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Multi-scale modeling and simulation of IR radiative drying for coil
coating processes

Beatriz S. Dias, Jorge E. P. Navalho, and Jos�e C. F. Pereira

IDMEC, Instituto Superior T�ecnico, Universidade de Lisboa, Lisboa, Portugal

ABSTRACT
The present work reports the development of a multi-scale model to predict and control
the drying behavior of a coated substrate under infrared (IR) radiant burners. The model
accounts for simultaneous heat and mass transfer in a liquid film layer, characterized by a
binary polymer-solvent solution. The multi-scale model developed works with two distin-
guished scales, a micro(coating film)- and a macro(oven)-scale, which are connected by an
iterative two-way coupling procedure. Along iterations of the coupling procedure the solu-
tion converges until it fulfills the convergence parameter prescribed. The model is widely
validated with reference results and inspecting convergence criterion. Parametric studies are
performed to investigate the effect of radiative over convective heating and the influence
of specific oven operating conditions. It follows that drying by means of radiative energy
minimizes the energy consumption, lowers the drying time, and higher drying efficiencies
are achieved than with conventional convective drying.
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1. Introduction

Drying of polymer-solvent solutions plays an important
role in several modern industrial applications, namely
on the coil coating industrial process. The ability to
foresee the drying behavior of coatings is of extreme
importance to the coating industry. The optimization of
industrial drying processes needs to ensure the max-
imum evaporation of solvent, or moisture content, in
the shortest time possible with the minimal energy con-
sumption, while maintaining the product quality [1].

Coil coatings, or in other words, pre-coated metal
sheets, have drawn attention during the last decades
to protect and increase the corrosion-resistance and
durability of many materials widely used in automo-
tive, building, furniture, and many other sectors [2,
3]. Some of the requirements of coatings are good
adherence to the metal substrate, great resistance to
the environment, and an agreeable flexibility that per-
mits a 180� folding of the sheet without any crack [3].

The coil coating process involves the application of
a thin layer of an organic coating material on a mov-
ing metal strip, and this layer is dried, generally, in an
oven with forced air convection [4–6]. In the drying/
curing process, which occurs inside a curing oven,
organic solvents are vaporized from the applied liquid

coating film. The coil coating lines employ high-tem-
perature ovens to achieve cure at the required speed.
The energy needed to vaporize the solvents usually
comes from the heat by convection [4].

Over the last years there has been a great interest
concerning the potential for radiation curing, includ-
ing for coil coatings. The attractive benefits include
very rapid curing, reduced energy input, less environ-
mental volatile organic compounds (VOCs) impact,
reduced space usage, and better controllability [7].
Each paint needs its technology, and the infrared is
appropriated for solvent coatings while radiation cur-
able coatings using ultraviolet or electron beam expos-
ure do not contain the solvents [8, 9]. However there
are scarce experimental data on the effect of infrared
radiation on drying rates. A few and exploratory
infrared cure experimental studies have been reported
for the infrared cure cycle of a powder coating [10]
and for the near infrared radiation (NIR) heating per-
formance and the influence of a coating’s optical
properties on curing [11].

Infrared radiation as an energy source for drying
processes is drawing each day more attention, since heat
is transferred efficiently, products are heated more uni-
formly, and the costs involved in processing are lower
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than with conventional drying by hot air convection [12,
13]. Kowalski and Rajewska [14] showed that combining
convective-microwave, convective-infrared, and con-
vective-microwave-infrared drying processes results in
high drying rates while conserving a good quality of the
dried product. A recent study [15] was conducted to
compare drying by hot-air flow and by infrared irradi-
ation, while controlling drying conditions to achieve
comparable drying rates. The temperature of the drying
film was found to be lower in drying by hot-air and the
temperature gradients were minimal in drying by infra-
red irradiation. Later, an investigation assisted the
design and optimization of the drying with design space
calculation [16]. Wen et al. [17] studied the effects of
infrared radiation-hot air (IR-HA) drying on kinetic
models and concluded that IR-HA drying increased the
drying rates as well as the effective transport (diffusion)
coefficients in comparison with hot-air drying alone.
Additionally, lower drying times, higher energy savings,
and a better final product quality are advantages of infra-
red drying over convective drying [18].

A novel procedure is proposed [7] to heat the
metal strip by infrared (IR) radiation, performing the
drying and curing process in an atmosphere mainly
consisting of solvent vapors. The principal source of
energy for drying/curing of the coating is supplied by
IR radiant burners that provide high intensity IR-radi-
ation. Compared to conventional convective ovens,
heat fluxes are increased to the coated metal strip and
the necessary curing temperatures at the surface of
the strip can be reached faster. The novel procedure
aims not only to increase the compactness and ener-
getic efficiency of the system, but also leads to an
increase on the production flexibility.

Figure 1 shows schematically the proposed curing
oven with IR radiant burners. An IR semi-transparent
glass window is needed to ensure the environments
separation, which avoids the mixing of solvent vapor
with combustion gases. The control and analysis of
the drying behavior is of extreme importance to
assure the safety requirements are met.

The drying behavior of polymer coatings involves
two steps: transport of the solvent(s) toward the sur-
face; and solvent(s) removal from the surface [5]. For
polymer–solvent systems, the solvent diffuses through
the coating owing to its concentration gradient.
Several articles in the literature address different mod-
els for drying the polymeric solutions. Infrared (IR)
radiant heating is used to supplement the heat source
on a drying process with natural convection and/or
forced convection [19]. Kumar and Tien [20] present
a complete model of the interaction of radiative flux
with convective transport in an absorbing, emitting,
and scattering falling film. Lamaison et al. [21] and
Navarri and Andrieu [22] described infrared drying of
a painting and a PVA coating. Allanic et al. [23]
studied the drying behavior of PVA aqueous solution
placed into a Petri box, and present drying kinetics in
convective and infrared radiation. Chen and Lin [24],
Seyed-Yagoobi and Hussain [25], and Allanic et al.
[26] took into consideration the absorption of IR radi-
ant energy into the water, in order to perform a more
accurate heat transfer analysis for the IR-assisted dry-
ing in the forced convection regime [19].

Cairncross et al. [27] modeled a multi-zone indus-
trial dryer with convective and radiant heating, consid-
ering the transient 1D convection-diffusion equations
of heat and mass transfer. The absorption of radiation
through the coating was described by Lambert-Beer
law. Islam et al. [28] presents the dynamic modeling of
drying behavior of a PVAC coating (in toluene) on a
polyester substrate in an infrared-convective oven.
Allanic et al. [29] investigated the drying and curing of
PU water based varnish by IR radiation. Some experi-
ments of convective and IR-convective drying have
been performed, along with the development of a
model to determine the evolution of moisture content,
diffusivity, and temperature of the product.

Most often, coil coating lines used in industry are
forced-convection dryers, where hot air is blown
across the film to evaporate the solvent. The present
methodology aims to extend the knowledge about coil
coating industrial lines using a source of energy for
drying/curing of the coating supplied by IR radiant
burners. The present methodology eliminates the need
for forced convection and has direct solvent recovery
because the solvent feeds and is burnt in the radiant
porous burners. Consequently, the detrimental envir-
onmental effects from volatile organic compounds
escaping into the atmosphere are minimized.

The main objectives of the present work are two-
fold. The first is to develop and validate a multi-scale
model comprising micro- and macro-scale models.

Figure 1. Proposed concept of curing oven for coil coat-
ing process.
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The micro-scale model comprises the transient drying
equations of a binary polymer-solvent coating, which
involves simultaneous mass, energy, and momentum
transport [30]. The macro-scale model comprises the
oven mathematical models and associated transport
phenomena to calculate fluid flow, heat transfer, and
radiation over the moving coil in the oven. The
second objective is to apply the developed multi-scale
methodology to demonstrate some of the differences
between conventional and radiation-curing systems in
a coil coating virtual application and to conduct a
parametric study to oven operating conditions of a
virtual coating line. This work contributes to fill the
gap in the literature concerning the lack of work
applying fully predictive multi-scale models and radia-
tive heat source for solvent evaporation (film drying),
particularly, for coil coating industrial applications.

This paper is structured in four sections. The cur-
rent section focuses in presenting the subject, as well
as its relevance to the field of expertise. Section 2
presents the multi-scale modeling displaying the main
mathematical equations, the numerical model adopted,
and the proposed methodology for the iterative two-
way coupling procedure. The results of the multi-scale
model (Section 3) begin with the validation of the
micro-scale model, following an application of the
multi-scale methodology developed, as well as a com-
parison study between convection and radiation, and
ends with the overall performance in the coil coating
IR radiation process. Finally, this paper ends in
Section 4 with summary conclusions.

2. Mathematical and numerical models

2.1. Micro-scale model: drying film model

The equations governing the drying of a binary poly-
mer solution (wet coating) are the mass and energy

balance equations. In the current work, both balance
equations are solved transiently and along the thick-
ness of the polymer layer � 1D (one-dimensional)
model, as represented in Figure 2.

2.1.1. Mass balance
The species continuity equation for the solvent is
defined along the thickness, 0 < x < XðtÞ, as given by
Equation (1).

@qp1
@t

¼ @

@x
Dp @q

p
1

@x

� �
(1)

In this equation, qp1 is the mass density (concentra-
tion) of the solvent species in the polymer solution, t
and x are the temporal and spatial coordinates,
respectively, and Dp corresponds to the solvent–poly-
mer mutual diffusion coefficient. The coating/sub-
strate interface is impermeable, and consequently,
there is no transport of solvent into the substrate
layer. Therefore, at the coating/substrate interface
(x¼ 0), Equation (2) holds.

@qp1
@x

¼ 0 (2)

At the coating/gas interface (x ¼ XðtÞ), the applica-
tion of a solvent species mass balance leads to
Equation (3). In this equation, kG1 , p

G
1i, and pG1b are the

external mass transport coefficient, equilibrium solv-
ent pressure at the coating/gas interface, and solvent
pressure in the bulk gas, respectively.

�Dp @q
p
1

@x
� qp1

dX
dt

¼ kG1 pG1i � pG1b
� �

(3)

Equation (3) takes into account the diffusion of
species from the polymer layer, the temporal rate of
shrinking of the polymer layer, and the external trans-
port of solvent species across the surrounding bound-
ary layer from the free polymer layer surface (coating/
gas interface). The driving force for solvent evapor-
ation and film drying is the solvent concentration dif-
ference between the bulk gas and surface values.

Equation (4) represents the time dependence of the
film thickness, or in other words, the governing equa-
tion for the position of the interface. In this equation,
V̂

p
1 is the partial specific volume of solvent in the solu-

tion. The initial coating thickness is known, Xð0Þ ¼ L,
and the initial solvent concentration throughout the
coating (0 < x < XðtÞ) is uniform, qp1ð0, xÞ ¼ qp1, 0:

dX
dt

¼ �kG1 V̂
p
1 pG1i � pG1b
� �

(4)

The concentration and temperature dependence of
the diffusion coefficients is taken into account in

Figure 2. Schematic of 1 D drying geometry.
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accordance to Vrentas-Duda free volume theory [31].
The equation for the solvent self-diffusion coefficient
is given by Equation (5), where the hole free volume
is provided by Equation (6).

D1 ¼ D0 exp
�Ea
RT

� �
exp �x1V̂

�
1 þ x2nV̂

�
2

V̂ FH

 !
(5)

V̂ FH ¼ x1
K11

c

� �
K21 � Tg1 þ T
� �

þ x2
K12

c

� �
K22 � Tg2 þ T
� �

(6)

The self-diffusion coefficients depend on the tempera-
ture of the system, and on the mass fraction of solvent
and polymer. The mutual diffusion coefficient is func-
tion of the solvent self-diffusion coefficient, and is given
by the following relation (Equation (7)), with subscripts
1 and 2 referring to solvent and polymer, respectively. /1

represents the solvent volume fraction, expressed by
Equation (8). Equation (7) has been applied in the litera-
ture to compute mutual diffusion coefficients for a wide
range of drying conditions [4, 32].

Dp ¼ D1 1� /1ð Þ2 1� 2v/1ð Þ (7)

/1 ¼
x1V̂

P
1

x1V̂
P
1 þ x2V̂

P
2

(8)

The partial pressure of the solvent at the surface of
the coated layer (pG1i) is equal to the product between
the vapor pressure of pure solvent at the actual tem-
perature (p1, v) and the activity of the solvent (a1) [32].

pG1i ¼ p1, va1 (9)

The activity of the solvent is determined with
Equation (10) (Flory-Huggins theory), where v corre-
sponds to the Flory-Huggins interaction parameter.

a1 ¼ /1 exp /2 þ vð/2Þ2
� �

(10)

The vapor pressure of the pure solvent can be
obtained using the Antoine equation [33] – see
Equation (11) –, where T is the temperature on the
Kelvin scale, and A, B and C are parameters determined
for each substance in order to provide an adequate fit
of p1, v to the data represented in a phase diagram.

log p1, v ¼ A� B
T þ C

(11)

2.1.2. Energy balance
The coil coating is exposed mainly to radiation and to
convective heating from the surrounding air. The tem-
perature of the coating can be assumed to be constant

along the thickness if the resistance of the external
heat transport, convection resistance, is significantly
higher than the resistance of the internal heat trans-
port, conduction resistance (Bi � 1). For the case of
higher Biot numbers, the constant temperature
approximation is no longer valid, the temperature gra-
dients along the coating thickness are no longer negli-
gible and a 1D thermal model is considered, as
expressed by Equation (12).

qPĈ
P
p
@T
@t

¼ @

@x
kP

@T
@x

� �
þ _qtot (12)

In this equation, qP, Ĉ
P
p , and kP are the density,

the specific heat, and the thermal conductivity of the
polymer film, respectively. The source term of the
energy equation, _qtot, takes into account the radiant
energy absorbed by the coating – see Equation (13).
The radiation intensity through the polymer film is
expressed by the Lambert-Beer law.

_qtot ¼ I0 1� qtop � etop
� �

a exp �adð Þ (13)

In Equation (13), I0 is the intensity of the incident
radiation, a is the absorption coefficient, and d corre-
sponds to the traveled distance by radiation. etop and
qtop are the top surface emissivity and reflectivity,
respectively. Considering the axis x with the origin in
the substrate-coating interface (see Figure 2), the dis-
tance d is equal to the difference between the coating
thickness and the x coordinate ðd ¼ XðtÞ � xÞ:

Surface energy balances applied at the substrate-
coating interface (x¼ 0) and at the free surface of the
coating (x ¼ XðtÞ) lead to Equations (14) and (15),
respectively, which correspond to the boundary condi-
tions of the energy balance equation – Equation (12).
In these equations, hg and hG are the convection heat
transfer coefficients of the substrate-side and coating-
side, respectively (see Figure 2), Tg and TG are the
bulk temperatures of the lower gas stream and upper
gas stream, respectively, ksub and H are the thermal
conductivity and thickness of the substrate, respect-
ively, and DĤv is the heat of vaporization of the solv-
ent.

�kP
@T
@x

¼ Tg � T
H
ksub

þ 1
hg
þ I0 1� qtop � etop

� �
exp �aXðtÞ½ �

(14)

�kP
@T
@x

¼ hG T � TGð Þ þ kG1DĤv pG1i � pG1b
� �� I0etop

(15)

Equation (15) includes the convective heat transfer
with the surroundings (first term on the RHS), the
effect of evaporative cooling (second term on the

DRYING TECHNOLOGY 3469



RHS), and the fraction of incident radiation that is
absorbed at the surface of the coating (last term on
the RHS). A uniform initial temperature distribution
(Tð0, xÞ ¼ T0) is considered in the polymer layer.

Since the species continuity equation for the solv-
ent species and the 1D energy equation are to be
solved in a region with a time dependent thickness,
due to film shrinkage, it is convenient to immobilize
the external polymer phase surface by the introduc-
tion of the following transformation expressed in
Equation (16), valid for 0 � g � 1: With this coordin-
ate transformation, the polymer-gas phase interface is
always located at g¼ 1 [4].

g ¼ x
XðtÞ (16)

2.2. Macro-scale model: oven hydrothermal model

The macro-scale model solves conservation of mass,
momentum, and energy for a fluid flow, in order to
obtain fields of velocity, pressure, and temperature,
respectively. Additionally, radiation and species con-
servation are modeled, which provides species distri-
bution and radiative heat exchanges.

The (averaged) continuity and momentum conser-
vation equations – Reynolds-averaged Navier-Stokes
(RANS) equations – written in Cartesian coordinates
and tensor notation are given by Equations (17) and
(18), respectively. In these equations, ui, q, Sm, p, and
l are the (time-averaged) velocity along the Cartesian
coordinate i, density, mass source, static pressure, and
molecular dynamic viscosity, respectively.

The energy equation is given by Equation (19),
where E, k, cp, Prt, hk, and Sh correspond to the (time-
averaged) total energy, thermal conductivity, specific
heat, turbulent Prandtl number, specific enthalpy of
species k, and heat source, respectively.

@q
@t

þ @

@xi
quið Þ ¼ Sm (17)

@

@t
ðquiÞ þ @

@xj
ðquiujÞ ¼ � @p

@xi
þ @

@xj

�
l

�
@ui
@xj

þ @uj
@xi

� 2
3
dij

@uk
@xk

�	
þ @

@xj
ð�qu0iu

0
jÞ

(18)

@

@t
ðqEÞ þ @

@xi
½uiðqEþ pÞ�

¼ @

@xj
fðkþ cplt

Prt
Þ @T
@xj

þPk hk½
@

@xj
ðqDk,m þ lt

Sct
Þ @Yk

@xj
�g þ Sh

(19)

For species conservation equations, species trans-
port equations are solved through the solution of a
convection-diffusion equation, which follows the gen-
eral form given by Equation (20).

@

@t
qYkð Þ þ @

@xi
quiYkð Þ ¼ @

@xj
qDk,m þ lt

Sct

� �
@Yk

@xj

" #
þ Sk

(20)

In this equation, Yk, Dk,m, lt, Sct, and Sk are the
(time-averaged) mass fraction of species k, diffusion
coefficient of species k in the mixture, turbulent vis-
cosity, turbulent Schmidt number, and species k mass
source, respectively.

The k� e turbulence model is applied to provide
the required closure for the set of Equations (18) –
(20), i.e., to compute the Reynolds stresses (qu0iu0j)
according to the Boussinesq (eddy-viscosity) hypoth-
esis and to calculate the required turbulent scalar
(energy and species) fluxes [34–36]. In particular, the
standard k� e model is used to model transport equa-
tions for the turbulent kinetic energy (k) and its dissi-
pation rate (e), which are obtained from the solution
of the following set of transport equations – see
Equations (21) and (22). In these equations, rk and re
are the turbulent Prandtl numbers for k and e,
respectively, Pk ð¼ �qu0iu0j@ui=@xjÞ is the production
of turbulent kinetic energy due to velocity gradients,
and Ce1 and Ce2 are tabulated model constants.

@

@t
qkð Þ þ @

@xi
quikð Þ ¼ @

@xj
lþ lt

rk

� �
@k
@xj

" #
þ Pk � qe

(21)

@

@t
qeð Þ þ @

@xi
quieð Þ ¼ @

@xj
lþ lt

re

� �
@e
@xj

" #
þ Ce1Pk

e
k

� qCe2
e2

k
(22)

Radiation heat transfer is modeled using the dis-
crete ordinates method (DOM) to solve the radiative
transfer equation (RTE). This method is based on the
discretization of the radiative intensity directional
variation in the total solid angle range 4p – for a
comprehensive method description see References
[37, 38].

2.3. Numerical models

The set of equations that comprise the micro-scale
mathematical model are discretized using finite-differ-
ences along the thickness, in a uniform mesh. The
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nonlinear and differential/algebraic equation solver
SUNDIALS numerical model [39] was implemented
conveniently to the present work. The macro-scale
model was solved numerically using the commercial
software ANSYS Fluent 16.2, for steady-state condi-
tions. ANSYS Fluent default turbulence model param-
eters were considered in this study. Radiatively non-
partipating medium was considered due to the small
optical thickness.

2.4. Coupling methodology

The methodology adopted for the multi-scale model-
ing is shown in Figure 3 by clarifying the data fluxes,
that couple both simulations in an iterative coupling
fashion. h1 is the convection coefficient of the flow
stream (hG and hg), j1 the solvent diffusive mass flux,
and Twall the temperature of the metal strip. The
multi-scale model developed in the present work con-
siders an iterative two-way coupling procedure
between the micro- and macro-scale models, following
the steps illustrated in Figure 4. The multi-scale mod-
els domains are divided into i zones, in order to
obtain more accurate results. In the macro-scale, spa-
tial zones are considered while in the micro-scale a
coordinate change, taking into consideration the metal
strip velocity, is performed to obtain the correspond-
ing temporal zones.

The procedure begins with the numerical simula-
tion of the macro-scale model considering guessed,
and uniform initial values for the top and bottom
metal strip temperatures, and for the solvent diffusive
mass flux (Tinit and j1, init). When convergence is
achieved, heat transfer coefficients (hG and hg), solvent
mass transport coefficient (kG1 ), and net radiation heat
flux at the metal strip (q00rad), are calculated for each
spatial zone and exported to the micro-scale model.

Convective heat transfer and external mass transport
coefficients are calculated with custom field functions,
based on existing functions in Fluent environment.
Equations (23) and (24) describe the two custom field
functions used to obtain the coefficients.

hGðiÞ ¼ q00convGðiÞ
TwallðiÞ � Tref

(23)

kG1 ðiÞ ¼
j1ðiÞ

p1, intðiÞ � p1,1
(24)

In Equation (23), q00convG is the average convection
heat flux from the top metal strip surface to the sur-
rounding fluid, and Twall corresponds to the imposed
temperature at the metal strip. Convective heat trans-
fer coefficient for the bottom metal strip, hg, consid-
ers, instead, an average convection heat flux from the
bottom metal strip surface to the surrounding fluid,
q00convg: In Equation (24), j1 is the solvent diffusive
mass flux at the metal strip top surface, and p1, int is
the average solvent partial pressure at the same sur-
face. The reference temperature and the bulk partial
pressure of the solvent, Tref and p1,1 respectively,
were taken to be constant values, since they are auxil-
iary and internal values of the iterative procedure and
do not affect the solution [40]. Nevertheless, the val-
ues considered for calculating the coefficients have to
be identical to the input values for the micro-scale

Figure 3. Schematic representation of the iterative two-way
coupling procedure adopted in the present work.

Figure 4. Flow chart of the iterative two-way cou-
pling procedure.
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model, and have to ensure that there is no signal
change and a non-zero result for the denominator of
Equations (23) and (24).

The next step initiates the iterative cycle, which
starts with the simulation of the micro-scale model
considering oven conditions obtained in the previous
step. After obtaining the micro-scale model solution,
temperature at the interface between the coating and
the substrate, temperature at the bottom surface of
the substrate, and solvent diffusive mass flux at the
coating free surface are evaluated and transferred to
the macro-scale model, for the subsequent step.
Temperature of the metal strip top surface, Twall, 1, is
directly obtained by solving the 1D energy equation,
and corresponds to the temperature of the first mesh
point. Temperature of the metal strip bottom surface,
Twall, 2, is achieved through an energy balance at this
surface, and is calculated using Equation (25). To
obtain solvent diffusive mass flux, j1, Equation (24) is
applied, with p1, int determined in the micro-scale
model.

Twall, 2 ¼
ksub�Twall, 1

H þ hg � Tref

hg þ ksub
H

(25)

A new simulation with the macro-scale is per-
formed, taking into account the values obtained with
the micro-scale model. The present iteration ends by
evaluating the relative error of the most critical (sensi-
tive) parameter. In this methodology, rm, k is based on
the radiative heat flux of each zone, computed in the
actual and previous iteration, and is described by:

rm, k ¼
q00rad, k � q00rad, k�1

q00rad, k
� em ¼ 5% (26)

The iterative two-way coupling procedure termi-
nates when the convergence criterion is respected for
every single zone (rm, k � em), and the final simulation
of the micro-scale model is completed. For each zone
the convergence parameter must not exceed a defined
threshold value (em ¼ 5%) to obtain a converged
model solution. If convergence is not observed for all
zones, the iteration procedure is repeated but
with better guesses for the corresponding
model parameters.

Since the micro-scale model is continuous in time
and from the macro-scale model averaged values for
each (discrete) spatial zone are obtained and exported,
a smooth step change for each relevant variable was
implemented in the micro-scale model to create a
sequence of continuous transitions and to avoid
abrupt variable discontinuities along the temporal
coordinate. The function applied has the form of

Equation (27), where F1 and F2 are the constants
before and after the step, respectively, and 2Dt is the
time interval set to the step change – equal to 4:0�
10�3 s in the present work. An increased stability and
robustness for the micro-scale numerical model per-
formance is achieved applying this procedure.

f ðtÞ ¼ F2 � F1
2

sin
p
2Dt

ðt � t1Þ
� 	

þ F1 þ F2
2

(27)

3. Results and discussion

In this section the micro-scale model is validated
(Section 3.1) and the application of the multi-scale
methodology is demonstrated (Section 3.2). Then a
parametric study is conducted to analyze the convec-
tion and radiation contribution to evaporation
(Section 3.3) and the overall performance of coil coat-
ing IR radiation process is investigated (Section 3.4).

3.1. Micro-scale model validation

The multi-zone drying of a photoreceptor coating,
composed by a methylene chloride/polymer solution,
reported by Cairncross et al. [27], was selected as a
benchmark test case since the interest relies on an
industrial dryer with convective and radiant heating.
The coating consists in two layers with different infra-
red radiation absorption characteristics. The thermo-
physical properties and parameters of the system, as
well as the initial conditions of the problem under
consideration are listed in Table 1. The data available
in Table 1 was collected from Reference [27]. This
data was considered to obtain the numerical results
that follow unless otherwise stated.

Two cases are considered, with the first one consid-
ering heating of the coating only by convection, and
the second takes into account both convection and
radiation heating sources. Residual solvent volume
fraction, coating temperature, drying rate, and solvent
mass density profiles reported in Reference [27] are
compared with results from the present work.

The dryer has five different zones, with specific
conditions of airflow, and temperature, chosen to
achieve an acceptable residual solvent content at the
end of the dryer. The residual volume fraction of
methylene chloride, Vres, is obtained by multiplying
the mass density by the partial specific volume of the
solvent. Firstly the convective heating is considered
and the numerical results obtained are presented in
Figure 5(a) for the coating temperature and residual
solvent; Figure 5(b) for the drying rate; and Figure

3472 B. S. DIAS ET AL.



Table 1. Drying model (micro-scale model) properties, parameters, and initial conditions for methylene chloride/poly-
mer solution.

Initial Conditions Substrate Properties Diffusion Parameters

qp1, 0 ½g:cm�3� 1.0732 qS ½g:cm�3� 1.38 D0 ½cm2:s�1� 2:74� 10�4

L [cm] 1:5652� 10�2
Ĉ
S
p ½J:g�1:K�1� 1.88 V̂

�
1 ½cm3:g�1� 0.6247

T0 [K] 289.15 ksub ½W:cm�1:K�1� 1:35� 10�3 V̂
�
2 ½cm3:g�1� 0.733

Coating Properties H [cm] 3:56� 10�3 K11=c ½cm3:g�1:K�1� 1:375� 10�3

kP ½W:cm�1:K�1� 4:9� 10�2 Antoine Eq. Parameters K12=c ½cm3:g�1:K�1� 3:51� 10�4

Ĉ
P
p ½J:g�1:K�1� 1.254 A [–] 4.5341 K21 � Tg1 [K] –19

DĤv ½J:g�1� 292.18 B [–] 1325.94 K22 � Tg2 [K] –290

V̂
P
1 ½cm3:g�1� 0.7579 C [–] –20.53 n [–] 0.5

V̂
P
2 ½cm3:g�1� 0.8489 v [–] 0.28 E / R [K] 0

Figure 5. Comparison between predicted results by the present work and the results reported in Reference [27]. Vertical lines indi-
cates the separation of the dryer zones.
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5(c) for the solvent mass density profiles. A good
agreement between the numerical predictions and the
reference data is observed.

Cairncross et al. [27] used Lambert-Beer law
approximation to describe infrared heating of thin
coated layers. Only the fractional thickness b ¼ 0:2
next to the substrate has an absorption coefficient dif-
ferent from zero (a ¼ 974:42 cm�1). Equation (28)
describes the radiation intensity through the coating.

_qtot ¼
I0a exp �a XðtÞ � xð Þ½ �, 0 � x � bXðtÞ
0, bXðtÞ � x � XðtÞ



(28)

Two conditions were analyzed in the reference
study: an optimal IR heating, chosen to achieve opti-
mal drying conditions for each dryer zone; and a

constant IR heating source for all the five zones. The
numerical results obtained for the second case study,
convective and radiant heating, are presented in
Figure 6, for the residual solvent volume fraction,
along with the predicted results from the cur-
rent work.

The predictions from the drying model show that
heating the coating by IR radiation is favorable mainly
in the beginning of the drying. This happens because
of the reduction on the effect of the evaporative cool-
ing, and consequently the enhancement of the drying
rate. The effect of incident radiation intensity on the
solvent content in the coating is shown in Figure 6
for the three cases studied: without infrared radiation;
with constant infrared radiation through all dryer
zones; and with infrared radiation intensities chosen
to optimize drying. In the first three zones, the solvent
content is greatly reduced by the additional of radiant
heating, while the final residual solvent content is low-
ered by only 1%: In the last two zones, the high oven
temperatures conduct the final residual solvent con-
tent in the coating, which make the infrared heating
source unnecessary, over convective heating. A good
agreement between the numerical predictions and the
reference data [27] is observed.

3.2. Multi-scale methodology application

The application of the multi-scale methodology is
demonstrated for an idealized 2D (two-dimensional)
oven, shown in Figure 7. Boundary conditions are
selected in order to appropriately describe the behav-
ior of an industrial curing oven. Since the model in
consideration is 2D, the metal strip splits the oven
cross section. The metal strip is treated as a hollow
region, and is modeled by two surfaces moving from
left to right at a velocity vwall: Regarding the source of
IR energy, a radiant wall with temperature and emis-
sivity imposed is considered. This wall is located at
the first half of the oven, where the metal strip enters.
Finally, the iterative procedure calculates the evapo-
rated solvent, injected from a volume mass source
boundary condition in a thin layer of cells near the
upper wall of the metal strip.

The common mode for drying and curing coil
coatings is via convection. To simulate this process,
air enters the system at 300 K (Tin), with a velocity of
2 m:s�1 (vin). The metal strip moves from left to right
at 0.363 m:s�1 (vwall) and has an emissivity of 0.3
(ewall). On the radiant wall, a temperature of 1000 K
(TB) and an emissivity of 0.9 (eB) are imposed.
Uniform initial conditions are applied, namely the

Figure 6. Comparison between predicted results by the pre-
sent work and the results reported in Reference [27], consider-
ing two case studies (convective heating, and convective and
radiant heating) for residual solvent volume fraction in
the system.

Figure 7. Schematic representation of the 2D oven geometry
considered in simulations at the macro-scale level.
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temperature of the metal strip (Tinit) and the solvent
mass source (S1, init) – equal to 300 K and
0:1 kg:m�3:s�1, respectively. (The solvent mass source
(S1) is calculated based on the ratio of the solvent dif-
fusive mass flux and the thickness of the thin layer of
cells above the metal strip within which the solvent
release is accounted for at the macro-scale level.) The
polymer-solvent solution considered is the one used
in Reference [27]. The oven was divided longitudinally
in 20 equal-sized zones.

Figure 8 shows the evolution of solvent mass dens-
ity and coating temperature with time (and with oven
axial position) for nine iterations of the micro-scale
model. After the third iteration the profiles are always
between the ones of the last two iterations and the
temperature of the coating converged monotonically
in nine iterations.

Three distinct zones can be observed in the evolu-
tion of the coating temperature with time (or with
oven axial position): (i) a first zone from the entrance
of the coil in the oven until it traveled 1.5 m, charac-
terized by a constant temperature; (ii) a second zone,
where the temperature increases until reaches a max-
imum value; and (iii) the last zone, with a small
decrease on the temperature. In a first stage, the tem-
perature remains approximately constant, since evap-
orative cooling represents almost the same amount of
radiation absorption. At this point, most of the solv-
ent evaporates. The temperature starts increasing, the
remaining solvent evaporates, and the temperature
reaches a maximum value. The top radiant wall is

placed face to face with the coil in the first half of the
oven and then in the other half, namely from 3.5 m,
only a small amount of net radiative heat flux reaches
the coil and the temperature starts decreasing.

3.3. Comparison of convective and radiative
conditions on drying behavior

A parametric study is conducted to compare the pro-
cess efficiency of drying using hot air convection or
infrared radiation. The geometry and boundary condi-
tions applied are illustrated in Figure 7. Table 2 lists
three different conditions for each main source of
energy (convection and radiation) being Tin and vin
the temperature and the velocity of the air entering
the system, and TB the temperature of the radiant
wall. The objective is to find conditions of convective
heating and radiative heating that approximately sup-
ports similar drying behaviors – i.e., almost the same
drying time. For convection cases, no top radiant wall
is considered apart from the net radiative power
reaching the coil due to the surrounding walls heated
by the hot injected air.

Figures 9(a) and 9(b) show the converged multi-scale
model evolution of solvent mass density and the dimen-
sionless thickness along time, respectively. Figures 9(a)
and 9(b) show that the three selected convective condi-
tions match approximately the corresponding condition
of radiation in terms of drying time.

Enthalpy of injected air (Hair, in), net radiative
power reaching the coil (qrad), and power of solvent
evaporated (Psolv, evap) are computed for each case to
obtain efficiency values calculated according to
Equation (29). The numerator of Equation (29) corre-
sponds to the power consumed for solvent evapor-
ation. Table 3 presents the obtained results of the
enthalpy of injected air, the radiative power that
reaches the coil, the power of solvent evaporated, and
the drying efficiency achieved.

h ¼
Ð

kG1 p1, i � p1,1ð ÞDĤv

h i
dS

qrad, coil þHair, in
(29)

Table 3 and Figure 9 shows that to evaporate
approximately the same amount of solvent, higher

Figure 8. Evolution of solvent mass density and coating tem-
perature along time with the number of iteration of the cou-
pling procedure.

Table 2. Injected air and radiant walls conditions for each
case study.

Convection Radiation

Case Tin [K] vin ½m:s�1� TB [K] Case TB [K] Tin [K] vin ½m:s�1�
C� 1 450 10 – R� 1 900 300 2.0
C� 2 550 10 – R� 2 1000 300 2.0
C� 3 550 15 – R� 3 1100 300 2.0
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efficiencies are achieved with radiation. This compari-
son example shows how radiative heating stands out
over convective heating in terms of energy consump-
tion savings. The industrial implementation of the
processes is complex because for the convective mode
the heated air in the oven which cools down in the
process, mixed with pure air and constantly being pre-
heated by gas-fire burners, may be preheated with the
hot evaporated gas. For the radiation mode the evapo-
rated gas is burned in porous radiative burners on
the top.

To inspect the requirements to increase convective
heating efficiency, and to analyze if there is a possibil-
ity to approach radiation efficiencies, several case
studies listed in Table 4 were considered. The object-
ive is to study four conditions for each enthalpy of
injected air, ranging between 40 and 480 kW: For
each power the temperatures of 450, 500, 550, and
600 K correspond to different mass flow rates of air,

and consequently different velocities at the inlet sec-
tion. Table 4 lists the corresponding inlet velocities
for each inlet temperature and enthalpy of air.

Figure 10(a) shows the calculated efficiency values
based on Equation (29), for each case listed in Table
4. The results obtained exhibit an increase on the effi-
ciency when decreasing the enthalpy of air at the inlet
section. However, this efficiency improvement means
that the solvent does not evaporate completely, i.e.,
the paint does not dry when passing in the oven
under these conditions. Figure 10(b) shows the effi-
ciency as a function of the ratio between convective
and radiative heat flux reaching the coil. This ratio is
below the unity for radiation dominant cases and
above the unity for convection prevailing cases. Two
additional radiation case studies, R � 4 (TB ¼ 950 K)
and R � 5 (TB ¼ 1200 K), are included to extend the
comparison study between convective and radiative
heating. The higher efficiencies for the convective
heating cases represent a damp product at the end of
the oven, since the solvent does not evapor-
ate completely.

3.4. Coil coating IR radiative drying – overall
performance

The first step of the coupling procedure is the initial
simulation of the macro-scale model with prescribed
values of metal strip temperature and solvent mass
source, for all the zones in the oven. The geometry
and boundary conditions applied are presented in
Figure 7. The operating conditions for the macro-scale

Figure 9. Evolution of converged solutions for a comparison study between convection and radiation.

Table 3. Enthalpy of injected air (Hair, in), radiative power
reaching the coil (qrad), power of solvent evaporated
(Psolv, evap), and efficiency (h), for each case study.

Convection

Case Hair, in ½kW� qrad ½kW� Psolv, evap ½kW� h ½%�
C� 1 483.43 1.78 17.69 3.65
C� 2 660.67 2.96 17.51 2.64
C� 3 991.02 3.99 17.58 1.77

Radiation

Case Hair, in ½kW� qrad ½kW� Psolv, evap ½kW� h [%]

R� 1 1.81 20.55 17.63 78.80
R� 2 1.83 28.28 17.74 58.91
R� 3 1.86 32.81 17.77 51.26
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model are listed in Table 5. The metal strip enters at
298.15 K and leaves the oven at 523.15 K: The solvent
species considered for this section is the 1,3,5-
Trimethylbenzene. The solvent mass source imposed
in the first step (S1, init) is equal to 1:90 kg:m�3:s�1:

The injected gas (flue gas) is composed by N2

(73.2%), H2O (13.5%), CO2 (9.7%), and O2 (3.6%).
Table 6 lists the drying model parameters for

1,3,5-Trimethylbenzene/polymer solution, as well as
the initial conditions. The diffusion parameters were
obtained based on the method presented by Zielinski
and Duda [41]. Antoine equation parameters for cal-
culating vapor pressure of pure solvent and the
enthalpy of vaporization of the solvent were collected
from Reference [42]. The thermal conductivity of the
polymer film (Polyurethane) was obtained from
Reference [43]. The substrate considered is hot-dip
galvanized (HDG) steel with properties gathered from
Reference [44].

The iterative cycle begins and continues until the
convergence criterion is achieved. Due to a good ini-
tial guess, only four iterations are required to observe
a full convergence. Figure 11(a) shows the evolution
of the convergence parameter, rm, k less than 5%,
along the number of iteration, for each zone. Figure
11(b) presents the evolution of net radiative heat flux
for all the 20 zones considered, with the number of
iteration of the coupling procedure. As expected, the
maximum incident radiation is near the inlet zone,
where the radiant top wall is face to face with the
moving coil. Figure 11(c) shows the evolution of solv-
ent mass density and coating temperature along time,
for each iteration of the procedure. The metal strip
takes 8 seconds to cross the four meters of the oven
and all the solvent is evaporated after 5 seconds, as
illustrated by the dashed lines. The converged solution
of the coating temperature presents a profile approxi-
mately linear, similar to the profile imposed at the
first iteration. As the coating temperature is constantly
increasing, the radiative heat exchange between radi-
ant walls and metal strip starts decreasing, and in
turn the net radiative heat flux, illustrated in Figure
11(b), also decreases.

Table 4. Injected air velocities for each inlet air temperature and enthalpy.
vin [m:s�1]

Tin [K] Hair, in ¼ 40 kW Hair, in ¼ 110 kW Hair, in ¼ 300 kW Hair, in ¼ 480 kW

450 0.687 2.06 6.10 10.00
500 0.682 2.05 5.10 8.00
550 0.675 1.80 4.70 7.20
600 0.668 1.50 4.00 6.60

Figure 10. Calculated efficiency for a comparison study between convection and radiation. Cross symbols denote incomplete evap-
oration cases.

Table 5. Operating conditions for the macro-scale model.
Tin [K] vin ½m:s�1� TB [K] eB [–] vwall ½m:s�1�
359 0.101 1600 0.9 0.5
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Table 6. Drying model (micro-scale model) properties, parameters, and initial conditions for 1,3,5-
Trimethylbenzene/polymer solution.

Initial Conditions Substrate Properties Diffusion Parameters

qp1, 0 ½g:cm�3� 0.3471 qS ½g:cm�3� 7.80 D0 ½cm2:s�1� 4:52� 10�3

L [cm] 3:846� 10�3 Ĉ
S
p ½J:g�1:K�1� 0.470 V̂

�
1 ½cm3:g�1� 0.941

T0 [K] 298.15 ksub ½W:cm�1:K�1� 5:20� 10�1 V̂
�
2 ½cm3:g�1� 0.750

Coating Properties H [cm] 5:00� 10�2 K11=c ½cm3:g�1:K�1� 1:09� 10�3

kP ½W:cm�1:K�1� 2:26� 10�3 Antoine Eq. Parameters K12=c ½cm3:g�1:K�1� 3:40� 10�4

Ĉ
P
p ½J:g�1:K�1� 6.1511 A [–] 4.1993 K21 � Tg1 [K] –70.79

DĤv ½J:g�1� 384.39 B [–] 1569.62 K22 � Tg2 [K] –269.5

V̂
P
1 ½cm3:g�1� 1.4776 C [–] –63.57 n [–] 0.55

V̂
P
2 ½cm3:g�1� 0.7246 v [–] 0.44 E / R [K] 0

Figure 11. Evolution of results for coil coating IR radiation overall performance along the number of iteration of the cou-
pling procedure.
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A suitable oven operation requires the complete
solvent evaporation from the applied coating at the
oven exit section. Under the conditions applied, all
the solvent evaporates after going through approxi-
mately two thirds of the total length. In order to
enhance the process, a decrease on the energy con-
sumption is valuable. Aiming to decrease the time
that the dry paint remains in the oven, and

consequently reducing the energy consumption, a
parametric study of the temperature on the injected
fluid temperature and on the temperature of radiant
walls was performed. Table 7 lists the operating con-
ditions implemented for the parametric study. The
remaining conditions, namely the metal strip velocity,
the velocity of the injected fluid, and the emissivity of
radiant walls are kept constant, as described in
Table 5.

The iterative two-way coupling procedure is imple-
mented for this parametric study and converged solu-
tions of the micro-scale model are shown in Figures
12(a) and 12(b), varying the injected fluid and the
radiant walls temperatures, respectively. Figure 12(c)

Table 7. Operating conditions considered for the paramet-
ric studies.
Case A B C D E F

TB [K] 1400 1500 1600 1700 1600 1600
Tin [K] 359 359 359 359 320 450

Figure 12. Evolution of results for the parametric study along time (and/or distance from entrance section).
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presents the evolution of the net radiative heat flux
along time, for the six cases under study. According
to Figure 12(a), there is no significant influence of the
injected fluid temperature on the drying behavior
since radiation plays the most important role on the
evaporation process, for the cases under study.
Observing the results of Figure 12(b), increasing the
temperature of radiant walls speeds up the drying pro-
cess since the solvent evaporates earlier. For the refer-
ence case characterized by the blue color in Figure
12(a)-12(c) it is not beneficial to reduce the drying
time, but rather increase it. Therefore, for the same
length of the oven and metal strip velocity, a reduc-
tion on the temperature of radiant wall increases the
drying time and decreases the energy consumption.
Concerning the net radiative heat flux, Figure 12(c)
shows that changing the injected fluid temperature do
not affect the radiative flux reaching the metal strip,
seen by overlapping lines. On the other hand, incident
radiation increases with higher radiant wall tempera-
ture, as expected. The ideal case is then the one con-
sidering radiant walls at TB ¼ 1400 K, with injected
fluid at Tin ¼ 359 K, since the paint is dried at the
end of the oven with minimal energy supply.

4. Conclusions

A multi-scale model was developed for the IR radiative
drying in a coil coating oven. The multi-scale model
embraces two different scales: a micro- and a macro-
scale. The micro-scale model comprises a drying model
which involves simultaneous mass and energy transport.
The macro-scale model includes transport phenomena
to calculate fluid flow heat transfer in an oven. An itera-
tive coupling procedure between the two models was
developed to predict and control the drying behavior of
a coated substrate under IR radiant burners. From this
investigation the following conclusions can be drawn:

1. A good agreement was obtained between the
micro-scale predictions and results from literature
of IR heating of thin coated layers;

2. Two drying methods, drying by hot-air flow and
by infrared irradiation, were compared. Drying by
radiative energy is characterized by minimal
energy consumption, low drying time, and conse-
quently, higher efficiencies; and

3. A parametric study was conducted to analyze the
influence of coil coating oven operating condi-
tions to provide guidance to achieve good IR
radiation design solutions.
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