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ABSTRACT

The kinetics and mechanism of coal liquefaction to pre-
asphaltenes, asphaltenes, and oils plus gases was studied in
a 300 cc magnedrive autoclave batch reactor. The reactions
were conducted with a ratio of coal to solvent (tetralin) of
1:10 and under a hydrogen blanket at a total pressure of
2000 psi. Three temperatures were investigated; 350, 375
and 400°C.

Three models involving first order irreversible series/
parallel reactions were discriminated for the raw data using
a non-linear parameter estimation technique. The model that
exhibited the lowest value of the determinant of moment
matrix of residuals was considered the best in explaining the
mechanism of coal dissolution. The mechanism chosen contained
six rate constants which were determined at the three temper-
atures investigated. The coal was converted to two primary
products; preasphaltenes and asphaltenes. These two products
were also converted in turn to oil and gases, with pre-
asphaltenes converted partially to asphaltenes,

Arrhenius activation energies were calculated for each
rate constant. The values ranged between 10-50 K cal/g mole,
The high activation energies implied that the reactions of
coal hydroliquefaction are kinetically controlled and not
controlled by interfacial mass transfer. This finding was
reinforced by comparison of results from two runs with a

large difference in agitation rate.
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INTRODUCTION

The demand for crude oil and petroleum-derived products
is growing at an ever increasing rate, however, the rate of
0il discovery has been slowing down. This has led research-
ers to look for other séurces of hydrocarbon fuels which are
in abundance i.e. coal, tar sands and shale o0oil. Solvent
extraction of coal has long been used to produce useful
hydrocarbon products such as heavy, middle distillate, and
light oils from coal. The yield of these products depends
on the composition of coal used, the ability of the solvent
to donate hydrogen and the conditions of extraction (i.e. tem~
perature, pressure, reaction time). Interest is now in-~
creasing in re-examining mechanisms and kinetics for solvent
extraction/hydrogenation of coal with the long range goal of
process optimization.

The kinetics and mechanism of coal liquefaction and
hydrodesulfurization has been studied at the Colorado School
of Mines under an Energy Research and Development Adminis=
tration contract. This study deals with the rate of conver=n
sion of coal to preasphaltenes, asphaltenes, oils and gases
during dissolution in a donor solvent,

A 300 cc magnedrive autoclave batch reactor was used
to study the kinetics and mechanism of coal liquefaction to

preasphaltenes, asphaltenes and oils plus gases, Coal of
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-200 mesh was mixed with solvent and the slufry was intro-
duced into a Ruska pump. Solvent was heated (inside the
autoclave reactor) under a hydrogen blanket to reaction tem-
perature. The slurry was then injected into the reactor

and reaction time started. After specified time intervals
at reaction conditions, the reactor was cooled rapidly by a
high speed air fan. The liquid product was analyzed by sol-
vent extraction.

Rate constants and activation energies of the series/
parallel reactions for thé formation of preasphaltenes,
asphaltenes and oils plus gases, and disappearance of
unreacted coal have been determined for the non-catalytic
solvent extraction of coal in a hydrogen donor solvent (tet~
ralin). Various mechanisms have been hypothesized leading
to different models. The mathematical models were compared
to kinetic data obtained from a batch stirred 300 cc autow
clave reactor. Models were discriminated using a non~linear
parameter estimation technique with the goal of improved
parameter estimation for the rate constants as indicated by
a minimum error sum of squares. Arrhenius activation ener-
~gies for the kinetic steps of the most adequate model were

then determined by conventional techniques,
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LITERATURE SURVEY

Research on conversion of coal to light soluble prod-
ucts has been carried out for years. A large literature
survey for solvent extraction of bituminous coal is given by
Kiebler (1) and Dryden (2) in which the mechanism and kinet-
ics of coal hydrogenation by solvent extraction to liquid
products are discussed. In addition, many of the factors
that influence coal extraction have been investigated by
researchers, and these findings summarized, Some of the more
important aspects of coal conversion by solvent e&traction

are covered in the following sections.

Factors Influencing Coal Extraction

Coal Particle Size

Yields of extractable material tend to increase as the
particle size of the feed coal is reduced. Curran et al, (3)
and Kloepper et al. (4) reported that the rate of dissolu-
tion is independent of coal particle size, On the other
hand, investigations by Ashburry (5) and Jenney (6) showed
particle size to be a variable of some significance in coal
conversion to liquid products. More research is needed to
clarify the effect of particle size on coal extraction,

Coal Rank

There are a number of factors belieyed to be relevant

in determining the liquefaction behavior of coals and the
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character of the products. These factors include coal rank,
petrographic composition, the geological history and the
composition of the inorganic constituents. These factors
have been studied experimentally by Given et al. (7).

Yields of 80% benzene-soluble material from a medium-
volatile bituminous coal containing 88% carbon have been
reported (8). As the carbon content increased beyond 88%,
the yield of pitch decreased rapidly and became negligible
at 94% carbon (8).

Given et al. (7) ran experiments on Interior Province
vitrains to determine the effect of coal rank on conversion
to liquid products. The results of the seven, three-hour
runs (Table 1), show a fairly consistent trend of increasing
conversion to liquid products wifh decreasing rank.

Neavel (9) studied the effect of coal rank on con-
version to benzene-~soluble liquid products and gases, He
observed that the initial reaction rate of the lowest~
ranked coal is more rapid than that of the '"standard" high-
volatile C bituminous coal, but conversion at extended
residerice time becomes essentially identical to that of
the bituminous coal. Coals with ranks higher than high-
volatile C bituminous are converted at a lower rate, the
low-volatile bituminous coal exhibiting essentially no
conversion. These observations of the effect of coal rank

are shown in Figure 1.
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Figure* 1. Effect of Rank on Conversion to benzene solubles

and gases, 400°C, hydrogenated creosote oil vehicle.

® Coal a, lignite B Coal ¢, HVC bitum. & Coal f, HVA bitum.

O Coal b, sub-bitum.l Coal e, HVB bitum. & Coal g, LV bitum.

The curve is from coal d/tetralin runs.
*Neavel, Richard C., Liquefaction of Coal in Hydrogen-Donor

and Non-Donor Vehicles, Fuel 55, pp. 237-~242 (1976).

Solvent Type

The chemical nature of solvents has an important role
in determining ease of liquefaction of coal, Orchin and
Storch (10) carried out experiments on coal liquefaction by
solvents with different chemical nature. Their solvation
experiments at 400°C are listed in Table 2. They concluded
that solvents can be grouped into three classes; the very
good solvents such as 1, 2, 3, 4 tedrahydro-5-hydroxy-~

naphthalene, and O-cyclohexylphenol; moderately effective
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solvents, like tetralin; and the less effective solvents,
such as dicyclohexyl, 2-methoky—1-cyc10hexyl benzene,
diphenyl, naphthalene, cresol, and O-phenylphenol. This
classification based on solvation effectiveness was shown
to be based on chemical structure, and these structures
are shown in Figure 2. Thus, the best solvent for coal
dissolution was postulated to be hydroaromatic with a
hydroxyl group.

Orchin and Storch (10) also experimented with a mixture
of solvents. Their results showed that the addition of small
quantities of cresol to tetralin or the addition of small
quantities of tetralin to cresol resulted in higher lique-
faction than that obtained with the pure solvent alone,

These results are shwon in Figure 3. Oele et al, (11)
divided the solvents into two classes, namely the effective
and the less effective or ineffective solvents. They
considered solvents to be effective when, after a prolonged
extraction carried out at a temperature below 200°C, the
liquid was capable of dissolving 20 to 40 percent of a
bituminous coal. The effective solvents were classified into
groups (Table 3). Group A with nucleophilic properties

were active below 100°C, while group B with ampholytic

properties had a strong extractive effect only above 100°C,
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TABLE* 2. SOLVATION EXPERIMENTS AT 400°C

Experiment Time, Lique-
No. Vehicle Hours faction, %
BK-134 1,2,3,4-Tetrahydro-5- 0.5 85.3 a
hydroxynaphthalene
G-68, BK-100,143,146 o-Cyclohexylphenol 0.5 81.6 b
BK-111 o-Cyclohexylphenol 1.0 82.8
BK-113 o-Cyclohexylphenol 1.5 82.7
BK-112, 132 Tetralin 0.5 49.4 ¢
BK-156 Naphthalene, phenol, 0.5 51.3 a
Tetralin (2:1:2)
BK-160 U.S.P., cresol 0.5 32.1
BK-152 2-Methoxy-~1l-cyclo~ 0.5 30.2
hexylbenzene
BK-129 Dicyclohexyl 1.0 27.2
BK-141 Naphthalene ~.0.‘5 22.2 a
BK-~144 o-Phenylphenol 0.5 19.6 a
BK-140 Diphenyl 0.5 19.4 a
BK-162 U.S.P, cresol 0.5 19.2 4
Anthraxylon o-Cyclohexylphenol 0.5 94,4
Fusain o~Cyclohexylphenol 0.5 4,2

a Transfer to centrifuge bottles made with aid of Tetralin-cresol,
b Average of four determinations; 81,6, 82,7, 81,0, and 81,0%,
¢ Average of two determinations; 50.2 and 48.6%,

d In this experiment, 1000 1b./sq. in, initial nitrogen
pressure used.

*Orchin, M., and Storch, H,H., Solvation and Hydrogenation of

Coal, Ind, Eng. Chem,, v. 40, no, 8, pp. 13851389 (1948),
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SIS

1, 2, 3, 4 - tetrahydro-
5 - hydroxynaphthalene

(0

0 - cyclohexylphenol

:
g

tetralin diphenyl
H
OH /0

j \CH3 0 - phenylphenol

m-cresol

Figure 2. Chemical Structure of Some Solvents.
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TABLE* 3. COAL EXTRACTING SOLVENTS"

Nucleophilic (A) Ampholytic (B)
Heterocyclic, tertiary bases, Phenolic compounds
pyridine, picolines. phenol, cresols,
Aliphatic amines, o-phenylphenol,
ethylene diamine. Carbonyl compounds

acetophenone, furfural.
*Oele et al., Extractive Disintegration of Bituminous

Coals, Fuel 30, pp. 169-178 (1951).

[
[

\
/.

e
e
Q

:

LIQUEFACTION, PERCENY

s — 1 ' \
\z

80 60 50 40 20 (]
TETRALIN, PERCENT
o L} 20 30 40 S0 60 T &0 90 €0
CRESOL , PERCENT

Figure* 3, Solvation Experiments with yarious Proportions
of Tetralin and Cresol.
*Orchin, M. and Storch, H,H., Solvation and Hydrogenation of

Coal, Ind. Eng. Chem,, v. 40, no. 8, pp. 1385-~1389 (1948).
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Mineral Matter Content

Given et al.
content of coal on
coals with mineral
are shown in Table

in conversion with

11

(7) studied the effect of mineral matter

its conversion to
contents up to 27.
4. The data show

various fractions

liquid products, using
59%. Their results
virtually no differences

of differing mineral

matter content. Hence, the mineral matter content appeared

to have no catalytic effects, positive or negative.

TABLE* 4.

EFFECT OF MINERAL MATTER

Conditions in tetralin (4:1), 400°C, 3 Hours

PSOC
_NO. M.M., %
95-A 7.08
95-B 6.32
95-A 27.59
95-B 27.4

95 24.17

ASH %

6.26

% CONVERSION

82.5
82.0
78.5
79.5

83

*Given, et al., The Relation of Coal Characteristics to

Coal Liquefaction Behavior,

National Science Foundation,

August (1974).

Gas Phase Composition

Report No 2 Submitted to

Pennsylvania State Univ.,

Usually in coal liquefaction, gaseous hydrogen is used

above the reacting coal-solvent slurry. However, little in-
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formation is known about the relation between hydrogen
transfer from a donor solvent vs. that from gaseous
hydrogen (12). It is usually assumed that during coal
liquefaction, gaseous hydrogen will be consumed to re-
hydrogenate the solvent. In the case of tetralin solvent,
the naphthalene produced may be rehydrogenated back to

tetralin.

Temperature

vThis factor has an immense effect on yields of hydro-
carbon liquids during coal extraction. Asbury (5) heated
Edenborn coal (85%C) with benzene at 80°C, 160°C, and 220°6,
and found respective yields of o0il to be 0.1, 0.93 and
8.9 percent. The marked increase of nearly 100:1 over a
range of 140°C suggested a chemical rather than a physical
change had occurred. Wiser and Hill (13) reported the
following data on benzene-soluble products after 50 minutes
of dissolution:
At 350°C, 25% extracted
375°C, 40% extracted
400°C, 63% extracted
450°C, 90% extracted
From the above data a high activation energy for coal dis-
solution was indicated by observing the fraction eitracted
as a function of temperature. Guin et al, (12) observed

drastic changes in coal dissolution with relatively small
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changes in temperature from 330 to 340°C and.from 340 to
350°C. This implied that the disintegration reaction
occurred with a relatively high activation energy. They
also suggested that this high activation energy seemed to
indicate that the coal liquefaction process is more closely
related to surface chemical reactions, rather than a purely

mass transfer controlled dissolution.

Agitation

At highly turbulent conditions, vigorous mixing of
reactants reduces the intraphase mass transfer resistance
of hydrogen atoms through solid-liquid boundary so that the
rate constant of coal dissolution is increased approaching
the regime where chemical reaction is dominating the over-
all rate. The high activation energy reported in the
literature for dissolution in a well stirred reactor
suggests that chemical reaction rate is controlling the
overall dissolution rate (14).

Agitation is important for disintegration, although
further research is needed to determine the exact effect

of agitation on particle disintegration.

Coal to Solvent Ratio

A sufficient excess of solvent is required so that
solvent concentration does not become rate~determining.

Hill (15) carried out a series of extractions at various

13
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coal to solvent (tetralin) ratios at 400°C. He plotted
the fractions extracted vs. coal to solvent ratio. It
was found that at 1:8 of coal to solvent ratio, sufficient

solvent was present to prevent solvent starvation.

Liquefaction Mechanism and Kinetics

Hill (15) examined the mechanism and kinetics of
coal dissolution in tetralin. He considered a coal
particle to be%a main structure permeated by both macro
and micro pores in which materials are accessible to
solvent action. Dissolution of coal with a solvent pre-
sent was considered to take place in several ways, each
with distinct kinetic consequences as listed below by Hill.

1. Dissolving out solvent action on materials in
main structure (first or second order).

2. Gross dissolution of coal structure in the
presence of a large volume of solvent (first
order).

3. Diffusion of dissolved materials out of micro
pores in main coal structure (second order).

4. Hydrogen transfer reactions between solvent and
main coal structure (second order).

5. Solvent imbibition (absorptioﬁﬁ by main coal
structure (first or second order).

At the beginning of reaction, the materials which

entered the liquid phase first were those that were trapped

14



T 1999

in the coal pores and which may be weakly bonded to the
main coal structure. These require the smallest activation
energy to release. The remainder of coal dissolves by
breaking chemical bonds which require higher activation
energies.

Hill proposed a series of independent  first order
reactions for the solvent extraction mechanism, where the
undissolved residue from a reaction becomes the reactant
for a succeeding reaction, forming a liquid and gaseous

product. This mechanism may be summarized by the following

set of reactions:

k
1
Solvent + Coal -~ R1 + L1 + G1
k2 :
Solvent + R1 -+ R2 + L2 + G2
n+l
Solvent + Rn Rn+1 + Ln+1 + Gn+1
where k1 >'k2 el > kn+1

R = Solid coal of lower molecular weight than parent
coal.

L = Coal dissolved or in solution.

G = Gaseous product.

The above model assumes only forward unimolecular reactions
are involved, which may be described by the following mathe-

matical model:

15
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dx

-(T‘E: k(l-x) (1)
where x = the amount of coal extracted
k = first order reaction constant

"The first order reaction constant was found to be a

function of fraction extracted.

k =k (1 - ax) (2)
where ko’ a were parameters to be determined experimentally.
Therefore, the rate of dissolution was modeled as second
order:

3 = Kk, (1 - ax) (1 - x) (3)

A different view is reported by the work of Wen et al,
(16) in that conversion processes studied gave a rate of
dissolution which was first order with respect to fraction
converted:

, C
T, = k0 exp (-E/RT) exp (.000684 PHZ) (Cso) (1-x) (§)

where PH2 partial pressure of hydrogen

CSO = wt. fraction of organics in untreated coal
g = coal to solvent wt. ratio
X = fractional conversion

16

Koltz (17) studied the kinetics of hydrodesulfurization
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of coal in a solvent in a batch reactor. Hydrogenation
and hydrodesulfurization took place on a longer time scale
than particle disintegration and these processes may be
regarded as occurring in a homogeneous liquid phase rather
than a fluid-solid surface reaction. Koltz also was able
to model his data as pseudo-second order by fitting the

rate constant (k) as a function of conversion.

k = kO (1 - ax) (5)

Gertenbach (18) studied the kinetics of sulfur form
removal in coal liquefaction. He fitted the percent de-
sulfurization of total, pyritic and organic sulfur, and
the formation of FeS sulfur with first order expressions,
and reported activation energies for the organic desulfuri-
zation and the FeS formation of 21.9 and 8.1 Kcal/mole,
respectively.

Previous work by Weller et al. (19) on the kinetics
of coal hydrogenation with catalysts has been conducted.
Mathematical models for the dissolution of coal and the
formation of asphaltenes as functions of time at four
temperatures were developed, and rate constants in the
models evaluated. Percentage yields for oils were given,
but no model was developed to relate their concentration
with time. Dissolution was represented by the following

scheme:

17
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Gas Gas '
. m K, ! e, X2
Coal (3rganic benzene insolubles) - Aspha%t+ -> 0il
+k1" ? +k2" v
4 (6)
H20 H20

The only intermediate in this scheme was asphalt and there

was no mention of the products; preasphaltene and asphaltene.

The k's were specific rate constants for the first order

reactions.

To model the concentration of coal and asphalt

as functions of time, the following relations were considered:

k2

=

kz' + k2" + kzn 1 (7)

coal (organic benzene insoluble) remaining
at time ' t
asphalt present at time t

kl'lk

1
amount of moisture and ash-free coal present

at zero time

The amount of coal and asphalt at time t was then given by:

C

-k, t
Coe 1 (8)
a C k, (e—kzt - e"klt) (9)
k1 - k2

The concentration of oil was determined by;:
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{k,e""1" - k,e 2"} + a-C (10)

where B = kz' / k2

Ruether (20) extended the work of Weller et al. by
studying the hydrogen consumption in conversion of asphaltenes
to oil, gas and water; and in conversion of coal to ashpaltenes,
0il, gas and water. He suggested that under the prevalent
experimental conditions, the rate of hydrogenation of the
asphaltenes was materially faster than the rate of conver-
sion of asphaltenes to o0il. The asphaltenes first under-
went an increase in chemical hydrogen content of 0,010
g Hz/gram on average, then underwent conversion to oil.

He arrived at an empirical equation that preducted the

hydrogen consumption in coal conversion to asphaltenes

and oil.
h o= o> (0.022 x +0,024y) + 0.028y (11)
where h = g hydrogen consumed / g of maf coal feed
a = fraction of maf coal converted that goes to
asphaltene
x = g of asphaltene in product / g of maf coal feed
y = g of 0il in product / g of maf coal feed

Ruether concluded that in heterogeneously catalyzed
coal hydroliquefaction, there are two classes of reactions,
One involves reaction of molecular hydrogen, and is
heterogeneously catalyzed., The other involves conversion

of coal to asphaltenes, and is uncatalyzed, The reactions
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are coupled, since hydrogen donor species are reactants
in each; in the hydrogen-poor state in the catalyzed
reaction, and the hydrogen-rich state in the uncatalyzed
reaction.

Kloepper et al. (4) concluded that hydrogen transfer
from the solvent phase was the most important mechanism of
free radical termination for the dissolved coal. The
presence of a solvent which could transfer hydrogen or a
high partial pressure of hydrogen gas in the reaction
atmosphere favored the formation of low molecular weight
compounds during the dissolution of coal at high tempera-
tures. The application of heat and solvent was found to
be sufficient to remove low molecular weight compounds
from the coal matrix. The rupture of bonds and free
radical formation were shown to become the important
kinetic factors at higher temperatures,.

The kinetics of hydrogen transfer from tetralin
to bituminous coal has been studied by Curran et al, (3),
where it was proposed that coal dissolution can be des~

cribed by two first order reactioms occurring in parallel,

of which one path was much faster. Hydrogen transfer could

be identified with a definite chemical process, Each gram
mole of hydrogen transferred could be identified with the
dissociation of a specific chemical bond into two free

radicals.

20
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Neavel (9) investigated the products of coal extraction
by tetralin with mass spectrometry to determine products.

The weight concentration of tetralin in the reacting slurry
was approximately 66.6% compared to 33.3% coal. At 90%
conversion of coal, the reactor contained about 35% tetralin,
30% naphthalene, and the remainder was coal-derived materials
plus traces of dihydronaphthalene and decahydronaphthalene.
The reactions of the solvent to donate hydrogen and produce
its primary unhydrogenated product (naphthalene) are shown

in Figure 4. The relative concentrations of tetralin and

its derived components as a function~of conversion are shown
in Figure 5.

Storch et al. (21) studied the relation between oxygen
elimination and liquefaction during the hydrogenation of coal.
They found that it is possible to liquefy about 20% of the
coal under solvation conditions without removing any of the
oxygen. Beyond about 20% liquefaction there appeared to be
nearly a straight line relationship between liquefaction
and oxygen removal. This behavior suggested that the hydro-
genolysis of oxygen bonds and the dissociation of oiygen-
containing fragments or ether linkages of coal were essential
steps during this portion of the liquefaction process.

Solvents having hydroxyl groups are effective in coal
liquefaction as explained previously (page 7). The effective-

ness of the hydroxyl group is probably related to its hydro-~
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+ H)

S
S

tetralin 1, 2 dihydronaphthalene

+ H,

)
!

1, 4 dihydronaphthalene

decahydronaphthalene (decalin)

naphthalene

N
'
Il

Figure 4. Hydrogen donations and rehydrogenation of tetralin

and its products.
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*Neavel, Richard C., Liquefaction of Coal in Hydrogen-Donor

and Non-Donor Vehicles, Fuel 55, pp. 237-242 (1976).

gen-bonding properties. A hydroxylated solvent would be
expected to dissociate a hydrogen-bonded polymer, because
the fragments of the polymer could attach themselves to
the solvent by hydrogen 5onding. An alternate reason for
the effectiveness of a hydrogen-bonding solvent may be
that the primary liquefaction products obtained by mild
hydrogenloysis are tﬁemselves hydroxylated and hydrogen-

bonded and that an excess of a similar solyent serves to
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keep these fragments dissociated.

Liebenberg et al. (22) hydrogenated coal without a
catalyst in a batch reactor with tetralin. They found that
the mechanism expressed by equation (12);

ky k2

Coal ~» asphalt - heavy oil (12)
is an oversimplification of the true mechanism of hydro-
genation. They suggested a more elaborate mechanism:

ky ks

Coal =+ asphalt =+ heavy oil

Coal -+ asphalt (13)

Coal ~+> heavy oil

Research has been conducted by Farcasiu, Mitchell
and Whitehurst at Mobil Research and Development Corpora-
tion (23) to investigate the chemical nature and structure
of soluble coal products, and the kinetics and mechanisms
by which they are formed from coal under typical solvent
refining conditions. Whitehurst et al. hypothesized that
asphaltols are the predominant, primary products (some
asphaltenes and oils are formed in parallel from coal),
and that asphaltols (preasphaltenes) are then converted
in a parallel fashion to asphaltenes and oils, with oil

being the preferred product of preasphaltene conversion,

24
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Whitehurst, Farcasiu and Mitchell (24) have reported
the yields of various solubility classes a$ a function of
time and this data are shown in Figure 6. The product
composition vs. percent conversion to benzene soluble

for West Kentucky Coal is shown in Figures 7 and 8.
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APPARATUS AND EXPERIMENTAL PROCEDURE

Aggaratus

The apparatus used to collect the experimental
data consisted of a 300 cc magnedrive batch reactor, a
slurry pump, a temperature controller and recorder, a
gas delivery system, and a high-speed fan. A schematic
drawing of the apparatus is shown in Figure 9. Appendix
III 1lists the materials of construction and pressure
ratings of all equipment.

The magnedrive reactor was manufactured by Auto-
;lave Engineers, Inc. and was constructed from 316 stain-
less steel. A sketch of various parts of the reactor is
shown in Figure 10. The reactor had an inside diameter
of 1 3/16 inches and a depth of 7 inches. A 1200-~watt,
115 volt heating jacket was used for heating the reactor
to reaction temperature. The stirring head was driven
by a 1/4 horsepower, variable-speed, D.C. motor. A 1/4
inch, 316 stainless steel Hoke valve with a soft-seating
stem was used for the gas inlet line, and a 1/8 inch,
316 stainless, severe-service, Nupro valve was used for
the slurry injection line.

The slurry pump used was a manually~operated 100 ml
piston pump, manufactured by Ruska Instrument Corporation,

Both the inlet and outlet lines were fitted with 1/4 inch,
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316 stainless steel Whitey valves with soft-seating stems.
A 12 inch section of 1/4 inch, 316 stainless steel flexible
tubing, manufactured by Swagelok, was installed between
the slurry pump and the reactor.

A Leeds and Northrup Series 60 controller with a
Model 11906-223 SCR final control element was used for
temperature control. Temperatures were recorded on a
Leeds and Northrup '"speedomax'" continuous recorder. The
input temperature to the controller was from a chromel-
alumel (Type K) thermocouple.

A diagram of the gas delivery system is shown in
Figure 11. The system consisted of a hydrogen cylinder,
a helium cylinder, two pressure regulators, three pressure
gauges, two gas reservoirs, a reducing valve, eleven shut-
off valves and regulating valves, and other connecting
sections such as tees and tubing. The hydrogen and helium
bottle pressure regulators were manufactured by Hoke, Inc.
Pressure gauges were Ashcraft Maxisafe gauges with'a
pressure range of 0 to 5000 psig. The reducing valve
manufactured by Grove Valve and Regulator Company, was
installed in the system to provide the option of main-
taining a constant pressure in the range of 0 to 300Q psig.
The reservoir and regulator inlet valves and the system
vent valve were 1/4 inch, 316 stainless steel Hoke valves.

All other shut-off and regulating valves were 1/4 inch,
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Thermowell

)

Stirring Head

Cooling Jacket

Slurry Inlet

Cover

Gasket

Vessel Body

Figure 10. Reactor and Stirring Head Assembly.
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316 stainless steel valves manufactured by Autoclave
Engineers, Inc. The tubing for the gas delivery system
was 316 stainless steel, 1/4 inch O0.D. tubing.:

A high-speed fan attached to the reactor support
was used to rapidly cool the reactor upon completion of
a run.

The distillation unit is a Rotavap model RE made
by Brinkmann Instruments, Inc. A view of the rotavap
with its accessories is shown in Figure 12.

Gaseous products were analyzed with a Carle Model
8001 gas chromatograph. The gas chromatograph was fitted
with two eight-foot Porapak Q columns, and one six-foot
molecular sieve column in a series by-pass arrangement,
and were maintained isothermally at 170°C. Helium carrier
gas was used. Vacuum was supplied with a Cenco vacuum
pump, with a Heise compound pressure gauge used to measure
the system pressure or vacuum. This system is shown in

Figure 13.

Experimental Procedure

The preparation of coal was performed once at the
start of experimental work generating enough coal for all
experimental runs. The remaining procedures were per-

formed for each run.

I. Coal Preparation
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Coal was pulverized and grounded to pass 200 mesh
using a Holms pulverizer located at the Colorado School
of Mines Research Institute. A uniform sample was gen-
erated by riffling. The coal was stored in a 4 liter
glass jar under approximately 5 psig of helium to pre-

vent oxidation in air.

II. Processing

The location of the various numbered valves men-
tioned in this section can be found in Figure 11.
1. The reactor assembly with the 1/8 inch severe-
service valve connected to the dip tube were
weighed.
2. 189 cc of tetralin were added to the reactor
and the head bolts were torqued to 75 ft.-1b,
After few runs it was found that 100 or 125
ft.-1b. was required to seal the reactor,.
3. The reactor was reweighed with the solvent,
4. The system was purged with helium gas as follows:
a) The reactor was connected to the gas delivery
system and valve 1 on the reactor was opened,

b) The regulator reservoir was filled to 1500
psig by adjusting the helium regulator and
opening valves 2 and 3,

c) Valve 2 was closed and valves 4 and 5 were
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Figure 12.

A View of Rotovap.
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opened slowly to allow the reactor pressure
to increase to 500 psig.

Valves 3 and 4 were closed and valve 6 was
opened slowly to allow the reactor to re-
turn to atmospheric pressure. Valves 5
and 6 were then closed.

reactor was pressurized with hydrogen to
desired initial pressure as follows:

The hydrogen reservoir was filled to 1200
psig by adjusting the hydrogen regulator
and opening valves 7, 8, and 9. These
three valves were then closed.

For temperatures of 400°C, 375°C and 350°C,
initial hydrogen pressures of 350, 450,
and 550 psig, respectively, were used.

The reactor was filled to the desired
pressure by opening valves 10 and 11.
Valves 10, 11, and 1 were then closed.

The pressure in the lines was relieved

by slowly opening valves 5 and 6. These
valves were then closed and the reactor
was disconnected from the gas delivery
system.

reactor was reweighed with hydrogen gas

reconnected to the gas delivery system,
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About 50 g of coal and 42 g of tetralin in a 1:1.2
ratio of solvent to coal were weighed and mixed
thoroughly.

The slurry pump was charged with slurry and all air

was bled from the pump as follows:

a) The forward valve on the pump was opened and
the piston was moved forward to the end. The
forward valve was then closed.

b) The middle valve was opened. The slurry was
then charged to the pump by bringing the piston
back until all the slurry had been drawn into
the pump.

¢) The middle valve was removed and the air was
removed from the pump by moving the piston for-
ward until slurry appeared., The cleaning sol-
vent from the previous run was dried by paper
towels until the thick slurry persisted. The
1/4 inch middle outlet was covered by restric-
ting swagelok nipple.

d) The piston was moved forward till the slurry
appeared at the outlet of the forward valve,

The outlet line from the pump to the reactor was

filled with slurry by moving the piston forward

until slurry appeared at the end of the outlet line,

The outlet line was connected to the reactor and
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11.

12.

13.

14.

15.

16.

17.
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the outlet valve on the reactor was opened to
equalize the pressure between the pump and the
reactor.

The system pressure was brought back to the ini-
tial value by opening valve 1, then slowly open-
ing valves 10 and 11. The latter two valves were
then closed.

The water lines were connected to the cooling
jacket on the stirring head and the water supply
was opened.

The fan belt was connected between the motor and
the stirring head and the motor was turned on.
The temperature controller was set at the desired
temperature, and the SCR and recorder were turned
on.

The reactor was brought up to the reaction temper-
ature, and the temperature and pressure were
recorded.

Approximately 32 ml of slurry were injected into
the reactor by bringing the piston on the Ruska
pump slowly forward. The temperature and pressure
were recorded.

The outlet valve between the reactor and the pump
was closed, and the pressure in the pump was

relieved by moving the piston backward.
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18. The system was allowed to react for the specified
time.

19. The reactor was quenched by removing the heating
jacket and turning on the high-speed fan.

20. When the temperature had dropped below 205°C
(400°F), the stirring motor was turned off and the
cooling water stopped.

21. When the reactor had reached room temperature, the
temperature and pressure were recorded. Valve 1
was closed and valves 5 and 6 were opened to relieve
pressure in the gas delivery system,

22. The reactor was disconnected and reweighed.

23. The rTeactor was connected to the gas chromato-~
graph and the gases in the reactor were analyzed.

24, After completion of the gas analysis, the reactor
was vented to atmospheric pressure and reweighed.

25. The reactor was disassembled, and the liquid was
mixed well and poured into 250 ml empty jars.

26. The reactor, and connecting lines were cleaned
with acetone for the next run.

27. The slurry pump was cleaned by tetralinm.



T 1999 40

CHEMICAL ANALYSIS

Following an experimental run, after the reactor had
reached room temperature, the contents were collected in
250 ml1 jars. Twenty grams of product were weighed in each
of two 200 ml centrifuge tubes, and 150 ml benzene was added
to each tube. The tubes were sonicated for 3 minutes and
centrifuged for 10 minutes in order to extract the benzene
soluble fraction of the product (i.e. asphaltenes, oils and
process solvent). The soluble portion was decanted into a
1500 ml flask, and the above procedure repeated three more
times using 100 ml benzene portions instead of 150 ml. Ben-
zene insolubles were dried overnight in an oven at 100°C,
and were cooled and weighed. Benzene insolubles (solids)
were next extracted by 150 ml of tedrahydrofuran (THF), soni-
cated and centrifuged. THF solubles (preasphaltenes) were
discarded into waste solvent containers to be disposed of
properly due to the explosive properties of THF. Three more
THF extractions were carried out using 100 ml each time.
The solids remaining were composed of unreacted coal and
ash, and were dried overnight in the oven at 100°C, When
dry, the tubes were removed from the oven and weighed, The
THF insolubles were transferred to pre~tared crucibles
(heated to 750°C and maintained at this temperature for one

hour, then cooled inside a desicator to ambient temperature)
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and the sample was weighed. Ashing of the THF insolubles
was carried out in a furnace by heating the crucibles and
their contents slowly to a temperature of 700-750°C and
maintaining this temperature for one hour. The crucibles
were removed and cooled inside a desicator, to room
temperature. The crucibles were then weighed to determine
ash in the product. The heating, cooling and weighing

was repeated as many times as necessary to yield a constant
weight with a deviation of x 0.001 gram or less (25).

The saved benzene solubles were distilled in a
rotavap to remove benzene, and the liquid that remained
after benzene separation was transferred to centrifuge
tubes and extracted with 150 ml pentane, causing pre-
cipitation of asphaltenes. The tubes were sonicated,
centrifuged and the pentane-soluble portion decanted
into a waste solvent drum. The pentane insoluble frac-
tion was extracted twice more using 100 ml aliquots of
pentane. Pentane insolubles were dried overnight in an
oven at 100°C, then cooled and weighed. A summary of

this PERC analysis is shown in Figure 14.

SOLUBILITY CLASSIFICATION AND CHEMICAL NATURE OF COAL

LIQUEFACTION PRODUCTS

The products of coal liquefaction are usually

classified according to their solubility in certain

41
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Benzene

Extract 4 times
with 100-150 ml
THF Sonicate
and centrifuge
between ex-
tractions

THF Insolubles
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benzene

THF Solubles

i

Ash + un-
reacted
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Figure 14.

Ash in oven

Preasphaltenes

(PERC Analysis)*

* Procedure supplied in part by Dr. F.K. Schweighardt, Pittsburg
Energy Research Center, Pittsburgh, Pennsylvania.
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Y
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Extract 4 times with benzene
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sonicate and
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in Rotovap)
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pentane, soni-
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solvents which indicates the range of their molecular
weights.

Preasphaltenes: pyridine soluble-~-THF soluble-

benzene insoluble. This fraction is composed of poly-

functional compounds generally having molecular weights
greater than 400 and less than 2000. About 80% of the
basic nitrogen compounds in solvent derived coal are
located in the preasphaltenes. This explains the higher
nitrogen wt. percent in preasphaltenes to that in the
parent coal (Table 5). An asphaltene fraction has been
isolated from preasphaltenes by breaking the salt-like
structure (26). Preasphaltenes contain the highest
concentration of heteroatoms and the lowest hydrogen to
carbon ratio of all coal product fractions (Table 5),
Preasphaltenes are called polar compounds since they
contain a large number of polar functional groups such
as hydroxyl groups. A view on the chemical structure
of preasphaltene is shown in Figure 15.

Asphaltenes:benzene soluble-pentane insoluble,

These compounds are predominantly monofunctional having
molecular weights in the range of 300-800, Functionality
refers to the presence of a hydroxyl group, or a basic or
non-basic nitrogen group. Any or all of the molecules
can contain oxygen or sulfur as heterocyclic or exocyclic

ethers or thioethers. Combinations of functionality can
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FIGURE*15. AN ASPHALTOL STRUCTURE

Cluster by Association

AAA zig-zag configuration of saturated
carbon chains or napthenic rings.

——— edge of condensed arcmatic systems.

* camap o

H-bording or charge-traansfer

bonding.
A acid
8 base

Figure*ls. Hypothetical Cross-Sectional View of Coal
Asphaltere Yodel (Synthoil).

*Yen, T.F., Chemistry of Asphaltene in Coal Liquids, Preprints
of 1976 Coal Chemistry Workshop, S.R.I., August (1976).
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include non-basic nitrogen and a hydroxyl group or perhaps
two hydroxyl groups per molecule. Molecules containing
both basic nitrogen and a hydroxyl group will generally
not be found in this solubility class (24).

The structure of asphaltenes isolated from coal,
shale 0il and petroleum are quite different. A hypo-
thetical view of the coal asphaltene structure is shown
in Figure 16. The bonding within the system is not con-
trolled by only one type of force, rather, it is due to
a number of short range and long range molecular inter-
actions which join to form a '"functional macro~structure'
(27). The chemistry of asphaltenes in coal liquids
obviously is a dynamic one and depends on the process
variables. The weight percent of sulfur, nitrogen and
oxygen in asphaltenes is at a lower level than the parent
coal as shown in Table 5.

Oils: benzene soluble-pentane soluble. This fraction

is predominately composed of hydrocarbon compounds of
molecular weights in the range of 200-400. The fraction
is low in sulfur and oxygen content, with these hetero-~
atoms occurring mainly as heterocyclic compounds, or
exocyclic ethers or thioethers. This fraction is thought
to be free of basic nitrogen as determined by methylation
with methyliodide (26). From an elemental analysis of an

Il1linois No. 6 solvent refined coal product (Table 5), it
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is apparent that oils have the lowest wt. percentage of
oxygen, nitrogen and sulfur. This makes the oil fraction

more readily suitable for consumption as a clean fuel.

47
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EXPERIMENTAL DESIGN

The purpose of this work was to investigate the mech-
anism and kinetics of coal liquefaction to preasphaltenes
(asphaltol, polar compounds), asphaltenes, and oils plus
gases. Three kinetic models were formulated and tested
against the data.

The parent coal used in this study was a bituminous
coal from Madisonville No. 9 seam, Fies Mine, Kentucky,
supplied by Island Creek Coal Company., The proximate and
ultimate analysis of the coal was carried out at the Research
Institute of the Colorado School of Mines, and is shown in
Table 6. Results of extraction of the parent coal by the
PERC method is shown in Table 7.

It has long been recognized that taking kinetic data
in a batch reactor implies the problem of imprecise reaction
time due to heating and cooling effects. In this study, this
problem was overcome by heating the solvent in the reactor
to reaction temperature, then injecting a slurry of coal and
solvent into the reactor. When the reaction was to be ter-

minated, a high-~speed fan was used to rapidly cool the
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Table 6

Proximate and Ultimate Analysis of Coal

Proximate Analysis As Received Dry Basis
Volatile Matter 31.73% 31.77%
Ash 25.19% 25.23%
Fixed Carbon 42.94% 43.00%

Ultimate Analysis

Carbon 55.81% 55.89%

Hydrogen 4.29% 4.30%

Sulfur 4.91% 4.92%

Nitrogen 0.87% 0.87%

Oxygen (by difference) 8.79% 8.79%
Table 7

Analysis of Coal by PERC Method
(Ash—-free basis)

Unreacted coal = 99.20% wt. percent

Preasphaltene

Asphaltene
0il

0.79% wt. percent

0.01% wt. percent
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reactor. The quenchi&g of the reactor from 400°C to 205°C
(400°F) took approximately 10 minutes. This improved tech-
nique in taking kinetic data helped in defining a precise
"reaction time". A temperature profile of a typical run at
350°C is shown in Figure 17.

The kinetic models were to be investigated in the
temperature range of 350-425°C, which is a typical range for
coal liquefaction. It has been found by Guin, et al, (12)
that below 350°C, coal extraction is slowed significantly.

On the other hand, at temperatures above 425°C coking of the
solvent may occur which renders the data taken of little
value since organic carbon and the fixed carbon are diffi-
cult to distinguish between analytically.

An evolutionary experimental design was used in which
data were taken initially at 400°C, and results at this tem~
perature level used to refine the conditions chosen for the
other temperature levels. Data at 400°C were taken at times
of 1 hour and 2 hours. This data was plotted and it was con-~
ceived that more data had to be taken below 1 hour and at
times in excess of 2 hours, Thus, 30 minute, 10 minute, and
3 hour reaction times were carried out, It was determined
from the weight fraction of unreacted coal that further
experiments at times longer than 3 hours would give an insig-

nificant decrease in the value of unreacted coal,
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Another set of data was initially to be taken at 425°C.
However, experiments at that temperature level showed the
vapor pressure of tetralin to be high enough (i.e. reactor
pressure reached 3200 psi) to discourage further study at
that temperature for safety reasons. The next two tempera-
tures tried were 375°C and 350°C. Satisfactory operation
was secured at these lower temperatures. The reaction times
investigated were the five previously tried at 400°C, 10
minutes, 1/2 hour, 1 hour, 2 hours and 3 hours. The sequence
of runs as a function of temperature and time is shown in
Table 8.

Initial reaction pressure used was approximately 2000
psig. This was accomplished by establishing initial hydro-
gen pressures before heating of 350, 450, 550 psig for 400°C,
375°C, 350°C runs respectively. The ratio of solvent to
coal in the reactor was maintained at 10 to 1, and was estab~
lished to assure that kinetic effects due to solvent starva-~
tion were minimized. This massive excess of solvent also
assured that very little temperature drop would be exper-

ienced upon injection of reactants,
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Table 8

Experimental Design
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Temp. (°C) Time (minutes)

10 30 60 120 180
500 4.7%* 3 1,6 2 5
375 10 9 8,12 11
350 16 13 14 15

* Run number in order performed.
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MATHEMATICAL MODELING AND PARAMETER ESTIMATION

Mathematical Modeling

For many physical systems there exists a precise mathe-
matical and physical representation of all of the phenomena
which make up the system. A chemical reaction behaves in
the same manner, since it does possess some '""true mechanism"
which is descriptive of every microscopic detail of the
reaction. Analysis of reaction kinetic data requires esti-
mation of parameters such as reaction rate constants, deter-
mination of the precision of parameter estimates and evalua-
tion of the adequacy of fit of the theoretical mechanism to
the experimental data.

The establishment of systematic procedures for the
determination of parameters in non-~linear models, and for
choosing between alternative models, has assumed considerable
importance in the literature, Development and application
of both linear and non-linear estimation procedures have
been documented and discussed in detail by many authors;

Box (28), Hougen and Watson (29), Kittrell et al, (30), and
Lapidus and Peterson (31).

Non-linear estimation of several parameters from data
crdinarily available for these reaction systems is sometimes
difficult., These difficulties usually stem from the lack of

sufficient information regarding the reaction system, However,
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in many reactions a number of reactants, intermediates, and
products may be involved and a large amount of information

is potentially available if it can be measured.

Models

For this study, reactions of dissolution and conversion
of intermediates were assumed to be first order. This assump-
tion can be supported from previous research reported in
the literature (23). Three models for the mechanisms of
coal liquefaction to preasphaltene, asphaltene, and oil plus
gases were investigated and compared to experimental data,

These models are illustrated below;

Model 1

The reaction mechanism of this model is represented by
the following scheme:

Coal __]_l’ asphaltene

Coal__E;*,preasphaltene

Coal k3 oil + gases

—_—

Asphaltene k4. oil + gases
Preasphaltene kS, 0il + gases

k
Preasphaltene 6 asphaltene

The first three reactions have been shown by Hill (15)
to be irreversible, however, at high reaction temperature,
intermediate products may polymerize to asphaltenes (32),

This polymerization was minimized by maintaining reaction
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temperatures below 470°C.

To simplify the differential equations representing
the rate of disappearance and formation of each group of
compounds, the following symbols will be used:

A = Reactive coal

B = Asphaltene
C = Preasphaltene
D = 0il + Gases

The rates of disappearance and formation are then given by:

da = -c¥1 + ¥2 4 K3y (14)
aT
B = X1 a+ % c - s B (15)
at
ac = *2.a4 - (%5 + Xy (16)
at
ap = K34 + K4 3+ K5 ¢ (17)
at

Initial conditions using wt, fractions may be represented by:

I\
“t

d
{]

0 A = a (ash-free basis)
B=C=0D=0,
at any time t

A' =1 -~ a + A (18)
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unreacted coal

where A'
l1-a = unreactive fraction of coal
a = reactive fraction of coal at time t = 0
A = reactive fraction of coal at time t
Defining rate constant groupings:
B = kl + k2 + k3

\{: 5+6

57

(33)

(19)

(20)

The solutions for the differential equations are then given

by:
A' =1 - a + ae"Bt
k,a

_ 2 -t __-vt

C = vy (e e )
B . 2 Kk, o, koke (6Bt _e‘k4t)

k4-8 Y-B
-k t
+ a k2 k6 [e-‘Yt -8 4]

(B-v) (k4-Y)

D=1.0 - (A' + B + C)

Model 2

This model represents coal dissolution as straight

series reactions, with preasphaltenes formed first, then
asphaltenes, then oils and gases.

k k

A 1, C 2 > B 3 > D

The following differential equations represent the

of disappearance and formation of reactants and products

(21)

(22)

(23)

(24)

rate

for
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this model:

48 = kA
D=k, C -k
%% =k A=Kk
2=k, B

The solutions of the differential equations are given by:

—klt
A" =1 - a + ae
-k;t  -k,t k.t -k,t
LLrk K [ e 17 o 3y (o3 o2 )]
kp - kg (kg - k) (k3 - ky)
k -kt -k, t
c = ka-kl (e 1 e 2 )
2 71

D=1.0 - (A" + B + C)

Model 3

This model has
gases to be produced

‘to being formed from

an extra step which assumes 0il and

58

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

directly from preasphaltenes in addition

asphaltenes.
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The rates of formation and

by:
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disappearance are then given

-kl A (33)
k2 c - B (34)
kl A - (k2 + k3) C (35)
k3 Cc + B (36)

The solutions of these differential equations are given by:

A' =

D =

Non-Linear

~kqt
1 - a + ae ‘ (37)
-
k,a e-klt _e-(k2+k3yj 58)
k2+k3-k i
~  -k.t -k,t ~k,t  -(k,+k, )t
kyk,a o 17 g 4y (o 4 g 2753 }]
Kkgky | (k,-k) (K, K,k )
(39)
1.0 - (A'+ B+ O) (40)

Parameter Estimation Program

A computer program written by Bard (34) on non-linear

parameter estimation techniques has been used to estimate

the rate constants.

The mathematical models or their

derived equations attempt to describe the relationships be-~

tween the physically measured variables (raw data),

‘These

models contain parameters (rate constants) whose values are
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unknown. The object of parameter estimation regression is to
find the values of these parameters that cause the proposed
equations to give the best possible fit to the data. The
measure of fit depends on the residuals, i.e. on the differ-
ences between the observed values of certain variables, and
the values predicted by the equations. A common measure of
this difference is provided by the sum of squares of the re-
siduals, but for models with more than one dependent varia-
ble (A, B, C, D), the determinant of moment matrix of resid-
uals is used. The program uses method of maximum likelihood,
with variables classified in four categories.

1. Parameters: constants appearing in the model

(k's) with unknown numerical values, The vector

of parameters is denoted by:

8 = {8,, 8,, ... 8} (41)
2. Independent variables: vyariables known precisely

for each observation (i.e. time, temperature).
The vector of independent variables for the uth

experiment is given by;

a ., «... a _} (42)

a = {a u2? 2

H ul’?

(9}

Dependent variables: variables whose values the
equations of the model seek to predict (A, B, C).
4. Observed variables: dependent variables which

are actually measured in each experiment, Their
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vector is given by:

Y, = {yul’ Yuzs covc- yuk} (43)

The model relates the observed variables to the dependent

variables and parameters. In general,

, a., 8) =0 =1,
g (yu a, ) (u 1, 2, n) (44)

This is called the structural equation, In principle the

observed variables can be written in explicit form at each

experiment.

y, = £ (g, 8) (0 =1, 2, ..,.. n) (45)

Ideally one would 1like to find values of 6's that exactly
satisfy Eq. (45) at each experiment, Due to errors in meas-
urement and inaccuracies in the model, Eq. (45) must be writ-

ten in the form;

U, = £ (g, 9) - Yy (46)

where Uu is a vector representing the departure of the pre=~
dicted from cbserved values (the residuals), The task of
parameter estimation is then to find values of 8, which

minimize or maximize the function,

F (UU) = F (£ (aﬁ, 8) - Yp). (47)
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With au and yu given, F (Uu) becomes a function of 6's
alone, denoted by G (8).

It may be assumed that the U's are random variables posses-
sing a joint probability density function P(U, ¢) of known
mathematical form, possibly containing some unknown para-
meters ¢. According to the principle of maximum likelihood,
we seek those values of 6 and ¢ which maximize the likeli-
hood of having made the actual observations, i.e., which

maximize P or more conveniently, its logarithm. Thus,

G (6, ¢) = log P (£ (au » 0) - Yy ¢) . (48)

M.L.

The maximum likelihood function GM is given by;

L

-kn n 1 .
GM.L. = —— [ 1 + log (2m) ] - > § log o Al (49)

]
™
[

where Ai

(50)

Uu ® the residual as given by Eq. (46).

U's are normally distributed.
The maximization of likelihood is provided by two alterna-
tive methods;
1. The Gauss-Newton method, with modifications by
Greenstadt-Eisenpress (35), Bard (36), and
Carroll (37).

2, The Davidon-~Fletcher-Powell method (38),
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The subroutines used to analyze and estimate parameters
from the present data are shown in Figure 18. The following
is a list of the subroutines and their functions.

Main Program (deck 01): Calls on subroutine NLMAX.

NLMAX: Reads general input. Finds and prints out maximum

of objective function. Calls on ACCUM, EIG, BOUND, OQUT.

Deck 02 uses the modified Gauss-Newton method to find
the maximum of the objective function.

Deck 09 uses the Davidon-Fletcher-Powell method.
ACCUM: Computes value of objective function and its deriv-
atives. Deck 10 is used for multiple equation weighted
least squares, and maximum likelihood estimation with diag-
onal covariance matrix (i.e. weighted least squares with un-

known weights).

EIG: Scales a symmetric matrix, computes eigen values and/

or eigen vectors, and then rescales the vectors (uses

Threshold-Jacoby method).

QUT: Provides additional detailed output after solution has
been found. Deck 12 is used in conjunction with subroutine

ACCUM deck 10. Calls on EIG.

BOUND: Computes the constraint penalty functions and their
derivatives. Deck 06 is used to specify lower and upper

bounds on each parameter.
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Figure 18. PROGRAM STRUCTURE
Main Program
deck 01
4
NLMAX
deck 02: Gauss-Newton method
deck 09: Davidon's method
y
1 y :
ACCUM EIG ouT BOUND
deck 10: Maximum deck 04 deck 12: Para- deck 6: Upper
Likelihood called by meter estim- and lower
deck 12 ation bounds
Y
) ¥
DER PRIOR
deck 14: Dynamic deck 15: No prior
Systems
4
k) ) v
RUN FUN XTOY
deck 17: Known written by user deck 20: observed
initial conditions variables = state
variables
Y
XIJ

deck 22
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DER: Computes the model equations and their first deriva-
tives. Deck 14 is used for dynamic models (involving solu-
tion of differential equations). It calls on RUN, FUN,

XTOY, XIJ.

PRIOR: Computes the logarithm of the prior probability and
its first and second derivatives. Deck 15 is for a constant

prior (i.e. no prior).

RUN: Computes initial conditions and their first derivatives.

Deck 17 is used where all the initial conditions are known,

FUN: This subroutine is written for each model separately.
It involves the differential equations of the model and
their partial differentials with respect to the parameters

and the dependent variables.

XTOY: Deck 20 considers the observed variables identical to

state variables.

XIJ: Performs some matrix operations for subroutine DER

deck 14.

Convergence and Termination

The iterations of the program are terminated when each
component of the vector AA® is small enough to satisfy the
inequality:

(0)
[AABif< « 0001 (+ 001 + |8i |) (51)
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where A6 = a direction for & to proceed in
A = a step size.
(0)
6i = the value of vector 6 at the start of the itera-
tion.

This criterion has been suggested by Marquardt (39), and

works well in practice.

Analog Computer

The rate constants appearing in Equations 14-17 have
also been determined by integrating the differential equa-
tion using an analog computer. The circuit of the analog
computer simulation used is shown in Figure 19, Potenti-
ometers were adjusted by trial and error until a good fit to
the experimental data was obtained. Since an analytical so-
lution of the model is known, the values of k's were used to
obtain outputs for unreacted coal (A), asphaltene (B), pre-
asphaltene (C), and oil plus gases (D), by putting these
values in Equations 21-24. This approach was imprecise
since a visual fit of the data was relied on to determine
the rate constants. Once the program on non-linear param-
eter estimation was obtained, simulation by analog computer

was abandoned.
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DISCUSSION OF RESULTS

Data Interpretation

Total mass balances and raw data are presented in
Appendix I. As can be seen, the weight of slurry injected
into the reactor via the Ruska pump was obtained by mass
balance. The critical number in analysis of the data is
the exact amount of coal injected into the reactor. This
number is found by using the principle that the percent ash
in the coal injected is equal to that of the parent coal.
An estimation of coal injected can be obtained by:

wt. of slurry injected x 1.2 = approx. wt. of coal

;T; injected
where 1.2/2.2 is the ratio of coal to coal + solvent in the
feed paste charged to the Ruska pump. This gives only an
approximation, however, to the exact amount of coal injected,
as some coal remains in the dip tube in the reactor and does
not enter into the reaction. In addition, some separation
of coal and solvent occurs in the Ruska pump before injection,
causing the exact ratio of coal to solvent injected to depart
from the feed mix of 1.2/1.0. The approiimate percent of
benzene insolubles in the reaction product was calculated by

taking a sample of the well~stirred product slurry, and ex~
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tracting with benzene as shown previously in the section on
chemical analysis. The amount of benzene insolubles was

calculated as follows:

wt of benz. Ins. (gm) x wt. of products+solvent x 100 =
wt of sample prod (gm) approx wt. of coal

%

% benzene insolubles

The benzene insoluble fraction (after drying) was sampled,
extracted with THF, and the THF insoluble fraction ashed to
determine ash content of the product. Percent ash in the
product, relative to the estimated coal charged was then

calculated:

wt of ash (gm) x wt of products + solyent x 100
wt of sample product (gm) approx. wt. of coal
= % ash

If the amount of coal injected has been exactly estimated by
mass balance, the percent ash in the product must agree with
the percent ash in the parent coal. Any discrepancy indi-
cates that more or less coal was injected than estimated.

The exact amount of coal injected is determined by forced

ash balance, and the analysis of the product adjusted by
normalizing each compound classification with respect to the
ash balance. Then, unreacted coal, preasphaltene and asphal-

tene are recomputed on ash-free basis,
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Direct determination of oil content in the product is
not possible since o0il and solvent are not distinguishable
by solvent extraction techniques (both are pentane soluble).
Thus, the yield of o0il plus gas was determined by the dif-
ference between the sum of unreacted coal, preasphaltene and
asphaltene and 1.0 since, by definition:

L 0il + gas+asphaltene + preasphaltene + unreacted coal

= 1.0
where each compound classification is a weight fraction,
normalized as discussed above.

Calculated data for the various liquid products are
tabulated in Tables 18-20 as weight fractions of the original
coal charged to the reactor on a mineral-matter free basis,
These weight fractions have been normalized with respect to
ash content in order to put the product conversion on the
basis of parent coal initially fed to the reactor, Normal-
ized weight fractions were then converted to a mineral-mat-~-
ter (ash) free basis; thus the reported weight fractiomns
represent yield of oil plus gas, asphaltenes and preasphal~
tenes from the organic fraction of the parent coal, Sample
calculations of results from PERC analysis on one run are
shown in Appendix II.

The experimental data and the fit of the various models
to the data at temperatures of 400, 375, and 350°C are shown

in Figures 20-28. As may be seen from the data, the con-
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version to preasphaltenes was predominant during the first

30 minutes of reaction time. This trend was observed at all
three temperatures examined and can be adequately explained
by the mechanism of coal dissolution. Coal with its con-
densed structure and complicated matrix of high molecular
weight is expected to brezk into lower molecular weight prod-
ucts at the start of thermal cracking. Preasphaltenes have
the highest average molecular weight of coal liquefaction
products, thus a high concentration of preasphaltenes at

the early stages of dissolution is to be expected since
thermolysis reactions are predominant at this stage of the con-
version. Asphaltenes and oils also were formed at the begin-
ning of coal extraction but their yields were lower than
preasphaltenes. As reaction time increased, yields of asphal-~
tenes and oils plus gas continued to rise, while preasphal-
tenes tended to decline. As thermal cracking and hydrogen
transfer from tetralin to coal and the high molecular weight
products continued, more low molecular weight compounds were
produced. The highest yield of oil and gas (40%) in the
liquid product was obtained at 400°C and three-~hour reaction
time. This run was conducted at the most severe reaction
conditions encountered in this study, thus the high yield of
0il was expected. Lower temperature extraction did not give
extensive thermal cracking of the coal molecular structure,

as indicated by the o0il yield at 350°C and three-hour reac-



T 1999 - 72

tion time for which a maximum oil and gas yield of only 20
percent was reached.

Asphaltenes yield increased with time and leveled off
around 30 percent during reaction at 400°C. However, at
lower temperatures the asphaltene yield kept increasing
with temperature without leveling off. The unreacted coal
concentration decayed in an exponential manner leveling off
to a maximum conversion to soluble products of 87 percent,

83 percent, 75 percent at temperatures of 400, 375, and
350°C, respectively. Preasphaltene yield at 400 and 375°C
increased to a maximum of approximately 40 percent, then
decreased. At 350°C, preasphaltenes behaved like asphaltenes
and oils where the three products kept increasing with time
with rates slower than the other two isotherms.

Since the emphasis in the present study was on relating
the yields of liquid products, gas analysis on the product
gas by chromatography gave data of little value in model
discrimination for this coal liquefaction process. Percent
gasification at the severest conditions studied (400°C and
three-hour reaction time) was found to be only 6.2 percent,
Weller, et al. (19) in their work on kinetics of coal hydro~
genation found gasification at 400°C to reach 5,8 percent,
Gasification is expected to be lower as temperature decreases,
Therefore, gas analysis at the other two isotherms, 375 and

350°, was not performed. The error of ignoring coal gasifi-
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cation during dissolution is included in o0il yield, since

the latter is found by difference.

Model Discrimination

Models 1, 2, and 3 were used to fit the experimental
data using the non-linear parameter estimation computer pro-
gram described earlier. This produced estimates of the rate
constants and their standard deviations for each of the
respective models. These values are shown in Tables 9-11,
Since analytical solutions for each of the three models and
estimates of the rate constants were known, the values of
A', B, C and D were computed and plotted for each model.

The plots were compared with the observed data, and the mod~
els along with the raw data are shown in Figures 20-28.
Model 1 gave the best fit to the experimental data at all
three isotherms (Figures 20-22). Model 2 (straight series
reactions) exhibited a poor fit to the data (Figures 23-25},
except for the concentration of unreacted coal, for which
this model fit the data reasonably well, Preasphaltene
yield in this model reached a maximum of 60 percent, then
decreased to below 5 percent after three hours. The computed
0il and gas yields were consistently higher than the ekperiﬂ
mental data after three hours, with values 50 percent higher
predicted by Model 2. This trend was observed at all three

isotherms (Figures 23-~25) for Model 2. The computed asphal-~
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tene yield in Model 2 reached a maximum around 40 percent,
then decreased, also in disagreement with the experimental
data. This trend was observed at 400°C and 375°C.

Model 3 was a modification of Model 2 to include an
extra parameter for conversion of preasphaltenes to oil and
gas directly. The model for unreacted coal fitted the exper-
imental data at all three isotherms (Figures 26-28). How-
ever, computed preasphaltenes yields at all three isotherms
completely missed the data, with the fit at 400°C exhibiting
an especially poor fit. The computed oil and gas yields
again in this model were higher than the experimental oil
and gas yields.

The hypothesized models were discriminated also by
their respective values of the determinant of the moment
matrix of residuals. This term is analogous to the error
sum of squares in models containing only one dependent vari-
able. The model that yields the minimum value for the de-
terminant of moment matrix of residuals is expected to have
the best fit to the experimental data, The moment matrix of

residualis is defined by the following equation:

T [fi(au'e)‘ yui] [fj(ammﬂ 2
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where fi(au,e) the expression of dependent variable i
as a function of independent variables
ap and parameters 6.

Yui = observed value of dependent variables 1i.

The values of the determinant of moment matrix of re-
siduals for Models 1, 2, and 3 are shown in Table 12. The
respective values for Model 1 are clearly lower than those
for models 2 and 3. Thus, coal liquefaction in tetralin has
been modeled by six irreversible first order series-parallel

reactions:

coal k1 asphaltene
—_—

coal k preasphaltene

——2—)

coal k 0il + gas

s,

Asphaltene k4 0il + gas
—_—

Preasphaltene ks oil + gas
—_—

Preasphaltene k6 asphaltene
—_—

Convergence of the Computer Program

In order to check on the effect of giving the program
different starting values on the resulting parameter esti-
mates, the data at 400°C and 375°C for Model 1 was used with
two different initial guesses for the rate constants. The

program gave the same estimates for all six rate constants
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at both temperatures to three significant figures.

Activation Energies

The rate constant is related to activation energy by

the following expression:

k = k0 exp (-E) (53)
RT
where k0 = pre-expomential factor

E = activation energy
R = ideal gas law constant

T = absolute temperature

Equation (53) can be rewritten as:

Ink 2 Ink, ~ E (54)
RT

Thus plotting 1nk vs. 1/T at the three temperatures studied
should yield a straight 1line with slope of (-~E/R) and y

intercept of 1nk Least square regression lines were drawn

0°
for the estimate of rate constants kl’ kz, and k3, These
Arrhenius plots are shown in Figures 29-31, The last three
rate constants had high standard deviations, and activation
energies could only be estimated by straight lines whose slope
and intercept could change according to the points chosen to
represent the data. These plots are shown in Figures 32-34.

Thus for k k,, and k3’ Arrhenius activation energies, pre-

1?
exponential factors and correlation coefficient r2 were

2
determined (Table 13). The value of r~ is an indication of

. . . . 2
how good the linear regression fits the data with r = 1,0
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indicating a perfect fit. For k4, kS’ k6 estimates of the
activation energies and pre-exponential factors were found
according to two fitted straight lines as shown in Figures
32-34. The two lines drawn in Figures 32-34 attempt to il-
lustrate the possible range of activation energies and pre-
exponential factors that could be defined for k4 through k6.
The activation energies of k1 (conversion of coal to
asphaltene), k2 (conversion of coal to preasphaltene), and
k3 (conversion of coal to 0il) ranged between 20-40 X cal/g
mole. The estimates of k4 (conversion of asphaltene to
0il), k5 (conversion of preasphaltene to o0il) and k6 (éon-
version of preasphaltene to asphaltene) could vary in the
range 10-50 K cal/g mole. These high activation energies
for each of the rate constants show a high temperature sen-
sitivity which implies that a true kinetically controlled

reaction is being modeled, and not a reaction influenced by

interfacial mass transfer.

Analog Computer Simulation

Rate constants in Model 1 were estimated on the analog
computer. The values of the rate constants were obtained
from potentiometer scales that were adjusted by trial and
error until a good visual fit to the experimental data was
obtained. Values of the rate constants from analog simula-
tion were used as initial guesses of the parameters when com-

puting the rate constants by regression from Model 1.
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Values determined from the analog computer simulation are
given in Table 14. The indication is that the rate constant

of conversion of coal to preasphaltene k., had the highest

2
absolute value of all the rate constants.
When the values of rate constants obtained from analog
computer simulation were inserted in the analytical solu-
tions for Model 1, a poor fit to the data was obtained. Thus,
rate constant estimation by analog computation was abandoned

in favor of estimation by the non-linear parameter estima-

tion computer program.

Reproducibility

Reproducibility of the data was checked at two experi-
mental conditions. The first condition was chosen such that
the data was expected to contain the highest degree of uncer-
tainty in temperature and time (400°C, 10 minutes). The
values of unreacted coal and yields of preasphaltene and
asphaltene as found from PERC analysis on the liquid product
was reproducible within 6 percent. 0il and gas yields, how-
ever, exhibited a higher variation (40 percent) since errors
in analysis were compounded and showed up in the oil and gas
yield which was obtained by difference. The second condi-
tion was chosen arbitrarily (375°C, 60 minutes). Reproduci-
bility of unreacted coal, preasphalitene and asphaltene were
within a maximum of 17 percent, whereas oil and gas yields

exhibited a variation of 50 percent. It is not understood
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why the first condition experiments (potentially high in
errors) gave lower variation in concentrations than the
second set of experiments. Reproducibility data are shown
in Table 15.

Errors in the observed variables could be included in
the regression program by reproducing a few more runs and
calculating the covariance for each observed variable, The
values of the covariance could be utilized in the computer
program to generate additional information for construction

of a confidence interval on the rate constants.

Mass Transfer Considerations

Mass transfer may play an important role in coal ex~
traction in two ways:

1. Diffusion of solvent or hydrogen into the coal
particles before thermolysis (thermal disinte-
gration).

2. Mass transfer resistance due to gas/solid or gas/
liquid interfaces.

In the first case, since particles of ~200 mesh were
used and since the literature reports that disintegration is
instantaneous above 350°C, diffusional mass transfer was not
expected to have an effect. In the second case, a very high
agitation rate (1300 rpm) was maintained to help assure that

interfacial mass transfer resistances were minimized. Data
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on two stirring speeds seems to indicate that this is also
not an important parameter in the conversion of coal to

soluble products. This data is shown in Table 16.

Interpretation

Model 1 with the six first order irreversible reactions
was found to fit the experimental data properly for all four

groups of compounds. Rate constant k, had the highest value

2
of all rate constants which explains the observed high yield
of preasphaltenes at the start of reaction. The model pre-.
dicts that asphaltene and preasphalteng are products in the
preliminary dissolution with preasphaltene being the pre-
ferred product. This result is in agreement with literature
discussions on the mechanism of coal liquefaction at the
beginning of reaction, where thermal cracking is the major
contributor to coal dissolution. Other researchers (23)
found preasphaltenes to be the preferred product at this
early stage of reaction, in agreement with this study,
Whitehurst, et al. (24) concluded that at later stages of
reaction, preasphaltene was converted to asphaltene and oil
with oil being the favored product. However, their experi-
ments were carried out with no solvent. In this study as
the reaction proceeded, preasphaltenes were converted to
asphaltene and oil plus gases with comparable rates.

The mathematical model arrived at in the present work

and the corresponding mechanism associated with it represent
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the data well from a macroscopic point of view. But the
model cannot explain the microscopic mechanism of coal ligme-
faction which is complex and so far has not been clearly
determined. The individual rate constants can be further
investigated by using preasphaltenes or asphaltenes as reac-
tants and carrying out the extraction to determine the rate
constants more precisely.

The experimental data indicate that stable molecules
of both preasphaltene and asphaltene have been formed that
would not disintegrate further. 1In other words, at long
reaction times, there still will be finite concentrations of
preasphaltene and asphaltene, rather than zero as the mathe-
matical model predicts. It is clear that this model will
only apply in the time range studied (0-180 minutes) and
extrapolation of the model outside this time frame is not
valid. '

Examination of Figure 26 and the rates estimated from
model 3, leads to the conclusion that perhaps k3 has been
improperly estimated in value leading to the drastic de~=
crease in the predicted value of preasphaltene at 400°C
(Figure 26). To check on the effect of changing k3 on the
fit, the computer program was run while k3 was constrained
at two values, .00284, .0265 which were the estimated values
of k. (preasphaltene to o0il) and k3 [éoal to 0il) in model 1,

5

The visual fit of the predicted curves to the experimental
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data as shown in Figures 35-36 is better than the fit shown
in Figure 26, although the residuals reported for both of
these fits are larger than the residual for the original
unconstrained model (Table 17). In Figure 26 both unreacted
coal and asphaltene fitted the experimental data throughout
the time studied, while in Figures 35-36, the coal extrac-
tion products fitted the experimental data only at small
values of time. This explains why the visual fit for

Figure 26 is worse than for Figures 35 and 36 while the
residuals from regression for Figure 26 are considerably

lower than for either Figures 35 or 36.
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Figure 29. Activation Energy for Conversion of Coal to Asphaltene

(ky)-
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Figure 30. Activation Energy for Conversion of Coal to

Preasphaltene (kz) .
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Figure 31. Activation Energy for Conversion of Coal to 0il
and Gas (kS)'
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Figure 32. Estimation of Activation Energy for Conversion of
Asphaltene to 0il and Gas (k4) .
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Figure 33. Estimation of Activation Energy for Conversion of
Preasphaltene to 0il and Gas (ks).
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Figure 34. Estimation of Activation Energy for Conversion of
Preasphaltene to Asphaltene (k6) .
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Table 10

Rate Constants and Their Standard Deviations

Estimated from Computer Program (Model 2)

Temperature kl k2 k3
.12393 .02529 .01174

400°C + + +
.01174 .00789 00288
.06535 .01877 .00855

375°C + + +
T.00991 00384 00267
.02116 .01136 .01105

350°C + + +
.00158 .002 .00298

Table 11

Rate Constants and Their Standard Deviations

Estimated from Computer Program (Model 3)

Temperature k1 ko k3 k4
.11508 .23356 .33807 .00148
400°C * * * +
.00074 .00649 .00794 .00103
.06853 .01632 .00780 .00396
375°C + + + +
T.00968 ~.00364 .00622 .00354
.02117 .01136 .45x10~8 ,01105
350°C + + + +
T.00116 .00554 .00528 .00873

101
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Model 1

Model 2

Model 3

102
Table 12
Determinant of Moment Matrix of Residuals
400°cC 375°C 350°C
.23377 .89364 .17227
x107° %10~ 8 210”7
.10154 .12759 .17437
x1073 x10~3 x10~2
.24885 .10084 .17437
x10™4 x10”3 x10~°
Table 13
Estimation of Pre-exponential Factors and
Activation Energies
In ko E K Cal/g. mole r2
18.9418 29.32 0.95
19.8093 29.78 0.89
26.7199 40.22 0.87
11.73-36.15 23.09-53.62
2.31-12.63 10.96-23.59
7.95-26.04 18.08-42.30
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Table 14

Estimation of Rate Constants by Analog Computer

Temperature 400°C 375°C

Rate Constants

(min.~1l)
ki .0142 .0058
ko .0691 .0622
k3 .0167 .0146
kg .0259 .0229
ks .0205 .0166
kg .0323 .0272

Table 15

Reproducibility Data

Yield 3%

Run Time (Minutes) Temp. °C A B C D
4 10 400 36.6 22.9 37.5 3.0
7 10 400 34.5 21.7 38.5 5.2
8 60 375 .22.6 24.5 30.7 22.2

12 60 375 24.3 29.2 35.2 11.3
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Table 16
Mass Transfer Effects
Run no. 5 17

Agitation Speed
(R.P.M.) 1300 200

% Concentration

Unreacted Coal 12.9 13.5
Asphaltene 30.5 31.6
Preasphaltene 17.8 12.7
0il (difference) 38.8 42.2

Table 17

Rate Constants and Residuals Estimated from Computer
Program (Model 3 with constrained k3 at 400°C).

Determinant of

k k k k Moment Matrix of
1 2 3 4 Residuals
1241 .0248 .00284 .01003 91 x 1074
-4

.1268 .0304 .02646 .00371 .54 x 10
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CONCLUSIONS

From this study of coal liquefaction, the following

conclusions have been arrived at:

1. Preasphaltenes were the predominant product
during the early stages of liquefaction (first
10 minutes).

2. The experimental data indicate that stable
molecules of both preasphaltenes and asphaltenes
have been formed.

3. Mass transfer resistance was negligible in
effecting the rate constants,

4., High activation energies of the indiyidual
reaction rates meant that these reactions are
kinetically controlled and not influenced by
interfacial mass transfer,

5. Six first order reaction models adequately

fit the experimental data.
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RECOMMENDATIONS FOR FUTURE WORK

Investigating temperatures outside the range 350°-400°C
would be interesting to obtain with different equipment ca-
pable of withstanding higher pressures. Using the pressure
as a variable is another possible extension of the present
work. The distribution and rate of reaction of sulfur and
nitrogen in the various products of coal extraction is also
worth further examination. If it is possible to have enough
material of preasphaltene or asphaltene to start the ektrac—
tion from these compounds and proceed to obtain oil, this
would be another approach in determining the rate of dis-
sociation of these compounds.

Mass transfer effects need to be investigated further
in detail. This will be accomplished by conducting several
runs at the same conditions except with different rates of
mixing and particle sizes, Such an experiment would be best
conducted in continous processing equipment.

Further modeling of the process needs to be done in
order to incorporate pseudo-reversibility into asphaltenes
and preasphaltenes, as was done for unreacted coal, A model
that can account for the formation of stable, unreactive

species needs to be investigated.
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RAW DATA
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Run No. 1 Reaction time = 1 hour

. Temperature = 400°C Final Pressure = 2060 psig

“Wt. of reactor + solvent = 10795
Wt. of reactor + solvent + products = 10816
Wt. of empty reactor = 10613

*product sample I = 22.19 Product sample II = 21.28
Benzene insol. = .66 Benzene insol. = .62
Pentane insol. = .26 Pentane insol. = .25
Sample A benz ins.= .3809 |sample A benz. ins. = .309
Sample A THF ins. = .2373 |sample A THF ins. = .193
Sample B benz ins.= .2296 |sample B benz. ins. = -2753
Sample B THF ins. = .1518 |sample B THF ins. = .182
Sample AA ashed = .2283 |sample AA ashed = .1857
Ash in sample AA = .1432 |Ash in sample AA = .12_
Sample BB ashed = .1352 |sample BB ashed = .175
Ash in sample BB = .099 Ash in sample BB = .1219
Run No. 2 Reaction time = 2 hour
Temperature = 400°C Final Pressure = 2200 psig
Wt. of reactor + solvent = 10822
Wt. of reactor + solvent + products = 10839
Wt. of empty reactor = 10639
Product sample I = 24.8 Product sample II = 20.78
Benzene insol. = .54 Benzene insol. = .43
Pentane insol. = .25 Pentane insol. = .20
Sample A benz ins.=  .2412 |sample A benz. ins. = .2245
Sample A Thf ins. = .1635 |sample A THF ins. = .1553
Sample B benz ins.= .2927 Sample B benz. ins. = .2114
Sample B THF ins. = .2024 Sample B THF ins. = .1441
Sample AA ashed = .3442 lsample AA ashed = .2841
Ash in sample AA = .2397 Ash in Sample AA = .1986
Sample BB ashed = Sample BB ashed =
Ash in sample BB = Ash in sample BB =

wwelghts In zrais
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Run No. 3 Reaction time = 1/2 hour
Temperature = 400°C Final Pressure = 2000 psig
Wt. of reactor + solvent = 10731

Wt. of reactor + solvent + products = 10762

Wt. of empty reactor = 10549

Product sample I = 22.95 Product sample II = 21.62
Benzene insol. = .84 Benzene insol. = .79
Pentane insol. = .27 Pentane insol. = .25
Sample A benz ins.= .4693 |Sample A benz. ins. = .3702
Sample A THF ins. = .2903 |sample A THF ins. = .2334
Sample B benz ins.= .3621 |sample B benz. ins. = .3824
Sample B THF ins. = .2421 |sample B THF ins. = .2535
Sample AA ashed = .25 Sample AA ashed = .21
Ash in sample -AA = .1379 |ash in sample AA = L1131
Sample BB ashed = .2321 Sample BB ashed = 2472
Ash in sample BB = .1425 |JAsh in sample BB = .1437
-Run No. 4 Reaction time = 10 minutes
Temperature = 400°C Final Pressure = 2280 psig
Wt. of reactor + solvent = 10734

Wt. of reactor + solvent + prcducts = 10766

Wt. of empty reactor = 10552

Product sample I = 19.21 Product sample II = 19.93
Benzene insol. = .90 Benzene insol. = .93
Pentane insol. = .17 Pentane insol. = .22
Sample A benz ins.= .3307 |sample A benz. ins. = .2907
Sample A Thf ins. = .2148 |sample A THF ins. = .1591
Sample B benz ins.= .4918 |sample B benz. ins. = -5849
Sample B THF ins. = .3320 (sample B THF ins. = -4306
Sample AA ashed = .5223 |sample AA ashed = .5721
Ash in sample AA = -25 Ash in Sample AA = -2747
Sample BB ashed = Sample BB ashed =

Ash in sample BB = Ash in sample BB =
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Run No. 5 Reaction time = 3 hours
Temperature = 400°C Final Pressure = 2400 psig
Wt. of reactor + solvent = 10732
Wt. of reactor + solvent + products = 10763
Wt. of empty reactor = 10549
Product sample I = 20.6 Product sample II = 20.51
Benzene insol. = .56 Benzene insol. = .54
Pentane insol. = .29 Pentane insol. = .28
Sample A benz ins.= .2391 |Sample A benz. ins. = .2681
Sample A THF ins. = .1678 |Sample A THF ins. = .1917
Sample B benz ins.= .2751 |Sample B benz. ins. = .2446
Sample B THF ins. = .2051 |sample B THF ins. = .1785
Sample AA ashed = .3625 |Sample AA ashed = .3525
Ash in sample -AA = .2619 |Ash in sample AA = .2545
Sample BB ashed = Sample BB ashed =
Ash in sample BB = Ash in sample BB =
Run No. 6 Reaction time = 1 hour
Temperature = 400°C Final Pressure = 2280 psig
Wt. of reactor + solvent = 10731
Wt. of reactor + solvent + products = 10764
Wt. of empty reactor = 10549
Product sample I = 19.77 Product sample II = 20.36
Benzene insol. = .70 Benzene insol. = .72
Pentane insol. = .29 Pentane insol. = .32
Sample A benz ins.= .3651 |Sample A benz. ins. = .3327
Sample A Thf ins. = .2351 |Sample A THF ins. = .22
Sample B benz ins.= .3406 |Sample B benz. ins. = .3569
Sample B THF ins. = .2226 |sSample B THF ins. = .2268
Sample AA ashed = Sample AA ashed =
Ash in sample AA = Ash in Sample AA =
Sample BB ashed = .2156 |sample BB ashed = .221
Ash in sample BB = .1495 |Ash in sample BB = .1473
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Run No. 7 . Reaction time = 10 minutes
Temperature = 400°C Final Pressure = 2230 psig
Wt. of reactor + solvent = 10731
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10549
product sample I = 21.91 Product sample II = 22.03
Benzene insol. = 1.05 Benzene insol. = 1.07
THF insoluble = .65 THF insoluble = .71
Pentane insol. = .22 Pentane insol. = .21
Sample ashed = .6234 | sample ashed = .6128
Ash in sample = .3111 | Ash in sample = .297
Run No. 8 Reaction time = 1 hour
Temperature = 375°C Final Pressure = 1950 psig
Wt. of reactor + solvent ' = 10733
Wt. of reactor + solvent + products = 10766
Wt. of empty reactor = 10551
Product sample I = 21.9 Product sample II = 22.02
Benzene insol. = 1.18 Benzene insol. = 1.02
THF insoluble = .75 THF insoluble = .79
Pentane insol. = .34 Pentane insol. = .33
Sample ashed = .7207 Sample ashed = .7309
Ash in sample = .4321 Ash in sample = .4361
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Run No. 9 o Reaction time = 1/2 hour
Temperature = 375°C Final Pressure = 2000 psig
Wt. of reactor + solvent = 1073
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10551
Product sample I = 21.83 Product sample II = 20.43
Benzene insol. = 1.03 Benzene insol. = .96
THF insoluble = .66 THF insoluble = .62
Pentane insol. = .27 Pentane insol. = .24
Sample ashed = .6246 Sample ashed = .5791
Ash in sample = .3144 Ash in sample = .2893
Run No. 9 (repeated analysis) Reaction time = 1/2 hour
Temperature = 375°C Final Pressure = 2000 psig
Wt. of reactor + solvent = 10733
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10551
Product sample I = 20.12 Product sample II = 20.33
Benzene 1insol. = .97 Benzene insol. = .96
THF insoluble = .62 THF insoluble = .57
Pentane insol. = .19 Pentane insol. = .18
Sample ashed = .5871 Sample ashed = .5677
Ash in sample = .2942 Ash in sample = .282
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Run No. 10 Reaction time = 10 minutes
Temperature = 375°C Final Pressure = 1900 psig
Wt, of reactor + solvent = 10733
Wt. of reactor + solvent + products = 10764
Wt. of empty reactor = 10551
Product sample I = 21.11 Product sample II = 22.44
Benzene insol. = 1.26 Benzene insol. = 1.37
THF insoluble = .99 THF insoluble = 1.03
Pentane insol. = .18 Pentane insol. = .18
Sample ashed = .9105  gsample ashed = .9382
Ash in sample = .3621  aAsh in sample = .3724
Run No. 10 (repeated analysis) Reaction time = 10 minutes
Temperature = 375°C Final Pressure = 1900 psig
Wt. of reactor + solvent = 10733
Wt. of reactor + solvent + products = 10764
Wt. of empty reactor = 10551
Product sample I = 20.76 Product sample II = 21.68
Benzene insol. = 1.3 Benzene insol. = 1.37
THF insoluble = .94 THF insoluble = .99
Pentane insol. = .17 Pentane insol. = .18
Sample ashed = .899 Sample ashed = .9554
Ash in sample = .3632 Ash in sample = .386
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Run No. 11 Reaction time = 3 hour
Temperature = 375°C Final Pressure = 2050 psig
Wt., of reactor + solvent = 10729
Wt. of reactor + solvent + products = 10759
Wt. of empty reactor = 10547
Product sample I = 20.78 Product sample II = 20.70
Benzene insol. = .67 Benzene insol. = .71
THF insoluble = .45 THF insoluble = .48
Pentane insol. = .32 Pentane insol. ' = .33
Sample ashed = .4091 Sample ashed = .4182
Ash in sample = .2731 Ash in sample = .2791
Run No. 12 Reaction time = 1 hour
Temperature = 375°C Final Pressure = 1900 psig
Wt. of reactor + solvent = 10729
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10546
Product sample I = 21.94 Product sample II = 20.84
Benzene insol. = .90 Benzene insol. = .85
THF insoluble = .57 THF insoluble = .52
Pentane insol. = .30 Pentane insol. = .25
Sample ashed = .5616 Sample ashed =  .4933
Ash in sample = .3292 Ash in sample = .2837
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Run No. 13
Temperature = 350°C
Wt. of reactor + solvent

Wt. of reactor + solvent + products

Wt. of empty reactor

Product sample I = 20.98
Benzene insol. = 1.14
THF insoluble = .86
Pentane insol. = .19
Sample ashed = .8127
Ash in sample = .3377

Run No. 14
Temperature = 350°C
Wt. of reactor + solvent

Wt. of reactor + solvent + products

Wt. of empty reactor

Product sample I = 21.43
Benzene insol. = 1.12
THF insoluble = .78
Pentane insol. = .22
Sample ashed = .7491
Ash in sample = .3803

Reaction time =

Final Pressure
10731
10767
10549

o

Product sample II
Benzene insol.
THF insoluble
Pentane insol.
Sample ashed

Ash in sample

Reaction time =
inal Pressure
Final %0734
10765
10551

Product sample
Benzene insol.
THF insoluble
Pentane insol.
Sample ashed
Ash in sample

II

~

1 T L 1 |

122

1 hour
1750 psig

22.88
1.28
.93
.22
.9037
.3743

2 hour

1850 psig

W

20.36
1.06
.65
.25
.6394
.3337
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Run No. 14 (repeated analysis) Reaction time = 2 hour |
Temperature = 350°C Final Pressure = 1850 psig
Wt. of reactor + solvent = 10734
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10551
Product sample I =21.96 Product sample II = 21.92
Benzene insol. = 1.17 Benzene insol. = 1.18
THF insoluble = .84 THF insoluble = .85
Pentane insol. = .27 Pentane insol. = .26
Sample ashed = ,7956 Sample ashed = .7845
Ash in sample = ,3923 Ash in sample = .3843
Run No. 15 Reaction time = 3 hour
Temperature = 350°C Final Pressure = 1750 psig
Wt. of reactor + solvent - = 10734
Wt. of reactor + solvent + products = 10765
Wt. of empty reactor = 10550
Product sample I = 21.63 Product sample II = 22.31
Benzene insol. = .99 Benzene insol. = 1.02
THF insoluble = .66 THF insoluble = .68
Pentane insol. = .28 Pentane insol. = .28
Sample ashed = .6643 Sample ashed = .685
Ash in sample = .3751 Ash in sample =  .3889

123
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Run No. 16 Reaction time = 1/2 hour
Temperature = 350°C Final Pressure = 1900 psig
Wt. of reactor + solvent = 10733
Wt. of reactor + solvent + products = 10768
Wt. of empty reactor = 10552
Product sample I =22.55 Product sample II = 23.27
Benzene insol. = 1.47 Benzene insol. = 1.51
THF insoluble = 1.21 THF insoluble = 1.24
Pentane insol. = .21 Pentane insol. = .2
Sample ashed = 1.1546 Sample ashed = 1.1575
Ash in sample = .4167 Ash in sample = .4128
Run No. 17 (200 rpm) Reaction time = 3 hour
Temperature = 400°C Final Pressure = 2500 psig
Wt. of reactor + solvent = 10734
Wt. of reactor + solvent + products = 10764
Wt. of empty reactor = 10552
Product sample I = 22.76 Product sample II = 23.29
Benzene insol. = .6 Benzene insol. = .63
THF insoluble = .48 THF insoluble = .49
Pentane insol. = .3 Pentane insol. = .35
Sample ashed = .4197 Sample ashed = .4697
Ash in sample = .2979 Ash in sample =  .3366
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APPENDIX II

SAMPLE CALCULATIONS
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SAMPLE CALCULATIONS FOR RUN NO. 14

Conditions: 1 hour, 350°cC.

126

Two samples I and II were taken from the homogeneous

liquid product.

Benzene and THF Extractions

+THF Ins. = 237.32%
+Benz. Ins. = 237.60
+Sample = 257.44
Empty tube-1 = 236.46
THF Ins. wt. = 0.86
Benz. Ins. wt. = 1.14 II
Sample wt. =20.98
Pentane Extraction
+Pent. Ins. = 237.13
Empty tube-PI = 236.94

Pent. Ins. wt. I = 0.19

(*) All numbers are in grams.

Ashing
+Ash = 10.5355
+Sample = 11.0105
Empty crucible I = 10.1978

Ash wt. = 0.3377

Sample wt. = 0.8127

+THF Ins.
+Benz. Ins.

+Sample

Empty tube-II

THF Ins. wt.

Benz. Ins.

Sample wt.

+Pent. Ins.

Empty tube-PII

Pent. Ins.

+Ash

+Sample

Empty crucible II

Ash wt.

Sample wt.

wt.

= 236.86
= 237.21

= 258.81

235.93

0.93

]
i

.28
= 22.88

= 237.15

236.93

wt. II = 0.22

10.6370

]

11.1664

10.2627

0.3743

0.9037
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wt. of reactor + total products = 107867

wt. of empty reactor = 10549.5

wt. of total products = 217.3

wt. of reactor + total products = 10767

wt. of reactor + solvent = 10731.5

wt. of injected coal = (10767 - 10731.5) x 2 = 19.3636

where the ratio of coal to solvent in the slurry is 1.2 to 1

Benz. Ins. %
_ 1.14 217.5 _
I = 3598 * 1o 3636 - ©1-034
_1.28 _ 217.5 _
II = 35573%8 ¥ 153638 - ©2-838
Coal + Ash % of Benz. Ins.
.86 _
I = T 12 75.438
— .93 _
IT = T58 = 72.656
Ash % of Coal + Ash
.3377 _
I = 8137 = 41.553
_ .3743 _
II = 5037 41.418
Ash % of Products
I = 61.034 x .75438 x .41553 = 19.132
II = 62.838 x .72656 x .41418 = 18.909
Preasphaltene %
I = 61.034 x (1 - .75438) = 14.991
II = 62.838 x (1 - .72656) = 17.182

61.936

19.021

16.086

127
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Unreacted Coal (61.936 - 19.021 - 16.086)

= 26.829
Asphaltene %
_ .19 217.5 _
I =5598 *~1i9.3638 - 10-172
10.486
_ .22 217.5 _
11 = 33788 * “1o.3636 ~ 10-800
Calculated Normalized
Ash = 19.021 25.19
Unreacted Coal = 26.829 35.53
Preasphaltene = 16.086 21.303
Asphaltene = 10.486 13.887

Final Results (ash-free basis)

Unreacted Coal = 47.49
Preasphaltene = 28.47
Asphaltene = 18.56
0il + Gas - = 5.48

(by: difference)
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APPENDIX III

EQUIPMENT CONSTRUCTION AND RATINGS
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EQUIPMENT CONSTRUCTION AND RATINGS

Equipment

Au*oclave
Reactor

Ruska pump

Ashcroft
gauges

Grove valve
Nupro wvalve
Hoke wvalves

Autcclave
valves

1/4" flex~
ible tubing

1/4" tubing
(.0492")

1/4" tubing
(high pressure)

Swagelok
£ittings

Autoclave
fittings

Material of
Construction

316 stainless

"

Rating
Temp. (YF)

850

70

800

100

72

130

Working
Pressure (psig)

5,400

8,000

5,000

3,000
3,000
5,000

20,000

2,660

7,830

12,000

8,700

20,000
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APPENDIX IV

COMPUTER PROGRAM LISTINGS
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C DECK

2L

¢ MAIN PROGRAM

1
2

WRITE(6.,2)
FORMAT(1M1)
CALL NLMaAX
GO TO 1
END

132
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¢ DECK @2
¢ MAXIMIZES FUNCTION USING GAUSSeNEWTCN METHOD
SUBROUTINE NLMAX
COMMON €(20+29),61(2@,22),PSCA,G(28+,28),F(20),Y(20).EGV(28),FF(2®
1, TITLE(20),CUB(28),CLB(20) ,PNLLZD) ,NCONSLCUT,FI,NTH,F6,F7,METH,NPH
2:MD,LS,C1(22)
DIMENSION w(28)
EQUIVALENCE(NTH,L)
METH=1
READ(S,2022)TITLE
2002 FORMAT(22A4)
READ(S5,20@2)NTH,LOUT,MD
2002 FORMAT(1415)
WRITE(6,2821L)TITLE,Mp
2071 FORMAT(1H120A4/6KHBMODELIS)
READ(5,2283)¢C1(1),Is1,NTh)
2003 FORMAT(8F12.5)
.S=1
CALL ACCUM(3)
CALL BOUND(3,H)
WRITE(6,5228)(C1¢1),1=1,L)
587¢ FORMAT(26H@PARAMETER INITIAL GUESSES/(7E16,6))
IF(LS-3)199,9@7,199
199 IPH=2
NIN=g
NFe@
ND=@
Eps=1.5"6}
EPS1=1,EnJ
DO 926 Iaq,L
FF(I)=Cc1t D)
996 Y([)a=Ci(!l)
H=1,
CALL BOUND(4,H)
0cC 911 Iﬂl:L
911 Y(1)=C1(1)wH
NPH=1
IF(NCON)1{,89%,1
899 NPH=2
GO TO 16
1 GC TO(212,16),L0UT
212 WRITEZ(6,1801)
1224 FORMAT(28H1PENALTY FUNCTICN INCLUCED)
14 11=2
NRE=1
ND=ND+1
GC TC 122
51 11=14
1¢72 NFaNF+1
LS=1
CALL ACCUM(!Il)
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F4aF3

GO T0(402%,68,1223),LS
495 GO T0(484,499),NPH
491 CALL BOUND(I!l.X)
499 GO T0(48,409),11
499 DO 498 1=2,L

00 428 Js2,1
408 G(l,J=1)sG(Jel, 1)
43 GO T0(205,112),L0UT
295 GO T0(228,209),11
299 WRITE(6,212)ND
217 FORMAT(12HAITERATION]Ig)
223 WRITE(K,2Q87)F3,NF»(C1(1),1=1,L)
207 FORMAT(QHAFUNCTIONEL?,7,13H EVALUATIONTI&/11H PARAMETERS/(7E17.7:

2)
112 GO TQ(121,111.,894),11
181 IF(F2-F3)22,21,21
22 GO TO(24,16),NPH
24 GO TO(111,16)/NRE
111 00 1356 I=1,L
126 FF(lLy=Cci(l)

IF(I1-1)26,26:25

26 NRE=2

GO T0(34,16),NRR
34 Q=7,

IF(NIN)14,14,16
14 CINTINUE

00 27 1=1.,L

27 Q=Q+F(1)aY ()
H2(Q~2,8(F3~F2))/2,/(F3-F2=~C)
[F(ABS(H)-,1)16,156,33

30 IF(H+1,)324,324,32

31 DO 29 I=1,L

29 Y(I)=HaY (1)

GO TO 324

25 CONTINUE
DO 822 l=1,L
DO 832 Jsi,.

833 C(1,J)=G¢!,J)
caLl EIG(L,2)

LT3=2
Do 9 1
EGV(I)
IF¢C(1

13 C(r, 1)

GO TO

LT3=1

C(l,1)==C(1,1)

CONTINYE

00 11 J=1,L

W(J)=@,

1L

cer,
1))9,13,12
-1

’
9

»H O [
=

[ 2
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. B0 282 Ji=1.,0L
202 W(J)=W(J)+G1tJL1,J)IsF (L)
11 W) =W () /C0drd)

0o 221 I=1,L

Y(1)=3,

D0 231 J=ti,L
221 Y(D)=sY(Dy-GLlI,J)®W ()
304 NRR=1

F2=F3

F&e=F7

H=1,

CALL BOUND(4,H)

NIN=NIN/2

HzH/2, #89y]1N

DO 654 I=1:L
624 Y(1)=HaY(])
883 3;17 g 1 L

v 2 5

IF(ABS(Y(%;)/(EP51+ABS(FF(I)))~EPS)792.73€.7Q1
731 J=2
723 CONTINUE

GJ3 TO(33,722),d
33 GO T0(8%8,14),NRE
898 GO T0(1222,897),NPH
897 IF(H=-1,)894.1833,1233
896 CALL BOUND(5,H)

D3 895 l=21,L
895 CL(1)=FF(ly+HaY(])

CALL ACCUM(1)

NFz=NF+1

11=3

GO TO(228,874),L0UT
894 IF(F3=-F2)776,1803,1333
732 D00 12 I={,(
12 CLLII=FF(ly+Y(])

GO TO 51
3 GO T0(2,6),NRE
4 00 3 I=1,L
3 CL(IsFF(]y

GO TD 16
2 Q=g,

NRR=2

Q0 58 I=4,L
5% d=Q+F(llaY(l)

Ha/(Q+(F2-F3))+,5
6% IF(4,4H4-1.)39,59,62

59  W=,25

62 J=1
NINzNIN+L
DO 733 I=1,L

Y(I)sHeY(])
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[F(ABS(Y (1)) Z7(EPSL1+AQS(FF(])))=-EPS)703,733,734
794 J=2
733 CONTINUE

GO TO(7%26,785),J

735 H=1.
CALL BOUND(4,H)
D3 23 1=1.,L

Y(I)=HaY(])
23 CL(IY=FF(l)y+Y(])
60 TO 51
734 F3=F2
F7=F6
DO 727 I:ipL
737 CL(l)=FF¢(I)
19 GO T2(1202,1233) ,NPH
1772 IF(1PH)12024.1224,1025
17254 NPH=2
GO TQ(121,122),L0UT
121 WRITE(4.214)
214  FORMAT(2z-2N0 PENALTY FUNMCTICN)
122 F2=-1.23p
G3 TOH 16
I75 IF(ARS(F3-F4)-,1)1024,1276,1226
76 CALL BJUND(s,H)
[PH=[PH~-1
GO To(243,16).,L0UT7

213 MRITE(6,211)

211 FORMAT(44H2PENALTY FUNCTICN REDLCED BY FACTOR OF 1)
GO TG 16

1323 CONTINUE

WRITE(6,123)F3,(CL(1),1=1,L)
123 FORMAT(IoHaMAXIMUM OF OBJECTIVE FLNCTIANEL7,7,11HCPARAMETERS /(787
2:7))
WRITE(4,92C1)NF,ND
02721 FORMAT(24HZFUNCTION EVALUATICASIS,25H DERIVATIVE EVALUATIONSI®)
427 WRITE(6,928)(FCI)I=1,0L)
927 FORMAT(9HIGRADIENT/(7E17.£6))
WRITE(6,921)
921 FORMAT(BHEHESSIAN)
0a 922 I:l:L
627 WRITE(6,9231¢G(1,v),d=1,L)
923 FORMAT(7£17.5)
uRITE(519g3)(EGV‘I)!I=l’L)
9¢3  FORMAT(3IAHZEIGENVALUES CF SCALEC FESSIAN/(7817.6))
WRITE(5,4%4) .
934 FORYMAT(21HAPRINCIPAL COMPCNEATS)
0O 925 l=1,L
935 MWRITE(4,37)(G1¢J,1),g=1,L)
37 FORMAT (/7E47.8/(7E17.6))
CALL BOUND(7,H)
CALL 0OUT

-
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- G0 TQ(217,937),LT3
217 WRITE(6,216)
216 FORMAT(3gHZSOLUTION 18 NOT AR INTERIQR MAXIMUM)

S27 RETURNM
68 J=1
Do 71 IzilL
Y(1)=.5%yY(])
- IF(ABS(Y(I1))/(EPS1+ARS(C1(1)))=EPS)71,71,625
625 J=2

7 CicIy=CL(I)y~-Y(I])

GO T0(929,926),J
929 WRITE(6,917)
913 FORMAT(45HZFEASIBLE PARAMETEF VALLES COLLC NOT BE FOUND/45H sasoss

2&####G#ﬁqnn&ﬁ&ﬁhi*u*oqﬁi&#%aﬁa QOQ*#QQQ#)

RETURN '
926 CONTINUE

WRITE(6,924)
924 FORMAT(BHZRESTART)

IF(I1=-1)51,51,16

END
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DECK 12
COMPUTES LIKELIHOOD FUNCTION WITE JIAGONAL COVARIANCE
SUBROUTIMNE ACCUM(IID) :
COMMON C(2P.28),61¢23,22)PSCA,G(Z2,22),F(22),Y(20),EGV(28),FF (22"
1, TITLE(22),CUB(20) ,CLB(25) s PALL23) JNCCH LCUT,FIsNTHIFE,F7,METH, NPH
2eMDLLS,C1(2)
COMMON/BOME/ZV(S,5) ,8Y(5),YTK(E,28) ,A(102,14),1C0V,nET, [DER,M,NY,NA
DIMENSION UIt5,22),7Q(5)
THE FOLLOWING STATEMENTS MAY EBE REMCVED FCR NAVIDON'S METHOD
DIMENSION 21(5,20.27)
END OF REMOVABLE STATEMENTS
[F(11-3)422,121,190
131 READ(S,2282)NY M yNA-1COV
2272 FORMAT(1&15)
AM=M
IDER=1
DO 2222 1=1.M
2202 READ(5,1£2)(A(1,4d),d=1,N4)
Go TU(lZﬁ;lﬂéslﬁ7’aICQV
136 CONTINUE
DQ 125 Izl.HY
D0 125 Jsi,NY
1495 V(l.,.0)=3,
READ(S5,122)0(C(1,1),1=4¢,NY)
122 FORMAT(8g1z2.5)
WRITEt6,123)(C(I,I),1=1,
123 FORMAT(3+4Hz2PRESCRIGED D!
DET"J.-
00 134 I=1,HY
DET=DET#C(I.1)
124 V(I,I)=1,/c01. 1)
DET=,54A%2AL0OG(DET)
187  CALL DER(3,2
CALL PRIGR(3)
GO T0(23221,2223),1DER
2871 WRITE(6,27¢04)
2974 FORMAT(L3IHAIRSERVATIONS/)
D0 2235 (=4.,M
2075 WRITE(6,2226) 1, (AT 0y, =1,N4)
2276 FORMAT(15,7E16,6/'E21,6,5E16,4))
2a723 RETURN
1a2 CONTINUYE
B0 3 I=1,My
3 Ctr,1)=3,
GI Tot7,5),11
5 DO 6 K=1,NTH
F(KI=3,
00 6 I=1,MY
) UI(l,g)=¢.
THE FOLLOWING STATEMENTS MAY BE REMCVED FCR DAYVIDON'S METHOD
GO T0(279,6) 4METH

YD)
AGONAL COVARIANCE//(7E16,6))
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229

42
13
16

D0 221 JsK,NTH
G(K»J)=ﬁ.

DO 221 l=1,NY

2IC(I,K,Jd)=2,

OF REMOVABLE STATEMENTS
CONTINUE

DO 12 MU=, M

CALL DER(I1,MU)

GO T0(42,32),LS

DO 13 I=g1.,NY
QA(I)=QY(1)~A(MU, )
CL,I)=CtI,I1)+«GQ¢1)2an¢()

GO To(12,14),1!

DO 17 I=1,NY

o 17 J31)NTH

UICT, DUl D+YTH(],di2800])
FOLLOWING STATEMENTS MaY BE REMCVECD FCIR NAVIOCUN'S HETHOD
GO T0(222,17),METH

00 223 K=zJ,'ITH

ZI(L, 00 K) 221010 X)*YTH({,J)uYTR(L,K)
OF PEMOVARLE STATEHENTS
CONTINUE

CONTINUE

GO TG(53053152)»ICOV

X1=1,

00 35 I=1.,NY
IF(C(1,1))52,5@,51
VEr,1)=sAm/c(l, D)

X1=X1/VI(l, 1)
F3z~,58AM8AL0G(X1)

GC TQ(32,25),11

AM2=2,/AM

00 26 I=1,nY

DO 26 J=1,NTH
FID=F(d)y~-uttl,dev(L, 1)
FOLLOWING STATEMENTS MaAY EE REMCVED FCR DAVIDCN'S METHOD
GO T0(224,24),4ETH

DO 22% KaJd,NTH
GlJIKI=G(J,KI=Z1(],d,x)av (I, 1)
OF REMOVABLE STATEMENTS
CONTINUE

GO TJ(32,63,65),1CQV

CAONTINUE

FOLLOWING STATEMENTS MAY Ef REMCVED FCR DAVIDON'S METHQD
GO TO(226,287)METH

02 64 I=1’NT“ ’

B0 64 J=I:NTH

G(1,J)=(6(],Jd)+AM2aF () aF(J)) /XY

QF REMQOVABLE STATEMENTS

DO 68 I=1,NTH

FOIY=F(ly/x4

139
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Go TO 32
65 CONTINUE -
¢ THE FOLLOWING STATEMENTS MaY BF REMCVED FCR NAYIDCN'S METHOD
GO TO(238,32),METH
208 DO 66 Kzi,NY
X1zAM2oV (K, K)oV (K, K)
00 66 I=¢,NTH
00 66 J=1,NTH
65 G(1,J)=G(I,J)eX18ULl (K, [)all(k,J)
¢ END OF REMOVABLE STATEMENTS

32 F7=F3
CALL PRIORC(ID)
RETURN

52 1LS=3
WRITE(6,280)

292 FORMAT(32HaSINGULAR DIAGINAL MAMEAT MATRIX/JI2F #atntanndaddnaddass
’ ZUnpennntnses)
RETURN
53 X1=2,
D0 54 I=1,\Y
54 Xi=X1+C(1,108V(I, )
GO TC(6Z,61.61),1C0V
Y] F3=~,58X1
GO T0(32,62),11
61 IF(X1)50,52,67
47 X2=zAMaFLOAT(NY)
AMZ2=z2,/X1
X1=X1/X2
F3z=,5aX22AL0G(XY)
GO T0(32,62),11
END
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¢ DECK 14
¢ SOLVES DIFFERENTIAL EGQUATIONS
SUBROUTIMNE DER(II,I1)

141

COMMON C(zv.za) G1(20,20)PSCA,GCZBs22)»F(22),Y(20)  EGY(22),FF(27)
1, TITLE(23),CUB(23) ,CLB(2),PRLEZB) NG, LCUT, F3,8TH,F6,F 7, METH, NP

2OMD:LS'C1(29)

COMMON/BONE/V(5:5),AY(5),YTR(5,20) ,A¢1¢2,13),1C0y,DET, [DER,M,NY,N&
COMMON/ZC/NX ) NB NTH2, ) NTHL,G0(12),F (1) ,FX(1E,10,FTH(12,28),8V(22,17
5):TIHE(122).IA(1@0)vFN(lﬁ)uXTr(’@oZZ)'XTkaiﬂ 22)

DIMENSION Q2(12),P1(12) ,XTTH1(12,

GO TOo(80¢2.,820,821),1]
831 READ(5,522)NX,NBY»B,NTH2
582 FORMAT(1415)
IDER=2
NTH2=NTH=NTH2
MTHL=NTHZ2+1
00 122 lag,NX
D0 121 J=mi,NX
191 FX(l,Jd)=g,
00 122 J=1,HTH2
a7 FTH(LI.J)s2,
ARITE(6,48)
48 FORMAT(47HZRUN EXP,
L=1
0O 43 I=1,NBV
READ(SDié)Jl(BV(X'K)UK:lIAB)
14 FORMAT(IS5/(8E12.5))
L2=L+J~1

NRITE(érﬁé)I;(BV(I,K),K=1;¥8)

56 FORMAT(1M213,23H
2)
READ(5,524)(TIME(K) » K=l ,i2)
581 FORMAT(8£12.5)
DO 45 A= L2
IA(K)=2

44 ARITE (R 47)K TIMEIK) , cA(K,J), o=l ,0A)
£/7(E47,6,

47 FORMAT(I11,E16,5,E22,56,5516,
DO 4% K=L,L2
IF(TIME(K))49,49,51

49 T1A(Ky=]

GC To 13

51 [A(K) =1

13 L=i2+1
READ(S,S521)(FN(IY,I=1,MNY;
EP2=,3E-5

EP«1=3,9EP2

CALL RUN(3Z,2)

CALL FUN(Z,2,:8.,2,)
CALL XTQv(z,2,8)
RETURN

Ju=11]

X
(]
[ ]

Wy XTH1L(13,23),01(12)

CBSERVATIONS)

8£l16.6))
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322
259
223

24

321
285

21z

228
212

[F(NTH2)421.422:401
NNES]

CONTINUE

I2=1A(11)
IF(12)231,7,2931

I1T=1

[3=12

GO TO(620,681),9d

DO 6022 [=31,NX

00 672 J=1,NTH2
XTH(IJJ)=Z.

CALL RUN(JJ12)

DO 222 I=q1,%MX
QC1)=BV(12,1)

CALL FUN(JJ,2,13,8,)
GO T0(38¢,123),LS
CONTINUE

W=, 1=aTIMEC(IL)

VZ:""‘"/ 20

Tzy

DO 234 1=1,NYX
QU1)=BV(12,1)+P (1) uN
P1(I)=P(1)

CALL FUN(1,1,I13,T)
GO TG(301,133),LS
CONTINUE

DO 225 l=1,%NX
QUII=BV(I2,1)+(P(L)+Pa(]l)Iny;
CALL FUN(1,1,13,T)
GO TO(325,123),LS
CONTINUE

SSai1=2,

SsQ=¢.

D0 227 I=g,nNX

QL1 =8V(I2,. 1)« (PL(1) 4P (1)) a\2
8§SG=3SQ+ABS(R1(I) -0l 1))
Q(11=(2,#Q1(1)«Q(1)) /3.
SSQ1=SSQ1+ABS(G(1))
A1=SSQ/S8Q1/EPY
[F(A1-1,)228,228,239
Wai/Alew 666667

DO 212 Ts=1,8X
P(1)=P1(])

GO TO 283

GO Ta(211,212).,JJ
CALL X1J

D0 213 [ai,HX

DO 213 J=z1i,NTHZ
XTHOT J)sXTHET ) *XTTH(I, v ) 3%
XTTHLC(T, J)=XTTHOT, J)
CALL FUN(JU,»1,13:T)

142
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231
211

GO TQ(EZZ:l@S).LS
COMTIMUE

CALL XIJ

DO 222 I=1,NX

DO 222 J=1,NTH2

XTHCOL, J) s XTHOI IS (XTTH(L ) -XTTHI(I, ) eV

ATHL(T,Jy=sxTTH(L, )
CALL XIJ

V3z=W/3,

PO 231 I=1,1X

DO 231 J=si,NTH2

XTHCI, ) aXTHEL pJI+(XTTHCL»Jd)=XTRLI» J) )8V

CALL XIJ

CALL FUN(¢(1,1,13.T)

GO T9(7,123),LS

T1=T
IF(TIME(I4)Y-T)420+,433,18
U3

GO T0(25,29),1T
[F(SS2)26:32426

Wz W+

GO TQ 25

A= (BCT2#5501/S3Q)#+.333332
W AMAXL (W, TIMEC(ID)». 2210
TaT+W

1T=2

Al=TIME(I11)~T
IF(A1)27,28,28

T=TIME(IY)

A=T-T1

V2=,58)

Al=V2/y)

AViz-~Alsy

AVsd-AVy

BET=W/3 /70 +H)
BETizlu-BET
BET2=3,#EP2u(UshW)Byrar

DO 1 I=1,N¥X

Q1(l)=Q(1)
GCIY=Q(I)+AVaP () +*AVLsPI(])
Pichhi=pP(])

CALL FUN(1,1,13,T)

GO T0(333,123).LS
CONTINUE

SSQ=72.

55Q1=2.

DO 4 TI=1,N¥X
QL(Ii=91(1)«(PL(I)+P () )aV2
SS=SSQ+aBS{AL(I)~a(I )N
QUI)=BET«Q(I)+BET1a31¢(1)
IF(ABS(Q(I))=FN(1))4,4,52

143
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4 SSQ1=S5Q4+ABS(Q(I))
CALL FUN(JU,1,I3,T)
GO TO(324,123),LS

384 CONTINUE
GO T0(7,6),Jd

6 DO 8 I=1,NX
DO 8 J=1,NTHZ2
XTHLC(I, J)sxXTROT JI+AVaXTTREL, ) +AVLI#XTTHL(I, J)

8 XTTHL(I, J)=XTTH(T, )
B0 9 I=1,NX
D0 9 J=1,NTH2
AL=XTTH(I,J)«FTH(I,J)
D0 12 K=1,NX

19 ALzAL+FX(],KY#XTHI(K, J)
AlzXTH(]I,J)y+AlaV2

o SSQ=SSA+((AL=aXTHL(T »J))BFN(]))#a2
XTH(I,J)2BEToXTHL(T,J)+BETLwAL

c SSQ1=SSQL+(XTH(I ,J)#FN(]))neug

9 CCHTINUE
cal XtiJd
GO Tg 7

427 CALL XTAy(1l,I13.11)
RETURN

52 LS=2

123 RETURN
END



T 1999 145

¢ DECK 17

¢ KNQWN IMITIAL CONDITIOHS
SUBROQUTINE RUNCII,I18)
RETURN
END
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¢ DECK 19
s THIS IS MODEL 3
SUBROUTINE FUN(I!»JJ,18.T) 4
COMMON £(22,22),61(23,22),PSCA,G(20,28),F(22),Y(22),EGV(20),FF(27)
1'TITLE<2@>aCUB(Z@),CLB(ZZ)vP“L(ZQ):thuvLCUTvFSDNTH:Fé;F7:METHoNPH
ZDMUaLSoCI(Zﬁ’
COMMON/BONE/V(5,5),0Y(5),YTh(5,22),A¢102,183),1C0V,0FET, [OER,M,NY, NA
COMMON/C/NX ,NB,NTH2, NTHL,GC1g ) ,Fl1d) ,FX(4c,12),FTH(L1E,22),8Y(22,1¢
5)oTIMECLI22), TACLEB) »FNCLE) o XTR(19,22),4ATTH-(12,28)
GO TO0(31,1,2),11
2 FX(1,2)=0,
FX(i.S):g.
FX(2,1)=2.
FX(3,2)=rp.,
FTH(1,2)=3,
FTH(1,3)=3,
FTH(1'4)33|‘
FTH(2,1)=7,
FTH(2,3)=3,
FTH(3,4)=3,
RETURN
PlL)=-C1(L)#3(1)
P(2)=C1(2)aQ(3)~Cl(4)s5(2)
PI3)=CL(1)#Q(L)=(C1(2)«C1(I))»Q(3)
GC T0(3,4),11
4 X(1,31)==C1(1)
FX(2,2)=aC1(4)
FX{2,3)=c1(2)
FX(3,1)=¢1(1)
FX(3,3)==(CL(2)*C1(3))
FTH(L,1)=2-Q(1)
FTH(2,2)=20(3)
FTH{2,4)2~Q(2)
FTH(3,4)=0¢(1)
FTH(3,2)=-0(3)
FTH(S'S)a-Q(S)
3 RETURN
END

1>
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¢ DECK 22

z OBSERVED = STATZ VARIABLES
SUBRQUTINE XTOY(II,IB,I1) _
COMMON C£(27,22),61(2%,20) RSCA,G(Z20,22),F(20),Y(20),EGV(28),FF (20!
1o TITLE(2¢) ,CUB(20),CL8(22) »PNLL22) ) NCCHL, LCUT,F3sNTHF6,F7,METH, NPH
2:MD,LS,C1(22)
COMMON/BONE/V(5,5),3Y(5),YTH(S,20),A(148,10),1CoV,0ET, I0ER,M,NY,NA
COMMON/ZC/NXINB ) NTH2 NTHL,GUA2)»Fl10) ,FX(12,42),FTH(10,29).8V(22,172
5), TIMECLAZ) s TACLB2) »FN(12) s XTR(12,22),ATTH(12,20)
GO TO(1,1,2),11

1 DO 3 I=1,NY

3 Qy¢ly=qQeyy
GO Ta(2,4),11

4 DO & I=1,Ny
DO 8§ J=1,NTH

5 YTH(I:J)SXTH(I;J,

2 RETURN
END
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¢ DECK 15

¢ CONSTANT PRIQGR DISTRIBUTIO!
SUBRAOUTINE PRIOPuI)md
RETURN
END
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o DECK @5
¢ LOWER AND UPPER BOUNDS Q04 PARAMETERS
SUBRQUTINE BOUND(II,H) :
COMMON €(27+22):,G1(23,22)PSCA,G(Z:222),F(22).,Y(2¢),EGV(208),FF(20:
L,TITLE(23),CUB(22),CLB(24 )nPhL(cﬂ),NCCw:LCUT.FS;HTﬂ-Fé,F?.METHoWPH
2:MD,LS,C1L(2D)
GO T(1,1,2,3:3,44,43),11
44 DO 45 [=1,NTH
45 PNL(I)= 1#PNL(T)
RETURN
1 DC 4 T=1,NTH
AA1=Ci(I)-cLB(])
AA2=PMNL(1)/4AL
AAZ=CL(I)-cUB(])
AA4=PNL(1)/7AAT
F3=F3~AA2+4AA4
GO TO(4,5),T11
AA2=AAZ/ ALY
AA4=A4L47AA3
FCOLY=F(ly+pAA2-AA4
¢ THE FOLLOWIMG STATEMENTS MAY BE REMCVED FCt DAVIDON'S HETHOD
GO TO(138,4) METH
187 G0, i)=G(],1)+2.9(A44/A03~ AAz/AAl)
C END OF REMOVABLE STATEMENTS

Uy

4 CONTINUE

RETURN
2 READ(S, 6)(CL8(l)c1-~.NTHJ
6 FORMAT(8EL2

REAn(?J:é)(CUB(I)(I'-'lg:\ITH)

D0 28 I=1,NTH

IF(C()=-CL3¢1))21,21,23
21 IF(C21(1))25,26,27
25 CLE(I)=120,»*r1 (1)

G2 T2 23
26 CL3(I)=C1(1)=1,212

GO T) 23
27 CLatir=2,
23 IF(CitI)-CcuBtl))20,22,22
22 [F(C1(1))28,29:24
28 cugtir=ga,

GO TO 20 4
29 CUB(1)=C1(1)+1,E17

GO T3 22
24 Cuplll=1zg,.+CcL(
23 CONTINUE

DO 8 I=1,NTH
8 PNLOI) =, 2C0LoAMINL(.322+AB3(C1C1)),CuB(I)~-CLB(I))

WRITE(6,238)(1,CLBUD),cus(D) L), I=1,NTH)
38 FORMAT(AQHAPARAMETER LOWNER BCULNEC LHFER BOLND RENALTY COEFFIC

2IENT/(14,2E16.6,E22.6) )

NCON=z2#4NTH
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RETURN
k1 HY=C,
DO 7 TI=1,NTH
7 HYSAMINI(Y (DI /Z(CL D = (D)) , Y1)/ (Ca () =CUBCI)) ,hY)

IF(11-5)42,41,43
42 H=AMINL(1.,-,5/A4Y)
RETURN
41 H==1,/HY
43 RETURN
END
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¢ DECK 12
¢ QUTPUT FOR MAXIMUM LIKELIWOGD PRCBLEMS
SUBROUTINE JUT ‘
COMMON C(20,2@),61(20,22)»RSCA,G(Z0+28)F(2C),Y(20) EGV(22),FF(27)
1ATITLE(23).CUB(ZQ)chE(ZS)1PhL(23)'hCCU:LCUT:F3:N7H1F6.F7nMETHa”PF
2'MD,LS.C122)
COMMON/BONE/V(5,5),3Y(5),YTh(5,28),A¢1:2,14),1C0y,DET, [DERJMyNY,Nx
EQUIVALENCEL(L,NTHY, (N, NY)
DO 5 l=1,NY
DO 8§ J=I,NY
C(ItJ)=z,
ARITE(6,3)TITLE,MD
FORMAT(LHL123A4/4H20MI0EL15732FZRESIDLALS (COMPUTED~QRSERVED) /)
DO 1 I=t,M
CALL DER(4,1I)
D0 2 J=1,NY
2 Fedd=QY(J)=A(l,J)
00 & K=1,NY
DC & J=zKk,My
DB, D) =CUK, JY+F (O aF ()
WRITE(S,4)1,¢(F(JYr»u=1,NY)
FORMAT(15,7E16,6)
DO 7 1=2,Ny
00 7 J=2,1
7 Cll,J=1)=C(Jdm1, 1)
ARITE(5,8572)
852 FORMAT(///31H4 COVARIANCE MATRIX OF RESICUALS/)
TEAMAXL(L ., ,FLOAT(M)~FLOAT(L)ZFLCAT(NY))
DO 852 Ia1,N
DO 853 J=1q,N
853 C(I,U)=C(l,0)/7
852 WRITE(6,37)(C(1,J},d=1,)
DO 854 l=1,N
854 Y(1)=SQRT(C(1,1))
WRITE(6,355)(Y(1),]=
555 FORMAT(///33H STANOA
ANY=zNYaM
TET/FLOAT (M)
X1=F3-F7
GO 70 (B4,412,80)-1Cqv
417 X==1,41863858ANY~DETer3
H1=EXP(=2,/7ANYsF?) /T
HzANY®Tay1
GQd 7o 82
81 H==2,8F7
HizH/ANY/T
X=2=,9189385#ANY~DET+F3
G0 79 82
8¢ A=F3-ANYa1,4189385
AzFLOATINY)#ALOG(FLOAT (1)) =2 #F2/(FLOAT(M))
H=EXP(H)

[y
(2]

W W,

SO

1.0
RO DEZVIATIONS OF RESICUALS//(T7E17.5))
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82 X2=X-X1
WRITE(6,122)XsX2,X1
122 FORMAT(14g4H1L.0G PROBAZILITYEL7,7/18H2LCG LIKELIHCORELR,.7/12HELOG PR
2I0RE23.7)
GO T0(84,84,83),1CqvV
84 WRITE(6,385)H,H1
88 FORMAT(I7HeAEIGHTED SuyM OF SELARES CF “ESIDUALSEL7,7/729HZCOVARIANG
2E MATRIX MULTIPLIEREL7.7/7)
GO T2 86
83 IF(NY-1)8&7,87,88
87 WRITE(4,809)H
89 FORMAT(28HASUM OF SAQUARES AF RESICUALSEL17,7/7)
GO T 8%
88 WRITE(6,97)H
93 FORMAT(42HADETERMINANT CF MCMENT MaTRIX GF RESIDUALSEL17.777)
86 WRITE(6,28)(C1(I)»1I=1,)
28 FORMAT(11H PARAMETERS//(7EL7.4))
& THE FOLLOWIMG STATEMENTS MAY EE REMCVED FCR nAVIDON'S METKOD
GO TO(322,301),METYH
I3 DO 429 l=1,.
00 422 J=1,.
C(I’\J):Qc
DC 422 K=1,.
420 C(1,0)=C(1,d)+GLlT,X)aG1(  ,K)/Z(ABS(EGV{K) Y +1.2~28)
GO 70 323
C END OF REMOVABLE STATEMENTS
331 00 332 1=4,L
00 322 J=1,L
322 C(l,d)=G(¢1,J)
323 00 4s I=1,L
45 Y(I)=SQART(ctl, 1))
HRITE(éldé)(Y(I)]I=llL)
46 FORMAT(///734H STANDARD DOVIATIONS OF PARAVETERS//7(7E17.,6))
WRITE (6,33)
33 FORMAT(///7324 COVARTANCE MATRIX OF PARAMETLIRS/)
D0 39 I=1.L
39 WRITE(6,37)(CC1,J),d=1,L)
37 FORMAT (/7EL7.6/C7EL7,6))
CALL EIG(NTH,2)
ARITE (6,282 (CCI ) 1=1,HTR)
373 FORMAT(//34H2EIGENVALUES CF (CCRRELATIC HMATRIX//(7E17.8))
WRITE(6,201)
28L FORMAT(//21H2PRINCIPAL CLMRCAEANTS/)
00 292 I=s1,NTH
232 MWMRITEL(6,37)(6L(Jy 1) d=1,8TH
DC S92 Is1,NTH
EGV(I):@,
YOI =SQRT(C(TI, 1))
00 542 J=1,NTH
527 EGV(I)=ggV(1)+G1l(J,1)al1()
WRITE(6,531Y(EGV (L), 1=1,:1TH)
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501 FORMAT(//16HPEXPECTED VALULES//(7E17.8))
WRITE(6,522)(Y (1), I=1,8T)

532 FORMAT(//20HBSTANDARD DEVIATICNS/Z/(7E17.6))
RETURN
END
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¢ DECK 24
r COMPUTES SCALED EIGENVALUES ANC VECTORS
SUBRAUTINE EIGIN,I[])
COMMGN A(22,22),V(22,20),P5Ca
QIMENSTION SCA(22)
PSCA=2.
IF(N=-1)127,127,128
127 GO TO(123.139).II
129 V(1,1)=1,
RETURN
1g8 VN:Z.
Suv1=2,
DO 22 I=1,N
IF(ACT,T1))494,128,121
120 SCa([)s=si,
GQ TQ 22
181 AL=ABSCA(I,I))
SCA(I)=1,/5QRT(AL)
PSCA=PSCA+ALOG(AY?
00 122 Jsi, M
AlT,J)=A(l,J)»SCAC])
122 ACU,10=A(Ll, )
ACl,1)=A(l,1)=SCAC])
22 CONTINUE
0O 1 I=2,M
DO 1 J=2,1
b SUML=SUMLeall,Jd-1)»A(1,J-1)
SUM1=SQRT(2,8SUML)
SUME=SUM1/13,E7
GO T2(32,31).1!
31 0C 32 I=1.N
00 53 Jd=1.N
5d VI1.,J)Y=2,
32 VI, 1)=1,
33 IN=Z
[F(N=-1)18,17.,18
18 SUML=AMAXL (SUME,SUML/YN)
16  CONTINUE
D0 3 U=2,N
Ji=J-1
DO 3 1=1,J1
IF(ARS(A(¢],J))=5UM1)3,3,4
4 IN=z1q
Yiz~A(],J)
Y2=(A(IJI);A(J9J))/2-
OMEGA=Y1/SART(YLa®#2+youu2)
OMEGA=0MEGA®SIGNIL, ., Y2)
Y1=0MEGA/SGQRT(2.+2,#3QRT(1,-CNECA®®Z))
BBi=zYiawsp
BBZ=1 -"881
Y2=SQRT(8B2)
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12

21
15

14
17
1324

DO 5 K=1,N

[F (K-1) 6,5,6

IF (K=J) 74547
Y3IzA(K, ) #yY2=mA(K,Jd)®YY
ACK, JY=A(K, [YaYLeA(K, J)aYZ
AtK,[)=Y3

A(J!K)zA(KnJ)
A(IlK)sA(KpI)

CONTINUE
BB3=2.aY1ey2eA(],J)
Y3zA(1,1)#gB2+A(JrJ)aRB1~ERZ
Ya=zA(l,])#8B1+A(JrJ) 882 +EB3
ACT,d)=(ACT 1) =ACd,d))nY18Y24A(], )% (BB2-EBY)
ACUr1)=A(Tl, )

A(Ill)=Y3

ACJ,J)=Ya '

GO T0(3,29),11

C0 12 K=4,N
Y3zV(K,[)ay2aV(K,UseYy
VIK,J)sV (K, T eY1eV (K, g)=VYe
V(K,1)=Y3

CONTINUE

IF (N‘E) 17017121

IF (IN=1) 14,15.,15

IN=2

GO TO 16

[F (SUM1i-SUuME)17,17,138

GO T0(133,1724),11

00 125 1=1,N

DO 125 J=1,N

VI, Jd)=y(l,J)®SCA(D)
RETURN

END

155
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0 DECK 22
¢ MATRIX OPERATIONS FOR DECK 14

| o

SUBROUTINE XIJ :
COMMON C(20.,20),61(20,20)PSCA,C(Z2:28),F(20),Y(20),EGYy(22),FF(22)
1,TITLE(2Y),CUB(22),CL8¢20)FNLL23) ,NCCNHLCUT,,F3)NTH,F6,F7,METH, NPH
2:MDLLS,Ce(23)
COMMON/BONE/V(5,58),02Y(5),YTK(5,22),A(102,13),1C0V,DET, [DER,M,NY,NA
COMMON/C/NX  NByNTH2, NTHL,G6(12),PC10) ,FXC1E,10),FTH(12,28),8V(202,12
5),TIME(122), TA(L120) »FN(13) 2 XTh(10,22),XTTR(14,22)

Do 1 I=10NX

D0 1 J=1,NTH2

XTTH(L,J)=FTH(T,J)

00 1 K=1,NX

XTTHCL,J)sXTTHU L g ) +F XL, KYaXTH(K,J)

RETURN

END



