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ABSTRACT: The heat transfer and subsequent contaminant transfer between a three-
layer film during its coextrusion is considered. The film is made of a recycled polymer
layer with a contaminant in it located between two virgin polymer layers. The effect of
the relative thicknesses of the three layers on the contaminant transfer is especially
studied. The final package is thus placed in contact with a food of finite volume, and the
contaminant transfer into the food is thus determined. This transfer is controlled by
diffusion through the package and convection into the liquid food. The effect of the
relative thicknesses of each layer is estimated. This theoretical approach is allowed by
building two numerical models based on finite differences: the one concerned with heat
transfer and mass transfer with a temperature-dependent diffusivity through the film
during its coextrusion; the other with the contaminant transfer into the food by
considering the diffusion through the package and convection into the food, as well as
the initial profile of concentration of the contaminant that obtained at the end of the
stage of coextrusion. © 1999 John Wiley & Sons, Inc. J Appl Polym Sci 73: 1939–1948, 1999
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INTRODUCTION

Recycling old package plastics is possible by reus-
ing them in new packages after mastering the
procedure of collection, control, and washing.1,2

The main drawback with old plastics comes from
the mass transfer that takes place during its pre-
vious use3,4 and that old plastics, exhibiting po-
tential contamination, cannot be in contact with
the food.5–7 Thus, tri-layer films must be coex-
truded in sandwich form, where the recycled poly-
mer layer is located between two virgin polymer

layers. As it takes some time for the contaminant
to diffuse through the virgin polymer layer at
room temperature, this layer plays the role of a
functional barrier.2,8,9

The process of contaminant transfer is con-
trolled by diffusion through the polymeric pack-
age10 and either by convection in the liquid food11

or by diffusion in the solid food.12,13 The main
problem that arises is to determine the period of
time over which the food is protected.1–3,5,7 Exper-
iments are tedious and highly time consuming,
and necessitate very accurate methods of analy-
sis. Moreover, some changes may appear for the
food or the contaminant in the food during this
long time. On the other hand, the mathematical
treatment is feasible only for the diffusion of the
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contaminant through the package itself with a
constant diffusivity and when the initial profile of
concentration is uniform.9–11 In practical cases,
only when the package is in contact with a liquid
food of finite volume with a finite coefficient of
convective transfer into the liquid, is a numerical
treatment feasible12–14 despite an attempt to mix
the equations obtained with the following two
cases: the volume of liquid is finite, and the coef-
ficient of convective transfer is infinite, or the
volume of liquid is infinite and the coefficient of
convection is finite.15 Of course, the numerical
treatment necessitates good knowledge of the pro-
cess, as a model with finite differences, taking all
the known facts into account, must be built. The
parameters of importance are the diffusivity of
the contaminant through the polymer, the coeffi-
cient of convective transfer into the liquid, and
the initial profile of concentration of the contam-
inant in the package. Up to now, the following two
main assumptions have been made in all previous
studies: (1) the effect of the liquid food on the
contaminant transfer is not considered, despite
the fact that it sometimes takes place, enhancing
the contaminant diffusion in the package3,4; and
(2) the concentration of contaminant is initially
uniform in the recycled polymer layer with no
contaminant in the virgin polymer layers. In fact,
previous studies showed that contaminant trans-
fer takes place during the coextrusion of the poly-
mer layers,16–19 resulting from a high rate of dif-
fusion over a short period of time. It must be said
that the diffusivity increases rapidly with tem-
perature, and becomes very great around the
melting temperature of the polymer.20

The first objective to fulfill in this article is to
show that contaminant transfer takes place dur-
ing the stage of coextrusion. The numerical model
takes into account the following stages during the
process of coextrusion: heat transfer by conduc-
tion through the package and by convection at the
film–air interface, enabling the film to cool from
the melting temperature to the air temperature;
simultaneously, a diffusion of the contaminant
takes place through the package with a tempera-
ture-dependent diffusivity.16–19 The ultimate ob-
jective, coupling experiments and modeling, is
very difficult to reach, because of the difficulty of
the experiments and also the problems in model-
ing. High-standard laboratories specialized in
each of these two tasks, measuring the profiles of
concentration of contaminant developed in poly-
mer sheets for various temperature–time histo-
ries, processing multilayer films under standard

and well-known conditions, are necessary to take
part in this work. The problem of modeling is also
hard work because of the two transfers that take
place simultaneously.

The other purpose is to place emphasis upon
the effect of the thickness of each layer in the film
on the time of protection of food. Another numer-
ical model is built considering initially the final
profile obtained at the end of the stage of coextru-
sion, as well as the diffusion of contaminant
through the package and convection into the food.
For a given thickness of the film of 90 microns, the
thicknesses of the three layers range from equal
thickness to larger thickness for the functional
barrier in contact with the food. The results are
expressed in terms of profiles of temperature and
of contaminant concentration developed through
the thickness of the film during the cooling period,
and of profiles of concentration of the contami-
nant developed in the package when it is in con-
tact with a liquid food at room temperature, as
well as of kinetics of transfer into the food. Di-
mensionless numbers are used for the contami-
nant transfer to obtain master curves of use in
various cases.

THEORETICAL

The following two processes are studied: the film
coextrusion with heat transfer and mass transfer
when the film is cooled from the melting temper-
ature down to the air temperature, and the con-
taminant transfer in the food-package system at
room temperature.

Process of Coextrusion of Sandwich Films:
Assumptions

1. After coextrusion of the three layers in
sandwich form, the recycled polymer, being
located between two virgin polymers, heat,
and mass transfers are unidirectional
through the thickness of the film.

2. The three layers are in perfect contact,
with no resistance to heat and mass trans-
fers at their interface.

3. Initially, the contaminant concentration is
uniform in the recycled polymer, while the
virgin polymer layers are free from con-
taminant.

4. The package initially at the uniform tem-
perature of coextrusion is cooled down in
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motionless air at 20°C. Heat is transferred
by free convection on each air–package in-
terface, and by conduction through the
package. As the polymers are of the same
nature, a symmetry exists for the heat
transfer with respect to the midplane of the
film.

5. During the cooling period, contaminant
transfer takes place through the film con-
trolled by Fickian diffusion. The diffusivity
varies with temperature by following an
Arrhenius’ law.

Mathematical Treatment (Fig. 1)

See Nomenclature, page 19.

Heat Transfer

The equation of unidirectional heat conduction
through the film is:

rc
T
t 5



x Sl z
T
xD (1)

The initial condition is obvious:

t 5 0 0 , x , L Tin (2)

The boundary conditions

t . 0 x 5 0 l FT
xG

s

5 ht~Ts,t 2 Tair!

x 5 L
(3)

express the fact that the rate of heat transferred
by convection is constantly equal to the rate at
which heat is brought to the film surface by con-
duction.

The midplane of the film being a plane of sym-
metry for heat transfer, there is:

t $ 0 x 5
L
2

T
x 5 0 (4)

Contaminant Transfer

The equation of unidirectional diffusion of con-
taminant through the film is:

C
t 5



x SDx,t z
C
x D (5)

with the temperature-dependent diffusivity

Dx,t 5 D0 z expS2
A
TD (6)

The initial condition is:

t 5 0 recycled polymer Cin

virgin polymer C 5 0 (7)

The condition at each polymer interface is
given by the continuity of heat transfer, with the
same thermal conductivity.

2lST
xD

t,s2

5 2lST
xD

t,s1

(8)

Numerical Analysis

The Crank-Nicolson method is used for calculat-
ing the temperature and contaminant concentra-
tion at each time and position. The thickness of
the film is divided into N slices of constant thick-
ness Dx, and increments of time Dt, are consid-
ered. The integers i and j characterizing position

Figure 1 Scheme of the process of coextrusion with
heat and mass transfers through the three layers: hav-
ing the same thickness (up), with different thickness
(down).
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and time appear in the calculation, as well as the
three dimensionless numbers:

heat convection HCj 5
Dx z htj

li
j (9)

heat conduction HHi
j 5

~Dx!2

Dt z
rc
li

j (10)

contaminant transfer MCi
j 5

~Dx!2

Dt z Di
j (11)

Process of Transfer in the Package-Food System
(Fig. 7): Assumptions

1. The contaminant transfer is controlled by
Fickian diffusion through the package and
convection into the liquid with a finite co-
efficient of convective transfer.

2. The transfer of contaminant only is consid-
ered, the transfer of the food into the poly-
mer being neglected.

3. The initial profile of concentration of the
contaminant in the package is that ob-
tained at the end of the coextrusion pro-
cess.

4. The transfer through the package is unidi-
rectional: as in a bottle the thickness of the
package is much less than the radius of the
bottle.

Mathematical Treatment

The equation of unidirectional diffusion through
the package is:

C
t 5 D z

2C
x2 (12)

with the constant diffusivity D.
Initially, the profile of concentration in the

package is that obtained at the end of the coex-
trusion process.

At the package–food interface, the rate of con-
taminant entering the liquid food is constantly
equal to the rate at which the contaminant is
brought to this interface by diffusion in the
package.

t . 0 x 5 L DUC
x U

L,t

5 hm~CL,t 2 Cfood,t! (13)

On the other face of the package in contact with
air,

t . 0 x 5 0
C
x 5 0 (14)

meaning that the contaminant does not evaporate
at room temperature.

Numerical Treatment

The problem with a finite volume of food and a
finite coefficient of convective transfer, as well as
with an initial nonuniform profile of concentra-
tion of contaminant must be resolved by using a
numerical method with finite differences.12,13 The
principle of the method is summarized as follows:
the thickness of the package L is divided into N
slices of thickness Dx, and each position is asso-
ciated with the integer i. From the matter bal-
ance evaluated within each slice during the incre-
ment of time Dt, the new concentration after
elapse of time Dt is expressed in terms of the
previous concentrations.

Inside the package:

Ci
j11 5

1
MC @Ci21

j 1 ~M 2 2!Ci
j 1 Ci11

j # (15)

On the surface in contact with the food

CN
j11 5

1
MC

3 @2CN21
j 1 ~M 2 2N 2 2!CN

j 1 2N z Cfood,t# (16)

At the surface in contact with air

C0
j11 5

1
M@2C0

j 1 ~M 2 2!C0
j # (17)

The amount of contaminant remaining in the
package at every time is evaluated by integrating
the concentration of contaminant with respect to
space. The amount of contaminant in the liquid at
a time is the difference between the amount of
contaminant initially in the package and that
remaining after this time.

The concentration in the liquid is:

Cfood,t 5
Mt

L9
(18)
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where Mt is the amount of contaminant trans-
ferred into the food, per unit area and L9 is the
thickness of the food.

The dimensionless numbers are:

MC 5
~Dx!2

D z Dt N 5
h z Dx

D (19)

RESULTS

Two kinds of results are of interest: the one con-
cerning the process of heat and contaminant
transfer through the tri-layer films during the
stage of coextrusion; the other with the contami-
nant transfer in the package–food system at room
temperature.

Tri-layer polymer films of total thickness of 90
microns with different thicknesses for each layer,
are considered: the first with 30/30/30 microns,
the second with 10/40/40 microns, and the third
with 20/35/35 microns.

The internal layer is made of recycled polymer
with a uniform concentration of contaminant Cin,
while the two surrounding layers are made of
virgin polymer.

Polyethylene terephthalate is chosen for the
polymer because its thermal properties are found
in the literature.21 The values of the diffusivity
around the melting temperature are not known
yet despite some attempts,20 which are necessary
to achieve through difficult experiments done
with various temperature–time histories using
the numerical model described in this article, and
some assumptions are made for the temperature-
dependent diffusivity (Table I).

Process of Coextrusion

The three layers are separately heated up to the
melting temperature and coextruded at the tem-
perature of 300°C. The final tri-layer film is al-
lowed to cool down in motionless air at room tem-
perature. This process of coextrusion is thus re-

sponsible for heat transfer during the cooling
period and a subsequent contaminant transfer.
Despite the fact that these two transfers occur
simultaneously, they are studied in succession.

Heat Transfer during Coextrusion

Heat is transferred by free convection at the film–
air interface and by conduction through the tri-
layer film, during the cooling period in air.

The profiles of temperature developed through
the thickness of the film are drawn in Figure 2, as
obtained using the numerical model and the data
(Table I). The temperature–time histories are
drawn in Figure 3, by considering various places
of interest through the thickness of the film.

These curves in Figures 2 and 3 can lead to a
few observations: (1) the temperature decreases
rather slowly and drops to 160°C in about 4 s. It
takes 0.5 s for the temperature to decrease down
to 255°C. (2) The profiles of temperature are
rather flat, as the rates of heat transferred by
conduction and by convection are about the same.
(3) The low convective coefficient of heat transfer
in motionless air as well as the low thermal con-

Table I Characteristics for Heat and Mass Transfer with the Coextrusion Process

a 5 1 3 1023 1 7 3 1027 3 T (cm2zs21) T : Celsius
l 5 6.1 3 1024 1 1 3 1027 3 T (calzcm21zs21z deg21) T : Celsius
h 5 2 3 1024 3 uTL 2 Tairu

0.25 (calzcm22zs21z deg21) T : Celsius

D 5 28.240 3 expS2
13800

T D (cm2 z s21) T : Kelvin

Figure 2 Profiles of temperature developed through
the thickness of the three-layer films during their co-
extrusion, at various times.
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ductivity of the polymer are responsible for this
slow decrease in temperature. (5) The midplane of
the film is a plane of symmetry for heat transfer,
as the three polymer layers have the same prop-
erties and the film is cooled down in the same way
on each face.

Contaminant Transfer during Coextrusion

Because of the high temperature around the melt-
ing point of the polymer and its low decrease rate,
a contaminant transfer takes place. It is evalu-
ated by using the numerical model.

A problem arises with the diffusivity of a con-
taminant at high temperature and its tempera-
ture dependency. A method has been developed to
obtain accurate data.20 It necessitates tedious ex-
periments and calculation using a numerical
model considering both heat and contaminant
transfer. Moreover, the temperature dependency
of the diffusivity should obey the following as-
sumption: the diffusivity varies with temperature
by following an Arrhenius’ law in the same way as
the viscosity at a low rate of shear.21

The profiles of contaminant concentration de-
velop through the tri-layer film in different ways,
depending on the relative thicknesses of each
layer. Three films are considered: with layers of
the same thickness in Figure 4 (30/30/30 mi-
crons), with different thicknesses for the layers in
Figure 5 (10/40/40 microns) and Figure 6 (20/
35/35 microns), by keeping the total thickness of
the film constant at 90 microns.

Conclusions of interest can be drawn from
these curves: (1) profiles of contaminant concen-
tration develop through the thickness of the film
very quickly at the beginning of the cooling pe-
riod, when the temperature is high. A significant
transfer is observed within 0.1 s. (2) The rate of
diffusion of contaminant remains high over a
short period of time, as it decreases rather quickly
with temperature. Over the period of time be-
tween 0.5 and 10 s, the rate decreases to a very
low value. (3) The effect of the relative thick-
nesses of the three layers appears to be of great
importance, especially the virgin layer, which is

Figure 3 Temperature–time histories at various
places through the three layer films during coextrusion
on the surface (0); at 10 microns of the surface (1); at 20
microns of the surface (2); at 30 microns of the surface
(3); at 40 microns of the surface (4); at the middle (5).

Figure 4 Profiles of concentration of contaminant de-
veloped through the three-layer film during coextru-
sion at various times, with layers of same thickness at
300°C, 30/30/30 microns: initial (0); after 0.01 s (1);
after 0.1 s (2); after 0.5 s (3); after 10 s (4).

Figure 5 Profiles of concentration of contaminant de-
veloped through the three-layer film during coextru-
sion at various times, with different layer thicknesses,
at 300°C, 10/40/40 microns: initial (0); after 0.01 s (1);
after 0.1 s (2); after 0.5 s (3); after 10 s (4).
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the functional barrier in contact with the food in
the package-food system. Its thickness is varied
from 30 to 40 microns, with the same thickness
for the recycled layer that will be in contact with
the food. (4) The obvious statement clearly holds:
the thinner the functional barrier, the more effec-
tive the contaminant transfer. Thus, with the
thickness of 30 microns, the contaminant reaches
up to the relative thickness of 0.9, while the cor-
responding value is 0.8 for the thickness of 40
microns. (5) The profiles of contaminant concen-
tration shown in Figures 4–6 essentially result
from the thickness of the functional barrier, as
the profiles of temperature are rather flat through
the films during the cooling period. (6) After 10 s,
the profiles of contaminant concentration remain
approximately stable, when considering a time
scale in hours. They will be the initial profiles in
the package-food system (Figs. 4–6).

Process of Contaminant Transfer into the Food

The package made of tri-layer polymers is put in
contact with liquid food. The contaminant is
transferred by diffusion through the package and
convection into the liquid with a finite coefficient
of convection. This coefficient of convection is that
obtained in olive oil in a previous study.22 The
value of the diffusivity is constant as the concen-
tration of the contaminant is low, as shown in
Table II.23

A volume of 1 liter of liquid in a cubic package
is considered, leading to a thickness of the food of
1.6 cm.24,25

Profiles of Concentration of Contaminant
in the Package

The profiles of contaminant concentration are
drawn through the three packages in Figure 8
(30/30/30 microns), Figure 9 (20/35/35 microns),
and Fig. 10 (10/40/40 microns), at various times.

Dimensionless numbers are used: the relative
thickness x/L; the concentration Cxt at position

Figure 7 Scheme of the contaminant transfer in the
package-food system.

Figure 6 Profiles of concentration of contaminant de-
veloped through the three-layer film during coextru-
sion at various times, with different layer thicknesses,
at 300°C, 20/35/35 microns: initial (0); after 0.01 s (1);
after 0.1 s (2); after 0.5 s (3); after 10 s (4).

Table II Characteristics of Mass Transfer with
the Package-Food System

Thickness of the package 5 90 microns
Thickness of the liquid 5 1.6 cm
1 liter of liquid in a cubic package
D 5 10210 cm2/s
h 5 1028 cm/s

Figure 8 Profiles of concentration of contaminant de-
veloped through the package in the package-food sys-
tem at room temperature, at various times (Dt/L2),
with the three layers of the same thickness (30/30/30
microns).
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x/L and time t as a fraction of the initial concen-
tration in the recycled polymer layer before coex-
trusion; Dt/L2 instead of time, L being the thick-
ness of the package.

The following conclusions can be pointed out:
(1) at time 0 for the transfer into the food, the
profiles of contaminant concentration in the pack-
age are the same as those obtained at the end of
the process of coextrusion. (2) These profiles give
a fuller insight into the nature of the process. (3)
For short times, for example, Dt/L2 less than
0.005 for the three packages (not shown in Figs.
8–10), the concentration on the two recycled layer
faces drops to Cxt/Cin 5 0.5, as shown in an
earlier study,9 when the contaminant does not
reach the package faces. (4) The contaminant
reaches the food surface at a given time, depend-
ing on the relative thicknesses of the layer of the
packages. This fact is shown more precisely with
the kinetics of the contaminant transfer into the
food. (5) A flat gradient of concentration is ob-
served on the external surface of the package, as
the contaminant does not evaporate.4 (6) A slight
gradient of concentration is shown at the package
surface in contact with the food, obeying eq. (13),
because the coefficient of convective transfer in
the food is rather low.4 (7) A typical pattern is
observed for long times (Dt/L2 larger of around
0.1), because the contaminant concentration be-
comes greater on the external package surface, as
shown in previous studies.12 (8) Comparison be-
tween the profiles drawn in Figures 8–10 shows
the effect of the relative thicknesses of each layer
of the package. It takes some time for the contam-

inant to reach the food, and the obvious statement
holds: the thicker the functional barrier, the
longer the time of food protection. Nevertheless,
the conclusion is not so simple, as the thickness of
the recycled layer also plays a role. (9) The effect
of the total thickness of packages on the time of
food protection was studied when the packages
were made of three layers of same thicknesses.26

From this study, it stands to reason that a better
way for reusing recycled polymer in food packages
consists of using packages with different thick-
nesses for the layers. Optimization of the relative
thickness of each layer is an important contribu-
tion.

Kinetics of Transfer of Contaminant into the Food

The kinetics of contaminant transfer into the food
are drawn in Figure 11 with the three packages:
1—(30/30/30 microns), 2—(20/35/35 microns), and
3—(10/40/40 microns). Dimensionless numbers
are used: the amount of contaminant transferred
up to time t as a fraction of the initial amount in
the package; Dt/L2 instead of time.

Some conclusions are worth noting: (1) typical
shapes for the kinetic curves are observed: the
rate of transfer into the food increases regularly
with time from a zero value at a given time that
depends on the package. Of course, these shapes
result from the presence of the functional barrier.
When no functional barrier exists, the kinetics of
transfer starts at time zero with an oblique tan-
gent that depends on the value of the convective
coefficient4 of the contaminant in liquid food. (2)

Figure 10 Profiles of concentration of contaminant
developed through the package in the package-food
system at room temperature, at various times (Dt/L2),
with the different layer thicknesses (10/40/40 microns).

Figure 9 Profiles of concentration of contaminant de-
veloped through the package in the package-food sys-
tem at room temperature, at various times (Dt/L2),
with the different layer thicknesses (20/35/35 microns).
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The period of time over which the food is pro-
tected is of great importance. Some values for the
relative amount of contaminant transferred are
given at various times (Dt/L2) in Table III. (3)
The effect of the relative thickness of the three
layers in the packages on the kinetics of contam-
inant transfer clearly appears in Figure 11, as
well as in Table III. Of course, the kinetics of
contaminant transfer is faster for the thinner
functional barrier. (4) In fact, the answer is not as
simple as said in (3); the time of protection de-
pends on the relative thicknesses of the three
layers, as shown in Table III. Nevertheless, it
stands to reason from either the profiles of con-
centration developed through the packages in
Figures 8–10 or the kinetics of transfer in the
food shown in Figure 11, that the third package
with dimensions of 10/40/40 microns is of the ut-
most interest for two reasons: it offers a larger
ratio for the recycled polymer (44.4%); it is re-
sponsible for a longer period of time for food pro-
tection.

CONCLUSIONS

A few conclusions can be drawn from this theo-
retical study about the process and the parame-
ters that intervene.

It clearly appears that during the stage of co-
extrusion, a contaminant transfer takes place
through the tri-layer polymer. As it takes some
time for the film to cool down, profiles of concen-

tration of contaminant develop through the film,
and the functional barrier is not free from con-
taminant. Three parameters are of concern for
this mass transfer: the first two concerned with
the processing of the film such as the temperature
of coextrusion and the coefficient of convective
heat transfer, and the thickness of the film for a
given polymer. It is possible to act upon the heat
convection coefficient by stirring the air. During
the short period of time over which the tempera-
ture of the film is high, the diffusivity of the
contaminant as well as its temperature depen-
dency is also a main parameter. Thus, precise
experiments have to be made, coupled with a nu-
merical model taking into account heat and mass
transfer18 to obtain accurate data.

Of course, the contaminant transfer during the
coextrusion process is responsible not only for a
shorter time of protection of the food, but also for
faster kinetics of contaminant transfer into the
food.

The effect of the relative thickness of the recy-
cled and the virgin polymer layers on the contam-
inant transfer into the food is of main importance.
Obviously, it can be said that the thicker the
functional barrier, the longer the time of protec-
tion. However, from the economical point of view,
a rather large thickness of the recycled polymer
must be desired. As a result a tri-layer package
with the recycled polymer located between two
virgin polymer layers is the best solution: a thin
virgin polymer layer on the external surface of the
future package is necessary to protect the custom-
er’s hand, while the other two polymer layers are
much larger. Modeling is of interest to find the
optimal conditions, by considering the whole pro-
cess.

Finally, this article has paved the way in the
subject of preparing multilayer packages, by
pointing out the tasks that are to be done: deter-
mination of the diffusivity at high temperature
and its temperature dependency by measuring
the profiles of concentration of contaminant de-
veloped through three layer sheets submitted to
various temperature–time histories; coextruding
multilayer films under well-known conditions.

Table III Contaminant Transfer in Food
(Mt/Min 3 105) at Various Times (Dt/L2)

Package Dt/L2 5 0.001 0.005 0.01
30/30/30 2.6 8.6 56
20/35/35 1.2 7.2 38
10/40/40 1.1 6.1 30

Figure 11 Kinetics of contaminant transfer into the
food (with dimensionless numbers) for the three pack-
ages of different layer thicknesses in contact with the
food: 1 (30/30/30 microns); 2 (20/35/35 microns); 3 (10/
40/40 microns).
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NOMENCLATURE

Symbol
Abbreviation Description

A Constant in eq. (6)
a Thermal diffusivity of the polymer
c Heat capacity of the package
C Concentration of contaminant
Cin Initial concentration in the recycled

polymer
Ci

j Concentration at position i and time j z
Dt in the package

Cfood,t Concentration of contaminant in the
food at time t

D Diffusivity of contaminant
D0 Constant in eq. (6)
Dx,t Diffusivity at position x and time t
l Thermal conductivity of the polymer
r Density of the polymer
ht Coefficient of convective heat transfer
hm Coefficient of convective mass transfer
MC Dimensionless number in eqs. (11) and

(19)
HCj Dimensionless number for heat convec-

tion
HHi

j Dimensionless number for heat conduc-
tion

Dx, Dt Increments of space, of time, respec-
tively

N Dimensionless number for convective
mass transfer in eq. (19)

t Time
T Temperature
Ts,t Temperature at the polymer surface and

time t
Tair Constant temperature of air (20°C)
T Temperature in eq. (6) (Kelvin)
Tin Initial temperature
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