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This article deals with the drying of an aqueous solution of polyvinyl alcohol mixed
with a plasticizer. A heating combining forced convection and short-infrared radiation
was investigated. A one-dimensional model taking into account the shrinkage of the prod-
uct was developed to get the temperature and moisture content evolutions during the dry-
ing. The water diffusion coefficient was estimated by an inverse method. A sensitivity
analysis and numerical tests showed the relevance of using an objective function taking
both mass and temperature measurements into account for the estimation procedure. This
estimation was performed on several convective and infrared-convective experimental
drying kinetics. The model predictions fit well mass and temperature experimental data.
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Introduction

Mechanisms involved in industrial polymer drying proc-
esses have been investigated in many experimental and theo-
retical studies.1 Because of new environmental norms, the

use of volatile organic solvents is being reduced in favor of
water solutions.2 The energy needed to evaporate water is
greater than for classical organic solvents, therefore energy
requirements must be optimized. One possibility is to use
infrared technologies, which allow a direct transfer of a
greater amount of energy to the product. However, polymer
solutions are very sensitive to temperature, they undergo a
high shrinkage and their physicochemical properties evolve
with moisture content throughout the drying process,3,4
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which may induce the formation of bubbles, cracks, or skin
at the surface of polymer materials.5,6 To avoid product
damages, it is then necessary to carefully control energy
input, particularly in the case of infrared drying.

The work presented in this article is a first step to the
optimization of an industrial drying process combining
forced convection and short-infrared radiation, the aim of
which is to decrease the drying time, improve the quality of
the final product, and minimize energy consumption. The
product is an aqueous polymer solution with a high initial
moisture content (X ¼ 7.5 kg kg�1 per dry basis), a high ini-
tial thickness (1.3 mm), and is dried in a Petri dish. The aim
was not to have a very low final moisture content of the
product but to tend to X ¼ 1 kg kg�1. without exceeding a
90�C temperature. This configuration is quite different of
usual coating processes, in which products have low initial
thicknesses (about a few hundred micrometers) and are often
coated on metallic substrates.3,7 Moreover, contrary to many
paintings or varnishes, no reticulation phenomena are
involved. The dried polymer film is used to perform bio-
chemical analyses in sterile atmosphere.

To be able to optimize the drying process, it is necessary
to have a good knowledge of the product drying behavior
and of the evolution of the mutual diffusion coefficient with
water content. Indeed, for low-moisture content, and when
the activity begins to decrease, drying is no longer controlled
by evaporation but is limited by water diffusion in polymer.
It is well known that diffusion coefficients decrease by sev-
eral orders of magnitude during drying. Direct experimental
determination is difficult for the whole range of concentra-
tion involved during drying.8 Theoretical approaches have
been investigated such as the free-volume theory,3 but they
involve a lot of physico-chemical properties, which are gen-
erally poorly characterized, especially for complex solutions
or industrial products. As a consequence, several authors
have suggested estimating an effective diffusion coefficient
by means of an inverse method from experimental drying
kinetics.9,10 The diffusion coefficient is generally expressed
by an exponential dependence with temperature and concen-
tration.7,11 Coupling experimental kinetics, simulation of the
drying, and an optimization procedure, the authors determine
the unknown parameters of the exponential law. In most of
these studies, only convective drying experiments are
involved and only mass measurements are performed.9 In
the present work, both convective and infrared drying
kinetics are considered. The approach used to estimate the
effective diffusion coefficient is detailed for the industrial
application underlying this study. However, the developed
methodology could easily be extended to other configura-
tions. A sensitivity analysis is performed to characterize the
feasibility of the estimation and the relevance of using both
mass and temperature data is discussed.

Material and Experimental Setup

Material properties

The solution has an initial 88% water mass fraction. The
polymer is a poly(vinyl alcohol) (PVA) partially hydrolyzed
(80%). A plasticizer (glycerol) is introduced in the solution
in the same mass proportion than the PVA. Because of its
physicochemical properties,12 we assumed that the glycerol
does not evaporate during drying. Most of the physical prop-
erties of the product were experimentally measured. To ver-
ify that the shrinkage can be expressed linearly as a function
of the moisture content (linear shrinkage coefficient w), the
density of a pure PVA solution was measured for several
volume fractions.13 The water activity was obtained from
sorption isotherms and expressed by the GAB model.14 By
means of a differential scanning calorimeter, we obtained the
evolution of the heat specific capacity of the dried product
and its glass transition temperature. To characterize the per-
centage of infrared irradiation absorbed by the product dur-
ing drying, its transmitivity was measured in the visible and
infrared wavelength range with an infrared spectrometer. An
average absorption coefficient was deduced from theses
measurements and expressed as a function of the moisture
content and thus of the thickness.15 The main properties of
the studied product are given in Table 1.

Experimental setup

A drying pilot combining convective drying with short
infrared irradiation16 was used (cf. Figure 1). In this pilot,
the air temperature and velocity are regulated, whereas hu-
midity is only measured. The product was dried in a Petri
dish. Therefore, the product temperature was measured at
the surface by an optical pyrometer (Tsurf) and on the upper
side of the bottom of the Petri dish (Tbu) by a thermocouple.
The temperature uncertainty is �2.5�C. An electronic scale
is used to measure the product mass as a function of time,
with uncertainty of �0.2 g. In a previous work,15 many con-
vective drying experiments were carried out by changing the
air velocity (1–2.8 m s�1) and the air temperature (35–
55�C). For convective-infrared drying, the infrared irradia-
tion evolved between 3.7 and 16 kW m�2, whereas aeraulic
conditions were constant (Tair ¼ 35�C and vair ¼ 1 m s�1).
All these tests showed the interest of infrared irradiation to
decrease drying time compared with classical convective
drying. But careful regulation is needed to avoid product

Table 1. Material Properties (PVA/Glycerol/Water)

Properties

Density and linear shrinkage
coefficient

q0B ¼ 1300 kg m�3 and w ¼ 1.3

Glass temperature transition Tg,B ¼ 51�C
Activity X ¼ WmCKaw

1� Kawð Þ 1� Kaw þ CKawð Þ
C ¼ 2.2723, K ¼ 0.9382,
and Wm ¼ 0.1933

Figure 1. Heat and mass transfers.
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damage.15 Figure 2 shows an example of experimental
results obtained with an air flow velocity of 1.5 m s�1 and
an air temperature of 55�C. In this experiment, air humidity
was nearly constant and around 11%.

Model

The one-dimensional physical model based on mass and
energy balances17 gives temperature (T) and moisture con-
tent (X) evolutions. We assume that the evaporation of water
occurs only at the surface of the product and that it remains
in a rubbery state throughout the drying process (i.e., no
glass transition). As already said, the shrinkage of the
product was assumed linear:

e ¼ ed 1þ wXmð Þ (1)

with w the linear shrinkage coefficient.

Heat and mass transfer equations

Mass Balance. The mass conservation equations of water
and polymer, respectively, noted as A and B are written as18:
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where D is the mutual diffusion coefficient and v is an average
of the velocities of each constituent.

Two approaches, respectively, based on the barycentric
velocity and on the volume velocity, are classically used to
describe mass transfers.19,20 In both cases, a suitable change of
variables is used to avoid numerical difficulties related to the
moving front (cf. Figure 3). In the barycentric approach, the
mass balance is rewritten in the dried product domain thanks
to an Eulerian-Lagrangian transformation.21 In this case, the
velocity of the dried product is 0 and the space variable (n)
evolves in a fixed domain between 0 and the dried product
thickness (ed). Considering a volume velocity, the domain var-
iation is taken into account by means of a Landau transforma-
tion22,23 which enables to have a fixed domain between 0 and
1. With the Landau transformation, integrating Fick’s law
onto surface involves the presence of the diffusion coefficient

in the denominator. Because of the strong variation of the dif-
fusion coefficient with the water content, this approach needs
a very small spatial grid near the interface, where the concen-
tration gradient is very large, to ensure numerical conver-
gence.23 Preliminary numerical tests have been performed to
compare both methods, using the same diffusion coefficient
(i.e., neglecting the density difference between the two com-
ponents). Similar results were obtained. As the barycentric
approach needs a less refined mesh, it was used in the follow-
ing.13 By introducing the moisture content X ¼ qA

qB
and com-

bining the Eqs. 2 and 3, the diffusion equation can be written
in the Lagrangian domain (0\ n\ ed):

@X

@t
¼ @

@n
D

1þ wXð Þ2
@X

@n

 !
(4)

At n ¼ 0 (Figure 3), the product is in contact with the
Petri dish and the surface is impermeable. At the product–air
interface, corresponding to n ¼ ed, the mass balance is
expressed by21:

Fm 1þ wXð Þ2¼ �Dq0B
@X

@f
(5)

where q0B is the intrinsic density of the polymer constituent.
In this equation, the drying rate is:

Fm ¼ km
PtMv

RT

� �
ln

Pt � Pvair

Pt � awPvsatðTÞ
� �

(6)

with aw the water activity and km the mass transfer coefficient
which depends on the heat convective exchange coefficient (hp).

Thermal Balance. Experimental data show that the dif-
ference between the surface temperature (Tsurf) and the bot-
tom temperature (Tbu, cf. Figure 1) is always small.15 Thus,
the temperature of the polymer solution was assumed uni-
form, as often in the literature.22,23 The thermal balance was
written in the following way:

qCpe
� �@T

@t
¼ hpðTair � TÞ � FmLv þ er T4

wall � T4
� �þ/b þ/IR

(7)

where T is the solution temperature.

Figure 2. Convective drying kinetics (Tair 5 55�C, vair 5
1.5 m s21, HR 5 11%).

Figure 3. Fixed and moving numerical domains.
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/IR is the absorbed short wave infrared irradiation (semi-
transparent medium) given by the Lambert-Beer law.24

/b corresponds to the conductive heat exchange with the
substrate (Polystyrene Petri dish). It is obtained by solving
the heat balance in the Petri dish, which takes into account
conduction transfer and short wave infrared input. On the
lower side, the Petri dish was exposed to free convective
and long wave radiative exchanges. Heat and mass transfers
and boundary conditions, which are involved in the convec-
tive-infrared drying, are shown in Figure 1.

Numerical procedure

The differential equations concerning the mass balance
and the heat transfers in the product were spatially integrated
by a control volume method.25 All the equations were simul-
taneously solved by means of a predictor-corrector method
with a high order. The coupling and the nonlinearity of
equations were solved by a Newton method.26 Fifty control
volumes were considered in the polymer and five control
volumes in the Petri dish. A convergence criterion of 10�3

was introduced. The time step was variable to assure the
convergence of calculus.

Estimation of the Effective Diffusion Coefficient

Several expressions of the dependence of the diffusion
coefficient on moisture content or solvent concentration can
be found in literature. Some of them, like those suggested by
Yoshida and Miyashita27 or Vrentas and Vrentas,28 are based
on the free-volume theory. Others take into account the
change of the diffusion coefficient at the glass transition11,29

or induced by the crystallinity of the polymer notably for
PVA.30,31 The influence of temperature on the diffusion
coefficient is generally described by an Arrhenius law with a
constant activation energy. In the following, to limit the
number of parameters to be estimated, the diffusion coeffi-
cient was expressed as an exponential function of tempera-
ture and moisture content7,21:

D X; Tð Þ ¼ D0e
�Ea

RTe�
a
X (8)

where Ea is the activation energy, D0 and a are constant.
Let us note that the choice of a suitable expression D is a

complex problem that depends on the estimation purpose.
For the industrial application underlying this study, the
required residual water content at the end of the drying is
quite high (X ¼ 1 kg kg�1) and the optimization mainly con-
cerns the drying time and the energy consumption. It is then
possible to use a simple exponential function that was shown
to describe the early surface drying experimentally observed
in a satisfactory way. For other applications in which very
low residual solvent content is required, a more précised
description of the diffusion coefficient for low moisture con-
tent should be necessary. However, as already said, the
methodology presented in the following could be easily
extended to other parameterization of the D.

According to the formulation of D, the inverse problem
consists in estimating the vector of unknown parameters h ¼
[D0, a, Ea] of the effective diffusion coefficient (Eq. 8) by
minimizing an objective function taking into account the rel-

ative distance between the experimental and simulated (�)
values of the product mass (M) and temperature (T):

S hð Þ ¼ 1

2

XN
i¼1

ai Mi � ~Mi hð Þ� �2þbi Ti � ~Ti hð Þ� �2h i
(9)

where N is the number of measurements.
In this relation, weighted coefficients were introduced to

have dimensionless terms. To highlight the relevance of si-
multaneous use of mass and temperature measurements,
three kinds of tests were compared. The minimization was
performed:
• by taking only mass measurements into account: ai ¼

1
M2

t¼0

;bi ¼ 0,

• by taking only temperature measurements into account:
ai ¼ 0; bi ¼ 1

T2
max
,

• by combining mass and temperature measurements:
ai ¼ 1

M2
t¼0

; bi ¼ 1
T2
max
.

Furthermore, to compare the three minimization proce-
dures, two types of criteria were defined as follows:

QM hð Þ ¼ 1

N

XN
i¼1

Mi � ~Mi hð Þ�� ��
Mi

and QT hð Þ ¼ 1

N

XN
i¼1

Ti � ~Ti hð Þ�� ��
Ti

(10)

Figure 4. Relative sensitivity of mass (a) and tempera-
ture (b) for convective drying: Tair 5 55�C, vair
5 2.8 m s21, HR 5 20%.
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The values of the parameters were bounded. Thanks to pre-
vious results in the literature,7,21 the activation energy of sol-
vent/polymer system was assumed to vary between 20 and 40
kJ mol�1. Parameter a is a positive constant and its maximal
value was fixed to one to avoid the divergence of the diffu-
sion coefficient for low-moisture content. To get a prior esti-
mation of the diffusion coefficient during the first stage of
drying, we used an approximate analytical model.32,33 It was
found between 10�10 and 10�11 m2 s�1.34 As a consequence
D0 is between 4 � 10�7 and 10�4 m2 s�1. Furthermore, to
make optimization easier, a constraint on the diffusion coeffi-
cient for high-moisture content was also introduced in the
minimization procedure: Dt¼0 � 10�11m2s�1.

An iterative quadratic programming (SQP) method, suita-
ble for solving nonlinear constrained problems, was used.35

In this method, a sequence of quadratic programming
approximations is solved and the objective function is a
quadratic approximation of the Lagrangian function and is
solved by a Newton method.35

The calculations were stopped when one following crite-
rion is satisfied:

S hð Þ\ E1 (11)

hjþ1 � hj
�� ��\ E2 (12)

where E1, E2 are prescribed tolerances, k k is the Euclidean
vector norm, and j the number of iteration.

Results and Discussion

To test the estimation feasibility, a sensitivity analysis and
previous tests with simulated drying kinetics were per-
formed. Then, the method was applied to experimental mass
and temperature measurements with convective and infrared-
convective drying.

Sensitivity analysis

The sensitivity analysis enables to determine if it is possi-
ble to simultaneously identify the unknown parameters.
Reduced sensitivity coefficients are defined as follows:

JY;ik ¼ hk
@ ~Yi hð Þ
@hk

(13)

where Y represents the mass or the temperature.
The values of the parameters used for numerical tests are

those found by Navarri and Andrieu21 for a PVA/water sys-
tem: D0 ¼ 9.38 � 10�6 m2 s�1, Ea ¼ 32,700 J mol�1, a ¼
0.332. The sensitivity curves relative to mass and tempera-
ture obtained numerically by considering a small variation of
parameters of d ¼ 10�2 are given for convective drying and
for infrared-convective drying in Figures 4 and 5. The inputs
(Tair, vair, Hr, and PIR) correspond to conditions tested during
our experimental investigation. In both cases, the sensitivity
of parameters D0 and a were less than that of parameter Ea.
They reached 7�C and 2.5 g for the convective drying and
18�C and 1 g for the infrared-convective drying, which is
above the measurement noise estimated at �2.5�C and
�0.2 g. However, the low sensitivity of parameter a makes
it difficult to estimate. D0 and a had higher mass sensitivities
in infrared-convective drying than in convective drying. The
opposite situation occurred for their temperature sensitivities.
Similarly, Ea had the highest temperature sensitivity in infra-
red-convective drying and the highest mass sensitivity in

Figure 5. Relative sensitivity of mass (a) and temperature
(b) for convective-infrared drying: Tair 5 35�C,
vair 5 1 m s21, HR 5 20%, PIR 5 3.7 kWm22.

Table 2. Reduced Covariance Matrices

Convective Drying Infrared-Convective Drying

D0 Ea a D0 Ea a

Mass (g)
1.0143 0.082 �0.015 9.931 0.845 0.4036
0.082 0.0066 �0.0016 0.845 0.0727 0.0335
�0.015 �0.0016 0.0161 0.4036 0.0335 0.0408

Temperature (�C)
0.684 0.055 0.0343 1.117 0.0953 0.0805
0.055 0.0045 0.0009 0.0953 0.0081 0.0064
0.0343 0.0009 0.0758 0.0805 0.0064 0.0214

Table 3. Correlation Matrices

Convective Drying Infrared-Convective Drying

D0 Ea a D0 Ea a

Mass (g)
1 0.9991 0.117 1 0.9997 0.6336
0.9991 1 �0.1592 0.9997 1 0.6145
0.117 �0.1592 1 0.6336 0.6145 1

Temperature (�C)
1 0.9944 0.1505 1 0.9998 0.521
0.9944 1 0.0493 0.9998 1 0.4814
0.1505 0.0493 1 0.521 0.4814 1

AIChE Journal September 2009 Vol. 55, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2349



convective drying. In fact, Figures 4 and 5 show that mass
and temperature evolutions give complementary information
for the estimation of diffusion coefficient.

With these parameters founding in literature for a PVA/
water system, the isenthalpic stage is very short. It is princi-
pally due to the high value of Ea. In the studied system
which is a PVA/water/glycerol blend, the isenthalpic stage
appears clearly. Thus, the same sensitivity analysis was per-
formed a posteriori, with the parameters estimated for the
studied system. Results are not given here because the con-
clusions are roughly unchanged.

As D0 and Ea variations seemed to be correlated, which
would not allow the simultaneous estimation of these param-
eters, the reduced covariance and correlation matrices corre-
sponding to D0, Ea, and a were calculated. They are respec-
tively defined as follows:

VarYðhk; hlÞ ¼ X2
Y JTY JY
� ��1

¼ X2
Y

PN
i¼1

JY;ik
� �2 PN

i¼1

JY;ikJY;il
� �

PN
i¼1

JY;ik JY;il
� � PN

i¼1

JY;il
� �2

2
6664

3
7775
�1

(14)

CorYðhk; hlÞ ¼ Cov hk; hlð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
VarðhkÞVarðhlÞ

p (15)

Their estimation is accurate if the variances are small and
if the correlation coefficients are far from one.36 Tables 2
and 3 give the results obtained using mass and temperature
reduced sensitivity. The correlation matrices showed that pa-
rameters Ea and D0 are linearly dependent and thus cannot
be simultaneously accurately estimated. This is why we
chose to fix the parameter with the lowest sensitivity that is
to say D0. Thus, in the following, the unknown parameter
vector is reduced to P ¼ [a, Ea].

Numerical tests

Simulated drying kinetics, using the same example as in
the previous section (D0 ¼ 9.38 � 10�6 m2 s�1, Ea ¼ 32,700

J mol�1, a ¼ 0.332), were used in the minimization proce-
dure as fictive measurements to test the accuracy of the
method. The initial values of the unknown parameters intro-
duced in the optimization procedure are Ea ¼ 30,000 J mol�1

and a ¼ 0.5 and D0 was fixed to its exact value. The initial
values of the criteria on mass and temperature were relatively
high (QM ¼ 5.3 and QT ¼ 15.1). The minimization procedure
was tested using a criterion on mass measurement only, then
on temperature measurements only and finally using both cri-
teria. With exact data (i.e., no random noise is added to the
simulated kinetics), the algorithm converged to the exact val-
ues for the three cases. Table 4 presents the results of the
minimization procedure when introducing uniformly distrib-
uted random errors37 to simulate measurement errors. In this
case, the results obtained depend on the criterion. Measure-
ment errors were more important on temperature than on
mass, and so the estimation of parameters was less disturbed
using mass measurements only, notably in the case of the
infrared-convective drying. However, the algorithm con-
verged toward values close to the exact values for each test.

Experimental kinetics

Table 5 presents the set of experiments retained for this
study. The convective dryings (Experiments 1–4) correspond
to two different air temperatures (35�C or 55�C) and two
different air velocities (1 m s�1 and 2.8 m s�1). Experiment
5 is infrared-convective drying with a low and constant
infrared irradiation. In Experiments 6 and 7, the infrared
irradiation, initially high, was progressively decreased during
drying and was then regulated on product temperature, to
avoid deformation of the Petri dish (the Petri dish tempera-
ture must be less than 90�C). Theses two experiments with
varying infrared irradiation correspond to a first empirical
optimization of the drying process.

In the optimization procedure, the experimental product
temperature was the average of the temperatures measured at
the surface of the polymer and at the upper side of the Petri
dish. The estimation of the diffusion coefficient was based
on several steps which will now be described.

Definition of the Objective Function. First, the minimiza-
tion procedure was performed on two experiments: a

Table 4. Minimization Through Test Cases with Random Errors for Mass and Temperature

Criterion

Convective Drying Infrared-Convective Drying

M T M, T M T M, T

Ea (J mol�1) 32,704 32,784 32,707 32,758 32,598 32,711
a 0.336 0.287 0.321 0.318 0.355 0.328
S 9.6 � 10�5 3 � 10�4 4.5 � 10�4 9 � 10�5 1 � 10�4 2 � 10�4

QM 0.043 0.044 0.043 0.069 0.074 0.075
QT 0.028 0.027 0.029 0.015 0.015 0.014

Table 5. Experiments Description

Convective Drying Infrared-Convective Drying

Experiment number 1 2 3 4 5 6 7
Air velocity (m s�1) 2.8 1 1 2.8 1 1 1
Air temperature (�C) 55 35 55 35 35 35 35
Air humidity (%) 12 30 12 35 18 19 14
Infrared irradiation (kW m�2) – – – – 3.7 12.3–5.6 13.3–5.6
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convective drying (Experiment 1) and an infrared-convective
drying (Experiment 5). D0 was put to 5 � 10�5 m2 s�1,
which corresponds to the middle of the interval previously
defined for this parameter. The initial values of parameters
Ea and a were the same as those used for the sensitivity
analysis (Ea ¼ 30,000 J mol�1 and a ¼ 0.5). Results are
given in Table 6, with the number of iterations (Niter) and
the number of function evaluations (Nfunc). The least satis-
factory results were obtained using only mass measurements.
Indeed, as the evolution of temperature was not taken into
account, there was a significant difference between simulated
and experimental temperatures, notably in the case of infra-
red-convective drying. On the other hand, if only tempera-
ture evolution was used, the minimization converged faster
and particularly with infrared-convective drying. Moreover,
the evolution of mass and temperature were correctly
described. However, complementary tests showed that the
estimated parameters depend on the initial values of Ea and
a, which was not the case when mass and temperature evolu-
tion was simultaneously estimated. Then, in the following,
we chose to use the objective function taking mass and
temperature into account.

Fixed value of the Parameter D0. The second step con-
sists of investigating the inverse method for different values
of D0. The same two experiments are used. With a criterion
for mass and temperature, regardless of the initial value of
the parameters, the algorithm always converged toward a
value of 1 for parameter a. As they are correlated, the esti-
mated value of Ea depends on the value of D0. However, for

a given D0 and for each initial value of Ea, the algorithm
converged toward similar values of the activation energy.
The final objective function is about 10�3 for all the per-
formed tests. In the following, we use D0 ¼ 8 � 10�7 m2 s�1

that corresponds to the smallest objective function.
Estimation. First, the values of a and Ea were estimated

by using only one experiment (Experiment 1 or 5). As can
be seen in Table 7, the estimated parameters are very close.
The estimation required less iterations with the infrared-con-
vective drying, but the objective function was smaller with

Table 6. Minimization Through Convective (Experiment 1) and Infrared-Convective Drying (Experiment 5)
with D0 5 5 3 10

25
m

2
s
21

Criterion

Convective Drying Infrared-Convective Drying

M T M, T M T M, T

Ea (J mol�1) 31,159 30,781 30,849 33,329 30,924 31,395
a 0.94 1 1 1 1 1
S 1.4 � 10�5 8.4 � 10�4 8.6 � 10�4 1.1 � 10�4 6.7 � 10-4 1.4 � 10�3

QM 0.021 0.027 0.025 0.039 0.113 0.102
QT 0.037 0.034 0.035 0.117 0.049 0.051
Niter 15 13 14 9 6 6
Nfunc 115 72 92 52 27 31

Table 7. Minimization Through Convective (Experiment 1)
and Infrared-Convective Drying (Experiment 5)

with D0 5 8 3 1027 m2 s21

Convective
Drying

Infrared-Convective
Drying

Air velocity, vair (m s�1) 2.8 1.0
Air temperature, Tair (

�C) 55 35
Infrared irradiation,

PIR (kW m�2)
– 3.7

Ea (J mol�1) 20,430 20,379
a 1 1
S 6.86 � 10�4 1.3 � 10�3

QM 0.016 0.095
QT 0.035 0.049
Niter 11 7
Nfunc 71 31

Figure 6. Simulated and experimental kinetics (a) and
evolution of moisture content and diffusion
coefficient at the surface and at the bottom of
the product as a function of time (b) for
convective drying: Tair 5 55�C, vair 5 2.8 m s21,
HR 5 11%.

AIChE Journal September 2009 Vol. 55, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2351



the convective drying since the mass evolution is better
described (QM is smaller). Figure 6 presents the results of
the minimization through convective drying (Experiment 1).
The average error for mean moisture content is less than
0.2 kg kg�1. It corresponds to an error for mass inferior to
the standard deviation of measurements. During the first
stage of the drying, the temperature evolution is well fitted
with the model. A small discrepancy is observed during the
transitional stage, in which the simulated temperature is
lower than the experimental one. The average difference is
1�C with a standard deviation of 0.85�C. As can be seen in
Figure 6b, the diffusion coefficient and the moisture content
quickly decrease at the surface. Results obtained with the
infrared-convective drying test (Experiment 5) are given in
Figure 7. The moisture content evolution is satisfactory.
Although the temperature evolution is globally well described,
we can note that the temperature is slightly overestimated dur-
ing the first stage of drying. This result can be explained by
the uncertainty of the absorbed infrared irradiation in the prod-
uct. Comparing Figures 6 and 7, we can see that the drying is
much faster with the infrared drying, which corresponds to a
fast drying of the surface of the product experimentally
observed and well captured by the model.

Several complementary tests were performed to test the
algorithm. For example, the criterion minimization was per-

formed through Experiments 1 and 5 by introducing an error
of 10% into the heat convective exchange coefficient. The
algorithm converged towards the value of Ea and a indicated
in Table 7 with a relative error inferior to 1%, which is very
satisfactory. Concerning the time horizon used to perform
the criterion minimization (i.e., N, the number of measure-
ments in Eq. 9), a good compromise was obtained by using
measurements up to a global moisture content of about 0.3
kg kg�1. Indeed, the expression used to describe the varia-
tion of the diffusion coefficient with water content diverges
for small moisture content.

Validation. These preliminary tests were performed on a
convective and an infrared convective drying experiments
(Experiment 1 and 5). To test the robustness and validity do-
main of the estimation, several tests were performed on the
other experiments.

First, the same minimization procedure was used on the
three other convective heating experiments, i.e., Experiments
2, 3, and 4 in Table 5. In Experiment 2, the lower air veloc-
ity (vair ¼ 1 m s�1) explains the longer drying time. The
drying time used for the minimization was 7000 s and the
estimated parameters are a ¼ 1 and Ea ¼ 21,457 J mol�1

with QM ¼ 4.7% and QT ¼ 2.3%. For Experiment 3, the
minimization carried out up to 11,000 s leads to a ¼ 1 and
Ea ¼ 21,710 J mol�1 with QM ¼ 6% and QT ¼ 2.6%. Then,
in the last experiment (vair ¼ 1 m s�1, Tair ¼ 35�C), the
minimization performed up to 12,000 s converged toward a
¼ 1 and Ea ¼ 21,558 J mol�1. Thus, it seems that for these
three convective experiments, the minimization procedure
converged toward a similar set of parameters.

To confirm the validity of the estimated effective diffusion
coefficient for this experimental configuration, Figure 8 com-
pares the experimental and simulated drying kinetics, using
the set of parameter deduced from Experiments 1 and 5. For
all the Experiments 1 to 5, the agreement between experi-
mental and simulated mass and temperature is rather satis-
factory with QM \ 8% and QT \ 3%. Then we can con-
clude that the estimated diffusion coefficient is suitable to
get a good evaluation of temperature and mass evolutions
for convective drying and infrared-convective drying with
small infrared irradiation, and thus could be used to optimize
the drying process.

Let us now consider the last two Experiments 6 and 7.
They correspond to infrared-convective drying with initial
high infrared irradiations (respectively 12.3 kW m�2 and
13.3 kW m�2). As already said in the experimental section,
infrared irradiation has to be progressively decreased and
then regulated on the sample temperature to avoid passing
90�C. Despite this regulation, great and numerous stria
were observed at the surface and experimental kinetics
showed that the mass stayed constant. The used model is
thus not valid any more for this part of the drying. The
minimization was only performed on the beginning of the
drying that is to say up to 900 s for Experiment 6 and up
to 500 s for Experiment 7. The estimated values are,
respectively, a ¼ 1, Ea ¼ 20,574 J mol�1 for Experiment 6
and a ¼ 0.93 and Ea ¼ 20,447 J mol�1 for Experiment 7.
The obtained values are close to previous estimated param-
eters. As can be seen in Figure 8, the temperature evolution
is satisfactory, but the model underestimates the moisture
content at the end of the drying, in which the experimental

Figure 7. Simulated and experimental kinetics (a) and
evolution of moisture content and diffusion
coefficient at the surface and at the bottom
of the product as a function of time (b) for
infrared-convective drying: Tair 5 35�C, vair 5
1 m s21, HR 5 18%, PIR 5 3.7 kW m22.
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configuration is beyond the validity domain of the estima-
tion procedure.

Conclusion

This study deals with the estimation of an effective diffu-
sion coefficient of an aqueous PVA solution by an inverse

method. A model based on a barycentric approach was
retained to obtain an accurate simulation of the moisture
content and temperature of the product during drying. An
exponential expression of the evolution of diffusion coeffi-
cient with moisture content and temperature was used, with
only three unknown parameters. A minimization proce-
dure taking into account mass and temperature evolution

Figure 8. Experimental and simulated drying kinetics with D0 5 8 3 1027 m2 s21, a 5 1 and Ea 5 20,428 J mol21 of
convective drying (1,2,3,4) and infrared-convective drying (5,6,7) experiments described in Table 5.
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was established and the feasibility of the method was
first numerically tested. The validity domain of the esti-
mation was investigated, using different experimental con-
figurations.

Future developments will concern the understanding of the
sample behavior for high infrared heating and the use of this
model in its validity domain to determine an optimal law for
the infrared irradiation in order to find a suitable compro-
mise between drying time, energy consumption, and product
quality.

Notation

Roman letters

a ¼ diffusion coefficient parameter
aw ¼ water activity
Cp ¼ specific heat capacity, J(kg K)�1

D ¼ water diffusion coefficient, m2 s�1

D0 ¼ diffusion coefficient parameter, m2 s�1

e ¼ thickness, m
Ea ¼ activation energy, J mol�1

Fm ¼ drying rate, kg m�2 s�1

hp ¼ heat convective exchange coefficient, W m�2 K�1

HR ¼ relative humidity, %
km ¼ mass-transfer coefficient, m s�1

Mv ¼ molecular weight, kg mol�1

N ¼ number of experimental data
P ¼ irradiation, W m�2

Pt ¼ atmospheric pressure, Pa
Pv ¼ water vapour pressure, Pa
R ¼ gas constant, J(K mol)�1

t ¼ time, s
T ¼ temperature, �C
v ¼ velocity, m s�1

X ¼ moisture content (dry basis), kg kg�1

z ¼ spatial coordinates

Greek letters

/ ¼ heat flow, W m�2

X ¼ measurement noise
r ¼ Stefan-Boltzmann constant; W m�2 K�4

e ¼ product emissivity
n ¼ dimensionnless space coordinates
k ¼ thermal conductivity, W(m K)�1

q ¼ density, kg m�3

w ¼ linear shrinkage coefficient
f ¼ space coordinate, m

Subscripts

A ¼ water constituent
B ¼ polymer constituent
b ¼ Petri dish
d ¼ dried product

IR ¼ infrared
M ¼ mass
t ¼ total
T ¼ temperature

sat ¼ saturated
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France: Université de Bretagne Sud, 2006.

14. Basu S, Shivhare US, Mujumdar AS. Models for sorption isotherms
for foods: a review. Dry Technol. 2006;24:917–930.

15. Allanic N, Salagnac P, Glouannec P. Convective and radiant dry-
ing of a polymer aqueous. Heat Mass Transfer. 2006;43:1087–
1095.

16. Glouannec P, Lecharpentier D, Noel H. Experimental survey on
the combination of radiating infrared and microwave sources for
the drying of porous material. Appl Thermal Eng. 2002;22:1689–
1703.

17. Vrentas JS, Vrentas CM. Drying of solvent-coated polymer films.
J Polym Sci Part B: Polym Phys. 1994;32:187–194.

18. Bird RB, Stewart WE, Lightfoot EN. Transport Phenomena, 2nd
edition. New York: Wiley, 2002.

19. Camacho J, Brenner H. On convection induced by molecular diffu-
sion. Ind Eng Chem Res. 1995;34:3326–3335.

20. Brenner H. Kinematics of volume transport. Phys A. 2005;349:11–
59.

21. Navarri P, Andrieu J. High-intensity infrared drying study. II. Case
of thin coated films. Chem Eng Process. 1993;32:319–325.

22. Alsoy S, Duda JL. Modeling of multicomponent drying of polymer
films. AIChE J. 1999;45:896–905.

23. Guerrier B, Bouchard C, Allain C, Bénard C. Drying kinetics of
polymers films. AIChE J. 1998;44:791–798.

24. Incropera FP, DeWitt DP, Bergman TL, Lavine A. Fundamentals
of Heat and Mass Transfers, 6th edition. New York: Wiley,
2005.

25. Patankar SV. Numerical Heat Transfer and Fluid Flow. New York:
Hemisphere Publishing Corporation, 1980.

26. Carnahan B, Luther HA, Wilkes JO. Applied Numerical Methods.
Florida: Krieger Publishing Company Malabar, 1990.

27. Yoshida M, Miyashita H. Drying behavior of polymer solution con-
taining two volatile solvents. Chem Eng J. 2002;86:193–198.

28. Vrentas JS, Vrentas CM. Predictive methods for self-diffusion and
mutual diffusion coefficients in polymer/solvent systems. Eur Polym
J. 1998;34:797–803.

29. Frias J, Olivieira JC, Schittkowski K. Modeling and parameter iden-
tification of a maltodextrin DE 12 drying process in a convection
oven. Appl Math Model. 2001;25:449–462.

30. Ngui MO, Mallapragada SK. Understanding isothermal semicrys-
talline polymer drying: mathematical models and experimental char-
acterization. J Polym Sci Part B: Polymer Phys. 1998;36:2771–
2780.

2354 DOI 10.1002/aic Published on behalf of the AIChE September 2009 Vol. 55, No. 9 AIChE Journal



31. Wong SS, Altinkaya SA, Mallapragada SK. Drying of semicrystalline
polymers: mathematical modeling and experimental characterization
of poly(vinyl alcohol) films. Polymer. 2004;45:5151–5161.

32. Livian I, Vergnaud JM. Process of drying a polymeric paint by dif-
fusion-evaporation and shrinkage. Determination of the concentra-
tion-dependent diffusivity. Polym Test. 1995;14:479–487.

33. Mintzlaff J. Determination of properties for the calculation of aque-
ous thin film drying. Heat Mass Transfer. 2001;37:617–622.

34. Allanic N, Salagnac P, Glouannec P. Estimation of diffusion coeffi-
cient in drying of polymer aqueous solution. In the 15th International
Drying Symposium, Budapest, Hungary, August 20–23, 2006.

35. Edgar TF, Himmelblau DM, Lasdon LS. Optimization of Chemical
Processes, 2nd edition. Boston: McGraw-Hill, 2001.

36. Remy B, Degiovanni A. Parameters estimation and measurement of
thermophysical properties of liquids. Int J Heat Mass Transfer.
2005;48:4103–4120.

37. Li F, Niu J. An inverse approach for estimating the initial distribu-
tion of volatile organic compounds in dry building material. Atmos
Environ. 2005;39:1447–1455.

Manuscript received Dec. 27, 2007, revision received Dec. 1, 2008, and final
revision received Feb. 12, 2009.

AIChE Journal September 2009 Vol. 55, No. 9 Published on behalf of the AIChE DOI 10.1002/aic 2355


