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NE OF THE LAST STAGES IN the

papermaking process is

the drying of the continu-

ous paper web. The most
common way to dry paper is to
employ a multicylinder drying sec-
tion, in which a combination of con-
tact and convective drying is used.
The web passes large rotating cast
iron cylinders which are heated
from the inside by condensing
steam. Not only is the drying section
a critical sector in the paper pro-
duction, but it is also an energy user
of gargantuan measures. It is esti-
mated that about two-thirds of the
total energy required in papermak-
ing is used to dry the paper (1).
These two facts act as incentives to
the present work.

Computer simulation of the dry-
ing section has proved itself to be a
versatile and useful tool, e.g., for
optimizing the production and for
obtaining a better understanding of
the complex interaction of the
process parameters. A recent review
of the literature on the modeling of
paper drying (2) shows that at least
20 models exist, ranging widely in
complexity, from simple ones that
use many empirical correlations, to
models of great intricacy and elabo-
ration. It is notable that none of
these models includes a detailed
study of the influence of the dryer
fabric on the drying process.

This article presents a new simu-
lation model which is based partly
on fundamental theory of heat and

mass transfer and partly on empirical
results. Emphasis is placed on tuning
the model to the actual process and
above all on comparisons of simula-
tion output and measured paper mill
data.

MATHEMATICAL MODEL

In this model all transport processes
in the paper web are represented by
a lumped parameter, viz., the appar-
ent thermal conductivity, which
accounts for both conduction and
evaporation/condensation phenom-
ena within the web. The lumped
parameter approach has been found
to yield very good results, while at
the same time reducing the compu-
tational time significantly as com-
pared with a case where coupled
mass and heat transfer equations
have to be solved simultaneously.
Since no internal mass transfer phe-
nomena are considered in the model,
evaporation takes place only at the
surface(s) of the paper web.

The mathematical basis of the
model is the equation for unsteady
state heat conduction, Eq. 1. It is
applied to both the cylinder shell
and the paper web with appropriate
boundary conditions. The heat trans-
fer is considered to be one-dimen-
sional and perpendicular to the
paper web (in the z-direction). The
equation is solved subject to six
boundary conditions. A full descrip-
tion of the model is found in (3), the
following is a rather condensed ver-
sion:

mathematical model, a simulation
program was developed. In order to
verify the simulation output nine dif-
ferent industrial paper dryers were
surveyed. These produced different
paper grades: newsprint, fine paper,
fluting, and paperboard. During a sur-
vey, temperatures and moisture con-
tents of both paper and drying air as
well as the temperature of the cylin-
der surface were measured. Seven of
the nine cases involved steady-state
production, whereas in the remaining
two cases the basis weight and
machine speed were altered consider-
ably. The model applied just as well to
lighter paper grades such as
newsprint as to heavier grades such
as paperboard.The data predicted by
the program compared favorably with
the measured data in all nine cases.

oT/ot = (kir cp)
0%T/0Z2 1)

The boundary condition at the
paper-air interface is given by Eq. 2,
which states that heat used for evap-
oration of water is either conducted
to the surface or convected from the
ambient air. A corrected convective
heat transfer coefficient, hpa*, is
employed since drying involves
simultaneous heat and mass transfer
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1.The fitted condensate coefficients versus machine speed.The
theoretical values have been calculated for a 2-mm thick lami-
nar film according to Appel and Hong (14).The approximate
transition region between ponding and rimming for 1.5-m diame-
ter cylinder is indicated.

2. The fitted contact coefficient intercepts versus basis weight

Machine A Machine B Machine C Machine D Machine E

Paper grade Fine paper Fluting Paperboard Newsprint Fine paper
Basis weight (moisture free), g/m? 77 133 213 See Table Il See Table I
Machine speed, m/min 708 600 454 See Table Il See Table Il
Number of cylinders 37 59 84 36 20
Single-tier configuration 1-6 1-10 — 1-36 1-8
Condensate coefficient, W/m2°C 1650 1500 1400 1900 3300
Contact coeff,, intercept, W/m?°C 500 300 400 500 1400

I. Some key data for the five drying sections.

(4).Standard Nusselt correlations for ~ tween heat and mass transfer. Above M /A =

parallel flow past a flat plate (4) was  the critical moisture content the par- [Ke,paMthot

used to obtain the uncorrected coef-
ficient, h . The mass rate of flow,
m . is calculated using the Stefan
Eq. 3. The equation contains the
parameter K, which is the coeffi-
cient for mass transfer from the
paper surface to the ambient air. It is
obtained from the corresponding
heat transfer coefficient, hpa, by the
Chilton-Colburn analogy (5) be-
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tial vapor pressure at the paper sur-
face, Py is a function of temperature
only. Below this limit the pressure is
given by a desorption isotherm (6):

[SEE PAGE 167 FOREQ. 2]

IRT]In[(P, —p)/
(

(P —Py) 1 (TinKelvin) 3)

Experimental studies (7) have
shown that the fabric reduces the
size of the mass transfer coefficient
by 30-50%. The model takes this into
account by introducing a new para-
meter, called the fabric reduction fac-
tor, FRF. The reduced mass transfer

coefficient, KG,pfa’ is obtained from
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4. Comparison between predicted and measured sheet moisture content for Machine A

Eq. 4. It is then inserted in Eq. 3 to
yield the reduced mass rate of flow,
m Computations, based on the
experimental results in (7), indicate
that the corrected heat transfer coef-
ficient, hpfa*, is approximately unaf-

fected by the fabric, Eq. 5. The final
expression for the boundary condi-
tion at the paper surface when it is
covered by a dryer fabric is given by
Eq.6:

K -_—

G,pfa -

Kgpa (100-FRF) (4

Q)

[SEE PAGE 167 FOR EQ. 6]

The boundary condition at the
cylinder-paper interface is governed
by Eq. 7, where hCp is generally
referred to as the contact heat trans-
fer coefficient. Equation 8 reflects
the moisture dependence of the
contact coefficient. The intercept,
hcp(O) at u = 0,should be in the inter-
val 200-500 W/m?°C. The intercept
of the contact coefficient is the first
of two fitting parameters used to
tune the model. The subject is fur-
ther elaborated in the section enti-
tled “Tuning of the model”

[SEE PAGE 167 FOREQ. 7]

h,(u) = h_,(0) + 955u (8)
At the cylinder-air interface, the
boundary condition is given in Eq. 9.
Only convective heat transfer is con-
sidered, radiation effects having
been neglected. The heat transfer
coefficient is obtained from Nusselt
correlations for parallel flow past a
flat plate (4).

[SEE PAGE 167 FOREQ. 9]

The fifth boundary condition,
Eq. 10, is applicable when the fabric
is sandwiched between the cylinder
and the paper in a single-tier config-
uration. A value of 300 W/m2°C was
found to provide good agreement
between the predicted and the mea-
sured cylinder surface temperatures
on several different paper machines.

[SEE PAGE 167 FOREQ. 10]

The heat transfer from the steam
through the condensate layer to the
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inner surface of the cylinder is gov-
erned by Eqg. 11, which constitutes
the sixth boundary condition. The
heat transfer coefficient h_, com-
monly known as the condensate
coefficient, is the second fitting para-
meter of the model. It is further elab-
orated in the section entitled“Tuning
of the model”

[SEE PAGE 167 FOR EQ. 11]

The apparent thermal conductiv-
ity of the paper represents all heat
transfer processes in the paper web.
The model employs Eq. 12 which
was reported in (8). kdry is the value
at u = 0; it has been assigned a value
of 0.08 W/m°C in all simulations.

k(W= (k, +uxk)/(1+u) (12)

In order to take the shrinkage in
the z-direction of the paper into
account, the expression for the
paper thickness in Eq. 13 is a func-
tion of the moisture content. This
equation was reported to yield rea-
sonable agreement with experimen-
tal observations (8, 9):

d(U) = G, [(Ur )+ (ur,)] (13)

SIMULATION PROGRAM

The partial differential Eq. 1 is solved
numerically by an implicit finite dif-
ference method. Since only one-
dimensional heat conduction is con-
sidered, both the continuous paper
web and the cylinder shell can be
split up into small elements. By fol-
lowing the step-by-step progression
of such a small element in the
machine direction, it is possible to
simulate the entire dryer section of
the paper machine. During this pro-
cedure, it is necessary to keep track
of the position of the element so that
the appropriate boundary condi-
tions can be applied.

The simulation program runs
under MS Windows and was devel-
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5. Comparison between predicted and measured temperatures for Machine B

oped using the Borland Pascal com-
piler. Full use has been made of the
graphical interface supported by
Windows. The user has a large
degree of freedom to vary parame-
ters such as the machine geometry
and the operating conditions. The
program offers options, e.g., pocket
ventilation, single-tier configuration,
and vacuum rolls. The simulation
output is contained in three plot
files and one report file. The plot
files are intended to be imported
into a spreadsheet program such as
MS Excel or similar. The execution
time for a 40-cylinder machine is
around 5 min using an IBM compat-
ible 486 66 MHz computer.

EXPERIMENTAL
In order to establish the reliability of
the output of the simulation pro-
gram, comparisons must be made
between calculated data and data
actually measured in industrial
paper dryers. Thus far, nine drying
section surveys have been per-

formed. These have concerned
paper machines of a wide variety of
characteristics. The data are com-
piled in (10), along with detailed
accounts of both the measuring
instruments and the results,
together with comments. An English
version, dealing with only three of
the machines, is presented in (11).1t
was decided that the surveys should
be limited to the paper web and its
immediate surroundings. Thus, the
heat recovery system and the intri-
cacies of the steam and condensate
system were not included. It was
also decided that parameters con-
cerning paper quality, such as
degree of beating and filler content,
should not be included either. In
each of the surveys, the following
variables were measured:

» Paper web moisture content

» Paper web surface temperature

= Moisture content of the air in
the pockets or in the exhaust air
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6. Comparison between predicted and measured sheet moisture content for Machine B

< Dry air temperature in the pock-
ets or in the exhaust air
e Cylinder surface temperature.

Additional information such as
machine speed, steam pressures,
basis weight, etc., were usually taken
from the process computers at the
mills. In the following, brief descrip-
tions of the measuring instruments
that were employed are presented.
They are presented in greater detail
in (10).

The moisture content of the
paper web was measured with a
NDC 100 T instrument from NDC
Systems, USA. It is a portable back
scatter instrument with a radioactive
source (low-level gamma-rays),
which measures the total basis
weight of the web. An IR-instrument,
type M400-A from Linear Laborato-
ries, was used for measuring the
paper surface temperature. It mea-
sures IR-radiation in the 8-14 pm
spectral range, in which the emissiv-
ity of paper is independent of mois-
ture content (12). A dew point
meter, type DP3-D-B/C from MBW
Electronics, was employed for the
measurements of the air humidity in

the pockets. Air was extracted from
inside the hood—through an electri-
cally heated hose so as to avoid con-
densation—to the instrument, that
was placed outside the hood. The
dry temperature of the air was mea-
sured by a Pt-100 resistance ther-
mometer, type 1-400 from Rotronic
AG.

The instruments were all fas-
tened to the end of a 2.4-m long gal-
vanized iron tube that was attached
at variable height and angle to a
small cart. The cart was placed inside
the hood and the hood doors were
closed. Each measurement was
allowed to progress until stable val-
ues were attained for all the instru-
ments.

The cylinder surface temperature
meter employs a thin Pt-100 Kapton
foil, attached to the back of a Teflon™
tape by an adhesive Kapton tape, as
sensor. The Teflon tape was mounted
on a spring blade in such a way that
the tape, and thus the sensor, readily
followed the curvature of the cylin-
der surface. The meter was attached
to the end of a long wooden stick
which could easily be held by hand.
Phenomena such as frictional heat

and convective losses are treated in
(13).

TUNING OF THE MODEL
Once the experimental data are
obtained for the paper machine of
interest, the simulation program has
to be tuned to this particular
machine. The model utilizes two of
its heat transfer coefficients as fit-
ting parameters. The two parame-
ters are:

= The condensate coefficent, h_.
e The contact coefficient at zero
moisture content, hcp(O).

The two parameters are varied
until a best fit between predicted
and actual paper moisture contents
and cylinder surface temperatures is
attained. Particularly the tempera-
ture of the cylinder surface has been
found to be a very good indicator of
the fit. A necessary prerequisite
when fitting is that the predicted
initial and final moisture contents of
the paper web agree with the exper-
imentally measured values.

Condensate coefficient
In the nine cases used for validation
of the model, the condensate coeffi-
cient has been assigned values of
800-5000 W/m?°C. Figure 1 shows
the relation between the fitted con-
densate coefficients and machine
speed. The general trend agrees
fairly well with the experimental
results presented in (14-16). In
those studies, it was found that sev-
eral parameters affect the numerical
value of the coefficient. As a general
rule, the higher the speed of the
machine, the lower the value.

The presence of spoiler bars pro-
motes heat transfer and yields rela-
tively high values, also for fast
machines. For instance, the high value
of 1900 W/m?°C at 1200 m/min was
obtained for a modern newsprint
machine that has cylinders of large
diameter, 1.83 m, and a state-of-the-art
condensate removal system.
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The two slowest machines are in
the region in which the condensate
rests in a puddle at the bottom of the
cylinder and the steam condenses
directly on the inner cylinder wall.
This condition is characterized by
very high heat transfer rates. It is
called ponding, as opposed to the
more common rimming condition in
which a continuous film is formed
inside the cylinder. The ponding, rim-
ming and transition regions for a 1.5
m diameter cylinder are indicated in
Fig. 1.

It is interesting to note that the
fitted values follow a theoretical
expression (14) for a 2-mm thick
laminar film rather well. However, it
must be pointed out that neither the
theoretical expression nor the graph
can be used for predicting exact val-
ues of the coefficient.

Contact coefficient at zero
moisture content
As shown in Fig. 2, all fitted values
of the contact coefficient intercept,
except for two, fall between 200 and
500 W/m?°C, which agrees fairly well
with the experimentally determined
interval (17). The exceptions are
very slow machines: 228 and 189
m/min, respectively. It is assumed
that the Nusselt correlation under-
predicts the convective mass transfer
coefficient at low velocities. Experi-
mental evidence for this assumption
was reported by Rhodius and
Gottsching (8). They found that the
use of the Nusselt correlation
yielded too low values at velocities
below about 300 m/min. In the pre-
sent work, this is compensated for by
increasing the contact coefficient
intercept and thus the rate of heat
transfer to the paper, thereby increas-
ing the evaporation temperature and
the partial vapor pressure. The rela-
tively narrow range that the majority
of the contact coefficient intercept
falls within, is taken as evidence of
the general applicability of Eq. 8.
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7. Comparison between predicted and measured temperatures for machine C

SIMULATION RESULTS
Five of the nine validation cases
were chosen so as to illustrate the
ability of the program to simulate dif-
ferent paper grades within a large
interval of basis weights. Certain key
data are compiled in Table I. Due to
the sheer amount of information, the
machine geometry, the operating
conditions as well as the data mea-
sured at the respective mills have
not been included in the table. Com-
plete sets of information are pro-
vided in (10). At the end of the table
are the fitted values of the two heat
transfer coefficients used in the tun-
ing procedure.
Machine A

Single-tier configuration was used
on the first six cylinders of Machine
A. The three cylinders for which the
fabric ran between the cylinder and
the web were Nos. 2,4,and 6. As can
be seen in Fig. 3, the cylinder sur-
face temperature was overpredicted
by 5-6°C for cylinders 2 and 6,
whereas for cylinder 4 it was under-
predicted by 15°C. Cylinder 3 was
not heated at the time of the survey.

The measured and the predicted
increase in temperature follow each
other closely in general, except for
cylinders 28 and 36, for which the
deviation was around 7°C.

The moisture content graph in
Fig. 4 likewise shows a close corre-
lation between the calculated and
the actual values. It is possible that
the slope during the constant rate
period should be somewhat more
steep so as to yield better agreement
with the values for cylinders 22-30.
Due to the fact that Machine A was a
predryer followed by an in-line size
press, the paper web was overdried
to a final moisture content of only
0.012 kg water/kg dry substance.

Machine B
Machine B too employed the single-
tier concept. The cylinder-fabric-
paper combination applied to cylin-
ders 2, 4, 6, 8, and 10. For the first
four of these the agreement is excel-
lent, as shown in Fig. 5; for cylinder
10 the deviation is 29°C. Beyond
cylinder 20 the measured cylinder
temperature varies between 140 and
150°C, but without increasing. The
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predicted temperatures are in the
same region but increase slightly
toward the dry end. The last four
measured temperatures are approxi-
mately 10°C lower than the previous
ones; here the agreement with the
program is poor. A possible explana-
tion for this is that the condensate
removal systems of these last cylin-
ders were working poorly, as was
that of cylinder 10. The actual paper
temperatures, which were taken
approximately in the middle of the
free draw, lie close to the half-ampli-
tude of the calculated paper temper-
atures, indicating good agreement.
The agreement between the mea-
sured and the predicted moisture
content data is good, as shown in
Fig. 6. However, there are some
peculiarities. For instance, comparing
the measured values for cylinders 57,
58, and 59 reveals an unreasonably
fast drying rate. Due to the construc-
tion of the machine, no values could
be taken prior to cylinder 12.
Machine C
No single-tier configuration was
employed in Machine C. The pre-

dicted cylinder surface temperature
curve as shown in Fig. 7 has a jagged
form. This is due to the top and bot-
tom dryer cylinders being fed with
different steam pressures, a strategy
employed to prevent curl. The pro-
gram predicted a difference of
around 4°C, whereas the measured
values indicated differences of
7-8°C. Apart from this, the agree-
ment is excellent. According to the
measured paper temperatures, the
simulated values are a bit too low in
the last third of the drying section.
The agreement in Fig. 8 must be
regarded as more than acceptable,
although some uncertainty exists
regarding the moisture content on
the first 10 cylinders. The disconti-
nuity in the curve is explained by a
5.00-m diameter Yankee cylinder
that was placed after cylinder 47.
Machine D
For Machines A, B and C it was
shown that the computer program
can adequately simulate the drying
process for different paper grades at
steady state. For Machines D and E,
the focus is on more practical appli-

cations. The program being used to
predict the final moisture content
for changes in the production rate is
an issue of principal practical inter-
est.

The first study of a production
change was performed on a modern
high-speed newsprint machine. The
machine is equipped with 36 cylin-
ders, divided into 4 steam groups,
and 36 vacuum rolls. The vacuum
rolls were treated as extended free
draws, i.e., the sequence short free
draw, roll, short free draw was
replaced by a single, long free draw.
Single-tier configuration is employed
throughout the drying section.

Changes of the basis weight and
the machine speed were made
according to Table 1. Small changes
were also made in the steam pres-
sures and in that three more cylin-
ders were heated under the new set
of conditions. According to mill per-
sonnel, it is reasonable to assume
that all other parameters remain
unchanged. Using data measured at
the reference operating conditions,
the tuning procedure yielded the val-
ues listed in Table I. The high value
of 1900 W/m?°C for the condensate
coefficient is reasonable because the
machine is equipped with spoiler
bars.

Simulations were performed
using the new basis weight and
machine speed and the fitted values
of the heat transfer coefficients. Mill
measurements of the final moisture
content under the new set of condi-
tions yielded a value of 0.080 kg/kg
(dry basis). The program predicts
0.077 kg/kg (dry basis). To sum up,
for an increased machine speed
(+ 17%) and production rate (+ 8%),
the program predicts the final mois-
ture content of the sheet within
0.3% (dry basis).

Machine E
The second study of a production
change involves a small machine,
producing mainly fine paper of vari-
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ous basis weights. It consists of a
predryer, a size press, and an after
dryer—with only the former being
studied. The 20 cylinders in the
predryer constitute nine different
steam groups.

Changes in the input parameters
are listed in Table I11. All other para-
meters are assumed to remain
unchanged. Under the reference con-
ditions, the steam system was oper-
ating at close to maximum capacity,
which is why no changes were made
in the steam pressures. In a manner
similar to that employed for Machine
D, the fitting parameters were deter-
mined at the reference conditions.
Due to the modest machine speed, it
is reasonable to assume ponding
conditions in the cylinders. Thus, a
value of 3300 W/m?2°C for the con-
densate coefficient is realistic.

Simulations were performed
using the new basis weight and
machine speed and the values fitted
at the reference conditions. The nor-
mal value of the final moisture con-
tent of the sheet under the new set
of conditions is 0.015 kg/kg (dry
basis). The results of the simulation
predict it to be 0.013 kg/kg (dry
basis). Thus, for an increased speed
(+117%) and production rate
(+ 24%) the prediction of the mois-
ture content deviates by 0.2% (dry
basis).

DISCUSSION
Figure 9 shows a comparison of the
TAPPI evaporation rates (18) as cal-
culated for the three machines A, B,
and C, respectively. It appears that
the constant drying rate period
applies to a larger proportion of the
drying section in the case of
Machine C than in the other two
cases. This phenomenon is, at least
partly, caused by differences in the
strategies employed for increasing
the steam pressure (temperature), as
indicated in Figs. 3, 5, and 7. Not
counting the first cylinders, which
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Basis weight, g/m?
Machine speed, m/min

Reference conditions
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New conditions
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1400

Il. Changes in certain input data between the reference and the new set of operating

conditions for Machine D

Reference conditions

Basis weight, g/m?
Machine speed, m/min

132.0
189 410

New conditions
75.6

I1l. Changes in certain input data between the reference and the new set of operating

conditions for Machine E

are used primarily for heating the
paper to the evaporation tempera-
ture, the steam temperature in
Machine C is raised from 115°C to
140°C in four steps, whereas in
Machine A it is raised only once,
from 142°C to 148°C.In Machine B it
is raised from 157°C to 175°C in two
steps and is in fact lowered then to
168°C at the end. Machine C is a
good example of how, by changing
the operating conditions, one can
maintain a constant drying rate over
a longer period of time.

Regarding the applicability of the
model, it appears that the mathemat-
ical model applies equally well to
light and to heavy paper grades.
However, many studies compiled in
(2) found that the heat and mass
transfer resistance of the paper struc-
ture can be quite severe for thicker
grades. Can both of these two find-
ings be valid and, if so, how are they
interconnected?

An analysis, similar to that in
(19), of the heat and mass transfer
resistances involved indicates that
the drying process as a whole is
mainly heat transfer controlled. Sim-
ulations showed that the following
two computational measures had the
same effect on the production rate:

1. The contact coefficient inter-
cept for machine A was changed
from 500 to 400 W/m?°C. This
reduction in hcp(O) yielded only
a 5% decrease in the overall heat
transfer coefficient from steam
to paper.

2. The external mass transfer coef-
ficient has been varied accord-
ing to Eq. 14 to reflect the inter-
nal mass transfer resistance. K
was linearly reduced from its full
value at moisture contents
above 1.0 kg/kg, to 50% of its
full value at zero moisture con-
tent.

K'; = KJ(@+ w2
u< 1.0 kg/kg (]
The importance of the heat transfer
resistance can also be illustrated by
the following analysis. Define an
effective heat transfer coefficient of
the paper as:
hy (W) = k(U)/d (u)  (15)
where the thermal conductivity is
given by Eq. 12 and the thickness by
Eqg. 13. For a given moisture content,
the insertion of effective thermal
conductivity and thickness into Eq.
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15 indicates the internal resistance
to heat transfer to be exactly three
times greater for the paperboard in
Machine C than for the fine paper in
Machine A.

The results inferred from the rea-
soning above suggest the overall
heat transfer rate, i. e., not only in the
paper itself, to be the main limiting
factor in the drying process. Further-
more, as indicated by Eqg. 15, the
model reflects the basis weight
dependence in a logical way.

Listed below are some sugges-
tions for future improvements and
developments of the model and the
simulation program.

e The internal mass transfer should
be incorporated into the math-
ematical model. As the qualitative
reasoning above shows, there is
certainly a need for a more
detailed understanding of the
internal transfer processes.
Although the agreement with
measured data is good using the
model in its present state, a sub-
model of the internal mass trans-
fer is very valuable (20, 21).With
the inclusion of such a submodel,

phenomena such as shrinkage
and curl, caused by moisture gra-
dients in the paper, can be accu-
rately pedicted.

A flowsheeting program for the
steam and condensate system
has been developed by Wilhelms-
son. At present, only steady state
calculations can be performed.
This program should be
extended to perform also
unsteady state calculations so
that the dynamic aspects of the
drying section operation can be
studied. Furthermore, pressure
drop calculations for the tubes
and siphons should be incorpo-
rated.

Modeling of gas-fired and electri-
cal infrared radiators—common
components in the drying sec-
tion—should be included in the
model. They are employed pri-
marily for drying of coated paper
and for moisture profile correc-
tion, but occasionally also for
increasing the drying capacity
(22).

During the last decade, there has
been a growing interest in so-
called high intensity pressing and

drying. At present, two persons
in the paper drying group at our
department are involved in mod-
eling these processes (23, 24). A
future vision is to incorporate
these models into the simulation
program so that the effects on
the conventional drying section
can be studied.

< Impingement techniques such as
the radial jet reattachment (RJR)
nozzle blow (25) box and the
impingement hood (26) should
be incorporated into the pro-
gram.

CONCLUSIONS

A mathematical model was devel-
oped for the drying of paper in a
multicylinder drying section. The
model is based on the unsteady
state, one-dimensional heat conduc-
tion equation, which is applied to
both the cylinder shell and the
paper web. No internal mass transfer
phenomena were modeled explic-
itly. A lumped parameter, the effec-
tive thermal conductivity of the
paper, implicitly takes these phe-
nomena into account to some
extent.

Surveys of full-scale drying sec-
tions were performed, in which tem-
peratures and moisture contents of
both air and paper were measured. A
new instrument for measuring the
temperature of the cylinder surface
was developed. The moisture con-
tent of the paper web was measured
on-line with a new backscatter basis
weight meter which employs a
radioactive source.

The output from the simulation
program has been favorably com-
pared with measured data from nine
different industrial paper dryers.
Two parameters, the condensate
coefficient and the contact coeffi-
cient at zero moisture content, are
used to tune the output from the
program to the measured values.
Both parameters were assigned
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dryers (driers), heat transfer,
machine speed, mass transfer,
mathematical models, measure-
ment, moisture content, paper
grades, simulation, surveys, temper-
ature.

physically reasonable values, con-
fined in a rather narrow range. The
model applies equally well to lighter
paper grades, such as newsprint, as
to heavier grades, such as paper-
board. Two case studies, in which
the basis weight and machine speed
were altered considerably, showed
the predicted and the measured data
to be in excellent agreement. The
presented examples indicate the
potential for simulation of the multi-
cylinder drying section. TJ
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A  =area n?

¢, = specific heat, Jkg°C

d = thickness, m

FRF = fabric reduction factor, %

h = heat transfer coefficient,
W/m?°C

K, = masstransfer coefficient,
m/s

K’ = reduced mass transfer coef
ficient, Eq. (14), m/s
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