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SUMMARY

Since the introduction of the kraft pulping process the ability to predict
the behavior of kraft pulping has steadily improved. With the advent of suf-
ficient computing resources, dynamic models have been developed to examine the
combined effects of reaction and diffusion, in some cases predicting lignin and
yield profiles within the chip. The predictive capabilities of these models are
limited by the available kinetic data and by restrictive assumptions which limit

the ugseful simulation space.

The shortcomings of prior dynamic kraft pulping models prompted the develop-
ment of a dynamic, distributed-parameter model of a wood chip for kraft, kraft-
aﬁthraquinone, soda-anthraquinone, and soda pulping conditions. The model uses
improved kinetic equations and fewer, less restrictive assumptions. The reac-
tion rates of lignin, cellulose, glucomannan, xylan, extractives, acetyl groups,
and pulp viscosity are modeled using differential equations valid during the
initial, bulk, and residual delignification phases. Nonlinear heat and mass

transfer are modeled in three space dimensions.

A competitive, sequential experimental design strategy was used to select the
reaction equation for each specles from several mechanistically based candidates

“and to simultaneously determine the kinetic parameters of the best candidates.

The reaction and diffusion equations are solved using the method of lines.
with arbitrary-order, finite difference discretization. The finite difference
formulas are generated automatically, incorporating boundary conditions when
advantageous. The finite difference grid is automatically generated, optionally
concentrating grid points near the chip surface to maximize accuracy. Auxiliary
programs have been developed to geneérate plots of one-dimensional and two-

dimensional chip sections along any line or plane of grid points, respectively.
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The model has been tested and has been found to accurately predict the
results of experiments from the reaction kinetics study. The numerical solution
method accurately predicts average chip properties, such as lignin and cellulose

contents, even when optimized for speed at the expense of accuracy.

The model is less accurate in predicting industrial cooks, especially lignin

at long times and low liquor to wood ratio, and xylan at low effective alkalil

and low liquor:wood. Continuing the reaction kinetics study with liquor:wood as
an added variable would quickly improve the accuracy of industrial cook simula-

tions.
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GLOSSARY
A area -
a,b,Cous variables
Ac acetyl groups
a.d. air dry
AE activation energy
AQ anthraquinone
B1i Biot number = K Lp/D
C carbohydfates
c * joint design criterion
°C degrees Celsius
cp centipoise
D diffusivity
D model discrimination criterion
d : ordinary differential operator
3 partial differential operator
E extractives
E parameter estiﬁatién criterion
e exponential operator
ECCSA effective capillary cross-sectional area
F Faraday
°F degrees Fahrenheit
} generic function
G G factor (related to.cellulose cleavage extent)
H H-factor (related to relative delignification extent)

.h grid spacing




NaOH
NaSH

Nas$S

0.d.

ODE

4=

fractional hemicellulose content at end of initial phase
hydrogen ion

mass transfer coefficient

reaction rate constant

degrees Keivin

lignin

longitudinal

characteristic length (chip surface to center)
natural logarithm

base 10 logarithm

fractional lignin content at end of initial phase
liquor:wood

cationic 1limiting conductance

anionic limiting conductancé

molar concentration (g-mole/dmé)_

molecular weight

liquor viscosity
pulp viscosity

solvent viscosity

water viscosity
sodium hydroxide
sodium hydrosulfide
sodium sulfide
cation valence
anion valence

oven dry

ordinary differential Eq.




OoDW oven dry wood

PDE partial differential Eq.

pH ~log [H+]

n probability

m circle circumferenceicircle diameter
My probabllity of best (most likely) model
R gas constantl

r radial

RH relative humidity

S % dissolved solids/100

T temperature

1! 1/T - 1/433K

t time or tangential

u generic concentration (mass or molar)
v volume

Y Zyield/100

= approximately equal to

evaluated at

identical to

© infinity

/ integral

[=] in units of

[ 1] mass or molar concentration
|| parallel

x , ptopértional to

ratio
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INTRODUCTION

The kraft (sulfate) pulping process was introduced by C. F. Dahl in 1879
when he substituted sodium sulfate for sodium carbonate as a makeup chemical in
the soda pulping of straw. ! Today the kraft process is the most popular process

for the manufacture of wood pulp, accounting for 78% of United States pulp pro-

duction in 1984,2

"The main advantages of sulfate pulping, listed below, give a first

characterization of the process and the resulting pulps:

-low demands on wood specles and wood quality, including all

types of softwoods and hardwoods, even in combination, and
toleration of ﬁigh amounﬁs of extractives as well as considerable
.portions of decayed wood and bark residues
-short cooking times
-well established processing of the spent liquor, including

the recovery of the pulping chemicals, generation of process
heat, and the production of valuable by-products such as

tall oil and turpentine from pine specles

. - =excellent pulp strength propertiess"3 —

KRAFT PULPING MODELS

Kraft pulping is a fascinating process which is extremely challenging to
model. The reactants in wood are present as a heterogeneous mixture of poly-
mers. The pulping reagents, sodium hydroxide (NaOH) and sodium hydrosulfide
(NaSH), must diffuse into the wood to react. Sodium hydroxide greatly influen-

ces diffusion rates in wood by swelling the wood structure. This swelling is
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highly nonlinear in NaOH concentration [NaOH]. As pulping proceeds, the poly-
mers are degraded, opening up the wood structure and significantly increasing
diffusion rates. Under typical industrial conditions reaction rates are often

comparable to diffusion rates; approximations corresponding to reaction limited

or diffusion limited conditions do not apply.

Diffusion in Wood

The relationship between diffusivity in pulping liquor and diffusivity in
liquor saturated wood has been approximated experimentally as the effective
capillary cross-sectional area (ECCSA). "ECCSA is defined as the ratio of con-
ductivity through liquor saturated wood to conductivity through liquor. ECCSA
has been determined as a function of pH (= log [NaOH] + 14) at 100% yield for
aépen“ and spruce,5 and as a function of yield at pH 13,2 for pine.’ The effect
of pH on the ECCSA of spruce is shown in Fig. l. The effect of ylield on pine

ECCSA is shown in Fig. 2.

0.6 i
0.5 Longitudinal |
0.4- - -
g 0.3 | -
o
w 0.2+ | -
0.1 Radial, Tangential ' -
0-0 LB L ] T 1 I
7 8 9 10 1 12 13 14
pH

Fig. 1. ECCSA vs. pH for 100% yield spruce.5
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Fig. 2. ECCSA vs. % yield for pine at pH 13.2,7

Wood Composition

The major components of wood are lignin, carbohydrates, and extractives.
Lignin is a highly branched three-dimensional heterogeneous polymer of three
major precursors joined together by several types of bonds. Figure 3 shows
Glasser and Glasser's softwood lignin model. 16 Lignin undergoes degradation
reactions which produce dissolved lignin and condensation (cross-linking) reac-
tions which produce residual lignin.’ Residual lignin is much less reactive than

native lignin but otherwise 1is very difficult to distinguish from native lignin.

Carbohydrates—are present- as- cellulose; a high molecular weight linear
polymer of glucose, and hemicelluloses, low molecular welght polymers of several
sugars. Structures of important softwood carbohydrates are shown in Fig. &4 to 6.
The hemicelluloses are composed of low molecular weight linear backbones with
short branches attached to the hackbones. Carbohydrates undergo three important

simultaneous reactions, peeling, stopping, and cleavage.. The peeling reaction

depolymerizes a carbohydrate polymer chain one sugar unit at a time from the

reducing (hemiacetal) end of the chain. The stopping reaction oxidizes the
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Softwood lignin model designed by computerized evaluation (by
courtesy of W. G. Glasser).
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reduciﬁg end to a metasaccharinic acid end which does not peel. The

reaction breaks a carbohydrate chain in two, creating a new reducing

subsequently may peel.

cleavage

end which

H,COH

Aoy Sodod s,

HaCOH HaCOH

—— Celiobiose unit ——
103 am

Non-reduting end H " OH ] H On  Reducing end

Figo 4,

Fig. 5.

Formula of cellulose. a) Central part of the molecular chain.

b) Reducing and nonreducing end group of the molecule.b

x-0 -t?e-ﬁlupu a—LT‘Araf
4 ] ¢

2 3
b o[-0 -Xylp-1=b =B-0-Xylp-1=b-0-0-Xylp-1=b-J-0 -Xylp-1=b-1-0-Xylp-1-

Partial chemical structure of arabino—4-0O-methylglucuronoxylan

from softwood.
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Fig. 6. Partial chemical structure of O-acetyl-galactoglucomannan

from‘softwood.6

Extractives are a mixture of many specles, most of which are soluble in pulp-
ing liquor. Virtually all extractives, as well as significant portions of car-
bohydrates and lignin, dissolve rapidly at the beginning of a cook, consuming much
ﬁaOH in the process. This period of rapid dissolution is known as the initial de-
lignification phase or simply the initial phase. Most of the native lignin (= 75%)
is removed during the bulk phase, which makes up the largest part of a typical
kraft cook. The residuai phase is the portion of the cook where residual lignin,
probébly formed during the cook, is slowly degraded. Figure 7 shows how the car-
bohydrate yield decreases as delignification proceeds. The break§ in the figure

represent the transition points between the initial, bulk, and residual phases.

Steady State Models

One of the first pulping models was a graphical technique developed by
Vroom.8 He related the relative reaction rate of kraft delignification to the

Arrhenius equation:

k = e(a = b/T) (1)

where k is the rate constant for the pulping reaction, relative to the rate con-
stant at 100°C, T is temperature in °K, and a and b are constants. Vroom .used

data from a pulping study by Larocque and Maass?d to determine b, then determined
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a from the condition that k = 1 at 100°C. The integral of the resulting rate

expression is known as the H-factor:

where t is time in hours. The H~factor combines the effects of time and temperaty
into a single variable that can be directly related to delignification extent (onJ
hour at 100°C —> H = 1). Vroom found that cooks with widely different time-temp
ature histories fell on the same curve when plots of lignin vs. H-factor or yield
vs. H-factor were made. Plots of lignin, yield, or kappa number (a relative indij

cator of lignin in pulp)10 vs. H-factor can be used for control purposes provided

wood species, chemical charge, and liquor to wood ratio (l:w) are held constant.

| Yield of carbohydrates {%)

80+
- 70 *C——
'!
i
§
!
!

S 120 *C S

i Active alkali 18 % as Na,0
) Sulphidity 30 %
. Chips amount  125g 0.D.
; jmpregn. time 15 mun
o Heating time 90 min
( d Liq_utd to wood
/ ratio 3.8:1

Figure 7.

A ul

Yield of lignin
(%)

i

10

30

The dissolution of carbohydrates and lignin during
pine sulfate cooking.7
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Since the introduction of the H-factor several steady state models of the
kraft process have been derived. These are prediction equations of pulp proper-
ties és a function of pulping conditions.11=17 Some of the pulp properties
modeled were total yield, screened yield, kappa number, and pulp viscosity (up),
which is a relative indicator of celiulose degree of polymerization and can be
related to pulp strengtﬁ.18 Some of the independent variables considered were

H-factor, effective alkéli, sulfidity, AQ charge, and G factor. The G factor,16

¢ = [ e(57.71 - 21527/T)q (3)

can be related to the extent of cellulose cleavage. The G factor may be used
for pulp viscosity control much the same way the H-factor is used for kappa

nunber control.

Greater predictive power may be obtained by using differential kinetic
expressionsl9=22 [3u/3t = 4 (conditions) where u is the concentration of a
generic species) rather than integral kinetic expressions [u(t) = u(Oﬁ'f
(conditions)] since the differential expressions make it easier to account for
conditions which vary over time. Differential kinetic expressions make possible

dynémic computer models of ‘kraft pulping.

Dynamic Models

A dynamic kraft pulping'model congists of a set of differential equations
representing reaction kinetics, mass transfer, and sometimes heat transfer.
Each equation defines the rate of change of a component of interest as a func-
tion of pulp and liquor composition. These equations are numerically integrated
over time to give a history of pulp properties over time. Dynamic models have

the potential to be quite flexible.
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One of the earliest dynamic kraft pulping models was developed by Johnsson.23
He modeled the reaction of lignin, acetyl groups, and NaOH during the bulk
phase, omitting carbohydrate and NaSH reactions, the initial phase, the residual
phase, and heat of reaction., Acetyl groups were assumed to react before the
bulk phase, consuming NaOH. The amount of NaOH consumed by the acetyl groups

was proportional to the initial concentration of acetyl groups.

Ignoring heat of reaction is serious. Kraft pulping is exothermic,za which
raises the temperature in the chip interior relative to the chip surface. A
temperature rise of as little as 1°C will cause a significant increase in reac-

tion rates.
Bulk phase delignification was assumed to be described by the relationship
aL/3t = -efa = B/T)[NaOH] L ' (4)

The effect of [NaSH] on delignification rate was not accounted for. Sulfidity

was fixed at = 40%., Carbohydrate reactlions were implicitly modeled by assuming

yield = f’(kappa number only) (5)

This assumes the relationship between lignin and carbohydrates is constant,

‘i.e., all runs of this model would lie on the same lignin ié; cafboh&dfégéicuéve.‘
This ignores the effects of process conditions on yield selectivity.13a25 The |
change in yield selectivity between the initial, bulk, and residual phases was
handled by starting the cook in the bulk phase and ending it before the residual
phase began. The rate of change of [NaOH) was proportional to 3L/3t. Modeling
3 [NaOH]}/3t =+ (3L/3t only) d&es not involve any further assumptions since

dCarbohydrates/dt is implicitly included through (5).
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Johnsson's model accounted for the diffusion of NaOH and dissolved solids in
one space dimension. One~dimensional diffusion underpredicts overall reaction
rates by ignoring the increase in chemical concentration due to diffusion in the
other two dimensions. Thermal diffusion, NaSH diffusion, and dissolved lignin
diffusion were omitted, which does not introduce any new assumptions. The dif-
fusivities of NaOH and dissolved solids were equal and depended only on tem~

perature, ignoring the effects of [NaOH] and yield.

Pankonin2b developed a model which accounted for the reaction of lignin,
cellulose, glucomannaﬁ, xylan, NaOH, and NaSH during the bulk phase, omitting
extractives and acetyl group reactions, the initial phase, the residual phase,

and heat of reaction. Reaction rates for each species were fitted separately to
duj/3t = ~(kgon [NaOH] + kyg [Na2S]) uy, kyj = e(aij = b1y/T) (6)

This approach, although better than Johnsson's, 1s inadequate since the
kinetic term for [NayS] really represents the sum of two effects: the effect of
[NaSH] and the effect of increased [NaOH] due to-hydrolysis of NasS to NaSH and
NaOH. This hydrolysis is virtually complete both at room temperature and at
170°C.27-29 The rates of change of [NaOH) and [NajS] were calculated as linear
functions of wood species reaction rates. The model accounted for diffusion of
NaOH, sodium sulfide (NapS), dissolved lignin, and dissolved carbohydrates in
three dimensions, omitting thermal diffusion. Diffusion rates of all species
were assumed to be equal and to depend oun temperature, chip axis, and yield,

omitting the effect of [NaOH].

Christensen30 developed a model which accbunted for the reaction rates of
lignin, cellulose, glucomannan, xylan, extractives, NaOH, and NaSH, as well as

heat of reaction, omitting acetyl group reactions. Lignin was split into high
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reactivity and low reactivity fractions, which accounted for the initial phase
and bulk phase, respectively. The residual phase was not accounted for. The

same basic equation was used for all species.

For lignin and xylan

duy /3t = =[kqoy [NaOH) + kygy [NaOH}O+3 [Nasu}0:3} uy,

kg = a1 o(P13/RT) (7)
for cellulose and glucomannan
Bui/ét = -(kjou [(NaOH] + kjgy [Na0H]0+3 [NasH]0.3) (uf =~ Ye),
k’ij = agy e(bij/RT) (8)

The use of an unreactive fraction (uw) term is a convenient empirical

simplification, but is not strictly correct. Some of the cooks that were run as !
part of the reaction kinetics study (discussed below) produced yields below

0.1%., The rates of change of [NaOH] and [NajS] were calculated as linear func~
tions of wood component reaction rates. Heat of reaction was assumed propor-
tional to 3Yield/dt. Calculating 3T/3t as # (3 [NaOH]/3t) has been suggested to

be more accurate.24

The model accounted for heat and mass transfer across the chip surface._ Dif-

fusion within the chip was ignored. This assumes that chemical coacentrations
are equal throughout the chip, which would result in completely uniform pulp.
This limits the applicability of Christensen's model to chips thin enough to
produce no shives when pulped and introduces a systematic error for all chips.
Mass transfer of NaOH, NaSH, and dissolved solids were accounted for, omitting
dissolved lignin mass transfer. Mass transfer rates of all species were assumed

to be identical and to depend only on temperature.
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Tyler31 developed a model which accounts for lignin and NaOH reactions in
the bulk phase, omitting carbohydrate, extractives, and acetyl group reactions,
the initial phase, the residual phase, and heat of reaction. The bulk phase

reaction equation was
3L/3t = —a e(43.2 = 16113/T) [Naou]0+75 [NasH]0.25 L (9)

This equation has no utility for soda cooks (3L/3t——> 0 as [NaSH] —> 0).
Yield was a linear function of lignin remaining. This ignores the effects of
process conditions on yleld selectivity. The rate of change of [NaOH] was pro-
portional to 3L/3t. Diffusion of NaOH was considered in one dimension, under-
estimating overall reaction rates. Diffusivity was assumed constant, omitting

the effects of temperature, yield, and [NaOH].

The most recent model was developed by Gustafson.32 He queled lignin, car-
bohydrate, acetyl group, and NaOH reactions during the initial, bulk, and resi-
dual phases, omitting extractives reactions, NaSH reactions, and heat of

reaction. The initial phase lignin equation was
3L/3t = =a YT e(b/T) L (10)
The bulk phase lignin equation was
aL/3t = -[kgy [NaOH] + kg [NaOH]O.> (5]0:4] 1, Ky = elct T di/D),
(s] = [NajpS] + [NaSH] ' (11)

From the discussion above,27"29 [S] should be replaced with [NaSH]}. The tran-
sition from the initial phase equation to the bulk phase equation was made at

22% lignin on oven dry wood (ODW). The residual phase lignin'equation was
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aL/at = -e(e = £/T) [NaoH]0+7 L , (12)

The transition point from bulk phase equation to residual phase equation was an

input to the model. The initial phase carbohydrate equation was

3C/3t = g (NaOH)O.11 31/3¢ (14) |

where C is the concentration of carbohydrates. The rate of change of carbohydrat
in the bulk'and residual phases were proportional to 3L/3t, ignoring the effect
of process conditions on yileld selectivity. The rate of change of [NaOH] was
calculated from the rates of change of acetyl,.lignin, aﬁd carbohydrates. The
model accounts for NaOH diffusion in one dimension, underpredicting overall
reaction rates, and omits thermal diffusion, NaSH diffusion, dissolved lignin
diffusion, and dissolved solids diffusion. The effects of temperature, yield,

and [NaOH] on diffusivity were accounted for.
Table 1 summarizes the dynamic pulping models discussed above.

It seems clear that there is room fqt improvement. A greatly improved model
could be developed simply by combining the best features of all the models

discussed above. Unfortunately, such a model would be lacking in several areas.

None of the model authors appear to Ha&ércrifiééiiyié;am;ned the gglping'
kin;tics equations used in their models. For the most part, they seem to have
used equations from the literature, or have used data sets from the literature
and did some curve fitting to obtain the equations. Most pulping studies in the
literature have concentrated on pulping conditions close to typlcal industrial
practice. These studies define the behavior of the process, but typically do
not provide enough information to discriminate between sets of reaction

equations. For a set of reaction equations to be applicable over a wide range
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Table 1. Comparison of dynamic kraft pulping models.

Author Johnsson Pankonin Christensen Tyler Gustafson
Reference No. 23 © 26 30 31 32
Reaction of
Native lignin X X X X X
Residual lignin X
Dissolved lignin
Carbohydrates ‘ X
Cellulose X X
Glucomannan b3 X
Xylan . X
Extractives X
Acetyl X ‘ X
NaOH X X X x X
NaSH X X '
AQ
Viscosity
.Delignification Phases Modeled 4
Initial x X
Bulk x X X X X
Residual x
Heat of Reaction X
Reaction Rate = Function of
Temperature X X X : X X
[NaOH] X x X X X
{NaSH] X X X bS
[AQ]
Digester Types Modeled o
Batch X ' X X X
Continuous X COX X X

Diffusion of

Temperature X

NaOH x X X X X
NaSH X X

AQ

Dissolved lignin X

Dissolved solids X X x

Number of Space Dimensions for Diffusions

One Three Zerod One One
Diffusion Rate = Function of

Temperature X X X X
Species
Dissolved Solids
Chip axis X
Yield ‘ X : X
pH : x

aChip surface mass transfer only.
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of conditions the equations should be based on plausible reaction mechanisms, and
theldata used to fit the equation parameters should include experiments sgpecifi-
cally designed to place the equations in Jeopardy. There can be no confidence

in extrapolating reaction equations fitted to data which can be fitted equally wel

several different sets of reaction equations.

None of the models account for lignin condensation reactions. Experimental
work by Kleinert33 showed that the amount of lignin present at the bulk phase to
residual phase transition decreases significantly as temperature increases, and
implied that most 1if not all residual lignin is formed during the cookﬂ He aiso
found that the transition takes place at lower values for kraft pulping than for
soda-pulping. Gustafson does allow the lignin content at the transition point

to be a model input, but this does not facilitate a priori estimation of new
pulping conditions. A single set of equations applicable during all three

phases seems preferable.

None of the models account for the effect of species or dissolved solids on
diffusion rate. Direct measurements of lignin fragment diffusivity made by
Benko34 show that the diffusion of NaOH is approximately 12 times fagter than

lignin fragment diffusion. Dissolved solids conceatration increases steadily

during the cook, increasing liquor viscosity, which in turn decreases dif-
fusivity., Dissolved solids are expected to be higher in the chip center than at
the chip surface, resulting in lower diffusivities at the chip center relative

to the chip surface.

Pulp viscosity and AQ are not considered by the models but would be useful
additions. Pulp viscosity is a reasonable estimate of relative pulp strength.

As such it makes a good constraint on explorations of experimental space.
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Anthraquinone is an effective catalyst with limited applicability due to its
high cost. Including AQ would facilitate efforts to find optimal conditions for

its use.

I believe there is a need for a more fundamental model of the kraft pulping
process which 1s not limited'to simulafing the status quo, but rather is able to
extrapolate beyond currént industry practice and explore wide ranges of operating
conditions with confidence. 1In order to improve the predictive power of a dynamic
model of kraft pulping, restrictive aésuﬁptions need to be removéd. Kinetic
data sufficient to account for all reactants independentiy is needed in order to
optimize things such as yield selectivity and viscosity selectivity.' Coﬁden-
sation reactions must bé accounted for in order to better understand the rela-
tionship between fiber liberation point and rejects. level. The kinetic
equations used should be valid over as wide a range of operating conditions as
possible and should be valid for both soda and kraft pulping.. Equations also
valid for soda-AQ and kraft-AQ pulping would be useful (AQ addition will become
extremely popular if and when the cost comes down). More generally, the kinetic
equations should be easily expandable to accommodate future pulping additives.
Diffusion of all species should Eé accounted for in three space dimensions t§

get a better assessment of pulp variability within the chip.
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THESIS OBJECTIVES

Since the introduction of the kraft pulping process, knowledge pertaining to
the effects of diffusion limitation of pulping rates on pulp properties has been
restricted mostly to large scale effects - increased rejects, reduced yield,
reduced viscosity, etc. Little is known about the small scale effects of dif-
fusion limitation - changes in pulp property profiles within the chip. Dynanmic
models of kraft pulping have been developed to look at the combined effects of
reaction and diffusion but are hampered by a lack of reaction rate data and by

assumptioné built into the models which limit their usefulness.

It was this lack of a flexibie model backed by adequate kinetic data which
prompted the present work. The objective of this thesls was to develop a dynamic
model which describes the chemical reactions, heat transfer, and mass transfer
occurring in a wood chip during kraft-AQ, kraft, sodé-AQ, and soda pulping. The
most importént desired features were: (1) accurate species averages anytime
during a cook, (2) accurate three-dimensional species profiles anytime during a
cook, (3) mechanistically plausible reaction rate equations foé all species, and

(4) reliable results when the chip model is extrapolated beyond the data which

generated the model.
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RESULTS AND DISCUSSION
APPROACH

A dynamic model of the kraft pulping process was developed in three stages.
The first two stages were conducted in parallel. Preliminary numerical analysis
work was done to ldentify a satisfactory nuﬁerical solution method. Several
numerical solution methods were tested. Simultaneously, a reaction kinetics study
was conducted to determine adequate reaction models valid during the initial,
bulk, and residual delignification phases. A competitive sequential experimental
design technique was used to aid in the selection of a model for each species.
Iterations of experiment, data analysls, and prediction were used to identify
the most appropriate of several propose& candidate models for each reacting

gpecies and to de;ermine sufficiently precise parameters for those models.

The final stage consisted of combining literature data on diffusion and
stoichiometry with the reaction kinetics equations into the numerical solution
“"harness.” The numerical solution method chosen collapses the three dimensional
nonlinear partial differential equations (PDE's) into nonlinear ordinary differ-
ential equations (ODE's) using the method of lines with finite difference dis~

cretizatién. The resulting system of ODE's was solved with a stiff ODE solver.

The utility of the model was tested with the aid of a limited number of data

sets from the literature.
ASSUMPTIONS

The process of improving on earlier computer models often involves relaxing

assumptions that were needed in the earlier models. The assumptions here are
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necessitated either by continued ignorance of certain aspects of the kraft pro-
cess or by insufficient computational resources. The assumptions and the

rationale for the assumptions are given below.

1. The chip 1is completely filled with liquor or water at the start
of a cook. This assumption 1is necessary since normal diffusion
equations are not valid under two-phase (gas and liquid) con-
'ditions. This assumption is valid only for preimpregnated or
presteamed chips.

2. The chip can be approximated as a cuboid oriented as shown in

Fig. 8.

longitudinal

radial

tangential

Fig. 8. Chip orientation with respect to original log. - - — -

The length direction of the cuboid is parallel to the wood
fibers, which is normal for industrial chips. The cuboid width
and thickness directions were arbitrarily assigned to the wood
tangential and radial axes, respectively. Approximating a chip
"as a cuboid reduces computation time by ignoring chip surface
irregularities. This is an approximation because the ends of

industrial chips are not squared off and because of fissures




3.

5

6.

-

formed during the chipping process. The chip model would prob-
ably significantly underpredict the chemical concentrations at
the center of a ﬁeavily fissured chip.

The chip is a homogeneous anisotropic gel under pulping con-
ditions. This assumption drAstically reduces computation time
by ignoring cellular structure, growth rings, etc. The only
distinguishing feature between the chip axes 1s the anisotropic
behavior of diffusivity. lAs a direct result of this assump-
tion, the profiles generated by the model must be considered to
be the average of many identically sized chips.

The chip has three planes of symmetry, one through the center
of each chip axis. This assumption reduces computation time by
a factor of eight.

Mass transfer at the chip surface 1s much greater than dif-
fusion within the chip. This allows Bi (the ratio of mass
transfer between bulk liquor and chip surface to diffusion be-
tween chip surface and chip interior) to be set large enough
that its exact value has no influence on the results.
Gustafson32 showed numerically that varying Bi from 10 to
10,000 had no effect on overall deligrnification rate. He esti-
mated Bi = 100 for commercial digesters‘and larger for labora-
tory digesters.

Wood is composed of lignin, cellulose, glucomannan, xylan,

extractives, and acetyl groups.

DIFFERENTIAL EQUATIONS

The governing equation of the chip model is
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du/dt = 3(Dy 3u/3x)/3x + 3(Dy Ju/dy)/3y + 3(Dz 3u/32)/3z + R(u) (14)

where u is the concentration of diffusing species, D is diffusivity, R 1s reac-
tion rate, and x, y, and z are mutually orthﬁgonal axes witﬁin the chip. The
axes are arbitrarily aligned with the longitudinal, radial, and tangential planes
in the wood. The subscripts on D acknowledge the anisotropy of diffusion in

wood. Expanding (14) gives

du/dt = Dy 3u2/3x2 + 3Dy/3x du/dx + Dy 3u2/ay? + 3Dy/3y 3u/dy

+ D, 3u2/322 + 3D, /3z du/3z + R(u) (15)

The boundary conditions at the chip surface are

du/dx = k(ugyrface = Ubulk)/Dxs
du/dy = k(ugyrface ~ Ubulk)/Dy, and

3u/dz = k(ugyrface = Ubulk)/Dz | (16)

where k is the mass transfer coefficient of forced convection between bulk

liquor and chip surface. Equation (16) sets mass transfer between bulk liquor

and chip surface to be equal to diffusion from the chip surface into the chip.

The boundary conditions at the chip center planes are
"~ du/ox = du/dy =23u/dz = 0 (17)

Equation (17) is a direct consequence of the assumption of symmetry across the chi

center planes. The bulk liquor mass balance equation for a batch digester is

dupylk/dt = k(ugyrface = Ubulk) Achip/Vbulk (18)

where Achjp 1s chip surface area and Vpylk 1s bulk liquor volume. Other digester

types are simulated by modifying (18) approﬁriately.
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PARAMETERS AND THEIR SOURCES

Bulk Liquor Diffusion Coefficients

The diffusion rates of all speclies are calculated from the Stokes-Einstein

equation34 for the diffusion of a sphere in a continuous solvent:
D = kg T/(6 7 ug R) (19)

where kg is Boltzmann's constant, ug is solvent viscosity, and R is the radius
of the diffusing specles. For any single species kg/(6 7 R) is constant, which

implies the proportionality
D= T/ ug (20)

This leads to a prediction equation for bulk liquor diffusivity:

Dy = D2gg (uw(298)/298) (T1/u}) (21)

where D; is the diffusivity of a species in liquor, D398 is the diffusivity in
water at 298°K, uy(298) 1s the viscosity of water at 298°K, T) is the liquor

temperature, and p) is the liquor viscosity.

Values for Dygg were obtained from a variety of sources. The_diffusivities
of NaOH35 (2.12 x 10~9 m2/s) and glucose3® (0.673 x 109 n2/s) (used to approxi-
mate the diffusivity of dissolved solids) were taken directly from diffusivity
tables. The diffusivity of NaSH (l1.51 x 109 w?/s) was calculated from specific
fonic conductances3b using the Nernst-Haskell equation37 for the diffusion of a

single salt at infinite dilution:

D = (R T/F2) (1/n4 + 1/n2)/(1/14 + 1/12) (22)
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where R is the gas constant, F is the Faraday, ny is the cation valence, n. is
the anion valence, 1, is the cationic limiting conductance, and 1. is the

anionic limiting conductance. The diffusivity of AQ (0.650 x 109 ml/s) was

estimated from the Wilke-Chang equation,37 an empirical modification of the

Stokes~Einstein equation:

Dap = 74 x 10712 [(0MW,)0+5 T]/(uy V,0:0) [=] n?/s (23) |

where Dap 1s the digfusivity of a-in b, @ is a solvent assoclation parameter, MW
is molecular weight, and V is molar volume at the boiling point. A value of
2.26 is recommended for 9water'38 Molar volume was calculated using a table of
additive volumes.37 Diffusivity of dissolved lignin (DL) (0.184 x 10~9 m2/s)
was back calculated from the work of Benko,34 who determined the molecular
weight of DL by carrying out diffusion experiments in glass diffusion cells

calibrated to potassium chloride (KCl). The equation used was

MWp = (Dgc1/DpL)? MWkcl (24)

where MWpp was reported by Benko. Solving for Dpp gives

DpL = (MWgc1/MWpL)0+3 Dkcy (25)

" Liquor viscosity was regressed against water viscosity. Water viscosity data39

from 273 to 645°K were fitted to40

100/uy, = 2.260 {(T - 285.5) + [(T - 285.5)2 + 9854]0.3} - 142.2,

uy [=] ep, T [=] °K ~ (26)

The value of Wy(298) for (21) was taken directly from the water viscosity data.39

‘Black liquor viscosity data41-43 between 5 and 50% solids were fitted to%3
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In(y) = (10.63 83 + 1,302 $2 + 1) In(uy) + 27.31 83 + 4,108 8 (27)
where S = % so0lids/100.

Diffusion Rates in Wood

Diffusion in wood was modeled as the product of bulk liquor diffusion and
ECCSA. Two sets of data were used: ECCSA vs. pH at 100% yield for sprucesl
(Fig. 1), and ECCSA vs. yield at pH 13.2 for pined (Fig. 2). Gustafson32 fit

the spruce radial and tangential data to
ECCSApge = 0.05 + 0.1299 [NaOH]O:353 (28)

where [NaOH] is assumed to be 10(pH - 14)&. I used the same type of equation to

fit the spruce longitudinal data:
ECCSA; = 0.608 - 0.139 [NaoH]0-175 (29)

PankoninZ6 fit the pine data to

ECCSA; =  0.1446 Y + 0.4565 (30)
ECCSA, = -0.7850 Y + 0.9550, and (31)
ECCSAy = =0.6056 Y + 0.7620, (32)

where Y = % yleld/100. The original pine curves extend from 100% yield down to
65% yield. I empirically extrapolated the lines down to zero yield using
quadratic splines which agreed with ECCSA(65% yield), SECCSA/Byield' 65% yield,

and ECCSA(0% yield) (= 1 by definition). This resulted in

ECCSA; = 1.286 Y2 - 1,528 Y + | (33)
ECCSA, = 0.1065 Y2 - 0.9235 ¥ + I, and (34)
ECCSA, =

0.5633 Y2 - 1.338 Y + 1 (35)
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Equations (30) to (32) are for ylelds between 100 and 65%; Eq. (33) to (35) are

for yields below 65%. The regions in the yield - [NaOH] plane where ECCSA is

known are summarized in Fig. 9.

00
0.168 M
(pH 13.2)
(NaOH)
0
0% 65% 100%
Yield

Fig. 9. Regions where ECCSA 1is known.

Combined formulas for ECCSA (longitudinal, radial, and tangential) as a
function of [NaOH] and yield were obtainédfby interpolation. The constraints
used for each interpolating equation were that ECCSA(0% yield) = 1 for all

[NaOH], and that sections of the interpolant surface parallel to the yleld or

' [N;dH] a;isvsﬁoulé have the same general "shape” as the spruce and pine

equations resgpectively. This gives
ECCSA([NaOH], Y) = 1 - ¢ [1 - ECCSA({NaOH])] [l - ECCSA(Y)] (37)

factor ¢ forces ECCSA([NaOH]), Y) equal to ECCSA(Y) (derived from the pine data)
at pH 13.2 and 100% yield. The combined equation was forced through the pine date

rather than the spruce data, since the reaction kinetics study used loblolly pine.
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Thermal Diffusion

Unlike chemical diffusion, thermal diffusion in wood is 1isotropic. This is
because the thermal diffusivity of wood is nearly identical to the thermal diffu~
sivity of water.*4 This allows the use of tabulated data for water thermal diffu-

sivity (D7). Data from room temperature up to the critical point were fitted to
Dp = -1.7080 x 10=12 T2 + 1,4498 x 1079 T - 1.3489 x 10~/ (38)
where Dr [=] m?/s.

Chemical Consumption

The rates of consumption (except for the acetyl groups term) of NaOH and

NaSH are taken from Christensen:3o

RNaoq = 0.15 3L/t + 0.4 3C/3t + 0.1 3E/3¢t
+ 0.6775 3Ac/9t and (39)

Ryasy = 0.056 3L/at ' ) (40)

where L is lignin, C is carbohydrdﬁe, E is extractives, Ac is acetyl groups, and
Ryaon (=] Ryasn [=] 3L/3¢ [=]‘aclac [=] 3E/a¢c [=] dAc/3t [=] g/dm3/hr. The acetyl
term was calculated assuming one mole of NaOH was neutralized for each mole of
acetyl.32 The consumption of AQ was estimated from bulk liquor [AQ] vs. time

data%5,46 a5

Raq = -(AQ] /T e(20.48 - 10,690/T) 41)

where Ryq [=] mM/hr.

Heat of Reaction

The heat of reaction (= 13.345 kcal/g-mole) was calculated from the heats of
formation36 of aqueous HY, aqueous OH™, and liqdid HpO0. This {s equivalent to
assuming the heat 1s liberated as the result of a strong acid~base neutraliza-

tion. The product {heat capacity x density} of water (= 1 kcal/dm3/°K) was used
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to approximate {heat capacity x density} of the wood-liquor mixture, giving an

expression for heat generation:-

Ry = -13.345 [NaOH]/3t (42)

where Rt [=] °K/hr and 3 [NaOH])/3t [=]M/hr.

REACTION KINETICS STUDY

A reaction kinetics study was undertaken to determine the most appropriate
kinetic equations for lignin, cellulose, glucomannan, xylan, and pulp viscosity,

as well as to determine precise parameters for these equations.

Sequential Experimental Design

Experimental conditions for the reaction kinetics study were determined
using the joint design criterion (C), developed by Hill, Hunter, and.Wichern,47
to drive a sequential experimental design. The sequential experimental design
began with a small initial set of experiments, then iterated through a cycle of
experiment, data ‘analysis, and prediction. After each set of experiments, all
the data were analyzed and used to predict conditions which maximized C. The
optimization of C was conducted once each for lignin, cellulose, glucomannan,

and xylan. The four C optimal points in experimental space were used for the

next set of experiments. The cycle of experiment, analysis, and prediction was

continued until an arbitrary stopping criterion was satisfied.

Joint design criterion C postulates the existence of a finite number of pos-
sible mechanistic models, one of which 1s assumed to be the correct representatior
of the system being studied. The parameters for each model are determined by
fitting the models to the available data. Experimental conditions which maximize
C maximize model discrimination®® (D) and parameter estimation®? (R) criteria

simultaneously..
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Model discrimination criterion D increases our knowledge as to which model
is correct. D 1is essentially the sum of squares of the differences 1in model
predictions between all unique pairs of models [weighted by functions of rela-
tive probability (1) and varlance (s2)]. D is optimal for experimental con-
ditions where the responses of the candidate models disagree the most. Running
D optimal experiments maximizes the likelihood that only one model will be able

to fit both the data generated by the run and the prior data.

‘Parameter estimation criterion E increases the precision of the model param-
eters. E is the determinant of the transpose product of an array composed of
the sensitivities of model predictions to small changes in model parameters. E
is optimal for conditions where models are the most sensitive, i.e., a small
change in model parameters causes a big change in model prediction. Running E

optimal experiments minimizes the confidence region about the model parameters.

Simultaneous optimization of model discrimination and parameter estimation
is accomplished by using the relative probability of the moé; likely model (M)
to weight model discrimination against parameter estimation. Relative probabil-

ities are calculated from the variances of the models from the experimental data.

The joint design criterion is C = d D + e B, where d and e are weights
(d +e =1). Both D and E are weighted by relative probability, so that unlikely
models have little influeance on D, E, or €. The weights d and e are calculated
from My, If all models are equally likely to be correct (ﬁb =1/#models) then d
= 1, e = 0 (pure model discrimination). If the best model fits the data per-
fectly and the others not at all (I, = 1) thend = 0, e = | (pure parameter
es;imation). As the experimental method proceeds, My increases, and C shifts

from emphasizing D to emphasizing E.
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The models were fitted using NONLINWOOD, a nonlinear regression program.50
1 wrote a program named MDPE (Model Discrimination/Parameter Estimation) to
optimize C. A sample data deck, sample output, and.the source code listing for

MDPE are presented in Appendix VI.

The reaction kinetics study began with 12 runs - a five variable fractional
factorial in eight runs plus four center points. The variables were time, temper
ture, {NaOH]}, [NaSH], and [AQ]. The responses were lignin, cellulose, glucomanna
and xylan. Thereafter, I ran NONLINWOOD once per model to fit the candidate mode
to the data and ran MDPE once per response to optimize C for each response. The
four conditions obtained were used for the next set of runs. Ten iterations of
the sequential design were performed, resulting in a total of 52 usable runms.
The. data and simple statistics of the'data are presented in Appendix I. The
models used in the reaction kinetics study are summarized in Appendix II. The

experimental space spanned by the study 1s shown in Fig. 10 to 13.
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Fig. 10. Experimental conditions: temperature vs. time.

Many candidate models were considered for each response. For example, 62
separate lignin models were considered at one time or another, although no more
than 10 were entertained at any one time. As the reaction kinetic study pro-

gressed, inferior models were discarded and new models were postulated.
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-3~

Each model represents a mechanistically plausible reaction scheme. For
instance, carbohydrate models accounting for just the peeling reaction were con-
sidered as well as models accounting for simultaneous peeling, stopping, and

cleavage. The reaction variables looked at include the order of species disso-

lution with respect to [species], [NaOH], [NaSH], and [AQ]. Almost all of the
models used parallel reaction pathways due to the experimental obgservation that
alkaline pulping proceeds in the absence of NaSH and/or AQ. Parallel reaction
pathways make it simple to handle new pulping catalysts; extra pathways are

added to account for the additional possible reactions.

Bulk and Residual Phase Kinetics

The final product of the reaction kinetics study was a set of equations,
valid during the bulk and residual phases, which describes the rate of change of
lignin, cellulose, glucomannan, xylan, and pulp viscosity. The equations below
represent the best candidate model for each species and have been tested over a
wide experimental space using experimental conditions specifically designed to
weed out inferior candidates. Error estimates of the parameters of the best model
are given in Appendix II along with descriptions of the other models investigated.

The best lignin model consisted of the reaction network shown in Fig. 14.

NaOH
/—\\

N NaSH ’D >R NaOH”DS
~_Aa_7 |

Fig. 14. Reaction network for best lignin model.
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The network can be summarized as
lignin = N + R,
d1lignin/3t = 3N/3t + 3R/3¢t,
AN/3t = <kpy1k N,
IR/3t ’.kcondense D = kregidual R, and

3D/3t = kpyik N = keondense D» (43)

where N is native lignin, R is residual lignin, D is dissolved lignin, DS is
dissolved solids, and t [=] hr. The bulk delignification phase rate constant
Kpulk was calculated as the sum of three parallel reactions, dependent on NaOH,

NaSH, and AQ, respectively:

kpalk = [NaOH] /T e(=4.155 - 19,610 T")

+ /TNaOH] /TNaSAT /T e(=3.248 - 10,820 T")

+ /NaoH] YTAQ] /T e(-3.838 - 15,900 T'), (44)

where T [=] °K, T! = 1/T - 1/433, (NaOH] [=] M, [NaSH] (=] M, and (AQ] (=] mM.
Using parallel reactions alloﬁs the model to accurately predict the bulk phase
rate yhen [(NaSH] and/or [AQ] = 0. The condensation reaction rate depended only
on [D]; it was assumed that the unreacged lignin and/or carbohydrates would
always have enough sites available for condensation so that site availability
would not limit condensation rate. The condensation reaction activation energy
was fixed to a value expected for diffusion controlled reactions after attempts

to fit the activation energy resulted in values approaching zero:

Keondense = VT e(=5-973 = 2,500 ) (45)

Digsolution of residual lignin was assumed to form unreactive dissolved lignin
which was lumped together with dissolved solids (DS). The rate expression for

residual phase delignification 1s
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kresidyal = [NaOH] YT o(~6.002 - 9,991 ) (46)

The three carbohydrate'fractions (cellulose, glucomannan, and xylan) were best

modeled by the reaction network shown in Fig. 15.

N N

N~ Y

NaSH

D

NaOH|AQ NaOH

Q)
X

Fig. 15. Reaction network for best carbohydrate models.
The carbohydrate reaction network can be summarized as

C =N+ X,
3C/3t = 3N/t +23X/dre,
— — —— — 3N/dt = keleave X = (kpeel * Kgtop) Ny and 7 -

where C is cellulose, glucomannan, or xylan, N is the native fraction, D 1is the
dissolved fraction, and X is the oxidized fraction. Peeling converts N to D,
stopping converts N to X, and cleavage converts X back to N. The only distine-
tion between N and X is that X does not peel. Peeling was modeled as two

parallel reactions driven by NaOH and NaSH:
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Kpeel cel = [NaOH] VT e(=5.044 - 6,697 ")

+ YNaSH] /T o(-6.683 - 8,013 TT) (48)

Kpeel gn = [NaOH] /T e(<0.8574 - 6,682 Th)

+ /NaSHT /T e(-4.695 = 12,070 ™) ang (49)

Kpeel xyl = [NaOH] vT (~2.303 - 15,600 ')
+ YNaSH] YT e(=6.316 - 2,500 Th) (50).

The activation energy for xylan peeling due to NaSH was fixed to a value expected
for diffusion controlled reactions after attempts to fit the activation energy

resulted in values approaching zero.

The stopping reaction was modeled as two parallel reactions driven by NaOH

and AQ.
kStop cel = [NaOH] /T e(-2.322 -~ 9,611 Tf)
+ [NaoH] vTAQT /T e(=4.620 - 16,720 T) 51)
kgtop gn = [NaOH] /T o(~1.510 - 3,126 TY)
+ [NaOH] YTAQT /T e(=2.359 = 10,770 TV)  apq (52)
kKgtop xyl = [NaoH] /T e(-2.739 - 8,860 )
+ [NaOH] /TAQT /T e(=6.339 - 22,300 T") (53)

The cleavage reaction was modeled as a single reaction in NaOH:

kcleave cel = [NaOH] /T e(=3.319 - 22,840 Tf). (54)
Kcleave g = [NaOH] /T e(=4.766 - 12,640 ™) and 559
Kcleave xyl = {NaOH] ¢/T e(=3.746 - 12,110 ™ (56)
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Pulp viscosity18 was best modeled as a single pathway reaction driven by NaOH:
Jup/at = -(up - 1.268)2 [NaOH] /T e(-6.398 - 19,110 ™, (57)

where u, [=] cp. Equation (57) is consistent with the experimental observation
of Kubes gg_gl,16 that plots of l/up vg. time are linear. The constant 1.268
represents pulp viscosity at infinite time (approximated as the cuene visgosityl

of a 0.5% glucose solution). The fitted value of Mp (t = 0) was 57.67 cp.

Initial Phase Kinetics

During the initial phase some of the lignin and hemicellulose rapidly
reacts., These reactions are fast compared to the heatup period used In the
reaction kinetics study (* 20 minutes). Because of the relatively slow heatup
period, initial phase kinetics were not explicitly studied. Initial phase kine-
tic data?l,22 of lignin and hemicellulose dissolution were used to augment the
bulk and residual phase kinetic equations. The initial phase rates were esti-
mated at a single temperature from data reported in the literature and combined

with the reported activation energies to give

3L/3t = 3N/3t + IR/3t + k; + kp for N > 0.87,
3L/3t = 3N/3t + 3R/3t + kp for 0.87 > N > 0.76,

. AL/3t-=3N/At +IR/At-for0T6 >N, T 7(58)

kg = d (N - 0.87) e(17.33 - 6000/T) (59)
kp = d N e(22.12 - 8800/T)’ (60)

3H/3t =3N/dt + 3X/3t + ke for N + X > Hg,

3H/3t = 3N/at + 3X/3t for Hy » N + X, (61)
ke = d (N + X) /T e(9:251 = 4738/T) | and (62)

4 = (1 - {1/(1 + 100 [NaOHD)}), (63)
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where L is lignin and H is hemicellulose. The transition between initial and
bulk phases (Hy) was fittgd along with the other parameters in the glucomannan
and xylan models above. The fitted transition values are 0.752 for glucomannan
and 0,868 for xyian. The fitted traqsitiop value for cellulose was 1,042, indi-
cating that not all the cellulose is ac;essible before the wood comes in contactv
with alkali. The initial phase reaction rate for lignin is ingsensitivell to
[NaOH] over a wide range of concentration. The initial phase reaction rate for
carbohydrates 1s independent22 of [NaOH] for pH » 12. Equation (66) was derived
from a dissoci;cion equilibrium equation. The term d was empirically included
to insﬁre that the reaction rates rapidly approached zero below pH 12 and were

fairly insensitive to [NaOH] above pH 12,

Implications for Kraft-AQ Pulping

The fact that the models above were selected over many rejected models
(Appendix II) implies several things about kraft-AQ pulping. Delignification 1is
first order with respect to [lignin)}. Cellulose, glucomannan, and xylan disso-
lution reactions are first order.in [cellulose], [glucomannan], and [xylan],
regspectively. The change in pulp viscdsity with time is second order with
respect to (p - U=) where bw = 1,268 cp (the 0.5% cuene viscosity of glucose)
worked much better than up = O. Models with inaccessible fraction parameters
are inappropriate; the reaction kinetics study showed these terms must equal

zero for lignin, cellulose, glucomannan, and xylan.

Lignin networks consisting of bulk delignification, lignia condensation, and
residual delignification reactions work much better than bulk delignification
only schemes. Direct condensation of native lignin appears to be insignificant

compared to condensation of dissolved lignin. Dissolved lignin appears to be
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able to condense to lignin or carbohydrate; models with a condensation rate de-

pendence of {[lignin] x [dissolved lignin]} were inferior to models with a con-

densation rate dependence of [dissolved lignin]. Reaction schemes which includ

explicit conversion between native lignin and a reactive intermediate showed

that the conversion rates were much faster than bulk delignification. Reaction

schemes without the conversion reactions gave essentially the same results.

Carbohydrate networks consisting of simultaneous peeling, stopping, and
cleavage reactions worked much better than peeling only networks. Carbohydrate
peeling is accelerated by NaSH for all three carbohydrate fractions, the reac-
tion rate being proportional to /T§Z§§T. The carbohydrate stopping reaction is

accelerated by AQ for all three fractions; the rate is proportional to [NaOH]

YTAQ]J.

NUMERICAL SOLUTION METHODS

The equations to be solved, (15) and (18), are nonlinear parabolic partial

differential equations in three space dimensions. Seventeen PDE's are used to
model the chip interior: native and oxidized cellulose, glucomannan, and xylan;
extractives and acetyl gfoups; native, residual, and dissolved lignin; NaOH,
NaSH, AQ, dissolved solids, temperature, and viscosity. "Eight ODE's are’used”to1
model the bulk liquor: dissolved lignin, NaOH, NaSH, AQ, dissolved solids, tem- |
pergture, G-factor, and H-factor. PDE's are considered nonlinear {f their coef-
ficients, in this case Dy, Dy, D,, and R, are not constants. Nonlinear PDE's
cannot be solved analytically but they can be solved numerically. An analytic
solution is a closed form equation from which the properties of interest may be
calculated exactly, everywhere in solution spéce. A numerical solution approxi-

mates the properties at digcrete points (grid points) in solution space. Inter-

polation is used to estimate properties between grid points. The accuracy of a
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numerical solution is a polynomial function of the distance between the grid
points (grid spacing). For problems with known analytical éolutions, the numeri-
cal solution rapidly approaches the analytical solution as the grid spacing de-
creases.- For nonliﬁear problems, the numerical solution quickly converges as grid

spacing decreases; the asymptotic solution is taken to be the correct solution.

The method of lines3! is used to solve (15) and (18). A three-dimensional
grid 1s laid out with the grid points at the intersections. In order to attain
maximum accuracy, the grid points are bunched up at the chip surface, since that
is where concentration gradients are steepest. The partial derivatives at 'a
particular grid point are calculated as a linear combination of the function
values and/or the derivative values at the grid point and 1its neighbors along

the axes, as shown in Fig. 16.

“Ww__chip center

Fig. 16. Numerical solution grid.

The chip surface is the top and left sides of the rectangle; the chip center
is the bottom right corner. The shaded cross lies over the points used to
determine 32u/3x2, 32u/3y2, 3u/dx, du/dy, 3Dy/dx, and 3Dy/3y, evaluated at the
interseetion of the cross. ‘The points used for aZu/azz, du/dz, and 3D, /3z lie

‘normal to the plane of the figure. Figure 16 assumes that O(h%) ("fourth order")
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accuracy 1s desired; the numﬁer of points required in general is the sum of the
order of accuracy required plus the order of the derivative estimated. Even
though only five points in each direction are shown in shadow, six values are
available in the x (length) direction and seven values in the y (width) direc-
tion due to the derivative boundary conditions available at the chip surface and

chip center planes.

The determination of the grid point locations and the finite difference for-
mulas by the model is completely automatic. The only data that need to be
supplied are the chip dimensions and the number of grid points in each direc-
tion, Optionally, the user may also specify the desired order of accuracy and
the grid spacing between the chip surface and the first interior point (h) (the
smallest grid spacing in the system and 1dentical in all three directions). The
grid spacings are automatically scaled in a geometric progression increasing
toward the center. Boundary conditions are automatically incorporated into the

formulas when they are the closest remaining points avallable. When advan-

tageous, symmetry conditions about the chip center planes are exploited to
increase the number of points available for the finite difference formulas. An

example of exploiting the symmetry conditions 1is given in Appendix IV.

Nine finite difference formulas are generated for each grid point (3u/dx,
3u/dy, du/dz, 3u?/3x2, 3u2/ay2, 3u2/322, 3Dy/3x, 3Dy/dy, and 3D,/3z). The
finite difference formulas are calculated using the method of undetermined
coefficients.?2 The method forces the finite difference formula to successfully
predict the derivative of each of the functions xJ, j = 0—> N-l1, where N is
the number of points in the formula. This creates a set of linear equations
which is solved by Gaussian elimination. An example of the method of undeter-

mined coefficients is given in Apbendix '
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The method of lines. reduces the set of nonlinear partial differential
equations to a stiff set of nonlinear ordinary differential equations, which is
solved using DGEAR from fhe IMSL library.52 For example a 3 x 3 x 3 grid re-
places the system of 17 PDE's and 8 ODE's with 467 (17 x 3 x 3 x 3 + 8) ODE's.
A sample data deck, éamble output, and the source code listing for the chip

model are given in Appendix VII.
SIMULATION STUDY

In order to assess the predictive power of the chip model, a brief simula~
tion study was conducted. The model was used to simulate selected runs from the
reaction kinetics study above (series CU), kraft pulping studies by Aurell and
Hartler33 (series CV) and Akhtaruzzaman®4 (series CW), and a low lignin kraft-AQ

study by McDonough and Van Drunen?3,35 (series cT).

For all the runs a 3 x 3 x 3 point grid was used with even grid spacing and
fourth order finite difference formulas. This gave acceptable accuracy and
relatively fas; run times, ranging from two to seven hours of processor time on
a Burroughs 6930 mainframe computer. The run times increase with decreasing

chip size.

Series CU used two widely different conditions from the reaction kinetics

study. The conditions for the two simulations are given in Table 2.

Representative results are given in Fig. 17 and Fig. 18. In these figures,
the solid line is the chip mode} output, the solid diamonds are the reaction
equation predictions, and the open diamonds are the experimental results. In
general, the simulation results are in excellent agreement with the predictions

of the kinetic models, indicating that the éhip model is internally consistent.
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Table 2. Conditions for series CU.

Wood

Lignin
Cellulose
Glucomannan
Xylan
Extractives
Acetyl
Liquor:wood
Chip size

Chip density

Common Parameters

Southern pine (Pinus elliottii, P. palustris, P. rigida, or

P. taeda)
30.1%
40.2% (38.6 x 1.042)

16.7%

'8.7%

3.3%

1.3%

40

4 x4 x4 mm
430 kg m~3

Unique Parameters

CU/2 simulates reaction kinetics study runs E-3 and F-1

{NaOH]

[NaSH]

(AQ]

Temp.

1.010 mM

1.002M

0.198M

2 min at 27°C, exponential rise to 190°C

(reaches 189°C at t = 21.5 min), tepq = 38.4 min

CU/4 simulates reaction kinetics study runs N-2 and N-4

[(NaOH]
[NaSH]

(aQ]

Temp.

2.999M

0

0

2 min at 27°C, exponential rise to 144°C

(reaches 143°C at t = 17.5 min), tgnq = 24 hr
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Fig. 17. Reaction kinetics study CU/2 lignin vs. time.

— CU/4 LIG
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© N-2,N-4LIG

TIME, HOURS
Fig. 18, Reaction kinetics study CU/4 lignin vs. time.

Series CV simulated two runs from Aurell and Hartler.33 The study was one
of the first to report carbohydrate data along with the usual lignin and yield
data. Estimating chip size was a challenge. Industrial wood chips were screened
with round hole screens. The. fraction used éassed through a 29 mm screen and
was held on a 16 mm screen. I used the average of the two screen hole diameters

(22,5 mm) as the chip length and width, and used 20% of the chip length (4.5 mm)

‘as the chip thickness. The conditions for series CV are presented in Table 3.
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Table 3. Conditions for series CV.

Common Parameters

Wood Pinus sylvestris (Scotch pine)
Lignin 27.3%

Cellulose 38.8% (37.3 x 1.042)
Glucomannan 19.3%

Xylan 9.87%

Extractives 4,0%

Acetyl 1.3%

Liquor:wood 4

Sulfidity 25%

AQ charge 0

Chip size 22,5 x 22.5 x 4.5 mm

Chip density3% 358 kg m™3

Temperature 2 hr from 70°C to 170°C, 2 hr at 170°C

Unique farameters
CV/l simulates Aurell and Hartler,53 Table 1, chip sample B
EA 12,21%

CV/2 simulates

Aurell and Hartler,53 Table 3, chip sample B

EA 19.38%

The results are presented in Fig. 19 to 23. 1In these figures, the solid line

are the chip model predictions, the solid diamonds are the experimental results

at low EA, and the open diamonds are the experimental results at high EA.

The chip model is somewhat slow in delignification under kraft conditions at

low l:w, as shown in Fig. 19. This is in contrast with the kraft-AQ runs
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high AQ concentrations.
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Fig. 19. Aurell and Hartler33 series CV lignin Vvs. time.
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Fig. 20. Aurell and Hartler33 series CV cellulose vs. time.
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Fig. 21, Aurell and Hartler33 series CV glucomannan vs. time.
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Fig. 22. Aurell and Hartler3 series CV xylan vs. time.

The cellulose predictions are well within experimental error, as shown in
Fig. 20. Particularly encouraging is that the cellulose fractional yield at
time zero, 1.042, which was fitted using the reaction kinetics study (southern

pine) data, works quite well with Scotch pine. This implies that a small
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portion of the cellulose is inacceésible to carbohydrate analysis in the original

wood but is accessible after a short exposure to alkaline pulping liquor.

CV RESIDUAL EA

20
18
16
14 - LO EA
2 12 \ —--HIEA
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R g4 o e O AGH HIEA

4

-1 . .’

2 L - L] 1 .l Ll LS 1
00 056 10 16 2.0 25 30 356 4.0

TIME, HOURS

Fig. 23. Aurell and Hartler33 series CV residual EA vs. time.

The glucomannan results (Fig. 21) indicate that the chip model correctly
predicts that the glucomannan reaction rate is relatively insensitive to [NaOH],

but overpredicts the glucomannan concentration in the bulk phase.

The xylan results (Fig. 22).1ndicate that the 'chip model predicts the xylan
reaction rate fairly well at high EA but overpredicts the reaction rate ;t low
EA. This may be due to xylan precipitation at high {xylan] and low [NaOH], con-
ditions which did not exist in the high 1l:w cooks used in the reaction kinetics

s tudy.

The residual EA results (Fig. 23) are surprising. The chip model predicts
the rate of change of EA fairly well after the first twenty minutes, but does
not account for the initial drop in concentration seen experimentally. Apparent-

ly, there is a neutralization reaction in the initial phase which does not
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involve lignin, carbohydrates, extractives, or acetyl groups. This initial drop
is larger for the high EA case (= 6% EA drop) than the low EA case (» 4% EA

drop).

Serigs CW simulates the work of Akhtaruzzaman,sa who did an extensive study
of the effect of chip size on pulp properties. The experimental conditions for
series CW are given in Table 4. It was difficult to make meaningful comparisons
between the simulation results and Akhtaruzzaman's experimental results since
most of the reported pulp properties were based on screened pulp. Estimating
screened pulp properties from a three dimensional grid is a formidable programmin

challenge, and unfortunately time did not permit me to implement it.

The only accessible result was total yleld, as shown in Fig. 24, 1In this
figure the solid symbols are predictions from regression equations of the
experimental data, and the open symbols are the chip model results. The figure
indicates that the chip model correctly predicts the trends of chip size effect

on total yield but underestimates the magnitude of the effects. This may be due

to poorly impregnated chips, as suggested by Gustafson.32 The rest of the

results, given in Appendix III, show the same trend.

- Serles CT simulated an extensive low lignin pulping study by McDonough and
Van Drunen.2%' This study was chosen to test the model well into the residual
phase over a large experimental space.  Chip size was éasy to estimate since I
was able to obtain a sample of the chips used in the study. The dimensions used
represent the average of 20 randomly selected chips. The simulation conditions

are summarized in Table 5.

Results for lignin are shown in Fig. 25 to 29. Additional results are given :

Appendix III. In these figures the closed symbols represent the predictions of
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Saffran's?d regression equations of McDonough and Van Drunen's data, and the

open symbols represent the output of the chip model.

Table 4., Conditions for series CW.

Series CV simulates
Wood

Lignin
Cellulose
Glucomannan
Xylan
Extractives
VAcetyl
Liquor:wood
EA

Sulfidity

AQ charge

Chip densityd®

Temperature

CW/5 chip size
CW/6 chip size
CW/8 chip size

CW/9 chip size

Common Parameters

Akhtaruzzaman54

Pinus sylvestris (Scotch pine)

27.3%
38.8% (37.3 x 1.042)

19.3%

17.05%

30%

0

358 kg m™3

1 hr from 27°C to 170°C, 4.25 hr at 170°C
Unique Parameters

33 x 33 x 12 mm
33 x 33 x 3 mm
16 x 16 x 12 mm

16 x 16 x 3 mm
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Fig. 24. Akhtaruzzamand4 series CW yield vs. time.

Two poiﬁts can be made from these results: bulk delignification tends to be
too fast, and coanditions where dissolved lignin concentration is high (very fast
bulk delignification or low 1:w) tends to give lignin condenéation rates which
are too high. These two points probably are related., The reaction kinetics
study used a high (40:1) l:w, resulting in low dissolved lignin concentrations,
hence low lignin condensation rates and low lignin contents in the residual
phase. The data were fitted using a logarithmic transformation to emphasize the
residual phase data. Any systematic error in the residual phase data is
magnified by the transformation and the 10x increase in dissolved lignin con-

centration (40:1 liw —> 4:1 1l:w).

As an additional demonstration of the predictive capabilities of the chip
model, plots were made of the spatial variation of pulp properties in one and

two dimensions. The orientations for these plots are shown in Fig. 30 and 31.
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Table 5. Conditions for series CT.

Common Parameters

Series CT simulates McDonough and Van Drunen?>

Wood Southern pine (Pinus elliottii, P. palustris,

P. rigida, or P. taeda)

Lignin 28,47 ‘
Cellulose 40.1% (38.5 x 1.042)
Glucomannan 17.7%
Xylan 7.7%
Extractives 3.3%
Acetyl | . ‘ 1.3%
Liquor:wood 4
EA | s
Sulfidity lZSZ
AQ charge 0.1%
Chip size 16.5 x 17,7 x 4.3 mm
Chip density 430 kg o3
Temperature 30 min at 80°C, 90 min to 173°C, 2.75 hr at 173°C
Unique Parameters
- CT/2 temp. 30 min at 80°C, 90 min to 185°C, 1.25 hr at 185°C
CT/3 temp. 30 min at 80°C, 90 min to 161°C, 7.25 hr at 161°C
CT/4 EA 21.5% |
CT/5 EA 15,1%
CT/6 sulfidity 44, 17%
CT/7 sulfidity 14,2%
CT/8 AQ charge 0.322%
CT/9 AQ charge 0.031%
CT/10 liquor:wood 5.83

CT/11 liquor:wood 2.74
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The 1D profiles are shown in Fig. 32 to 37. Figures 32 (3 mm thick) and 33

(12 mm thick) show the change in [lignin] with time. The top profiles are at

time = 0, the bottom profiles are at time = 5 hr, and the rest are spaced at 1 hr
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‘intervals [(0, 5, 1)]. The [1i§nin] profiles generated for the 12 mm chip are
probably more uniform than would be seen in an industrial cook since the chip
model assumes complete penetration of the chip with cooking liquoi‘, which is
difficult té achieve in practice for such a thick chip.
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Fig. 27. McDonough and Van Drunen23 series CT lignin vs. H-factor:
effect of sulfidity.
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~ Fig. 30. Orientation of 1D plot. _ _ _
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Fig. 31. Orientation of 2D plot.
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Figure 32, Lignin across the chip thickness. Run CW/6 time [hr] (0,5,1).
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Figure 33. Lignin across chip thickness run CW/5 time [hr] (0,5,1).
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The [dissolved lignin] profiles, Fig. 34 (3 mm thick) and 35 (12 mm thick),
show quite a bit of variation., The surface concentration of dissblved lignin
increases with time in these profiles, which are plotted at (1, 5,-1). For the
12 mm thick chip, the center [dissolved lignin] peaks at t = 3 hr, while the sur-
face [dissolved lignin) steadily increases. Note the bimodal peak at t = 1l hr,
This 1s at the point were the bulk liquor has just reached cook temperature, the
overall production rate of dissolved lignin is fastest, and the temperaﬁure gra-
dient within the chip is sharpest. The reaccion rate is fastest at the chip
surface and steadlly decreases toward the chip center, so that [dissolved lignin]
increases away from the chip center. Mass transfer at the chip surface effi-
ciently moves the dissolved lignin into the bulk liquor, where [dissolved lignin]
is lowésc, which causes [dissolved lignin] to increase away from the chip surface.

The combination of these two effects leads to the observed bimodal profile.

In order to confirm tﬁe accuracy of the model with an evenly spaced 3 x 3 x 3
(33) grid, an additional run, CY/5 was done. Run CY/5 is identical to CW/5 except
that the 33 grid was replaced with an evenly spaced 5 x 5 x 5 (53) grid. This sub-
stantiaily increased execution time as expgcted (2 hr —> 35 hr)., The [lignin]
profiles for the 33 grid (Fig. 33) and the 53 grid (Fig. 36) are in excellent
agreement. The [dissolved lignin] profiles for the 33 grid (Fig. 35) and the 53
grid (Fig. 37) are in excellent agreement except for the time = 1 hr profiles,

where the bimodal peaks are sharper and are moved toward the chip surface.

Figures 38 and 39 are 2D [lignin] contour plots at time = 3.375 hr of the 33
and 53 grids, respectively. The contour lines agree well from 2.1% ODW to about
3.1% ODW, then begin to diverge, corresponding to a drastlic decrease in [lignin]
gradient in both plots, which greatly magnifies differences between the two runs.
I believe that the "wiggles™ in Fig. 38 are an artifact of the cubic spline

interpolation élgorithm used to generate the 2D plots. The 3D projection plots
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qualitatively show that the [lignin] distributions resulting from the two grids

quite similar,
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Figure 38. 1Llignin [ZODW] (2.1, 3.7, 0.2) rua CW/S5 time = 3.375 hours.
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CONCLUSIONS

The chip model presented here makes a significant step forward in predictiv%
capability, which will prove useful in future explorations and optimizations of
kraft pulping. The major improvements of the chip model over prior dynamic

models include

it accounts for nonlinear heat and mass transfer of NaOH, NaSH, AQ,

dissolved lignin, and dissolved solids in thrée space dimensions,

- it accounts for separate reactions of lignin, cellulose, glucomannan,
xylan, and pulp viscosity,

- it accounts for lignin condensation and residual delignification,

~ it accounts for reactions involving AQ,

- it may be Jsed with virtually any type of digester,

- it may be easily used with other chemical pulping processes 1if
reaction and diffusion daﬁa are avallable, and

- each kinetic equation used was chosen from several possible candidates

using experiments specifically designed to discriminate between the

candidates.

- This last point is very ‘important, for it is all too easy to propose a par- -
ticular reaction mechanism, develop an equation based on that mechanism, then

generate plausible data that "prove” the mechanism.

Knowing dissolved lignin concentrations and condensation rates in the chip
center will greatly facilitate investigations of the relationship between lignin
content and screened rejects. ‘The addition of AQ reactions to the model will

help to assess the economics of pulping with this catalyst. Separate accounting
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of the various species will allow yileld selectivity and viscosity selectivity to

be optimized.

The numerical solution method maximizes the accuracy attainable for a given
number of grid points. The points are concentrated where they are needed and

- the boundary conditions are fully exploited to enhance accuracy.

The simulation study was a qualified success. The numerical solution method
gave édequate nume;ical‘accuracy, even when speed wés maximized at the expense
of accuracy. The chip model accurately predicts the conditions used to generate
the reaction equa;ions. The chip model is’less accurate when predicting
industrial cooks, especially lignin in the residual phase and xylan at low

[NaOH] and low l:w.
FUTURE WORK

The reaction kinetics study should be continued with l:w as an added experi-
mental variable. This will require a more accurate repfesentation of‘INaOH]
during the cook. Low l:w data added to the éxisting high l:w data should rapidly

result in equations which give excellent agreement at both high and low 1l:w.

The applicability of the model could be enhanced by extending it to simulate. .

chip mixfures, as was done by Gustafson32 for one-dimensional chips. Computa-
tional speed and memory requirements should be directly proportional to the

number of chips simulated.

An alternate avenue of exploration is to simulate chip surface irregulari-
ties and wood variation within the chip. This will require many grid points to
follow the surface features and to handle internal variations such as growth

rings and knots.
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EXPERIMENTAL

WOOD SHAVINGS

The wood supply for the reaction kinetics study had to be processed into a
form which met two related criteria: diffusion resistance had to be as small a:
possible (at least one small dimension), and the wood had to pack loosely
(minimal clumping). Wood shavings fulfilled these requirements well. First,
they could be made very thin, and second, they were curly, naturally giving a
low packing density (unlike chips or wood meal). The shavings used in the kine

tics study were prepared using a power jointer. Two 6l-cm long, 30-cm diameter

bolts of southern pine (Pinus elliottii, Pinus palustris, Pinus rigida, or
Pinus taeda) were debarked and cut in half lengthwise. One half §f each bolt
was run through the jointer. The shavings were air dried, then screened using a
1 mesh screen [(1 wire per inch (2.54 cm)]-and a 2 mesh screen. 'The fraction
which passed through the 1 mesh screen and was retained on the 2 mesh screen was
used -in this study. The resulting shavings were approximately 15 mm long and 40

mm wide, with an average thickness of 0.34 mm.

PULPING RUNS

7 7Aiirﬁuigiﬁéﬁ;ﬁd;/ﬁ§;; é&eﬁof eight staini;ss steel, 450 nmL capacity bombs.
The bombs had an internal thermocouple arrangement which allowed liquor tem-
perature to be monitored. The bombs were heated in a multiunit digester. The
multiunit digester consisted of the bombs, an oil bath, an oil reservoir, a
heater, and a temperature controller. The bombs were mounted in a rack inside

the bath which rotated the bombs end over end. The movement of the gas bubble

inside each bomb mixed the liquor well and enhanced mass transfer between liquor
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and shavings. Bath temperature was controlled using a Honeywell programmable
digital controller, which was used to adjust the output of an electric heat
exchanger in the recirculation line of the multiunit digester. 0il circulation

in the bath was sufficient to eliminate temperature variations across the bath,

Before each set of cooks, the bombs to be used were randomly selected from
the eight bombs available. The position (left to right) of each bomb in the oil
bath was also chosen randomly. The bombs were rinsed with hot tap water,
deionized water, and acetone, then allowed to air dry. Each bomb was filled
with approximately 11 g a.d. wood shavings, weighed to 0.1 mg. Powdered AQ was
weighed to 0.1 mg and poured on top ‘of the shavings. Aliquots of NaéH solution
(1.89M) and NaOH solution (5.384) were measured to 1 mL using graduated cylinders
and poured on top the shavings, toge;her with enough deionized water to give 400
mL liquor. The deionized water was added first, NaSH solution second, and NaOH
solution last. After the bombs were filled, the shavings were vacuum impregnated.
The bombs were stoppered and'vacuum was applied for 5 minutes, relieved, and
reapplied for 5 minutes. The bombs were then sealed and mounted in the oil

bath,

Rapid heat-up of the bombs was achieved by preheating the oil in the reser-
.voir above the target temperature. At the start of a cook, oil was pumped into
the bath, and bomb temperature rose quickly. Heat up was made even faster by
ramping oil bath temperature down to the target temperature. The ramp was timed
to end when bomb temperature was near equilibrium. A plot of a typlcal heat up

curve is shown in Fig. 40.

At the end of a cook, the oil wags stripped from the bombs with low pressure

stean for five minutes. This quickly dropped bomb temperature to 100°C. The
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bombs were cooled to room temperature within a minute using cold tap water
spray. Each bomb was opened, the liquor was vacuum filtered through a coarse
fritted glass filter, and a liquor sample was stored in a polyethylene bottle.
The pulp was washed with deionized water in a coarse fritted glass filter,
broken up in a Waring blender, washed again, and leached overnight in 900 mL
deionized water. The leached pulp was extracted in Soxhlet extractors using
extra~coarge fritted glass extraction thimbles (two thimbles per cook), first
with 150 oL ethanol for 12 cycles per thimble, then with 150 mL ethanol/benzene

(1:2, volume/volume) for 24 cycles per thimble.

160 1

140"..,' ..... - .

......
.......
---------------

120 1

" BATH
= BOMB

20 + ‘ — + ‘
0o .S 10 1S 20 25
TIME, MIN.

Fig. 40. Typical heat up curve for the multiunit digester. - - -

The extracted pulp was spread out into culture dishes (90 mm diameter, 15 mm
deep, three per cook), set in a fume hood overnight to allow the solvent to evap-
orate, and conditioned in a coastant humidity room [50% RH, 73°F (23°C)] for a
day. After conditioning the pulp was weighed to 0.l mg. A small sample of
pulp (at least 250 mg) was weighed to 0.1 mg and used for moisture determination
(105°C for two hours). Approximately 330 mg of air dry pulp was weighed to 0.1

ng and analyzed for lignin57 and Sugars.58 When pulp was available and the



~73=

calcﬁlated kappa number of the pulp was less than 100 (kappa = {(lligninJ/[yield])/
0.0015}10), vigcosity detefminations were done. A sample of pulp (2 g a.d. or

all that was left, whichever was less) was bleached yi;h 10 mL of sodium

chlorite solution (200 g per liter) and 30 ml of acetate buffer (0.5 M, pH 3.1)

for 24 hours at 30°C in sealed Kapak/Scotchpak plastic bags. The sample .was

washed in a glass Soxhlet extraction thimble, bleached and washed again, then
reduced overnight with 10 mL of sodium borohydride solution (20 glpet liter) and

30 ol of bicarbonate buffer (0.3!, pH 9.5). The reduced sample was washed and

" analyzed for cuene viscosity.18
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APPENDIX 1

REACTION KINETICS STUDY DATA

Time, Temp., t to T, NaOH, NaSH AQ,
Code hr °K min mole/L mmole/L
A-1 2.390 150 17 1.002 0.198 1.007
A-2 2.390 150 17 1.002 0.198 1.005
A=-3 2.390 150 17 1.002 0.198 0.999
A-4 2.390 150 17 1.002 0.198 1.006
B~1 1.367 130 16 0.501 0.099 0.502
B-2 4,228 ‘130 16 2.007 0.099 2,007
B-3 4.228 130 16 0.511 0.402 0.507
B-4 1.367 130 16 2.018 0.402 1.989
C-4 4,299 170 18 2.018 0.402 0.507
E-1 0.473 130 19 1.002 0.198 1.029
E-2 23.993 136 20 1.002 0.198 1.013
E-3 0.473 190 21 1.002 0.198 1.007
E-4 0.506 170 19 1.002 0.198 0.992
F-1 0.604 190 22 1.002 0.198 1.013
F-2 0.477 176 24 1.002 0.198 1.018
F=-3 2.459 130 24 1.002 0.198 0.993
F-4 24,008 138 27 1.002 0.198 0.999
G-1 - - - - - -
G=2 - - - -— - -—
G-1 - - - - - -
G-1 - -—- - - -—- ——
H-1 1 27 - 1 0.2 1
H-2 1 27 -~ 1 0.2 1
H~3 1 27 - 1 0.2 1
H-4 1 27 - 1 0,2 1
I-1 7.767 190 .18 0.420 0.099 3.208
I-2 24.005 130 19 0.128 1.002 0
1-3 0.628 190 18 0.094 O 6.404
I-4 3.396 190 18 0.229 0.798 0.101
J-1 5.824 130 21 1.085 0.662 6.679
J=2 48.730 130 20 2.798 O 9.780
J-3 48.730 130 20 3.001 0.846 10.010
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APPENDIX I (Continued)

Time, Temp., t to T, NaOH, NaSH AQ, Lignin

Cel GM  Xylad
Code hr °K min mole/L mmole/L Z0DW

K~1 19.994 180 20 2.482 1,002 9.999 0 0 0 0
K=-2 20,018 180 20 2,475 O 0 0 0 0 0
K-3 20.018 180 20 2,482 1.002 0 0 0 0 0
K=4 20.018 180 20 2.475 O 9.996 0 0 0 0
M-1 22.054 190 19 0.505 1.002 10.008 0.028 0.348 0.025 0.0
M-2 22,054 190 19 0.505 1.002 0 0.483 4,26 0.332 0.9
M-3 22,054 190 19 0.498 0 9.999 0.893 8.85 0.685 0.
M=-4 22,054 190 19 0.498 0 0 0.211 6.84 0.461 O.
N-1 21.180 130 17 0.511 O 9.990 9.79 34,1 9.26 Se
N-2 3.736 144 19 . 2,999 O 0 14.2 33.0 7.17 3.2
N-3 5,147 152 17 1.950 0.005 2.627 1.19 34,0 5.10 0.9
N-4 23.985 144 16 2,999 O 0 0.756 22,1 2.16 0.4
0-1 1.307 170 20 0.501 0.099 2.001 3.32 42.0 6.77 3.5
0-2 1.307 170 20 2,007 0,099 0.507 0.975 32.5 3.41 0.4
0-3 3.557 170 20 0.511 0.402 2.001 0.687 34,0 5.29 2.5
P-1 24,011 130 19 0.504 0.997 9.357 1.93 35.8 7.52 4.3
P=2 12.517 162 21 2.376 0.260 10.004 0.162 14,4 0.868 0.0
P-3 16.128 158 20 2.618 0.260 8.560 0.559 12.8 0.700 0.1
P-4 0.979 130 19 2.775 0.926 10.005 19.2 36.8 9,02 5.8
P-5 0.979 130 19 2.562 1.002 9.998 18.7 37.4 9.48 6.1
P-6 0.979 130 19 3.001 0.846 9.994 19.3 37.0 8.92 5.9
P-7 16.128 158 20 2.609 O 0 0.166 10.8 0.489 0.0
P-~-8 16,128 158 20 2,618 0.260 0 0.163 10,5 0.428 0.0
P-9 16.128 158 20 2.609 O 8.562 0.217 13.1 0.840 0.1
P-10 - 12.517 162 21 2.381 O 0 0.203 12.3 0.606 0.0
P-11 12,517 162 21 2.376 0.260 0 0.184 14,6 0.794 0.0
P-12 12.517 162 21 2.381 O 9.995 0.274 16.9 0.900 0.0

Time Temp. NaOR NaSH AQ

Mean - — —— —— —— - -11.806—— --156:3 1,578 —0.336 3.796 -
Std. dev. 11.729 22.7 0.972 0.362 4,230

Correlation Matrix

Time : 1

Temp. -0.089 1

NaOH 0.263 -0.244 1

NaSH 0.155 -0.131 0.016 1

AQ 0.358 -0.151  0.287 0.286

1
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APPENDIX II

REACTION KINETICS STUDY MODELS
BEST MODELS
Lignin Model 621n 18 October 85

lignin = N + R,

d1lignin/3t = IN/3t + IR/t + kg + ky for N > 0.87,
3lignin/3t = IN/3t + 3R/3t + kp for 0.87 > N > 0.76,
3lignin/dt = 3N/3t + 3R/3t for 0.76 > N,

kg = d (N - 0.87) e(17.33 - 6000/T),
kp = d N e(22.12 = 8800/T),

d = -(1-{1/(1 + 100 [NaOH])}),

IN/at = =kpy1k N,

3R/t = keondense D - kresidual R, and

dD/3t = kpylk N - Kcondense D»
= - t
[NaOH] /T e(¥NDOH ~ AENDOH T')

Kpulk

+

- - t
J/TNaOHT v TNasu] /T e kNDSH ~ AEnpsu T')

+ /TNaou] Y TAQT /T e'kNDAQ ~ AENDAQ TT)’

(kpg = 2,500 ™)

Kcondense-= /Te (kRD JaBgp T )

Kresidual = [(NaOH] YT e

where T [=] °k, T = 1/T - 1/433, (NaOH] [=] M, [NaSH] [=] M, and [AQ] (=] mM.




Name Coefficient
AEnpon = 19608.7

kNDSH -3.24838
AENDSH( 10821.8
kNDAQ -3.83789

AENDAQ 15897.1

kpg ~5.97332
krp -6.00188
AEgp - 9991.03
C=N+X,
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APPENDIX II (Continued)

S.E. Coefficient
0.175

1830
0.158

1130
0.236

2170
0.352
0.674

2010

Carbohydrates

dH/3t = 3N/3t + X/t + k, for N + X > H,

dH/dt = 3N/3t + 3X/3t for Hr > N + X,

ke = d (N + X) /T o(9.251 = 4738/T), 44

d = =(1 - {1/(1 +100 [NaoH])})

3N/3t = kcleave X = (Kpeel + kstop) N, and

3X/8t = kgtop N = k¢leave X,

kyp = [NaOH] /T <CkNDOH ~ A«"lm)on )

+ /[NaSH] /T o(kNDSH - AENDsH ™),
- t
kgrop = [NaoH) /T e(KNXOH = AEnxon T')

— - t
+ [NaoH] /TAQT /T e{kNxaQ = AfNxaq T

Kcleave = [NaOH) /T e

(kxy - AExy ™)
»

t=Value

-23.7
10.7
-20.6
9.6
-16.3
7.3

-17 .0

95% Confidence Limits

~4,51
1590
-3.57
8530
-4.31
11500
-6.69
-7.37

5920

-3.80
23300
-2.93
13100
-3.36
20300
~5.26
~-4,64

14100




Name

kNDOH

AENDOH

kNDSH
AENDSH
kNXOH
AENXOH
knNxaQ

AENXAQ

AEXN

Name

KNDOH

AENpou

kNDSH
AENDSH
KNXOH
AENXOH
kNxAQ

AENXAQ

.AEXN

Coefficient

=5.04455
6696.65
1.04253
-6.68305
8013.12
-2.32248
9611.41
-4.62038
16718.2
-3.31930

22844,2

Coefficient
-0.857458

6681.58

-~ 04752114
-4.69499

12067.8
-1.51020

3125.76
~-2.35942

10770.8
-4.76589

12636.8

S'El

1

S.E.

1
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Cellulose Model 30

Coefficient
0.0784
439
0.0113
0.233
512
0.0885
378
0.0102
402
0.0908

130

Glucomannan Model 30

Coefficient
0.0809

471

-~ 0.0383 - -

0.343
890
0.113
320
0.185
826
Q.112

395

t-Value
-64.4
15.2
92.4
-28.7
15.7
-26.2

25.4

13 October

t=Value
-10.6

14.2

1977

-13.7
6.4
-13.4
9.8
-12.7
13.0
-42.4

32.0

5 October 85

95% Confidence Limit
\

-5.20
5810
1.02
-7.15
6980
-2.50
8850
-4.64
15900
-3.50

20600

-4.89
7580 |
1.06'
-6.21
9050
-2.14
10400
-4.60
17560
-3.14

25100

95% Confidence Limits

_1002

5730

~-5.39
8250
-1.74
2480
-2.73
9100
-4.99

11800

7 7 0.677

-0.694
7630
0,832

0—4.00
15900

-1.28
3770

-1.98

12400.

-4.54

13400



Name

KNDOH
AENDOH
He
kNDSH
AENDSH
kNxoH
AENXOH
kNxAQ
AENYAQ
kxN

AEyy
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Xylan Model 30 13 October 85

Coefficient .S'E‘ Coefficient t-Value 95% Confidence Limits
-2.30326 0.282 -8.2 -2.87 -1.73

15595.1 1670 . : 9.3 12200 19000

0.867626 0.0395 21,9 0.787 0.947

-6.3i659 0.190 -33.3 -6.70 ~5.93

2500 - - - : -
-2,73932 0.505 ~5.4 -3.76 -1.72

8860.34 2460 3.6 . 3890 13800
-6.33924 2,46 -2.6 -11.3 -1.36

22304.0 10000 2,2 2070 42500
-3.74624 0.318 -11.8 ~4.39 -3.11

12112.0 2220 5.5 7630 16600

Viscosity

Jup/at = (up - 1.268)2 [NaOH] /T (=6:398 - 19,110 T,

where Hp [=] cp.

Model No.

3

Rejected Models
Lignin
Description

'native' fraction (N) => 'dissolved' fraction (D) (3]] paﬁhways)

« [NaOH), N Y [NaOH] /[NaSH], N /[NaOH] v [AQ]; common activation
energies (AE's) for all three baths.

model 3 with separate AE's.

model 4 with all paths <« N2 instead of N.

N =>D (3|| pathways) « N@ [NaOH]P, N& [NaOH]¢ [NasH]d, Na [NaOH]e

(NaoH]f.
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Model No. Description

7 N=>0D (3|| pathways) « N [NaOH], N v/ [NaOH] v/ [NaSH], v [NaOH] v [AQ]
N => 'residual' fraction (R) « N v [NaOH];
R -> D= R [NaOH];
D->R« D,
11 N is in equilibrium with N~ as a f ([NaOH]);
N~ => 'reactive intermediate (Q) = N~;
Q-> N =0
Q => D (3|| pathways) = Q [NaOH], Q [NasH], Q [AQ];
Q->R=Q;

R => D= R [NaOH];

D->R D.
12 model 11 with Q => D « Q [NaOH}, Q Y [NaSH], Q YTAQ].
13 ~ model 11 with D -> R= (Q + R) D.
14 model 12 with D => R« (Q + R) D.
15 model 11 without Q => R reaction.
16 model 12 without Q -> R feaction.
17 model 13 without Q -> R.reaction.
18 model 14 without Q -> R reaction. B B - B
197 A mba;l i3jw£;h Q -;wb ; Q [NaOH]}, Q {[NaSH]/([NaSH] + a)},

Q {[AQ]/([AQ] + b)}.
20 model 15 with Q => D =« Q [NaOH], Q {[NaSH]/([NaSH]} + a)},

Q {[(aQ)/((aQ] + b)}.

31 model 11 without N- => Q and Q => N~ reactions (Q fixed = N™).
32 model 31 with Q => D = Q (NaOH], Q /[NaSH], Q vTAqQ].
33 model 31 with D => R« (Q + R) D.

34 model 32 with D => R= (Q + R) D.
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Model No. : ‘ Description~
35 model 31 without Q -> R pathway.
36 model 32 without Q -> R pathway.
.37 model 33 without Q -> R pathway.
38 model 34 without Q -> R pathway.
42 model 32 with common AE for all three paths of Q => D reaction;

common AE for Q —} R and D -> R reactions.
44 model 34 with common AE for all three paths of Q -> D reaction;

common AE for Q -> R and D => R reactions.

45 model 35 with D -> R AE fixed to 2500.
46 model 36 with D -> R AE fixed to 2500.
47 model 37 with D -=> R AE fixed to 2500.
48 model 38 with D -> R AE fixed to 2500.
50 model 46 with R => unreactive 'dissolved solids' (DS)

ingtead of R => D.

51  model 36 with R => DS instead of R => D.
52 model 50 with R => DS = /R.
53 model 46 with Q => D = Q ¥ [NaOH], Q ¥ [NaSH], Q ¥ [AQ];

initial phase accounted for;

NaOH, NaSH, and AQ consumption accounted for.

54 model 53 with Q => D« Q [NaOH]), Q v [NaOH] v/ [NaSH], Q v [NaOH] v [AQ].
55 N -> D (3|| pathways) = N [NaOH], N YTNaSH]I, N /TaQl;
D -> R« Dy

R -> DS VR [NaOH];
initial phase accounted for;
NaOH, NaSH, and AQ consumption accounted for;

D -> R AE fixed to 2500.
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Model No. Description

56 model 54 with R => D = fﬁ;

Q => D= Q [NaOH], Q ¥ [NaSH], Q Y [AQ].

57 model 56 with Q -> D =« Q v {NaOH], Q / [NasH], Q v [AQ].

58 model 56 with Q => D « Q [NaOH], Q v/ [NaOH] v'[NaSH], Q ¥ [NaOH] v TAQ]
59 model 58 with D -> R = D&,

60 model 55 with R -> DS = R [NaOH].

61 model 60 with 2 stage initial phase;

fitted transition between stages.

Cellulose
Model No. Description
101 N -> D« N [NaOH].
102 N ->Dx N2 [NaOH].
103 N -> D (2|| pathways) = N [NaOH], N /TNaOH] /TNaSH]; |

D -> N « N v [NaOH] ¥ [AQ];

all 3 pathways share common AE.

104 model 103 with separate AE's,
-105 - - model 103 -with -all paths = N instead of N.o =~ -
106 N->D (2" pathways) « N [NaOH], N [NaSH]2;

D -> N« N [NaOH] [AQ]b;

transition between initial phase and bulk phase = £ ([NaSH], [AQ]).
107 . model 101 with transition between initial phase and bulk phase =

+ ((NasH], [AQ]).
108 N -> D« N [NaOH];

N => 'oxidized' fraction (X) = N [NaOH];

X -> N= X [NaOH].
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109 model 107 with N -> D « [NaOH])3;

transition between initial phase and bulk phase = f-([NaSH]b, {aQle).
110 ‘ N->De= N [NabH]a; |

N->Ke N [NaOH]D;

X <> N« N [NaOH]¢;

transition between initial phase and bulk phase = f ( [NasH]d, [AQ]e).

111 model 108 with N -> X (2|| pathways) = N [NaoH], N /TAQl.
112 model 108 with N -> D (2|| pathways) = N [NaOH], N /TNaSHI;

N -> X (2|| pathways) = N [NaOH], N [NaoH] /TAQ].

113 model 112 with N -> X (2 || pathways) « N [NaoH], N [AQ].
114 model 108 with N => D (2 || pathways) « N [NaOH], N {[NaSH]/([NaSH]
+ a)l;

N => X (2|] pathways) = N [NaOH], N {[AQ]/([AQ] + b)}.

115 N + 'cleaved' fraction (C) => D (2|| pathways) « (N + C) [NaoOH],
(N + C) [NasH];
N+ C->X (2]|| pathways) = (N + C) [NaOH], (N + €) [NaoH] /TAQI;
N+C->Ce= (N+C) [NaOH];
X -> N« X [NaOH].

116 model 115 with N+ C => D« (N + C) [NaoH], (N + C) v/ [NaSH].

117 model 115 with N + C => X « (N + C) [NaOH], (N + C) /[AQ].
118 model 117 with N+ C => D= (N + C) [NaOH], (N + C) /[NaSH].
119 ‘model 112 with N => D= N [NaOH], N [NaSH].

120 model 119 with N -> X « N [NaOH], N v [AQ].

124 model 112 with N -> X pathways sharing a common AE.

125 model 124 with N => X = N [NaoH], N /TAQ]. |

126 model 119 with N ~> X pathways sharing a common AE.

127 model 120 with N => X pathways sharing a common AE.




Model No.

201

202

220
221
222
223
224
225
226
227
228

229

Model
301

302

320

No.

~92~

Glucomannan
Description
model 101.
model 102.
model 120,

N => D (2|| pathways) = N [NaOH], N /TNasa].

N => D (2|] pathways) = N [NaOH], N [NasH].

model
model
model
model
model
model

model

model

model

model

112 with N => D« N [NaOH]..
124.

125.

126.

127.

112 with N => X = N [NaOH].

119 with N => X « N [NaOH].

Xylan
Description
101

102

120



Model No.

323

324

325
326

327

Model

411

412

413

415
416
417

418

No.

model
model
model
model

model

aup/Bt
Bup/at
3up/3t
Sup/at

8up/8t

223

124

125

126

127
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Description
Viscosity
Description
“up [(NaOH]
-up2 [NaOH]
-up3 {NaOH]

-up4 [NaOH]

- (up - 1.268) [NaOH]

3up/t = = (up = 1.268)2 [NaOH]

dup/t = = (up - 1.268)3 [NaOH]

dup/t = = (up = 1.268)% [NaOH]
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APPENDIX III
SIMULATION STUDY RESULTS
41-
40 -
394

38+ —CU/2 CEL

37- QRxn EqnCel
- R 364 OE-3,F-1CEL

ODW

35-
34- 1\

33 T T T 1T LI ! |
00 01 0.2 03 04 05 06 0.7

TIME, HOURS

Reaction kinetics study series CU cellulose vs. time.

18 4

—~—CU/2GM
- - - |®RxnEqnGM |

OE-3,F-1GM

6" 2§~

] 1 ) BB 1 1 ! !
00 04 0.2 0.3 04 05 0.6 0.7
TIME, HOURS |

Reaction kinetics study series CU glucomannan vs. time.
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00 01 0.2 03 04

TIME, HOURS
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—CU/2 XYL
€ Rxn Eqn XYL
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Reaction kinetics study series CU xylan vs. time.

42-
401

:38ﬂ\\\\\
36
@,

34+ o
32-
30-
28-

24

22
0

0 15 20
TIME, HOURS

O
1

25

— CU/4 CEL
4 Rxn Eqn Cel
O N-2,N-4 CEL

Reaction kinetics study series CU cellulose vs. time.
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—CU/4GM
¢ Rxn Eqn GM
O N-2,N-4 GM

0

1\
4
1 T 1

0 15 20 25
TIME, HOURS

o
G

Reaction kinetics study series CU glucomannan vs. time.

— CU/4 XYL
- - - oo - 7| ®Rxn Eqn Xyl
o ON-2,N-4 XYL

0 1 20 25
TIME, HOURS

-
0 5

Reaction kinetics study series CU xylan vs. time.
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Akhtaruzzaman4 series CW yield vs. time:
effect of chip length at 12 mm thickness.
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Akhtaruzzaman34 series CW yield vs. time:
effect of chip length at 3 mm thickness.
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Akhtaruzzamand4 series CW yield vs. time:
effect of chip thickness at 16 mm length.
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McDonough and Van Drunen?3 series CT carbohydrates vs. time:
effect of sulfidity.
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McDonough and Van Drunen23 series CT carbohydrates vs. time:
effect of effective alkali.
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McDonough and Van Drunen23 geries CT carbohydrates vs. time:
effect of temperature.
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APPENDIX IV

CHIP SYMMETRY AND FINITE DIFFERENCE FORMULAS

The algorithm which generates the finite difference formulas takes full
advantage of the symmetry conditions about the chip center-planes (see the
assumptions section of results and discussion). The symmetry conditions provide
the algorithm with a duplicate set of grid points whose positions and values are

known, as shown below.

| S 3 4 5 4 3 2 1
- 1. | 4 1 | | Il |
! H I 1 F* I r i ]

For simplicity's sake, the grid is shown in one dimension and with constant
grid spacing. The boldface points are the actual grid points, the lightface
points are the extra points generated by the symmetry condition. As an example,

a popular fourth order finite difference formula is

azu/ale x0 = 1/12h2 [-u(xg=2h) + 16u(xg-h) - 30u(xg) + l6u(xg+h)

- u(x0+2h)],
where h is grid spacing. If we let h =1 we get

32u/3x2 | yo = 1/12 [~u(x0=2) + 16u(x0-1) = 30u(xq) + 16u(xo+1)

- u(xg+2)}].

Evaluating the formula at xg = 3, 4,.and 5 we get the following coef-

ficlents:

(Coefficients x 12)
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The * signifies the point at which the derivative 1s evaluated., Taking
advantage of symmetry involves recognizing that even though the lightface
points are not really there, their function values are known to be exactly equ
to the function values of their boldface counterparts. This allows the sum—

|
mation of coefficients of the boldface~lightface pairs giving

(Coefficients x 12)
12 3 4 5 4 32 1
-1 16 -30% 16 -1
-1 16 =31* 16

=2 32 =30%

These formulas are as accurate as the first set of formulas would be if the
lightface points actually were there. The second set of formulas allows the i

model to achieve greater accuracy than ﬁould otherwise be possible. ‘
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APPENDIX V

EXAMPLE OF THE METHOD OF UNDETERMINED COEFFICIENTS

Given: 32£(x0)/8x2 = by F(xg) + by f{xi) + b3 F(x1)/3x + by f(xz)

Find: by, b2, b3, and bs such that the above formula is exact for

Folx) =1, F1(x) = x, f2(x) = x2, and f5(x) = x3

Define F'(x) = 3f/3x, F+"(x) = 3 2f/3x2
Let xg = O (the equations would hold for any coordinate system as long as
the relative positions of xp, x}, and X3 were maintained; however, by

setting xg = O the resulting system of equations 1s considerably simpli-

fied)
For(xg) =0 Folxg) =1 foplx1) =1 fp'(x)) =0 folxp) = 1
F1"(x0) = 0 Fi(xg) =0 Fi(x) =x;  F1'(x)) =1 Fi1(x2) = 2
For(x0) =2 faxg) =0 Falx1) = x12 F2'(x1) = 2x)  fa(xp) = xp?
F"x0) =0 falxo) = 0 faxD) = x? 31 = 3?2 fa(xp) = x?
I 0 v ] My o]

0 X1 1 X2 b2 0

0. x12 2x] x22 b3 2
| 0 x3 3?2 xp3] 6] (0]

Define [B] = [b} b b3 b4lT, [€] = [0 0 2 0]T, and z = x/h [in the chip
model, h is the shortest distance between two grid points (x's). Nor-
malizing distance by h greatly increases the numerical accuracy of the

formula coefficients)




-104-

! 1 0 L T [B] = [c]
0 hz - hz
0 h2z,? 2hz) 1'122:?_2
| 0 h3z3 3h2z,2 h3zz3J.
Define [D] = 1 0 0 0]
0 h 0 0
0 0 e 0
| 0 0 0 h3
Define [E] =[ 1 . 1 0 1]
0 z) 1 7))
0 z)2 ézl 232
| 0 zy3 3z2 223_
Deftne [F] =[1 0 o o]
0 1 0 0
o o 1w o
| o 0 0 1

~ [DL [E) (FLB) =€} — -

{(o] [E) (F1}-L {(D} [E] [F)} [B] = (D] (E] [F]}-! (c]

[B] = [F]-! [E)-! [D]-! (]

(B = (7L [E)-L 1 1 o 17 (a
0 1/h 0 0
0 0 1/h2 0
Ky 0 0 1/h3 |
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(B] = [F]~! [E]~! [0 0 2/n2 0)T
(8] = 1/0Z [F)~1 (E]=! {0 0 2 0]T
(B] = 1/h2 [F]~! (E]-] (C]
(B] = 1/h2 [ 1 0 0 ol [E]-! [c]
0 1 0 0
0 0 h 0
Lo 0 0 1|
(B] =[1/h2 0 0 0 ‘1 (E]-1 [¢]
0 1/h2 0 0
0 0 1/h 0
0 0 0 1/h2

In the chip model, the x's are normalized by h, [E]-! [C] 1is calculated by
Gaussian elimination with row and column pivoting, then [B] 1s calculated using
the formula above. The calculation of the finite difference formula coef-

ficients 1s done in subroutine FINITE in Appendix VII.
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APPENDIX VI

MDPE (MODEL DISCRIMINATION/PARAMETER ESTIMATION)

#FILE (MARK)MDPE ON STUDENTS

$ SET §

$ RESET FREE

FILE 1(KIND = DISK, FILETYPE = 7, MYUSE = IN, TITLE

FILE 2(KIND = DISK, FILETYPE = 7, MYUSE = IN, TITLE

FILE 3(KIND = DISK, FILETYPE = 7, MYUSE = IN, TITLE

FILE 5(KIND = REMOTE, MYUSE = I0)

FILE 6(KIND = DISK, TITLE = "ERRORS”, NEWFILE = TRUE, FILETYPE = 7,
* BLOCKSIZE = 420, MAXRECSIZE = 12, MYUSE = OUT, FLEXIBLE)

CFILE 7(KIND = PRINTER, TRAINID = EBCDIC96)

FILE 7(KIND = DISK, TITLE = "RESULTS", NEWFILE = TRUE, FILETYPE = 7,
* BLOCKSIZE = 420, MAXRECSIZE = 12, MYUSE = OUT, FLEXIBLE)

FILE 11(KIND = DISK, FILETYPE = 7, TITLE = "NONLINWOOD/PKW. ")

§ LIMIT = 3

S OPT = 0

$ RESET DBLTOSNGL

$ SET ERRLIST

$ SET LINEINFO

$ SET LIST

$

$

$

$

$

$

“MDPE /DATA")
“"MDPE/TRIALS")
"MDPE /CHOOSE")

Houu

RESET LONG
SET OMITDEBUG
SET OWN
SET OWNARRAYS
SET TIME
RESET XREF

INCLUDE "IMSL/DBLE/USPKD"
INCLUDE "IMSL/DBLE/UGETIO"
INCLUDE "IMSL/DBLE/UERSET"
INCLUDE "IMSL/DBLE/UERTST"
INCLUDE "IMSL/DBLE/VIPRFF"
INCLUDE "IMSL/DBLE/LUDATN"
INCLUDE "IMSL/DBLE/LUELMN"
__ INCLUDE "IMSL/DBLE/VTPROF" - — o o oo o

INCLUDE "IMSL/DBLE/VCVTSF*
INCLUDE "IMSL/DBLE/LINV3F"
INCLUDE "IMSL/DBLE/ZXMJN"
INCLUDE "UTIL/DBLE/SKIP"
INCLUDE "“IMSL/DBLE/ZXMWE"
INCLUDE "UTIL/DBLE/SIMPLX"
INCLUDE "IMSL/DBLE/ZSRCH"
INCLUDE "IMSL/DBLE/ZXMIN"
INCLUDE "UTIL/DBLE/CONST"
INCLUDE "UTIL/DBLE/SKIPIN"
INCLUDE "UTIL/DBLE/SKIPOT"
INCLUDE "IMSL/DBLE/ZXMWD"
INCLUDE "UTIL/DBLE/ZXSIMP"
INCLUDE "“UTIL/DBLE/ZXMING"
INCLUDE "MDPE/FW" S
INCLUDE "UTIL/DBLE/FPENAL"
INCLUDE "UTIL/DBLE/TIMER"
INCLUDE "UTIL/DBLE/ROUND"
INCLUDE "UTIL/DBLE/EOFILE"
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S OPT = 0
$ SET OWN % Set 1f Opt = 0 or -1, reset 1if Opt =1
$ SET OWNARRAYS 7 Always set

ol e R DR n L e ARG R RS Gt e s S e S

SUBROUTINE INITOP _
CHtrtttrttttttrrrt bttt bttt b e bbb b b

$ INCLUDE 'MDPE/COMMON'
DO 100 JW = 1, MW

DO 100 M = 1, MM
DO 100 JV =1, 5

AOPT(JV, JM, JW) = .TRUE.
100 CONTINUE
DO 200 JW = 1, MW
DO 200 M = 1, MM
DO 200 JV = 6, MV
AOPT(JV, JM, JW) = .FALSE.
200 CONTINUE
DO 300 JV =1, 5
AOPT(JV, 1, 1) = .FALSE,
AOPT(JV, 2, 1) = .FALSE.
AOPT(JV, 8, 1) = .FALSE.
AOPT(JV, 9, 1) = .FALSE.
AOPT(JV, 10, 1) = .FALSE.
300 CONTINUE
DO 400 JW = 2, 4
AOPT(4, 1, JW) = .FALSE.
AOPT(5, 1, JW) = .FALSE.
AOPT(4, 2, JW) = .FALSE.
AOPT(5, 2, JW) = .FALSE.
AOPT(4, 11, JW) = .FALSE.
400 CONTINUE
AOPT(5, 3, 3) = .FALSE.
AOPT(5, S5, 3) = .FALSE.
DO 500 JW = 5, MW
DO 500 M = 1, MM
DO 500 JV = 1, MV
AOPT(JV, JM, 5) = .FALSE.
500 CONTINUE
RETURN
END

O B B L R s
DOUBLE PRECISION FUNCTION CNVERT(
& UNVERT, HIGH , LOW , NSIG )
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O m e me ot 2 o R R RS SRt s o e W R A

IMPLICIT
& LOGICAL(A - 2)

INTEGER
& NSIG

DOUBLE PRECISION
& UNVERT, HIGH , LOW
&, ROUND % 23 Jan 85 2%

C - e o e e o -~ - - - = et o b ot e -

CNVERT = ROUND((HIGH - LOW) * UNVERT + LOW, NSIG)

RETURN
END Z CNVERT

o R L mm s o S SR EE e

BLOCK DATA
Lo R R En e o o R r e Sa s e SR

IMPLICIT
& LOGICAL(A - 2)

LOGICAL
& OLDl , OLD2

COMMON
& /CE / OLDl
& /CFW '/ OLD2

DATA
& OLDl /.FALSE./
&, OLD2 /.FALSE./

___ END . _Z BLOCK.DATA - - — — ~—— — - - oo oo T
$ OPT = 0

$ SET OWN % Set if Opt = 0 or -1, reset if Opt = 1

$ SET OWNARRAYS % Always set

L R n s n o s R R R S G s s

SUBROUTINE DFDBX
O s R e s o o R R RS nmms s

Crmmmm Partial derivatives of FW with respect to parameter estimates—---

C at constant JM, JR, & JW

C=-m—- Creation date: 8 Aug 84--~-Last update: 14 Feb 85-=—-=—-——==-- ===
IMPLICIT

& LOGICAL(A - Z)
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DOUBLE PRECISION

& DUMMY , F , HUSE
&, FW % 23 Jan 85 %%
$ INCLUDE "MDPE/COMMON"

DO 100 JP = 1, NP(JM)
BP(JP) = AP(JP, M)
BWK1(JP) = BP(JP)

100 CONTINUE

DO 200 JV = 1, NV
BV(JV) = AV(JV, JR)
200 CONTINUE

F = FW(DUMMY)

HUSE = DABS(BP(1l)) * H

HUSE = DMAX1(H, HUSE)

BP(1l) = BP(1l) + HUSE

AX(JR, 1) = (FW(DUMMY) - F) / HUSE

DO 300 JP = 2, NP(JM)
HUSE = DABS(BP(JP)) * H
HUSE = DMAXI1(H, HUSE)
BP(JP-1) = BWKI(JP-1)
BP(JP) = BP(JP) + HUSE
AX(JR, JP) = (FW(DUMMY) - F) / HUSE
300 CONTINUE

END % DFDBX

$ OPT = 0 .
$ SET OWN % Set if Opt = 0 or -1, reset if Opt =1
$ SET OWNARRAYS % Always set

ol o s o L o e S E o SRR R A A

SUBROUTINE FSS
o R R AR n R o o e S S e

Cm—=-- This subroutine calculates BSS, variance of-—-—---=-=r-v-—cve—ae—

C model JM about FW '

C~=-=-~-Creation date: 09 Jan B84----Last update: 9 Oct 84-=—--—e-e—nw---
IMPLICIT

& LOGICAL (A .- 2)

DOUBLE PRECISION
& DUMMY

DOUBLE PRECISION
& SUM , Y , YJ
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&, FW % 23 Jan 85 %%
$ INCLUDE "MDPE/COMMON"

9000 FORMAT(/,' enter FSS',/)

9010 FORMAT(/,' variances [0 & JM]',/)

9020 FORMAT(/,' parameter vector BP [Parameters]',/)
9030 FORMAT(/,' variable vector BV [Parameters]',/)
9099 FORMAT(/,' exit FSS',/)

- D s D D

IF(DEBUGG .GE. 1).
& WRITE(PRINTR, 9000)

IF(DEBUGG. .LT. 10) GO TO 1
CALL SKIPOT(PRINTR, 1)
WRITE(PRINTR, *//) DEBUGG, JM, JW, NM, NR, NV, NW, SW
CALL SKIPOT(PRINTR, 1) '
1 CONTINUE

C-----BP(JP), the parameter vector for FW

DO 10 JP = 1, NP(JM)
BP(JP) = AP(JP, JM)
10 CONTINUE

IF(DEBUGG .LT. 100) GO TO 2
WRITE(PRINTR, 9020)

WRITE (PRINTR, /) (BP(JP), JP = 1, NP(JM))
2 CONTINUE

Com——m BSSM(JM), variance of model JM about experimental data AY

SUM = 0DO
DO 100 JR = 1, MR’

Ce===---=BV(JV), variable list-for FW 