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Modeling and simulation of the mass flow and reaction kinetics in a
continuous Kamyr steam/liquor phase digester
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The motion of the mass in a continuous digester can be described by the Navier—
Stokes equations together with mass balances for the chip plug and the free liquor.
The component balances for the wood and liquor materials fulfil the mass balances.
These equations are solved to help understanding the dynamics connected to
motion and chemical reactions taking place in the digester. Simulated profiles are
shown in this paper.

1. Introduction

The main unit in the cooking system of a pulping mill is the digester. Wood chips
from the chip storage are cooked and fed continuously through the reactor for further
refinement in the mill before paper making operations.

The quality of the pulp is mainly described by the Kappa number which is a
measurement of the residual lignin in the pulp. A typical plant problem is keeping the
variations in the Kappa number sufficiently small. As usual in large chemical processes,
the measurements of process variables in pulping plants are few and often noisy.
Typical control problems include chip level control.

The quality of the pulp coming from the digester is widely accepted as depending
mainly on the chip quality, the temperature history of the chips through the vessel, the
liquor concentration of active ions, the compaction of the wood chips and the residence
time of the chips in the vessel. Especially, the two last quantities are not measured on a
continuous basis, and their interactive effects are not totally understood. Both
compaction and the residence time of chips are commonly controlled by the chip level,
based on the idea that at constant production rate, a constant chip level assures a
constant residence time and hence constant compaction. These two very important
process variables are dependent variables that have to be distinguished. Understanding
and controlling the process in the digester requires knowledge of what is happening in
the vessel and how it can be influenced. Such knowledge can be achieved by developing
first principles models, such as mass and momentum balances, and simulating them on
a computer. The purpose of making a new model is also to make a platform for control
structure study. This, then this makes a tool for achieving better pulp quality.

The published literature on modeling pulping digesters mainly includes detailed
descriptions of the complex kinetic reactions related to the delignification and
degradation of carbohydrates, diffusion and penetration phenomena in the process of
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transporting liquid into the chips, and early ad hoc models (H-factor models). It was
Smith and Williams (1974) who first applied the complex chemistry of pulping in a
simple fashion and developed a kinetic model in the form of dynamic mass balances for
the main components undergoing reaction. This model was later modified by
Christensen et al. (1982). The only reported description of the flow phenomena
including the compaction of chips was done by Hérkonen (1984) in his doctoral thesis,
‘A mathematical model for two-phase flow’. This model is steady state and does not
describe the delignification and degradation reactions specifically. It neglects the
pressure in the free liquid and ignores some effects which might be interesting to
examine, such as inertia effects, dispersion and eddy diffusion. This model also does not
have the chip level as a state variable. In studying the operational problems in the
digester, we assume the chip level to be of essential importance in a dynamic model.

The proposed model is an integration of the ideas behind the work by Smith and
Williams (1974), Christensen et al. (1982) and Hérkdnen (1984). The physical motion in
the digester is described as a case of flow through porous media (Bear 1972). The mass
flow is then regarded as a two-phase flow where the incompressible free liquid fiows
through a compressible moving bed of chips forming a column that can be thought of as
an isotropic continuum, i a porous medium. In addition to compensating for the
deficiencies of the model by Hirkonen (1984), the proposed model consists of scaled
equations that are formulated in the terms of flow dynamics. Unlike the models referred
to above, the proposed model does not include energy balance to describe temperature
profiles neither does it describe conic side walls. Furthermore no cross-sectional
variations are assumed. The assumptions in the model lie also in the conceptual model
which is described in section 2, and in empiric algebraic relations such as the reaction
kinetics, mass transfer-, friction- and compressibility coefficients, valve characteristics
etc.

Figure 1. Kamyr steam/liquid phase digester for continuous kraft cooking.
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Figure 2. The volume and mass fractions and densities in the model.

The continuation of this paper is as follows. First, fundamental volumetric and
mass relationships are established. Second, the proposed model is presented. Third, a
short description of the solution method is given. Then, simulation results are shown.
The paper ends with a discussion.

2. Volumetric, mass and density relationships

Inside the digester (see Fig. 2), chips have volume fraction related to an clementary
volume of mass given by

£c= P:‘:Ilips/ Vmass (1)
€. 1s thus an expression of the density of wood chips in the mass. This is what can be
regarded as the solid matrix of the porous mass media. The interstitial void space

between the chips is filled with steam above the liquid level and free liquid, i.e free to
circulate, below. This liquid has volume fraction ¢, in the mass given by

£I = l/;'I/ Vmass (2)
Hence, we have the relation
+e=1. (3)

The compaction, c, of chips expresses how much the chips are compressed inside the
digester compared to in the feed, and can be written as

C=€[€cspecd 4

A chip has a certain fraction of solid material and entrapped liquid. These are defined
by

€n= Veu! Vopw )]
€= Velf Vopw (6)

where Vopyw is the known volume of one single oven-dry wood (ODW) chip. This
volume and the mass of one single oven-dry chip, mopw, is, according to Smith and




36 F. A. Michelson and B. A. Foss

Williams (1974), chosen as a reference system for the model. The advantage of this
reference system is that for example the content of residual lignin is related to uncooked
chips and therefore gives a measurement of how much the chips have been cooked. The
density, popw ="Mopw/ Yoow» Of an uncooked chip is then a known parameter in the
model. Another interesting fact which fits into this model is that the volume of a single
chip is maintained practically unchanged throughout the process in the digester despite
the compaction. This is widely accepted and has been shown through laboratory
experiments by Hirkonen (1984). The consequence of this gives the relation

Venips=n" Voow (7

where n is the number of chips in an elementary volume of mass. We assume complete
penetration of liquid in the chips. Hence

Emtea=1. @

The solid material of the chips consists basically of lignin and carbohydrates. The high
and low reactive lignin is lumped together in one single lignin component and so are the
separate carbohydrate species, i.e. the celluloses and the hemicelluloses. The amount of
extractives, such as terpenes, in the chips entering the digester is negligible due to the
small amount in the unheated chips and to the rapid removal during the further
preheating in the preimpregnation vessel which is normally used upstream of a
steam/liquor phase digester. To benefit from the structure of the mathematical
description of the reaction kinetics in the model by Christensen et al. (1982), mass
fractions of lignin and carbohydrates are used. They are defined as

Cig= Myig/Mopw ©)

earb = mcarhuf Mopw (10}

where my,, is the mass of lignin and m,,,, is the mass of carbohydrates in one single chip.
The solid material can also be fractioned into volume fractions of lignin and
carbohydrates related to the chip volume:

Elig= ligf Vobw (11)
€carb= Vearn/ Vopw (12)
so that
| 4
flig+€wb=Vﬂ=€m' (13)
oDwW

The density of lignin and carbohydrates in the wood chip can then be expressed by

Myg Vi Mhig

oo o= te Mg "Mg_ 14
Phg.ch:p VOD\N VODW V;Ig £I|gplig ( )
Mearb Vcarb Mearn
arb,chip— 37 — = €carblcarb- (15)
flemiie VODW l'/ODW Vcarb ohcart
Further, we have
Mg Mg Mopw
Plig,chip= 1, —. 1 — %igl (16)
g.chip Voow ™Mopw Vobw fiemopw
m My, Mo,
Pearb, chip carb =—= b _0OD¥ — OcarbPODW- (]-7)

_
Voow Monw Vopw
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These relationships then give by summing

alig Pearb
£Iig + €carb =( + )pODW (18)

lig Peart,

Eqns. (8) and (13)(17) then give the following expression:

Sig acarb)
eq=1—{ —=+52)p 19
el ( Pug  Pears oDw (19)

Prig and p.,,, arc the specific weights of lignin and carbohydrates.

The entrapped liquid consists of active ions, dissolved solids and water. In the same
way as for lignin and carbohydrates, the separate species of active ions, i.e. hydroxide,
hydrosulphide, anthraquinone, polysulphide ions etc. are lumped together in one single
component. Again, to benefit from the model by Christensen et al. (1982), density
variables for the ions, the dissolved solids and water are used. They are defined as

Mion, el

Pion,e1 =" _Vel - (20)
Mys, e

pds.cl____;;ﬂ_l @D
— My el

pw.cl_ '/ﬂ - (22)

Equivalently, the free liquid is also composed of active ions, dissolved solids and water.
Their densities are defined as

m

Pion,f1 =" i;.:j'ﬂ (23)
m
Pas,f1=" :;:" (24)
fl
My 1
= — 25
pw.ﬂ ";'l ( )

Note that all the density variables (20)(25), which are used as state variables in the
model, express mass components related to a time varying volume.

Based on these relationships, the concentration (related to a elementary volume of
mass) of lignin, carbohydrates, entrapped active ions, dissolved solids and water, free
active ions, dissolved solids and water can be derived,

0 —n Mg My, Mopw Yobw
lig, mags = N b= ——1&_
BT W ass Monw Vopw Vinass

= ygPopwec (26)

m Mo, Mopw Ve
pcarb. mass nfr_b = mOD\ll'f’ ? oY 709‘1'1 = OcarbPoDWEe (27)
mass ODW  Pmass

m: . V, WV
pion. el, mass — ';m,el = mlon. << OD"N_n =pion. elerfe (28)

mass V;l VODW me
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Mas,e1 _ Mas, el Va Vobw

Pas,el.mass = "_me v, VODW 7 = Pas, e1€eife (29)
mw.chjp mw‘chip VODW
w, chip, =n = "’=pw.c i (30)
’ i, mass Vmass VODW Vmass Inpec
Mionnn Mionn Ve
Pion, 1, mass = V:: = ;;:I i Vn:ss=piomﬂfl (31)
m, m W
Pas, f1, mass = V::: = :’Z ! me:“=.pds. n€1 (32)
p =T"’;"=E"-_"_Vf;___p € (33)
w, fl, mass Vm Vn Vm W, 1"

Further, in the mass transfer process between the entrapped and the free liquid, the
ions and dissolved solids are replaced by equal volume amount of water, to maintain a
constant chip volume in our conceptual model of a wood chip.

3. Mass, component and momentum balances

Balance equations are derived from the fundamental conservation laws. The
equations are based on the Euler formulation, in which the control volume covering an
clementary volume of mass is fixed in space and the modeler observes the mass flowing
through this volume. This is in contrast to the Lagrange formulation where the
elementary volume is not fixed in space, but changes in size and position as it follows
the motion in the flow. This method is suitable for particle tracing. It is obvious that the
Euler formulation has limitations in giving an exact description of the whole mass in
the digester. This is due to the fact that the chip/liquid mass does not have
constant value, since the chip and free liquor levels vary with time. This deficiency does
not however prevent us solving the problem by this formulation. We attempt to model
the whole mass by separating it into three sections. The top section, which is the upper
1-3m of the mass , is described in § 3.2. The outlet section, which covers the mass below
the bottom scraper, is described in § 3.3. The middle section, which covers the main part
of the mass and is described by partial differential equations, is described in §3.1. Since
the flow of mass is mainly vertical, the equations are only solved in this space direction,
called z.

3.1. The middle section

3.1.1. Mass and component balances. The space of solution in the space direction is
from just above the bottom scraper in the outlet device and up to 1-3m below the
normal chip and liquor levels. Based upon the density definitions given in Eqns. (26)-
(33), the following balance equations including convection, dispersion, reaction and
diffusion, can be derived:

il 0 d
Et_p““’ mBss =a(£calingDw) = E(ccalingDwvc) —FigPopwte (34)

a2
+ Dc@(ﬁcaligponw)
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i} d 0
ét'pmb, mass — E(ﬁc“mbpoow) = _;312' (ec%carbPoDWUC) — T carbPODWE (35)
2
+D, 62_2 (€c%carbPoDW)
0 ij 0
aﬂm. el, mass — at Ec€aPion,e1 |= — _a;(ftfclplm.elv:) - (bng"ligﬂoowfc (36)

2

i}
+b carbrcaerODwfc) —D ion[pion.el " Pion, ﬂ) +D < EE (£c£e|p ion.el)
a d a
P elumass = — Ez(fceelpds. )= — E{eceelpds, ate) +(1+ by )rgponwe. (37)

62
+ (1 + burb)rcarprDwfc - Dds(pds. el — Pds, fl) + Dc 525 (eceelpds, el)

i) 0 d
agpw, chip, mass — 'at [ecpw, el:ip) =—- a_z(écpw. chipvc) (3 8)
o2
+Dy1(Pion,e1— Pion, 1)+ Dwa(Pas, e1 — Pas. 1) + DCE (€cPuw, chip)
2 ot = i) = — e 0) + D 3
2 ‘piorn.ﬂ, mass —bt E1Lion, 1) = Em E1fion.a1l) + im(piun. et — Pion, 1) (39)
22
+D, 2 z‘j(‘- 1Wion, 1)
2 )= — L (ctoas )+ Daslp (40
2 tpds.fl,m.-u ~a Efas, )= — oz (€045, nth as(Pas, et — Pas,n1) )
o2
+ Dla_z'i(flpds.n)
d 3l i}
20P-mass =5 (6w, )= — 3, @Pw.at) @n

22
=Dy 1 (Pion, c1 = Pion.01) — Dwa(Per— Pas, 1) + Dlaz_z(flpw.ﬂ)
The sum of Eqns. (34)(38) is the mass balance of the chips:
ﬂ = —i(p e)—ADp)+ D az( o) 42)
atpchips_ ﬁz cte P eazz P
and the sum of Eqns. (39)(41) is the mass balance of the free liquid:

0 é 0*
51P0= = (Pw) + ADP)+ Dy (o) @)

where A(Dp)=(Dion _le)(pion.el_piw.ﬂ)"'(‘bds_ Dw2)(pd&el _pds,ﬂ) €xXpresses the net
mass transfer between the two phases.
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In addition to the previous parameter and variable definitions, the (rest) of the
remainder symbols used are:

T1ig=K1Pion,atig  Chemical reaction coefficients, where k;, i=1, 2 are
Teart = K2Pion, el hears — %oar)  the Arrhenius coefficients and 02,1, is the unrea:ctiv_c
part of the carbohydrates (typically 30%) which is
formed during the stabilization reactions. [kg/(kg

ODW s)]

byig, bearn  Stoichiometric coefficients [kg/kg] describing the
fraction of mass transfer of reaction by the active
entrapped ions, i.e the consumption of active ions.

DD, dispersion coefficients [m?/s] which give rise to
nonflat velocity profiles in contradiction to the pore
plug flow. This results from molecular and turbu-
lene diffusion caused by both axial and radial
mixing (Fogler, 1982). Typically D,» D..

D, Dy, mass transfer coefficients [s™ '] describing the mass
transfer of ions and dissolved solids between the
entrapped and the free liquor because of density
gradients. According to the references, these are
equal. Note that the density variables are defined
such that mass transfer occurs whenever p; ., # p;
i=ion, ds, even though they do not have the same
dimension.

D,,, D,, mass transfer coefficients [s~'] describing the inter-
phase mass transfer of water because of density
gradients of ions and dissolved solids. Typical are
D, #D,,, and D, # D,,, depending on the specific
weight of water compared to the specific weights of
the ions and the dissolved solids.

v, 1y velocity of chips and free liquor [m/s]

These equations indicate that the mass flow is regarded as a two-phase flow with the
chip plug and the free liquor as the two phases.

Note that Eqns. (34)-(41) form a set of eight equations with nine unknowns
(densities). As already mentioned, the chip volume is kept constant throughout the
whole process in the digester. The process of delignification and degradation of the
carbohydrates does, however, influence the compaction, ie. the volume fraction of
chips. This phenomenon is connected to the fact that the chips become softer during
cooking due to increased porosity inside every chip. Then they change shape rather
than volume. This is described by reduced chip pressure (see later) and is therefore
connected to momentum transfer rather than to mass transfer. Thus, the dynamics of ¢,
and ¢, are independent of the dynamics of the other density variables in Eqns. (34)41).
They can therefore be separated.
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This separation of the equations gives the following parabolic partial differential
equations for the volume fractions of chips and free liquor:

Oe, d 0%,

_at - a (el: C) + DI:EZZ (44)
e bl 2%

a?'= — 5 lav)+ D.g;. (45)

By using Eqn. (3), we get the two-phase form of the continuity equation including

dispersion:
dy, 1 Oe, %,
5‘@(‘”-*”6’5+‘D°“"’Ezf) (46)

which is elliptic and is used to solve the free liquid velocity.
The reaction kinetics then only influence the mass balances through mass transfer
inside the chips. This is expressed by the component balances which are given by:

Ju i} oy,
- a;i= - az'(“ug”c)‘ Tlig +DcE;—‘“ (47)
o i} 2
_acarb_ = '(acarbvc) —Tearb+ D, a_af;rb' (48)
ot oz 0z
OPion, c1 Pion, e1 OV OPion.ct Pobw Pion, el
ZFion,el _  Fion,el Ol on.el b,. o Fien, ) 49
ot €q Oz > €y i+ Prig g “9)
D, az ion, e
+ (bcarb-" .I:_lon. el')rc:arb) _£ ::on (pion.el ~ Pion. fl) + Dc gzz =
carb el
OPys, e Pas, et OV Pas.ct Poow( [Pas.e
ol TdnedT% o Fdser Poow( (Pasel 0 p ),
at €el dz Ug oz € Pu, ( + llg} lig
P s, & D @zp )
+ (ibl _(l + bcarb))rcarb) _ﬁ(pds,el _pds.fl) +Dc é:; = (50}
0 chi d DW Dw azpw.c i
= g P i) = Pan) o Pt )+ DL (51
a i a Dion a210i|:m
e‘;,:_" = _E(pion.l’lvl.)—l'_ f- ‘(pion.el ~ Pion, ﬂ)+ Dl_azzzﬂ' (52)
1
i) a D &*p
= = P )+ s a— s+ DL (53)
ap., b D D, 0*p..,
%t‘ = —5(ﬂw,n1’|}——:1'(ﬂm.e1‘Pion. fl}__ﬁ_z(pds,el —Pas.) + D azzﬂ- (54

Note that we have chosen p,, nip @8 @ basic variable (state variable). This is not included
in the models of Smith and Williams (1974) and Christensen e al. (1982) and therefore
we do not have reliable mass transfer coefficients connected to this density variable,
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The mentioned chip pressure or bed pressure, p. [Pa], is defined by the average of
the contact forces acting on the points of contact between the chips over a reference
surface, divided by this area. This is solved from the equation of state (i.e. the
compressibility equation):

p.= 10“(

as suggested by Hirkonen (1984) from his regression analysis of experimental
laboratory data. Note that this equation is valid only for €.€[0-356, 1-0]. It relates the
compaction to the chip pressure at different degrees of cooking. The last characteristic
is expressed by the k number, giving the residual lignin in the mass and related to the
foregoing definitions, defined by (Rydholm, 1967):

K =40t/ (i + Olcart)))/ 0 13- (56)

In this way, the delignification influences the compaction via the momentum balance,
which is derived in the next subsection.

The other pulp quality variable commonly used is the yield, Y, which can be
expressed by:

_ 1:695
0356 —¢, ) (55)

—0831+01391In(x)

Y= %(mlig + acarb)' (57)

3.1.2. Momentum balances. The momentum balances for the phases of vertical flow
can be written as the following parabolic partial differential equations when the
dispersion terms in the mass balances are omitted:

v, dv, 1 dp. 1 ép 1 1 n.0%v,
e O TP F L Qua—u) S 58
& % pactz podz Y pel* pec e Wt 2 9
v, v, 1 dp, 1 n 0%y

My O Oy — i | 59
ot %z P 0z +g plelﬂ(ﬂ' v+ p, 02° %9

In addition to the previous description p, =(0tg + Uears)Popw + (Pion, c1)et + P, chip 1 the
density of the wood chips [kg/m>], p,= Pion.r1 + Pas.1+ P, n 18 the density of free liquid
[kg/m>], p, is the pressure in the free liquid [Pa], g is the constant of gravity [m/s”],
F,=4pp,/d is dry force of friction between the chip plug and the side walls in the
digester [N, where p is the coefficient of friction [kg/ms] and d is the cross section
diameter of the digester [m], Q= R,(€?/;) + Ra€Jv. — vyl is the coefficient of friction or
flowing resistance between the two phases where R,[kg/m®] and R,[kg/m*] are
estimated parameters, and 1, and n, [kg/ms] are coefficients of vertical turbulent
viscous eddy diffusion. The form of the flowing resistance is the Ergun equation which
takes into account the force of inertia.

The first term on the right side of Eqn. (58) is the force of inertia. The second term is
the internal force of pressure of the chip plug where the chip pressure is given by
Eqn. (55). The third term gives the external pressure force from the surrounding free
liquor, and the rest of the terms are given in the previous description. Eqn. (59), the
momentum balance for the incompressible free liquor, contains equivalent terms as for
the chip plug except for the, external pressure term from the chip plug, which for
obvious physical reasons does not exist, and the force of friction against the side walls,
which is negligible.
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The only unknown variable in these equations is the pressure of the free liquid, p,.
For this, we do not have an equation of state that relates it to the density of the free
liquor because of the assumed incompressibility. This is also expressed in definition 3)
which results in Eqn. (46). p, can be estimated from different methods, see for example
Patankar (1980), based upon the condition that the pressure has to satisfy the
continuity equation. Instead of increasing the complexity of the model by such an
estimator, the approach of neglecting the dynamics of Eqn. (59) is made. The resulting
stationary elliptic equation is then solved for the pressure gradient:

d ov | 2
£'= —ﬂ.vfa—z' +og— m:ﬂ(v. - vc)+m%z : (60)

where ¢ is substituted for ¢,. Note that beside the gravity, the boundary conditions of
the liquid pressure are the driving forces in these equations. The boundary conditions
for these equations are defined by the equations in the top, extraction and outlet
sections.

In light of the small velocity values which occur in a real vessel (typically 1-4mm/s),
one can query including the dynamics in v,, the force of inertia and the eddy diffusion
terms in these equations, since these terms are normally compared to the other forces.
The answer lies in the property of stability of the set of equations. Simulation results
have shown that these terms have im portant stabilizing effects. The dynamics also help
the whole model converge to a stable stationary point of operation.

3.1.3. The liquid circulations. The circulations (Fig. 1) through the heat exchangers
are not included in the model because these do not participate directly in the vertical
mass flow. No net extraction or addition from these is assumed. The indirect effect of
these can however be included by choosing the dry friction factor u considerably larger
than normal at the points where the screens are mounted.

3.1.4. The extraction section. Tn the extraction line we assume a control valve
controiled by the control signal u,,,, (Fig. 3). The pressure down-flow of the valve Pexirs
as a boundary condition for Eqn. (60), is assumed to be known. The flow through the

Dlexer

NNENENENENE pINNRN
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valve is a sum of the two flows coming from the cooking zone above with velocity vy ook
and from the wash zone below with velocity vy yue- Thus, the pressure up-flow of the
extraction valve is a superposition of the two pressure contributions resulting from the
steam pressure above, p; .. and the inlet pressure at the side nozzles in the bottom of
the digester, p, w.en (Fig 5). These pressures are solved from Eqn. (60).

Given the characteristics of the extraction valve, the two liquid velocities which give
the boundary conditions for Eqn. (46), can be written as:

Uy, cok = uut[(pl,cook —D, extr)lnfl(Aec) (61)

V;, wash = — uemr(P 1, wash_p 1, extr)”zl (AE.:) (62)

where ¢ is the volume fraction of chips in the zone and A is the cross section area of the
digester.

3.2. The top section

Because it is impossible to determine both density and volume from the mass
balance, the volume fraction of chips and free liquid are set fixed in these balance
equations, giving the levels as state variables. This error in accuracy is assumed to be of
minor importance in light of the small percentage of volume covering this top section
compared to the rest of the mass volume.

In the top of the digester, the mass flow from the inlet device is actually decoupled
from the flow in the digester. The impulse into the section is therefore a bump against
the top of the mass. This tiny effect on the velocity out of the section is neglected. The
diffusion and dispersion terms are also neglected. According to Fig.(4), the mass
balances of the chip plug and free liquor give rise to the following ordinary differential
equations determining the respective levels instead of the volume fractions:

d . Peinfei

h =h =reintein,,

e ho=Lesiny, o, (63)
0 - Prin€y,in

O hy=hy=Peinting 64
Ot 1 1 P 1, 1 ( )

> - b
‘s e f.. NESTTSIA
“ - Ly ] o d\‘ ‘n“‘h“:J
P - e TS
h woso O, 03]
I 22T =
— Frar ey
) - o
a4y " ¥
o V7o ™"
- b~ i -
= =l
- - )
".‘I-ff‘
o
- 2
b P
=0 i vy

Figure 4. The top section.
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A simple estimation of the volume fraction of chips in the section, assuming a linear
relationship to the chip level, can be expressed by:

{0356 if h,>1-0m
0356 4+-0:022h, otherwise

The volume fraction in the feed, ¢ ;, is free to vary. The liquid velocity v, is solved from
Eqn. (46).

The momentum balance for the free liquid is derived from the same control volume
as the mass balances. The steady balance equation gives the liquid pressure at the lower
boundary as a function of the steam pressure:

€

(65)

€1 inf h
P1= Psteam —_I"::'n lul.mvl'l'plghl__f_lqvl_vc)* (66)
1 1

Equivalently, the momentum balance equation for the chip plug could be derived based
on the same control volume. However, a better estimate for the chip velocity is made by
using Eqn. (58).

3.3. The outlet section

This section consists of the volume below the bottom scraper covering the inlet of
the bottom nozzles. The chip velocity is a function of the rotation speed, w, of the
bottom scraper as long as there is a flow of diluting liquor from the bottom nozzles:

_ f((ﬂ) lf P|, wash, botlmn>pl,oul
Veuse ™ { 0 otherwise ' €7

This function has to be established experimentally. p, yueh botom 1S the liquid pressure
given at the inlet of the bottom nozzles, and p,,,, is the outlet pressure down-flow of the
outlet valve which is assumed to be a known boundary condition.

Based on the assumption that the outlet flow is a one-phase flow, which is a good
assumption at the low outlet consistency of about 10%, the volume fraction of chips in
the outlet can be expressed by:

1
€cout = V (Afc, scle,se — &, oul‘.?oul) (68)

outlet

Plawash,side

S _» Dlout

Figure 5. The outlet section.
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where ¥, is the volume of the section, and equivalently Eqns. (61) and (62):

(69)

- _ 1/2
Gow = uout(pl.wash, bottom pl.oul)

is the total outlet flow of pulp.

4. Solution of the equations

Because of the large numerical difference between the values of the volume fraction
of chips, density of ions and the chip velocity as state variables in a state space model
resulting from discretising the partial differential equations in the space direction, the
model becomes unnecessarily stiff. To reduce this artificial stiffiness, the model is made
dimensionless by scaling the process variables. The characteristic quantities are
according to Bird et al. (1960) d the cross-section diameter of the digester, v, typical
velocity for both the chip plug and the free liquid, p,, a reference pressure, t, =d/v, the
characteristic time and p,, the characteristic densities. The dimensionless variables are

=z/d, 1*=i[ty, v*=0[vg, p*=(p—po)/(povs) and p*=p/p,. Because the volume
I'ractlons and mass fractions are already dimensionless and have values between 0-0 and
1-0, these are not scaled. The dimensionless partial differential equations are thus:

c¢,

0 1 %,

P LA (70)
o (oo )
%= . a:;*(alig"f )—torig+ Plec :3;:::? (72)
a;;::" = ) o Ple a;::“;" (73)
TS kb (et &
G)) Sl p
o e o) o
+ (% _(l_;:"cfh) carb) Scd:c € (P3.e1— P, n)"‘é%ﬁq
3;33_% = _a%(l’w. chiple) + -_?fc'ilcc ‘::0‘}(.0?5.,. 1= Plon 1) (76)
ﬁﬁj’g (Pl PR+ PLC azg’f:;’“"’
L W WIS L )
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3,03‘8‘" 1 & Pds fl
ar oz (pd‘ ot Hbcds l(p"’ a=Paa)+p - Pe, 02*% (78)
0P, Pion. 0
_at* = a *(pw f1eb) )_ _wEZO_(pm el pion ﬂ) (79)
_l_pds 0, % « 10 :
SC Zf'l pwo(pds.el pds,f'l)"' — a ¥2
@: = — gav: pc 0 3Pc _PI,_O“-EP_]__'__I d 1 F (80)
or* 0¥ p¥e.dz* p¥ ozt Fr vhepr "
pcO o Pec,o 0 U:
*’Rcﬁ.c € (v* a )+_0;"Recé‘z*2
ont _ o  pr 1 1
v"’ S S O S
dz* p, 0 ' dz* P10 Fr Reg (1 _fc}{vl vz) (81)
1 &%vp
Re| 52*2

where the Peclet numbers Pe,=vod/D, and Pe,=v,d/D, express the relationship
between the convective and the dispersive terms for the chip plug and the free liquid
respectively, the Schmidt numbers Se;,,, =v,/(D;d) and Scy,=v,y/(Dyd) express the
relationship between the convective mass transport and the molecular diffusion
between the free and the entrapped liquid. The Froude number Fr=103/(dg) expresses
the relationship between the force of inertia and the force of gravity, the Reynolds
number Re = p, odv,/n. expresses the relationship between the force of inertia and the
viscous force connected to the isolated flow of the chip plug, Reg .=p.. Vo/(€d)
expresses the relationship between the force of inertia and the viscous friction force
between the chip plug and the free liquor, and Re,=p, odvo/y, and Reg, ;= D1, oV0/(Qd)
express the equivalent relationships for the free liquor p¥, i=c, | are p;, with the
respective reference values p;,, o, Pgs.0 and p,, o inserted. The equations for the top,
extraction and bottom sections are scaled equivalently.

These equations are discretized in the space direction z by using the MAC (marker
and cell) method by Welch et al. (1966). This staggered grid method where the mass and
momentum balances are solved in overlapping control volumes with central dif-
ferences, 1s well suited for this model because of the parabolic structure of the partial
differential equations, but mostly because of the pressures (or the densities) and
velocities dependency of both upstream and downstream conditions, i.e. the gradient
terms for both are substantial. The resulting ordinary differential equations are
simulated by using MATLAB/SIMULINK.

Production rate

Steam pressure

Extraction downstream pressure
Side nozzles inlet pressure
Nominal chip level

Nominal liquid level

22401 chips/min
685kPa

750 kPa

1027 kPa

43m

41 m

Table 1. Operational conditions for the steam-phase digester model.
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5. Simulation results

The operational conditions for a digester model S0 m high and with a cross section
area of 159 m? is listed in Table 1. A simulation trial has been performed for a vertical
discretization of 9 grid points or subsections of the middle section. This forms
a state space model of 110 states. The dimensionless parameters for ¢,=06 are Pe,
—Pe,=27, SCin=5Cs=04, Fr=82-10"7, Re,=8846'1, Req.=85:10"% Re,
=8692-3 and Reg, ;=84 10~ %, Thus, the characteristic flow movement of each phase is
turbulent because of the low viscous forces connected to eddy diffusion. The viscous
forces between the two phases are, however, dominant.

Figure 6 shows moment profiles for the entrapped and free ions and dissolved
solids, and the left hand side of Fig. 7 shows the x-number profile. The lignin,
carbohydrate and ion concentrations all decrease downwards in the cooking zone such
that the x number is reduced from 210 to 60. Because of this, the amount of dissolved
solids increases downwards. The dissolved solids are removed by the extraction. The
quenching by the upper wash circulation just below the extraction stops the chemical
reactions and therefore the lignin and carbohydrate concentrations are maintained
throughout the wash zone. The entrapped ions and dissolved solids are extracted by the
counter-current wash flow. The figures show that the concentration of entrapped ions
is below the concentration of free ions in the cooking zone while the opposite situation
is the case in the wash zone. This is due to the time constant caused by the diffusion
coefficient. Also due to this time constant, the figures show that the concentration of

Densiry of iz=s Censity of 2y50ives 3ahds

T= Somem

Figure 6. Profiles of the entrapped (solid ling) and the free (dashed line) densities of ions and
dissolved solids.

W EDTE NUTEET valume facten o' chips
ey - —— cr

"z 3 4 s 8 7 & 8§_ 1 oz 4 6 & o 2
Tag =caom op Sztom

Figure 7. Profiles of x number and the volume fraction of chips.
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m

55}

Figure 8. Profiles of the chip pressure and velocity.

Free kquid pressure Free liquid velochy
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Figure 9. Profiles of the free liquid pressure and velocity.

__ Chip velegkies in the botiom (sold fine) 874 in the top (deshec line) sz Chip fevei

—

500 ) &0 7000 500 1000 1568 2000
Swp number Step number

Figure 10. The effects on the chip velocity and the chip level of a pulse pattern in the bottom
scraper speed.
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free dissolved solids is below the concentration of entrapped dissolved solids in the
vessel as a whole.

Figures 7, 8 and 9 show typical profiles for the volume fraction of chips and the
pressures and velocities for the chips and the free liquid. The volume fraction of chips
increases down towards the extraction. This is due to gravity and the effect is enhanced
by the delignification. Thereby, the chip velocity is reduced downwards in the cooking
zone. Increasing velocity downwards in the wash zone is due to decreasing compaction
asa result of the lift from the upward flowing wash liquid. The chip pressure s related to
the compaction and the x number through Eqn. (55).

The vertical liquid velocity increases downwards in the cooking zone. This is both
due to the positive gradient of the compaction (increased flowing resistance) and the
negative gradient of the chip velocity. It is also driven by the suction pressure from the
extraction pump through the screens. Equivalent conditions arise in the wash zone.

The liquid pressure increases from the top towards the extraction because of
gravity, but is limited by the suction pressure from the extraction. It is also partly
influenced by the difference in the phase velocities. The same condition arises in the
wash zone. Note the discontinuity by the extraction in the liquid velocity and pressure.

Figure 10 shows one important dynamical behaviour of the model. This has
influence on the chip level control. The bottom scraper excites the model by the pulse
pattern shown by the solid line on the left hand figure. The pulse height is about 20%, of
the nominal value of the scraper speed. The effect on the chip velocity which excites the
chip level (v, in Eqn. (63)) is shown by the dashed line. The right hand figure then shows
the effect on the chip level. The simulation time is 1h 20 min.

One of the least certain relationships in this model is obviously the empirical
compressibility equation (55), which contributes strongly towards giving the model the
form of a pseudo first principles model. A larger span might be expected in the values of
volume fraction of chips. The relatively small span, which is shown in Fig. 9, is due to
the relatively steep curve of the chip pressure, p,, as a function of volume fraction of
chips, ¢.. Small variations in ¢, give large variations in p,, which, further, give large
variations in the chip velocity, v..

In all, the model shows promising behaviour, but still has to be tuned for more
realistic profiles based on a real digester.

6. Conclusion

Modeling the mass flow together with the reaction kinetics for a continuous
steam/liquor phase digester is possible in a fairly straightforward manner by
considering the mass flow as a two-phase flow and using the conservation laws for mass
and momentum to derive partial differential equations. By making certain assump-
tions, the equations based on the well-known Euler formulation can be solved with
boundary conditions given by separate ordinary differential equations and algebraic
equations in the top, extraction, and the outlet sections.

By modeling the compaction and the velocity of the chip plug, which are key
variables in the process, a valuable tool for controlling the delignification can be
achieved. A distributed model like this contains many parameters, the values of which
have to be based on different tests, approximations and assumptions. In addition, the
many modeled distributed variables are impossible to verify by data from the process
measurements most commonly used. Despite this, provided that the parameters are
chosen or estimated properly, the resulting model may be more easily tuned against a real
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plant, than would be a simple model. The basic assumption behind this is that the
model incorporates a correct structure of the physical mechanisms in the process.

The most important result of this model work is its contribution towards expanding
our understanding of the different phenomena arising in these cost consuming
industrial processes.

7. Extensions

Extensions of this model may follow several paths. First, from a quality analysis
point of view it is interesting to model the chip quality, which can be described by
variations in the chip moisture and content of lignin and carbohydrates. Also
variations in the concentration of active ions, which is expressed by the concentration
of caustic soda and the sulphidity etc in the free liquor in the feed, is important. Second,
the energy balance may be included to describe the temperature in the digester. If there
are substantial temperature variations in the chip feed and/or problems with the
heating of the chips by the high pressure steam in the top, a separate energy balance
should be developed for the chip plug. The temperature is coupled to the mass balances
through the condensing of steam and through the Arrhenius coefficients in the reaction
terms. Third, to tune the model against a real plant, the effect of conic side walls may
have to be included. Finally, the modeling of a preimpregnation vessel is trivial, based
on the same proposed equations.
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Nomenclature

Symbol
A
A4
blig
carb

Dion
Dds

wil

D,

Description

cross section area of the digester

factor of frequency

stoichiometric coefficient for the reaction with lignin

stoichiometric coefficient for the reaction with
carbohydrates

mass transfer coefficient for ions in the transfer
between the free and entrapped liquid

mass transfer coefficient for dissolved solids in the
transfer between the free and entrapped liquid

mass transfer coefficient for water in the transfer of
jons between the free and entrapped liquid

mass transfer coefficient for water in the transfer of
dissolved solids between the free and entrapped
liquid

dispersion coefficient for the chip plug

dispersion coefficient for the free liquid

energy of activation per mol

functional relationship between the rotation speed
of the bottom scraper and the chip plug velocity

force of viscous interphase friction

force of dry friction between the chip plug and the
side walls

the constant of gravity

the chip level

the free liquid level

Arrhenius coefficients i=1, 2

chip plug (bed) pressure

mean chip plug (bed) pressure

free liquid pressure

free liquid pressure ahead of the valve in the
extraction line for the calculation of vy ;.o

free liquid pressure ahead of the valve in the
extraction line for the calculation of vy yaen

side nozzle inlet pressure

bottom nozzle inlet pressure

downstream pressure for the valve in the blow line

the steam pressure in the top of the digester

the volume flow of pulp out of the outlet section

lignin mass which is reacting chemically

carbohydrate mass which is reacting chemically

the sum of ry, and r .,

coefficient in the viscous friction term

coefficient in the viscous friction term

side wall area of the digester

time coordinate

opening variable for the valve in the extraction line

opening variable for the valve in the blow line

chip plug velocity

chip velocity in the steam zone

chip velocity through the bottom scraper

interphase chip material velocity

free liquor velocity

free liquor velocity in the steam zone

free liquor velocity out of the cooking zone

free liquor velocity out of the washing zone

the volume of the outlet section

the quality variable yield

vertical space coordinate

Dimensi
m2
(kg/(m*>s) !
kg/kg

S‘ 1
m?/s
m?/s
J/mol

m/s
N/m?

N/m?
m/s?
m

m

(kgions/m? entr. liquids)
Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

Pa

m?/s

kg/(kg ODWs)
kg/(kg ODWs)
kg mass/(kg ODWs)
kg/(m?s)
kg/m*

m?

s
m? ,r‘(l(gjm] 1/2
m?/(kg/m) '/
m/s
m/s
m/s
mfs
m/s
m/s
m/s
m/s

m
kg/kgODW
m
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Greek letters
Symbol Description Dimension
;e Mass fraction of lignin in a wood chip kg lignin/kg ODW
Oy mass fraction of carbohydrates in a
wood chip kg carb./kg ODW
S, mass fraction of nonreactive carbohydrates in a
wood chip kg carb./kgODW
€. volume fraction of wood chips m? chips/m?® mass
¢ volume fraction of free liquor m? liquor/m?® mass
¢ volume fraction of phase i m3/m? mass
&, volume fraction of phase i in the steam zone,
i=cl m?*/m?® mass
€. volume fraction of chips by the bottom scraper m?3/m? mass
€..om vOlume fraction of chips in the outlet section m*/m* mass
€, volume fraction of entrapped liquor in the chips m? liguor/m® ODW
x the Kappa number —
Q the viscous friction term kg/(m*s)
n; the coefficient of vertical turbulent viscous eddy
diffusion, i=c,! kg/(ms)
p. mass density of one single wood chip kg/m? ODW
py mass density of free liquor kg/m? free liquid
Pcin Mass density of wood chips in the stcam zone kg/m* ODW
Prin  Mass density of free liquor in the steam zone kg/m? free liquid
P.n Mass density of the solid materials in the wood
chips kg/m?® ODW
P mass density of the entrapped liquid in the wood s
chips kg/m* ODW
Pion.et  Mass density of the entrapped ions kg/m?* entrapped liquid
Pas,es Mass density of the entrapped dissolved solids kg/m* entrapped liquid
Pyw.cnip Mass density of the water in the wood chips kg/m* ODW
Pion.n  Mass density of the free ions kg/m? free liquid
Pas.n Mass density of the free dissolved solids kg/m? free liquid
Pw.n  Mass density of the water in the free liquid kg/m? free liquid
popw Mass density of one single oven dry chip kg/m* ODW
Characteristic numbers
Symbol Description Dimension
d cross diameter used as a reference length m
po reference pressure Pa
po reference density kg/m?
to, =d/v, characteristic time variable s
vo reference velocity m/s

Dimensionless numbers
Symbol Description
Fr Froude number
Pe Peclet number
Re Reynolds number
Sc¢  Schmidt number
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