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ABSTRACT

A theoretical analysis of heat transfer and moisture variation was

performed while a PVA solution was exposed to high-intensity

nongray irradiation and/or air flow convection. Effective absorption

coefficients were incorporated in the radiative transfer analysis. The

influence of various radiation and convection parameters on the

transfer of heat and moisture variation in the coated layers on an

optically thick substrate was investigated. The effects of radiation

and convection parameters on the transfer process were presented
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in terms of the rate of water content removal, heat transfer, and

moisture distribution. Results were compared to those of drying

when using convective heat. It is evident that the use of thermal

radiation combined with convective heat will help in improving the

drying rate. Numerical results show that both the radiative energy

absorbed by the solution and the substrate and the distribution

of water mass fraction in the solution are closely related to the rate

of water removal from the solution during the process.

Key Words: Effective absorption coefficient; Irradiation.

INTRODUCTION

One of the most important physical processes in the coating industry
is the loss of volatile materials from the coating layer. It inevitably affects
the quality of the products because it is the final process in their
manufacture. So, understanding the drying kinetics of a polymer film cast
from a polymer/solvent solution is a major issue in numerous industrial
processes. Among applications is the drying of paintings, pulp, and paper.
During drying simultaneous heat and mass transfers occur inside the
particular medium and also in the boundary layer of the drying agent.
Drying is one of the most energy-consuming processes in the industrial
sector and can also be very time-consuming as in conventional convective
drying by hot air, while minimum cost and energy consumption and
maximum product quality are among the main concerns in industry
today. In convective drying, heat is subjected to the surface and
transferred to the internal region by conduction. Longer drying times
are typically required, leading to higher energy consumption, higher cost,
and lower production line speed. Here, drying time is defined as the
required time for a material to dry to the minimum moisture content in
the given conditions. In order to optimize the process accomplishment
and energy operation, drying by high intensity thermal radiation has been
used in a number of fields. In the instance of infrared radiation, due to its
strong penetration capacity, the temperature distribution in products
will be more uniform compared to convective heat drying, and the quality
of products can be improved.[1] Cote et al.[2] showed that the variation of
water content, in the case of convective air heating, was small compared
to radiation heating. However, the evaporated water can be removed to
increase the drying rate. The drying rate here is defined as the amount of
water removed from the dried material in unit time per unit of drying
surface, i.e., the rate of water content removal. Other benefits of the
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application of infrared radiation are as follows: easy and rapid thermal
control, clean working environment, and straightforward heat transfer.
Fundamental studies related to the application of infrared radiation in
drying have caught attention during recent years.

Over the previous decades, many studies have been done analyzing
the heat and mass transfer during the drying process using convective
heat. Chen and Pei[3] present an elaborate review of the transfer of heat
and moisture in porous media by convective heating. They analyzed the
mass transfer mechanism during the convective heating process in detail.
In terms of the analysis of thermal radiation drying processes, a few
works were found. Navarri and Andrieu[4] investigated the drying of a
thin wet layer of sand under intensive infrared radiation, showing that
drying rates and solid temperature data would be much higher than
under conventional convective heating. However, they worked with the
assumption that IR radiation was absorbed at the surface of the product.
Nishimura et al.[5,6] present an investigation of the radiative heating
process. They studied the monochromatic radiative properties of coated
films and the moisture redistribution process of an aqueous polymer
solution in which the temperature gradients inside the polymer solution
and the substrate were neglected. Hashimoto et al.[7] studied the effects
of particle properties and the radiative heat source on drying and
investigated the factors influencing the drying rate by means of infrared
radiation. They also examined the spectral distribution of irradiation
power, excluding the variation of the temperature of the drying medium.
Previous studies have also simplified drying by infrared radiation by
using the lumped-system approximation. Chen and Lin[8] present a
radiative drying process of the polymer solution theoretically with the
gray assumption; the results were analyzed in terms of the thermal field of
the solution layers. In their study, the influence of the radiative properties
of a polymer solution on drying was examined in detail. They also
checked the validity of the lumped-system assumption in the thermal field
during the heat and moisture transfer processes. Fernandez and Howell[9]

investigated the radiative drying process of a porous material including
both heat and mass transfer based on the fact that the absorption and
scattering coefficients of drying materials are spectrally dependent.
Infrared drying as an intermittent process both during the active and the
tempering stages was studied by Chen and Lin[10] and Tan et al.[11] They
showed that a high drying rate can be obtained after the tempering stage
and indicate that an intermittent heating process during the tempering
stage can reduce net heating time as well as energy consumption. Afzal
et al.[12] experimentally investigated the drying process of barley under
combined FIR-convection and under convection alone. They found that
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the use of infrared radiation enhances the drying rate. Hebbar and
Rastogi[13] utilized infrared radiation to dry cashew kernels and measured
the variations of the moisture content over time. They also determined
the values of effective diffusion coefficients for different temperatures.
Lee et al.[14] studied the thermal characteristics of the drying process
under two different kinds of radiant sources. A narrow-band emitter
caused a smaller temperature gradient inside the films than a grey body
emitter. Jun and Irudayaraj[15,16] designed an infrared radiation drying
system for the selective heating of food powders. Different incident FIR
sources were used by means of band-pass filters because of the selective
absorptivity of food components. A simulation model was developed and
results compared well with the experimental data. Topic[17] developed
three kinds of dryers for the drying of biological materials. He presented
the effects of various design parameters that influenced drying
characteristics and showed that the radiation source affected the drying
rate and material quality. When the moist materials were dried by
infrared radiation, the depth of penetration of radiation depended on the
properties of the materials and the wavelength of the radiation. In some
studies, the drying media whose radiative properties did not vary across
the electromagnetic spectrum were considered. The gray assumption in
radiative properties is often preferred to the smaller relevant part of the
spectrum, in reality this is seldom the case for participating media. It is
difficult to realize the accurate solutions for the radiative transfer
equation unless the spectral variation of the radiation properties is taken
into account. Unfortunately, the consideration of the spectral variations
of radiation properties tends to increase the difficulty of an already
extremely complicated problem considerably, or at least makes the
numerical solution many times more computer-time intensive. It is
common practice in engineering to treat properties as constants, which
linearizes the problem. Very accurate results can be obtained with such an
analysis if an appropriate, constant effective property can be found.
Arpaci and Gozum[18] introduced the effective absorption coefficient
which is the square root of the product of the Planck and Rosseland
means of the absorption coefficient into the radiative transfer equation in
order to examine the Benard problem of the radiating nongray fluids.
This method performed considerably better with optical thickness
ranging in value from 0 to 100.[19]

The objectives of the present study were to establish a mathematical
model for extensively simulating the heat and moisture transfer processes
of a PVA solution during radiative heating in which combined
nongray radiation and conduction heat transfer were involved, while
using conduction heat transfer in the substrate. Effective absorption
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coefficients were incorporated in the radiative transfer analysis. It was
assumed that the diffusion of water in the PVA solution follows Fick’s
law. The mass diffusion coefficient and equilibrium vapor pressure of
water in the PVA solution were assumed to be functions of mass fraction
and temperature. The temperature and mass fraction distributions of the
PVA solution were computed during the drying process, and the effects
of various radiation and convection parameters on heat and mass
transports in the solution were then examined. The influence of various
spectral distributions of irradiation power on heat and mass transfer in
the solution layer were also investigated in terms of drying rate,
temperature, and moisture distribution.

MATHEMATICAL MODEL

We present a physical configuration in Fig. 1 for modeling the
transfer of heat and mass of polyvinyl alcohol (PVA) solution layer which
is exposed to the high intensity infrared radiation and/or an air flow. The
origin of the coordinate is fixed at the solution surface. We consider a
PVA solution layer on a substrate of finite thickness, in which the lateral
variations in composition and temperature are examined. The combined
conduction and nongray-radiation heat transfer modes are considered in
the PVA solution while the substrate is assumed to be optically thick and
thermal radiation interacting with the substrate is only a boundary
phenomenon at the interface between solution and substrate. The
absorption coefficients in PVA solution are frequency-dependent. The
effective absorption coefficients are introduced and incorporated into
the radiative transfer analysis. We also include the air flow at specified

High-Intensity
Infrared

Air Flow

PVA
Solution

0 0 

s n 

Substrate

s+L n+τ 01

Figure 1. Physical model with geometric and optical coordinates.
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temperature and relative humidity which removes the water evaporated
from solution. As no forced air flow is supplied, natural convection
would be the mechanism that brings the water vapor out of solution
surface. During the drying processes, the main mechanism of moisture
transfer is assumed to be the diffusion of water through the PVA and
evaporation of water from the surface. And the liquid is driven by the
gradient of mass fraction. The diffusion obeys the Fick’s second law but
mass diffusion coefficient shows strong concentration and temperature
dependence.

The governing equations for a one-dimensional transient energy and
mass transfer problem can be written as followings in terms of non-
dimensional parameters to predict the unsteady temperature of PVA
solution and substrate and mass fraction of water. They are, respectively,
given as

@�1
@�

þ
dS

d�

@�1
@�1

½nð�Þ � ��

S
¼

@

@�1

�eff
�0

� �2�eff
�2

@�1
@�1

" #
�

�eff
�0

�eff
�2

k2

keff

� �

�
1

N

@Qr

@�1
; 0 < �1< nð�Þ ð1Þ

@�2
@�

¼
@2�2
@�22

; nð�Þ < �2 < nð�Þ þ �02 ð2Þ

@y

@�
þ
dS

d�

@y

@�1

½nð�Þ � �1�

S
þ

2 �DD

yþ ŷy

�eff
�0

@y

@�1

� �2

¼
@

@�1

�eff
�0

� �2

�DD
@y

@�1

" #
; 0 < �1 < nð�Þ ð3Þ

where dS/d� represents the dimensionless drying rate which can be then
obtained as

R ¼ �
dS

d�
¼ �

hmðPa � PÞ

�2�20 s0 �A
� ð4Þ

The second term on the left hand side of Eqs. (1) and (3) exists due to
the moving of boundary. �eff and keff are the effective thermal diffusivity
and conductivity of the solution layer, respectively. The solution medium
is considered to be radiatively absorbing and emitting and nongray. The
variation of the optical thickness depends on the composition of
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the solution. The relationship between geometric thickness, s, and optical
thickness of solution layer, n(�), is given as

nð�Þ ¼ s�
�B0s0

�B
�

 !
�eff;A þ

�B0s0

�B
� �eff;B ð5Þ

�eff,A and �eff,B are the effective absorption coefficient of water and
PVA, respectively. They can be written as[18]

�eff;A ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�P;A�R;A

p
and �eff;B ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�P;B�R;B

p
ð6Þ

where �P is the Planck-mean absorption coefficient and �R is the
Rosseland-mean absorption coefficient.[20] The effective absorption
coefficient of solution, �eff, is expressed as

�eff ¼ ð1�
�B0s0

�B
�
s
Þ�eff;A þ

�B0s0

�B
�
s
�eff;B ð7Þ

�0 in Eqs. (1) and (3) is the initial absorption coefficient.
For the PVA solution, the effective absorption coefficient is large.

And thus the effect of radiation emission then cannot be negligible even
while the temperature of solution is low. The radiation contribution in
Eq. (1) can be expressed as

@Qr

@�
¼

�eff;e
�eff

�41 � G�

� �
; 0 < �1 < nð�Þ ð8Þ

with nondimensional incident radiation G� being obtained from the
following transfer equation of radiation. �eff,e is known as the effective
absorption coefficient of solution for emission.[19]

In the present model, we assume that water evaporation takes place
only at the surface and the bottom of substrate is adiabatic. The initial
and boundary conditions for energy equations are thus as follows:

�1 ¼ �2 ¼ �0 at � ¼ 0 ð9Þ

�
keff

k2

�eff
�0

@�1
@�1

¼
�
�

A

�2

nð0Þ

Ja

dS

d�
� Bið�1 � �1Þ at �1 ¼ 0 ð10Þ

@�1
@�

þ
Qr

N
¼

keff

ks

@�2
@�

and �1 ¼ �2 at � ¼ nð�Þ ð11Þ

@�2
@�2

¼ 0 at �2 ¼ nð�Þ þ �02 ð12Þ
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where Ja is the Jakob number which is the ratio of sensible to latent
energy absorbed during liquid–vapor phase change and Bi is the Biot
number. They can be expressed as

Ja ¼
cp2Tr

�A
and Bi ¼

h

k2�0

�A in the expression is the latent heat of water at evaporation tempe-
rature. h is the convective heat transfer coefficient.

The transfer equation of radiation is expressed as

�
@ ð�1; �Þ

@�1
þ  ð�1; �Þ

¼
�eff;e
�eff

 bð�1Þ; 0 < �1 < nð�Þ; �1 � � � 1 ð13Þ

The nondimensional incident radiation can be expressed in terms of
the nondimensional radiation intensity  (�1,�) as

G� ¼
1

2

Z 1

�1

 ð�1; �Þd�; 0 < �1 < nð�Þ ð14Þ

Since the diffuse incidence of thermal radiation upon the semi-
transparent boundary of solution layer is considered and at the interface
between the substrate and PVA solution the substrate may emit, absorb,
and reflect thermal radiation, the radiation boundary conditions are
expressed as

 ð0; �Þ ¼
ð1� �0d1 ÞQin

	
þ 2�d1

Z1
0

 ð0;��0 Þ�0d�0 ð15Þ

and

 ½nð�Þ;���

¼ "2�1½nð�Þ�
4
þ 2�d2

Z 1

0

 ½nð�Þ; �0��0d�0; 0 � � � 1 ð16Þ

where �0d1 and �d1 are respectively the external and internal hemi-
spherical reflectivities of the air–solution interface. �d2 is the hemispherical
reflectivity of the solution–substrate interface. They all are total,
hemispherical reflectivities and calculated from Fresnel’s equations. "2
is total, hemispherical emissivity.

Under the assumption that the substrate is impermeable, the
corresponding initial and boundary conditions for mass transfer
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equation are

y ¼ 1 at � ¼ 0 ð17Þ

�DD
@y

@�
¼

hmðP� PaÞð yþ ŷyÞ

!̂!2�
�

A
�
�

B �2�eff

� fð!A0 � !AeÞyþ !Aegð�
�

A � �
�

B!̂!Þ þ �
�

A!̂!
h i

at �1 ¼ 0 ð18Þ

and
@y

@�1
¼ 0 at � ¼ nð�Þ; ð19Þ

where hm is the convective mass transfer coefficient. Both the
dimensionless mass diffusion coefficient, �DD, and vapor pressure of
water at the surface, P, are strongly dependent of temperature and
moisture mass fraction in solution[21] and �DD increases with temperature
following an Arrhenius law and

P ¼ Ps;T � að!AÞ ð20Þ

with Ps,T being the saturated pressure of water vapor at temperature
T (K),[22] and a(!A) is the activity at the concentration of !A. Pa is partial
pressure of water vapor in air. It can be represented as

Pa ¼
!HP1

ð!H þ 0:622Þ
; ð21Þ

where !H is humidity ratio, and P1 is atmospheric pressure.

NUMERICAL METHODOLOGY

The numerical technique employed to solve the set of nonlinear energy
and mass transfer equations is the fully implicit time discretization scheme
which is used in order to allow for larger time steps. Linearization is accom-
plished by evaluating the nonlinear coefficients at the previous time step.
The central difference for the spatial derivatives in these equations is used.
To deal with the moving boundary problem, we use the time-dependent
coordinate systems[23] i.e., the variable grid space at fixed grid number is
utilized to numerically solve the system of partial differential equations.
The time derivative term in the transformed plane can be shown as:

@u

@t

����
physical

¼
@u

@t

����
transformed

þ
dx

dt

@u

@x
ð22Þ
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Note that in the transformed expression for the time derivatives, all
derivatives are taken at the fixed grid points in the transformed plane.
The movement of the grid in the physical plane is reflected only through
the rates of change of x at the fixed grid points in the transformed plane.

The fractional functions had been utilized associated with the con-
sideration of the Planck-mean absorption coefficient and the Rosseland-
mean absorption coefficient. Suppose that the entire wavelength
spectrum is divided into M wavelength bands such that over each band
the value of �l can be approximated as constant. Then the Planck-mean
absorption coefficient �P can be represented as a summation, and we
obtain

�P ¼
XM
m¼1

�
m f0�
m Tð Þ � f0�
m�1
Tð Þ

� �
ð23Þ

where �
m is the mean value of �l in the wavelength interval from lm� 1

to lm. f0� l(T ), the fraction of the total black-body radiation intensity
having wavelength between 0 and l, is called the fractional function of
the first kind. The Rosseland-mean absorption coefficient can be written
in the form

1

�R
¼
XM
m¼1

1

�
m
f �
0�
m

Tð Þ � f �
0�
m�1

Tð Þ

h i
ð24Þ

where f �
0�lðT Þ is called the fractional function of the second kind. It is

interesting to note that the mean absorption coefficient depends on the
spectral absorption coefficient and on temperature. The temperature of
the radiation source is used for calculation while the mean absorption
coefficient is required for absorption, and the temperature of medium is
used for emission. Then the spectral absorption coefficients of water[24]

and PVA[25] are used to obtain the effective absorption coefficients which
are the square root of the product of the Planck and Rosseland means of
the absorption coefficients and are shown in Fig. 2.

The radiation contribution is solved by the P3 approximation
technique[20] since it is difficult to obtain the exact solution of radiation
distribution. The nondimensional intensity of radiation is represented as

 ð�1; �Þ ¼
X3
m¼0

2mþ 1

4
Pmð�Þ’mð�1Þ ð25Þ

Substitution of Eq. (25) into the radiative transfer equation, Eq. (13),
results in four sets of ordinary differential equations for the functions
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�m(�1). To solve the four equations, we utilize the Marshak’s boundary
conditions to approximate the radiative boundary conditions for the P3
scheme. By applying the orthogonality of the Legendre polynomials
Pm(�), we obtain that G�(�1)¼�0(�1)/4	 and Qr(�1)¼�1(�1)/4	.

Since the nonlinear energy and mass transfer equations with moving
boundary effect are solved, the alternating under-relaxation factor for
temperature and mass fraction is employed in the iterative procedure to
quicken the convergence of the solutions. At each time increment, the
nodal values of temperature and mass fraction are solved iteratively and
convergence is checked on both variables. Combined with the boundary
conditions, the Gauss elimination method is employed to solve for the
variables at a new time level. If the convergent solution is not attained,
the newly calculated variables are used to update the parameters for next
iteration. The procedure continues until convergence is found according
to a prescribed condition (the maximum relative errors of both mass
fraction and temperature are under 10�3 in the present study). And this
procedure is carried out repeatedly along the time axis. In the present
study, the grid systems have 401 grid points respectively in the polymer
solution and in the substrate and these grids have been checked to ensure
grid-independent results.

0 300 600 900 1200

Temperature (K)

1E+4

1E+5

1E+6

β 
(m

-1
)

Water
PVA

Figure 2. Effective absorption coefficients of PVA and water.
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RESULTS AND DISCUSSION

In what follows, the transfer of heat and moisture in PVA solutions
on a substrate, exposed to radiative heating at various convection and
radiation parameters, is shown. The nondimensional initial temperature
of the PVA solution and substrate are 1.0, i.e., at the temperature of the
environment. Using Fresnel’s equations, the internal and external
reflectivities of the air–solution interface and the reflectivity of the
substrate were found. �01d was taken as 0.094 and �d1 as 0.448 by
averaging the directional reflectivity and then integrating it spectrally.
Aluminum, silver, and stainless steel plates were used as the substrates.
The monochromatic emissivities of these plates were used,[7] to obtain the
total hemispherical emissivity which is the spectral average with the
spectral emissive power as weight factor. "2 for the aluminum plate was
taken as 0.503, for the silver plate as 0.189 and for the stainless steel
plate as 0.018 with the temperature range from 300 to 370K. The
composition of the solution varied during the moisture transfer, and
consequently the complex refractive index of the solution varied. The
physical properties for different compositions were weighted in propor-
tion to the composition. The real part of the refractive index of solution
was between 1.33 and 1.5, since that of the water was 1.33 and the PVA
about 1.5.[25] The absorption coefficients of the water and PVA, ranging
from 103 to 107m�1 for radiation wavelength 2 mm through 22 mm, were
related to the imaginary part of the refractive index of the water and PVA
through �¼ 4	�/l, where � is the imaginary part of the refractive index.
The mean temperature of medium, about 60�C, was used for calculation
while the effective absorption coefficient was required for emission. The
thermal conductivity of the substrate of the aluminum, silver, and
stainless steel plates, water and PVA used here were 204, 407, 54, 0.604,
and 0.169Wm�1K�1,[26] respectively. In the numerical calculations, heat
transfer coefficient, h, of 30Wm�2K�1, corresponding to the application
of air flow with a parallel speed of 2.5m s�1, and convective mass transfer
coefficient, hm, of 1.7� 10�7 kgm�2 s�1 Pa�1[21] were used. When no
forced convection air flow was applied, natural convection was included
and h of 6.5Wm�2K�1[26] and hm obtained by an analogical relationship
(i.e., 3.81� 10�8 kgm�2 s�1 Pa�1) were utilized.[27] The humidity ratio of
the ambient air, !H, was taken to be 0.0047. The initial thickness of the
solution layer, s0, was 2.5� 10�4 m with initial water mass fraction, !A0,
equal to 0.95 by weight. In the following, the influence of the various
convection and radiation parameters on heat and mass transfer processes
is examined. The parameters of above values are used unless otherwise
specified.
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The influence of different types of heating, including combined

convective and radiative heating and pure radiative heating, on transient

moisture and heat transfer processes at Qin¼ 0.5, n(0)¼ 18.26 and

various ambient air temperatures, �out, were plotted and were shown in

Figs. 3 and 4. Bi, equal to 6.67� 10�5, was utilized, corresponding to the

heat transfer by natural convection. Figure 3 shows the variations of the

percentage of residual weight compared to the initial weight of

the polymer solution, W, the surface temperature of polymer solution,

�s, and the drying rate, R, with respect to time. The predicted water mass

fraction distributions at various times within the polymer solution are

also presented in Fig. 4. Because of the evaporation of water, the

boundary was moving and the thickness of the polymer solution changed.

d in the figure represents the location normalized to the thickness of the

solution layer with the solution surface located at d¼ 0. Regarding the

drying mechanism in the combined radiative and convective heating

process with higher �out, it was clear that, when the external mass transfer

for water vapor and radiative heat input were applied, the drying rate

increased initially. The temperature of the solution also increased since

the required latent heat was not so high and part of the energy input was
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Figure 3. Variations of solution weight, surface temperature, and drying rate

with respect to time at various heating.
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ORDER                        REPRINTS

to increase the sensible heat. After this early drying process �s reached an
equilibrium temperature because the moisture of the product was
abundant near the surface and the energy input was balanced by the
evaporation of water. It was also found that the moisture removal stayed
at a nearly constant rate because the partial pressure difference of water
vapor between surface and ambient air was almost constant. Although
the water mass fraction at the surface decreased, it was still high. The
variation of the water content was independent of the distribution of
the water mass fraction in the polymer solution and was controlled by the
convection and radiation parameters. This was the so-called constant rate
period. The diffusion coefficient in the solution was larger at a higher
temperature and a higher water concentration. The higher mass diffusion
coefficient was in the interior region of the polymer solution, because
more water could diffuse from the interior region to the surface. The
activity was also dependent on surface water mass fraction. As the
activity was large, the vapor pressure difference between the solution
surface and the ambient air was large and consequently the rate of water
removal was large. After the constant rate period, the surface water mass
fraction continued to drop since the water density near the internal region
was transported to the surface at a lower rate than that at which

0.0 0.2 0.4 0.6 0.8 1.0
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Figure 4. Water content distributions at various times for various heating.
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ORDER                        REPRINTS

evaporation occurred, leading to a lower drying rate. During this period,

the rate of water removal was strongly related to the water mass

fraction profile in the polymer solution. Thus while the drying rate

decreased, the temperature increased rapidly. Due to a higher tempera-

ture in the polymer solution, the solution emitted more radiative energy

to the ambient air while less radiative energy was absorbed in the polymer

solution and the substrate. This was the so-called falling rate period. It

was found that the convection combined with the radiation drying of

the PVA solution showed a higher drying speed than pure radiation

drying. It was also found that the required drying time was less at a

higher ambient air temperature when using combined modes of heating.

While the air temperature was lower, the convective effect did not only

carry the water vapor away from the solution surface but also served as a

heat sink.
Figures 5 and 6 illustrate the results for the PVA solution exposed to

various radiant heat inputs at Bi¼ 2� 10�4 and n(0)¼ 18.26. When the

absorption of radiative energy by the PVA solution and substrate was

high, the temperature would increase faster, while the drying rate would

increase more at the early stages of the drying process. When the surface

water content decreased, the drying rate dropped while the temperature
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Figure 5. Variations of solution weight, surface temperature, and drying rate

with respect to time at various radiative energy input.
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ORDER                        REPRINTS

of the solution still increased. Since the internal temperature of the PVA
solution was much higher for the larger Qin, the diffusion of water from
the interior region would enhance the drying rate during the latter half of
the process. The drying speed was also faster for the larger radiant energy
input. The effects of the reflectivity, �d2 , at the interface between solution
and substrate on the drying at Qin¼ 0.5 were also examined, but were not
shown. The radiation flux would be either absorbed and/or reflected
when reaching the interface. Since the optical thickness was huge for all
cases at the beginning of the drying, the absorption of radiant energy was
basically a surface phenomenon and thus the drying rate and solution
temperature were also similar during this period. After that, the optical
thickness of the solution decreased to a value at which the effect of
radiation reflection and absorption at the interface became significant. As
�d2 was not zero, the radiation penetration was reflected at the interface
and the absorbed radiant energy decreased at the early stages of the
drying. The final temperature of the solution at the lowest �d2 was the
lowest. However, the discrepancy in drying rate was not significant.

The effect of various external convective heating conditions on drying
characteristics at Qin¼ 0.5 and n(0) as 18.26 can be seen in Figs. 7 and 8.
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Figure 6. Water content distributions at various times for various radiative

energy input.
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Figure 7. Variations of solution weight, surface temperature, and drying rate

with respect to time at various Biot numbers.
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Figure 8. Water content distributions at various times for various Biot number.
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The corresponding Bi were 2� 10�4, 4� 10�4, and 6� 10�4, and the
mass transfer coefficients, hm, were 1.13� 10�7, 2.27� 10�7, and
3.4� 10�7 kgm�2 s�1 Pa�1, respectively. In regard to the drying of the
PVA solution, it was clear that while the external mass transfer of the
water vapor was happening, the drying rate increased initially. For
the higher Bi the drying rate reached the maximum since the external
transfer coefficient was larger it decreased because of insufficient energy
input, while the surface temperature slightly decreased since more latent
heat was required. When Bi was smaller the drying rate and temperature
of the solution increased since the required latent heat was not so high. It
was also observed that during the early drying period, the water content
at the surface was higher. The water evaporating rate from the PVA
solution was independent of the distribution of water content, and the
drying rate was controlled by the external heating conditions. This
occurred in the constant rate period. The surface water content continued
to drop since there was less water density near the surface, leading to a
lower drying rate because of the effect of the activity coefficient. During
the constant rate period, the drying rate was higher. It was also
found that the water content near the surface decreased more with the
higher Bi. After the constant rate period, the drying rate dropped and the
temperature increased rapidly. Since the activity coefficient was a
function of the surface water content and the drying rate was dominated
by the diffusion of water, the higher mass diffusion coefficient was in the
PVA solution, and more water could diffuse from the interior region to
the surface. The drying rate was higher while the activity coefficient was
large. In the case of the high Bi, the diffusion in the PVA solution was
small due to lower temperature distribution and the effect of high
external mass transfer reduced the surface water content. The drying rate
decreased much more for the higher Bi. More time was thus required to
obtain complete drying. Therefore, higher external convective heating
may not improve drying speed.

Figures 9 and 10 present the results for the various values of the
absorption coefficient �eff at Qin¼ 0.5 and Bi¼ 2� 10�4. In Fig. 9 Qabs is
the absorbed radiative heat flux in the PVA solution and substrate. Here,
different values of absorption coefficients were used corresponding to
different sources of infrared heating. Three infrared heaters, behaving
like blackbodies at 1449, 724.5, and 362.25K, were utilized, i.e., the
radiative emission of the heaters respectively corresponded to the peak
wavelength at 2, 4, and 8 mm. The solution medium was considered to be
radiatively absorbing, emitting and nongray. As the optical thickness
was huge for the larger absorption coefficient during the beginning of
the drying, the absorption of radiant energy was basically a surface
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Figure 10. Water content distributions at various times for various spectral

distribution of irradiation power.
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Figure 9. Variations of solution weight, surface temperature, and drying rate

with respect to time at various spectral distribution of irradiation power.
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phenomenon. However, the ratios of the initial effective absorption
coefficient of the solution for emission to the initial effective absorption
coefficient of the solution for absorption, �r(¼ �eff,e/�eff), are 0.984, 1.122,
and 1.545 for 2, 8, and 4 mm, respectively. The effective absorption
coefficient of the solution for absorption corresponding to the peak
wavelength at 2 mm was larger than that corresponding to the other two
because of the strong absorption band near 3 mm. In the solution
medium, the emitted radiation was greater than the amount of absorbed
radiation while �r was greater than 1.0. The temperature of the solution
decreased initially since the emission effect served as a heat sink, and then
it reached an equilibrium temperature. The absorbed radiative heat flux
in the solution and substrate was lower when �r was greater, and
consequently, the temperature of the medium was lower. The energy
supplied for the evaporation of water on the solution surface was smaller
at larger �r. Thus the required drying time would be longer.

CONCLUSION

In our study, the heat and mass transfer processes of a PVA solution
that was exposed to the high-intensity nongray irradiation and/or air flow
were theoretically investigated. Effective absorption coefficients were
incorporated in the radiative transfer analysis. It is evident that radiation
drying combined with the use of convective hot air results in a higher
drying rate than pure infrared heat drying. The effects of various
radiation and convection parameters on the heat and mass transfer
processes were also examined. Results show that the net amount of
radiant energy absorbed by the solution layer and the substrate has
significant effects on the thermal field. Also, that the rate of water
removal is closely related not only to the absorbed radiative energy, but
also to the moisture distribution in the polymer solution. It is clear that
the drying rate is higher with higher radiant energy absorption and larger
moisture mass fraction near the surface.

NOMENCLATURE

d Location normalized to the thickness of polymer solution

(¼ x/s)
�DD Dimensionless mass diffusion coefficient (¼D/�2)
N Conduction to radiation parameter ð¼ k2�0=4T

3
0 Þ
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Qin,Q
r Dimensionless radiative energy input and flux, respec-

tively ð¼ qin=4T
4
0 ; q

r=4T4
0 Þ

R Dimensionless drying rate
S Dimensionless geometric thickness of solution layer

(¼ s/s0)
y; ŷy Dimensionless mass fractions of water [¼ (!A�!Ae)/

ð!A0 � !AeÞ; ð!̂!� !AeÞ=ð!A0 � !AeÞ]

Greek Symbols

� Thermal diffusivity ð¼ k=�cpÞ
"2 Emissivity at the surface of substrate
� Dimensionless temperature (¼T/T0)
�
�

Density
�d Diffuse reflectivity
�1, �2 Optical distance (¼ �effx,�effx)
! Mass fraction
 Dimensionless radiative intensity ð¼ 	I=T4

0 Þ

� Dimensionless time ð¼ �2�
2
0tÞ

Subscripts

0 Initial value
1 Polymer solution
2 Substrate
A Water
B Polymer

REFERENCES

1. Stephansen, E.W. New high-intensity infrared radiation reduces
binder migration on coating. TAPPI Journal 1986, 69, 42–44.

2. Cote, B.; Broadbent, A.D.; Therien, N. Modeling and simulating
continuous drying of thin-layers by infrared radiation. The Canadian
Journal of Chemical Engineering 1990, 68, 786–794.

3. Chen, P.; Pei, D.C.T. A mathematical model of drying processes.
International Journal of Heat and Mass Transfer 1989, 32, 297–310.

Theoretical Model for the Nongray Radiation Drying 873

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
42

 2
7 

A
pr

il 
20

14
 



ORDER                        REPRINTS

4. Navarri, P.; Andrieu, J. High-intensity infrared drying study part I.
Case of capillary-porous material. Chemical Engineering Processes
1993, 32, 311–318.

5. Nishimura, M.; Kuraishi, M.; Bando, Y. Effect of internal heating
on infrared drying of coated films. Kagaku Kogaku Ronbunshu
1983, 9, 148–153.

6. Nishimura, M.; Kuraishi, M.; Bando, Y.; Kojima, H. Influence of
the spectral distribution of incident radiation on the effect of
internal heating in infrared drying of coated films. Kagaku Kogaku
Ronbunshu 1984, 10, 124–126.

7. Hashimoto, A.; Yamazaki, Y.; Shimizu, M.; Oshita, S. Drying
characteristics of gelatinous materials irradiated by infrared
radiation. Drying Technology 1994, 12 (5), 1029–1052.

8. Chen, J.J.; Lin, J.D. Analysis of heat and mass transfer in drying
processes of polymer solution using high-intensity infrared
radiation. In Drying ‘96; Mujumdar, A.S, Ed.; Lodz Technical
University: Poland, 1996; 93–102.

9. Fernandez, M.L.; Howell, J.R. Radiative drying model of porous
materials. Drying Technology 1997, 15 (10), 2377–2399.

10. Chen, J.J.; Lin, J.D. Simultaneous heat and mass transfer in
polymer solutions exposed to intermittent infrared radiation
Heating. Numerical heat Transfer, Part A 1998, 33, 851–873.

11. Tan, M.; Chua, K.J.; Mujumdar, A.S.; Chou, S.K. Effect of osmotic
pre-treatment and infrared radiation on drying rate and color
changes during drying of potato and pineapple. Drying Technology
2001, 19 (9), 2193–2207.

12. Afzal, T.M.; Abe, T.; Hikida, Y. Energy and quality aspects during
combined FIR-convection drying of barley. Journal of Food
Engineering 1999, 42, 177–182.

13. Hebbar, H.U.; Rastogi, N.K. Mass transfer during infrared drying
of cashew kernel. Journal of Food Engineering 2001, 47, 1–5.

14. Lee, H.; Speyer, R.F.; Patterson, T. Temperature uniformity in
water films and wet paper through spectrally selective infrared
heating. Drying Technology 2003, 21 (1), 35–50.

15. Jun, S.; Irudayaraj, J. Selective far infrared heating system-design
and evaluation I. Drying Technology 2003a, 21 (1), 51–67.

16. Jun, S.; Irudayaraj, J. Selective far infrared heating system-spectral
manipulation. II. Drying Technology 2003b, 21 (1), 69–82.

17. Topic, R.M. Small capacity mobile dryers for drying biological
materials. Drying Technology 2003, 21 (6), 1137–1150.

18. Arpaci, V.S.; Gozum, D. Thermal stability of radiating fluids: the
Benard problem. The Physics of Fluids 1973, 16 (5), 581–588.

874 Chen and Lin

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
42

 2
7 

A
pr

il 
20

14
 



ORDER                        REPRINTS

19. Modest, M.F. Radiative Heat Transfer; McGraw-Hill: New York,
1993.

20. Ozisik, M.N. Radiative Transfer; Wiley: New York.
21. Okazaki, M.; Shioda, K.; Masuda, K.; Toei, R. Drying mechanism

of coated film of polymer solution. Journal of Chemical Engineering
of Japan 1974, 7 (2), 99–105.

22. Haber, S.; Shavit, A.; Dayan, J. The effect of heat convection on
drying of porous semi-infinite space. International Journal of Heat
and Mass Transfer 1984, 27, 2347–2353.

23. Thompson, J.F.; Thames, F.C.; Mastin, C.W. Automatic numerical
generation of body-fitted curvilinear coordinate system for field
containing any number of arbitrary two-dimensional bodies.
Journal of Computational Physics 1974, 15, 299–319.

24. Hale, G.M.; Querry, M.R. Optical constants of water in the 200 nm
to 200 mm wavelength region. Applied Optics 1973, 12, 555–563.

25. Chen, J.J.; Lin, J.D.; Sheu, L.J. Simultaneous measurement of
radiative properties and thickness of an absorbing thin film on a
substrate with infrared radiant incidence. Thin Solid Films 1999,
354, 176–186.

26. Holman, J.P. In Heat Transfer; Metric, S.I., Ed.; McGraw-Hill:
New York, 1989.

27. Savoye, I.; Trystram, G.; Duquenoy, A.; Brunet, P.; Marchin, F.
Heat and mass transfer dynamic modeling of an indirect biscuit
baking tunnel-oven. Part I: modeling principles. Journal of Food
Engineering 1992, 16, 173–196.

Theoretical Model for the Nongray Radiation Drying 875

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
42

 2
7 

A
pr

il 
20

14
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Request Permission/Order Reprints

 

Reprints of this article can also be ordered at

http://www.dekker.com/servlet/product/DOI/101081DRT120034267

Request Permission or Order Reprints Instantly! 

Interested in copying and sharing this article? In most cases, U.S. Copyright 
Law requires that you get permission from the article’s rightsholder before 
using copyrighted content. 

All information and materials found in this article, including but not limited 
to text, trademarks, patents, logos, graphics and images (the "Materials"), are 
the copyrighted works and other forms of intellectual property of Marcel 
Dekker, Inc., or its licensors. All rights not expressly granted are reserved. 

Get permission to lawfully reproduce and distribute the Materials or order 
reprints quickly and painlessly. Simply click on the "Request Permission/ 
Order Reprints" link below and follow the instructions. Visit the 
U.S. Copyright Office for information on Fair Use limitations of U.S. 
copyright law. Please refer to The Association of American Publishers’ 
(AAP) website for guidelines on Fair Use in the Classroom.

The Materials are for your personal use only and cannot be reformatted, 
reposted, resold or distributed by electronic means or otherwise without 
permission from Marcel Dekker, Inc. Marcel Dekker, Inc. grants you the 
limited right to display the Materials only on your personal computer or 
personal wireless device, and to copy and download single copies of such 
Materials provided that any copyright, trademark or other notice appearing 
on such Materials is also retained by, displayed, copied or downloaded as 
part of the Materials and is not removed or obscured, and provided you do 
not edit, modify, alter or enhance the Materials. Please refer to our Website 
User Agreement for more details. 

 

 

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 1

8:
42

 2
7 

A
pr

il 
20

14
 

http://www.copyright.gov/fls/fl102.html
http://www.publishers.org/conference/copyguide.cfm
http://www.dekker.com/misc/useragreement.jsp
http://www.dekker.com/misc/useragreement.jsp
http://s100.copyright.com/AppDispatchServlet?authorPreorderIndicator=N&pdfSource=Keyword&publication=DRT&title=A+Theoretical+Model+for+the+Nongray+Radiation+Drying+of+PolyvinylalcoholWater+Solutions&offerIDValue=18&volumeNum=22&startPage=853&isn=0737-3937&chapterNum=&publicationDate=&endPage=875&contentID=10.1081%2FDRT-120034267&issueNum=4&colorPagesNum=0&pdfStampDate=04%2F12%2F2004+21%3A51%3A54&publisherName=dekker&orderBeanReset=true&author=Jyh+Jian+Chen%2C+Jenn+Der+Lin&mac=soZMvbMbaM6rGbG6navtFQ--

