimizes the follow-
ing objective functions:

V1 5 wboil~ps,max 2 pboil! if ps,max . pboil (20)

V2 5 wres E
0

X~tfinal!

cS dz

1 5
wht~hmin 2 hbot! hW , hmin

wht~hmin 2 htop! hC , hmin

wht~hbot 2 hmax! hW . hmax

wht~htop 2 hmax! hC . hmax

(21)

The first function forces the web temperature to
approach the bubble-point temperature some-
where within the drier. wboil 5 106 is a penalty
weighting for this objective; ps,max, the maximum
solvent partial pressure obtained in the drier; and
pboil, the partial pressure at which bubbles occur
(1.0 atm). The second function minimizes the re-
sidual solvent level subject to the practical
achievable limits of the coating-side and sub-
strate-side heat-transfer coefficients (hmin 5 2
3 1024 cal s21 cm22 °C21 and hmax 5 3.6 3 1023

cal s21 cm22 °C21). wres 5 106 and wht 5 108 are
penalty weightings.

The optimization code uses the computer code
for the drying model as a subroutine for LM-
DIF1,14 the modified Levenberg–Marquardt opti-
mization routine. Given a coating configuration,
materials parameters, and a temperature range,
the code steps through a series of oven tempera-
tures. At each oven temperature, the code locates
the optimum coating-side and substrate-side
heat-transfer coefficients by minimizing the ob-
jective functions in eqs. (20) and (21).

Figure 7 Drying under locally optimal conditions for an oven temperature 126°C. The
coating is initially 30 wt % poly(vinyl acetate) in toluene and the dry coating weight is
4.19 3 1023 g/cm2. The heat-transfer coefficients are hW 5 2 3 1024 cal s21 cm22 °C21

and hC 5 2.6 3 1023 cal s21 cm22 °C21.
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Figure 8 shows the local optimal heat-transfer
coefficients as functions of oven temperature. At
oven temperatures near or below the bubble-point
temperature of the initial coating (below 118°C),
the internal solvent partial pressure remains be-
low the ambient pressure even at the highest
heat-transfer rates, and bubbles cannot form. In
this limit, the minimum residual solvent occurs
when the heat-transfer coefficients are at the
maximum allowable values. In this limit, the re-
sidual solvent at the local optimum decreases as
oven temperature increases because higher tem-
perature causes faster diffusion and higher sol-
vent partial pressure. At oven temperatures well
above the bubble-point temperature of the initial
coating (above 140°C), low heat-transfer coeffi-
cients are required to avoid blistering. In this
limit, the residual solvent at the local optimum
increases as oven temperature increases because
lower heat-transfer coefficients correspond to
lower mass-transfer coefficients. Between the two
limits is the global optimum which balances the
goals of rapid drying and avoiding blisters.

At all oven temperatures, the optimal coating-
side heat-transfer coefficient is always greater
than or equal to the optimal substrate-side heat-
transfer coefficient; this result is caused by the
coupling between external heat transfer and
mass transfer. On the top side of the coating, heat
transfer and mass transfer are coupled by the
Chilton–Coulburn analogy , but on the substrate
side, there is no mass transfer so heat transfer
and mass transfer are decoupled. Optimal avoid-
ance of blistering is achieved by controlling the
rate of heating while maintaining the mass-trans-

fer rate as high as possible. This goal is achieved
by first decreasing the substrate-side heat-trans-
fer coefficient, and then, if necessary, decreasing
the coating-side heat-transfer coefficient (and,
consequently, the coating-side mass-transfer co-
efficient).

The global optimum (lowest residual solvent)
occurs at an oven temperature of 126°C, with
substrate-side and coating-side heat-transfer co-
efficients of 2.0 3 1024 and 2.78 3 1023 cal s21

cm22 °C21, respectively. The minimum solvent
residual is 4.26 3 1024 g/cm2. The optimal heat-
transfer coefficients both decrease with increas-
ing oven temperature. As temperature increases
above 126°C, the optimal substrate-side heat-
transfer coefficient does not change, but the opti-
mal coating-side heat-transfer coefficient contin-
ues to decrease. The locations of these optima are
sensitive to parameters as discussed in the follow-
ing sections.

RESULTS AND DISCUSSION

Sensitivity of Optimal Conditions to Parameters

In the following sections, we examine the sensi-
tivity of the optimal drying conditions to various
process parameters. The comparisons are all
made under a fixed oven residence time. The oven
residence time sets the time scale for which the
comparative statements are meaningful.

Coating Weight

The coating weight (or thickness) is a parameter
often changed in practice to produce different

Figure 8 Locally optimal heat-transfer coefficients as a function of oven temperature.
The coating is initially 30 wt % poly(vinyl acetate) in toluene and the dry coating weight
is 4.19 3 1023 g/cm2. The oven residence time is 30 s. The global minimum in residual
solvent occurs at about 126°C.
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products or to avoid defects. In addition, variation
in coating weight occurs naturally through fluc-
tuations in the process, especially at start up and
shut down. It is instructive to consider how the
optimal drying conditions vary with coating
weight between 3.14 3 1023 and 5.23 3 1023

g/cm2, where the coating weight is defined as the
mass of dry coating (pure polymer) per unit area.
The initial coatings contain 30% solids, and the
oven has a residence time of 30 s.

A common rule of thumb is that diffusion-lim-
ited drying rates scale with the square of the
coating thickness. For polymer–solvent systems
with concentration- and temperature-dependent
diffusion coefficients, the rule of thumb is not
strictly valid. However, thinner coatings are less
restricted by diffusion rates than are thicker coat-
ings. In addition, thinner coatings have less total
mass and less solvent mass, which leads to more
rapid heating. Thus, in thinner coatings, the re-
sidual solvent decreases more rapidly and blister-
ing is less likely.

Figure 9 shows the globally optimal process
conditions and final residual as functions of coat-
ing weight. The results show that the optimal
residual solvent content is smaller in thinner
coatings, as expected. Thicker coatings dry more
slowly and require lower oven temperatures and
higher air flow to obtain optimal drying condi-
tions. The thickest coating requires the maximum
heat-transfer coefficients of 3.6 3 1023 cal s21

cm22 °C21 and a fairly low oven temperature,
115.9°C. As the coating weight decreases, the glo-
bally optimum substrate-side heat-transfer coef-
ficient rapidly decreases to its minimum allow-
able value, 2.0 3 1024 cal s21 cm22 °C21, the
globally optimum coating-side heat-transfer coef-
ficient decreases gradually, and the optimum
oven temperature increases. Table II summarizes
the globally optimum conditions.

This decrease in the globally optimum heat-
transfer coefficients with decreasing coating
weight is counterintuitive from a mass-transfer
perspective. Intuition suggests that thinner coat-

Figure 9 Globally optimal heat-transfer coefficients and oven temperature as a
function of coating weight. The coating is initially 30 wt % poly(vinyl acetate) in
toluene, and the oven residence time is 30 s.

Table II Globally Optimal Conditions Versus Coating Weight

Coat Weight (g/cm2) hW (cal s21 cm22 °C21) hC (cal s21 cm22 °C21) Toven (°C) Residual Solvent (wt %)

3.14 3 1023 2 3 1024 9.29 3 1024 149.8 9.72 3 1025

3.66 3 1023 2 3 1024 1.65 3 1023 135.0 2.29 3 1024

4.19 3 1023 2 3 1024 2.59 3 1023 126.7 4.22 3 1024

4.71 3 1023 5.12 3 1024 3.6 3 1023 120.7 7.11 3 1024

5.23 3 1023 3.6 3 1023 3.6 3 1023 115.9 1.12 3 1023
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ings, which have less diffusional resistance,
should have optimal drying conditions corre-
sponding to the maximum practical heat/mass-
transfer coefficients. This thinking, however, ig-
nores thermal effects on the shape of the drying
curve (as shown in Fig. 10). Thicker coatings have
more total mass and more solvent mass; thus,
they heat more slowly due to both heat capacity
and evaporative cooling. In addition, thicker coat-
ings retain higher solvent concentration near the
bottom of the coating and are thus more suscep-
tible to blistering for a longer time. These factors
combine to shift the optimum conditions for

thicker coatings to higher heat-transfer coeffi-
cients and lower temperatures compared to thin-
ner coatings. Figure 10 shows that in thinner
coatings the near-blistering point under optimal
drying conditions occurs later, after the bubble-
point temperature starts to increase.

Initial Solids Content

Changing the initial solids content of the coating
solution directly affects the diffusional resistance
to drying. In coatings with higher solids content,
the diffusion coefficients are lower and the onset

Figure 11 Globally optimal heat-transfer coefficients and oven temperature as a
function of coating weight. The coating is initially 40 wt % poly(vinyl acetate) in
toluene, and the oven residence time is 30 s.

Figure 10 Drying profiles under globally optimal drying conditions for several coat-
ing weights corresponding to Figure 9. Bold lines indicate coating temperature and
residual solvent, and thin lines indicate bubble-point temperature.
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of falling-rate or diffusion-limited drying occurs
earlier. However, the initial coating is thinner
(because the dry coating weight is held constant),
so the overall effect of increased solids is similar
to predrying the coating. Figure 11 and Table III
show the dependence of the global optima on the
dry coating weight for an initial solids content of
40% by weight (all previous results started at 30%
solids). Because there is less solvent in the coat-
ings with higher solids content, there is less total
mass, less evaporative cooling, and greater boil-
ing-point elevation. These three effects are simi-
lar to the effects of reduction in coating weight
and shift the global optima toward lower values of
the heat-transfer coefficients and higher temper-
atures.

Figure 12 and Table IV show how the globally
optimal conditions change with the initial solids
content for a coating of 4.19 3 1023 g/cm2 dry
coating weight. Comparison of Figures 12 and 9
show that increasing the solids content has the
same effect as does lowering the coating weight.

As the percent solids increases, the optimal oven
temperature increases gradually, the optimal
substrate-side heat-transfer coefficient decreases
suddenly to its minimum value, and the optimal
coating-side heat-transfer coefficient decreases
gradually.

The reasons for these trends in optimum condi-
tions are analogous to the variations with coat
weight shown in Figure 9. The lower percent solids
solutions have greater total mass, which slows heat-
ing, and greater solvent mass, which allows greater
evaporative cooling. The lower percent solids solu-
tions also have a higher solvent concentration at the
bottom of the coating. Higher solvent concentra-
tions correspond to lower boiling points. These fac-
tors combine to shift the optimum conditions for
lower solids solutions to higher heat-transfer coeffi-
cients but lower oven temperatures.

Solvent Diffusivity

The mutual diffusion coefficient of a solvent in a
polymer depends on the physical structure and

Table III Optimal Conditions Versus Coating Weight for 40% Solids Solution

Coat Weight (g/cm2) hW (cal s21 cm22 °C21) hC (cal s21 cm22 °C21) Toven (°C) Residual Solvent (wt %)

3.14 3 1023 2 3 1024 6.15 3 1024 160.0 6.18 3 1025

3.66 3 1023 2 3 1024 9.25 3 1024 145.1 1.64 3 1024

4.19 3 1023 2 3 1024 1.44 3 1023 134.5 3.07 3 1024

4.71 3 1023 2 3 1024 2.12 3 1023 127.6 4.95 3 1024

5.23 3 1023 2 3 1024 3.03 3 1023 122.6 7.40 3 1024

Figure 12 Globally optimal heat-transfer coefficients and oven temperature as a
function of initial percent solids in the coating. The poly(vinyl acetate)/toluene coating
has a dry coating weight of 4.19 3 1023 g/cm2, and the oven residence time is 30 s.
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specific chemical interactions between the poly-
mer and the solvent. The same solvent may dif-
fuse significantly faster in one polymer than in
another, and different solvents have significantly
different diffusion coefficients in the same poly-
mer. The relative diffusion rates of different sol-
vents in a polymer are not necessarily related to
the relative volatilities of those solvents.

The value of solvent diffusivity and its depen-
dence upon concentration and temperature deter-
mines the onset of the falling-rate period. Figure
13 and Table V show how the optimal drying
conditions from Figure 9 change if the diffusion
coefficients are reduced by a factor of 2 (D0
5 1.999 3 1024 cm2/s). The lower diffusivity
results in slower drying and higher solvent con-
centration at the base of the coating. This slows
the increase in the bubble-point temperature and
causes the optimum conditions to shift toward
higher heat-transfer coefficients and lower oven
temperatures. Higher heat-transfer coefficients
create a higher initial drying rate, but lower oven

temperatures cause higher final residual solvents
(similar to the example of optimal drying in Figs.
6 and 7).

Oven Residence Time

The position within the oven at which the point of
near-blistering occurs can be shifted by changing
the web speed or oven residence time. For shorter
residence times, thermal effects (heating rate,
evaporative cooling, etc.) have greater influence
on drying behavior; in a long oven, the coating
heats up to the oven temperature in a smaller
fraction of the oven length. Figure 14 and Table
VI show how the optimal drying conditions versus
coating weight change when the oven residence
time is cut in half, to 15 s.

In Figure 10, the point of near-blistering oc-
curred between 12 and 20 s depending on coating
weight, so the shorter residence time should
change the optimal conditions, especially in thin-
ner coatings. For all but the thinnest coating, the

Table IV Optimal Conditions Versus Solids Content for 4.19 3 1023 g/cm2 Coating

Solids Content (%) hW (cal s21 cm22 °C21) hC (cal s21 cm22 °C21) Toven (°C) Residual Solvent (wt %)

20 3.6 3 1023 3.6 3 1023 116.52 8.66 3 1024

30 2 3 1024 2.59 3 1023 126.7 4.22 3 1024

40 2 3 1024 1.44 3 1023 134.5 3.07 3 1024

50 2 3 1024 9.39 3 1024 141.5 2.44 3 1024

Figure 13 Globally optimal heat-transfer coefficients and oven temperature as a
function of coating weight for a solution with a lower diffusivity. The coating is initially
30 wt % poly(vinyl acetate) in toluene, and the oven residence time is 30 s. The
parameter D0 was set to 2 3 1024 cm2/s.
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globally optimum conditions under a reduced res-
idence time correspond to the maximum coating-
side and substrate-side heat-transfer coefficients
and oven temperatures slightly above the bubble-
point temperature of the initial solution. For the
thinnest coating, the globally optimum substrate-
side heat-transfer coefficient decreases suddenly
and the optimum oven temperature increases
suddenly.

For this short residence time, the solvent concen-
tration at the base of the coating does not change
significantly except for the thinnest coatings. Thus,
there is little elevation in the bubble-point temper-
ature. These conditions favor higher heat-transfer
coefficients and lower oven temperatures. Figure 15
shows how the residual solvent, web temperature,
and bubble-point temperature vary through the
oven for the optimal conditions at 15 s residence
times (to compare with Fig. 10 for a 30-s residence
time). The profiles for all but the thickest coating
change to bring the point of near-blistering earlier

within the oven. Thus, shorter ovens will favor
higher air flows and lower temperatures.

CONCLUSIONS

This article discussed the application of a detailed
mathematical model of heat and mass transfer to
drying of polymeric coatings. Similar models have
been previously reported by several authors and
have been shown to be in good agreement with
empirical results. Thus, these models should be
effective tools for guiding the design of drying
systems and the choice of operating conditions.

We identified two goals in the drying of poly-
mer coatings: (1) minimizing the residual solvent
and (2) avoiding blister defects. The operating
conditions of the oven temperature, coating-side
heat-transfer coefficient, and substrate-side heat-
transfer coefficient can be adjusted within practi-
cal ranges to find optimal conditions for achieving

Table V Optimal Conditions Versus Coat Weight for Low Diffusivity Coating

Coat Weight (g/cm2) hW (cal s21 cm22 °C21) hC (cal s21 cm22 °C21) Toven (°C) Residual Solvent (wt %)

3.14 3 1023 2.0 3 1024 2.2 3 1023 123.7 3.91 3 1024

3.66 3 1023 3.6 3 1023 3.6 3 1023 114.5 7.50 3 1024

4.19 3 1023 3.6 3 1023 3.6 3 1023 114.1 1.38 3 1023

4.71 3 1023 3.6 3 1023 3.6 3 1023 113.7 2.36 3 1023

5.23 3 1023 3.6 3 1023 3.6 3 1023 113.4 3.55 3 1023

Figure 14 Globally optimal heat-transfer coefficients and oven temperature as a
function of coating weight for a shorter oven. The coating is initially 30 wt % poly(vinyl
acetate) in toluene, and the oven residence time is 15 s.
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these two goals. We implemented an automated
optimization routine to find the heat-transfer co-
efficients which produced the lowest residual sol-
vent in a blister-free coating. For our base-case
coating, the optimal oven temperature was well
above the boiling point of the initial coating solu-
tion. The optimum substrate-side heat-transfer
coefficient was at the minimum allowable value,
corresponding to very gentle parallel air flow. The
optimum coating-side heat-transfer coefficient
was in the middle of the range of allowable val-
ues, corresponding to moderate air impingement.

For all the cases considered, the optimum coat-
ing-side heat-transfer coefficient is always equal to
or greater than the optimum substrate-side heat-
transfer coefficient. This conclusion directly contra-
dicts the common conception that “backside” drying,
that is, higher air flow to the backside of the web
and lower air flow above the coating, is optimal for
maximizing line speed without forming blisters. For

some coatings, there may be “near-optimal” condi-
tions with higher substrate-side heat-transfer coef-
ficients, but this is not a general phenomenon.

We also examined how the optimal conditions
change with various parameters such as coating
weight. In general, any parameter change that
causes a delayed decrease in solvent concentration
near the base of the film (corresponding to a delayed
rise in bubble-point temperature) favors higher
heat-transfer coefficients and lower oven tempera-
tures. In other words, any conditions which increase
susceptibility to blister formation or increase diffu-
sional resistance to drying favor higher air flows
and lower temperatures. Some process changes that
are more likely to lead to blistering are thicker
coatings, lower percent solids coatings, lower sol-
vent diffusivity, and shorter oven residence times.

The authors would like to acknowledge Sharon Wang
and Ilyess Hadj Romdhane from 3M and L. E. Scriven

Table VI Optimal Conditions Versus Coat Weight for 15 s Oven Residence Time

Coat Weight (g/cm2) hW (cal s21 cm22 °C21) hC (cal s21 cm22 °C21) Toven (°C) Residual Solvent (wt %)

3.14 3 1023 7.82 3 1024 3.6 3 1023 124.8 3.92 3 1024

3.66 3 1023 3.6 3 1023 3.6 3 1023 118.13 7.84 3 1024

4.19 3 1023 3.6 3 1023 3.6 3 1023 117.18 1.50 3 1023

4.71 3 1023 3.6 3 1023 3.6 3 1023 116.46 2.58 3 1023

5.23 3 1023 3.6 3 1023 3.6 3 1023 115.88 3.83 3 1023

Figure 15 Drying profiles under globally optimal drying conditions for several coat-
ing weights corresponding to Figure 14. The oven residence time is 15 s. Bold lines
indicate coating temperature and residual solvent, and thin lines indicate bubble-point
temperature.
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and L. F. Francis at the University of Minnesota for
their advice and contribution to this work.
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