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A detailed fundamental model of a continuous pulp digester was developed for simu-
lation and control. Most modeling efforts in the past had emphasized either reaction
kinetics and energy transfer assuming a prescribed flow behavior or modeled digester
hydraulics with simplified reaction kinetics. The well-known extended Purdue model
was augmented by incorporating axial momentum transport, of which an immediate
consequence is the ability to simulate chip level and its impact on the Kappa number
profile, thus enhancing the ability to model chip compaction. Interaction between di-
gester hydraulics and kinetics is illustrated via simulation examples, including scenarios
that show incipient plugging of the digester vessel. Higher-order finite-difference meth-
ods were also used to reduce numerical dissipation and dispersion. The ability to de-
scribe chip velocities enables rigorous tracking of a transition front within the digester
during feedstock grade transitions. The model explains operational difficulties encoun-

tered during hardwood to softwood transition.

Introduction

Pulping mills convert wood chips to pulp suitable for paper
production by displacing lignin from cellulose fibers. The
conversion is achieved through a combination of strategies
involving thermal, chemical, and mechanical degradation of
the wood chips. Continuous Kraft processes use large, verti-
cal, tubular reactors called digesters where the chips react
with an aqueous solution of sodium hydroxide and sodium
sulfide, known as white liquor, at elevated temperature. Most
continuous digesters consist of three basic zones: an impreg-
nation zone, a cooking zone, and a wash zone. A single vessel
digester is shown in Figure 1. White liquor and pre-steamed
chips are introduced at the top of the digester into the im-
pregnation zone where the liquor penetrates the wet chips.
However, most of the delignification reaction occurs only af-
ter the two streams flow downward into the subsequent cook-
ing zone, where the mixture is heated to reaction tempera-
tures achieved by liquor circulation through external heaters.
The spent liquor is withdrawn from the digester at extraction
screens located at the end of the cook zone, while the cooked
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chips continue the downward journey to the wash zone. Here,
the chips are washed by the countercurrent flow of cold, di-
lute liquor. This effectively quenches the delignification reac-
tion. The quality of the resulting pulp is described by Kappa
number, which is a measure of the residual lignin content. A
typical control objective of digester operation is to minimize
variation in the Kappa # from a prescribed value. Continu-
ous digesters present challenging problems in modeling and
control. From a modeling perspective, the interplay between
heat, mass, and momentum transport during the thermal-hy-
draulic degradation of the wood chips creates rich dynamic
behavior. For example, softening of the chips, as cooking pro-
ceeds, causes them to compact more densely, which in turn
affects the chip velocity profiles.

The capital-intensive nature of the pulp and paper industry
mandates the development of operating strategies that use
enhanced control, soft-sensing, and fault diagnosis method-
ologies, which are usually predicated on availability of a pro-
cess model. A significant effort has been directed to the de-
velopment of first-principles models that describe the ther-
mal-hydraulic degradation of wood chips in the continuous
pulp digester. Most fundamental continuous digester models
in literature can be classified into two broad categories de-
pending on the attributes they emphasize: (1) pulping chem-
istry; (2) hydraulic description of the chip and liquor streams.
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Figure 1. Single vessel continuous digester.

Smith and Williams (1974) developed kinetic models to de-
scribe delignification of chips based on the following form

Rs,i=_[kl,i(T)Cg)H+k2,i(T)C8H lC-IS](Cs,i_C;C,i) (D

where the temperature dependence of the rate constants are
calculated using the Arrhenius law

_E. .
ij
ki,j(T)=Ai,jeXp( RT ) )

The wood substance was classified as high reactive lignin
(s1), low reactive lignin (s,), cellulose (s5), galactoglucomman
(s4), and araboxylan (s5). Indices i and j refer to the two rate
constants and the five solid components in the wood chips,
respectively. Model constants (a, b, ¢, A i E,-’/-) were evalu-
ated by trial and error using pulping chemistry data. Smith
and Williams then approximated the digester by a series of
continuous stirred tank reactors (CSTRs) to obtain dynamic
mass balances for the main components participating in pulp-
ing reactions. Each CSTR was assumed to contain three
phases: (1) a solid phase consisting of the wood substance; (2)
an entrapped liquor phase comprising of liquor in the pores
of the wood chips; (3) a bulk free liquor phase surrounding
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the wood chips. The resulting digester model is referred to as
the Purdue model. The major contribution of the Purdue
model was the development of a framework upon which sub-
sequent models could be based. Christensen et al. (1982)
modified the Purdue model by incorporating improved ki-
netic parameters (based on an optimization search) valid over
a larger range of wood species. The improved model pre-
dicted free liquor concentration profiles and blow-line Kappa
# for an industrial digester, where the Kappa # is defined as
follows

ps, t ps,
0.00153( Y psl)
i=1

Kappa # =

ps, (kg/m?) refers to the concentration of the ith component
of the wood solid. Gustafson et al. (1983) developed alternate
kinetic expressions to describe the delignification reaction.
They use a lesser number of wood and liquor components,
and make use of functional relationships between the rate of
consumption of carbohydrates and lignin. Greater emphasis
is paid to penetration of liquor inside the chips.

Kayihan et al. (1996) presented a Weyerhaeuser bench-
mark model for a two-vessel Kamyr digester with separate
impregnation and reaction vessels. The model assumed two
phases: nonporous solid and free liquor, which exist in ther-
mal equilibrium. The kinetic model of Christensen et al.
(1982) was adopted to describe dynamic mass balances. The
resulting set of partial differential equations (PDEs) is dis-
cretized spatially and the model is solved as a system of ordi-
nary differential equations (ODEs). Extensions of the Purdue
model have been presented by Wisnewski et al. (1997). They
redefined mass concentrations and volume fractions that al-
lowed relaxation of certain assumptions in the previous Pur-
due model leading to higher model fidelity. The extended
Purdue model compared favorably and captured the range of
behaviors displayed by the original Purdue model, as well as
the Weyerhaeuser benchmark 2-vessel digester model.

In all of the preceding works, a steady, unchanging com-
paction profile is assumed. Further, these models fail to pro-
vide a dynamic description of chip level, an important control
variable. This is a necessary consequence of absence of mo-
mentum transport modeling. On the other hand, hydraulic
description based models in literature assume simpler chem-
istry, constraining the validity to narrower ranges of Kappa
#. Harkonen (1987) presented a detailed description of chip
and liquor flow dynamics, and compaction, in addition to mass
and energy transport. Constitutive equations that described
flow resistance were developed experimentally. The resulting
model was a system of two-dimensional PDEs that were
solved at steady state. Simplifying assumptions were made
with regards to the reaction kinetics, and delignification in
wood chips is ignored. Nevertheless, Harkonen’s work laid
the foundation for integrating digester hydraulics with exist-
ing models based on mass and energy transport. Michelsen
(1995) proposed an integration of the works by Christensen
et al. (1982) and Hiarkonen (1987) to develop a detailed di-
gester model from mass, energy, and axial momentum trans-
port balances. The model assumes solid, entrapped liquor and
free liquor phases in the digester, and is described by a com-
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plex set of algebraic equations and PDEs. It is solved numeri-
cally using a staggered grid finite difference approach. While
chip and liquor flow dynamics are described in detail, simpli-
fications are made in reaction Kinetics, which constrain the
validity of the model for Kappa # within the range of 50 and
150. A key result of Michelsen’s model was ability to study
the effect of flow behavior and compaction on Kappa #. Fur-
ther, the study suggested residence time control could yield
improved Kappa # control.

The model developed in this article is a direct integration
of the works of Wisnewski et al. (1997) and Michelsen (1995)
that overcomes some of the deficiencies described above.
Thus, the detailed kinetics and mass/energy transport of the
industrially established extended Purdue model are aug-
mented with Michelsen’s momentum transport description,
yielding a thermal-hydraulic model of the continuous di-
gester. Incorporation of momentum allows rigorous simula-
tion of phenomena distinguished by interactions between the
flow mechanics of the chips and free liquor and the delignifi-
cation kinetics. Specifically, the current work provides the
following capabilities over and above the Extended Purdue
Model (Wisnewski et al., 1997): (a) rigorous simulation of
production rate changes; (b) rigorous simulation of feedstock
grade transitions; (c) ability to simulate chip level transients;
and (d) simulation of incipient plugging of digester.

Each of these enhancements represents important charac-
teristics of mill operation. Grade and rate transitions have
assumed increasing significance in pulping mills necessitated
by optimal production scheduling and planning policies. Chip
level in the digester is strongly correlated with the quality of
the pulp as it contributes to the retention time of chips in the
digester. Digester plugging results in production downtime
and represents a fault situation with serious economic conse-
quences. The current work also represents significant im-
provements over the model by Michelsen (1995). Unlike the
detailed pulping chemistry models (Christensen et al., 1982)
used in the current work, Michelsen lumped chip compo-
nents into lignin and carbohydrate. Also, the white liquor
components were lumped into effective alkali and dissolved
solids. Further simplifications were made in the kinetic rate
expressions, which restrain the kinetic model validity to mid-
dle Kappa # ranges of 150 to 50. Justification of these as-
sumptions was made on the grounds of development of a
qualitative model. Use of Michelsen’s (1995) model for pre-
dictive capability is limited owing to the fact that most mills
cook chips to Kappa #s below 50. The following section pre-
sents the current thermal-hydraulic Purdue model and devel-
ops the model equations including a brief discussion on nu-
merical issues. Next, a preliminary model validation result is
provided with data from a U.S. domestic pulping mill. The
model features are illustrated through simulations and para-
metric sensitivity followed by an extension of the model to
simulate grade transitions. Finally, the work is summarized
and further utility of the model is discussed.

Model Derivation

The proposed model is based on a distributed parameter
approach, where the axial distribution of transport properties
occurs due to the convection of the chips and liquor streams.
The entry and exit of external streams, wall, and cross-flow
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effects (such as at extraction screen and heater inlets and
outlets) are likely to cause radial gradients in temperature
and concentration profiles (He et al., 1998). However, all ra-
dial gradients are neglected as a simplifying assumption. The
temporal variations within each infinitesimal control volume
are described by conservation statements, resulting in a set of
coupled nonlinear PDEs. External flows from heaters and ex-
traction screens are modeled as flows entering and/or leaving
the control volume. The remainder of the section outlines
the transport equations and constitutive rules used. The
nomenclature and definitions used in the present document
closely follow that of Wisnewski et al. (1997).

Physical description

As in the Purdue model, each control volume is assumed
to contain three phases: solid phase, entrapped liquor phase,
and free liquor phase. The entrapped liquor phase resides
within the pores of the wood chips where it reacts with the
solid substance. However, dynamic and thermal equilibria are
assumed between these two phases. In this work, the com-
bined solid and entrapped liquor phases will be referred to as
the chip phase. An infinitesimal slice of the digester with vol-
ume AV is shown in Figure 2. The results presented later
assume control volumes (CVs) with fixed cross-sectional ar-
eas A. An inventory of each phase at a fixed vertical location
z in the digester is measured using the following volume frac-
tion definitions

volume of free liquor phase in AV
n=

AV,(2)
AV(z)

C)

volume of AV

The remainder of the control volume is assumed to be occu-
pied by the chip phase. Thus

volume of chip phase in AV | AV(z)

AV.(z)

(1-m)= )

volume of AV

The compaction profile along the length of the digester is
influenced by the volumetric flow rates of the chip and free
liquor phases, as well as the degree of cooking. The extended
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Figure 2. Cross-sectional slice of digester (cook zone)
consists of solid, entrapped liquor and free
liquor phases.
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Purdue model assumed the compaction profile to be a fixed
parameter of the model. The current work explicitly models
chip compaction. Since chip phase volume consists of the solid
wood substance and entrapped liquor, one can define the
fraction of the chip phase occupied by entrapped liquor as
the chip porosity

volume of entrapped liquor phase in AV [ AV,(z) .
€T volume of chip phase in AV AV.(2) ©)
Equivalently
) volume of solid phase in AV | AV,(z) ;
(-e)= volume of chip phase in AV | AV,(z) Q)

As shown in Figure 2, the chip phase enters the digester slice
with volumetric flow rate V,(z) and exits at a rate of V.(z +
Az). Free liquor flows cocurrently, with the chip phase, in
the cooking zone and countercurrently in the wash zone. Vol-
umetric flow of free liquor is defined by Vf Chip and free
liquor phase velocities v. and v, are defined using, respec-
tively

Vc = A(l_n)uc

V= Anvy (8)

Specie concentrations employed in the conservation equa-
tions make use of definitions formulated by Wisnewski et al.,
as opposed to the earlier versions of Purdue model. The solid
component concentration is defined on a chip volume basis
as follows

©

mass of solid component i in chip
Psi = chip volume

Similarly, for entrapped and free liquor concentrations, re-
spectively

[ mass of entrapped liquor component i in chip
pe 4 =

| o

entrapped liquor volume in chip

[ mass of free liquor component i
pfl

|

free liquor volume

Solid phase mass continuity

The solid phase is assumed to consist of five components:
high-reactive lignin (s,); low-reactive lignin (s,); cellulose (s5);
araboxylan (s,); and galactoglucomannan (s5). Physical trans-
port, as well as the rate at which they react with the liquor,
determines the reactant concentrations. Performing a compo-
nent balance for the solid phase at location z yields the fol-
lowing

ap; ; Wsi A
s, _ UC §,1 + Rv .
Jdt 0z w

(12)

where p; is defined in Eq. 9. Iéw- represents the rate of
consumption of mass of solid i per chip volume. The reaction
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rate used in the current work is based on the kinetic model
developed by Christensen et al. (1982)

RAs,i == ef(kl,i Pes ko pi05) (0= p5)  (13)

where e, is the reaction rate effectiveness factor. As dis-
cussed later, the main use of the effectiveness factor lies in
tuning the model outputs to observed digester behavior. pJ;
denotes the concentration of solid component i entering the
digester, which is inert. Reaction rate constants k,; and k,;
are determined using the Arrhenius law. Values of kinetic
parameters for hardwood and softwood are summarized in
Wisnewski et al. (1997).

Entrapped liquor phase mass continuity

It is assumed that the chips are saturated with water upon
entering the digester. The water then mixes with reactants
from free liquor that diffuse into the entrapped liquor and
the dissolved reaction products from the solid phase. The en-
trapped liquor is, thus, an aqueous solution with six compo-
nents: active effective alkali (EA) (e,); passive EA (e,); active
hydrosulfide (HS) (e;); passive HS (e,); dissolved lignin (es),
and dissolved carbohydrates (e4). The entrapped liquor com-
ponents are consumed during delignification of the solids and
replenished in the cook zone by the free liquor via diffusion.
A component balance yields

i Ue (9(€pei) A
=————-— ——+ D L= Y+ R . (14
at € Jdt € dz (pfﬂ pf,l) e,i ( )

p.; Tepresents concentration of entrapped liquor compo-
nents defined as a mass of component i in an elementary
control volume per entrapped liquor volume (see Eq. 10). The
porosity of chips e(z) is computed by comparing the density
of solid-phase components defined on a chip volume basis
with a density of solid wood substance p, as follows

5
Z ps,i(z7t)
e(zt)=1-‘ 1 (15)

)

The third term on the righthand side of Eq. 14 models the
diffusion of component i from the free liquor phase to the
entrapped liquor phase. Early Purdue developers (Smith and
Williams, 1974; Christensen et al., 1982) derived the follow-
ing correlation for the mass diffusion rate (defined on a vol-
ume basis) D using experimental data for Kraft cooking pre-
sented in McKibbins (1960)

— 4,870 1
D=6.1321\/Tcexp( TOST ) [—] (16)

min

Simulation results presented later are based on this correla-
tion. Reaction rates R,; and R;; are related via stoichiomet-
ric coefficients b, ;

5
Iée,i = Z bi,jés,j (17)
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The boundary conditions for the solid and entrapped phase
continuity equations are fixed by the wood specie and the
degree of impregnation.

In their work, Wisnewski et al. (1997) assume that the solids
react and dissolve into the entrapped phase, contributing only
mass and not volume. The newly created volume then draws
in free liquor from the neighboring free liquor phase. This
assumption violates volume continuity needed for calculation
of compaction 7 and free liquor volumetric flow rates Vf
Thus, only the diffusive mechanism is retained as the means
of mass transfer from the free liquor to the entrapped phase.
Since, the entrapped liquor phase is incompressible, neglect-
ing the vacuum effect amounts to assuming that the reacted
solid components retain their density as in unreacted form in
the solid phase.

Free liquor phase mass continuity

The free liquor phase is an aqueous solution of the same
six components, as in the entrapped liquor phase. Apart from
bulk transport along the digester, free liquor concentrations
are determined by the rate of diffusion to the entrapped
liquor and mixing with external liquor streams. A component
balance around the infinitesimal control volume gives the fol-
lowing

g O (1) Ve
—=—-uv,———-D —p N+ .. —=
Jat < gz € (pf,z Pe’l)_ pf,z,ext AVf
(18)

Subscript ext refers to external streams (for example, heater
circulation streams). The positive sign in the last term refers
to external flows entering the control volume and negative
for exiting flows. pf’,-(z) represents concentration of compo-
nent i per volume of free liquor (see Eq. 11). The rate of
diffusion of free liquor to entrapped phase is equal to that
entering the entrapped phase in Eq. 14, but expressed on a
free liquor volume basis. The boundary conditions for the free
liquor continuity equations are provided by the concentra-
tions of white liquor components in the cook zone and con-
centration of wash liquor components in the wash zone.

Chip and free liquor thermal energy balances

Wisnewski et al. (1997) use mixing rules based on weighted
averages to determine heat capacities of the entrapped and
free liquor phases, namely, Cp, and Cpy, respectively. The
same approach is retained in the current work.

Below, energy balance equations, modified to accommo-
date variable compaction, are presented for the chip and free
liquor phases, and describe the temporal variation of the chip
phase temperature 7, and free liquor temperature T,

T,

T.|C c 7(M.<)
—T|Cp.—+Cp,——=
at e\ gt Pe ot

(CP.sMs + CPeMeE)

Jd S
- UCZ [(CPSMS + CPeMeE)TC] + AHR Z Rs’i
i=1

+U(T,—T,) + DeDy, (19)
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Heat released by the exothermic reactions between the en-
trapped liquor and solid-phase components is modeled using
the heat of reaction AHy. The heat-transfer coefficient U
models the convective heat transfer between the chips and
free liquor phases. Dj represents the amount of energy
transferred due to diffusion of components between the en-
trapped liquor and free liquor phases. The direction of diffu-
sion is dependent on the concentration gradient. Thus

4 6
Dg= Z ( Pri— Pe,i)CPfTi + Z ( Pri — Pe,i)CpsT; (20a)
i=1 i=5

where

T, if pr;>p,;
f pf,z Pe.i
Ti - Tc if pf,i < Pe.i (20b)

A similar balance for the free liquor phase yields

JT; J 9
CppMy—= = =Ty (CoyMy) = vy (CppM;Ty)

De(1-m)Dy Vo M.T.
+

ext ext " ext

1
T, —T,)— + 21
n ( f ) n AVf ( )

The term [De(1—mn)Dgl/m represents the energy transfer
with the chip phase per volume of diffusing mass. The last
term represents the energy transfer due to bulk motion of
incoming/exiting external streams. Temperatures of wood
chip charge, entering white liquor and entering wash liquor
temperatures, fix the boundary conditions needed for Egs. 19
and 21. Equations 1-21 are based on the work by Wisnewski
et al. (1997), but modified to account for chip compaction
and momentum balances. The reader is referred to that work
as the source for all parameters and constants (for example,
values of heat-transfer coefficient, diffusion coefficient, and
so on) used in the simulation results presented in the next
section.

Chip phase volume continuity

As discussed previously, progressive cooking of chips cause
them to soften, thereby changing shape, but not volume. The
only mechanism that affects compaction of chips in a given
control volume is the convective flows of chip phase and
liquor. Thus, a volume balance for the elemental volume AV
yields the following compaction equation

an

p
— =5, [a=mu] (22)

The compaction equation is central in providing insights to
incipient digester plugging discussed later. Michelsen’s model
includes axial dispersion in addition to convective flow of
chips. However, subsequent steady-state analysis shows that
the dispersion has a negligible effect on compaction.
Michelsen also makes a degree of freedom argument to
demonstrate how volume continuity follows from mass conti-
nuity. The boundary conditions for Eq. 22 are fixed by com-
paction of chips in a top section.
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Overall digester volume continuity

Equation 22 provides information on the fraction of the
control volume occupied by chips. To satisfy overall digester
volume continuity, the remainder of the volume must be oc-
cupied by free liquor. This, in turn, prescribes the volumetric
flow rate of free liquor as follows

V.(V.+V;) =0 (23)

where the incoming and exiting external flows are included in
the liquor flow rate. Equation 23 is a static constraint ex-
pressing incompressibility of the contents of a control volume
in the digester. It states that the sum of all flow rates enter-
ing a control volume of fixed size equals the sum of all flow
rates exiting the volume. In the extended Purdue model
(Wisnewski et al., 1997), bulk flow of free liquor into the en-
trapped phase by the vacuum effect decreases the flow rate
of the exiting free liquor stream. However, no corresponding
volume increase occurs in the chip phase thereby violating
the incompressibility assumption. We assume that the rate of
extraction of the liquors from the cook and wash zone is per-
fectly controlled. These values are then used to compute the
volumetric flow distribution using Eq. 23.

Pressure distribution in the free liquor phase

The free liquor pressure distribution p,(z) is mainly dic-
tated by the hydrostatic head in the digester. Depending on
the degree of cooking, the chip phase at a given location z
has a certain Kappa # associated with it. Hirkonen (1987)
performed experimental studies to evaluate the effect of
cooking on the compactability of chips and then defined a
chip pressure p., which is the force that acts through the
interchip contact points over a reference area. As noted by
Michelsen (1995), the chips become softer during cooking en-
abling them to pack more tightly. The softening of chips is
reflected by reduced chip pressure. Harkonen’s (1987) work
also suggests that, while the chips become softer during cook-
ing, they change shape but no appreciable change in volume
occurs. Calculation of the free liquor pressure distribution in
presence of liquor velocity transients is a nontrivial task. Iter-
ative methods (ex. SIMPLE algorithm, Patankar (1980)) exist
in literature, which simultaneously arrive at a distribution of
pressure and velocity fields such that the momentum and
continuity equations are satisfied. However, the approach
used here is to neglect free liquor momentum dynamics and
utilize the resulting momentum equation to prescribe the
pressure distribution. Michelsen (1995) suggests that this ap-
proach may be reasonable, since the period of free liquor
velocity transients will be short due to incompressibility im-
plied by Eq. 23.

Various forces affecting the system determine the free
liquor pressure. Given the large capacity and height of the
digester, gravity plays an important role in determining the
liquor pressure. The remainder of the forces arises as a result
of the viscous resistance faced by the chips, as they flow
through the liquor phase with a non-zero relative velocity.
Hirkonen (1987) developed expressions for the resistive force
based on the Ergun equation. He defined the resistive force
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as

F,= Aucyf (24)
where the coefficient of viscous friction is

A=R1M+R2(l_n)|vc,f| (25)

and v, is the relative velocity between the chip and liquor
phases. R; and R, are parameters estimated from experi-
mental data. The pressure distribution is calculated as

Ipy dJ [ ] F, 2%
— =—v,—[ pyv;]+ prg + —
9z 3z PrUr Pr8 7 (26)

The axial liquor pressure distribution is primarily determined
by the forces of gravity and the chip-liquor interphase fric-
tion. The first term on the righthand side of Eq. 26 describ-
ing momentum convection is relatively small and may be
omitted. The digester is assumed to be completely filled with
liquor with a fixed pressure on the top. Equation 26 then
provides the liquor pressure in the remainder of the digester
column.

Chip phase velocity distribution

In addition to the interphase flow resistance, Harkonen
(1987) also used experimental data to model the chip pres-
sure discussed previously as a function of degree of cooking
measured by Kappa # and compaction of chips n follows

1.695

(1-1)—0.356
p. =10 if (1—1) <0.356
a —0.1391n (Kappa #)
=0, otherwise (27)

where the parameter « has a nominal value of 0.831 based
on experimental data. The equation is based on the cross-
sectional area of the digester. For chip compaction below
35.6%, the chips float freely and do not exert pressure on
adjacent chips. For a fixed compaction, the chip pressure de-
creases with increased cooking. The physical interpretation
of decreasing chip pressure is that the chips become softer
during cooking (reflected by decrease in Kappa #) due to
increased porosity. The softening mechanism with increased
cooking is modeled as decrease in chip pressure. The soften-
ing of chips enables tighter packing of chips thereby decreas-
ing the volume fraction of chips. Thus, decrease in chip pres-
sure is accompanied with decreasing volume fraction of chips.

Hirkonen (1987) models the force of sliding friction be-
tween the chip phase and the digester walls as

4pp,
F.=— (28)

cv

where u is the coefficient of sliding friction and D,, repre-
sents the diameter of the digester cross-sectional area. Using
Newton’s second law and combining the above forces, we get
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the axial chip velocity distribution as follows

ap.
dz

i au, i au, 1
(=-n)—=—-v.(1-n)p.— + p(1—n)g —
p(1—m) Py (1=m)p. e p(1—m)g

Ip

~(=m)— 1~ F-F, (29
As before, contribution of convective momentum is small rel-
ative to other forces. Pulp production rate in the blow-line
fixes the boundary condition for the chip momentum equa-
tion. The coefficient of viscous friction, chip pressure, and
the coefficient of sliding friction in Eqs. 25, 27 and 28, re-
spectively, are determined empirically. Further experimental
work is necessary to determine their accuracy in different op-
erating ranges.

Chip level

Chip level constitutes one of the most important variables
in digester control. It impacts the Kappa # via residence time
of the chips in the digester. To model chip level, a top sec-
tion of the digester is assumed, which covers a certain volume
over the impregnation zone and consists of the chip phase
interface. Chip phase inventory description then provides the
dynamic description of level

hy=—— |V toed — A1 =)0, 30
(1= gy Veswea = AQ=m)vo] - (30)

where 7, is an estimate of the compaction in the top sec-
tion. Michelsen (1995) suggests using a linear relationship be-
tween the chip level and 7,

0.356
(1=Mop) =1 03564+ & 1.

ts'vc

if h, <hp, 31
otherwise Gh
where h,;, represents a reference height of the chip plug.
Top als0 forms the boundary condition for Eq. 21. Note that
variables related to the bottom of the top section are indexed
with zero, implying the beginning of the main section of the
digester. The coefficient k,, is determined empirically. Equa-
tions 22 through 31 are primarily based on works by Harkdnen
(1987) and Michelsen (1995).

Numerical method

For solution purposes, the model PDEs are replaced with
a finite difference mesh on a digester grid, such as shown in
Figure 3. Notation j refers to a fixed grid node on the di-
gester vessel with the jth control volume lying between nodes
j—0.5 and j+0.5. Note that continuity balances are per-
formed at half nodes while momentum balances for chip and
liquor phase are performed at node j with j—0.5 and j+0.5
as the control volume boundaries (see Figure 3). This over-
lapping of mass and momentum control volumes leads to a
staggered grid approach and is routinely used in numerical
fluid flow problems (Patankar, 1980). The approach ensures
that only reasonable (nonwavy) pressure distributions are ac-
ceptable as solutions. In the current model, axial transport of
properties in the digester occurs by convection alone, result-
ing in a system of hyperbolic PDEs. It is well known that
solutions based on finite differences distort the information
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Figure 3. Arrangement of overlapping control volumes
in digester vessel.

that is being convected downstream (Anderson et al., 1984).
For example, simulation of a step-like change upstream of a
flow system will exhibit dissipation or dispersion due to the
truncation errors in the finite difference scheme, regardless
of the modeling assumptions (see Figure 4). To study the im-
pact of the truncation errors, the spatial derivatives were dif-
ferenced using two different schemes, namely upstream dif-
ferencing

du; u,—u

i-1
—=—+4+0 32
- L0z (32)
and a fourth-order difference formulation

du; —u;_;+6u;_, —18u; | +10u; +3u,

14

dz 12h

+0(zY)
(33)

where h represents the height of the finite control volume.
Simulation results presented in the next section make use of
the first-order formula. An assessment of using the higher-
order formula is presented separately.

Preliminary Model Validation

A preliminary model validation exercise was performed us-
ing real data from a large U.S. domestic pulping mill. The
mill in question uses a two-vessel Kamyr digester. The two
vessels (impregnation vessel and digester vessel) were divided

Exact
Solution

Dissipation
(odd order)

Dispersion
(even order)

Figure 4. Finite differences inducing numerical diffu-
sion.
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Figure 5. Preliminary model validation using real data
from a large U.S. domestic mill.

Dashed line represents mill measurements of digester end-
point Kappa #. The solid line is the corresponding model
prediction.

into 118 control volumes and Eqs. 1-32 were implemented.
PI controllers were implemented to control the chip levels in
the two vessels using the respective upstream chip flow rates
as the manipulated variable. The model was tuned using his-
toric data from the mill DCS. The aim of model tuning was
achieving a similar predicted endpoint Kappa # and pre-
dicted residual effective alkali at the extraction screen to the
mill measurements. However, no attempt was made to vali-
date the various constitutive rules (for example, kinetic rate
constants and the coefficient of friction) due to lack of appro-
priate data. Rather, the values documented by Wisnewski et
al. (1997) and Michelsen (1995) were adopted. The reaction
rate effectiveness factor e, of Eq. 13 constituted the primary
tuning knob. Details of the vessel dimensions were obtained
from the vessel drawings and mapped to the model. The
model inputs constituted mill measurements of the chip me-
ter RPM (volumetric flow rate of raw chips), pulp production
rate, and the flow rates and temperatures of the various liquor
streams, sampled at a 10 min interval. The tuned model was
validated with approximately 90 h of mill operation. Compar-
ison of the model prediction of the digester endpoint Kappa
# with scaled mill measurements is shown in Figure 5.

The reaction rate effectiveness factor e, was manually
switched from an initial value of 1.1 to a new value of 0.98
after approximately 37 h of operation. This parameter scales
the kinetic model, thereby directly determining the extent of
conversion or the Kappa #. The excursion in the predicted
Kappa # between 37 and 46 h is a result of the instantaneous
switching of the model parameter. Over the course of the 90
h period, four different production rate transitions were im-
plemented at the mill, which covered a substantial range of
production rates. The need for a change in e, may be at-
tributed to a number of factors. Large changes in the produc-
tion rate, as in the current case, or operating space, in gen-
eral, are likely to affect model parameters. Further, various
unmeasured inputs such as the concentration of solid compo-
nents of the naturally occurring wood, and wood chip mois-
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ture, exhibit stochastic variations. These factors can poten-
tially lead to drifts in the digester base line conditions over
long periods of operation necessitating changes in model pa-
rameters for long-term model fidelity. Suitably designed esti-
mators must, therefore, accompany use of the model in on-
line applications such as model predictive control and pro-
cess monitoring. These estimators will likely ensure a
smoother change in the parameters, thereby eliminating the
spurious bump observed between 37 and 46 h in Figure 5.
Although the current validation exercise is preliminary (only
one model parameter identified from mill data by trial and
error method, chip level controllers in model at variance with
mill controllers), trends in the model predictions of the end-
point Kappa # follow those of mill measurements. Also, the
values of the predicted endpoint Kappa # are in proximity to
the mill measurements, except during the period immediately
following switching of the parameter e;.

Simulation Results and Discussion

The simulations presented in this section are based on op-
erating parameters presented in Table 5 in Wisnewski et al.
(1997). The digester was divided into 96 control volumes and
Egs. 1-31 were implemented using Matlab/Simulink on a Sun
Sparc Ultra 10, 333 MHz workstation. Table 1 summarizes
the locations of the heater and extraction screen. Inclusion of
momentum conservation makes the system relatively stiff.
However, computational burden is alleviated by the use of
the sparsity pattern of the Jacobian matrix. A typical run sim-
ulating 80 h of digester operation requires about 17 min of
real time.

Steady-state behavior

A direct benefit of including momentum in the extended
Purdue model is ability to simulate production rate changes.
Figure 6 shows comparisons between steady-state profiles of
various digester variables for a low production rate (LPR) at
1.328 m?*/min and a high production rate (HPR) of pulp at
1.478 m*/min (dashed line). The blow-line flow rate step
change was implemented using a first-order filter with a time
constant of 13 min. A simultaneous step change was intro-
duced in the chip flow rate at top of the digester. This was
necessary due to the integrating behavior of level dynamics.
The reduced residence time of chips leads to lower extent of
conversion of lignin (Figure 6a) and a corresponding increase
in Kappa # profile (Figure 6f). The Kappa # for both the
cases shows an initial increase in the impregnation zone (z <
0.14) due to rapid consumption of araboxylan relative to
lignin. Subsequently, the Kappa # decreases in the cooking
zone (0.14 < z < 0.75), beyond which the reaction is quenched
by the cooler and dilute wash liquor. Figures 5b—5d show
components of entrapped and free liquor. The increase in

Table 1. Control Volumes in the Different Zones of Digester

Digester Zone No. of Control Vol.

Impregnation 17
Upper heater 7
Lower heater 7
Cooking 41
Wash 24

AIChE Journal



. 120 80
£ o o
o 100 3 60 — E 10 —
¢ 80 2 £
o O 40 g~ o
o - c s <
g ® 8 8 5
5 40 B 20 £
-d
20 -
0] I — 0]
00 02 04 06 08 1.0 0.0
1250
e 150
=
% *
51200— S 100
Q
a <
o
£ 1150 50 —
| S —
00 02 04 06 08 1.0
06—
o 2 £
5 £ £
£ =
=04 3 s
ey S
0.3 4 5 _Ig'
0.2
00 02 04 06 08 10 00 02 04 06 08 1.0 00 02 04 06 08 10
X ¥
I <
= S 2
2 3 - &
5 £ 400 2075
Q. T =4
5 3 &
[ |2 380
0.70 -
00 02 04 06 08 1.0 00 02 04 06 08 10 00 02 04 06 08 1.0
Normalized distance from top Normalized distance from top Normalized distance from top

Figure 6. Steady-state behavior for low (solid) and high (dashed) blow-line flow rates.

Impregnation zone: z < 0.14; cook zone: 0.14 < z < 0.75; wash zone: z > 0.75.

blow-line flow for the HPR case reduces available time for
diffusion of EA and HS from free liquor to the entrapped
phase leading to a drop in concentrations in the entrapped
phase. However, this increases the concentration driving
force, which in turn causes the free liquor concentrations to
drop as well. These figures also illustrate that the use of the
correlation in Eq. 16 for calculation of diffusion coefficient
leads to near-equilibrium conditions between the free and
entrapped liquors. Volume fraction of liquor for the HPR
case (Figure 6g) increases near the extraction screen, imply-
ing loose packing of chips. This is a result of a lower degree
of cooking or higher Kappa #, and is consistent with the ar-
gument that a greater degree of cooking leads to denser
packing of chips. The higher value of n results in lowering of
liquor velocities (Figure 6i), as more area is available for the
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free liquor flow. The increase in chip velocity (Figure 6h) is a
result of higher volumetric throughput. Figures 6j and 6k show
the temperatures of chip and liquor along the length of the
digester. Chip porosity profiles are shown in Figure 6l. Chip
porosity increases in the direction of chip flow as the solid
components are progressively consumed. Relatively lower
porosity is observed for the HPR simulation due to lower
extent of delignification.

Dynamic response

Dynamic behavior of the digester is characterized by large
dead times in primary measurements, such as the endpoint
Kappa #. Incorporation of digester hydraulics involves the
relatively fast response variables of chip and liquor velocities.
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Figure 7. Dynamic behavior for: (1) increase in blow-line flow; (2) decrease in upper heater temp.; (3) decrease in
white liquor; (4) decrease in dilute liquor flow.

Changes in liquor flow rates are instantaneously propagated
in direction of flow due to the static nature of Eq. 23. This
difference in time-scales introduces stiffness in the model.
Figure 7 shows results for filtered step changes in: (1) blow-
line flow; (2) cooking circulation upper heater; (3) white
liquor, (4) dilute liquor flows of 0.15 m*/min, —10°C, —0.15
m>/min, and —0.15 m3/min, respectively. In each of the cases,
the relation between the endpoint Kappa # and chip level is
apparent, as they are coupled via residence time. Cases 1 and
3 result in lower cooking due to a lower rate of availability of
chemicals, while lower cooking in case 2 is due to a lesser
amount of energy. The decrease in the chip level in case 4 is
due to the lower “lift” provided by the reduced dilute liquor
flow rate. In each of the four cases, changes in levels are due
to rearrangement of the chip compaction profile. Cases 2 and

3 show kinks and oscillatory behavior in the endpoint Kappa 3.0x10° ™~

# plot while traversing from the initial steady state to the o 2=0.2

final steady state. No simple mechanistic explanation emerges ; 2=0.3

from the dynamic equations. Upon an analysis of simulations, S 254 2204

it is observed that the oscillations first appear in the Kappa [ o

# and chip velocity when the upper heater temperature is § 20 205
. 2=0.6

perturbed (Figure 8). The initial increase in Kappa # is ac-
companied by a retardation of chip velocity due to increased
chip pressure, which propagates downstream giving rise to
the oscillatory behavior in the Kappa #. Increasing numeri-
cal tolerances does not cause this behavior to disappear. Fig-

of the digester to the extraction screen (for example, see Fig-
ure 6h). The corresponding softening of the chips increases
chip pressure gradient, a negative driving force of the chip
velocities in Eq. 29. Also, increasing flow resistance reduces
the value of 7. Since n = 0 results in a singularity, only incipi-
ent plug formation can be observed (very small values of 7),
at which point the equations become extremely stiff and the
simulation slows down considerably. As an example, steady-
state compaction and Kappa # profiles for a filtered step
increase in white liquor flow rate are shown in Figure 10.
Excessive cooking nearly causes the digester to plug up near
the extraction screen. This is the result of dense packing of

top
\ﬁr;ardation due to higher Kappa #

15 4—7——— bottom
[ ] 1 I ] ]
0 2 4 6 8 10 12 14

. . . . . Ti

ure 9 shows comparisons for steps in white liquor and dilute ime, hr

liquor flows in opposite directions. Increase in white liquor

amounts to increased availability of chemicals and therefore 160 = fop

more cooking. For opposite directions of the same-sized step, 140 4~

the process gains are seen to be nonlinear. .

L-G."
120 H_/ \K 4 g
.. . . appa # rises as temp drops
Incipient digester plugging E 100 =05
. . . a e
Strong interactions between the mass/energy conservation S a0

and the hydraulic features enable simulation of a fault sce- 2=0.6

nario in the digester with serious adverse economic conse- 60— o

quences, namely, plugging of the digester. The momentum 40 z=07

equation interacts with the model kinetics through the chip bottom

pressure gradient, which is a function of the Kappa and com-
paction profiles. The resulting interaction between the Kappa
# and chip velocity was evident in Figure 8. Simulation stud-
ies reveal that at lower Kappa numbers, chip compaction (1
—m) can significantly increase and chip velocities decrease
near the extraction screens forming a plug (see Eq. 22). Chip
velocities in the digester usually reduce spatially from the top
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Figure 8. Velocity and Kappa # transients at various lo-
cations on the digester due to change in up-
per heater circulation temperature.

“Top” and “bottom” refer to the digester.
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Figure 9. Symmetric step tests for: (a) +0.15 m3/min
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change in white liquor flow.

cooked chips ( < 2% free liquor) near the extraction screen.
The counter flow of dilute liquor aids in dispersing the fibers
as the pulp enters the wash zone.

As discussed in the next section, the plugging behavior is
sensitive to the parameters in the chip pressure Eq. 27. It is
possible to eliminate the plugging behavior for the same op-
erating conditions and chips cooked to nearly the same end-
point Kappa # by changing parameters of the chip pressure
equation. While the potential for plugging the digester, when
cooked to lower Kappa numbers, is encountered in the in-
dustry, it may be necessary to perform experiments to further
investigate the impact of the chip pressure term on this im-
portant fault condition.

Model parameter sensitivity analysis

Wisnewski et al. (1997) studied model sensitivity to various
parameters in the heat- and mass-transfer equations. Similar
trends were observed with the current thermal-hydraulic Pur-
due model and corresponding results are, therefore, omitted.
Only model sensitivity to some key parameters in the mo-
mentum equations is discussed. Figure 11a shows steady-state
compaction profiles for two different values of the parameter
a in Eq. 27. Reducing the value of « to 0.816 from the nom-
inal value of 0.831 increases the value the fraction of liquor 5
from 0.08 to 0.18, implying a lowering of chip compaction at
the extraction screen. As discussed in the last section, a very
small value of 7 can be interpreted as incipient plugging of

AIChE Journal

I I ] |
0.0 0.2 04 0.6 0.8
Nomalized distance from top

| | | |
0.0 0.2 04 0.6 0.8
Normalized distance from top

Figure 10. Steady-state compaction and Kappa # pro-
files for low (solid) and high (dashed) values
of white liquor flow rates.

Sharp kink in the compaction profile (dashed) correspond-
ing to higher white liquor flow represents incipient plug-
ging in the digester.

the digester. The corresponding Kappa # profile is shown in
Figure 11b, where the endpoint Kappa # increases by about
3. Thus, the value of the parameter a plays an important
role in determining axial distribution of chip compaction in
the digester, while affecting the Kappa # profile only
marginally.

Figure 12 shows the velocity and compaction profiles when
parameter R, in Eq. 25 is varied by 30% in either direction.
An increase in R, leads to increased flow resistance, thereby
decreasing chip velocities. Consequently, chip compaction re-
arranges itself by decreasing area available for chip flow (by
increasing m) to satisfy overall chip continuity. Reducing R,,
on the other hand, increases has an opposite effect. Negligi-
ble changes are observed in the Kappa # profile. A similar
observation is made with flow resistance related parameters
R, and p in Egs. 25 and 28, respectively.

Assessment of higher-order numerical method

To study the impact of using a higher-order numerical
method on variables of interest, such as endpoint Kappa #,
the following experiment was performed. The simulation
based on the first-order difference method (Eq. 32) was al-
lowed to reach steady state after which the fourth-order
scheme (Eq. 33) was used without changing any operating
conditions or model parameters. Figure 13 depicts the re-
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Figure 11. Sensitivity of (a) chip compaction and (b)
Kappa # to changes in parameter « in Eq.

27.

‘While no substantial change is observed in the Kappa #
profile, the chip compaction shows chip compaction is low-
ered when « is changed from the nominal value of 0.831
to 0.816, implying easier drainage of chips.

sults. It is noted that the higher-order formulation predicts
increased conversion of lignin leading to a drop in Kappa #
by about 3. Use of the first-order method approximates the
digester as a series of CSTRs. However, chip flow in the di-
gester more closely resembles plug flow since backmixing is
absent. It is known that the CSTR usually accomplishes lower
conversion for a given volume than the plug-flow reactor
(Fogler, 1999). Thus, the increased conversion with the
higher-order method is consistent with the fact that the
fourth-order finite difference formula provides a better ap-
proximation of the plug-flow behavior in the digester. How-
ever, use of the fourth-order method decreases system spar-
sity and increases stiffness resulting in increased computation
time. Thus, the first-order method is retained in all future
simulations.

Grade Transition Modeling

Pulping mills often switch the feedstock grade from hard-
wood to softwood and vice versa to satisfy demands from the
downstream paper machine section. There are frequent
changes from one feedstock species to other commonly per-
formed in the pulp industry. Of particular interest is the re-
duction of off-spec “twilight” pulp produced during the tran-
sition achieved by an effective grade transition policy. Indus-
trial experience indicates that minimizing blending of the

422 February 2003 Vol. 49, No. 2

(a)

3.0 - —— nominal
----- -30%
F —  +30%
1S
= 254
[53 <
°
g N
o Y
2 N
S 20 N
N
AN
1.5+
T I T T
0.0 0.2 0.4 0.6 0.8
Normalized distance from top
(b)
0.6 —
— nominal
----- -30%
05 « —  +30%
N
= 04—+ \
N
03 A
N
0.2 - AN =
N ~
I T T I
0.0 02 0.4 0.6 0.8

Normalized distance from top

Figure 12. Model sensitivity to change in parameter R,
in Eq. 25.

(a) Increasing R, increases flow resistance and, hence,
causes a decrease in velocity; (b) to maintain the same vol-
umetric flow rate, a corresponding decrease in n is ob-
served.

feedstock grades at the feed results in “good” transitions.
Christensen et al. (1982) incorporated capability to simulate
hardwood /softwood swings by empirically calculating the
transition front between the two grades. Their model switched
the old grade kinetic parameters to the new grade parame-
ters as the old grade depleted from a finite difference volume

30

28 -

Endpoint Kappa #

26 —

T T
0 5 10 15
Time, hr

Figure 13. Higher-order numerical method predicting
higher removal of lignin from chips.

Initial conditions correspond to steady-state conditions
with a first-order finite difference formulation. At ¢t =0,
the convective flow of chips is described by a 4th-order
formulation with all operating parameters unchanged.
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and filled with the new grade. The model performed well
when compared to swing data. Doyle et al. (2001) modified
the extended Purdue model to simultaneously accommodate
both hardwood and softwood species in the same section of
the digester. This was achieved by redefining certain mass
concentrations and introducing a mixing parameter dis-
tributed along the length of the digester. The mixing parame-
ter served as a first-order filter which allowed a smooth
change in the mass fraction between the two species. How-
ever, the model did not account for digester hydraulics.

The current work follows the idea of a discrete transition
front as in the Purdue model by Christensen et al. However,
unlike their use of an empirical calculation of the grade tran-
sition front, momentum conservation allows calculation of the
transition front using rigorous fundamental principles. The
model assumes that a discrete transition front enters the top
of the digester and proceeds downwards. Location of the
transition front is calculated by integration of the front veloc-
ity obtained from the chip velocity distribution in the digester

(z=2zy) (34)

All kinetic parameters upstream of z, are switched to new
grade properties, while old grade parameters are retained
downstream. Properties within the control volume with the
transition front are volume averaged based on the location of
the front. Thus, the filtering capability similar to Doyle et al.
(2001) exists in the vicinity of the front.

Figure 14 shows Kappa # profile snapshots at different
times during a feed transition from softwood to hardwood.
The grade swing was obtained with an open-loop operating
policy that involved decreasing the upper and lower heater
temperatures from 429 K to 416 K and 443 K to 424 K, re-
spectively, as the front location z, reached the respective
heater locations. Also, the white liquor flow rate to the top of
the digester was decreased by 40% after the transition front
crossed the extraction screens. Current industrial practices
also make similar appropriate open-loop manipulations based
on the front location estimated using the chip meter speed. It
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Figure 14. Kappa profile with the softwood to hard-
wood transition front at different locations.

Numbers in the legend refer to the control volume in which
the front lies when the snapshot is taken. Appropriate
changes were made to the heater temperatures to achieve
acceptable endpoint Kappa numbers.
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Figure 15. Kappa profile for hardwood to softwood
transition.

Numbers in the legend refer to the control volume in which
the front lies when the snapshot is taken.

is observed that, in a softwood to hardwood transition, the
reduction in the energy and cooking chemicals, in anticipa-
tion of the reduced lignin content of the new grade, results in
lower cooking (or higher Kappa #) during the transition time.
On the other hand, transition of the feedstock grade from
hardwood to softwood presented in Figure 15, involves in-
creasing temperatures and white liquor flow rates during
transition. These actions tend to overcook the remainder of
the hardwood grade during transition. Simulation studies
show that if the heater temperatures and white liquor flow
rates are changed aggressively, the consequent overcooking
may result in incipient plugging of the digester. This is con-
sistent with the industrial experience that transition from
hardwood to softwood is operationally more difficult than vice
versa. Unlike the softwood to hardwood transition, the tem-
peratures were increased here only after 30 min elapsed after
the transition front completely crossed the respective heater
locations. White liquor flow was increased after the transi-
tion front crossed the extraction screen. Simulations with
heater temperature changes when the front crossed the re-
spective heater location led to the incipient plugging phe-
nomena described earlier. Endpoint Kappa # transients dur-
ing the two grade transitions depicted in Figures 14 and 15
are shown in Figure 16. The undershoot in the hardwood to
softwood transition represents the overcooking of the older
hardwood grade. This overcooking takes place despite the 30
min. delay in increasing the heater temperatures as discussed
above. If the heater temperatures are increased as soon as
the front reaches the respective heater location, considerable
overcooking (endpoint Kappa # drops to 15 before increas-
ing) and the associated plugging problem are observed. Fig-
ure 17 shows the dynamic trajectory of the front location as
the hardwood species completely fills the digester. Both the
transitions are similar, with softwood to hardwood transition
occurring more quickly than the hardwood to softwood tran-
sition.

Conclusions

In the paper and pulp industry, there are vast incentives to
reduce off-specification pulp during operation. Unlike the re-
fining industry, very limited blending opportunities exist to
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Figure 16. Digester endpoint Kappa number transients
for grade change transitions.

Increase in heater temperatures during the hardwood to
softwood transition overcooks the exiting hardwood grade
leading to the undershoot in the endpoint Kappa #.

produce good quality end-products after production of pulp.
A detailed fundamental model can aid in operational im-
provements using optimization to evaluate open-loop strate-
gies during production rate and grade transitions. It can also
be used to perform system identification and control. Wis-
newski and Doyle (1998) show improved control performance
using reduced extended Purdue model in comparison to
purely data-driven models using model predictive control.
However, previous versions of the Purdue model ignored mo-
mentum transport, an important element of digester opera-
tion. In this work, a thermal-hydraulic model of the continu-
ous digester has been presented. The model provides a de-
tailed description of the important phenomena involved in
operating the digester using conservation laws. Constitutive
rules were adopted from available literature (Christensen et
al., 1982; Harkonen, 1987). Pulping chemistry was based on
the Purdue model, while the hydraulics mainly rely on work
by Hiarkonen (1987). Thus, the work constitutes a hydraulic
extension of the Purdue model. The model illustrates that
interactions between the kinetics and hydraulics play an im-
portant role in plugging of the digester vessel.
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Figure 17. Dynamic trajectory of transition front for the
two cases of grade transition.
Grade transition is modeled by assuming a discrete transi-
tion front. Kinetic parameters upstream of the front are
switched to values for the new grade, while old grade pa-
rameters are retained downstream.
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Simulation examples demonstrated various attributes of the
model. While no rigorous validation exercise was performed,
the variable trends follow those of the extended Purdue model
(Wisnewski et al.,, 1997), where applicable, and can be ex-
plained mechanistically. The preliminary validation results
using data from a U.S. domestic mill indicates realistic model
predictions. The benefits of the hydraulic extension, however,
are realized in the ability of the model to explain the impact
of dynamic flow rate and compaction changes on the pulp
quality. Moreover, the chip level, an important control vari-
able, is one of the model outputs. Parametric sensitivity re-
vealed that occurrence of incipient digester plugging was
strongly related to parameters in the chip pressure equation.
Further experimental investigations are necessary to confirm
this observation. Incorporation of momentum transport also
allows a straightforward extension to modeling grade transi-
tions. An explicit tracking of the transition front allows
switching of kinetic parameters. A key contribution lies in
demonstrating operational difficulties encountered during a
feedstock grade change. It is demonstrated that hardwood to
softwood requires delayed changes in heater temperatures
and white liquor flow rates to avoid overcooking.
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Notation

A =cross-sectional area of digester, m?

A; -—preexponent1al factors for ith rate constant dur-
ing consumption of jth solid component, m3As-
kg)

b;,; =stoichiometric coefficients for consumption of
white liquor components, OH and HS

Cpy =specific heat capacity of solid, entrapped liquor
and free liquor phases, JAkg-K)

D =coefficient of diffusion, s~ !

D,, =diameter of digester, m

D =energy transported by diffusion into entrapped
liquor, J/m?®

e, =reaction rate effectiveness factor

E, ; =activation energy for ith rate constant during con-
sumption of jth solid component, J/mol-K)

F, =viscous force of friction between chip and liquor
phases, N/m?

F, =force of sliding friction between chip phase and
vessel, N/m3

A Hg =heat of reaction, J/kg

k; ; =ith kinetic rate constant for consumption of jth
solid component, m*/(s - kg)

=mass of solid, entrapped and free liquor phases,

and external stream, kg
P. =chip pressure, Pa
py =free liquor pressure, Pa
R, ; =reaction rate of solid component i, kg/s
RS ; =specific reaction rate of solid component i, kg/s
R =universal gas constant, JAmol-K)
T,, T; =temperature of chips and free liquor, K
T, =temperature of external stream, K
U =interphase heat-transfer coefficient, J/As-m?-K)
V.(z,0), Vf(z f)=volumetric flow rate of ChlpS and free liquor at
. axial location z and time ¢, m/s
V. =volumetric flow rate of external stream, m*/s
v, vy =velocities of chip and free liquor phases, m/s
u,,p =velocity of chips relative to free liquor phase, m/s
AV(z) volume of control volume, m

C,.C

ps> = pe>

Mw Me’ Mf’ Mcxt
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AV,, AV} =volumes of entrap?ed and free liquor phases in
control volume, m
AV,, AV, =volumes of solid and chip phase in control vol-
ume, m®
e =fraction of chip phase occupied by entrapped
liquor, or porosity
m = fraction of control volume occupied by free liquor
= coefficient of sliding friction
p,,; =concentration of ith component of entrapped
liquor phase, kg/m?
py,; =concentration of ith component of free liquor
phase, kg/m?
pp; =concentration of ith component in external
T stream, kg/m®
ps,; =concentration of ith component of solid phase,
kg/m?
p,.; =concentration of ith component of solid phase
which does not react, kg/m®
p.»py = overall density of chip phase and free liquor phase,
kg/m>
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