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Abstract - Due to the lack of information regarding the phenomena of mass, heat, and momentum transfer in
coated paper drying, substantial research work still needs to be done. A simulation model for coated paper
drying is introduced which integrates heat and mass transfer mechanisms. In the model, the coated paper was
assumed to have 3 layers (coated layer, wet and dry layers of the base paper), in which the thickness of each
layer is a function of drying time and condition. The thickness of the wet layer of the base paper was
considered to be a function of water permeability rate that in turn is a function of the moisture diffusion
coefficient, time and drying rate. Movement of vapor resulting from evaporation in the middle layer was
assumed to be a combination of laminar bulk flow and molecular diffusion. Radiation absorption was used as
a diminishing exponential model, which depends on moisture content. Hot air and super heated vapor were
used as drying fluids. Functional variables were temperature, drying fluid velocity and delay time. To verify
the simulation results two compositions were applied for the coating suspension. The simulation results

matched well with experimental outcomes.

Keywords: Coated paper; Coating suspension; Superheated vapor drying; Rewetting; Capillary force.

INTRODUCTION

Models presented for drying coated papers are
either microscopic or macroscopic. In microscopic
models, components of various mechanisms of mass,
heat and momentum transfer are taken into account;
based on the simulation results, the quantities of
temperature and moisture are found at a specific
time. In macroscopic models, components of transfer
mechanisms are not addressed; by defining the overall
mass and heat equilibriums, the overall temperature
and moisture content are determined. In order to
predict the effects of the drying method, the com-
position of the coating suspension and the base paper
type on the paper quality, finding the internal proper-
ties at each moment is essential. Therefore, the
microscopic method is preferred over the macro-
scopic one for the simulation and modeling of coated

*To whom correspondence should be addressed

paper drying. In the microscopic method, the coated
paper is divided into three layers:

1) Coated layer

2) Moist layer of base paper

3) Completely dry layer of base paper.

The thickness of each layer is a function of time,
the initial moisture content in the coated layer, delay
time, and the composition of the coating suspension.

(Farkas et al., 1991) presented a macroscopic model
in which paper shrinkage during drying was not
taken into account; also heat convection was not
applied in the heat transfer equation. Heikkillae
(1992) proposed another macroscopic model that did
not consider the shrinkage effect or the binder type
(Karlsson and Rajala, 1995) also offered a macro-
scopic model that did not take into account the
shrinkage effect and binder type as well (Pan et al.,
1995) presented a three dimensional microscopic
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model. However rewetting, shrinkage and binder
type were not dealt with in their model (Pan et al.,
1995). Although, these models have certain advan-
tages and disadvantages, in most of them, paper
shrinkage and movement of the binding material
were not pondered, mostly due to the lack of
experimental and thermodynamic data for the latter.

In the present model, paper shrinkage while
drying, rewetting of the base paper due to dewatering
of the coating layer, the depth of moisture penetra-
tion in the base paper, radiation absorption in the
paper’s middle layers, bulk movement of vapor in
the final stage of drying, and the type of coating
material are considered. Due to the lack of thermo-
dynamic information as well as laboratory data, no
model could be presented for the solid distribution in
the coating solution across the coated paper.

COATING- DRYING PROCESS

Paper is coated in order to improve paper softness
and brightness, to make a discernible surface and to
increase the printing quality. The coating suspension
is a colloidal suspension which is designed and
produced to maximize the required qualities of the
paper. Basically this mixture consists of a pigment, a
binding material and additives. Type and quantity of
those components result in different solidification
behaviors, causing versatility in the final properties
of the coated sheet. Blade coating is a widely used
technique in which the freshly applied coating film is
smoothed and the excess removed by a thin, flexible
metal blade. There is a short distance (about 0.5
meter) between the blade and applicator in the unit.

Immediately after coating, drying must take
place. The interval between coating and drying is
called the delay time, during which the moisture in
the coated layer moves into the base paper while
transferring the binding material thereto. Conse-
quently, a longer time is needed for drying, which
affects the optical properties and quality of the
coated sheet. Considering the high moisture content
in coated paper, non-contact dryers such as IR dryers
and convective dryers are used. Application of contact
dryers such as drum dryers is recommended only at
the end to complete drying and create softness.

As drying process starts, two competing factors,
surface evaporation and moisture diffusion into the
base paper (dewatering), will determine the average
drying rate, temperature distribution and moisture
content across the paper.

Paper drying can be categorized into three stages

(Figure 1):

1) Initially, particles are dispersed and move
freely, evaporation takes place on the surface, and
water enters the base sheet along with binding
material. Basically due to the small gravitational
force, moisture enters the base sheet by permeation
and moves inside it.

2) As drying continues, at a certain moment
particles join together completely. In this stage,
solids concentration in the coated layer is called the
First Critical Concentration (FCC) or Immobilization
Solids Content (Engstrdm and Rigdahl, 1986).

3) After FCC, the moisture within the particles
moves out and reaches the sheet surface through
mechanisms such as capillary suction force. The
overall structural shape of the coated layer does not
change during this stage, but its thickness decreases.
This stage lasts until the free moisture within the
particles is removed completely (Watanabe and
Lepourte 1982). The solids concentration at this
moment is called the Second Critical Concentration
(SCC). From this moment on, dewatering terminates.

Pigment particle
Latex particle

H20 + soluble binder )

iquid filled pores

&M—Gas filled pores
[raraY)rawaYlvaraX]

Figure 1: Changes in coated layer structure during
drying.

Having passed the SCC, the liquid surface leaves
the coated layer and goes down into the coating
layer. The liquid is removed primarily from bigger
pores and then smaller pores. Moisture is evaporated
at its sites, and the resulting vapor passes through a
distance from the evaporation point up to the paper-
fluid interface.

COATED PAPER DRYING MODEL

Model Formulation

In this model, the coated paper is divided to three
separate layers (Figure 2):
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1) Coated layer 8L
2) Wetted base paper layer 0Py,
3) Dry base paper layer.

Figure 2: Schematic of coated paper while drying.

The extent of SL. at the outset depends on the
concentration and volume content of solid particles
and the lighter the solid particles the greaterdL.
During the delay time, before reaching the SCC
condition, the moisture inside the coated layer enters
the base paper together with binding material; the
longer this period the greater 6Py, .

The extent of 8Py, depends on the delay time and
moisture diffusion into the base paper. The following

equation is proposed for its calculation Arpaci
(1966):

SPW,t = 6PW,0 + A ’12Dx,tt (1)

dPy o = A layer of base paper wetted prior to

entering the dryer.
D, . = coefficient of moisture diffusion into the

base paper, which is a function of moisture content
and temperature (Hashemi et al., 2003).

X,t

D} = F(Ty,X) ©)

Since DE is a strong function of temperature and

moisture content; which are highly variable parameters
during drying, the value of 6Py ; had to be determined

numerically.

The thickness of the dry base paper layer was
obtained using Equation (3). The base paper expan-
sion is assumed to be constant.

0Py = 0Pg 9 — 6Py 3
8P, o= base paper thickness

The thickness of the coated layer will be:

dLco=pLCW| X + P “4)
pc,d
SLC’tJrAt = SLCJ - ASLC (5)
CW
ASL¢ = p_AXC,t X 2 Xgece (6)
Lyt

When X <Xgcc, the thickness of the coated

layer is constant and the liquid level moves down
into the coated layer. The thickness of the internal
layer, which is water-free and filled with gas, is ob-
tained by the following equation:

CW
dyy =08Lcgcc ———AX¢y @)

€cPLt
Heat Transfer Mechanism

The heat required for coated paper drying is
mainly generated by means of vertical impingement
of fast jets of hot fluid on the paper surface. The
mode of impingement of fluid on the paper surface is
demonstrated in Figure 3.

T,
D S

A
‘Tj;Vj ‘Tj
H

TCX Tc
—_—

Figure 3: Mode of hot fluid impingement on the
coated paper surface.

T, T;, Tq and Te are the temperatures of the
outgoing jet fluid from the nozzle, of the coating
layer, of the unit’s metal planes and of the outgoing
hot fluid from the unit, respectively. Based on
Martin’s studies (Martin 1977), the heat transfer
equation under such conditions is obtained as
follows:
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NU = C.Re™.Pr" ®)

All physical properties of the fluids are read at an
effective average temperature:

T; :%[TC +%(Tj +T,, )} 9)

where T, is the paper surface temperature, which

varies according to fluid type. If hot air is used as the
heating fluid, T, will be the wet bulb temperature,

which is determined by the following equation and
through trial and error:

YiT¥e G (10)
T,-T, A

1

When the fluid is superheated vapor, the
temperature of the paper surface is the boiling water
temperature at the pressure of the dryer chamber.

Since the pressure inside the dryer chamber is the
same as the atmosphere, its temperature and the
temperature of all metal plates inside the dryer must
be kept above 100 'C in order to prevent vapor
condensation on the paper surface (Figure 4).

[ |

Metal sheet L q, \ T,
2

q ﬁ /Tc

L ' Coated paper

d3

Figure 4: Radiation between paper and metal
surfaces.

Defining the radiation power of a black body for
material i using the Stefan-Boltzmann law and
radiation properties, p; , €, and T, , which are the
coefficients of reflection, absorption and transmission,
each of the quantities q;, g5 and qj5 can be calculated

as follows:
_ 4
By, =oTi (11)
6=5667x1075......... W/m?K*
o €2 Ebe TPc2€d2.End (12)

1=pgsPen

. €.,E 4+ ¢ E
a4 = eALbd TPAAE ) Ebe (13)
1=pgsPes

~ Te2€d).Bpbd + TepPaEc i Eoe
qz = 1
“PdPc

(14

Heat absorbed by the surface is equal to (q5 -q)-
q3)-

Mass Transfer Mechanism

After the coating suspension is applied to the base
paper, moisture will be transferred in two ways:

1) Dewatering: Movement of coated layer moisture
into the base paper with transfer of the binding
material.

For modeling dewatering intensity, the Heikkilae
equation is used, which was obtained by reconciling
the Darcy, Lucas and Washburn equations:

A\ Hwen  Hwn)
m m 2
d(tea) _ a© | 2Cpt (16)
A AT Bwn)  Bwn)

These two equations are valid until X¢ =X¢ pec,

after which dewatering will not take place.

2) Evaporation: As coated paper passes through
dryer, its surface temperature increases and will
reach the evaporation temperature. As long as the
paper surface is completely wet, evaporation
proceeds similar to an open surface and the mass
transfer coefficient are obtained using the Chilton-
Calburn analogy (Kneule et al., 1975):

me, Pt hy ln|: Pt - Pv,oo :|
)2/3

A R{Tpc, (Le P P W)
Ta
Xer 2 Xesce
m
= h,C(Pyc—Py.,) (17b)

Coefficient C is constant within the functional
experimental conditions.
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When X <Xcgcc» the evaporation front goes

down into the coated layer. Vapor resulting from
evaporation has to travel out of the dry layer in some
way.

Mechanisms which are taken into account for
vapor transfer to the solid-fluid interface include:

1) Molecular diffusion;

2) Laminar flow through the pores.

For each of the above-mentioned mechanisms,
the following approximate equations may apply:

Molecular diffusion (Toei 1983; Masamune and
Smith, 1962)

m, 11
Y >gyD,g——| P,.—P 18
A YD AR RT Syv |: v,C v,c:| ( )

A laminar flow exists for vapor bulk movement
due to the small diameter of the pores, so:

mev

1

R%e ,
pLiREy I[P _p ] (19)
A 8ML,X SYV

v,C v,C

As a result, the following general equation is
obtained:

’ 2
Doy YV xnD, +(1-x) FR
A RVT‘SYV ML x
(20)
Dv (Pv,c - Pv,c)

where x indicates the diffusion function for vapor
transfer to the coated paper surface. If Equation (20)
is simplified as follows:

mA =K (P —Py.) @)

v,C

Then the overall intensity of mass transfer would
be:

. h,CxKg .

e O (22)
A hC+Kg' ~ ’

where P",’C is the partial pressure of vapor at the

evaporation level, which is less than the pure water

vapor pressure at a similar temperature, using
Kelvin's equation:

P, ; =P Fp, (23)

The vapor pressure factor under the present
conditions is assumed to be 0.25 for water (Gutoff
1999).

Temperature Distribution Model

In order to calculate the temperature distribution,
the paper is divided into differential elements. Due to
the high conductivity coefficient of the coating layer
and its small thickness, it can be assumed to have the
same properties at all points.

The base paper is divided to two sections as wet
and dry. The whole base paper is divided into eight
equal parts (as shown in Figure 5). To determine the
temperature of each layer, the equations of energy
and mass balance must be solved simultaneously.

hy /Tc
Ay
8Py ’
/ % [ Z
_p.i
OPy

Figure 5: The 3 layer model for coated paper.

Heat balance equation for the coated layer, taking
into account convectional and radiative heat transfer,
conductive heat transfer, heat of movement of
materials, latent heat of evaporation and moisture
sorption, respectively, is:

TP+1_TP
P P P P P
Pc Cpc AYC CAt < =hy(Tj_Tc)+qabs+

TP TP (mdj
K px2x—Pi—t 22 (Cpy ) (T-T,)- (Y

Ay, A
NP
Y

n [(hfg ); +(Ahs)f}

The fourth right-side term is valid as long
as X, > X¢ pec» and will be zero after that. Ahg is
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the latent heat of water sorption, the quantity of
which depends on temperature and moisture content.
Since the base paper has been covered with a metal
plate in this model, mass transfer occurs only in the
positive direction.

The heat balance equation for the internal layer

(i) is:

P+l_ P P P
of Cpliay v Tei_yr TpimTpi
p.i p.i p.i pii—-
At Ayp
T -TE
K? pitl - pi +q3xF .+
p.i+l 3 psi
Ayp
N
il P P P 25
APl (Cp)pi 1(T p,i—l_T p,i)+ (25)

The fourth, fifth and sixth right-side terms of the
equation are valid if the moisture level does not
reach to the interface of the base paper; otherwise, all
these three terms become zero.

Moisture Distribution Model

The moisture balance equations are divided into
two time intervals:
1) Xop 2 Xerec

For the coated layer:

) P ) P

m m
P+l P ev dj
CWXC+ _Xc =_( jo ( c

- 26
At A A (26)
For the wetted layers:
m m
Xpi' —Xp; ( dJ_] [ d)
BW— == = — ! 27)

At A A

But regarding the dry layers, there will be no
change in the moisture content:

2) X <Xercc

For the coated layer:

) P
m
1 (A%
CV\/XEJr _XEZ_( jc
At A

(28)

For the wetted layers:

P

m

xPH _xP. [ evj ]

BW 2L _—bl - Bl (29)
At A

Porosity of the Coating

It is demonstrated practically that saucer-shape
clay particles co-align during drainage and severely
reduce the porosity coefficient (Sennete et al., 1968),
but tiny binder particles will increase or decrease
porosity depending on the fact that they can reside
between pigment particles or fill vacant space
surrounding those particles. Garey (Garey et al.,
1975) reported that, in a clay-starch system, an
increase of the binder concentration up to 5 pph
slightly increased porosity, but at higher concentra-
tions reduced the porosity. In research conducted by
(Lepoutre et al., 1977) on a clay-latex system, it was
found that a latex concentration up to 15 pph had a
trivial effect on porosity but at higher concentrations
it reduced the porosity.

For approximate determination of the coated
layer porosity, pigment particles are assumed to be
hexagonal with an approximate diameter of 2-4 um
and a height of 1 pum and binding particles with an
average diameter of 0.1 um occupy the hollow
spaces between them. Although other solid additives
are present in these spaces, the following configura-
tion gives a better answer (Figure 6).

The porosity coefficient was reported by
(Lepoutre et al., 1977) as 0.33-0.35 for a clay-SB
latex system, by (Garey et al., 1975) as 0.32 for the
same system and similar composition and by Alince
(1987) with the same composition as 0.31. These
results indicate that the average diameter of the
pigment particles must be included in their calcula-
tions (Table 1).
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Figure 6: Configuration of solid particles

Table 1: Coated layer porosity, X scc and Xc pcc

in terms of diameter.

X¢,sce X¢,rec € D (um)
0.773 0.2925 0.305 4

0.8102 0.2342 0.26 2

0.8022 0.2465 0.27 1

SOLUTION OF THE EQUATIONS

Temperature and moisture distribution equations
were defined for the different layers. Then the
equations were solved through the Crank-Nicolson
method. This method has appropriate stability.
According to this method, when the temperature
distribution is known at time (t), it can be obtained at
t + At by the following equations:

T, (t+At) =T;(t)+AT; (30)

569

AT, = LHAL A (31)

( dTij (dTi)
+
dt ), \ dt
2
Different quantities were examined within the
0.1-0.001 s range, and 0.01 s proved to be the

appropriate period, confirmed by observing stability
and alignment in the responses.

EXPERIMENTAL PROCEDURE
Experimental Setup

To validate the model, laboratory measurements
were performed using a coater unit at McGill
University lab, which was comparable to industrial
units. This equipment allows impingement drying
similar to industrial impingement air drying of
coated paper, and a variable delay time after coating
application, down to only 0.2 s. Other key features
also include very rapid coating, only 0.01 s, and very
fast drying; from 0.3-3.2 s. The schematic of the
experimental setup is presented in Figure 7. The flow
rate of air or superheated steam was measured with
an orifice meter. The convection drying fluid
impinges on the surface of a sheet clamped on a
sheet holder. In the drying chamber, the pressure is
atmospheric. Sheet insertion and retraction into and
out of the drying chamber and drying time are
controlled by computer.

Computer control:
- coating application
- sheet insertion/ retraction [Zz

Sheet insertion -
retraction

delay time

S Turbine + Venturi
Steam
J ; . flow meter
Superheater
-Aifr heater .
‘Dryer
Dryving fluid
AIR  STEAM  exhaust
b

0.2s5 up

Computer monitoring
of process paraineters

Figure 7: Schematic of the test unit.
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Suspension Composition

Two suspensions with different compositions
(Table 2) were used in order to assess the effect of
solid type on the quality and drying rate of the coated

paper.

Table 2: Suspension composition.

Suspension A Suspension B
Composition | Component | Composition | Component
100 pph Clay 100 pph Clay
2 pph Starch 10 pph Starch
0.8 pph CMC 0.8 pph CMC
60 Solids% 60 Solids%

Coating Suspension Preparation

Binding material (suspending) was added to
distilled water and the pH adjusted to 8. The suspen-
sion was kept in a refrigerator overnight. Then CMC
was added and the suspension agitated vigorously
followed by latex (SB) addition. When the latex was
added, the agitation was continued at a slow rate. At
the end, by adding distilled water and sodium hy-
droxide, the solids concentration was adjusted to
60% by weight at pH 8.

The viscosity of the coating suspensions was
evaluated once per coating batch using a rotational
viscometer (HAAKE Rotovisco) at different tem-
peratures. The results are demonstrated in Figures 8
and 9.

Both suspensions A and B show shear thinning
behavior, with the exception that the viscosity
variation with temperature was greater in B.

Drying of Coated Paper

The coating formulation was changed only by
using two different binders as shown. The minimum
and maximum coating-drying delay time was used to
determine the optimal effect of this parameter. The
drying intensity, varied by controlling the drying air
temperature in the range of 120-200 °C, was chosen
to closely match the common industrial practices.
The air jet velocity was kept constant at the average
value of industrial practice of 40 m/s. The experimental
study was conducted based on 6 combinations of
these three parameters. For each combination of
parameters, 6 to 12 drying times from 0.3 to 3.2 s
were selected to obtain the complete drying history.
For the preliminary experiments, 8 or 10 were chosen
for each drying time, and this range of replicate
experiment was confirmed to be reasonable and
acceptable by subsequent error analysis. Thus, this
plan gives a total number of 432 experiments.

2 \\ —T=24.4C
) —T=40¢C
= 6000 \ \ —T=603C
4000
~
2000 S
0 !
0 20 4 60 80 100 120
6—uor N(RPM)
oy
Figure 8: Viscosity of suspension A.
3500 1
3000
2500
2
£ 2000 —T=243C
I \ —T=40.1C
1500 1— —T=604C

N
1000 AN
S |

500 ==

0 1
0 20 40 60 80 100 120

ou or N(RPM)
oy

Figure 9: Viscosity of suspension B.

This process was conducted at three temperatures,
120, 160 and 200 °C, and for both mixtures A and B,
using two fluids, hot air and superheated vapor, with
0.2 and 0.4 s delay times and at 40 m/s speed. At the
end of each test, the coated paper was kept inside an
oven at 105 °C for 24 hours and then weighted.

RESULTS AND DISCUSSION

The most important physical properties as well as
the data required for solving the equations are given
in Table 3. The coating temperature and the average
temperature on the coated paper for air at 120, 160
and 200 °C are given in Figures 10 and 11. The rate
of rise of the temperature of the coating layer and the
average temperature of the coated paper is very high
at the beginning of drying and then decreases. This
reflects the high temperature difference between the
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drying fluid and the surface of the paper, so the
drying is faster for a higher temperature drying fluid
than for a low temperature one.

Table 3: Basic data for simulation.

T,; = 298K i=1,2,3,....8

£, =026

Peq =1500 kg/m®

CW=10 g/m?

F,, =025

BW =40 g/m’

Ay, =10pm

120
S T jet=120
£ 100
E ¥
£ X T_jet = 160
g 80 2 e
g '3
F oo
E T_jet =200
© 4
20 3
0 1 2
Time (s)

Figure 10: Coated layer temperature (drying fluid is air).

120
*T_jet=120
100 -

Average temperature in °C

80 T_jet =160
60
T_jet =200
40
20
0 1 2
Time (s)

Figure 11: Average temperature of coated paper
(drying fluid is air).

The moisture content in the coating layer and the
total moisture content of the coated paper for drying
with hot air are given in Figures 12, 13 and 14.
Results show obvious reductions in the moisture
content as well as sharp decreases in the drying rate
with drying time, respectively. At time zero, there is
a layer of coating suspension with 40% moisture on
an almost completely dry base paper, gives an
average coated paper moisture content of about 20%.
At the end of drying, which is for this case 1.5 s, the

moisture content is reduced to about 2%. This
indicates that drying time at this condition is very
low. Similarly, the slope of the curve, representing
the local drying rate, also decreases quite a lot with
drying time, meaning that there is no constant drying
rate period when coated paper is dried.

0.7 g
*T_jet
0.6 A =
£ 05
B
: T_jet
g =160
3
E 03
o0
£
= T jet
9 j
S =200
0.1
0
0 1 2
Time (s)

Figure 12: Moisture content of the coated layer
against time.

0.25

* T_jet
=120

T_jet
=160

T_jet
=200

Average moisture content

Time (s)
Figure 13: Moisture content for the coated paper
against time (drying fluid is air).
(&

08 5

04 b, «coating

g e,
e,
; Poey, o = average

bes,
03 hLLT T « hiase paper

"*ettays,, 00,
400 T
02 o rresn,
.'l---
ol ) S L TTTTY
] [T [TTYTTRRS R F—
0 1
] 02 [E] [ L] (1] 1 1.2 14 18
Time {8}

Figure 14: Moisture content for coated paper against
time (drying fluid is air at 120 °C).
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In Figure 15, the moisture contents of coated
paper obtained by drying with hot air and
superheated steam is compared. It is clearly shown
that the drying rate (rate of decrease of the moisture
content) with hot air at 120 °C is higher than
superheated steam because the effective temperature
difference for heat convection is higher for air in this
case. But if the drying fluid was increased, this
difference decreases and, at higher temperatures, the
drying rate with superheated steam can be greater.

In Figure 16, the moisture content of coated paper
obtained from experimental measurements compared
with the results of simulation. The difference between
the relevant corresponding values is about 10%.

1.100 T

120 °C

0.900 +—¢

L)
.. 4 Vapor
0.700 '3

*
0.500

Air

0.300 —

Moisture content, TJ

0.100

0 2 4
Time (s)
Figure 15: Moisture content for coated paper against
time.
15

1 - theoretical

@

3

& L

05 LT T*I*;X\ experimental
= Tﬁa—%ﬂ;{
0 T
0 2 &
Time (s)

Figure 16: Moisture content for coated paper against
time (drying fluid is air at 120 °C).
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o
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Figure 17: Comparison between simulation results
and experimental results.

Simulation results were in accordance with
(Hashemi et al., 2003) and the difference between
the experimental and simulation results is less than
10%, as shown in Figure 17. In their work, paper
was formed as a stack of three plies. The local
temperature profile across the sheet thickness was
examined by inserting very fine thermocouples
between the plies during sheet preparation.

CONCLUSION

A simulation model for coated paper drying was
presented. In the model, paper was treated as three
separate layers, properties of which could be
measured at each moment. Martin's method was
applied to obtain the heat convection coefficient.
Radiation absorption was assumed to be exponential
in the middle layers. In the stage of moisture
disappearance from the surface and its penetration
into the paper, the mass transfer mechanism was
assumed to be a combination of molecular penetra-
tion and laminar vapor flow. The simulation results
matched well the experimental data.

The effects of changing the drying fluid, the delay
time, and the composition of the coating mixture
were also included in the model.

NOMENCLATURE
(0N Heat capacity J/kg.C
D diffusion coefficient m*/s
t Time s
T Temperature °C
P Pressure Pa
R Universal gas constant Jkg K
Nu Nusselt number
Re Reynolds number
Pr Prandtl number
Le Lewis number
X Moisture content, water/kg kg
dry solid
m Mass flux kg water/ m>.s
h Convective Heat transfer W/m>.C
coefficient
BW Grammage of base paper g/m’
Ccw Grammage of coated layer g/m’
K Heat Conductivity W/m.C
q Heat flux W/ m?
Greek Symbols
P Density kg/m’
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Porosity

Latent heat of evaporation J/kg
Viscosity kg/m.s
Labyrinth factor

Relative between two mass

coefficients

SeE>o

Subscripts

Moisture content
Time

Coated layer
Dry

Liquid

vapor

Initial condition
Jet condition
Film condition
ex Exit condition

i layer i

o < —man X
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