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FUNDAMENTAL THERMAL-HYDRAULIC CONTINUOUSPULP DIGESTER
MODEL WITH GRADE TRANSITION

Sharad Bhartiya, Pascal Dufour and Francis J. Ditlyle
Department of Chemical Engineering, University @l@wvare, Newark DE 19716
This paper presents a detailed fundamental modalawintinuous pulp digester developed for
simulation and control. Most modeling efforts imetpast have either emphasized reaction
kinetics and energy transfer assuming a prescrift@d behavior, or modeled digester
hydraulics with simplified reaction kinetics. Imis work, we augment the well-known
extended Purdue model (Wisnewskial, 1997) by incorporating axial momentum transport,
an immediate consequence of which is ability tousate chip level and its impact on the
Kappa number profile. An essential contributionthie ability to model chip compaction.
Interaction between digester hydraulics and kisetgc illustrated via simulation examples.
Examples include scenarios that show incipient gilug of the digester vessel. The current
work also explores and illustrates the use of higirder finite-difference methods to reduce
numerical dissipation and dispersion. Ability tesdribe chip velocities enables rigorous
tracking of transition front within the digesterrthg feedstock grade transitions. Operational

difficulties encountered during hardwood to soft@dransition are explained using the model.
Topical Heading
Process Systems Engineering
Keywords

Digesters (Paper making) — mathematical modelsahyn models; momentum balances; grade transitions;

temperature distribution
Introduction
Pulping mills convert wood chips to pulp suitabte paper production by displacing lignin from cédlse fibers.

The conversion is achieved through a combinatiorstedtegies involving thermal, chemical and mecbelni

degradation of the wood chips. Continuous Kraficesses use large, vertical, tubular reactors ccaligesters
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where the chips react with an aqueous solutiorodiusn hydroxide and sodium sulfide, known as whdaor, at
elevated temperature. Most continuous digestersisbof three basic zones: an impregnation zogepking zone
and a wash zone. A schematic of a single vesgekthr is shown in Figure 1. White liquor and steamed chips
are introduced at the top of the digester into ithpregnation zone where the liquor penetrates the chips.
However, the majority of the delignification reacti occurs only after the two streams flow downwitd the
subsequent cooking zone where the mixture is hetmtebaction temperatures achieved by liquor catoh
through external heaters. The spent liquor isdvitvn from the digester at extraction screens éatat the end of
the cook zone while the cooked chips continue themdvard journey to the wash zone. Here, the chipsvashed
by the countercurrent flow of cold, dilute liquoFhis effectively quenches the delignification réat. The quality
of the resulting pulp is described by Kappa nun{B&ppa #), which is a measure of the residual figrintent. A
typical control objective of digester operationtés minimize variation in the Kappa # from a preled value.
Continuous digesters present challenging problemsiadeling and control. From a modeling perspectihe
inter-play between heat, mass and momentum trandpdng the thermal-hydraulic degradation of theod chips
creates rich dynamic behavior. For example, softenf the chips, as cooking proceeds, causes tbhetnmpact

more densely, which in turn affects the chip valoprofiles.

The capital-intensive nature of the pulp & papetustry mandates development of operating stratdpegsuse
enhanced control, soft-sensing and fault diagnesthodologies, which are usually predicated onlalvdity of a

process model. A significant effort has been dagdo development of first-principles models tHatcribe the
thermal-hydraulic degradation of wood chips in thatinuous pulp digester. Most fundamental cortirsudigester
models in literature can be classified into two dstacategories depending on the attributes they asipdy 1)
pulping chemistry; and 2) hydraulic description tbe chip and liquor streamsSmith and Williams (1974)

developed kinetic models to describe delignificatid chips based on the following form:
Rei = ~(ky; (T)C84 + ki (T)Co4Cris)(Cs; ~CS) (1)

where the temperature dependence of the rate cisstee calculated using the Arrhenius law:

_Eivj
k;(T)= A, eXp(FJ (2
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The wood substance was classified as high and éawtive lignin, cellulose, galactoglucomannan aradbaxylan.
Indicesi andj refer to the two rate constants and the five sodichponents in the wood chips, respectively. Model
constantsd, b, c, A, E;) were evaluated by trial and error using pulpihgroistry data. Smith and Williams then
approximated the digester by a series of contingtined tank reactors (CSTRs) to obtain dynamissrizalances
for the main components participating in pulpingations. Each CSTR was assumed to contain thragephl) a
solid phase consisting of the wood substance; Zrairapped liqguor phase comprising of liquor in ploees of the
wood chips; and 3) a bulk free liquor phase surdingnthe wood chips. The resulting digester masle¢ferred to
as the Purdue model. The major contribution ofRnedue model was development of a framework upbictw
subsequent models could be based. Christeztsan(1982) modified the Purdue model by incorporaimgroved
kinetic parameters (based on optimization searaehyl wver a larger range of wood species. The ivgulomodel
predicted free liquor concentration profiles anovbline Kappa # for an industrial digester. Gustatet al (1983)
developed alternate kinetic expressions to desthibelelignification reaction. They use fewer nembf wood and
liquor components, and make use of functional i@tahips between rate of consumption of carbohgdrand

lignin. Greater emphasis is paid to penetratioligor inside the chips.

Kayihanet al. (1996) presented a Weyerhaeuser benchmark modal hwo-vessel Kamyr digester with separate
impregnation and reaction vessels. The model asdumwo phases: nonporous solid and free liquorchviixist in
thermal equilibrium. The kinetic model of Chrissem et al. (1982) was adopted to describe dynamic mass
balances. The resulting set of partial differdreguations (PDES) is discretized spatially andrtioelel solved as a
system of ordinary differential equations (ODEskExtensions of the Purdue model have been presdnted
Wisnewskiet al. (1997). They redefined mass concentrations addm fractions that allowed relaxation of
certain assumptions in the previous Purdue moduelitg to higher model fidelity. The extended Pardnodel
compared favorably and captured the range of beradisplayed by the original Purdue model as wslithe

Weyerhaeuser benchmark 2-vessel digester model.

In all of the preceding works, a steady, unchangiogpaction profile is assumed. Further, theseatsofail to
provide a dynamic description of chip level, an artpnt control variable. This is a necessary cqgusace of

absence of momentum transport modeling. On therdthnd, hydraulic description based models assimgler
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chemistry, constraining the validity to narrowengas of Kappa #. Harkdnen (1987) presented a leetai
description of chip and liquor flow dynamics, andmpaction, in addition to mass and energy transport
Constitutive equations that described flow resistawere developed experimentally. The resultinglehavas a
system of two-dimensional PDEs that were solvesteddy state. Simplifying assumptions were made regards

to the reaction kinetics and delignification in wdochips is ignored. Nevertheless, Harkdnen's wait the
foundation for integrating digester hydraulics witkisting models based on mass and energy transpbichelsen
(1995) proposed an integration of the works by §hbriseret al. (1982) and Harkdnen (1987) to develop a detailed
digester model from mass, energy and axial momentansport balances. The model assumes solidapgped
liquor and free liquor phases in the digester amdkiscribed by a complex set of algebraic equatodsPDEs. Itis
solved numerically using a staggered grid finitéfedlence approach. While chip and liquor flow dyriesnare
described in detail, simplifications are made iacten kinetics, which constrain the validity oetmodel for Kappa

# within the range of 50 and 150. A key resulMi€helsen's model was ability to study the effefciaw behavior
and compaction on Kappa #. Further, the study estgd residence time control could yield improveabpa #

control.

The model developed in this article is a direcegmation of the works of Wisnewskt al. (1997) and Michelsen
(1995) that overcomes some of the deficienciesridest above. Thus, the detailed kinetics and reassgy
transport of the industrially established extendagdue model are augmented with Michelsen's momentu
transport description, yielding a thermal-hydrautiodel of the continuous digester. Incorporatibmomentum
allows rigorous simulation of phenomena distingasby interactions between the flow mechanics efcdthips and
free liquor and the delignification kinetics. Tkesclude digester level, production rate changed$tock grade
transition, as well as incipient plugging of digast The next section presents the model and devdle model
equations including a brief discussion on numerisalies. Next, the model features are illustratedugh
simulations and parametric sensitivity followeddry extension of the model to simulate grade triamsit Finally,

the work is summarized and further utility of theatel is discussed.
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Modd Derivation

The proposed model is based on a distributed paeanapproach, where the axial distribution of tpors
properties occurs due to convection of the chigs laquor streams. Entry and exit of external stieawall, and
cross-flow effects (such as, at extraction screghleeater inlets and outlets) are likely to cawsbat gradients in
temperature and concentration profiles (Beal, 1998). However, all radial gradients are neglécas a
simplifying assumption. The temporal variationsthivi each infinitesimal control volume are desadibley
conservation statements, resulting in a set of lesuponlinear PDEs. External flows from heaterd axrtraction
screens are modeled as flows entering and/or Igatig control volume. The remainder of the sectiotlines the
transport equations and constitutive rules usetie Momenclature and definitions used in the predentment

closely follows that of Wisnewsldtal. (1997).

Physical Description

As in the Purdue model, each control volume is m&slito contain three phases: solid phase, entralpsor

phase, and free liquor phase. The entrapped ligliase resides within the pores of the wood chipsravit reacts
with the solid substance. However, dynamic andntiaé equilibria are assumed between these two phasethis
work, the combined solid and entrapped liquor pbasidl be referred to as the chip phase. A schianadtan

infinitesimal slice of the digester with volund®/ is show in Figure 2. The results presented lassume control
volumes (CVs) with fixed cross-sectional areAs, Inventory of each phase at a fixed vertical fmcain the

digester is measured using the following volumetfcen definitions,

p= volumeof freeliquor phasén AV | AV (2) 3)
volumeof AV AV (2)
The remainder of the control volume is assumecdetodzupied by the chip phase. Thus,
volumeof chipphaseén AV | AV, (Z
a-n) = PP <2 @
volumeof AV AV (2)

Compaction profile along the length of the digesseinfluenced by the volumetric flowrates of thecand free
liquor phases as well as the degree of cookinge étended Purdue model assumed the compactioilegmbe a

fixed parameter of the model. The current workliekly models chip compaction. Since chip phasgume
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consists of the solid wood substance and entraligpeal, one can define the fraction of the chip sghaccupied by

entrapped liquor as the chip porosity,

o= volumeof entrappediquor phasén AV | AV, (2) (5)
volumeof chipphasen AV AV, (2)
Equivalently,
1-g) = volumeof SO|.Id phasgn AV | AV (2) ©)
volumeof chipphasen AV | AV, (2)

As shown in Figure 2, the chip phase enters thestig slice with volumetric flowrat\ifc(z) , and exits at a rate of
V.(z+Az). Free liquor flows cocurrently, with the chip geain the cooking zone and countercurrently in the
wash zone. Volumetric flow of free liquor is defth by\/f . Chip and free liquor phase velociti@sandv;, are

defined using, respectively:

Ve = AL-n)V, @

Vi = Ay
Specie concentrations employed in the conservatippations make use of definitions formulated byn#&igskiet
al. as opposed to the earlier versions of Purdue motlke solid component concentration is definedaoochip

volume basis as follows,

(8)

~ _| masof solidcomponentin chip
S chipvolume

similarly, for entrapped and free liquor conceritras, respectively

©)

- _| masof entrappediquorcomponentin chip
e entrappediquor volumein chip

(10)

o masof freedliguorcomponent
i free liquor voume

Solid Phase Mass Continuity
The solid phase is assumed to consist of five corapts: high-reactive lignirs{); low-reactive lignin §,); cellulose

(s3); araboxylang,); and galactoglucomannas), Physical transport as well as the rate at witely react with the
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liquor determines the reactant concentrations.foFamg a component balance for the solid phaskeedtion z

yields the following,

apS,i =—v aps,i + e&,i (11)

ot ¢ 0z
where p,; is defined in Equation (8)-ﬁ§,i represents the rate of consumption of mass ofl $gler chip volume.

The reaction rate used in the current work is basethe kinetic model developed by Christenseal. (1982),
R, =-& (kL. kPN 10 205~ P2) (12)
whereg; is the reaction rate effectiveness factor and tsedijust the kinetics for different wood speciétowever

the main use of the effectiveness factor lies mirtg the model outputs to observed digester behavid; denotes

the concentration of componententering the digester that is inert. Reactiore rabnstants;; and k,; are
determined using the Arrhenius law. Values of imparameters for hardwood and softwood are surnzexin

Wisnewskiet al. (1997).

Entrapped Liquor Phase Mass Continuity

It is assumed that the chips are saturated witlerwaton entering the digester. The water then snixiéh reactants
from free liquor that diffuse into the entrappeglilor and the dissolved reaction products from thiel phase. The
entrapped liquor is, thus, an aqueous solution sitltomponents: active effective alkali (E&))( passive EA&);
active hydrosulfide (HS)e); passive HSd)); dissolved lignin €&) and dissolved carbohydrates)( The entrapped
liquor components are consumed during delignifaraiof the solids and replenished in the cook zon¢hbk free

liquor via diffusion. A component balance yields,

0P _ _ Pei 0 _V, 0(£0,)) 2
ei — _ e —<c 2TeV 4D =0, R ’ 13
ot ot & oz (Pri ~P) * Ry )

p.; represents concentration of entrapped liquor corepts defined as mass of componeit an elementary
control volume per entrapped liquor volume (seedign (9)). Porosity of chipss(z), is computed by comparing

the density of solid phase components defined @m wblume basis with density of solid wood subs&ang,, as

follows,
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5
Z ps,i (th)
E(Z,t) zl_m-f (14)
Ps
The third term on the right hand side of Equati®B8)(models the diffusion of componenfrom the free liquor
phase to entrapped liquor phase. Early Purduelaeses (Smith and Williams, 1974; Christensstnal, 1982)

derived the following correlation for the mass diffon rate (defined on a volume basi3)using experimental data

for Kraft cooking presented in McKibbins (1960),

D = 6.1324T, ex;{ ESZT?OJ [L} (15)

min

Simulation results presented later are based an dbirelation. Reaction ratesR,, and R, are related via

stoichiometric coefficientdy; j,
~ 5 ~
R = z bR (16)
j=1

The boundary conditions for the solid and entrapggeake continuity equations are fixed by the wquet® and the

degree of impregnation.

In their work, Wisnewskiet al. (1997) assume that the solids react and dissoli@ time entrapped phase,
contributing only mass and not volume. The newbated volume then draws in free liquor from thiginleoring

free liquor phase. However, as discussed prewpuhkis assumption violates volume continuity nekder

calculation of compaction;, and free liquor volumetric flowrate¥, . Thus, only the diffusive mechanism phase

is retained as the means of mass transfer fronfréeeliquor to the entrapped phase. Since, theagpéd liquor
phase is incompressible, neglecting the vacuunctedf@mounts to assuming that the reacted solid coergs retain

their density as in unreacted form in the solidggha

Free Liquor Phase Mass Continuity

The free liquor phase is an aqueous solution ofsme six components as in the entrapped liquosephdpart
from bulk transport along the digester, free liq@oncentrations are determined by the rate of siiffu to the
entrapped liquor and mixing with external liquoresims. A component balance around the infinitelsocoatrol

volume gives the following,
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0p;; _ v 0p;

ot ¢ o0z

(1_/7) V t
PR/ D S Vext a7
E ,7 (pf‘l pe,l) pf,\,ext Avf

Subscriptext refers to external streams (for example, heateuleition streams). The positive sign in the tasin

refers to external flows entering the control votuand negative for exiting flowsp, ;(z) represents concentration

of component per volume of free liquor (see Equation (10)).eTate of diffusion of free liquor to entrapped gha
is equal to that entering entrapped phase in Egugtl3) but expressed on a free liquor volume basitie
boundary conditions for the free liquor continugguations are provided by the concentrations oftevhquor

components in the cook zone and concentration shwiguor components in the wash zone.

Chip and Free Liquor Thermal Energy Balances

Wisnewskiet al. (1997) use mixing rules based on weighted avertgeetermine heat capacities of the entrapped

and free liquor phases, namel@,, and C; , respectively. The same approach is retainethéncurrent work.

Below, energy balance equations modified to accodateovariable compaction are presented for the ahipfree

liquor phases and describe the temporal variatidheochip phase temperatufgand free liquor temperaturg,

oT oM a(Meg)j ) 5, .
C, M +C, M £=-T| C £+ C -v—|[(C t C +A H R
( Ps'''s Pe’ é"‘) at { Ps at Pe at Vsz[( PM S PM‘E‘) T] c é ) (18)

+U T,(-T, +)DeD,

Heat released by the exothermic reactions betwleeremtrapped liquor and solid phase componentsoidehed
using the heat of reactiohHg. The heat transfer coefficielt models the convective heat transfer between the
chips and free liquor phased represents the amount of energy transferred dudiffiesion of components
between the entrapped liquor and free liquor phadédw direction of diffusion is dependent on tloaaentration

gradient. Thus,

4 6
De zzlpf,i = Pei)CqT; +.Zi_)(pf,i = Pei)Cr.T (19a)
1= i=
where,
T, if C> 0.
Ti - f - Pt = Pei (19b)
Te if P <Pej

A similar balance for the free liquor phase yields,
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DE(l—I]) DE + VextM extText
N

oT d 0 1-
Cpi M a_tf =-T; E(CPf M) =vq E(Cpf MT¢)-U %(Tf -Te) -

(20)

De@-77)De

The term represents the energy transfer with the chip ppaseolume of diffusing mass. The last

term represents the energy transfer due to bulkomaif incoming/exiting external streams. Tempeares of wood
chip charge, entering white liquor and entering lwhguor temperatures fix the boundary conditioesced for
Equations (18) and (20). Equations (1) to (20)kmased on the work by Wisnews¥i al (1997) but modified to
account for chip compaction and momentum balancHse reader is referred to that work as the sotocall

parameters and constants (for example, values af thensfer coefficient, diffusion coefficient, gtused in the

simulation results presented in the next section.

Chip Phase Volume Continuity
As discussed previously, progressive cooking gb€lsiause them to soften, thereby changing shapsobwblume.
The only mechanism that affects compaction of clipa given control volume is the convective floafschip

phase and liquor. Thus, a volume balance for ldm@ental volumeAV, yields the following compaction equation,

91 _
ot

2 [a-nw] 1)

The compaction equation is central in providingghss to incipient digester plugging discussedrlatélichelsen's
model includes axial dispersion in addition to cective flow of chips. However, subsequent steddiesanalysis
shows that the dispersion has a negligible effectcompaction. Michelsen also makes a degree ed@mm

argument to demonstrate how volume continuity feidrom mass continuity. Boundary condition foruBtjon

(21) are fixed by compaction of chips in a top &ect

Overall Digester Volume Continuity
Equation (21) provides information on the fractiohthe control volume occupied by chips. To sgtisterall
digester volume continuity, the remainder of théuate must be occupied by free liquor. This in fysrescribes

the volumetric flowrate of free liquor as follows,

0,V +V{)=0 (22)
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where the incoming and exiting external flows amelided in the liquor flowrate. Equation (22) isstatic
constraint expressing incompressibility of the em$ of a control volume in the digester. It stateat the sum of
all flowrates entering a control volume of fixedeiequals the sum of all flowrates exiting the wodu In the
extended Purdue model (Wisnewskial, 1997), bulk flow of free liquor into the entragpphase by the vacuum
effect decreases the flowrate of the exiting figadr stream. However, no corresponding volumeease occurs
in the chip phase thereby violating the incomptEbi assumption. We assume that the rate ofagxion of the
liquors from the cook and wash zone is perfectiytogled. These values are then used to competedhumetric

flow distribution using Equation (22).

Pressure Distribution in the Free Liquor Phase

The free liquor pressure distributign(z), is mainly dictated by the hydrostatic head ia tiigester. Depending on
the degree of cooking, the chip phase at a giveation, z, has a certain Kappa # associated with it. H&kon
(1987) performed experimental studies to evaluagedffect of cooking on the compactability of chigrsd then
defined a chip pressurp,, which is the force that acts through the inteépatontact points over a reference area.
As noted by Michelsen (1995), the chips becomeesaitiring cooking enabling them to pack more tightThe
softening of chips is reflected by reduced chipspoee. Harkdnen's work (1987) also suggests thiewhe chips
become softer during cooking, they change shapadwappreciable change in volume occurs. Calarabif the
free liquor pressure distribution in presence @fidir velocity transients is a non-trivial tasker#tive methods (ex.
SIMPLE algorithm, Patankar, 1980) exist in liter@uwhich simultaneously arrive at a distributidrpeessure and
velocity fields such that the momentum and contineguations are satisfied. However, the apprased here is
to neglect free liguor momentum dynamics and w@ililze resulting momentum equation to prescribeptiessure
distribution. Michelsen (1995) suggests that thpproach may be reasonable, since the period ef ligeior

velocity transients will be short due to incompietisy implied by Equation (22).

Various forces affecting the system determine tee fiquor pressure. Given the large capacity fagight of the
digester, gravity plays an important role in det@ing the liquor pressure. The remainder of theds arise as a

result of the viscous resistance faced by the chfpshey flow through the liquor phase with a nemzrelative



Page 12 of 34

velocity. Harkdnen, (1987) developed expressiamgte resistive force based on the Ergun equattéa.defined

the resistive force as,

Fo =A Vet (23)
where the coefficient of viscous friction is,
1_ 2
A=RET Ry | (24)

and v, is the relative velocity between the chip and diqphases. R, and R, are parameters estimated from

experimental data. The pressure distribution isutated as,

aalzf = Vi %[pfvf ]_’7Vf

%
ot

Fa

+prg+ (25)
n

The digester is assumed to be completely fillechwiquor with a fixed pressure on the top. Equat{@5) then

provides the liquor pressure in the remainder efdigester column.

Chip Phase Vel ocity Distribution
In addition to the interphase flow resistance, ldagn (1987) also used experimental data to modelctip
pressure discussed previously as a function ofegegf cooking measured by Kappa # and compactiahips, 7
as follows,

0, = 104( 1-7)-0.356

a-0.139n(K #)
=0, otherwise

1.695

J if (1-77) <0.356 (26)
where the parameter has a nominal value of 0.831 based on experimeaizl. The equation is based on the
cross-sectional area of the digester. For chippamtion below 35.6%, the chips float freely and i exert
pressure on adjacent chips. For a fixed compactioa,chip pressure decreases with increased coakimigh

corresponds to softening of the chips. The chgsgure also decreases with decreasing volumedinaatichips.

Harkénen (1987) models the force of sliding friotinetween the chip phase and the digester walls as,

41,
F =ZFtc 27
D (27

cv
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where  is the coefficient of sliding friction anb., represents the diameter of the digester crosimsattarea.

Using Newton's second law and combining the aboxeet, we get the axial chip velocity distributemnfollows,

v, v, ap op+
1-n)—C =-v_(1—- —C 4+ (L-N)g-—C-(1-n)——-F, -F 28
p.A-n p Ve L—=1) P % o (L-mg % a-n 5 a7 Fu (28)

Pulp production rate in the blowline fixes the bdary condition for the chip momentum equation. fGcent of
viscous friction, chip pressure and the coefficiginsliding friction in equations (24), (26) andrj2respectively are
determined empirically. Further experimental wizlhecessary to determine their accuracy in diffeoperating

ranges.

Chip Level

Chip level constitutes one of the most importantaldes in digester control. It impacts the Kagpaa residence
time of the chips in the digester. To model chielea top section of the digester is assumed, wbiowers a certain
volume over the impregnation zone and consisth®fchip phase interface. Chip phase inventoryrgesm then
provides the dynamic description of level,

1

= m&c feed — A(l‘ﬂo)Vc,o) (29)
‘top

he
where/p is an estimate of the compaction in the top sactidichelsen (1995) suggests using a linear wlatip

between the chip level ang,,

0.356 if h, <y,

. (30)
0.356+kh,  otherwise

@a- ’710p) = {

wherehy,, represents a reference height of the chip plpg, also forms the boundary condition for Equatioh)(2
Note that variables related to the bottom of theegtection are indexed with zero, implying the bagig of the main
section of the digester. The coefficidqtis determined empirically. Equations (21) throu80) are primarily

based on works by Harkdnen (1987) and Michelse@F)L9

Numerical Method
For solution purposes, the model PDEs are repladtda finite difference mesh on a digester griggtsas shown

in Figure 3. Notatior refers to a fixed grid node on the digester vessi thej™ control volume lying between
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nodeg-0.5 andj+0.5. Note that continuity balances are performiedalf nodes while momentum balances for chip
and liquor phase are performed at npdéth j-0.5 andj+0.5 as the control volume boundaries (see FighureTBis
overlapping of mass and momentum control volumedddo a staggered grid approach and is routinsbg in
numerical fluid flow problems (Patankar, 1980). eTépproach ensures that only reasonable (non-waegsure
distributions are acceptable as solutions. Inctireent model, axial transport of properties in digester occurs by
convection alone, resulting in a system of hyped®DEs. It is well known that solutions based fomte
differences distort the information that is beingneected downstream (Andersen al, 1984). For example,
simulation of a step-like change upstream of a fleygtem will exhibit dissipation or dispersion dtee the
truncation errors in the finite difference schemegardless of the modeling assumptions (see Figurelo study
the impact of the truncation errors, the spatiaivag¢ives were differenced using two different sties, namely
upstream differencing,

du, _ U —Uiy
=TT 40z 31
rn - (2 (31

and a fourth order difference formulation,

dui _ _Ui_3 + 6Ui_2 —l&li_l +1Q‘li +3U

d: 12h ) (32

whereh represents the height of the finite control volungmulation results presented in the next sectiake use

of the first order formula. An assessment of usihrghigher order formula is presented separately.

Simulation Results and Discussion

The simulations presented in this section are baragperating parameters presented in Table 5 an&Wskiet al.
(1997). The digester was divided into 96 contmlumes and equations (1) through (30) were impleetensing
Matlab/Simulink on a Sun Sparc Ultra 10, 333MHz kapation. Table 1 summarizes the locations otigsgter and
extraction screen. Inclusion of momentum consemanakes the system relatively stiff. Howevempatational
burden is alleviated by use of the sparsity pattdrthe Jacobian matrix. A typical run simulati8@ hours of

digester operation requires about 17 minutes dtirea.
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Steady State Behavior

A direct benefit of including momentum in the exded Purdue model is ability to simulate productiate
changes. Figure 5 shows comparisons between sstatdy profiles of various digester variables fotow
production rate (LPR) at 1.328%min and a high production rate (HPR) of pulp @78.m/min (dashed line). The
blowline flowrate step change was implemented usirfgst order filter with a time constant of 13mates. A
simultaneous step change was introduced in theftdwpate at top of the digester. This was neagsdae to the
integrating behavior of level dynamics. The reduoesidence time of chips leads to lower extertasfversion of
lignin (Figure 5a) and a corresponding increas&appa # profile (Figure 5f). The Kappa # for balle cases
shows an initial increase in the impregnation z¢{z®.14) due to rapid consumption of araboxylan retato
lignin. Subsequently, the Kappa # decreases inctioking zone (0.14x<0.75), beyond which the reaction is
guenched by the cooler and dilute wash liquor. sF&b-5d show components of entrapped and freerligdhe
increase in blowline flow for the HPR case redueslable time for diffusion of EA and HS from fréguor to the
entrapped phase leading to a drop in concentrationthe entrapped phase. However, this increakes t
concentration driving force, which in turn causes free liquor concentrations to drop as well. sSehfigures also
illustrate that the use of the correlation in Edquat(15) for calculation of diffusion coefficienedds to near-
equilibrium conditions between the free and enteabliquors. Volume fraction of liquor for the HRIase (Figure
5@) increases in the vicinity of the extractionessr, implying loose packing of chips. This is aule of lower
degree of cooking or higher Kappa # and is consistéth the argument that a greater degree of capléads to
denser packing of chips. The higher valuejagsults in lowering of liquor velocities (Figuré,5as more area is
available for the free liquor flow. The increase chip velocity (Figure 5h) is a result of higheslumetric
throughput. Figs. 5j,k show the temperatures @b @md liquor along the length of the digester. ipChorosity
profiles are shown in Figure 5I. Chip porosityrieases in the direction of chip flow as the solidnponents are
progressively consumed. Relatively lower porosityobserved for the HPR simulation due to lowerepitof

delignification.

Dynamic Response
Dynamic behavior of the digester is characterizgdldrge dead times in primary measurements, suctheas

endpoint Kappa #. Incorporation of digester hyticaunvolves the relatively fast response variabdé chip and
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liquor velocities. Changes in liquor flowrates a&mstantaneously propagated in direction of flove da the static
nature of Equation (22). This difference in timoades introduces stiffness in the model. Fig ashoesults for
filtered step changes in (1) blowline flow, (2) &ow circulation upper heater, (3) white liquor add dilute liquor
flows of 0.15 n¥min, -10°C, -0.15 nimin and -0.15 rfimin, respectively. In each of the cases, theticela
between the endpoint Kappa # and chip level is mgopaas they are coupled via residence time. Chseasd 3)
result in lower cooking due to lower rate of avhilidy of chemicals, while lower cooking in casei2)due to lesser
amount of energy. The decrease in the chip levehse 4 is due to the lower “lift” provided by tregluced dilute
liquor flowrate. In each of the four cases, charigdevels are due to rearrangement of the chippamtion profile.
Cases 2) and 3) show kinks and oscillatory behauidhe endpoint Kappa # plot while traversing frdme initial
steady state to the final steady state. No simpdehanistic explanation emerges from the dynamiatons.
Upon an analysis of simulations, it is observed tha oscillations first appear in the Kappa # ahib velocity
when the upper heater temperature is perturbedif@ig). The initial increase in Kappa # is acconigé by a
retardation of chip velocity due to increased chigssure, which propagates downstream giving s¢hé
oscillatory behavior in the Kappa #. Increasingneucal tolerances does not cause this behavialis@ppear.
Figure 8 shows comparisons for steps in white liqaod dilute liquor flows in opposite directiondncrease in
white liguor amounts to increased availability bemicals and therefore more cooking. For oppabiections of

the same-sized step, the process gains are seemtmnlinear.

Incipient Digester Plugging

Strong interactions between the mass/energy coasenvand the hydraulic features enable simulatiba fault
scenario in the digester with serious adverse eonan@onsequences, namely, plugging of the digest€he
momentum equation interacts with the model kineticsugh the chip pressure gradient, which is &tion of the
Kappa and compaction profiles. The resulting exton between the Kappa # and chip velocity was aliident in
Figure 7. Simulation studies reveal that at loWappa numbers, chip compaction, /f},-can significantly increase
and chip velocities decrease in the vicinity of thdraction screens forming a plug (see Equatid))(2 Chip
velocities in the digester usually reduce spatifilhym the top of the digester to the extractioneear (see for
example, Figure 5h). The corresponding softenintp® chips increases chip pressure gradient, ativegdriving

force of the chip velocities in Equation (28). @lmcreasing flow resistance reduces the valug. oBincen = 0,
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results in a singularity, only incipient plug fortitan can be observed (very small values7pfat which point the
equations become extremely stiff and the simulatows down considerably. As an example, steaalest
compaction and Kappa # profiles for a filtered steprease in white liquor flowrate are shown in u¥ig 9.
Excessive cooking nearly causes the digester tg pfunear the extraction screen. This is the refutiense
packing of cooked chips (<2% free liquor) near éxéraction screen. The counter flow of dilute bguaids in

dispersing the fibers as the pulp enters the wash.z

As discussed in the next section, the plugging ehds found to be sensitive to the parameterthénchip pressure
Equation (26). Itis possible to eliminate thegging behavior for the same operating conditiorts e@rips cooked
to nearly the same endpoint Kappa # by changingrpeters of the chip pressure equation. While ttential for

plugging the digester, when cooked to lower Kappiloers is encountered in the industry, it may beessary to

perform experiments to further investigate the iotpd the chip pressure term on this importanttfaahdition.

Model Parameter Sensitivity Analysis

Wisnewskiet al. (1997) studied model sensitivity to various parterein the heat and mass transfer equations.
Similar trends were observed with the current tred#nydraulic Purdue model and corresponding resaits
therefore omitted. Only model sensitivity to sokey parameters in the momentum equations is disdusBigure
10a shows steady state compaction profiles fordifferent values of the parameteiin Equation (26). Reducing
the value ofa to 0.816 from the nominal value of 0.831 increabesvalue the fraction of liquor;, from 0.08 to
0.18, implying lowering of chip compaction at theraction screen. As discussed in the last secdorery small
value of 7 can be interpreted as incipient plugging of thgedter. The corresponding Kappa # profile is shown
Figure 10b, where the endpoint Kappa # increasesbbuyt 3. Thus, the value of the parametgetays an important
role in determining axial distribution of chip coagtion in the digester while affecting the Kappargfile only

marginally.

Figure 11 shows the velocity and compaction prefildnen parametd®; in Equation (24) is varied by 30% in either
direction. An increase iRy, leads to increased flow resistance, thereby dsarg chip velocities. Consequently,

chip compaction rearranges itself by decreasing available for chip flow (by increasinp) to satisfy overall chip
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continuity. Reducindr,, on the other hand, increases has an oppositet.effegligible changes are observed in the
Kappa # profile. A similar observation is madehafiow resistance related parametBisand in equations (24)

and (27), respectively.

Assessment of Higher Order Numerical Method

To study the impact of using a higher order nuna¢meethod on variables of interest, such as endp@ppa #, the
following experiment was performed. The simulatimesed on the first order difference method (EgualBl))
was allowed to reach steady state after which ¢luetti order scheme (Equation (32)) was used witisbanging
any operating conditions or model parameters. reidiR depicts the results. It is noted that thghéi order
formulation predicts increased conversion of ligileiading to a drop in Kappa # by about 3. Useheffirst order
method approximates the digester as a series oRESHowever, chip flow in the digester more clgselsembles
plug flow since backmixing is absent. It is knothiat the CSTR usually accomplishes lower conver&iom given
volume than the plug flow reactor (Fogler, 1999hus, the increased conversion with the higherrongethod is
consistent with the fact that the fourth orderténdifference formula provides a better approxioratf the plug
flow behavior in the digester. However, use of therth order method decreases system sparsitytirgsin

increased computation time. Thus, the first ordethod is retained in all future simulations.

Grade Transition Modeling

Pulping mills often switch the feedstock grade froardwood to softwood and vice versa to satisfy ateas from

the downstream paper machine section. Frequenpelsadrom one feedstock species to other commanfppned

in the pulp industry. Of particular interest igluetion of off-spec “twilight” pulp produced duringe transition
achieved by an effective grade transition poliaydustrial experience indicates that minimizing bieg of the
feedstock grades at the feed results in "good" itians. Christenseret al. (1982) incorporated capability to
simulate hardwood/ softwood swings by empiricaliycalating the transition front between the twodgs Their
model switched the old grade kinetic parametethémew grade parameters as the old grade defitetad finite
difference volume and filled with the new gradeheTmodel performed well when compared to swing.d&tayle

et al. (2001) modified the extended Purdue model to samalbusly accommodate both, hardwood and softwood

species, in the same section of the digester. Whis achieved by redefining certain mass concémtiatand
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introducing a mixing parameter distributed along kngth of the digester. The mixing parametevestias a first

order filter which allowed a smooth changes inrttass fraction between the two species.

The current work follows the idea of a discretensiion front as in the Purdue model by Christenseral.

However, unlike their use of an empirical calcdatof the grade transition front, momentum congéraaallows
calculation of the transition front using rigorofisndamental principles. The model assumes thatsarete
transition front enters the top of the digester prateeds downwards. Location of the transitiem{fis calculated

by integration of the front velocity obtained frahe chip velocity distribution in the digester,

dz _ _
F - Vchips(Z - ZO) (33)

All kinetic parameters upstream mf are switched to new grade properties while oldigrparameters are retained
downstream. Properties within the control volumighvthe transition front are volume averaged basedthe

location of the front. Thus, the filtering capdtyyilsimilar to Doyleet al. (2001) exists in the vicinity of the front.

Figure 13 shows Kappa # profile snapshots at diffetimes during a feed transition from softwoochsmdwood.
The grade swing was obtained with an open loopatipey policy that involved decreasing the upper fowder

heater temperatures from 429 K to 416 K and 448 K24 K, respectively, as the front locatiay, reached the
respective heater locations. Also the white ligillmwrate to the top of the digester was decredsedi0% after the
transition front crossed the extraction screenarrédt industrial practices also make similar appeie open-loop
manipulations based on front location estimatedgishe chip meter speed. It is observed that sofawood to

hardwood transition, the reduction in the energy emoking chemicals, in anticipation of the redulignin content
of the new grade, results in lower cooking (or lkigiKappa #) during the transition time. On theeothand,
transition of the feedstock grade from hardwooddfiwood presented in Fig 14, involves increasegmperatures
and white liquor flowrates during transition. Thesctions tend to overcook the remainder of theiiaod grade
during transition. Simulation studies show thathié heater temperatures and white liquor flowrateschanged
aggressively, the consequent overcooking may ré@suticipient plugging of the digester. This isns@stent with
the industrial experience that transition from lewdd to softwood is operationally more difficultath vice-versa.
Unlike the softwood to hardwood transition, here tamperatures were increased only after 30 mireitgssed

after the transition front completely crossed tegpective heater locations. White liquor flow vieereased after
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the transition front crossed the extraction scre@imulations with heater temperature changes whenfront
crossed the respective heater location led torttipient plugging phenomena described earlier. paimd Kappa #
transients during grade transitions are shown gufgi 15. The undershoot in the hardwood to softintoansition
represents the overcooking of the older hardwo@dleyr This overcooking takes place despite of thenBute
delay in increasing the heater temperatures asigied above. If the heater temperatures are sentegs soon as
the front reaches the respective heater locationsiderable overcooking (endpoint Kappa # dropg&defore
increasing) and the associated plugging problenobserved. Figure 16 shows the dynamic trajeatbthe front
location as the hardwood species completely filks digester. Both the transitions are similarhvégoftwood to

hardwood transition occurring more quickly than tiaedwood to softwood transition.

Conclusions

In the paper and pulp industry, there are vastnitiees to reduce off-specification pulp during cgém. Unlike
the refining industry, very limited blending oppamtties exist to produce good quality end produatter
production. A detailed fundamental model can aidoperational improvements using optimization taleste
open-loop strategies during production rate anddegra&ansitions. It can also be used to performesys
identification and control. Wisnewski and Doyle99B) show improved control performance using reduce
extended Purdue model in comparison to purely daten models using model predictive control. Huare
previous versions of the Purdue model ignored maamerransport, an important element of digesteratmn. In
this work, a thermal-hydraulic model of the contina digester has been presented. The model psoaidetailed
description of the important phenomena involvedperating the digester using conservation lawsns@mitive
rules were adopted from available literature (QGbrisenet al. 1982; Harkdnen, 1987). Pulping chemistry was
based on the Purdue model while the hydraulics Imaiely on work by Harkdénen (1987). Thus, the work
constitutes a hydraulic extension of the Purdueehod@he model illustrates that interactions betwde kinetics

and hydraulics play an important role in pluggirigh® digester vessel.

Simulation examples demonstrated various attribofethe model. While no rigorous validation exseciwas
performed, the variable trends follow those of ested Purdue model (Wisnewsid al, 1997), where applicable,

and can be explained mechanistically. The benefitse hydraulic extension are, however, realiretthe ability of
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the model to explain the impact of dynamic flowrated compaction changes on the pulp quality. Meeahe
chip level, an important control variable is onale model outputs. Parametric sensitivity reve @t occurrence
of incipient digester plugging was strongly relategharameters in the chip pressure equation.hEugxperimental
investigations are necessary to confirm this ole@m. Incorporation of momentum transport alsloved a
straightforward extension to modeling grade trams&. An explicit tracking of the transition froalows switching
of kinetic parameters. A key contribution lies demonstrating operational difficulties encountededing a
feedstock grade change. It is demonstrated thedwed to softwood requires delayed changes ineheat

temperatures and white liquor flowrates to avoidroaoking.
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Table 1: Number of control volumes in the different zooésligester

Digester Zone

Number of Control Volume

5

Impregnation

Upper Heater

Lower Heater
Cooking

Wash

17

7

7

41

24
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Figure 2. A cross-sectional slice of digester (ceoke) consists of solid, entrapped liquor and licgeor phases.
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Figure 9. Steady state compaction and Kappa #lesofor low (solid) and high (dashed) values of teHiquor
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represents incipient plugging in the digester.
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Fig 10. Sensitivity of (a) chip compaction and Kgppa # to changes in paramatein Equation (26). While no
substantial change is observed in the Kappa #lerdfie chip compaction shows chip compaction is
lowered wheru is changed from the nominal value of 0.831 to 6,&thplying easier drainage of chips.
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Figure 12. Higher order numerical method predidgghér removal of lignin from chips. The initial mditions
correspond to steady-state conditions with a foster finite difference formulation. At=0, the
convective flow of chips is described by"aerder formulation with all operating parametershanged.
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Fig 13. Kappa profile snapshots when the softwtmdéhardwood transition front is at different locats. The
numbers in the legend refer to the control volumevhich the front lies when the snapshot is taken.
Appropriate changes were made to the heater tetopesao achieve acceptable endpoint Kappa numbers.
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Figure 14. Kappa profile snapshots for hardwooddftwood transition. The numbers in the legen@méd the
control volume in which the front lies when the gslot is taken.
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Figure 15. Digester endpoint kappa number traissitm grade change transitions. Increase in héateperatures
during the hardwood to softwood transition overcodke exiting hardwood grade leading to the
undershoot in the endpoint Kappa #.
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Figure 16. Dynamic trajectory of transition frdot the two cases of grade transition. Grade itiansis modeled
by assuming a discrete transition front. Kineticgmeters upstream of the front are switched toegal
for the new grade, while old grade parametersetegrmred downstream.



