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Effects of suction pressure and permeability on the steam heating characteristics of the wet paper are
studied. Experimental results show that suction pressure enhances the energy absorption in the wet
paper and effects of suction pressure strongly appear in the high-permeability paper, and also absorbed
energy rate is decreased with increasing in heating time. From the numerical simulation results it is
found that increase in moisture content and decrease of pressure gradient reduce the absorbed energy
rate. Dimensionless numbers are derived from the basic equations to summarize the experimental and
numerical simulation results.
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1. Introduction

The paper manufacture industry is continuing development of
new procedures for removing more water before drying in the
press section of the paper making machine. Hot pressing is a tech-
nique to enhance the water removal by heating the wet paper in
the press section. It is well known that 10 °C rise in the ingoing
wet paper temperature decreases outgoing moisture content by
1% [1]. This is due to decrease of water viscosity and surface ten-
sion by increasing the temperature. Steam is one convenient
source to heat the wet paper for the paper making machine and
a steam box has been used for the hot pressing. Often times, the
steam box is used in conjunction with a suction box, because the
suction box causes a pressure-driven flow through the wet paper
and pulls the steam into the wet paper. Thus the suction box
improves the ability to heating the wet paper. From the technical
point of view, effects of the suction box on the steam heating char-
acteristics are mostly estimated by the pilot or mill trial results, but
key factors in the steam heating of the wet paper have not been
well identified [2]. Patterson et al. pointed out the effectiveness
of this technique and made a series of experimental investigations
using a unique experimental apparatus [3-5]. Their experimental
results show that steam penetration and heating characteristics
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in the wet paper are primarily governed by the permeability of
the wet paper. But details of heat and mass transfer in the wet pa-
per, such as absorbed energy rate, moisture contents and pressure
distributions have not been studied clearly.

In this paper, we study experimentally and analytically the
effects of suction pressure on the steam heating characteristics in
the wet paper. Temperature distribution and absorbed energy are
estimated by the experimental measurements. Time transients of
the moisture and pressure distributions in the paper-thickness
direction are studied numerically. Dimensionless numbers are de-
rived from the basic equations, which are relating to the steam
flow rate and the energy absorption rate. We apply these dimen-
sionless numbers to summarize the experimental and numerical
simulation results.

2. Experimental apparatus and method

The experimental apparatus used in this investigation is shown
in Fig. 1. The test sample of wet paper is clamped on a suction box
and the pressure of suction box is reduced by a vacuum pump.
There is a large volumetric buffer tank between the suction box
and the vacuum pump, which prevents fluctuation of the suction
pressure during the experiment. The steam box equipped with
the metallic mesh for a uniform steam flow into the test sample
is mounted on the linear guide, and it can move at 500 mm/s using
this linear guide. Steam generated in the boiler is supplied to the
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Nomenclature

a, Thermal diffusivity of paper (=p/(ppCpp)) [m?/s]
(ppcpp=8spl Cor * (1'8)pfscpfs)

G Specific heat []J/(kg K)]

D Capillary conductivity [m?/s]

Da Darcy number [-]

heg Latent heat of condensation [J/kg]

k Permeability [m?]

Kes Permeability at the fiber saturation point [m?]

key Relative permeability (gas) [-]

L Characteristic length scale (=t,) [m]

m Mass flux [kg/(m? s)]

e Steam condensation rate [kg/(m? s)]

m Mass per unit area [kg/m?]

nl Number of layer [-]

P Pressure [Pa]

P Dimensionless pressure [-]

P Modified phase change number |[-]

Pr Modified Prandtl number [-]

AP Pressure difference [Pa]

Q Absorbed energy [J/m?]

Q Average absorbed energy rate [W/m?]

Q szerage absorbed energy rate (80% heat input) [W/
m?]

ot Absorbed energy rate [W/m?]

S Water saturation [-]

Sc Modified Schmidt number [-]

T Temperature [°C]

t Time [s]

t Dimensionless time [-]

tp Paper thickness [m]

u Darcy velocity [m/s]

U Dimensionless velocity [-]

X Dimensionless length [-]

X Distance from top surface [m]
Z Moisture content (Dry basis) [-]

Greek symbols

€ Porosity [-]

o Density [kg/m?]

p Thermal conductivity of wet paper [W/(m K)]

u Viscosity [Pa s]

y Kinetic viscosity [m?/s]

¢ Moisture content (Wet basis) [-]

T Dimensionless suction pressure [-]

173 Dimensionless absorbed energy rate [-]

b Dimensionless average absorbed energy rate (80% heat
input) [-]

0 Dimensionless temperature [-]

Q Dimensionless mass flow rate of steam (=Da-7t1)[-]

Subscripts/superscripts

0 Reference value

at Atmosphere

C Capillary

d Bulk

f Fiber (=Bone dry paper)
fs Fiber saturation point
g Gas

i Initial value

1 Water

n Empirical factor

p Paper

sat Saturation

suc Suction

t Time

\Y Steam

steam box through the steam tube. The steam tube is heated by the
electrical heater to prevent condensation not only in the steam
tube but also in the steam box; that is, the steam is slightly super
heated at 103 or 110 °C. The mass flow rate of steam is 9 kg/h,
which is enough for the steam heating experiments.

To evaluate the effects of permeability and thickness on the
steam heating characteristics, the handsheets of a newsprint and
a fine paper with the basis weight (weight of bone dry paper/paper
area) of 100 g/m? and 200 g/m? are used in the experiments. As de-
scribed later, the permeability of the newsprint and fine paper are
greatly different, and the thickness of the wet paper changes in
proportion to the basis weight. The test samples are multi-ply pa-
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shown in Fig. 2. Both surface temperatures are also measured with
thermocouples. The thermocouples used in all experiments are the
Type K bare-wire thermocouples with 0.025 mm diameter. The test
sample is pressed at 1.37 MPa for 5 min, so thermocouples and wet
paper are bounded tightly. The shape of the test sample is a square
125 mm on a side. Fig. 2 shows details of the test section placed on
the top of the suction box. A coordinate x is set from the top surface
of the test sample which thickness is denoted by t,. The top of the
suction box is made of teflon and has an opening area of 50 mm
square for the suction flow. To prevent the deformation of the test
sample in the suction area, a wire mesh and a felt sheet are used to
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Fig. 1. Schematic of experimental apparatus.
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Fig. 2. Details of test section and test sample.
support the wet paper. The permeability of the wire mesh and felt Table 2
are much larger than that of the wet paper. So, the steam flow rate Characteristics of paper
through the wet paper is dominated by the permeability of the wet Grade Newsprint  Fine paper
paper. ? ﬁltefr paper and rcidsmousl stll_eet are !ocatedhbetween Fhe Basis weight [g/m’] B 100, 200
top‘sur. ace o wet. paper and metal clip. A resinous s eet r.estrams Paper thickness ¢, [um], ¢ =055 [-] 300 (100[g/ 280 (100 [g/m?]) 560
aspiration of the air and steam from the outside of the suction area. m?]) (200 [g/m?])
The filter paper prevents droplet absorption into the wet paper; Fiber saturation point ¢rs [-] 0.383 0.438
because the droplet is generated by the condensation at a metal ~ Porosity &l-]. ¢ = ¢ [-] el e
cli Permeability k [m~], ¢ = 0.55 [-] 843 x 107" 1.02 x 10~
P ) ) Permeability ke [m2], ¢ = s [-] 2.66x 10 1.55 x 1013
The moisture content of the test sample may change during the Relative permeability kry [-] (1-5)? (1-s)2
installation of the test sample on the experimental device and the Capillary conductivity D [m?/s] Han x 0.25, Han x 1.0, 4.0
waiting period for the pre-steady state. The pre-steady state means ) : 1.0
that the suction flow is introduced but steam is not supply to the ety (B0l |Legorrl), 5= 6 [ 7 EE
le. To get the desired initial moisture content in the Specific heat (Bulk) [IKke K], ¢ =023 [-] ~ 2893 2893
test sample. To g Thermal conductivity (Bulk) [W/(mK)], ¢ 0.456 0.456

steam heating experiment, we use a calibration curve which takes
into account the evaporation before the test. After the moisture
content of the test sample and steam temperature come to be
the targeted values, the pressure of the buffer tank is reduced to
the desired value by the vacuum pump. Then an electromagnetic
valve is opened to allow the suction to be applied the test sample;
the steam box moves from a waiting place to the heating position
after the pressure of the suction box and the pressure distribution
in the test sample reach steady state.

The experimental conditions and characteristics of paper are
respectively shown in Tables 1 and 2. The moisture content ¢ is
a wet basis moisture content (weight of water/(weight of water +

Table 1
Experimental conditions

Grade Basis Number of Initial moisture Suction pressure
weight  thermocouples content ¢; [-] (Gauge)[kPa]
[g/m’]

Newsprint 100 5 0.55 0, —25, —46

Fine paper 100 5 0.55 0, -5, —15, -25
200 5 0.55 0, -5, —-15, -25

=0.55 [-]

weight of bone dry paper)). Thermal conductivity of the wet paper
is obtained by a regression formula, which considers the effect of
moisture content [6,7]. The permeability of paper is estimated by
the Darcy’s law.

_ Mgty
k=55 (1)

where k is the permeability, u is the Darcy velocity.

The volumetric flow rate and Darcy velocity are evaluated by
the results of Gurley method (JIS (Japanese Industrial Standards)
P 8117). The thickness of paper is tested in accordance with JIS P
8118. The relation between moisture content and permeability of
wet paper is shown in the Fig. 3. The thickness of wet paper with
a basis weight of 50 g/m? is shown in Fig. 4. The permeability
and thickness of paper have an inflection point. The wet paper con-
sists of liquid (water) and gas (air etc) in a matrix of porous solid
(fiber). It is considered that this inflection point is related to the fi-
ber saturation point [8]. At moisture contents less than the fiber
saturation point; the water is contained in only the intra-fiber
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Fig. 4. Paper thickness (50 g/m?).

pores and water saturation can be treated as 0. Here, water satura-
tion denotes the fraction of pore space occupied by the inter-fiber
water. So the thickness of wet paper increases with the moisture
content. At higher moisture contents than the fiber saturation
point, the water is contained in the inter-fiber pore and the perme-
ability of the wet paper decreases with increasing moisture con-
tent. Hence, water saturation is increased with moisture content.
From the Table 2, Figs. 3 and 4, we can understand that the perme-
ability of the newsprint is much smaller than that of fine paper at
the initial moisture content of 0.55 while the difference of thick-
ness is small. Also, the fiber saturation point corresponds to the
inflection point shown in Figs. 3 and 4.

3. Experimental results

The absorbed energy is calculated by the following equations
using the measured temperature. Fig. 5 shows one layer of the test
sample, the average temperature of one layer is evaluated by

Ti = (Ti + Tiyy)/2. (2)

Where T} and T;,, denote the measured temperatures of the upper
and lower surfaces of the layer i at the time ¢, respectively. Absorbed

@ T
| B i
i+1

Paper (1Layer: 25 or 50g/m?2)

Thermocouple

Fig. 5. Calculation method of absorbed energy.

energy Q; of the layer i within each sampling time At is estimated
by Eq. (3). In this experiment, data sampling rate is 200 Hz and At is
5 ms.

Q; = (Coumy + Cpemy) (T = Tf) (3)

Where Cp,; and Cy¢ are the specific heat of the water and fiber. m;, m¢
denote the mass per unit area of water and fiber (=bone dry paper)
in layer i. Absorbed energy Q' of the test sample within each sam-
pling time is calculated by summing the absorbed energy of each
layer. Absorbed energy rate Q' is calculated by Eq. (5).

t & t l t
Q= [ Q=30 @

. t,
Q= [ aidv/ae—q/at (5)
x=0
Where nl is the number of layers. Absorbed energy Q of the test
sample within steam heating period t is evaluated by Eq. (6), and
average absorbed energy rate is calculated by Eq. (7).

Q=LQ¢=;Q (6)
Q=qt (7)

Fig. 6 shows temperature distribution and absorbed energy rate Q'
for the newsprint and fine paper with a basis weight of 100 g/m? at
the suction pressures 0 and —25 kPa. When the suction pressure is
0 kPa, the pressure in the suction box is equal to the atmospheric
pressure. Then the suction box does not cause the pressure-driven
flow and there is no suction effect on the steam heating of the
wet paper. In this case, AP =0 kPa, the newsprint (Fig. 6 (a)) and
fine paper (Fig. 6 (c)) have a similar temperature distribution and
absorbed energy rate, and the large temperature difference occurs
along the thickness direction during the steam heating period. Here,
a definition of AP is a pressure difference between the atmosphere
and the suction box. It is considered that paper grade does not affect
the steam heating characteristics and heat conduction dominates
the heat transfer in the wet paper. In the case of AP = 25 kPa, the ab-
sorbed energy rate is increased and the temperature difference at
t=0.1s is reduced because the bottom surface (x/t, = 1.0) tempera-
ture rises quickly. Temperature at the x/t, =0.25 almost becomes
the steady state temperature before initiating the temperature rise
at the bottom surface (x/t, = 1.0). This means that the steam raises
the temperature of each position to the equilibrium temperature
and the condensation region extends from the top to the bottom
surface. For the fine paper at AP =25 kPa, the steady state temper-
ature at each location gets to the equilibrium temperature. That is,
in Fig. 6(d), the temperature of the bottom surface (x/t,=1.0) at
t=0.5 s is almost same as 92.2 °C, which is the equilibrium temper-
ature for the suction pressure —25 kPa. The absorbed energy rate
has a maximum value immediately after the initiation of steam
heating, and the absorbed energy rate is decreased with increasing
in the steam heating time. It is considered that increasing of mois-
ture content at the surface region reduces the permeability of wet
paper and the spreading of the condensation region decreases the
pressure gradient, which reduce the mass flow rate of steam into
the wet paper and absorbed energy rate. From Fig. 6(b) and (d),
we can see that effects of the suction pressure strongly appear in
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Fig. 6. Temperature distribution and absorbed energy rate (100 g/m?).

the fine paper. Maximum absorbed energy rate of the fine paper is permeability of the newsprint is about one-tenth of the fine paper,

almost three times larger than that of the newsprint. This is because it is interesting to note that we have almost same the steam flow
as shown in Table 2 and Fig. 3, the fine paper has a higher perme- rates and absorbed energies when the suction pressure for the
ability than the newsprint. At the initial moisture content point, newsprint is about ten-times larger than the fine paper. But at

the permeability of the fine paper is about ten times that of the t =100 ms, the newsprint has a smaller absorbed energy than the
newsprint. Furthermore, from Fig.6(b), in the case of newsprint, it fine paper. The condensation heat transfer depends on the suction
seems that internal steam condensation heats only near the surface flow of steam characterized by the permeability as well as the
region, and the heating due to the internal steam condensation dis- water mobility due to the capillarity. Details of these effects will
appears immediately and heat conduction dominates the heat be discussed in Section 5.

transfer in the wet paper. On the other hand, for the fine paper

(Fig. 6(d)), it seems that most of the region is directly heated by

the internal steam condensation.

4. Analysis

The relation between the suction pressure and the absorbed en-
ergy at t =30, 50, 100 ms is shown in Fig. 7. As mentioned above 4.1. Numerical simulation model
the suction pressure enhances the energy absorption in the wet pa-
per, and effects of the suction pressure strongly appear in the fine A one-dimensional numerical simulation model has been devel-
paper. For the newsprint, at t = 30, 50 ms, even in the large suction oped. The followings are the mass, momentum and energy conser-
pressure such as —46 kPa, the absorbed energy is almost equal to vation equations used by the model; details of this model are
that for the fine paper at the suction pressure —5 kPa. Since the described in the previous work [9].
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4.1.1. Mass conservation

Mass conservation equations for steam and water are expressed

by Egs. (8) and (9).

(Steam) %(pvuv) +m.=0 (8)

(Water) & < (pis) = — - (pitn) + 1 ©)

where . is steam condensation rate in the wet paper, ¢ is the
porosity, and s is the water saturation denoting the fraction of pore
space occupied by the inter-fiber water.

4.1.2. Momentum conservation
Momentum conservation equations for steam and water are
respectively written by

(Steam) rity = —p, krlvlkfs % (10)
_ kop
(Water) m = plﬁl ax = PPy (11)

where k¢ denotes the permeability of the wet paper at the fiber sat-
uration point, k;, is the relative permeability for gas. k, is the perme-
ability for the water, and D is the capillary conductivity. pq, Pc and Z
denote the bulk density of the fiber, capillary pressure and moisture
content (dry basis), respectively.

The relative permeability can be given by the empirical formula
[10].

kry =(1—5)" (12)

Here n is the empirical factor estimated by the experimental data.
This empirical factor n is evaluated by using relation between water
saturation (moisture content) and permeability that we measured
(Fig. 3). From the comparison with measured results, we find that
the relative permeability is appropriately expressed when we use
a value of n =2 for the fine paper and n =3 for the newsprint. It is
considered that the paper structure and material composition make
difference to the mass transfer characteristics in the paper.

In porous media, such as paper, the capillary pressure for water
flow is proportional to the moisture content. In order to express
the capillary flow rate, a capillary conductivity D is derived
[11,12]. We are using the capillary conductivity D based on the
experimental result by Han and Ulmanen that is the average value
in the literature [11], but it depends on the paper structure, mate-
rial composition, etc. Therefore the parametric calculation for the
capillary conductivity is carried out.

4.1.3. Energy conservation
The energy conservation equation in the wet paper can be sim-
plified as follow.

0 1-¢ 0 0 oT
8& <SpICP1T + TpfscpfsT> = _&(Pvuvhfg) ‘*‘& (21) a_x> (13)

Thermal conductivity of the wet paper is obtained by a regression
formula, which considers the effect of moisture content [6,7].

J—034—"_ 10040 (14)

1-9¢
The specific heat and density of the saturated fiber in Eq. (13) are
expressed in the following equations.

Cots = ¢5sCo ;r (1 — ) Cpe

P = A=) = g P

Cpe=1.3 x 10° [J/(kg K)] is the specific heat of the fiber. Properties of
the wet paper are shown in the Table 2.

Temperature, moisture (water saturation) and pressure distri-
butions in the thickness direction are obtained with the finite dif-
ference method. Basic conservation equations, Eqgs. (8)-(11) and
(13), are numerically solved by the explicit method [13]. The steam

15)
(16)
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flow rate is calculated by equating the pressure drop in the wet pa-
per to the suction pressure difference, and condensation rate is set
as same as this mass flow rate until the temperature of wet paper
becomes steady state.

4.2. Dimensionless number
Using following characteristics values and dimensionless quan-
tities, we derive the dimensionless numbers from the basic equa-

tions that denote the feature of steam heating of the wet paper.

4.2.1. Characteristics value

Length L = ¢, (17)

Velocity up = ki g (18)
v ‘P

Time to = L/uyg (19)

Temperature AT = Tgy — T; (20)

Pressure AP = P, — Pgyc (21)

Where ¢, is the paper thickness. k; is permeability of the wet paper
at the initial moisture content. Ty, and T; denote the saturated tem-
perature and initial temperature of the wet paper, respectively. P,
and Pg, are the atmospheric and suction pressure.

4.2.2. Dimensionless quantity

Length X = x/L (22)

Velocity U = u/uy (23)

Time ¢+ — ot _ ki AP (24)
A

Temperature 0 = (T — T;)/AT (25)

Pressure P* = (P — Pgy)/AP (26)

4.2.3. Dimensionless number

Modified Prandtl number Pr' = v, /a, (27)
Modified Schmidt number Sc¢’ = v,/D (28)
Modified phase change number (= Yakob number) (29)

PH' = (CppAT)/hgg

Q=3.16
20 | I I L ‘
Line | Pemeability LS:L’LHSKM s
a Fine paper HanX4.0 0.37X10°
b Fine paper HanX1.0 15X10°
15 c Newsprint HanX1.0 15X10° N
d Newsprint HanX025 6.0X10°

0 20 40 60 80 100
t*
(a) 2=3.16

Darcy number Da = k;/L? (30)
2
Dimensionless suction pressure 7; = p L AP (31)
15
2. Nt
Dimensionless absorbed energy rate m, = Lme  1Q (32)

Hy - Uy hfg

Modified Prandtl number is the ratio of kinetic viscosity of the
steam and thermal diffusivity of the wet paper, which indicates
the influence of heat conduction on the heat transfer in the wet pa-
per. Modified Schmidt number represents the effects of capillary
flow on the water movement. Phase change number denotes the
ratio of specific heat and latent heat, and Darcy number indicates
the flow resistance of the porous media. Dimensionless number
71 and 7, are unique; 71, is the dimensionless suction pressure rep-
resenting the dimensionless driving force of pressure-driven flow,
and 7, is the dimensionless absorbed energy rate. Here a product
of Da and 7, becomes useful dimensionless number, which charac-
terizes mass flow rate of steam. We define the dimensionless num-
ber € and ), as follows.

Dimensionless mass flow rate of steam Q = Da - 7y (33)

Lo

vhfg

Dimensionless average absorbed energy rate 7, = (34)
Where a is the average absorbed energy rate until absorbed energy
Q reaches the 80% of the maximum absorbed energy. Maximum ab-
sorbed energy is equal to the heat requirement to raise the sample
temperature to the steady state value.

5. Discussion

Fig. 8 shows dimensionless absorbed energy rate n, at 2 =3.16
and 6.0. As mentioned earlier, influence of capillary conductivity
on the absorbed energy rate is parametrically studied. This is tan-
tamount to vary the value of modified Schmidt number Sc'. The
lines a and b in the Fig. 8 are the calculation results for the fine pa-
per. We use a value four times the value of the capillary conductiv-
ity by Han and Ulmanen for a, and the value by Han and Ulmanen
is applied for b. The lines c and d are the calculation results for the
newsprint, where the value of Han and Ulmanen for ¢ and one-
fourth value is applied for d. Increment in the capillary conductiv-
ity reduces modified Schmidt number Sc'. For the relative perme-
ability, we use n=3 for the newsprint and n=2 for the fine

20 I I | I
Line Permeability Capxllu{y‘ Sc'
conductivity
a Fine paper HanX4.0 037X10°
b Fine paper HanX 1.0 15X10°
15 - —
¢ Newsprint HanX1.0 15X10°
d Newsprint HanX025 60X10°

o

0 20 40 60 80 100
t*

(b) £2=6.0

Fig. 8. Absorbed energy rate 7,.
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paper. At the same modified Schmidt number Sc’ and flow rate €,
the absorbed energy rate 7, of newsprint is smaller than the fine
paper. Newsprint has a larger n than the fine paper. Therefore,
the permeability of the newsprint is easily affected by the increas-
ing moisture content, which prevents the steam flow into the wet
paper. Fig. 9 shows moisture and pressure distributions in the
thickness direction at the €2 =3.16 and 6.0. An example of low ab-

1.0 Har‘lx 1/‘4, n=‘3,9‘=3.16 1.0 Har‘1X4.‘0, n=‘2, QT3.16
0.8 1 t*=20 i
45
0.6 70 _
% 95
S04l 120 |
0.2 i

0.0 1 ! ! !
0.0 0.2 04 06 0.8 1.0
X

0.0 | ) L I
00 02 04 0.6 0.8 1.0
X

P*
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sorbed energy rate, Fig. 9(a) and (c) show the calculation results of
the newsprint (n = 3) with one-fourth capillary conductivity value
(Sc’ = 6.0 x 10°). Also, an example of the high absorbed energy rate,
calculation results for the fine paper (n = 2) with the quadric capil-
lary conductivity value (S¢’ = 0.37 x 10*) are shown in Fig. 9(b) and
(d). The moisture content increases with heating time due to the
internal steam condensation and the spreading of the condensa-

Han x 1/4, n=3, Q=6.0

Han x 4.0, n=2, 2=6.0
lO T T T T 10 T T T T
0.8 =20 0.81- t#=20 .

45 45
0.6 70 0.6 70 |
95 X 95

0.4 120 041 120 |
0.2 021 _

0.0 | 0.0 I ! !
0.0 0.2 04 06 08 1.0 0.0 0.2 04 06 08 1.0

X X
Han x 1/4, n=3, Q=3.16 Han x 4.0, n=2, =3.16 Han x 1/4, n=3, Q=6.0 Han x 4.0, n=2, Q2=6.0
070 aI\l T L T T 070 T T T T 070 T T T T 070 T T T T
o t#=20 o = o
= 065 45 Z0.65| 4 Z065) i g 0.65
3 70 3 =20 3 t+=20) 3 t+=2045
£ 95 £ 10 £ 370 = 70
8 0.60| . 80.60 954 S0.60[F 95 1 80.60L 95
2] _— o L gt_; 120 )
E] 2 2 2
§ 0.55 o §0.55 e § 0.55 — .go.ss =

0.50 ! ! ! ! .50 L L | I
00 02 04 06 08 1.0 00 02 04 06 08 1.0
X X

(a) Newsprint
02=3.16, Sc’=6.0 x 10
(D:Han x 1/4, n=3)

(b) Fine paper
02=3.16, Sc’=0.37 x 10°
(D:Han x 4, n=2)
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(c) Newsprint
02=6.0, S¢’=6.0 x 10°
(D:Han x 1/4, n=3)

(d) Fine paper
02=6.0, S¢’=0.37 x 10°
(D:Han x 4, n=2)

Fig. 9. Pressure and moisture distribution.
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Fig. 10. Relation between Q2 and 7).
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tion region reduce the pressure gradient. Increasing of the mois-
ture content and decreasing of pressure gradient reduce the mass
flow rate of steam and energy absorption rate. As shown in the
Fig. 9(a) and (c), in the case of high Sc/, the moisture content at
the surface region becomes relatively high. So, reduction of the
permeability is large in comparison with the low Sc’ case, and mass
flow rate of steam and absorbed energy rate become relative low.
For the high Sc’ case, the moisture content at the surface region in-
creases with decreasing Q (Fig. 9(a)). When Q is small, the mass
flow rate of steam is also small, and the steam is consumed by
the internal steam condensation near the surface region and other
region is mainly heated by the heat conduction. Therefore, mois-
ture content at the surface region rises drastically. For the small
Q with high Sc¢/, an increase in the moisture content at the surface
region mainly decreases the absorbed energy rate. In the case of
low Sc’ (Fig. 9(b) and (d)), the water generated by the internal
steam condensation flows to the downstream rapidly, and the
moisture content at the surface region is maintained at relatively
low level, even if Q is small (Fig. 9(b)). In this case, most of the re-
gion is directly heated by the internal steam condensation and only
the bottom region is heated by the heat conduction. For the case of
Fig. 9(c) where € is large enough, the moisture content at the sur-
face is relative low and most of region is heated by the internal
steam condensation even in the high Sc’condition. When 2 is suf-
ficiently large, the steam velocity in the wet paper is faster than the
thermal diffusion velocity. Thus, the internal steam condensation
can be used to heat both near-surface region and inner region.

The non-dimensional relation between the steam flow rate Q
and the average absorbed energy rate 7, is shown in Fig. 10. In
the figure, analytical results a and b are for the fine paper, and ¢
and d are for the newsprint. Calculation conditions are the same
as Fig. 8. Experimental results are also included in the figure and
we can see all of the data for newsprint are plotted in the smaller
Q range. Since the lower permeability of the newsprint is not so
effective for the suction flow, only heat conduction can be used
to heat up the wet paper. On the other hand, the experimental en-
ergy absorbed in the fine paper increases in proportion to the
steam flow rate regardless of the basis weight of paper. Since the
theoretical results correspond with these experimental data very
well, it is considered that the dimensionless number  and 7
are useful to estimate the effect of suction pressure on the energy
absorption. From the theoretical line a for the fine paper with low
Sc’, we can see that 7, increases with Q and can understand the pa-
per is directly heated by the internal steam condensation. In the
case of high Sc’ (line d), there is a region of constant absorption en-
ergy without depending the steam flow rate. It is clear that the wet
paper is mainly heated by the heat conduction in this region. Even
in the high Sc’ (line d), however, the heat transfer in the wet paper
changes from the heat conduction to the internal steam condensa-
tion if € is larger than a certain value.

6. Conclusion

We studied heat and mass transfer of the wet paper in the
steam heating process experimentally and analytically. Two un-
ique dimensionless numbers, 2 and 7, are derived from the basic
equations to express the relation between the mass flow rate of
steam in the wet paper and the average absorbed energy. Experi-
mental and numerical results are summarized by using these
dimensionless numbers and the following conclusions are
obtained.

(1) Suction pressure enhances energy absorption into the wet
paper and its effects are marked in the high-permeability

paper.

(2) In the case of small  with high Sc, the absorbed energy rate
is decreased with increasing of the moisture content at the
surface region, and heat transfer in the wet paper is domi-
nated by the heat conduction.

(3) In the case of large Q, decreasing of pressure gradient
reduces the absorbed energy rate, and the wet paper is
mainly heated by the internal steam condensation.
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