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KINETIC MODELS FOR COAL LIQUEFACTION

Introduction:

During the past decade numerous efforts have been made to eﬁaluéte and
model the kinetics of ecoal liquefactlon. Tonor solvent liquefaction of cpal
occurs through a serles of steps that start with the scission of weaker bonds
within the coal structure, resulting in the formation of very réactive |
fragments. Hydrogen transfer from the donar solyent and the hydroaromatic
portions of the coal stabllizes these reactive fragments. Additional bond
rupture and hydrogen transfer causes these intermediates ro react further to
form molecules with a wide range of molecular weights.

The process of coal liquefaction depends mot only on ovperating parameters
such as the nature of solvent, temperature, and pressure but alsc en the
nature and rank of the feed coal. Therefore, the models develcped for a
particular coal do not have universal applicability. 1In attempting to nodel
the kinetics of coal liquefaction, we needlinformation on the possible

reaction networks and asscclated rate constants and products. In this report,

we will briefly summarize the information on product characterization and

reaction networks before presenting the relevant lumped kinetle or statistical
models for coal liquefaction.

Product Characterlzation:

One of the major difficulties associated with coal liquefaction studies
is the characterization of the products of liquefaction. As coal is a
heterogeneous mixture, its liquefaction gives numerous compounds. Since the
stoichiometric relationships are not well understood, kinetic modeiing
involving individual reactlon steps 1s impossible.

In the past, kinetic modeling of petroleum refinery processes has been

carried out based on lumped fractions containing chemical specles of similar
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activities. The approach in kinetic studies of coal liquefaction has been to
. group the products into.'kigepically similar" classes based on separation
techniques. Most of the studies {(Neller et al., 1951; Fglkum and Glenn, 1952;
Pelipetz et al.;;1955; Ishii et al., 1955;‘Hi11 et al.,, 1966; Curran et al.,
1967; Struck et ai., 1969; lLiebenberg and Potgieter,‘l9?3; Yoshida et al.,
1976; Squires, 1976; Farcasiu et al., 1976; Brooks et al., 1976; Cronauer et
al., 1978; Shalabi et al., 19?9; Abich;ndani et al., 1982) have classified the

products by thelr solubilities or the extractive fractions, The commonly used

definitions
Oils: ‘ Soluble in pentane (or hexane)
Asphaltenes:  _ Solublelin toluene (or benzene)
Insoluble in pentane (or he#ane)
Pre-gsphaltenes: Soiuble'in tetrahydrofuran (or pyridine)
Insoluble in toluene (or beqzene)
Unreacted Goal - Insoluble in tetrahvdrofuran (or’pyrid%ne)

In this characterizat;on technique, no distinction is made between the
solvent initially present and the pentaﬁe-solublg products, In the
lite:ature, there 1s no uniformity in the definit;on of the_varioug lumpeq
groups. For example, the unreacted coal 1s defined as berizene insPlub1e by
Weller et al. (1951) and Hi;l et al, (1966), as xylenol_insolubles by Cgrrap
et al. (1967), and as tetrahydrofuran insolubles hy'Shalahiret al. (19??),_v1n
addition, the produd; characterization has also been done on the basis of
chromatographic analysis (Whitehurst et al., 1976, 1977; Prather‘et_a}.P 19?7;
Hathaway et al., 1978; Petrakis-et al.,, 1983,b) and distillarion fractions .
(Shah et al., 1978 and Brunson, 1979). The reaction products are dis;ilied?
under vacuum and cuts are taken between different temperatures. Shah gt‘a1f

(1978) have grouped the products as light gases (Cy~C,), naptha (Cy=477K),
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" furnace oil (477-616K), heavy oil (616+K), and solveat réfinéd‘coéiﬁ(ﬁdn—‘
distillables}. Recently, Petrakis et al. (1983 a, b) have analyzed the SéC*II
heavy distillate fractions using liquid chromatography. They separated the
SRC-11 heév}”distillate into nine fractioms, each consisting.of chémitélly
similar compounds. These fractions are labeled as s£rong, wéak;‘ahd very weak
basés; stfbng; weak, and very weak ;cids; ﬁeuéral oils: neutral resins; and’
asphalteﬁeé. They characterized these fracrions in detail by‘elémenfal

'analysisn(HNMR at 89 and 600 MHZ, 1JCNMR, IR, mass sPectfomeEfy, vapé;'ﬁhaSe
osmometry, and other techniques). The results were used to postulate the
molecular structures of each fraction. Some investigators (Farcasiu, 1577 énd
Knudson et al., 1977) have also used gel permeation chromatography for this
purposae,

'In addition to the difféerences in the method of characterizing bfdéﬁcts,
there is an a&ded problem that evén'éata obtained by appareﬁtly identical
.méthods may'not'be cbmﬁarable. Ruberto and Cronauer (1979} have shown tﬁat
the séquénte {n which the vafiods:éolﬁenté.are used affects the final weight
fraction of the proddcté.v In 1igﬁt of these differéﬁées; agreeﬁeht in the ;
kinetic data reported by various authors seems‘unlikely.“'lf-ﬁgé chemical
cbﬁpoéition of oils, aéphalﬁénes, and preasphaltenes as reported by the
various investigators is not the same then the comparison of kineéié:dataror

" any kiﬁetic model developed therefrom are méaningleéé.

“These questions were partly answered by the work of Aczel et al.‘(1976j,
who ahalyzed various SYNTHOILL products using.the same anél#tiéai:techniques
such as splvent'éxttaétion; l1iquid éhromatography, and §ariouslépeét£6séopic
tecﬁhiques. _Their results {ddicate that when a coal 1s liquéfied by a .
pértitular process and the ﬁrbduéts'afe analyzed by the same technigque the

quality of corresponding lumped fractions (oils, asphaltenés5:pfeasphaltenes,
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and unreacted coal) is very similar. Therefore, these lumped fractlons can be
used ro model liquefaction reactions and estimate rate parameters.

Mechanism of Cpal Liquefaction:

Numerous efforts have been made to obtain an ies;get Ento the meehanism
of coal liquefactioh.. Whiteﬁerst et ;1.‘(19?7) have-postglated a conceptual
pleture of coal dissolution wherein weak eonds (activation-energy < 210
KJ/mol) are broken at low temperatures (< 573K), and extracts up to 40 = 50%
of bltuminous coals are obtained. As the temperature is inc1eased, free
radicals are formed; If hydrogen is available these free radicals combine
with hydrogen to vield stable species with molecular weights in the range of
300 to 1000, If hydrogen is unavailable, retrogressive reactions occur
resulting In the recombination of fadicals to forﬁ higher moleeular weight
compounds and coke. .Selvent, cnal; solvent refined coal; reslidue, and
hydrogen gas can donate the hydrogen to free eadicals. Whitehurst et al.
(1977} have suggested that mnlecular hydrogen cannot directly supply hydrogen
to free radicals, and its chief role is to rehydrogenate the spent donor
solvent. Solvent, coal, solvent refined coal and residue can contribute
hydrogen through hydroaromatic dehydrogenation, aromatic substitutioa, and
char formation. '

Han and Wen (1979) have proviaed_a mechaeiem which depends on EEe
reaction time, .In~the initiai step, coel produces free radicals by undeegoing
fast thermal reactions. These free radicals are stabilieed by the hydrogen
present ia the coal itself, In a few minutes this reeceion.etage is
completed, and preasphaltenes are produced as the main eraduet. This process
is called autostabiilzation., Preasphaltenes are light moleeular weight
compounds containing polar functional geeups. Asphaltenes and.oils are formed

in the second stage, which requires a long residence time. Asphaltenes are
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mostly ﬁono—and di-aromatics whereas the oils aré mostly saturated
hydrocarbons.

Tschamler and DeRuiter (1963) have proposed that coal is a matriz of
large, strongly linked micelles that contain intimately associated, smaller,
less strongly bonded micelles that are normally frappéd within the coalAmatrix
unless it is swollen by a solvent. Both types of wmicelles are a continuous
series instead of single discrete classes and can be prog;essively dispersed
in a suitable solveat by an increase in temperature. Thus, dissplution occurs
by remaval of colloidal size units directly from the coal matrix.

The process of‘direct coal liguefaction is affected by various parameters
such as, (1) physlcal properties of coél, {(11) coal rank and petrography,
{(i1i) coal pretreatment, (iv) solvent, {v) hydrogen preésure, and (vi)
catalytic effects. These effects are cqnsidered in a separate report, "Role
of catalysts and hydrogen donﬁr solvents in direct coal liquefaction.” This
present report specifically deals with the kinetic models proposed for the
direct liquefaction of coal,

Kinetic Models for Domor Solvent Coal Liquefaction:

Most of the studies reported in the literature evaluate kinetic models
using different fypes of reacting specles. A summary of relevant kinetic
studies reported in the literature 1s shown in Table I-4, Kinetic models
proposed in the literature can bé grouped into three classes:

l. FRate models | |
2. lumped models
3. Gor}elation models
Historlcally, all the initial models proposed for coal liquefaction can

be termed as rate models. These models correlate the fractlicnal conversion of



coal with concentrations of unconverted coal, kinetic parameters, and time. -
Table I=-4 also includes a summary of the rate models.,

The models of Oele et al. (1951), Hill et al. (1962, 1966, 1974), Wiser
and coworkers (1968, 1971), and Curran et al. (1966) are all simple models,
and they represent the primary reactions of coal dissolution in the presence
‘of excess donor solvents. These models fail to provide information about the
effect of operating variables on the yields of various molecular wéight
fractions from primary as well as secondary reactions. '

Neavel (1976) reported that when a highly volatile bituminous coal is
rapldly heated 90% of the coal Is converted to pyridine solubles Iin the
presence of tetralin. FHe also found that the initial conversion of feed coal
to asphaltene is high when naphthalene and dodecane are ﬁsed as solvents. In
addirion, at longer times, some of the asphaltenes (benzene solubles) were
reconverted back Into benzene insolubles. Thig is probably due to
retrogressive reactions. On the basis of these results, Neavel (1970)
postulated the following mechanism for donor solvent liquefaction. At very
short times, the coal structure is fragmented due to the sciséion of weak
bonds leading to the formation of lower molecular welght products. The
fragmented particles are then subsequently dispersed in the solveat vehicle
and undergo further reaction. At short contact times, the nature of the
solvent does not‘have an effect on the coal liquefaction product as hydrogen
can be transfered from the hydroaromatic portions of the coal to locations of
bond rupture. At larger residence times, a good donor solvent acts as a free
radical terminatof and does not allow the ratrogressive reactions. 'Although
Neavel (1970) did not provide a kinetic model, his study at short contact

times hasg provide& critical experimental evidence of the mechanisms operating

during donor solvent liquefaction of coal. Whitehurst and coworkers (1976,



1976, 1977) have studied coal liquefaction with several coals in a varlety of

solvent mixtures at a wide range of contact times both {n the presence and

absence of gaseous hydrogen. Guin et al, (1976}, Kang et al. {1976},

langanbach et al. (1976), Mitchell et al. {1976}, Anderson and Kang {(1978),

and Walker et al., {1977) have reported the occurrence of retrogressive

reactions under certain conditlons of liquefaction.

All these studies have guided coal liquefaction reactien modeling from

the simple rate models to the lumped kinetic models. The basic features of

this development. ate:

1.

At an? given temperature, the conversion of coal to pyridine-

soluble products reaches a maximum value. Although the reaction
is not consldered to be truly revefsible, this maximam convérsion
has some of the characteristics of an equilibrium value. This
value increasas with increasing temperature untll a certain
temperature is reached. Above this temperature, retrﬁgressive
reactions are deminant., Tn additionm, wiéh increasing
temperature, the time necessary to reach this equilibrium value
decreases.

At ﬁery short reaction times, there are a large number of
intermediates formed. The formation of these intermediates is
independent of whether or not there is any gasaous ﬁydrogen
prasent and 1s also independent of the nature of the solvent.
This indicates that these intermediate forming reactions are
wholly thermal in mature. During this step, it 1s only necessary
for the solvent to be capable of transferring hydrogen to the
hydrogen=lean from the hydrogen-rich parts of the coal. This

hydrogen transfer is necessary when dlrect interaction batween
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hydrogen-accepting and ﬁydrogen-donating coal fraéments is not
possible.

3. At intermediate and long contact times, the nature of the solvent
becomes importaut because the intermediate species formed attempt
to stabilize themselves by combining with other free radicals or
atoms; thi# results in the termination of their free radical
state. The quality'of the donor solvent affects the relative
rates af the progressive and retrogressive reactions. Geod donor
solvents such as Eetralin enhance the relative rates of the
progressive reactions while poor doner solvents such as
napthalene promote retrogressive reactinns.

Based on these Facts, efforts were made in the past to propose lumped
kinetie models based on différent reaction schemes. These lumped kinetic
medels are discussed in detéil in the next secticn.

Lumped Kinetic Models:

One of the earlier attempts at lumped parameter modeling.was by Weller et
al. {1951). On the basis of thelr studies in the absence of a solvent or
liquid vehicle, they proposed the following mechanism for coal liguefaction:

Goal » Asphaltenes » Ofls |
They monlitored the product solubilities in benzene and hexane to measure the
convers;ons of the reacting species. The two reactlons (Coal + Asphaltenes
and Aspﬁaltenes + 0lls) were fouﬁd to be first order with respect to coal and
asphaltenes,Irespectivély. This model did ﬁot take into account all possible
reaction paths and oversimplified the problem by classifying the wide range of
molecules into only three separate groups. Although the assumption of ail
being only a seccndary product of coal liguefaction was later shown to be

incorrect by Neavel (1976), the above model provided a direction for lumped




kinetie madeling of donor soivent‘iiduetaccion.“ Since then, many attempts
have been made at similar types of modeling, as shown in Table I;A. Some of
the most recent studies are discussed below.

Cronauver and Ruberto (1979) have reported kinetic data on,the
liquefaction of a Belle Ayr mine subbituminous coal and Burning Star mine
bituminous coal (Seam number 6) using hydrogenated anthracene oil (HAQ),
hydrogenated phenanthrene (HPh), and anthracene oll (AO) as solvents. They
found that for the Belle Ayr coal the percentage solvation of coal as well as
the yield of cils increased with the increasing hydrcgen content of donor
solvent. Due to retrogressive reactiOns, they observed a negative yield of
olls at low space tlmes when unhydrogenated anthracene oil is used as a
solvent at 723 K. Very 1itt1e reaction to form oil 15 indicated by the high
yleld of asphaltenes and Preasnhaltenes‘at allvspaee times. At long space
times, the liquefaction of Belle Afr-coal with hydrogenated'anthracene oil at
743 ¥ resulted in the formation of coke, indicating dominant retrogressive
reactlons. For Burning Star eoal, the perCEntage solvation is lower at 733 K
than at 723 X in the presence of hydrogenated anthracene ¢0il. The yleld of
olls at 733 X is agaln negative at short space times using hydrogenated
anthracene ofl., As explained before, this is due to the retrogressive
reactioas resulting in the formation of polymeric material. Croneuer and
Ruberto (19?9) ‘correlated their data for the liquefaction of Belle Ayr coal in
the presence of hydrogenated anthracene and hydrogenated pnenanthrene and

presented the following kinetic model

Gases

Coal A¢Preasﬁhaltenes

v

0ils —— asphaltenes




Assuming all reactions to be first.order, the above model was found to
fit the data well for all space times in the temperature range of 673=723 K
and for shart space times at 733 K and 743 K. Cronauer and Ruberto (1979)
have also reported good agreement for the various lumped fractions in the
reaction network. The model proposed by Cronauer and Ruberto (1979) is
incapable of predicting nepative oil vields. Figure I-3 indicates-that the
soluble portion of coal variés with the nature éf the solvent. For a given
coal-solvent system {at a fixed pressure and température),-an equilibrium
concentration of inscluble organic matter seems to exist, Morita et al.
(1976} have reported the inhibirion of solvent by coal during liquefaction for
some Indoneslan, Jaﬁanese, and Australlan ccals. Though‘the ranks of thg
various cpals and nature of the solvent are not well characterized, the above
authors indicate that during the reaction of coal in the.presence'of a HyMoO,
catalyst at a temperature-at 723 K thé amount of-oii‘preéént dropped’to half
its Initial value, after which it began to=inérease} fhe formation of-coke
and resin type materlal exhibited a maximum during this time. These authors

have proposed the following model to explain their data:

where C, ‘A, 0; .D;-and E represent the coal, asphaltene, oil; resin, and coke-
fractions, respectively. This mechanism 3 a modifled version of a model put-:
forth by Cronauer.et .al, (1978). The reactions oils + vresins -* coke are’. ..

additionally included in the reaction network proposed by {ronauer et-al. '
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(1978). When the direct formatioen of o0il from coke is naglipgibdble, the modgl
sinmplifies to an exténéion of the model of Weller et al. (1951).

Receﬁtly, Abichandani et al,. (1982) .have proposed a more sophisticated
model and have fitted the data reported by Cronauer et al. (1978}, - On the:
basis of the observed behavior of coals during thermal liquefaction, the

following model is proposed:
.Coal (C) + 0il * Coal (C*)

0lls + (ases

,aﬁi:::::::::$iiii:::::i::::-

- Asphaltenes -= »Preasphaltenes

& \Eils/

Asphaltenes $* :rPreasphaltenes

In this model, a retrogressive reaction (coal + oll + more reactive coal) is

assumed,.and it accounts for the negative ylelds of oils in the initlal stage
of dissolution. Apart from preasphaltenes, they assume one .more product of
liquifaction which is insoluble in pyridine (or tetrakydrofuran). Due to the
lack of a suitableagolvent, this reactive coal cannot be experimentally
{solated and is therefore grouped with the less reactive cosal, With the

assumption of such a reaction, swelling of coal at low space times and a
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sizable increase of the viscosity of‘the reaction slurf; duringltge-ihitiél
stages of liquefaction can be explained. 1In addition, fhe exiséeﬁcé-;f a
ret?ogressive feaction explains the increaselin the yield of oillwheﬁ solvents
of increasing hydrogen donor capaéi;y are used. 7

Shalabi et al. (1979) tested four reactidn networks to Fir their;
eiperimental data obtained for a higﬁly Golatile tyﬁe-A.bituminous coal froé
the Madisonville #9 seam, Fles Mine, Kentucky in thé'fempefature r;nge of 623-
673 K. They concluded that a éix parametér mﬁdél‘best:fitﬁed thelr Hata.
However, three of these rate parameters did not follow Arfheniﬁs—ﬁype
temperature profiles. This model is essentially a modification of the
mechanism of'Cronauer et al. (1978), and it contains the.reactién of
preasphaltenes to oils and gases. |

Shah et al. (1978), have ta%en a somewhat different approach to the
modeliné of the reactions. The products of éoal liquefaction are ciassifiéd
according to their boiling range.as shown below:

Inorganic Gases

Light Hydrocarbon Gases« Caeal — »Furnace 0f l~————p Naptha
/ \(477{616 K . (C4=477 K)
Water Heavy Fuel 0il
‘ {616 K +}

This model was shown'to correlate the déta well for,fhe 1i§uefacbidn‘af
-subbituminous Wyoming coal. This model assumed that w%téf, light hydfoca?bon
-gases, and inbrganic gases come directly from coal. -Tﬂié model fgndred ﬁhé
chenical identity‘of tﬁé ﬁoiecﬂléé and classified the reéctive'speciéé bnuéhe
basis of the physical property. Though this 1s not a true kineﬁié model,‘Such
models have been successfully employed in modeling the craéki-ng of kéeérol’éum

fractions (Néekman.and Yace, 1970}, Theée reactions were thermal in nature as



indicated by the high activation energies ¢btained for various primary
reactions (Shah et al., 1978).

Recently, Singh et al. (1982) have proposed a lumped kipetic model for
the liquefaction of coal 1n the SRC-II ecoal liquefaction reactor, and they
identify important reaction pathways. They assumed the liquefaction reactions
to occur in two stages as praoposed by Han ;nd_WEn (1979). 'In the first stage,
coal is assumed to dissolve instantanecusly in the solvent to yleld molecules
of different sizes belonging to various components. In the second stage,

these reactive components undergo slow conversion.

HZ Cl-C4 Wate; ProductrGases

Ash #—— Coal

+

Insoluble

Organic

Matter ’ﬂ,f—"

Heavy Distillate " Middle D15tillate' Light Distcillate
(561=755 K} (466=361 K) CS—&ES ¥)

The best overall reaction scheme can be represented by the above
network. This network 1s conceptually similar to the one propased by w¢11er
et al. (1951) for catalytic liquefaction of cqal in the absgnce of a solvent
vehicle. This network differs from one proposed by Weller et al. {1951) in
that the model proposed by Weller considers asphaltene to_be a major
intermediate product which is very differen; from solvent refined coal.
ngler et al. (1951) reportgd'the rate of conversion of coal to ﬁroducts to be

20-30 times larger than that for the converslon of asphaltene to lighter
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products. According to the above network proposed by Singh et al, (1982),
coal dissolves instantaneousiy within the preheater, £efore the liguefaction
reactor, yilelding severél products. Only oune of the dissolution products,
solvent refined coal (SRC), reacts further ylelding lighter components. Based
on the studies reported by Reuther (1977), Singh et al. (1982) proposed a
linear relationship between the rate of rgaction of solvent refined coal to
the mass fraction of ash in the coal. They have glven the following
expression to evaluate the rate of reaction of solvent refined coal.

_ 5 _ 0.28 _—
= 1,567 x 10° exp (-79.16/RT) Py - X0 (T

: 2
They claim that overall error in the analysis yielding the reaction scheme was

“FSRC
lass than +47Z.

Based on the modification of a model proposed by Liebenberg and Potgileter
(1973), Shah (1979) proposed a conceptual model. This model 1is partiﬁularly
relevant to the design of coal liquefaction reactors where the primary
reactions commence in the preheater and then proceed to completion, along with
secondary reactions, Iln the reactor. He recommends that the preasphaltenes
and asphaltenes be separated into two fractlons each, PA* and PA, and A* and
A, where the "*" represents the active part of each fraction. The proposed
reaetion netwofk is:

Gases BA

Olls = Coal - DA%

A* , A

PA* 9 A% 4+ A
A* + opils + gases
Pa* -+ olls + gases

olls + gases
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The application of ahove reactor network requires considerable data at all
residence times.

A similar concept in the kinetles of cdal liquefaction considers the coal
to be made up of two parts with different reactivities. The first is a
fraction of high reactivity composed of loosely held bonds that break easily
under liquefaction conditions and therefore vield products obtained at short
times. The second fraction is one of lower reactivity, which may be due to
more stable structures that decompose slowly, and is responsible for the
ma jority of the products formed at long residence times. It is difficult to
apply this model as it is diffiecult to quantitatively identify the two
fractions as a function of reaction conditions.

Aother method of modeling the coal liquefaction reactlons is based on
tha fres radical mechanism. Tt consists of three steps: a) initial reactions
thét form free radicals; b) propogation reactions that have no effect on the
number of the radlcals; and c) termination processes that consume free
cradfcals. Attar (1978) has proposed ome such model. Although e;perimental
verification of such models is not complete, it may be an alternative to the
lumped kinetic or statilstical models.

‘statistical Models:

Extreme caution should be taken before applying any kinetle nodel to a
particular pfocess. Pbst‘of the models are based on limited data and a
particular coal. Even the most complex lumped parameter model could not be
applied for a coal liguefaction process‘using a different rank and nature of
feed coal. In this phase of the report, we are concentrating on the SRC-II
process. bDuring the development of the SRC-II process, many studles were .

carried out at the three pllot plants (Fr. Lewis (Dupont, Washington}, P-99 at

Gulf Research and Development Corporation (Harmarville, PA), and Merrian
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(Merrian, Ka)). Tn addition, some SRC-TI work has been carried out at the
Hydrocarbon Research Institute (HRI). Jones and Carr (1982) at Gulf Research
and Development Company have gsea.all this pilot plant data to gi#e SRC=-11
process yield correlations. ihese correlation models do not give any
information regarding reaction networks and kinetics; however, tﬁey are a
consistent model relating the produét yield with important process variables.

These correlation models are based,on‘therstudies of yield, process, and
coal property data from 145 runs from the three pilot plants and 10 runs from
the Hydrocarbon Research Institute; 34 runs were conducted in SRC I made with
ng recycle solids. A_total of 21 coal sources belonging to Powhattan or
Kentucky bituminous classifications were used. This study showed that coal
source had =z étrong influence on the process ylelds. Precisely, iron in ash
or total sulfur, carbon to hydrogen ratio or percent volatile matter, gnd a
maceral variable such as_maximum mearn reflectance of vitrinite were found to
be the most lmportant coal properties. Apart from the coal type, pressure and
slurry residence time were shown to be the most Important process variables
influencing the yield distributican for SRC=II reactors. As the pfeséure and
slurry residence time are increééed, more heavy distillate-is formed; however,
hydrogen consumption is also increased. Temperature seemed to iﬁcrease the
fraction of middle distillates. If the temperéturé is ﬁucﬁ higher thén 860°F,
the undesired reactions might become predominant. Use of higher pressures and
slurry residence times.are suggested for more productive operation.

These correlation models are a tool for analyzing the presént data and
identifying the major pracess variableé; however, these mbdéls céhnot replace
the‘lumped kinetic ﬁbdels.“ Therefore, one should use a kinetic model based on

a wide range of data using the same coal type.
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Nomenclature:

a4

 Maximun welght fractiom of coal that can be converted at a given

temperature (from kinatic expression glven by Wiser (1968)).

Reciprocal of the maximum liquefiable coal fraction at a given
temperature (from kinetic expression given by HL11 (1966).

Asphaltenes (benzene soluble, pentane insoluble).

Tnitiel weight fraction of tetralin that could potentially react

" (=1.0) (from kinetic expression given by Wiser (1968)).

By products (from model given by Shah et ai}'(19?8)).
Coal, molsture and ash free.

Weight percent of coal decomposed (froﬁ.kinetic expresslon given by
Curran (1967)).

Maximum welght percent coal which can be decomposed (from kinetic
expression given by Curran (1967)). ' '

Two reactive parts of coal

More highly reactive ¢oal (from kinetic scheme given by Abichandani
(1982)).

Solvent refined coal.

Ethers.

~ Gases (co, €Oy, HyS, NHj, H,0, and light hydrocarbons C;=Cy)

Hydroxyls

Insoluble organic matter (from kinetic scheme given by Siangh et al
(198213 T ‘ :

Forward and reverse reactlon rate constants

Psuedo 2nd order rate constant (from kinetic éxpreésion-give'by H11
(1966)). _

1st and 2nd order reaction rate constants

lst order rate constants with Arrhenius temperature dependence (from
kinetic expression given by Curran (1967)).

Mulrifunctionals (from kinetic scheme givén by Mohan and Silla
(1981)). -

W.trogens



0ils (pentane solubles)
Olls - heavy, middle, and light distillates
01ls (from kinetic scheme given by Morita et al, (1976)).

Preasphaltenes (pyridine soluble benzene insoluble)

" Water

Conversion of coal to benzene soluble products: X = 0at t = 0; %, =
X, as t * @ (from kinetic expression given by Kang et al (1979)).

Fractlion of coal liquefied

Fraction of maf coal extracted (from kinetic expression given by Oele
et al {1951)),

Fraction of coal which decomposes at faster rate (from kinetic
expression give by Curran (1967))

Volatile portion of coal (from kinetic scheme given by Brunsorn
(1979);

Unreactive portion of coal {from kinetic scheme glven by Brunson
(1979}).
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