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Dynamic modeling of paper drying processes
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Abstract—A dynamic model describing the behavior of a multi-cylinder drying section in paper production plants
was developed based on the mass and heat balances around drying cylinders. The balance equations consist of sets of
differential equations describing heat and mass transfer around the canvas, the web and the drying cylinders. Values
of cylinder temperatures and moisture contents were estimated and compared with operation data. To obtain further
information for energy consumption, the generation of entropy at each drying cylinder was investigated based on the

model developed.
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INTRODUCTION

A modern paper machine can be considered as a production line
consisting of a stock preparation system, wire section, wet press-
ing, drying and coating units as shown in Fig. 1. In stock prepara-
tion, different raw materials such as chemical pulp from pulp mills,
mechanical pulp from chip refiners, chemicals and additives are
mixed together. Pulps are usually refined in order to achieve the
required product quality. After it is cleaned and diluted, pulp stock
is fed into the white-water system in the wire section of the paper
machine.

The white-water system consists of the headbox, wire and the
circulated white-water that is a filtrate from the wire. White-water
is used to dilute the stock to the desired consistency (0.3-1%) for
the paper web forming process. The headbox spreads the stock flow
on the wire across the width of the machine and the paper web is
formed. After that, water is removed first by wet pressing and then
contact drying on steam-heated cylinders. Often, modem paper ma-
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Fig. 1. Schematics of a paper machine.
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chines have on-machine coaters that apply pigment-coating color
on the paper. Coating may be on both sides and even double or triple
layered. In addition to these principal systems, there are several sup-
port systems such as for broke handling, chemical preparation and
SO on.

A grade change is a product quality change on a paper machine. In
a big grade change, several inputs to the paper machine are changed,
for example, proportioning of raw materials, refiner loads, stock
flows, headbox settings, machine speed, lineal pressures in wet press-
ing, steam pressures and coating settings. So far, the most common
way to execute a grade change is by ramping. An open-loop method
such as ramping suits grade change well because there are no exact
target values for the basis weight and moisture. It is satisfactory if
the target values hit inside an acceptance range after the grade change.
Most grade changes are basis weight transitions. The basis weights
in a production schedule are run in a cycle that is optimized so that
the basis weight changes are as small as possible. The ideal condi-
tion is that the allowed ranges of sequential grades overlap. A typ-
ical grade change consists of a calculation of target values and a
dynamic co-ordination of paper machine speed, pulp stock flow and
steam. It is crucial to a successful grade change that the new target
values are accurately known. Stock flow and machine speed together
control both the production rate and basis weight.

The paper web moving out from the pressing part of the wet sec-
tion contains fibers and solids (40-45%) and remaining water (55-
60%). The remaining water is removed by heat supplied from dry-
ing cylinders in the drying section. Drying is controlled by steam
pressure, but often only the last steam groups are used for control
purpose. Because of long time constants and dead times in the dry-
ing process, the target values for steam pressures are the most im-
portant. Also, raw material properties, the condition of the paper
machine, basis weight, moisture and speed, all affect the drying rate.
The machine tender usually gets the initial target values from the
records of the previous runs. The increasing interest in dynamics of
the paper drying process has heightened the need for more detailed
descriptions on the behavior of paper drying processes. The paper
drying section consists of 30-70 drying cylinders and consumes a
large amount of process steam. The primary reason for the interest
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in the drying dynamics is the enhancement of operation economics
by the reduction of energy consumption. It can be achieved by the
increase of evaporation efficiency followed by the reduction of the
number of drying cylinders.

Utilization of process models may be the most convenient way
to improve the process performance (Yeo et al. [1]). Various methods
of modeling the paper drying process have been proposed. Depoy
[2] presented a simple analog model describing heat capacity, heat
conductivity and heat transfer coefficients. The model employs mass
and energy balances for the paper web structure. Another way of
representing moisture content and bone dry mass is to employ steam
pressure, velocity of drying cylinders and cylinder temperatures (Ber-
rada et al. [3]). Nilsson [4] adopted heat and mass transfer mecha-
nisms in cylinder groups to give a paper drying model. Gardner [5]
provided basic principles of modeling of paper drying and showed
practical application of those principles in drying equipments. Man-
agement of steam pressure during a paper grade change operation
is very important and Magnus [6] presented dynamic modeling simu-
lations of steam supplying systems for multiple drying cylinders
during a grade change operation. Sivill [7] tried to reduce opera-
tional cost based on the thermodynamic modeling of heat recovery
rate from drying equipments. Lu et al. [8] presented mathematical
and experimental description on the moisture content of the paper web
by using heat and mass transport phenomena during phase changes
within porous media. Yeo et al. [9] performed numerical simulations
using the heat transfer coefficients represented in terms of moisture
content, basis weight and reel speed. A description of the overall
paper drying process as well as relevant facilities can be found else-
where (Karlsson [10]).

In this work a dynamic model for paper drying cylinders is devel-
oped to evaluate drying performance as well as evaporation effi-
ciency of the paper drying section. Results of numerical simulations
are compared with operation data.

1. Dynamic Models for Drying Cylinders

Drying of paper web can be considered as a combination of heat
and mass transfer phenomena. The energy of steam is transferred
to the paper web via drying cylinder wall followed by evaporation
of water from the surface of the web. The model includes a mass
balance for the cylinder and a description of the flow through the
valve. The following assumptions were made:

o The steam inside the drying cylinder is saturated.

o Pressure drops caused by pipes are very small.

o Changes in condensate film thickness are small.

o The steam supply pressure is constant.

o Valve changes are instantaneous.

e Temperature and pressure gradients within the cylinder cavity
are negligible.

The drying cylinder is heated by the steam supplied from steam
distribution facilities. Obviously, the inner temperature of the cylin-
der is higher than that of the paper web. Fig. 2 shows the tempera-
ture profile and energy flows for the cylinder. In Fig. 2, T, represents
steam temperature, T,, denotes the average cylinder temperature
and is the web temperature. The amount of steam and water in the
drying cylinder is given by:

d
dt(psvs)_q:_qn_qbz (1)
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where ¢, represents steam rate supplied to the cylinder, and q, and
q,, denote rates of condensing and blow-through steam, respectively.
q, is the flow rates of condensate removed by siphon and V, and
V,, are volumes of steam and condensate, respectively. The vol-
ume occupied by steam and condensate is given by:

V=V+V, ©)

The steam rate supplied to the drying cylinder is a manipulated
variable adjusted by the steam valve and is represented by:

qs= Cva(X)/\/ (psh - p)ps (4)

where c, is the valve coefficient and the valve is assumed to be equal
percentage valve in which £(X)=R;}". Energy balances for steam,
water content and drying cylinder can be written as:

d
d_t(psusvs) = qshs - qchs - th.c (5)
d
d—t(,Owquw) =q.h,—q,h,—Q, 6
d
S(nC,,T.)=Q,-Q, ™

where u, and u,, represent internal energy of steam and water respec-
tively, and m and C, ,, denote mass and heat capacity of drying cy-
linder, respectively. The energy flow to the cylinder shell can be
represented as:

Q=aA,(T-T,) ®

where A, is the inner area of the cylinder and ¢, is the heat transfer
coefficient between condensate and cylinder wall. The energy flow
to the paper web can be written as:

sz %pAcyl ﬂ(Tm_ TP) (9)

where 77 is the fraction of cylinder surface covered by the paper web
and ¢, is the heat transfer coefficient between cylinder surface and
paper web.

Based on the assumptions described before, enthalpy, density and
temperature of the steam within the drying cylinder can be repre-
sented as a function of pressure (Schmidt [11]):
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Fig. 4. The energy balance in the paper web.

T.=0.1723(Inp)’— 3.388(Inp)*+37.7lnp+124.5
h=[0.07402(Inp)"*+2.887(Inp)’— 39.58(Inp)’+260Inp-+1824]-10°
h,=[0.8842(Inp)'— 18.77(Inp)+200Inp— 748.5]- 10°
£=[0.005048p+64.26]-10°

2,=—03136(Inp)+6.792(Inpy— 52.43Inp+1141 (10)

Fig. 3 and Fig. 4 show schematics of mass and energy flow for
moisture in the paper web. The mass balance is given by:

d(gwA,)

T dv,. 08, Ayqee—d,v.0 1n

where v, is the velocity of the paper web and d, is the width of the
paper web. The evaporation rate can be represented as (Persson [12]):

onrKMw (me _ pv:z)
evap= = In| = (12)
ep ng Pro: =Py,

where K is the mass transfer coefficient and M, is the molecular
weight of water. The partial pressure of steam in the air can be rep-
resented in terms of the moisture content & and standard pressure

pl{?l:
[
pva_ H+ 0.62pmz (13)

The partial pressure of steam at the web surface is given by:
Py=¥Puo (14)

The partial pressure of free water p,, can be given by Antoine’s
equation as p,,=10""*"-1¥"%=419) The correcting factor, or “sorp-
tion isotherm™ ¢ for web drying can be found from experimental
results (Heikkild [13]). Usually ¢ takes a value between 0 and 1.

@=1—exp(—47.58¢*"—0.10085(T,~273)¢ **) (15)

The heat loss due to evaporation at the paper web can be ignored
because only conduction and radiation are significant. Moreover,
changes in moisture volume due to the pressure can be ignored and
we have energy balance given by (see Fig. 3):

d(w(¢+1)A,C,,T,)

— a o mdyal+ 4G, Tt Q,

- Axyqemp(AHmp + AH\) - dyvxa)( 1+ ¢) Cp,pr (1 6)

where AH,,,, is the latent heat of evaporation and C, ,, the heat capacity
of paper web is given by C, ,=((C, s, +#C, ..)(1+¢)). The excess
energy AH, can be represented by Clausius-Clapeyron relation derived
from the sorption isotherm:

__ 8] d(Ing) }

A= S &

Substitution of Eq. (15) into Eq. (17) gives

AH,=0.10085¢' “*T2g2=L (18
T ngm

The steam rate manipulated by the steam valve alters the steam
pressure within the drying cylinder followed by changes of tem-

Table 1. Basic data for a typical drying cylinder

Description Numerical value
Cylinder volume [m’] 12.6
Cylinder mass [kg] 7610
Cylinder area [m’] 455
Specific heat capacity of paper [J/(kg-K)] 1256
Latent heat of vaporization [kJ/kg] 2260
Speed of machine [m/min] 1300
Basis weight [g/m’] 77

Initial dryness [%] 55

Steam header pressure [kPa] 510
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Fig. 5. Results of simulations for single drying cylinder (basis weight:
w=T7 g/m’).

Korean J. Chem. Eng.(Vol. 28, No. 8)



1654 C. H. Heo et al.

perature and moisture content in the paper web. Based on the pres-
ent model, variation of temperatures of the cylinder surface and the
paper web and behavior of moisture content of the paper web are
investigated for the paper with basis weight of =77 g/’ and initial
moisture content of 55%. Table 1 shows data used in numerical simu-
lations and Fig. 5 displays results of computations.

A typical drying section consists of drying cylinders and felt rolls
arranged in two rows. The paper web moves between upper cylin-
ders and lower cylinders alternately. A dryer fabric or a felt is used
to press the paper web toward the drying cylinder being heated by
steam. In general, the drying section contains 30-70 drying cylin-
ders. The model for multi-cylinder drying section can easily be ob-
tained by direct extension of the single-cylinder model with incor-
poration of the configuration types (single-tier type, single-felted
type and double-felted type).

As a test case to demonstrate the model, we now consider an ar-
tificially constructed drying section which is equipped with 39 dry-
ing cylinders of which the first 26 cylinders are assembled in single-
tier type and the remaining 13 cylinders are assembled in doubled-
felted type. The cylinders are divided into four groups, depending
on the steam pressure being supplied. Operating conditions and rela-
tive data for numerical simulations are given in Tables 2 and 3. The
initial moisture content of the paper web was assumed to be 45%.

A typical operation case was examined for the purpose of com-

Table 2. Simulation data for the dryer section

Description Numerical value
Reel speed [m/min] 1044
Basis weight [g/m?] 41
Steam to the 1* group [kPa] 69
Steam to the 2™ group [kPa] 152
Steam to the 3™ group [kPa] 206
Steam to the 4" group [kPa] 206

Table 3. Configuration of the dryer section

Section Group Cylinders Remarks
number
Main dryer 1 1-7 Single-tier configuration
2 8-19
3 20-26
4 27-39  Double-felted configuration

Table 4. Basic data for the operation case

Description Numerical value
Reel speed [m/min] 1420
Basis weight [g/m’] 62
Steam to the cylinder No. 1-3 [kPa] 14
Steam to the cylinder No. 4 [kPa] 36
Steam to the cylinder No. 5-9 [kPa] 132
Steam to the cylinder No. 10-16 [kPa] 162
Steam to the cylinder No. 17-31 [kPa] 226
Steam to the cylinder No. 32-33 [kPa] 212
Steam to the cylinder No. 34-4 [kPa] 377
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Table 5. Configuration of the dryer section for the operation case

Group

Section Cylinders Remarks
umber
Main dryer 1 1-4 Single-tier configuration
2 5-15
3 16-31
4 32-33
5 34-40

parison and verification of the present model. The key operating
variables being measured are temperature and moisture content.
Measured values of these variables are compared with those com-
puted from the present model. The operation case is based on the
operation at the plant in Shinmoorim Paper Company, Jinju, Korea.
Machine speed is 1,420 m/min and the basis weight is 62 g/m’. All
the drying cylinders are arranged in single-tier type. Tables 4 and 5
show the operating conditions and configuration of the operating
case.
2. Generation of Entropy

The conservation equation for the moisture content per unit area
can be written as:

e L (19)

The balance equation for the internal energy is given by

dh, 1 air
Etz = C_U(JCP + Jpa - quaphn:o(Ta)) (20)

where hir, denotes the specific enthalpy of vapor represented as a
function of the ambient temperature T,. The specific enthalpy h, of
the paper web is assumed to be a combination of the enthalpy of
the dry web h, ,,, and the enthalpy of the vapor contained in the paper

web h7". Then h, can be represented as

h,=h,,4,(T,) + ¢hizo (T, 9) @n

The rate of change of h, with time is given by

dh,_9h,dT, dhdo_. dT, O(GH5(T,¢)do
dt dT,dt od¢dt "7 dt 00 dt
dT evap1, air evy, a AH
=C,, gt = o1, LD @)

Equating Eq. (22) with Eq. (20) and substituting Eq. (19) gives

(1, +1,-a., 2550 3)

The rate of the entropy production o can be written as

ar, __1
dt C

ds, J, J. air
0= 0t = 7 = 2 =G Siio(T.) @9

The specific entropy s, of the paper web can be represented in
terms of the specific entropy s, ;, and the specific entropy sio of
vapor contained in the web.

8p=8pa(T,) + Pt (T, 9) @5

Thus the rate of change of's, with time is given by
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ds, _9s,dT, 9s,d¢_C,,dT, 9(¢siio'(Ty#)do
dt JT, dt a¢d T, dt 09 dt
_QM(EE Qevap air Qe 9(PAS)
TT,dt o sno(T)*=, 0¢ (26)

Substitution of Egs. (19), (23) and (25) into Eq. (26) gives after

SOME 1 earrangement

oo (- L) (A L) g (- LU0, 208 o

The heat flux J, from the cylinder to the paper web and the heat
fluxes J,, from the paper web to the environment can be repre-

sented in terms of respective heat transfer coefficients ¢, and ¢,
Jo=0(T,~T,) 28)
=0 T,~T,) 29

The amount of entropy production, o; must be positive accord-
ing to the 2™ law of thermodynamics. The first two terms on the right-
hand side of Eq. (27) give the contributions to the entropy produc-
tion from the heat transfer, while the last term gives the contribution
from the mass transfer. From this observation we can now identify
thermodynamic driving forces and fluxes acting in the multi-cylin-
der paper drying process. The driving forces for heat transport are
the first two terms on the right-hand side of Eq. (27), and the driv-
ing force for mass transport is the last expression on the right-hand
side of Eq. (27). Integration of Eq. (27) over the total length of the
paper web, from the wet to the dry-end of the drying machine, gives
the total entropy production in the drying process.

RESULTS AND DISCUSSION

Models consist of ordinary differential equations coupled with
algebraic relations. The ODE toolbox of MATLAB (v. R2009a)
was used as the solver for these modeling equations. Variations in
the temperatures of the cylinder surface and the paper web as well
as in the moisture content of the paper web for single drying
cylinder are shown in Fig. 5. If the steam pressure is maintained
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Fig. 6. Results of temperature calculations for the example case
(basis weight: w=41 g/m?).
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Fig. 7. Results of moisture content calculations for the example case
(basis weight: w=41 g/m?).

constant, temperatures exhibit steady increase followed by steady
decrease in the moisture content of the paper web. Behavior of each
drying cylinder is dependent upon the configuration type of drying
cylinders and the paper web.

Figs. 6 and 7 show results of simulations for the example case
set up to test the model. Fig. 6 shows the behavior of temperatures
of cylinder surfaces and the paper web. Temperatures of the paper
web and of cylinder surfaces increase steadily as the web transfers
through drying cylinders. As can be seen, the web temperature ex-
hibits sharp increase as the web moves from the 2™ group to the 3
group. This increase is caused by the difference of the steam pres-
sure supplied to each group. The double-felted cylinder group exhib-
its smaller temperature differences between the cylinder contacting
region and free-run region compared to temperature variations within
the single-tier group. Fig. 7 shows variations of moisture content
within the paper web. We can see that the evaporation rate increases
in the region where the web temperature shows a sharp increase.
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Fig. 8. Results of entropy calculations for the example case (basis
weight: w=41 g/m’).
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Fig. 8 shows the results of entropy computations. The entropy
production shows similar behavior with that of the web tempera-
ture. The entropy production varies as the paper web moves through
cylinder surface, free-run region and vacuum rolls due to the dif-
ference in energy the web receives. In fact, the profile of the entropy
production exhibits a zig-zag pattern, which reaches peak values at
the beginning of each drying group. At these positions, the heating
conditions are changed. Different cylinder configurations cause vari-
ations in entropy production at the 3 and 4" cylinder group. Integra-
tion under the curve shown in Fig. 8 gives the total entropy production
in the drying process for the specific paper grade.

Figs. 9-10 show the results of numerical simulations as well as
the operation data for the operation case. Operation data are denoted
by small circles. As can be seen in Fig. 9, computation results for
the web temperatures track operation data pretty well. Fig. 10 shows
the entropy production. The value of the entropy production around
25" cylinder decreases, while the web temperature at this region is
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Fig. 9. Comparison between numerical simulations and operating
data for the operation case (basis weight: ©®=62 g/m?).
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Fig. 10. Entropy production for the operation case (basis weight:
=62 g/m’).
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higher than neighboring cylinders. This is because variations in tem-
peratures around 25" cylinder are lower than those at other regions.
The sharp variation of the entropy production around the gate roll
compared to that around the main dryer section seems to be caused
by the difference in the heat transfer coefficients between these re-
gions. Normally, the heat transfer coefficient around the main dryer
section is much larger than that around the gate roll. In fact, rigor-
ous estimation of energy consumption, although not performed in
this work, is possible by the measurement of temperatures and heat
transfer coefficients.

CONCLUSIONS

A model for multi-cylinder drying processes can be obtained by
direct extension of the single cylinder model, which is based on the
mass and heat balances around the cylinder. The balance equations
for single drying cylinder consist of sets of differential equations
describing heat and mass transfer around the canvas, the web and
the drying cylinder. Incorporation of configuration types of drying
cylinders completes the model for the multi-cylinder drying section.
Variations in cylinder surface temperatures and values of entropy
production at each cylinder were examined for the multi-cylinder
drying process. For the purpose of comparison, a typical operating
case was examined. It was found that the present multi-cylinder
model represents the operation data very well.
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NOMENCLATURE

A,, :inner cylinder area [m’]

A,, :area of paper covering the cylinder [m’]

C, :valve conductance [m’]

C, jwer- specific heat capacity of fiber (=1256) [J/(kg-K)]

C,... :specific heat capacity of cylinder shell [J/(kg-K)]
C,, :specific heat capacity of the paper [J/(kg-K)]
C,. :specific heat capacity of water [J/(kg-K)]

d,  :width of paper sheet [m]

g : gas constant [J/(mole-K)]

hizo : specific enthalpy of vapor [J/kg]

h,  :specific enthalpy of the paper web [J/kg]

h, :enthalpy of steam [J/kg]

h, :enthalpy of condensate [J/kg]

k.  :thermal conductivity of cylinder [J/m-K]

k,  :thermal conductivity of paper [J/m-K]

J,  :heat fluxes from cylinder to paper [kg/(m’-s)]
J,.  +heat fluxes from paper to air [kg/(m*-s)]

K :mass transfer coefficient for paper sheet [m/s]
m  :mass of cylinder shell [kg]

M, :molecular weight of water [kg/mole]

P : steam pressure inside cylinder [kPa]

Py :steam pressure in header [kPa]
P :standard pressure (=101.325) [kPa]
P partial vapor pressure for free water [kPa]
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P.. : partial pressure for water vapor in the air [kPa]
p, :partial pressure for water vapor at paper surface [kPa]
g, : blow through steam [kg/s]

q. :condensation rate [kg/s]

Qe : €vaporation rate [kg/(m’-s)]

q, :inflow of steam to cylinder [kg/s]

q, :outflow of condensate [kg/s]

Q, :energy flow to cylinder shell [W]

Q, :energy flow to paper [W]

R, :wvalve rangeability [-]

s, :specific entropy of paper [J/kg/s]

sio - specific entropy of vapor contained in the web [J/kg/s]
T, :temperature of air [K]

T, :temperature of cylinder shell [K]

T, :temperature of paper [K]

T, :temperature of steam [K]

u, :internal energy of steam [J/kg]

u, :internal energy of condensate [J/kg]

v, :speed of paper sheet [m/s]

V  :volume inside cylinder [m’]

V, :volume of steam [m’]

V, :volume of condensate [m’]

X :valve opening [-]

Greek Letters
@, :heat transfer coefficient cylinder-paper [W/(m*-K)]
@,  :heat transfer coefficient paper-air [W/(m’-K)]

«, :heat transfer coefficient steam-cylinder [W/(m*-K)]
AH : enthalpy change [J/kg]

AH; : heat of sorption [J/kg]

AH,,, : latent heat of vaporization [J/kg]

AS  : entropy change [J/kg/s]

¢  :moisture ratio [kg/kg]

@  :sorption isotherm [-]

n  :fraction of dryer surface covered by paper [-]
6  :water content in air [kg/kg]

0, : density of steam [kg/m’]

0, : density of condensate [kg/m’]

o :entropy production [W/m*-K)]]

@  :dry basis weight of paper [kg/m’]
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