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LECTURES ON PAPER MACHINE CONTROL

o Simple Paper Machine Models
K.J. Astrbm-
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1% INTRODUCTION,

* In this chapter the results of the previous chapters
will be summarlzed to obtain complete models of a
paper machlne Models of different.complex1ty are

considered,

The first model PM1 is a paper machine where the head-.
box is assumed to be under perfect control, The head—
box dynamics can then be neglected and the major dy-
namics arises from the mixing and fibre separation that
takes place in headbox wire pit, and associated PUmRp

¥
and mixing systems.

The next model PM?2 is identieél with PM1, but the head-
- box dynamics is now induced. o ‘

The presentatlons follow the same pattern. The phy81os

ig first discussed. This leads to a nonlinear model whlch
is then linearized. A PORTRAN program which makes it
possible to compute the model parameters from physical
data is also induced in each section,

~




2. PAPER MACHINE NUMBER ONE (PMﬁ).

A very simple model of‘a paper machine is described in
this section. The model is derived under several simp-
1ifying assumptions. The headbox dynamics is neglected.
The wire is described by a variable retention model. The
dryer is éharacterized by using- the water removal rate
as an input signal. The model obtained is of Seéond or-
der where the dynamics corresponds to the storage of
fibres in the headbox and wire pit. If it is desired to
use the pressure in the last drying section as an input
instead of the water removal rate another state variable -
must be added. The model has five inputs and five out- |
puts. '

4

Inputs and Outputs.

A simplified diagram of the paper machine is shown in
Fig., 2.1.-




The system has the following control variables (inputg):

uy thick'sfock'flow [mB/s} ' ' ',j o
U, thick'stock'fibré concentration [kg/s]

Ug slice opening [m]

Uy Cwire speed Im/s]

ug  water removal rate in dryer section [kg/s]

The following variables are considered as outputs:

¥4 fibre concentration in flow out of headbox [kg/ms}
Yq fibre concentration in flow out of wire pit [kg/msl

Vg3 wet line position measured from the slice [m]

Yy fibre weight at dry end [kg/mz]
95 water to fibre ratio at dry end

1

The model is derived from simple mass balances. The ma-
jor assumptions made to derive the model are given be-
low. For a more detailed discussion of the different

subprocesses we refer to the previous chapters.,

Headbox Model. . oo

P

It is assumed that the level and the jet veloeity cont-
rols are perfect so that the inflow to the headbox al-
ways equals the outflow and that the jet velocity always
equals the wire speed.




- pump to the headbox outlet can be characterized as a

Wet End Model.

.

It is assumed that the mixing which oceurs fron the fan

perfect mixing‘in a volume V, and that the mixing in
the wire pit can be characterized as a perfect mixing

in a volume V2. The wire i€ characterized by a variable

retention model. It is assumed that no fibres leave the

short circulation, i.e. that the fibre concentration in
the wire pit overflow is zero. A fibre balance for the
fan pump-headbox system then gives

Vy — = - qqC4 t (q,l_“qo)‘c,2 tqpe, ' . (2.1)

where 9, is the thick stock flow, a4 is the flow out of

the headbox. The fibre concentrations in thick stock,

_headbox and wire pit are CO’ c, and <y respectively.

The flow g and the fibre concentration c, are control
variables, The flow: out of the headbox is determined by
‘slice opening and w1re speed. Hence

dp = Y4
€0 T Y2 \
q, = busuu

where b is the machine width,

A fibre balance for the wire pit giveé'

V, —= = [1 - r(w)lqey - (qq=qy)dc, C(2.2)

where r is the average retention which is a function of




Aqeyr(w) : o :
WoE e = ugx r(w) ' T (2.3)
. -buq : '

Wet Line Position,
_

Since the model will be used for control studies i+ is
of interegt o model the wet line position. This is done
as deIOWS.'Let p denote the density of the fibre mat,

The mat thickness at g given distance fron the slice ig
then given by

(2.4)
Since the fibre mat is ogtained by drainage we' get

'

W o= 01(u3~ds) « rlw)

where d, is the height of the slurry, Equating d. and
dﬁ we find that the basis weight at the wet line satis-
fies the equation o

W =kc1r(u3-w/p) R K (2.5}
- Hence

Ciu, () . T ’ ' , ' :
wos —3 3 S I (2.6)
1+ C.r(w)/p :

The wet line position ié now implicitely determined from




the drainage equation

dw cqf(w)v(w) (2.7)

at

Compare with equation (5.3) of Chaﬁtep 2. To ‘obtain
an approximative expression for the wet line therretén—
tion is put equal to a constant and the drainage velo-
01ty is assumed inversely proportional to w in (2, ?)

The drainage equatlon (2,7) then reduces to

Integration of this equation gives

w2 = c1kt

FUIR

‘The drainage time is thus

Assume that there is uniform drainage on the wire and
note:that the wire speed is W, . The wet- line position
is then given by

. ~ wzuu cqu gr (w) | '
Vg = u,t = = 5 (2.8)
Qc1k 2k (1 + cTr(w)/pJ -

The sheet density at the wet llne position 1s of the
order of magnitude of 200 kg/m . Considering the very crude
. approximations made, we then put

2 7 .
c ugr (w)

ysf-’

2k




Model for Presses.

To model the presses it is simply assumed that fhe water

to fibre ratio after the presses is constant £

Model for Dryer Section.

A water balance for the dryer section gives

1

where fp is the water_to'f;bre ratio after the presses
and f; that at the dry end. The input ug is the water
removal rate in the dryer. If it is preferred to have
the pressure in the laét'dryer section as an input a
simple dryer dynamics must be added. '

“Summary.

'Choose the state variables as the fibre concentrations
at the headbox and wire pit outlets. Summing up we then
find that the paper machine can be described by the

equations.

dx1 _ busu‘ux1 . (buguu-uqsx2 \ u1u2
dt V1 V1 V1

dx, _ b[‘l—-r(w)]usuqx1 ) (busuq“u1>x2

dt V2 : ._v2

L




o<
]

1

e
N

ug 1r2<w>

y =
3 2k
Yy = W o ugx,rw)
: u
. 5
¥y = T = f =
5 a .7p bu3uqx1r(w) -

Notice that the derivatives are implicitely given due

to the implicite equation for the basis welght,

Parameters.

The model of the paper machine is characterized by 5 pa-
rameters namely '

1 effective fan pump-headbox mixing volume ]

o effective wire pit mixing volume [m31

parameter in formula for drainage rate [kg n"1s™ M

v
v
b machine width [m]
k
hig

P water- to fibre ratio after presses
and one function

. r{w) average retention

The pérameter k and the retention function r» depend on




the properties of the pulp and will thus vary for diffe-
rent paper grades. The parameters Vis V, and b can be ex-
ﬁected to be independent on the paper grade. The parame-
ter fp will depend both on the operating conditions, in
particular on the state of the felts in the presses, and

on the properties of the pulp.

To specify the operating conditions it is alsd necessary

to know the values of the five control variables.

Linearization.

The nonlinear model Wwill now be linearized around a stea-
dy state operating point. Assuming that the control va-
riables are constant we find from (2.1) and (2. 2) that
the stationary values of the state variables are glven

by the llnear equatlon

" (a3-ag} feq | [apS
(_1—r)q1 —(q1—q0) e, 'O
where
a4 = bugu,
99 = Uy
g T W -

‘The linear equatlon given above can always be solved lf
r ¥ 0. The solution is
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H_(?—P)q1qoco (1—r)g1
e, = 4 ey

r’q1(q1~q0) Q-] - qO ’

The steady state basis weight is given by

bv bwv bu

This formula implies that all fibres entering the sys-
tem as thick stock will have as finished paper or tha+
the fibre flow to the long circulation is neglecteqy,

To carry out the linearization it is necessary tO'obtain
the partial derivatives of the basis weight w with res-—
bect to the state variables. We have

M owr ¢ oux pt 3
5% 3 3™
(R 9%
Hence )
aw ) i Uy
oxy . 1 - wp'/p
Similarly
3w X,

7 —_ 1
3q3 1 wr!/n

The linearization can now be carried out in a strajight-

forward way. The coefficients in the standard form are
as follows - )
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) bu - El

VT. V1 \
bugu[1l - Uy _ 9 " uy _ 4 = g

V1 V1 V1
q
_l 1 - r -
V1 1 - wr'/r
b S T IO CHR

VZ V2 Vz.
Y1 V1 .
2l %
V1 1 .
b(~x,|-l-.x2)uli

Vs

-7

b(-x1+x2)u3

vy
%2
VZ

X © !
~ Q1 9 ) wr _ q0C2

V2u3 1 = wr'/p u,v,
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ugrz 1 + wr'/p 3 i + wp'/p

C = . T e—— s L

81 2k 1 - wn'!'/r X 1T - wr'/r

. _ ugr
‘41 1T - wet/r
) u5 1 i fp - fd 1
®51 ~ 70 - - F '
bu3uqx1r A - wr'/p X5 1 - we'/v
' u.x PZ- -1 28 1
3™
633 - L] = == - e rr———r—————————
k 1 - we'l/y u3 1 - wr'/r
R -

. 1 _ fp - fd . 1 '
1 -~ wr't/r ug 1 - wr'/p
fp - fd'
u, g .
f- - f
- _ _p_ "4~
bu,u, x.r u.
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Parameters,.

The linearized model is completely characterized by 12

parameters, némely 7 physical parameters:

v, effective fan pump-headbox mixing volume
v, effecti?e wire pit mixing volume

b machiﬁe width

k parameter in formula fér drainage rate

f water to fibre ratié after presses

T avefage.retention

r!  derivative of average retention with respect to ba-
sis weight, '

and steady state values of § control variables which de-

termine the operating condition:
3

uy thick stock f;oﬁ qq

ué thick stock fibre concentration éO
ug slice opening . o

" wirg sﬁeed v

ug  water removal rate in the dryer section.

It is often convenient to give some parameters indirect-
ly. The steady state position % of the wet line can be

given instead of the drainage parameter kX and the Wateg
to fibre ratio at the dry end fq
of ug. A FORTRAN subroutine which evaluates the parame-

can be given instead

ters of the linearized model from the parameters given
above is listed below.
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Example.
To get a feeling for the orders of magnitude involved

a numerical example will be considered. The following

numbers were given for a kraft paper machine:

0.089 m°/s

=
-t
i
—
o
=
fla}
o
1

<
)

!
—
g
o
=

[
1"

0 27 kg/m8

b =6 mn d = 0.0347 m

a = 0.5 v =6 m/s

y = 50 m’/kg £ =10 m

£ =2 | | £, = 0.08 o

p ? " d .

Using the subroutine PM1 we then find the following nu-

merical values of some machine parameters:

.out of headbox

¢, = 0.42 kg/m3 T fibre concentration in wire
! pit
w = 0.0668 kg/m2 dry basis weight

The matrices defining the linear model are given by

y

[-0.125 0.116
A- —
L 2.22:10 -0.0116

—

2.7 0.0083 . -6.82 -0.0394 - 0]

| 0.00u19 O -0.136 0 0

a4 = 1.25 n®/s . flow out of headbox
r = 0.83 - . - average retention
c, = 2.31 kg/m3 ~ fibre concentration in flow .

15.




1 0 -

0 1
C = |5.89 0

0.0341 0

0,980 0]

0o o 0 0 0o

6 ¢ 0 0 0
D=1{0 0 680 0 0

0 0 2.27 0 0

0 0 65.3 0,320  0.416]

The stepresponses of this model are shown in Fig 2.2
and Fig 2.3, : ’ ’




Response to step in thick stock flow (u,)

Response to step in wire speed (u,)

T Wet line pesiticn (y,]
1.0~
TTT-Fibre weight (y,)
~T—Fibre concentration in headbox ly,)
0,5—
/Fibre concentration in wire pil (y,)
0 T
0 100 200
Time s
o
\Fibre concentration in wire pit {y,}
-0.5+ .
___——Fibre concentration in headbox ly;}
Fibre weight [y, } -
-1.0
————Wet line position {y,]
|
0 100 200
Time s -
4
Fig 2.2

values,

Resporse to step in thick stock concentration {u,)

Response to step in slice opening (u,)

17.

5
1

o
wn
1

/Wet line position [y,)

Fibre weight [y,

Fibre concentration in headbox {y,)

/Fibre conceniretion in wire pit (y,)

o-}
0
Time s

100 200

———Wetline pasition {y,)

__—Fibre weight {y,)

/Fibre concentration in wire pit [y}
Fibre conceniration in headbox ly,}

200

Normalized stepresponses for the linearized
papermachine model. The inputf amplitudes are chosen
equal to.the steady state values and the outputs are

also normalized with respect to theirp steady state




Response to step in slice opening (u,)

Response to step in thick stock flow {u)

L
0 160

Water to fibre ratia ot dry end lys)

200

L0
30—
20—
10—
Water to fibre ratio at dry end lys)
0
D 100 2048
Time s

»

Response to step in wire speed(u,)

Response to step in thick stock concentration {u;)

L)
o
!

=]
!

20+

10

D'_JKI¥\)|
] 100

Water to fibre ratia at dry end (y,)

200

Water to fibre ratio at dry end (y5)-

Fig 8.3 Normalized stepreéponses in moisture content for
the linearizedvpapér machine model. The input amplitudes
are chosen equal to +the Steady state values and the out-
puts are normalized with-fespect to their steady state

operating levels.
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APPENDIX A -~ PM1 SUMMARY.

i

u, thick stock flow [mS/SI Y=y fibre concentration

in headbox [kg/m3]

u thick stock fibre i

2 _ 3 Yo%, fibre concentration
concentratlgn [kg/m™] : in wire pit [kg/m?J
u, slice opening [m]' f Y wet line position [m]
: f Yy + Ffibre weight [kg/ﬁz]
u, wire speed [m/s] 5
‘ ’ Vg water to fibre ratio
Uy water removal rate {kg/s]‘l .
[-0.125 0.116
A = L3 ’
| 2.2+10 -0.0116
[ 2.7 0.0089 -6.82 -0.0394 é}
B = '
| 0.00419 O C-0.136 O 0
[ 1 o] . "o o 0 o0 ]
, |0 1 . fo o 0 0 0
C=| 5.89" 0 D=10. 0 680 O 0
o 0.0341 @ 0 0 2.27 .0 0
L 0,980 0] D 65.3 , 0.320 0.416




