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CHAPTER I

INTRODUCT ION

As the demand fc,r energy continuously rises, crude oil

aLone is not enough to meetthe requirement in the near

future. The limited supply of Petroleum along with its

skyrocketing price encourages thé effort to seek alterna-

tive energy sources. Coal, a lraditional fue1, is once

again brought into attention because of its abundance.

However, the current strip mining technique can only

recover the coal resources at depths of less than 60 meters-

The deep basin coal , which accounts for more than 90t of

the coaL resources, is either uneconomical or unsafe to

'¡¡LloTEstrecover by strip mining. Alternative recovery methods are

j.n situ liquefaction or gasification.

with the information gained from the other in sit
erations and the above-ground coal liquefaction, und.er

¡ op
/n

nd

eoal liquefaction is considered as a possible means to re-'
i acul J At' "t I't\;

cover deep basin coar ' compared $'ith underground co{f, clENcl¡r'rri 
i-'r lrrnl\''

grasification, underground coal liquefaction has many

advantages which are:

1. the recovered product has a much higher energy

densíty per unit volume, therefore, it should be

economical to transport long distances.

2. Underground liquefaction operates at much lower

This thesis follows the style and format of the AIChE Journal.
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temperature, hence a higher thermal efficiency
should be attainable.

The recovered coal slurry can be processed with

the existing eguipment for crude oi1 to produce

a wid.e range of products whi.ch could be used as

transportation fuels and chemical feedstocks.

It is easi.er to control the extent of the recovery

because the reaction can be controlled by temper-

ature alone.

There is less rest¡iction on the thickness of the

coal seam because of the higher thermal efficiency.

!itlro

c¿ of "
IJACULTAD Df I,

Ell 1¡¡1¡g¡¡c ¡rr' ¡ 
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CHAPTER

LITERATURE

II
SURVEY

Underground Operations

In situ processes have been used successfully in the

recovery of sulfur, copper, uranium, and saLt. Generally

speaking, there are two modes of operation for in sLtu

processes, the single borehole (Figure l) and the multi-
borehole (Figure 2) processes.

In the single-borehold process, usually involving a

double-pipe, the injection of the solvent and the recovery

of the product are both through the same borehole.

When a multi-borehole process is used, the producing

boreholes are different from the injecting boreholes. A

problem associated rrith the multj--borehole process is the

permeability. Permeability aLlohrs the solvent to flow

through the seam. For underground liquefaction, hot so1-

vent flohrs through the lignite-derived Iiquid to the pro-

duction borehole, This dissertation does not address the

problems whj.ch might be encountered in establishing per-

meabiLity. The assumption wasmade that the formation can

in some manner be rubblized. The solvent flow would then

be simj.lar to flow through a packed bed reactor.

U¡4tqrground Gas1fication

A significant number of fieLd tests have been conducted

to recover coal by in situ gasification in the USSR.
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Knowledge has been gained also from several field tests
operated in the U.S. (Gregg and Edger 1978). ltost of these

use the multi-borehole concept. Air is injected into one

borehole and partially oxidizes the coal sean. The product

gases which contain N2,02,CO, CH4, C}Z, H2, and H20 are re-
covered from the other boreholes.

CoaI Liquefaction

The conversion of coal into liquid fuel r¡ras pioneered

by the Ger¡nans during l¡orld vlar II. Four liquefaction
techniques developed recently seem to have potential for
commerc iali zation. Solvent Refined Coal process, pursued

by both the Southern Co. and GuIf Oil Co., liguefies t¡¡UlLlDTrcr

coal by dissolving it in a solvent under heat and press

then hydrogen is added to the resulting hot liquid. I

this process, ash and sulfur are separated from the ho

liquid. The hot liquid can be cooled to produce relativEty..,,1-'
ashless and tor,r-sulfur sorid, suirabre for burning ,f¡t'É.f]],ii,]rli^ir!.n,
a boiler. Southern's SRC-I process produces clean solid
coal . The hot liquid can, by pursuing Gu1f,s SRC-II pro-
cess, be further hydrogenated to produce a product hrhich

remains as liguid at room temperature. Increased consump-

tion of hydrogen in general produces lighter products

and more Iiquid product. Exxon Donor Solvent process:

Exxonrs method uses solvent pre-hydrogenated or solvent
capable of donating hydrogen. Then coal and the donor



solvent are brouqht under heat and Pressure to produce

liquid product. Cornpared to the SRC-II Process, t,he hydro-

gen is added to the solvent in a separate reactor. Both

have similar Iiquid product. H-coaI was developed by

Hydrocarbon Research Inc. in the early 1960's; this process

differs from the others by use of a catalyst to increase

the rate of liquefaction. None of these technologies have

moved beyond pilot pJ-ant operation.

CoaI Structure

There j.s a general concensus that coal origj.nat-es pri-
marily from plants that deconpose and then transform into

humic acid. The humic acid is then transformed seguentially

into peat, Ij.gnite, subbituminous coal , bituminous coal

and finally to anthracite. with these trans formations ,

the carbon content increases and the oxygen content de-

creases. As a result, the heating value increases,

Some of the most stable structure of the origriual

plants may survive this evolution. CelLulose and lignin
constitute the majority of the plant components (francis

1961). Given et aI. (1977) have shown that certain com-

ponents of coal can be related to the structure of lignin.
Friedel and Queiser (1959) using ultraviolet techniques

concluded that coal could not be polyaromatic and contained

large amounts of aliphatic structure. Gj.ven and Peover (1960) ,

in cha.racteriz j-ng coal extracts by polarographic reduction



concluded that lou, rank coals were greater than 20t aromatic

and high rank coal were greater than 50t arcúnatic.

A number of researchers have atte¡npted to derive a

representative structure of coal. Given (1960) presented

a structure consistent with highly substituted aromatics,

which are not highly condensed, vrith functionalities which

are known to be present in coal . A more recent model was

presented by wiser (1975) and is shov¡n in Figure 3. The

significance of this figure is the location of a number

of relative bonds indicated by arrows whj-ch can account

for the rapid breakup of coal into smaller radical frag-
ments. In the presences of hydrogen donor solvents, the

radicals catch the hydrogen and appear as stable species.
,l}t_\o1L'

F'rom the analysis of Texas lignite-derived products, a1kanes

(ranging from CH4 to CnnHnO), asphaltenes (C14HISo**raÉ1,

alkylated phenols and alkylated aromatics !{ere found topé
the predominant species in the liquid (Anthony et al. , 'ü.}.Q

Similar results were found for other types of coa1s, 
".r.h-'i ,, t:tT¡

as western Kentucky subbitrminous coal, west Virginita; suÉL

0).

bituminous coal, Utah subbitr¡minous coal and North Dakota

lignite, The skeletal structure of any coal, therefore,

should be composed of s¡nal1 alkylated ring structures
(benzene, indan, and naphthalene) connected by weak ether

linkages. The rinqs may have addit,ional functional groups

such as methyl, carboxylic, hydroxy, methoxy, amino and
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sulfhydryl groups. The st,raight chain alkanes may be

present as caged molecules or may be attached randomly

to the main skeletal ring structure via ether or ester
linkage. This model is different from Wiser's model

in thro ways (Anthony et aI. 1980):

t. ?here is llttle evidence for highly condensed

aromatic rings in coal or the coal-derived

Iiquid. The predominate aromatic species

are mono- and diaromatic rings. This structure
is also supported by Whitehurst (1977).

2. The aliphatic linkages bethreen rings are ,oE|nfo.r_g.
likely to exist.

So lve nt s

Antho ny

expe r ime nt s

or larger.

Hyd roch 1or i c

with 1ime, o

¡ a'-ec

\(1976) p¡sssnted data on room temperat

v¡ith lr¡mps of lignite two inches square

These lumps were placed in various s

I
l: ¡ \{,.
r_^ T¡Enilacid, a 108 solution of caustic satu

r the aluminum hydroxied had no effect
on the lignite lump. Sulfuric acid, methanol and potas-

sium dichromite dissolved the lignite lurnp slightIy.
The sodium hydroxide and pyridine yi.elded the greatest

degree of comminution. Increasing dissolutions were

observed wj.th increasing caustic concentration.

The breakdown of coal in the presence of hotr aqueous

aklaline is v¡e11 documented (Juettner et al . 1937, Smith

/
I
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et al. 1939, Ruof et al. 195I, Kamiya 1961) . A corunon

feature of all studies is the requirement of temperatures

from 2500to 400o C. The aqueous alkalinewas not used

for our experiments due to the swelling proble.m (Anthony

L9761 . Aqueous alkaline causes Texas lignite to shre11

r¡rhich tends to plug the lignite seam.

Several experiments were conducted by using hydrogen-

ated creosote oil as the solvent. The experiments used

a one gal1on autoclave and luInps of Texas lignite from

the Sandow mine. At 4000 C and 100 atm 80* of the

lignite was converted to gas, liquid, and comminuted

solid partic 1es .

Skidmore and Konya (1973) conducted experiments with

Illinois #6 subbituminous coal in commercial motor oi1.
The motor oil was very unreactive.

Davies et a1 , (1977) studied the solubj.Iiry of
coal in various fracti.ons of an anthracene oi1 di.stillate.
Íhey concluded that the high-boiling (>340. C) fractions
were better solvents than the 1ow-boili.ng (<3400 C)

fractions. They further concluded, by investigating
the main components in each fractÍon, polynuclear aromatics
with hydrogen-donor ability r+ere good solvents. A compar-

ison between hydrogenated and non-hydrogenated anthracene

indicated that the former was a much better solvent.
Thej,r conclusions reveal one interesting point

about the role of the solvent Ín coal liguefaction. Solvent
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action occurs by donatinq hydrogen to stabilize free radi-
cals produced from coal due to thermal decomposition and

by carrying the coal-derived liguid from the coal matrix
to the bulk solvent.

Chemical Kinetics

The kinetics of coal liquefaction have been studied by

several investigators. Curan et a1. (1967) treated coal

liguefaction as thro first order reactions occuring in paral-
1el. ¡Io$rever cun et al. (1979) believed that the reaction
should be of a seguential nature. Brunson (1979) studied

the kinetics of coal liguefaction in a flow reactor. He

suggested a model by considering the coal as being composed

of four different fractions. Each fraction reacts diffd?rltttco"
ently from the others. Hill et al. (1966) treated the

liguefaction as one which included first and second ord

I

:l
kinetics. wen and Han (1975) fitted the rate data obra&ed ,/

itt .- .'/by the others with an empirical rate expression of the f o\li.';:,o.'

r = kCoo (xe-x) . Han and wen (1979) considered coar riiüillit;rl;r li}*,
faction as a two-stage reaction. The initial stage requires
1itt1e time to react, and a first order reaction is proposed

for this stage. In the second stage, hydrogen has to be

supolied from the gas phase and the reaction reguires long

residence times. An axial dispersion model was developed

for a contj.nuous liguefaction process (Lee et a1. 1.979).
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The kinetic studies that have been reported were

conducted at pressures greater tha¡ 70 atmospheres.

No kinetic studj-es have been reported for Low pressures,

i.e. Iess than 70 atm.

Underground Coal Liquefaction

Skidmore and Konya (19731 presented the idea of under-

ground coal liguefaction. Later, with the D.O.E. contract
(EE-77-5-05-5579) , Skidmore (1978) continued the study

of the technical and econo¡nj.c feasibility of in situ

coal lj.quefaction. The proposed solvents include super-

critical toluene, carbon monoxj.de and steam, ammonia,

and aqueous caustic. Coal seams to be considered include

Gulf Coast lignites and Pacj.fic Northwest coa.Is. The

proposed period of j.nvestigation was from September

l, 1977 to September 30, 1978. A final report from

this investigation has not been published.

Roylance et a1. (1977) did several experiments

at conditions simulating a field test. They reached

a conclusion lhat heat was necessary for extraction
of coal to occur. The steady state extraction rate
hras attained in the first one to t$ro hours. The coal

sample used was approximately 20 cm in diameter.

Wise and Augenstein (1978) did a conceptual anali,,sis of
in si.tu liguefaction of coal , The preliminary calculations
were based on hot aqueous alklaine extraction of coa1.
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1lThe caLcul-ation showed that to produce 1.0 x 10

the operating costs would be $I0,000/day and the

costs would be 536 million.

KJlday,

capital
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CHAPTER III

EXPERIMENTAL IIATERIALS AND EQUIPMENT

I,iAnatg

The lignite used for this research was furnished by

Alcoa Co. at Rockdale, Texas. The freshly mined lignite
chunks i¡rere stored in water to avoid air oxidation.

Before the experiment, the lignite was removed from

the water and crushed by a Jaw crusher. The Jaw crusher

was adjusted with an opening of about 12 mn. The crushed

lignite \^ras then screened. The lignite collected bet!,reen

U.S. Standard No. 2l (with opening = 7.9 ¡run ) and No. 5

(with opening = 4.0 ¡nm) was used for all the experiments.

The average size of the lignitewas taken to be 5 mm.

The 5 run lignite $ras treated in two ways. For t.he

mini-reactor experiments, the lignite was air dried for
several days. The moisture content of the dried lignite
was Iess than 1t. The reason for drying the lignite was

because the mini-reactor experi.ments were to be conducted

at 1ow pressures. At the reaction terperature, the vaporized

water can cause signifi.cant reaction pressures. However,

for the tubular reactor runs, the lignite was soaked in
r¡rater, The \,¡ater saturated Iignite contained about 35*

water (on wet basis).

The ash content of the lignite was determined in a

furnace to be 14,7t (Mr.B) . The sutfur content was also
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determined in an analyzer to be 1.It (MFB) . Others

(Anthony 1976) reported similar results,
Re agents

A Tetral. in:
Tet¡a1in, knorvn as a hydrogen donor solvent,

was purchased from Fisher Scientific Co. The

composltion !'7as reported with 99t tetralin, It other

compounds.

CoaI liquefaction involves the thermal dis-
integration of coal structures at about 400oC to

form free radicals. The rad.icals are terminated

by the hydroqen transferred from tetralin. As a

result, the tet,ralin is converted to naphth.I.rru. 
rl'

Thermal dissociation of tetralin between 300
a

and 450"C was studied by Hooper et aL. (1979).

Less than 3t of the tetralin decomposed at 435'C

for I hour. At the same temperature for 6 hours,
tACtiJ.r¿D I10t of the tetralin decomposed. l-methyl indát Ct[¡it]As t)r

appeared to be the main product of the decompo-

sition. Further study r.ras reported by Benjamin

er al-, (1979). lle concluded that at 500.c for 1

hour, only 258 of the tetralin remained. Naph-

thalene r¡ras the ma j or product .

Tetralin meets a1I of the requirements to be

an active solvent, It is a donor solvent, a ring
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B

type compound and has a rather high boiling point.

SRC Recycled Solvent:

Solvent Refined Coal (SRC) recycled solvent

was obtained from the pilot plant at lfiIsonville,

Alabana. The quality of the SRC recycled solvent

varies from run to run. An analysis (Ellington

1977) showed that 50t of the solvent had a boiling

point betv¿een 2I0oC to 340"C. It contained about

3* tetralin, 12t naphthalene and 7t anthracene/

phenanthrene. The approximate composition is

shown in Table I.

SRC recycled solvent is a mixture of many compo-

nents with most of the components being aromatics.

A1so, the majority of the compounds have a boiling
point above 200"C and some of the components

possess the ability to donate hydrogen.

Creosote Oil:
Creosote oil was also used in this research

because of its si:nllarities in its chemical

C

TABLE 1. CO¡4POSITION OF' SRC RECYCLED SOLVENT

wttFract ion

1
I5

AD

13
J

t2
50

< 206
207
211
2I1-3 3 9

340
> 340

Low boiling
Tetral in
N aphthal ene

P henanthrene /
Anthracene

High boi li,ng
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properties to the coal substance. The creosote

oi1 was analyzed by injecting it directly into a

gas chromatograph. The colu¡nn used in the analysis

was purchased from Supe1co, Inc.. The description

of the column is as follows: 10t SP-2100 on

100/120 Supelcoport, 8ft x tin S.S. The colrrrnn

temperature was programmed bet$¡een 100oC to 300oC

at a rate of SoC/min. Helium r,ras the carrier gas

at 50 ml/min. The gas chromatograph, series 550

purchased from Gow Mac Instrument Co., has a

thermal conductivity detector. The detector sig-
nal was connect,ed to a Hewlett-Packard 3385A auto-

mation system to print the chromatogram shown in
Figure 4.

The area percentage under each peak was also calcu-

lated by the auto¡nation systern. Five runs were conducted

and the results are shorvn in Table 2. The weight factors
were reported by Max lJestler (191 4l . ey multiplying the area

by the weight factors, the weight percentage can be cal-
culated by normalization.

The creosote oi1 r¿as produced by T&R Chemical Inc. with
advertised 60t coal tar creosote, 38.5* petroler,un hydro-

carbons and 1.5t water and free carbon. In the gas chroma-

tograph analysis (Figure 4) the hydrocarbons rrere eluted
at times less than I minutes. Therefore, the hydrocarbons
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were Light materials and r^rere used as a solvent for the coal

tar creosote,

Mi ni - reactor

The reactor for studying the kinetics of the lignite
liquefaction v¡as a 50 ml batch type mini-reactor (Figure

5). The reactor was made of 2.54 cm O.D. stainless steel
tube. Swagrelok caps $rere used to seal the ends. A pressure

transducer was used to record the reaction pressure. The

pressure transducer has a smaller internal volume than a

conventional pressure gauge, therefore fewer problems with
vapor condensation r^rere encountered .

The response time for the reactor was short. The time

required for heat-up was only 5 minutes and quench times

$rere less than 10 seconds. Hence, experiments could be done

in relatively less than by using the conventional auto-

clave or by using the tubular extraction flow-through

system.

Tubular Reactor Continuous Extraction Svstem

The concept of a ü^¡o borehole underground liquefaction
process is to inject hot solvent into one borehole. The

solvent flows through the ligrnite seam, liguefying the 1ig-
nite, and then a slurry is recovered from the other bore-

hole.

In the laboratory, the process was simulated by a con-

tinuous extraction system (f.igure 6). The major components
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of the system $rere a pwp, a preheater¡ a tubular reactor,

the sampling apparatus and the controlling and measuring

instn¡ments.

The pump, purchased from Lapp Insulator Co. M.de1 LS-

20, is a diaphram pump with a theoretical capacity of 1040

mL/hr and a design pressure of 136 atm. The pump flow rate

is adjustable from 0 to 1040 ml/hr.

The preheater, made up of a 2.54 x 60 cm stainless

steel tube, was heated by a 2,600watts furnace. The furn-
ace temperature sras controlled by an on-off controller-
Thermolyne Furnatrol I, llode1 CP 18215, Syborn Corporation.

Thermocouples r.rere used to measure the temperatures of the

solvent, the preheater surface and the furnace.
¡l¡f f.

The tube betr^reen the preheater and the tubular reactor

was heavily insulated with asbestos tape and the

approxiJnately 6 cm, was minimized to prevent heat

I e ngth

1oss. t,

The tubular reactor (Figure 7) constructed of type

stalaleas steel pipe. It was 5.08 c¡n I.D., 78.74 cm Long,
I A..rl|rAD I,j

and was packed with lignite to be considered as the ll§l§ttg trt. ^

seam. A thermocouple well lras inserted j.nto the reactor
for the measurernent of temperatures at three locations.
The reactor length was divided evenly into three sections

and the thermocouples were located at the centers of the

sections. Corresponding to the thernocouples inside the

reactor therewere three thermocouples on the outside waL1.
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I
78. 74 cm
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Thermocoup 1e
We 11

Figure 7. Tubular Reactor,
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The outside ones measured the reactor surface temperature.

Three heating mantles were wrapped around the reactor. The

mantles were purchased from Glas-Col Co. and are made of

guartz fabric with a design operaEing temperature of 650oC.

The mantle temperatures whi.ch also represent the reactor

surface temperatures were regulated $rith rheostats.

The hot liguid effluent from the reactor rl,as coo.l-ed

by using a double tube heat exchanger. The solid separator

was for the removal of the suspensions in the effLuent. The

system pressure was controlled by t,he use of a back pressure

regulator.

Two pressure gauges were used. The up-stream gauge

is located between the pump and the preheater. The down-

stream gauge is connected before the back pressure regulator.
Under normal operating conditions, these two gauges indi-
cate the same pressure. If the system plugs, the up-stream

gauge will indicate the maxj.mun pu¡np pressure which is much

higher than the pressure indicated by the down-stream gauge.

A multiple-point recorder r^ras used to record the temp-

eratures at various points. Figure 6 represents the final
design. There r,¿ere 9 runs conducted with the system and

modifications were made between each run. The major modi-

ficati.ons r¡rere the flow pattern and the use of heating

mantles.

Figure 6 sholvs the hot solvent flowing into the reactor



27

from the bot.tom. This flow pattern was used only for run
No. 9. Eor all the other runs, the hot solvent was intro_
duced into the tubular reactor from the top. The reason
for making such a change r¡¡as based on the suspicion that
the product gas mi¡h t gradual ly fill the reactor if the hot
solvent entered from the top. This flow pattern raight result
in the lignite in the reactor being surrounded by gas phase

most of the time. The bottom entering pattern had the
advantage that the lignite rras soaked in the liquid phase

nost of the time because the gas is lighter and is contin_
uously rising through the reactor and leaving at the top.
The bottom entering stylewas considered to be closer to
the situation which might be encountered. in the real under_
ground liquefaction. The existence of the assumed, differ_
ence between these two flow patterns is to be examined

in a subsequent section.

Run Nos. 1 through 4 used asbestos to insulate
the tubular reactor. Some degree of heat loss was expected.
The existence of the heat loss should be noticed from the
temperature profile. The use of heating nantles for runs
5 through 9 should provide better j.nsulation.
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CHAPTER IV

EXPERIMENTAT PROCEDURES

Batch ReactÍon

A schematic diagram of the procedure is shown in Fi.gure

8. Solvent and lignite were weighed and charged j.nto the

mini-reactor. After sealing and connecting the pressure

transducer, the reactor v¿as lowered into a hot fluidized
sand bath which was maintained at a constant temperature.

The sand bath quickly heated the reactor to the reaction
temperature as indicated by the pressure curve (Fiqure 9).

The pressure is caused primarily by the solvent vapor

pressure and the lignite-derived gases. Since the solvent.

vapor pressure is a constant at constant temperature, the

reaction pressure is determined by the amount of the lig-
nite - derived gases that are generated. The amount of
the lignite-derived gases that are generated is proportional
to the anount of lignite charged. Therefore, the reaction
pressure can be regulated by the axnount of lignite charged.

The heating ti¡ne is estimated from the pressure curve

to be 5 minutes. After a predetermined reaction time, the

reactor was guenched in hrater. It took less than I0
seconds to cool the reactor to room temperature.

The f j.na1 pressure prior to quenching is usually the
max imr:m pressure and is taken to be the reaction pressure.

A pressure drop during the experiment indicates a leaky
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reactor.

The slurry in the reactor after the reactj-on contained

the solid residue, the solvent and the lignite-derived
liquid. The slurry was removed and put ir'¡s ¿ thimble and

extracted by tetrahydrofuran (THF) for 6 hours. The sol-
vent and the lj.gnite-derived liguid were concentrated in
the THF rich phase. Analysis of the lignite-derived
liquid can be done by removing the THF with a rotavapor.

The solid residue left in the thimble r¡ras then air dried
and weighed. The liqnite conversionwas calculated.

Gas Product Measurement and Samplinq

After the mini-reactorwas cooled to room temperature,

the gas product was released. The volume of the released
gas vras measured by a wet test meter (Figure I0).

Before measuring the volume and taking a sample, the

system h¡as flushed $rith nitrogen to ensure that no gases

from the previous run re¡nained. The 500 nI bottle pro-
vided proper mixing for the gas product. Because, of the

small volume of the gas product (ranged from 17 ml to 382

mI), the gas sample contained more than 5Ot (by mole) ni-
trogen used for purging, The sample was taken after aII
the gas product r.ra s released andwas considered to be an

average composition of the gas product.

Tubular Reactor Continuous Ex tract ion

These experiments were conducted prior to the batch

experiments.
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The procedure to start-up the tubular reactor continu-
ous extraction system is as follows:

1. Pack the tubular reactor with lignite. The amount

of the lignj.te packed was weighed for subsequent

determination of the conversion.

2. Prepare sufficient solvent in the reservoir.
3. Assemble the sy3tem.

4. Use nitrogen pressure to check for leaks and set

the back pressure regulator. Then release the

nitrogen.

5. Insert thermocouples as indicated in Figure 6.

6. wrap the heating mantles (or insulation) around

the reactor. Heating mantles were not used priéSLlL,',

to Run No. 5

7. Set the

8. Set the

s e tting

9. Turn on

and the

During the

pump flow rate.

temperature controller at 450oC. The

is the preheater surface temperature.

the cooling r¡rater. the pump, the furnade
' , -\

temperature recorder. The time is t=0.

,)Y

TAD DI]
lAs irL l-^

done:

experiment, the following things are to be

Take gas and liquid samples every hour. The gas

sample is then iñsediately analyzed.

Record the cumulative volume of the product gas

at various times.

1

2



34

3 Regulate the heating mantles manually so that the

tubular reactor surface temperatures are equal to

those inside the reactor. This step is not required

prior to zun No. 5.

observe the pressures constantly because of the

possibility of a plug forming in the system.

shut dor"rn procedure is as follows:

Turn off the furnace, the heating mantles and the

temperature recorder.

Connect a hrater reservoir to replace the solvent

reservoir. The water is then pumped to the system

through the preheater to steam the lignite. The

systero is maintained at 4000 C. This step lasts

for approximately 15 minutes. It is then allowed

to cool for severaL hours. This step was conducted

only for runs 6 through 9. For the other runs the

system was cooled and drained of any liquid.

Turn off the pump and the cooling water.

Release the system pressure and then flush with

nitrogen to re¡nove any toxic Aases that may be re-

maining in the system.

Remove the heating mantles, the thermocouples and

the asbestos tape.

Disassemble the system and clean the parts.

Remove the unreacted lignite in the reactor and

weigh it.

The

a

4

5

6

7

1.



The system uasnot operated without difficulties. The

most serious one was caused by the carbonizatj.on of the sol-

vent in the preheater. The carbonization ten&d to plug

the preheater and allowed no solvent to flow. This problem

is believed to be caused by local excessive teÍiperatures

near the preheater surface. The seriousness of the pro-

blem depends on the type of solvents. Packing cerarnic

beads in the preheater $ras found to be an undesirable move.

The loca1 overheat problem v¡as cured by controlling

the preheater surface temperature. Hovrever, the temperature

controller can sense only one teírperature, either the soI-

vent temperature or the preheater surface temperature in
order to determine the furnace output. If the temperature

of the preheater surface j.s to be controlled, then there

can be no guarantee that the solvent is regiulated at a con-

stant exit tenperature. If the solvent te¡nperature is to

be controlled (which is the desirable mode), then the sur-

face overheat problem occurs. The compromise is to con-

trol the surface temperature at say 450'C.

The heat loss between the preheater and the reactor
r^as another problem. This problem was solved by shortening

the distance, adding a heating tape and increasing the

thickness of insulation.
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CT{APTER V

EXPERI¡,IENTAL RESULTS AND D TSCUSS IONS

l-r nite Conversions - Mini-reactor

The lignite conversions along $rith the reaction condi-

tions are listd in Table 3, The lignite charqe had been

air dried and the ash content was about 15t (DB),

The lignite conversion r+as calculated by uslng the

following equation:

Iiqnite charged-residue (1)xg -- lignite charged x 0.85

The 0.85 factor i.s to eorrect for the mineral matter

present in the lignite charge. ltlll(

The Iignite conversion, Xo, includes the ligni

converted to both gas and liquid products. The fi t term

of the numerator i.n Equation (1) contains the ash. ['u! e

(2\

assumption is made that the resÍdue contains all of he

mineral matter. Therefore, Xu is on a dry and asll' free

basis.

The product gas composition determined by gas chroma-

tography was used to calculate the average molecular weight

by using

14

N
¡

i=1 a-a

where y. = mole fraction of component i
M., = molecular weight of component1



TABLE 3.

A. Tetral in
Run No. Lignitea (g)

LIGNITE COI{VERSIONS EXPERII\.IENTAL DATA FOR
KINETIC ANALYSIS

Solvent (g) P (atm) T(K) t(hr) X x
l¿ !,

TI
T2

T3

T4

T5

T6

T'1

T8

T9

TIO

T11

T12

TI3
Tl4
T15

T16

T17

T18

2. 00

2. 00

2. 00

2. 00

4. 00

6. 00

8. 00

2.20
2. 00

4.00
6. 00

3.30
3.30
3.60
3.70
l. 80

r.50
r.40

10.00
10.00
10, 00

r0. 00

20. 00

30. 00

40.00
11. 00

r0.00
20.00
30. 00

16.50
16. 50

r8. 00

18.50
9.00
7.50
7.00

29 ,57
30.59
31.6r
32 .63
45.90
65 .29

130.59
24.t8
25 .49
35.69
49.98
30.93
33.65
32.29
32 .97
35,0I
34.67
35.69

673

673
b /J

673
673

673

673

6{8
648

648

648

648

648

648

648

698

698

698

0. 25

0.50
0. 75

1.00
1. 00

r.00
l. 00

0 .25
t. 00

1.00
r-00
1. 00

0.75
0. s0

0. 25

0. 25

0. 50

0.75

0.406
0.536
o .624
0 .624
0.677
0.746
0. 814

(0. 270)

0.448
0.536
0.550
0.503
0.478
0.43s
0.360
0.595
0. 754

o.799

0.
(0.

0.
0.
0.
0.
0.

(0.
0.
0.
0.
0.
0.
0.
0.

0.
(0.

038

01s) b

o62

083

078

060

075

082)
0s3

04t
061

064

06t
059

048

052

094)

-J



TABLE 3 continucd:

rrun No. Liqnitd (s) solvent (g) P (at¡n) T(I() t(hrl xx

.t19

T20

T2I
T22

T23

T24

2. 00

4. 00

6. 00

6. 00

8. 00

4. 00

I0.00
20. 00

30. 00

30. 00

40.00
20.00

25.49
38.4r
39. 78

49 .98
r01.68
49.98

673

673
6't 3

613
673

673

r. 00

r.00
0 .67
r. 00

1.00
a.'75

x
_g

0.047
(0.027)
(0.024)
0.051
0.08r
0.056

B Wilsonville - SRC Recycled Solvent

S1

S2
c'¡

s4

s5
5b

s7

S8

S9

s10

s1l-

2.00
4.00
6.00
8.00
4.00
4.00
4.00
6.00
5, 00

4.50
4. 80

r0. 00

20.00
30.00
40.00
20.00
20.00
20.00
30.00
25.00
22.50
24.00

21.41
33.65
52.02
70. 39

35.01
32 .63
31.61
34.33
33.65
32.29
3r. 61

673

673

6'13

673

673

673

673

648

648

648

648

1. 00

1. 00

r. 00

1. 00

0 .75
0.50
0. 25

0.25
0. s0

1. 00

0. ?5

(0.
0.
0.
0.
0.

(0.
0.
0.
0.
0.
0.

s0r)
s57

573

599

533

468)

442

349

426
466

439

0.088
0.085
0.082
0.077
0. 088

0.080
0. 053

0.043
0. 064

0. 073

(0.08r)
@



TabIe 3 continued:

Run No, Solvent {g) P (atm) T lK) t (hr) x
L

sl3
S14

3. 00

3. 20

3. 00

15.00
r6.00
15. 00

32.63
32.63
34.33

698

698

698

r.00
0. 50

o .25

(0.s89)
(0.784)
o.522

x
__9

0. r37
0. 103

0. 102

C. Creosote oil

c1

C3

C4

c5
C6

c7
C8

C9

ct0
\-l-l

ct2
c13

2. 00

4. 00

6. 00

2. 00

2. 00

2.00
3. 90

3.60
3.00
3.30
3 .20
l. 00

2. 00

r0, 00

20.00
30.00
10.00
10.00
r0. 00

19.50
lB. 00

r5.00
r6.50
16.00

5, 00

10. 00

30.93
44.88
69 .71
31.61
29.57
28. 21

34.67
35.69
30.25
33. 65

33.65
27.53
34. 33

673

673

673

673

673

6'13

648

648

648

648

648

698

698

1.00
r. 00

1.00
0.75
0.50
0. 2s

o .25
0.25
r. 00

0.50
0. 75

1. 00

0. 25

(0.300)
0, 368

o.426
(0. 412)

0. 336

0.353
0 .269
o .232
0. 3r4
0. 253

o.?72
0.436
0.406

0.

0.
0.

(0.
0.
0.

0.

0.
(0.
0.

U.

to.
to.

088

085

082

r06 )

07?

053

05r
056

0ss)
071

066

236l
106l

\o

Liqnitea IAL



Table 3 continued:

Run No P (atjnl r (K) L(hr) x"
L

x
CI

cl4
CI5
c16

r. 80

1. 60

1. 70

the data in the barcket
.to determine the model
(1970)

the data in the bracket

698

698

698

0.50
1. 00

0. 75

fo.r37lc
t0. r99l
[0.rs9l

9. 00

8. 00

8.50

35.69
34.33
32.29

0.406
0.420
o.423

a Dry lignite charged, ash content is about 15t of the weight

b

C

( ) are considered with large errors and will not be used
parameter. This treatment is suggested by Himmelblau

f I are not used to determine the parameters

r-l ,_*¡n.\

Liqnitd (q) Solvenr (g)

I
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With the measured

molecular weight, the

cul"ated by

volurne of

hreight o f

the gas

the gas

and the

produc t,

ave r a9e

is ca1-

PV¡4

Rgw (3)
Tt

where P

R

T

I atm

0.082 t-atm/ (g mole K)

698 K

1

The

by the

E = average molecuLar weight (g/g mole)

V = volume of product gas (t)

conversion of ligni.te to gas, Xg is calculated

following equation:

Wt. of the gas product ,or fúg
9 wt. of the

(4)
dry ligni.te charged x 0.85

on dry and ash free basis.

x

x like Xr, is
s

Several figures are derived from Table 3. The pressure

effects are shown in Figures 11 and 12. It appears that
X. increases a¡d X_ decreases with increasing pressure.¡g
Both X, and X_ increase with increasing temperature as{,q
shown in Figures 13 and 14. These figures also show that
xr (tetralin) ' x¿ (sRC) > x¿ (creosote) at the same condi-

tion. However, the reverse is true for Xn. These conclu-

sions are to be discussed in more detail in a subsequent

section. The conversions for different solvents are shown
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in Figures 15 through 20. Figure 20 illustrates the fact
that at 425oC, x- continues rising even after the t hour'q
reaction ti.me. This rise indicates that the decomposition

of creosote oil occu¡s at this temperature. A similar,
but not as drastic a situation, is also observed for SRC

recycled solvent as shcrv¡n in Figure 19.

The tetralin according to Fj.gure 18 does not appear to

be decornposing thermally. Others (Hooper et at. 1979) have

reported decomposition of less than It at these temperatures

and reaction times. t¡tLloTÉt,^

Miscellaneous Runs

The results for several additional runs conducted

the mini-reactor are shoqrn in Table 4.

Run No. AL used anthracene oil as the solvent. By

comparing the resurt with that of other sorvents i" tült')i§;1,.,l-i

anthracene oil appears to be a slightly better solvent t¡an

creosote oil but not as good as tetralin or SRC recycled

solvent. Anthracene was not used for more experiments, be-

cause it was very viscous and difficult to handle.

Three blank runs (BI, 82 and 83) were conducted. These

experiments used no solvent. The lignite was simply placed

in the mini-reactor and then heated Ín the sand bath. The

lignite conversions obtained from these runs are as high as

those obtained with creosote oi1. The results imply that

the lignite conversions obtained by using creosote oil as

the solvent are simply the results of devolati li zation.

V.,;;;»
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TABLE 4. MISCELLANEOUS MINI-REACTOR EXPERIMENTS

Run No. Ligni tec (g) Solvent Solvents (g) p (arm) r (K) r (hr)
¿t

none
none

none
water
v.rater

e

f

1.0

1.0

A1

B1

B2

B3

w1

w2

BBl
cwl

4 .00
20.00

s .00
L2.75
5.00
5.00
5 .00
2.OO

39. 13

0.00
0.00
0.00
0.75
1. s0

0.00
h

r0. 60"

27 .5
90 .8
32 .6
86 .0
a1 '1

50.7
1.0

40. s

648

6?3

6't 3

700

673

673
294

673

0.071,

0. 06 5a

0.090
0.094
0.078
0.097
0.000
0.130

e

0. 368

0. 360

0.3r8
0.435
0.320
0,344
0.03r
o . 424

xg

1.0

0

0

0

0

1

I
I
t

a.
b.

d.
e.
t.

slight leak observed
creosote oil l0g and water 0.6 I
dry lignite particles 5 mm diameter were charged to the reactor.
anthracene oi1
soxhlet extraction
creosote-r¡ra te r

UJ



54

TABLE 5. SOLVENT COMPARISON

Run
No.Solvent

Anthracene

Creosote

Te traL in
sRc

P ( atm)

.7- C

30. 3

30.9

a1 ')

t (hr )

AI

C9

't72

s10

T (K)

648

648

648

648

r.0

1.0

1.0

1.0

0.368

0.314

0. 503

0.466

0.064

0. 073

xq

0. 07r

lltLtóTEC4

)

u, lii.,Yj:Ill, i i 
^ 

1,1,,1,..

,'¿

d
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T'vro exPeriments (Wl and W2) v¿ere conducted by adding

water to the dry lignite. Althouqrh w2 shosrs a slightly

higher Ilgnite conversion than wl , the increased conversion

is probably due to the increased pressure instead of lhe

vrater content.

Run Nc. BB1 is the simPle soxhlet extraction of the

original lignite. The tignite conversion is so Iole that

it can virtually be considered to be zero-

Run Nc. CWI used creosote oil and water. The same

conversion can be obtained with creosote only' The htater

content didntt shcr¡ much effect on conversion. Jr Lrlr¡lñra

Product Gas Composition - Mini-reactor

The comPosition of the gas Product i

The data exclude the nitrogen content in

assumed that nitrogen wasnot produced 'lur

faction. The majority of the gases were C

and C^H-.¿b

Tubular Reactor Continuous Extraction Unit

The continuous extraction unit was designed, construc-

ted, and operated prior to the experiments conducted in

the mini-batch reactors. The purpose of these experiments

was to determine the extent of extraction under condilions

similar to those which might be encountered in underground

tiquefaction extraction. The experiments invoLved 1ow heat-

ing rates, near adiabatic oPeration and low pressures.

s shown in rab#;f
the sample. *dt
ins Iisnite riqu\ii;
02' cH4 ' co' Hl,
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Nine runs were conducted in this sYstem and many prob-

Iems brere encountered. A detailed discussion of each experi-

ment is presented in Appendix B. The grams of lignite put

into the reactor for each experiment is shown in Table 7'

The reaction conditions, solvent utilized, run time and the

extent of extraction are presented in Table 8. The total

conversion is based on the lignite charged less the residue

in the reactor after it had been extracted r^rith THF.

The total conversions can be reduced by the amount

extracted in the soxhlet extraction. For nuns 6-9 as shc,vrn

in Table 9, this cor:rection is less than 3t. rn the Pro:raLlor''

cedure the reactor contents were purged with steam and /:t!/
cooled with water flovring through the system. Run 4 wi§rr i' li\
the tetralin had a considerable quantity extracted in t\e\,

\-.
soxhlet extractor. The lignite conversion would therefore

be reduced to approximately 50t. Hot^tever, had the reactor

been flushed by steaming and allca¡ed to cool with water

flowing through it, only a small amount of extractable

material would probably have been obtained in the soxhlet

extractor.
The temperature profiles for the 9 experiments are

shown from Fignrres 21 through 29. Run No. 1, 2, 3 used

\rater as the solvent. The effect of the phase change (water

to steam) on the temperature profiles are easily seen in

Eigures 2!, 22 and 23. Run No. 6 using creosote has a

similar profile (nigure 26), indicating the vaporization of



Run No.

TABLE 7. LTGNITE CHARGE 'TO 'fIIE TUBULAR REACTOR

t.¡et(s) t Wa ter MFB (q) t Ash

7lo (1s)

MAF (q)

604

I
2

3

A

5

6
't

I
9

lt42 37. 8

(residue from run no.
(residue from run no.
1052 3I. s

1024 32.0
t0{9 39.6
ro{'t 40.0
1034 34.4

't 2l
696

614

628

6tB

(15)
(rs)
(rs)
(rs)
(1s)

613

592
539

534

516

2l
3)

*on the wet basis
**on the dry bas is

***value with parenthesis represents thc estimated value

o\
o



TABLE 8. CONVERSIONS F'OR TIIE TÍ]BULAIT REACTOI1 EXPET{IMENTS

Run No. solventd FIov/ Rate (ml l¡r ) t,(atnr) ,f ("C) l'(hr) xr (¡,1¿n) xg (t'l¡P)

I
2

3

4

5

6

7

I
9

Water
Water
Wa ter
Tetralin
Ko 11. neun¡

Creos o te
Creosote
CreosoLea
C¡:eosote

I00 0

I000
I000
1000

I000
r000

500

757

941

2L.4
14 .6
r? .3
14 .6
14.6
2t. 4

2t. 4

25.0
2t. I

36s-43s
308-338
37 2- 435

378-445
430

400

I10-310
400

425

3.75
6.50
8. 00

6 .00
5.00
6. 50

2.50
6.00
6.00

0.587
0.28I

0. 017

0.329(r
O. 12I
0. 059

0. I39

b

c

0.041
0.3I4

a

b

d

99t creosote plus It 'fetralin
The resurt of Run No 2, 3,.4. TIre san¡e lignite has been run through 3 runs.
Result of two trials on the s anre li.<¡nite
The r¡rater was vaporized in the preheater. On enLering the reactor
part or al1 oF it rnay have reco¡rdenscd. At the final. reaction tentperatures
water and tetralin would be in t-he gas ¡rhase within the reactor.



TABI,E 9. LIGNITE RESIDUE OF TIIE TUBULAR REACTOR

Run No. wer (g) ¡,tFB (q)

545

406

536

532

704 620

499

t Extractiona d* eshb t sur furc MAF (s)

I
2

3

4

5

6

7

o

9

t2.4
(2.8)e
2.8

298

44r
447

14.1
(rs)
r3.1
9.6

14.6
I8.I

0. 54

0.64
0.93

(2.8)
(2.8)

5t2
3950.59

t extractable by soxhlet extraction with THF for 4 hours on Ehe dry basis.
The original lignite can not be extracted.

a

b

c

d

On the dry basi.s, the original lignite contains 14.7t
on the dry basis, the original lignite contains l-.Ilt
Incl"udes the sulfur content.
Value with parenthesis represents the estimated value.

ash.
sul fur.

or
N)
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Figure 26. Experimental Temperature Profile
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Figure 28. Experimental Temperature Profile
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t}le water within the lignite.
Run No. 6 and Run No. 9 trere conducted under the simi-

Iar conditions. The only difference in these two runs eras

t¡¡e solvent f1o!, pattern. The hot solvent entered the re-

actor from the top for lun No. 5 while for zun !,¡o. 9 the

solvent was introduced from the bottom of the reactor.

The effect of the f 1or pattern on the temperature profiles
is shown by conparing Figures 26 & 29. Run No. 6 shou¿s a

greater temperature gradient at the unsteady state than

Pq¡n No. 9. A slightly higher conversion r,¡as also observed

for Run No. 9, but this could be due to the higher final
temperature of 425oc versus 400oC. The minibatch experi-

ments snov¡ed asubstantial effect of temperature on conversion.

Runs Nos. 6 and 9 are the only two runs using the

fresh lig:nite t¡at were completed without interruption.
Therefore, these t!¡¡o exper5.ments are treated in more details.

Ftrst, the pressures for these runs are sh*¡n in Fig-

ure 30. Run l,lo. 6 used a back pressure regulator to control

the pressure. It is seen from Figure 30 that the relief
valpe did a better job in giving a steady back pressure.

Hc'wever, the relief value has a viton gasket which cannot

stand a temperature higher than 477K. The pressure curve of

Run No. 9 sh@¡s the failure of the relief val-ve. The pres-

sure of the later part of Run No. 9 r¿as controlled by the

back pressure regulator.
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The cumulative gas production of Runs I'¡o. 5 and 9

are shown in Figure 3I. Run No. t has higher gas production.

?his can be explained by the higher reaction temPerature

of 425oc relative to 400oc. The curves also suggest that

a maximum rate of gas production occurs between 2 and 3

hours, which correlates with the rise in temPerature. At

t=6 hours, even though at a Iot¡ rate, gas is still being

produced.

The compositions of the produced gases are shcn'¡n in

Figures 32 through 35. The major comPonents are carbon

dioxide, methane, ethane, hydrogen, carbon monoxide and pro-

pane. other detected components are hydrogen sulfide,

ethylene, propylene, n-butane and iso-butane.

The carbon dioxide eoncentration decreases as the re-

action time increases. I.lethane, ethane and hydrogen show

the opposite trend. The increase in the hydrogen concen-

tration is interesting, because it is generally believed

that the liguefaction requires hydrogen. The concentration

of hydrogen sulfide is important because it rePresents the

sulfur removal rate. The hydrogen sulfide concentration

increases during the first 3 hours, then it starts decreas-

ing. By examining the temperature profile, the reactor

reaches steady state temperature at about 3 hours. It seems

that after the reactor reaches the steady state, the hydro-

gen sulfide is generated at a lc'erer rate.
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Concentration of Li ite-derived Liquid

A ge1 permeation chromatograph (cpc) was used to de-

termine the concentration of the Iignite-derived liquid.
The GPC, waters Associate Co. Model AIC/GPC 202, was

equipped with a refractometer (Model R401) and a UV detector.
?wo I00 A u-Styragel columns, 7.8 nun I.D. X 300 mm, were

used. The carrier solvent was tetrahydrofuran (THF).

The technique for determining the concentration by a

cPC Ís illustrated by the chromatogram shown in Pigure 36.

For creosote oiI, only A, appears. When the sample contains

creosote oiI and lignite-derived liquid, the area becomes

A1 + A2. Apparently, the shaded area, A1, is caused by

the lignite-derived liquid. Hence, A, is correlated with
the Lignite-derived liquid concentration.

To obtain the relationship between the concentration

and the Area A1 , four samples of different known concentra-

Lions were prepared. The samples were then injected into the

GPC. As expected, the highest concentration results in
the largest A, (for creosote At=o). Since the chromato-

graphic area depends on the GPC system pressure and the

type of column used, the absolute relationship betvreen con-

centration and A1 is abandoned. fnstead, the correlation
is placed on a relative basis, In this way, the pressure

and column effect can be neglected. The relative (or nor-

malized) concentration is obtained by dividing by the high-
est concentration. A similar treatment is applied to A1,
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The result is plotted in Figure 37. The conclusion is that
there is a linear relation between the concentration and

the lignite-derived liguid.
The liguid samples of Run No. 6 were analyzed. The

results are listed in Table 10.

This technj.que allo$rs a rapid monitoring of the rate
of conversion of the lignite to liquids.

I t§,

lr

¡,{CIII,TAD D¡
EN / ii'\r.Ia" t1, r .



1.00

0

83

lol Ec

o
{J
rú
¡r
.p

o

o
U

o
N

rú

tr
oz D DT 

'.'CI't , r I

0 0.25 0.50

Normalized Area ,

0.75

Aa,/A, (highes t )

1.00 1.2s

Figrure 37. Correlation of Lignite-Derived
Liquid Concentration.

tt

o

o

uN ctE¡ict{
fACUtT



TABLE 10. EXPERI}4ENTAI CONCENTRATION OF THE
TUBUI.AR REACTOR EFFLUENT RLIN NO. 6

t (hr) A
1

Normalized
C oncent ration

84

.l tLl(J

FACII',TAD D[ I\I
EN Cl[liClAS DIr LA 

'l ll-'

0.6
4.2
1.6
0.0

2
4
5
6

0. 14
1. 00
0.38
0. 00
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CHAPTER VI

KINETIC MODELING

Equilibrium Conversion

The pressure effects on conversion are shown in Figure

11 and 12. The figures were plotted using data of 400"C

and I hour in Table 3. With both the reaction temperature

and time being kept constant, the pressure becomes the only

variable,

Figure 1I also reveals that the effectiveness of the

solvent has the order: tetralin > SRC > creosote oi.I.
Eowever, for the gas production, the reverse is true as

can be seen from FiE¡re 12.

Many eguations can be used to describe the curves in
the figures. However. the eguation with some theoreticil
background, even though it may suffer in goodness of

fit to the data, is the be st. choice, The reason is that
a theoretically derived equation offers the best chance

of success to extrapolate the equation to a region of
conditions not experimentally explored. Extrapolation of
a purely empirical equation is never safe.

For the lj.gnite liquefaction, t hour is long enough

t,o reach the equilibrium conversion. Therefore, the figures
are actually showing the pressure effect on the equilibrium
conversions.

On the basis of thermodynamic first and second laws,
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the pressure

expressed as

effect on the equlibriun conversion can be

(Denbigh 1971):

(5)

I T

Where R1 = gas

Av = a characteristi.c difference in volumes
of the products and of the reactants.

Equation (5) is a general expression for equilibrium,

and X" can be other equilibrium quantities such as the

vapor pressure of a liquid, the solubility of a solid, or

the equilibrium constant of a reaction. In this case, X

is either the J-ignite conversion, X¿ r or the conversion

of lignite to gas, Xg.

The data from fable 3 with pressures between 30 atm

to 36 atm and t hour reaction time were plotted in Figure

13 and Figure 14. These figures show that both Xt and X,

are increased with increasing temperature.

For t hour reaction time, these curves are considered

to be the equilibrium conversions. The te¡nperature effect
can be written as (Denbigh 1971):

¿lnxlel

e

R
T

cons tant

Ah

2

(6)ahx

P
Where R, = gas constant

Ah = a characteristic difference in the
energy of the products and the reactants
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The equiU.brium conversj.on, X", is a function of pres-

sure and temperature. The relationship can be obtained by

integrating Equation (5) and Equation (6).

The integration of Equation (5) is from Po to P at a

constant tempetrature, To, The integratÍon of Equation (6)

is from To to T at a constant pressure, P. The results of

the integrations for constant Av and ah are:

-Av (P -PIn

In

x-
(i-)

eo T
0

oI

2

(7 I

(8)

o

x-
("-) ,*-*-,

o

R

R

Xeo, Xe1, and X. are equilibrium conversion at (PoT

(P,To) and (P,T) respectively. Because the equilibrium

conversj,on is a state function, Xa, should have the same

value in both equations- Furthermore. Xel can be elimin

by adding the above equations to obtain

x
In (x-§)

eo
or to express

X =X exp I -Av
10

(P-P Ah (10)
o

it¡1¡9r t'

(P -PT oI 0

in another form:

the equi librium

I
T,

o

r$-f,r r
o

eguatin whichEquation (I0 ) is
used to calculate the

(e)(+
RR
Ah .;/

2
¡:ACLI.T¡.1) fl

R
2

AS

set of condÍtions,

o'To ) '
Equati on

equilibrium conversion, x
(P,T) , providng that x is known

e

9r-ven

at (P

Rate

Let the rate equation be vrritten as:
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/\g =klx -xl (rr)clt le )

where x is the MAF conversion based on THF solubles. Xe,

the equilibrium conversion, is expressed by Equation (I0).

X^ is a function of pressure¡ temperature and the tyPe of
e

lignite. The rate constant is k. A similar rate expres-

sion was proposed by wen and l{an (1975). Equation (1I) can

be integrated to become:

N
(t2t

e t
L

exp -kt

The rate constant, k, follows the Arrhenius tyPe

relation, i,e,:
llk = ko exp l-E/R2rj 

(13)

By substituting Eguation (10) and Equation (I3) into

Equation (12) yields a rate eguation with five paraneters--

x.o, av, 
^h, 

ko, and E. These paraaeters are to be

determined by the data in Table 3 and by a Statistical
Analysis Systen (SAS) non-linear regression program. The

statistical result shotrs that there is a strong correla-

tion, (>0.99), between ko and E. The estimated E carries

a large error and the confidence interval spans from nega-

tive to positive (Appendix E ) . These results lead to the

conclusion that E equals zero. Hence k becomes a constant

and is not a function of temperature. Physically, this
suggests that k is a mass transfer coefficient and the

lignite liquefaction under the conditions studied is con-

trolled by mass transfer,
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By substituting
rate eguation can be

Equation

expre s sed

(10)

Ah

into Equation (12 ) the

)

I
iR

exp l-- 0.,
lRlT-
LI O

(P-P I x (14)
T

2 o

[1-exp (-kt) ]

where: R, = 0.082 I atm/g-mole Kr -.R" = 8.314 x I0 - KJlg-mole
¿

P = 32 atmo
To=673r

Results and Discussion of Kinetic Models

The parameters were determined by usi_ng the

Table 3 and a non-1i.near regression SAS progra¡n.

Listed in Table 11 for each solvent.

data in

They are

TABLE 11. ESTIMATED PARAMETERS *

A. For tshe conversion of Iignite

B. For the conversion of lignite to gas

-lS o l"vent eo
x

q

av ( r, ¿mo1) ah (KJlmo1) k(hr

Tetra l in
sRc
C reo sote

4.47
6. 18

LL.I I

4.28
3.52
4.5r

37. 8
28.9
11 a

Tet ra 1i n
D T(L
Creosote
i Data of X for creosote oil at

1a o

47 .5
19.9

598K were not used.

0.65
0.55
0. 34

-0. 145
-0. L24
-0. 265

0. 070
0.096
0.086

-0.028
0.238
0. 035

In Table II, Xeo is the equilibrium conversion at the
reference state - 32 atm and 673 K. The value of X"o is
an indication of the effectiveness of the solvent. For

the conversion of lignite, tetralin appears to be the best

I
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solvent, followed by SP.C and creosote oil. For the amount

of gas generated during the liquefaction, the order becomes

SRC > creosote oil > tetralin.

The value of Av represents the effect of pressure

on the conversion. A n€gative Av means that a higher

pressure yields a greater conversion. A positive value

means the opposite. The magnitude of the Pressure effect

can be also measured by Av as it is prooortional to the

absolute value of Av. The values in Table 11 suggest that

the li.rnite converson increases with the increasing

pressure. For the conversion o.f liqnite to gas, the same

statement is true only when tetralin is the solvent. When

SRC or creosote oil is the solvent, increasing the pressure

will result in a small ualue of xg'

The temperature effect on X" is expressed by the

vaLue of 
^h, 

Positive values of Ah in Table 11 indicate

that the conversion increases with increasing temperature

regardless of solvent and that the magnitude of the effect

is proportional to the magnitude of Ah. The rate

constant, k, appears to increase a" Xao decreases.

Equation (14) and Table 11 are used to s,redict the

conversion at given pressure, tenperature, and time.

The predicted conversÍons, the errors and the conCitions

are listed in Table 12.

The errors in model Predictions can also L'e shown



Run

TABLE }2. PREDICTED CONVERSIONS AND ERRORS

P (atm) TtIq t(hr) X¿
FF's(t) -Is 3

A. Tetralin
Tr 29.57
T2 30. 59

13 31.61
14 32.63
15 45. 90

16 65.29
T? 130. 59

T8 24. r8
T9 25.49
T10 35.69
rtr 49.98
f72 30.93
T13 33.65
T14 32.29
Tl5 32.91
116 3 5.01
Tr7 34-67
rr8 35.69

0. 50

0.75 st8

0.0 46 -t't.6673

673

673

673

673

6'7 3

673
648

648

648

648

648

648

648

648

698

698

698

-8.r
7.1
5.8
1.7

-1.7
-3.0
6.4
5.8
1.1

-r.1

0.059
0,0s9
0.059
0.059
0,057
0.053
0.039
0.053

0.25
0. 50

o.'15
1. 00

1.00
1. 00

1.00
0. 25

1.00
l. 00

1.00
1. 00

0.75
0.50
0.25
0. 25

0.487
0.50 r
0. 520

0.494
0.486
0. 448

0.338
0.563
0. 7{6

0. 435

0.579
o .621
0.644
0.667
0.702
0.834

-6.7
-7 .5
-0.6
-3.1

1.4
6.2

-2 .4

0.067
0.069
0.070
0.073

-8.1
19.7

-14.9
2.8

-9.6
-30.5

2.7
8.9
6.5

12, r
22 .4

-3.2z

0

\o4.1EIl(',
E-t- I =tz.zg



Run P ( aLm)

TABLE 12. (c on ti nuecl )

r (k) r (hr) x¿ 6 (E) Ís i. (8)
q

B. SRC recycJ-ed
SI 21.4I
s2 33.56
s3 52.02
s4 70.39
s5 35.01
s6 32.63
s7 3r.61
s8 34.33
s9 33. 65

s10 32.29
SlI 3I.6I
sr2 32.63
s13 32.63
sr4 34.33

I.00
1.00
1.00
1. 00

0.75
0. 50

0. 25

0. 25

0. 50

l. 00

0.75
1.00
0. 50

0. 25

0.09 7

0.092
0.085
0.079
0.088
0.079
0.056
0.040
0.05?
0.06?

-9.4
-7 .7

-3.'1
-2. L

0.4
L.4

-5.4
7.8

13.0
9.3

s o lvent
673

673
673
673

673

673
673

648

648

648

648

698

698

698

0.550
0.573
0.598
0.548

t.2
-0. 1

0.2
-2 1

0.432
0.356
0.43r
0.45I
0. 445

2.4

-2.0
-t.2
3.6

-1.5

0. 523 -0. I
=1.5t.

0. r25
0.107

9.3
-3.7

¿. =6.1'g

\o
NJ



Run P (atm)

C. Creosote Oi1
cl 30.93
c2 44.88
c3 69.71
c4 31.6r
c5 29.57
c6 28.21
c7 3il .67
c8 3s.69
c9 30. 25

clo 33.65
cll 33.65
clz 27.53
cI3 34.33
cr4 35.69
cls 34.33
cl6 32.29

TABLE 12.

t(hr)
(conti nued)

0. 36I
0. 414

& a (r)I
¿,

L
(r )I(KI

673

673
671
673

673

6?3

648

648

648

648

648

698

698

698

69 8

698

I.00
1.00
1.00
0. 75

0.50
0. 25

o.25
0. 25

1.00
0.50
4.75
1.00
0.25
0. 50

I.00
0. 75

0. 340

0. 321

o.266
0, 269

0.27 4

o .2't9
o . 2'19

0. 4 t5
0.407
0,43I
o.429
o.425

-I.3
9.9
1.3

-13.I
14.4

-o ?

-2.5
s.0

-0. I
-5.8
-', 7

-0. 5

0.085
0.084
0.083

0.069
0.072

2.7

-8.¡l

0. r
2.9

3.8
1. r

-0.9

0.0?7
0.058
0.050
0.050

0.2
-8.8

1.1
tI. L

7. = a.2'q
;., L- 4.9i

t,

i.

= predicted convers ion
= percent error = I (x - i) /il

N= average error = / LI
Í=1

x 100

I i-, l/u
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by a scatter plot as illustrated by Figuré 38 and Figure

39. An exact model will have all points on the 45o 1ine,

The deviation from the line is an indication of the error.
The reaction times for the tubular reactor experj.ments

are long enough to reach equilibrium conversion, The

experi:nental results and the results calculated from

Equatj.on (I0) are shown in Table 13. Only three runs are

listed in Table 13; the other experj:nents are not listed
because of the difficulties encountered duringr the exper-

iments. The difficulties make the interpretation of the

experimental result extremely dif f icul-t.
Table 13 shows that the experifiental lignite con-

versj-ons, Xg, are always lo$¡er than the predicted con-

versions, t". However, the reverse is true for X .'v,'s
The large valve obtained for experimental conversion,

X-, could be caused by the decomposition of the creosotes'
oj.I. The creosot.e could be decomposing as a result of
high temperature in the preheater.
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TABLE I3. PREDICTED AND EXPERIMENTAL
CONVERSIONS FOR THE TUBULAR REACTOR

Run No, Solvent P (atm) T (l() i[ xq x-x
p_

4

6

9

Te tra lin
Creos ote
Creos ote

14.6
2r.4
21.4

6854

673

698

0.587b
0 .245
0-314

0.699
0.323
0.397

0.12L
0. r39

0.075
0.087
0.098

a. estimated average, the temperature was measured
bet\"reen 6 51- and 718K.

b. the lignite has been treated with steam.

z

-D
§

a
¡
C
C'

(o
-J

l¡ ttt
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CHAPTER VII

MATHEMAT ICAL SIMULATION OF THE
TUBULAR REACTOR CONTINUOUS EXTRACTION UNIT

Tubular Reactor Temperature Profile

The tubular reactor was operated in a near adiabatic

mode. Heat loss was prevented by wrappi.ng three heatj-ng

mantles around the reactor. The heating mantles were con-

trolled independently at temperatures according to those

ínside of the reactor. The reactor was gradually heated

by the hot solvent. A nathematical model was written to
predict the temperature profile and t,he result was used to

compare with the experi:nental data. The comparison was

made for tubular reactor Run No. 6 in order to demonstrate

the procedure.

One assumption made in deriving the model is that the

heat of reaction is negligj.ble. Thj.s assumption makes it
possible to decouple the energy equation from the conti-
nuity equation. Therefore, te¡nperature distribution for
the tubular reactor can be calculated independently. No

temperature difference in the radial direction was assumed.

This assumption is acceptable considering the reactor

diameter (5 c¡n) relative to its length (79 c¡n) . Heat in-
volved in condensation or evaporation was also neglected.

Physical properties were assumed to be constant, i.e. rnde-

pendent of temperature. In other words, all physical pro-

perties were assumed to be some average values bet$reen 25oC
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and 4000c.

written as

r979).

Then the heat balance on the fluid can be

(Bird et al. 1960, Holland and Anthony

oC T
t

,AT
' zez "ee

a
7

;5I""=--=-r' (ú)
1 2

where o
c.,,

= fluid density
= fluid heat capacity
= porosity of the packed tubular reactor
= temperature
= time

- = superficiaL velocity of the fluid
' flow in the z direction

= direction of flow
= effective conductivity of the packed

bed

T
t
v

K
e

Q1= heat 1o ss to the I j.grnite particles
through the reactoro = heat Loss

boundary

Equation (15) is based on a unit volume of the reactor.
The ef fectj.ve conductivity, Ke, was estimated by the fol-
lowing equation:

K

K

&

+ K¿ (r-e ) (16)

!,her e olvent conductivity
ignite conductivity

Q1 j.s the heat transfered to the lignite and can be

expressed as:

o, = [r -.] ooc -L . vv.

]T

-l-

t"

(17)

The subscript t in Equation (17) stands for solid lig-
nite- If there is no temperature dj_fference between the

t3



lignite and the surroundingr fluid, then T¿ =T and Equation

(17) becomes :

o, = (r -e) ,r%o # (1e)

The heat loss through the reactor boundary per unit volume

per unit ti¡ne is:

Q, = h aA (t-rJz av (1e)

where h = heat transfer coefficient
^ 

A= reactor surface area;
AV= reactor volume;
Tb= Temperature outside reactor surface
R = radi-us of the reactor

By substituting the values of AA and AV into Equation

100

(20)

tJrttor,
t5 ),

(2r)

(f9), the following result is obtained:

or=#(r-to)
In eguatj.on (20), R i.s the radius of the reactor.

substituting Equations (16), (18), (20) into Equation

the energy equation becomes:

a.c,,t,ffi*,,, 2

[,
\

. .,,,1/\
J= [-.. *, 

(r-.)]

- (r-.J AT
¿ Jt- - h f--. IR \"H

e ec * h-.)p^cv ' L v!- at

éz
T

p

T
2Az

t

Rearranging Equation (21), gives:

L
a

_I

_t
+ t 3z

cvlv zlI
2h
H

t3
K 1¿2

(t -r. Jtr (22].
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Here, a ne$, variable is defined as

(pc-J^=.pc--+[r-.)
vc v

J
S

C

Then, Equation (18 ) becomes:

[tc.,r)" (oc AT
)

4zh

(23 )

(*r¡) tzlt+ l¿
^E

?z

Equation (24) is put into dimensionless form by

use of the following:

¡.-r
ñ-T = E-:Ei- = dimensionless temperature ( 25)

m.o

di¡nensionless length (26)

z di¡rensionless ti:re l27l

T
T

m

L
R

drmensionless rad ius (28t

whe re = room temperature 25" c
= entrance solvent te¡nperature

is maximr.:m in this system)
= total reactor length
= reactor radius

(whi ch

By substituting Eguations (25) through (28) into
Equation (24) and then dividing, the resulting equation

bv (T -T ) v qives-m@'z
L (pC

e
L)U K

ta 2R

t

-z

_DR=i

t
L

vaT e
',_

3'T--3
1i. r,ñ--.¡ \

DR(oc t v' v'e z
at

+ (pCv-e L(oC r v' v'e z
129\
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New variables are defined as:
PC

R
a Tpe") e

L (pc )- ve

= a ratio

z = PecIet number

(30)

(31)

(3s)

Peh

ST
2h = Stanton number (32\

Then,

l( TIJ L

Equat ion (29) can be written as

!!**^+=+-{-r. q¡-¡,"¡ (33)
aE a aZ Pnt aZ' L)

In Equation (33), TU is the dimensionless temperature

for the reactor surface. The thermocouples were inserted

for measuring the surface temPerast.ure at the midpoint of

each heating mantle, hence:

tór u-z <
I
5

(34)
á=r/ 6

K

,, ) 
"t,

b

ll

.Iror 
3

< -< 2
J

for 3 .ZÉl2 (36)
z=5/6

Before solving for T, lO has to be assigned to

Equatsion (33). However, iO is not known until T is

calculated. To solve thls dilemma, a trailing TO is

used. In other words, fO is always one tine step behind

i. rf th€, time incre¡nent is small enough, this approxima-

tion will not cause serious problems.
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The tenperature profile is obtained by Crank- Nicol son ' s

nethod (. etter and Sherwood 1969). First, Eguation

(33) has to be expressed j.n finite difference form. For

a forward floh, system, the backward difference scheme is
recommended for the first order differential terms and

the central difference formula is recommended for the

second order differential terms, Other-vise, instability
occurs.

The i.nitial and

solve for T are t

I.C.: atE = 0 T

boundary conditions requi.red to

forB.C. 1: at Z = O r 0-r-l-
=0 for0< z <f

fort<1

(37)

(38a)

( 38b)

(39)B.C. 2
¿z

The values for Rr, pe¡and St are not directly known.

However, they can be determined by data fitting. The sim-

plex procedure (Nelder and Mead 1965) is followed to opti-
mize the set of parameters. For fitting three parameters,

four sets of parameters are required to initiate the pro-
cedure. By substituting the initial griesses, for Ru, pe¡ r

and St into Equation (33), unsteady state temperature pro-
files can be calculated. Then, points are selected from the
profiles with respect to the experimental data 1n Table 14 to
calculate the sum of the residual squares. The sufn of the
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TAsLE }4.

t (hr )

0.5

1.0
1tr

2.0

ae

UNSTEADY STATE TE¡4PE RATURE PROFILE
RTJN NO . 6

T (OC

L/6 L/2 5L/ 6

60

180

330

360

390

25

30

110

220

340

60

220

280

390
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residual squares is the criterion of deleting the set of

the initial four. The set hrith the maximum slun of squares

is deleted and a new set of parameters is determined fol-
Iowing the reflection, contraction and expansion rules in
the simplex method. The procedure is repeated until a set

of parameters with the desirable sum of sguares is obtained.

The simplex method requires no derivatives of the ob-

jective function, Hence, it can be easily applied to data

fitting of a partial differential eguation.

Since Iittle was known about the physi-caI properties

of the solvent (creosote oil) and lignite and the reaction

temperature. The initial set of parameters (Ra, peh and St)

are estimated from other materials. The properties ot¡tlil§flt
oil at 422K were used to substitute for that of the so

vent. The lignite properties were estimated by dry

stone. These values along v\¡ith the others are shown
sl1

Table 15. By substituting the values in Table 15 int o l2
Eguations (30), (31), (32) , rhe inirial set of p"ffi*e.t{, l, ,

are calculated to be R. = 1.08, Pen = 536, St = 0.062.

These parameters are to be modified with the experimen-

tal temperatures (Tab1e 14) following the simplex procedure.

After several trials (Table 16) , the initial set was found

to be the local optimum. llence, we conclude that the

properties of a light oil and a dry limestone can be used

to substitute for that of creosote oiI and lignite.



TABLE 15. PHYSICAL PROPERTIES FOR THE ESTIMATION OF PARA¡,IETERSC

Light Oila Lime S toneb Reactor
p = o. e3 g/cm3

C = 2.26 Jlq k
K = 4,54 J/cm hr k

,3= L.bu g/cm

= O.92 Jls k

=24.91 J/cm hr k

R = 2.54 cm

L =78. 75 cm

vr=49 cm/hr
e = 0.6

p_

c

S
K

a

b

AL 42?K,

At 294x,

The data

see Kreith (1973)

see Kreith (1973)

fro¡n Kreith has been converted into S.I. unit.

o
Or
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TABLE 16. RESULT OF SIMPLEX OPTI}4IZATION PROCEDURE

Trial No. R a

1

2

3

4

5

6

1.08
1. 40

0.97
0 .97
0. 60

0.97

536

482

697

482

616

482

2t
55
,1

23

95

51

0.062
0.056
0.056
0.081
0.o72
0.056

N* standard deviation = (( E

i=1
(T Ti i

.raLiol ,

-lz
fACIJLTAD I,] J

EN cl[',1'tr. I i. I ,

2 \/N))

n

É

f*l
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The calculated temperature profile with the best set

of parameters are shown in Figure 40. The standard devi-

ation for the 15 experlmental point is t 21K, r¿hich is

reasonably small at about 5t,

Tubular Reactor Concentration Prof i.1e

The concentration of the li.gnite derived liquid, the

lignite conversion, and the gas productj.on rate are esti-

mated. The mathemati.cal model for the estimation uses the

rate eguation developed with minibatch data, the energy

equation and the continuity equation. Both the rate

equation and the energy equation have been presented.

The continuity equation for the lignite-derived liquid can

be expressed as

ac+v c3
2 ,a(:I 

-1_ 
_ _____J(dt dtDez1¿ z ---2

)z
+ l.Io ) (40)

(r0 )

Where, Wo is the i.nitial weigrht of lignite per unit reactor

volume. The last term of Equation (40) is the generation

term and can be expressed as follows:
dx[f = r< ir. - xj (r1)

xX
e -* [ü [e - ro) _ah

R2
( .r. I

TT
o

The paranters for Eguation (11) and Eq'uation (10) are

shown in Table 1l-.

Equation (40) is to be solved by defining the
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=0. 5 hr

o

o

U

i¡
J
l¡
c)
c.
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Fiqure 40. Tubular Reactor Temperat,ure profile.
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dimensionless variables :

t
z

-L

p

t (27)

(26t

(4r)

( 421

(2sl

(43)

I Á.¿.\

(4s)

(46)

(41)

(48)

(49)

(s0)

(s 1)

L

o

=

w

o
w

o

m@
P

P o

Then, Equations
aEeEl._-5

dt ct

dx x (x_-x)
e

(40), (11) , and (10) becqne:
ac-----5
lz

+F 0<z<I

where:

dE

X =X exDeeo

Pe

- u, t-]- - r)l- u2T+u4 J

= Peclet Number

E, (F-r)

Lv
z

De

PAvo
L

Ahu2
R T

2 o
L -r

mu
3

T

R.TIO

o

T
o

u

k L

z

4

k (s2)
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dx dx
P=fr1-J- q) (52a)

dE dE

Equation (44) is to be solved with its initial and

boundary conditions. The boundary conditions for a contin-
usous flow reactor with dispersion have been widely dis-
cussed (Danckwerts 1953, flehner and Wilhelm 1956 , Aris and

Amundson 1957, Pearson 1959, Fan and Bailie 1960, DeMaria

et aI . 196J", Bischoff 1961a) They reached the conclusj.on

that the entrance and the exit boundary conditions for a

continuous flow systen with dispersion were:

ct--)=E(o+)-+d¡(o+) (s3)rE dz ¡rut.r ,,iña.,,dE(r-) = o (s4)
dz

However, aII previously mentioned studies dealt ,/áÉh
lai

a steady state system and no consideration $ras gi,r"r, fr\ 
j

the important dynamic behavior of such systems. 
".a"§a ":rr1

Van Cau$renberghe (1966) showed that the above bounffi'" ''l
conditions were valid for a dynamic system j.f and onty if
the diffusivities were equal to zero for both the entrance

and exit sections. The sections are illustrated in
Figure 4I. For a real system, diffusivities are not equal

to zero and are expected in alL sections. Therefore, the

use of Equation (53) and Equation (54) as boundary condi-

tj.ons for a f 1or.¡ system is strictly limited.
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of flow +

-K

I

*2K^
J

2I

I
I
I
I
I
a

0 I

I

I

l* En trance
Section -l--

t

I
¿

Beact ion
Sec tion
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To develop a general solution for an unsteady state
flow reactor, all sections in Figure 41 are considered.

The differential equations for the three sections are:

ac ac

-+-at az

)_I 0'c
Pe- --2L Ce

Z:o

z>1I

(ss)

(s6)

(s7)

(s8)

(s9)

(60)

+
3t az

Ac ac+

)-
-L dc
Pe 

=.,'_
dc

Pe _1
¿ dz

+

_¡t 0<;<1

The Pe group may differ between sections for reasons

of velocity, presence of particles and the 1ike.
The six required boundary condj-tions are:

c(--) = 0

c(0 )
1

re1
dc (0-) = E(o+) I

Pe
dc(u )
---=-

dz

dc(I')

c(0 ) c (0 )

( 61)

c(l ) (62t

c (+*) = fi¡ite or -?s]It 0 (63)

Equation (58) and Equation (63) are readily understood.

Equation (59) and Eguation (6I) result from mass conser-
vation. The mass flux through the boundary is represented

by either side of the equation. Equation (60) and Equation
(62) arise from the arqu¡nent that the concentration should

Et:.-l -# +f = E(r*)
d2

I
Pe

-+= c(] )
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be continuous.

Equation (55) through (63) are to be solved numerically.

For practical purposes, Equatj-on (58) is replaced by:

(54)0K¿ I

Where K1 is a finite number which should be large enough

so that the replace¡nent can cause little error to the solu-

tion. On the other hand, K1 should be small enough to avóid

using long computj.ng times. The error involved in this re-
placement is expressed by

I.a=L) dE.=[* (z=K3) ¡i. LTL - (6s)

In Equation (65) , cM(i =xr) is the true dimensionless

concentration at the sample part (; = K.) . .onfZ = x3) is
obtained by taking K, = The approxi:nate di¡nensionless

concentrati"", -10 E= \) ls obtained by taking KI to be a

finite nunber. The relationship between o and K, is illus-
trated in Figure 42. The error is always a positive number.

For a given error, there exists the relationship:

I (56)
PeKI 1

1

K

Equation

is needed

(66) indicates

to confine the

that for a small Pe 1, a large

approximate error to a tolerableI
range.

Similarly, Equation (63) is also replaced with a finite
nunber and becomes:
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ac (X
2 (67 )

Az

The initial condition is taken to be:

(68)

Then Equations (55) through (57) can be solved numeri-

calIy with the initial and boundary conditior's. In Equation

(56), the generation term, F, can be calcualted from

Eguation (45) and Equation {46). Using Equation (46} to

calculate the eguilibrir:m conversion, X" requires the

te¡nperature and pressure distribution to be known. The

computer program for calculating the unsteady state temper-

ature distribution has already been developed. Assune lhe

pressure is constant, then Xe can be calculated.

The constants required to calculate the concentration

distribution are listed in Table 17, These constants are

used to model tubular reactor Run No. 6. For other runs

changes should be made accordingly,

For R¡n No, 6, the system pressure rras held at 2I.4 atrt.

Therefore, this pressure is used in modeling Run l¡,o. 6.

The reference pressure and temperature are taken to
be 32 at:n and 673K respectively. These values were used

previously to estijnate the parameters of the rate equatj_on.

In the current model, these parameters are used. Hence

the reference state should remain the sarne.

0

0 at t 0
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TABLE 17. CONSTANTS FOR CAICULATING
LIGNITE-DERIVED LIQUID CONCENTRATION

xFor i. (see Table 28)
-1

v

E o
T

= 20 atrn

= 32 atm

= 673K

= 673K

= 298K

= 0.082

= 8. 314

= 0.6
= 78. 74 cm

= 49. 3 cm/hr
.)

= 0.1 g/cm'

= 0. 37 g/sn'

= adj ustable

l. at¡n/mol K

x 10-3 KJlmol K

.!. /moI
KJ /mo1

xFor g (see Table 28)

k = 4.5 hr
= 0.0857
= -0.0348
= 19.9

-1

¿h

x

k

eo

hr1r.8
0.345
0.265

L1 t

e

L

T
iil

T

R

R
1

7

co
w

K1

v"2
"3

eo
Av

(MAF)
¿ /mo1

KJ/mo1

Pe = PeI= Per= ¿¿¡o=a*r"
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The values of the T* and T- are taken to be 673K

and 298K respectively for the purpose of defining the

dimensionless te¡nperature. Because of the different
units used in the model, the gas constant should change

accordingly. The porosity is taken to be a const.ant,

(e = 0.6) despj.te the fact that e should be a function

of the conversion. As a matter of fact e = 0.5 i-s

roughly the average porosity during the experiment. The

reactor length, L, is the actual length measured. The

solvent velocity is calculated from the ptnnp capacity
(1,000 mI/hr) and the reactor radius (R = 2.54 cm). The

reference concentration, co, is arbitralily taken to be
a

0.1 g/crn'. No speciaL reason is involved. in making the

choice except that co is in the same order of magnitude

of the concentration of the lignite derived liguid.
The initial lignite density, Wo, j.s obtained by dividÍng
the initially charged lignite ( = 604 9 MAr. for Run No.

6) with the reactor volune ( = 1596 ml). The rate
equation paraneters for the calculatj.on of the conver-

sions are also shown in Table 17. These values are

taken from Table 11 for the case of creosote oil.
The entrance section is given a length egual to

that of the reactor. In other words, Kl is given a value

of 1. Earlier discussion has sho+¡n that the determination
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K, is a battle of computing time and accuracy. A long en-

trance section (large Kr) is a better approximation of the

true model (K, = -¡. However, Iarge K1 represents Iong

computing tj¡ne in solvinq the partial differential equation
(Equation (55)) . Whether the selected length (K, = 1) is
Iong enough or not will be judged later.

The exit section is also given a length equal to that
of the reactor. Hence, K2 equals to 2. Like KI , K2 should
be large enouqh to approximate the true case (K2 = @ ).
K2 should also be small enough to avoid using long computer

tj.mes K2 should also be greater than the length between

the reactor entrance and the sample port, K,. with
K2-K3-1, the sample port is located in the exit section
and the sample concentration can be calculated.

It should be emphasj.zed the K, is not the physical
length bet$reen the reactor entrance and the sample port.
Rather, it is an equivalent length between those locations,

FACUI-].A D I],
This is because the model assumes a geonerry quite dift€Eé;it,,
from t.he actual situation. The model assumes the same size
for the entrance section. reactor section and the exit
sectj.on. However, they a.re different in reality. Hence

the model length, K3, cannot be determined by direct measure-

ment. The directly measured length between the reactor
entrance and the sample port can be used as the first guess

of K3. Then, K3 is refined by the measured sample concen_

trations.
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The Peclet nr¡mbers for the sections are different be-

cause of the differences among the sections in their solvent
flow pattern and geometry. ?o sj.mplify the problem, these

three numbers are assumed to be equal and are adjusted to
obtain the experimental result. lfhether the simplication
is justifiable or not remains to be proved.

There are now two adjustable parameters, K3 and pe. By

substitutfng these para¡neters into the model, the concen-

trations at the sample port can be calcul-ated for different
times. Results are shown in Figure 43. In Figure 43, the
curve is bell-shaped. K, and pe affect the curve in dif-
ferent ways. K3 shifts the curves in the time scale and

Pe changes the slopes. The curve shifts to the right with
increasing K, and the bell is taller with large pe (even

though the area under it is unchanged). The determination
of K3 and Pe is a matter of trial and error until the curve
generated matches the experimental results (Table 10).

The trial and error starts with calculating the unsteady

state concentration profile of each sectj.on. The followinqr
steps illustrate the calculation procedure:

1. Enter the constants and parameters.

2. Set E = 0 and X = 0, then enter the initial and

boundary conditions for E and E.

time: E=E+
time dependent

E3

4

Advance the

Update the

A

boundary condition, E (7=o I
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5, Calculate the temperatures along E.

6. Use the temperatures to calculate the equilibrir.un

conversion, Xa.

7. Calculate the convers j.on rate AX/AE+(xe-X).

8. Calculate the generation term, F = W(8./AE-AX_/At)&9
9. Use Crank-Nicolson, s method to calculate the

concentration distribution.
10. Update the conversion, X = X + AX. 

^X 
is obtained

by integrating Equation (45), Runge Kutta method

is reco¡unended for the integration.
11. Repeat steps 3 through IO until the desired

reaction time is reached.

The above procedure involves the calcuLations of E,

xe, AXIAE, F, ? and ¿X. These variables are of course

functions of E and E. No reaction is assumed to occur at
a temperature below 250o C. In steps 6, 7, g, and I0,
F= 0 and aX = 0 for T < 2500 C.

The calculated concentration profiles are shown in
Figure 44. The curves show trends as expected. The curve
skews to the left at the early stage of the reaction. Then

the curve gradually grows into one which skews to the right.
This is the result of the maximum reacti.on rate which
travels fron the left to the right because of the tempera-
ture and the reactable lignite. The concentration increases
as a result of the increasing terperatures which cause

an increase in the conversion. The solvent floq/ rate
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shifts the curve to the rj.ght.

The shape of the concentration distribution in the

reactor shown in Figure 44 is a funct.j.on of the Peclet

number, Pe. By plotting the calculated concentrations at

2 = KZ, a curve similar to that in Figure 43 is obtained.

By repeating the procedure with different Pe and K3, the

concentration curve at the sample port (Figure 43) will
be reasonably close to the exper jmental data (Table I0).

The best set of parameters were found to be Pe = 5.0

and K3 = 2. Figures 43 and 44 were obtained with these

numbers.

The curves in Figures 43 smoothly approach zero at

i = -L (or E = E, = -1) is an indication that the selection'l-

of K, = l is large enough. since Figure 43 shows that á!llrt<nrl..
calculated curve matches the experimental data amazing

well, the assLünption Pe = Pel = Pe, and the approximat

K2 = 2 are considered to be acceplable.

1

\'
r¡\

9o

The Peclet nr:mber defined in Equation (45)

rearranged as follows:

Lv eL
al

P

Pe z
DE

I+ fDrJEl-v-A-Izp
(6e)

where d isp

is porosity
the initial lj.gnite particle size (=0.5 s¡n), e

(=0.6) and L is the reactor length (=78.74 c¡n).
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Bischoff (I961 b) measured the dimensionless group, o./rrdp
by passing fluid through a packed bed at various Reynolds

numbers, For l j.quid of laminar f1ow, the group was found

to be about 1.7. Since our experiment was also in laminar

flow region, this number was used.. By substituting
all the nunbers into Equation (69) , the Pe was calculaLed

to be 56 which is substantially greater than the result
(Pe = 5) used herein. The gas generated during extraction
probably has a rnixing effect which enlarges the diffusivity
term in Equation (69) therefore decreasing the peclet number.

The calculated lignite conversion and equilibrium con-

version are shown in Figure 45. Equilibrium conversion

are obtained after 4 hours of operation.

The gas production rate is defined as

/d( .I cll

Iat.i

¡L dX

l" {¡¡1a,
L

(70)

P

?he calculated result is shown in Figure 46. The multi-
plication of (ü^/dt[ by the weight of lignite charged resultsYP
in the absolute value of the gas productj.on. The percent

of lignite recovered at various time is expressed as

foIlc,v¿s

I
,'

j (r=tD_](vz) (TrR') dt
Y x 100 (7r)r wt.. of lignite 04AF) durged
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The concentration of lignite-derived liguid is shown

in Figure 43. Yt is the percent of lignite recovered as

liguid product, The following equation gives the percent

of the li.gnite recovered as the gas product.

Y
s

r ¿t d( -r

I I (a'e)" u' 
I-,o

x 100

The results of Y, and Yg are plotted in Figure 47.

curves approach the eguilibrium conversion.

(7 2t

Bo th
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MATHNMATICAI
UNDERGRO UND

SIMUIATION OF
LI OUEFACTION

At this point, the proposed calculational procedure

is successful in predicting the performance of a laboratory
sirulation system. Asifiilar approach is applied to the

simulation of a field test. Several adjustments are required

to meet the new situation. First, the heat. loss through

the surrounding formations, even though it may be sma11,

may not be neglected. The heat loss affects the temperature

distribution. The high sensitivity of tignite conversion

on temperature makes the heat ross an iÍportant f ""to..,lf,6trca
determine the amount of lignite that is recoverable. Secqnd,

the underground Ij-quefaction will be conducted on a I ge

scale, hence a one dimensional model may not be adeq

A two dimensional model will be used.
e!

only the ternperature distribution !¿i11 b" 
"trdi"f^,*1,,,1,

this chapter, because it is the key factor in aeteÉrtrlfiinE

the success of a underground liguefaction process. Other

considerations, such as the a¡nount of 1ignite that can be

recovered, the quality of the products, etc., can be esti-
mated following the same treatnents as that used for the

laboratory simulation system previously discussed.

Mode I Des cr ipt j- on

Assume that the lignite to be liquefied is located
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between the two boreholes and is in a cylindrical shape

as shown in Figure 48. The center core represents the lig-
nite to be recovered. The hot solvent is injected into
the lignite seam at z = 0. The slurry is recovered at the

production bore-hole (z =Ll .

The lignite seam is divided j-nto two sections: the

solvent-contacted section (section A) , and the section not

contacted by the solvent (section B). The boundary between

sections A and B is moving in the direction of the solvent

flow as the solvent is conti.nuous Iy injected.
The field of computation also includes the surrounding

formatj-ons (section C). The thickness of section C is ar-
bitrarily chosen to be R to dernonstrate the effect of the

heat Loss and the te¡nperature distribution in the formation.

Mathematical Formulation

A a result of the hot solvent injection, the lignite
seam is gradually heated. The hot solvent in section A
reacts with the lignite and generates gases, volatile
material and steaÍr. The gases,volatiles and steam along

with solvent vapor move to the cooler section B where cón-

densation occurs ,

The underground liquefaction is an extremely compli-

cated process which involves reaction, evaporation, con-

densation and multiple phase flow. To model this process,

some degree of simplification must be made. First of all,
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theheats of reaction, evaporation, condensation and the

gas produced are neglected in the modeling. The effects

of these phenomena are lumped in other prarmeters '.rhich

are determined ernpirically. After simplification, the

modeling of the underground liquefaction is similar to that

of a packed reactor.

the heat balance for the solvent in section A can

be expressed as

AT

atava

r

C
a

ea

p ( +
Az

= t_K. + (1 -e-)K¿aa a

in Section B, the heat balance and K

z

ft
K Ir (I- eu) O¡Co¿ at3r +

(73)

The last term in Eguation (73) represents the heat loss

of the solvent to the lignite. The lignite Ís assumed to

be at a uniform temperature which is the sa¡ne as that of

the surrounding solvent. pa and C.ru ar" the solvent proper-

ties. v is the superficial velocity of the solvent flow.2'
K is the effective conductivitv. K is a functicn ofea-ea
the solvent and the lignite. X"" is estimated vrlth the

reLation:

T^2-
--dr

K (7 4l

are

T

ea

SimilarIy,

expressed as of-
b-vb

ah
3r'

^4-

+V

l_lr
Ta

ra
+ t(I-e 

O) 
o¿C'gK.

e-o
+

(7s)
t
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x* = eOkO * (t - eO ) K¿ (76)

p. , Cr, and I( are water properties because the solvent

untouched lj-gnite is cons j.dered to be water saturated. As

a result of material conservation, the velocity in section B

is the same as in section A.

No convection is assumed for section C, therefore, the

energy equation is written as:

I
r

T
t

ts

a
9C r

a

3

T 3t ah-;z-- -J-t ,ttK

where 0_, C__ and K - are the properties of the surroundingc- vc ec

formations. Eguations (73) . (75), and (?7) neglect the

viscous heat dissipation, the temperature gradients in the

angular directions and the convectj.ve flow in the radial
di rec ti on.

The above equations can be expressed in dj:nensionless

form by defining:

- 
r¡-m ,aÉr

\LJ't*- T-

(26)

f l27 t

z
L

t

;
r
R

(78)

t
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Then, the equations become

-c- AT
at

+f
a

3

t-b
AT I _ 't-I a__T_ + a'.r.- - 

,)

r ar a: o

2?

I

I ts( )+ \, l

^=¿z
1

r a;

L ar
? a?

AT
-'-=dr

o f + I (7e)

T (80)2
+ ls( a)+at

where

Pe.llAz -,)

i
E k

I ts(
')- 1-. a-T a-r

_¿) , _)d r dz

a

fJLava

!,b

f

le o5c* + 11 - e O) É¿Cvf I

f e oC- a'a va .) os%s I+ (l - E

vL

(81)

(82)

(83)

(84)

(8s )

(86)

(87)

Pu cvb

fJ5 aava +(1 E c
a 2"

a
K
ea

tbPbcrl, + (1 -eb a9rn. 1 '"r
K.e¡

Pe I cvc vL

g
2

L

;-
The values reguired for the calculatjon of Equation (82)

through (87) are as follows:

o. = 0.83 g/crn3 (BB)

l

l
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C = Z-l?t .llo.Rva

Ka = 4.54 J/qn ' hr ' k

. = I.00 o/qn30

(8e)

(90)

(9r)

(92)

(e3)

(94)

(9s)

(96)

(e7)

(98)

(100)

(ro2)

(r03 )

fqqt

CrO = 4.23 J/g , k

\ = rg.ez j/on ' hr ' k

3c = 1.68 g/c¡n

C = 0.92 J/o k
VC

K = 24.9L J/sn 'hr .k

Jo 1.68 9/qn ¡trt_toTF_e¿

'-:

C 0.92 Jlg . k
¿

K 24.9L J/ an. hr. k

e 0.3
a

b 0.1

' fAlrll rAD OF l\r
fA tt[flcrrc tr. , '(101)

3L 2.5 x 10 GN

R 100 cfn

z 50 qn/hr
(104 )
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p-¡ C-__ and K- are the solvent properties and area' va a

approximated by the properties of a light oi1 at 422K.

The temperature is considered to be the average temperature

during the reaction in section A.

pb, Cvb, and Kb are the r.rater properties and are

estimated at 298K. In using this temperature, we assumed

that the \^rater in section B is basically at 298K.

p_, C--_, and K_- are the surroundinq formation prop-c- vc ec
erties. eL, Cvt, and Ku are the lignite properties. we

assumed the surrounding formation and the lignite can be

approximated by dry limestone at 294K.

AI1 the values are reported by Kreith (1973). The

reason for making all these approximations is the lack of
information on J.ignite and solvent. The approximations

have been successful in determining the parameters of the

tubular reactor mode1, and are, therefore, applied for the

underqround simulation.

The porosity in Section A is assumed to be 0.3, This

value is considered as the average porosity of section A
during the reaction. In seetion B, there is no reaction
and the porosity is assurned to be 0.1. We arbitrarily
chosé L =2.5x 103 cm and v, =5 x 102 cm. Ris restricted
by the seam thickness and is assumed to be one meter.
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K"_ in Equation (84) can be calculated frorn Equation

(74). K"O in Equation (85) can be calculated from Equation

(76). Then, Equation (82) through (87) can 6s solved and

the results are as follows:

Kea = 18.80 J/c¡n.hr.K (105)

K.
eb 24.41 J/c¡n. hr. K (r06)

(r07)

f-b = 2.33 (108)

Pe^ =I.09x10 4 (109)

"%=s-29x10
3 (r10)

a

3Pa-C

eguations are:

I.C.: at E = 0

Boundary conditions

B.C.1 :atE=0

Er,-1- aL a. - L

7.76 x L0 (r11)

S = 625 (112)

rhe j-nitial and boundary conditj_ons used for these

for E, 0

0 for

(rr3 )

(r14)

(II5)

(116)

T I for O.f<T
i

a

T

1.;<7

a z
F

0

8.C.3: at 7 = 0
r

0
(117)
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AT
E

+f
a oz

^;

-+
at

The computation

shown in Figure 49.

The axial center of

f t ,, +#* Ér¿r, (r]e)

0
i
E

(1r8)

The intersectional boundary condj.tior,s are neglected.

We assume the temperatures are smooth and continuous at
the intersectional boundari.es.

Follohring LtHospital ,s rule, the term 117f¡ (¿-/ar_l ,

in Equation (79) and (80) becomes (ah/ ar 2) at 7 = O

Hence, at ^¡ = 0, these equations becOrne:

t

. aF _ r , r- é2i_- fT r (r2o)
-b 

^- Pq- L&: 
"-2 

' ^-2'd g 'r i r dz

The boundary betlreen section A and section B is moving

toerard the production borehole as the solvent is continuously
injected into the lignite seam. The boundary moving velocity
is calculated from the following equation:

(r21)
vg = v 

"/eOBoth vz and eO are constarts, therefore, vb is also a

constant.

Numerical ¡,lethod

field of underground liquefaction is
The ranges

the lignite

are 0<;< 2 and 0< á<1.
is represented by i 0
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2

-5T-= 0

ar

49. Computation Field of Underground
Liquef act,ion '

^ñ--ql=n
dz

I
AT

0

i

F igure

Equation ( 8l)

Equati on
Equati on

(80)
,tro)Equation (79)

j 
Equation (I1s)
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Because we assumed that there was no temperature difference

in the angular direction, the field represents the whole

model shown in Figure 48.

The boundary conditions and the eguations required for
the calculation are also shown in Figure 49. Equation (119)

and Equation (120) are used at i = 0.

The field of conputation (Figure 49) was transferred

into grid coordinates (Figure 50). In Pigure 50, the actual

field is represented by the solid lines. The dashed lines
wére used to take care of the derivative boundary conditions,

The computation field in f direction is divided into
M-2 increments. The length of each increment, hence, is:

ti = 2/ (M-21

Similarly, the increment in the z direction is:
¡á = L/ (N-2)

The boundary betvreen the lignite seam and the s

formation is represented by the line at i M
D

case, IYlb can be calculated f rom M.

(122)

112 3

urro

fn1n9

this

)

und-

!1 2T (124)

N

M.
D

+2

The moving boundary bet!'reen section A and section B

is located at j = ¡O. NO increases with time until NO =

Nb was calculated from the following equations:

N.
v.tr*r (N-2) + 2 (12s)



L42

j

123 Nb N N+l

1-
^l

I

t ll llllltlrtttl lllrrt

A rr- rl

%

M

oÍILI

c!,,

\
Ii,/

-,,'/
1.,'./

r'
u+l L .rllt. tlt I I I tt I t¡l t, ¡

IACULTAD Dl: INC
EN clENClAi rrr i I ri¡'Frr

Figure 50. Computation PieId of Underground
Liquefaction in Grid Coordinates.

IIIIIIIITIIT¡IIIIIIITIITIIIIIIIIIIIIIIIIIIIIIITIIIIIIIITIIIIIIIIITIIIIIIIITIIIIIITIIIIIIIIIIIIIIIIIIITIIIIIIIITIT¡IIIIITTIIIIIIIIIIIIITIIIIIIIIIIIIIIIIIIIIIIIITIIIIIIIIIIrIIII

ITI¡TIIIE II ¡¡I¡IIII IIII

il



143

hrhere vb is the velocity of the moving boundary and

is defined in Equat,ion (121). Equation (125) can be ex-

pressed in dimensionless form,

(rF2) + z =ftu - 2t + 2
-b

(e- r
uz

L (126)

Alternate direction implicit (A.D.I.) method (Mitche1l

1969) was used to solve Equation (79), (80) , and (8I) . In

this method the tiÍle increment is divided into steps. Each

step takes only half of the ti¡ne increment and only one

of the two space increments is considered in the step. The

procedure wil] be illustrated in the formulation of the rEtrjx.
A.D.I. method starts with v¡riting the di.fferential egu-

ations in finite difference form. For the first half ti:ne

step, Equation (79) becomes (For simplicity, the over-

which denote the dimensi.onless variables is omitted

for the rest of thi.s section) :

N.
Ll

L+L|L/ 2

-T
t

T t+6L/ 2
irj i,i Irl-IT

fa
+L|'/2

T Ti+1, i t
)+

+

q I
P". (¡e-i) ¿r

to

ZIT

Ps ATa

L1

a
Ps

-1 I
. +T

t- +1 E+Lt/2 (L2'71

(

T.. - ZI. +T.-a-Irl 1,1 I+I, I



The backward difference formula i,s used for the first
derivative terms and the central difference formula for
the second derivati.ve terms. An unstable solution occurred

when usingr central difference formula for the first order

derivative. A general rule is that for a forward flow

system, the use of backward difference formula j-s

encouraged.

In Equation (1211 , the temperatures at time level
X+At/z represent the unknown vaLues. Of the 2 space

dimensions, only the derj-vatives wi,th respect to z are

advanced lo t+d:./2 in the fi.rst half time step. Equation

(I27) can be rearrangred to become:
L + L1-L/2 t

where

At i=M,

L'Hospitalrs

Pe
-I
-=Lz'

I RHSA i,jl
(128 )

(12e )

(130 )

(131)

["rTi,j-r + a2Ti,j * ":Ti,i*11

"1
a I

a

o
Pe

+

+

RHS A

^!¿aI*1 At 
^z 

Pe
a

2-'-
Lz

J
1 -1Pe 

-2a Lz

,o 1
'Pea ar

T t
i-r,j +irj

1
E:Tl ar

't ^ _)
-a ¿ ---L --aIAr ' Peu ,r2'

t
i,j

)T

T

(132)

+At

rq r
'Pe, (M-i) Ar

Equation (132)

rule to become:

t
i+1, j

-1
AT

has

+
o I

't
ATa

to be re formed following
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'Pe a
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AT

tI )T .2t- +'¿t
t
r,l

(133 )

ij
t
(134)

(13s)

(r36)

(137)

t

¿q

a

-2--+

+(
Pe

a

1

-z

b
Ĵ

b-T.I Lt)

1---
AT

t
T i+I, j

Similarly, for Eguation (80), we obtain:

t"
where

+ T i, j

r -1
=-- _____"=

'ub [-, "

At-2- = TRHSB1.1
+ 1_-l

T +
1 i, j-1

b

b

I

2

-rb r -r
Az Pe. 2b az
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6z-P._--DAZ
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3

RHSB
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I
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1
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o
Pe.
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+(

At )r

t

lrl

t
i+1, j (r38)q
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-+AT Pe.
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lr
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At i=M, Equation (I38) has to be reformed followj.ng

L ? Hospital' s rule to become

t
i-1, j

)^ -)-=-L _____1Pe. 2b Ar
t}T ¡,1

RHSBtt, j

+ (=2q -L- I T t
i+1, j

+ r**
(r39)

)
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Again, for Equatj.on (81), the difference form is

Ic T + T + IRHSCi i- l -2 i, j t _ lt+¿tL. - Ir,l+I'1 i,3
I

(140)

(14r)

(142)

(143)

wher e

I
C

2 I+
Pe

I

Pe
-1-L
AZ"r

"z

c-
3

,
;7

-1----Pe

i,j
o

Pe ---
^r

+(

)r t
i -] .i

I
+RHSC

2

^t
+ +

g
Pec

+

ql
Pe c (M-i) Ar

-1

-+lr

1 1
(M-i) ar ar

d

Pe^
-2--1
^r

)T t
r,l

t
i+1, j (144)

(14s)

q
Pe c

I )T2lr

The boundary conditions for the first half time step

T for i 2, %rrJ I
LtL

T I fori= Mb' M (i46)
L r2

T T for i 2 ¡4 (t4'7 Ii,N+I i,N-1

Th3n, t,he temperature field at t +At/2 is calculated as:

For i 2, I.,lb -1
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(149 7

rhe above marrix is also used for i=M. However, *liilLrrr,,ii,,,l!,,n
Equation (133) must be used to calculate the right hand

side instead of Equation (132). A subroutine to solve the

tridiagonal matrix (Carnahan et aI, 1969) can be used

to obtain the solution.
The location of the moving boundary, Nb, has to be

calculated at every tjlne step according to Equation (126).

Thus, t-he temperatures at t+Atl2 are obtained and the

boundary conditions at i=I, i=M+t j=I and j=¡¡11 t"urr.

to be updated before moving to the second half time step.

I
Tí,2 I
'1'' 

I

,1,--, 
I

Ti,¡l l



The-second-ha1f tine step moves the tijne from

t+Lt./2 to t+At. This time, the derivates !.rith respect

to r are at t+At. The f i.nite difference form of Equation

(79) in the second step is:

t+ r:,L/ 2

148

t+Lt/2
(rs1)

(1s2)

(1s3)

T T T T
t+A t
iri

L+AE/2
Lr l 1,-l i,i-rf+ri¿/ 2 a i\z

Tirj i+1 , j
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t+a tT 2T. +1¡l T
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2
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+
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+
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(1s0)-I +1

Pe
a

By rearranging Equation (150) , the following equation

is obtained.

q
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a
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I
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tRHSA. .l- r,l.
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Similarly, Equation (80) yields
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The boundary corrditj.ons ior the seconC half cune

stoP are:

T T

*(#

6\

-I
i, j+I (171)

tL'7 2t

(173)

(171)

'ti 3,j
I

'*-t, j

2

3 N

..b,.,

tM+1, i
_1

Then, the

from the

For

^ ')^
fo

C

0

temperatures at t+At can be calculated

foi.lowing matri.ces:
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For j Nb (Nb, the moving boundary location)3
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The computer time depends on the size of the space

and the number of tirre increments. In other words, it

depends on N, M, and Ka. N and M are the nurüer of grid

ponts shown in Figure 50. Kt is the number of time incre-

ments and is calculated according to

total reaction time ( (178)time 1nc remen tK t

The total reaction tj.me in the above eguation

predetermined. By choosing N = 14, M = 8, and Kt

the program requires I.56 seconds Jomputer time on

Amdahl 470v /6 computer.

The overall procedure may be sunmarj-zed as follows:

1. Input constants: f", fb, Pea, Peb, Pe", 9, M,

N, Kt, At, tb, and vr.
2. Calculate Ar, á2, Mb, vz.

3. fnput initial and boundary conditions.

4. Advance time t = t+At.

5. Calculate Nb by Equation (126). Nb is the

location of the moving boundary and is a

function of time. The range, Z 5 uO 5 u,

should be observed.

6. For first half time step!

a) Calculate new te¡nperatures for section C

as follours:

= 60,

an



(r)

(ii)
(iii)
( iv)

Calcu1ate cL, cZ, and c, us j-ng Eguations

(I4I) through (I43).

Calcu1ate RHSCi,j (Equation 144) for j=2, l¡

Eorm matrix (148) and then solve it.
Repeat (ii) through (iii) tor i =2, %-1.
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El tLlol rr
repeat

(b) Calculate new temperatures for sections A and B

(not including i=M) as follows:
(i) Calculate uI, .2, and a, (Equations (129 ),

(I30) and (13I) ).
(ii) Calcu]ate b,r b, and b, (Eguations (135)

(136) and (137)) .

(iii) Ca1culate RHS\,, (Eeuation (132) )

for j=2r NO.

(iv) Ca1culate RHSBi,J (Equation (138))

forl=Nb+1,i'¡
(v) Form Matrix (149), then solve

(vi) RePeat (iii) to (v) for i=%,
(c) Calculate new temperatures for i

(i) Calculate RHSA1.j (Equation

;ln'/
ir.
M-1

(133) )

fACULTAD DE I \C.
LN f'tENCi^S trE ' ^ 

r, '.i

j=2, Nu.

( ii) calculate RHSB

ior

(Equation (I34) ) forM,j
j = Nb+1, N.

(iii) Form llatrix (149) then solve.

(d) Update the boundary conditions (Equations

(145) , (146) , and (147) ) .

/¡
/.s"1,
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For second half tjjtre step (use the calculated new

temperatures of Ehe first half steP as the known values) .

(a) For3=2
(i) calculate "4, "5, and c, (Equations (168),

(169) and f170)).

(ii) Calculate RHSCi,, (Eguation (171)) for

i=I , Mb-l,

(iii) Form Matrix (I75) then solve.

(b) For i=3, ¡¡O.

(i) Calculate .4, a5t a5t dlt ag, and ar, bY

Equations (1521 , (I531, (I54), (156), (157),

and (158) . ''"::*

(ii) Calculate RHSci, j (Equation (171)) repeat

for i=2, MO-I.

(iii) calcuLate HSAi, j (Equation (155)) repeat

f or i=l,fb, M 
fA

(iv) Form Matrix (176) then solve. EN ct

(v) RePeat (iii) to (iv) for :=3, NU.

(c) For j=NO+1, *
(i) calculate b4, b5, ba, bl, bil and b,

by Eguations (160), (161), (L621 , (164),

(165), and (166 ) .

(ii) Calculate RHSCi, j (Equation (171)) repeat

for i=2, Mb-l.

.,:',

CULTAD L)iJ Itic
ENCIAS Di Lr I ri_i r,
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(iii) Calculate nHSt, j (Eguation (163)) repeat

fori=Mb,M.
(iv) Form Matrix (177) then soIve.

(v) Repeat (ii) to (iv) for j = NO+l , N.

(d) Update boundary conditions (Equaticns (1721 ,

(173) and (I74) ) .

L Repeat steps (4) through (7) until the predetermj-ned

time of ¡dvance Ka is reached.
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Results and Discussion

The calculated temperatures hrere plotted in three

h¡ays shown in Figures 5L through 53. These curves are

strongly depend.ent on the parameters: fa, fb, pe", peb,

Pea, and g. Even though these para¡neters r¡rere carefully
estimated, a field test is reguired to refine them.

Figure 5l shows the te¡nperature profile at the center
of the lignite seam. The profile covers only 8.4 m of
the 35 m seam. The temperature distribution of the rest
of the seam is an extension of those curves.

Figure 52 shows a sharp drop in temperatures at the

boundary between the lignite sea¡n and the surrounding for-
matj-on. The sudden drop in temperature is the result of
low conduct,ivity of the surrounding formation. Hence,

the figure indicates that the surrounding formation is
an excellent insulator.

with the calculated te¡nperature profj_1e, the heat

loss can be estimated from the eguation!
L

Heat Loss AT
á; r=R ecÍ"

+K 2[Rdz (179)

+ is a function of time, the heat IossSince r#r r=R
is also a function of time.

Ihe temperature profiles
are shown Ín Figure 53. The

those measured in the tabular

at three di fferent
curves sho!,¿ the same

Ioca t ions

trend as

reactor experiments.
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CHAPTER IX

CONCLUSION AND RECOM.I*IENDATIONS

In thj.s research, Texas lignite was used throughout

the work. Tetralin, SRC recycled solvent, creosote oil,
kolineum, and steam were studied for their effectiveness
in dissolving Texas lignite. Data v¿ere collected at tem-

peratures of 375"C, 400oC and 425oC. The pressure for
these experiments ranged from 20 atm to 70 at¡n. Kinetic
data were obtained using tetralin, SRC recycled solvent

and creosote oi} by usj.ng a 60 ml mini-reactor and a fluid-
ized sand bath, A reaction model based on the thermodynamic

.'quilibrium concept and the kinetic theory was developef

This model, suggest that: 
/^:.1. The lignite lj.quefaction for 5 mm particles ig'r/l'

I

a mass transfer controling reaction and that t'r{r-
\. ..

perature has no effect on the reaction rate ti'.l,ji

constant. , r.L,LTrO D[ tNC.
-'' ( ':-'Ir''1i l'r: l-1'/lERLA

2. Temperature and pressure affect only the equili-
brium conversion-

3. Increasing temperatures and pressures increases

the lignite conversion.

4. Increasing terlperatures increases the gas pro-

duction. However, increasing pressures increase

the gas production only when tetralin is used

ioLtoTn.-

:\
.:l
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as a solvent. For the other two solvents, in-
creasing the gressure has a negative effect on the

oas production. Wíth creosote, the lignite conver-

sj.ons were approximately the same as obtained for
devolati 1iz ation experiments .

A technigue for determining tl¡e concentration of
lignite derived liquid in a solvent was deveLoped by using
ge1 permeation chromatography (GpC). This technique t¡ras

used to monitor the lignite extraction rate from the

tubular reactor experj:nent and should be applicable in
a field test.

Underground liquefaction was si¡nulated by a Iaboratory
apparatus that consisted of a tubular reactor packed with
lignÍte and was treated as the lignite seam. Solvent was

continuously purnped through the reactor. The pe:formance

of the reactor was successfully predicted by a mathematical

model which calculated the temperature profile then coupled

the results with the reaction model to predict the quality
of the product.

Fina11y, a two di:nensional model was used to predict
the actual underground operation. The te¡nperature profiles
were shc¡s¿n in various ways,

This research does not exhaust all the efforts toward

underground liquefaction. RecoE¡nendations for futher re-
search are:

1. Search for a better solvent: A good solvent is
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measured by both economics and effectiveness on the 1ignit
conversion. For the large scale underground liquefaction

the price of the solvent becomes an important factor in
determini.ng the cost of lignj.te-derived product. Special

emphasis should be placed on the lignite-derived liguid
itself. If the self-generated solvent is proved to be

effective, then only small anounts of "start-up" solvent

will be necessary.

2. Continue to j:nprove the analytical technique:

This is an effort to determine quantitatively the compo-

nents of the I ignite-derj.ved l j.quid. The detailed ana-

lytical vrork not only indicates the quality of the product

but also reveals the basic chemical structure of the tid¡lBL

e

nite. Furthermore, it serves as a powerful tool for
tifying the most effective components in the solvent.

Hence, an improved solvent can be obtained.

3. Use cataLyst: Cobalt molybdenu¡n catalysts a

ide

re

widely used to improve the conversion of the above-gr{Sf9,., ,,,

coal liquefaction. The ainc chloridewas also reported

to be effective to increase the conversion. Both can be

further studied for underground use.

4. Understand the geologicaL factors: the mechanical

strength of the formation determines the pressure appli-
cab1e. The enhancement of the lignite seam permeability

needs to be studied. Information on the physical properties
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such as the conductivity of the formations is also needed.

5. Avoid the environmental problems: PossibLe en-

viror¡mental problems such as polluting the underground

water and ground subsidence should be studied in advance.

Underground liquefaction is a promising technique

to recover the energ'y in deep basin lignite. This research

served as the first step toward the final goal of solution
nining of l igni te.

ur¡¡¡61trCA

+

J/l
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APPENDIX A

NO¡IIENCLATURE

matrix coefficient
chromatographic area of lignite-derived liquid
chromatographic area of the creosote oi1

differential area of the reactor

matrix coefficient
matrix coefficient
concentration, g of lignite-derived
liquid/solvent, mI.

concentration of solvent ¿r¡¡Lioffi

dimensionless concentration = c/ co

concentrationatT=K3

t-{/ "o

c
Ao

E

tf
14

o reference concentratio+ arbitraril y taken to
be 0.1 o/ 3

heat capacity

partical size

Effective diffusivity
dj-ffusivity in the entrance section

diffusivity in the exit section

activation energy

f^CULTAD DIi ING.
EI¡ CIENCIAS I]E L^ T¡ERR¡

a P ¿c,, ¿ 
lo 

^Cuu/ 
[."r.Cr" + (1-eu)

/ [e'c6C.,r5 + ( I-eb)b
pfb C vb P¿crr¿l

\
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T = generation of the lignite-derlved liquid =
ú_ (ax"/dE - dx /dE )o&s

= (¡./nl 2

= weight of the gas generated (q)

= heat transfer coeficient

= a characteristic difference in the enthalpy
of the product and of the reactants

= rate constant or mass transfer coefficient
= dimensionless = Lk/vz

= Arrhenius constant

= solvent conductivity

= effective conductivity

= lignite conductivity

= number of time advances

= length of the entrance section, di:nensionless

= Iength of the reaction section plus exit
section

= sample port location, dimensionless

= reactor length

= number of grid point in r direction
= molecular weight of component i
= average molecular weight

= moisture and ash free basis

= moisture free basis

= number of grid points in z direction
= pressure

s

G

h

Ah

o

k

k

k

K

K
e

L

1

2

K

K

3

t

t(

L

M

M

11

MFB

N

P
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1

2

P

P

F

P

= uPstream pressure

= do\,rnstream pressure

= dimensionless pressure = P/Po

= reference pressure = 32 atm

= Pec1et number for heat transfer
L (oC ) v / x

= Peclet number in section a =

[."ruc.r. + (r-ea) p 9.cu9.) ,rL/K"u

= Peclet number in section b =

[.bobCrrb + (1-eb) psCrrt ] v"L/K"O

o

Peh

Pe
a

Pe-b

Pe Peclet number in section c Ip cvc I v L/K

Pe Peclet nt¡mber for mass transfer = Lv D
z

heat transfer to lignite
heat loss through the reactor surface

radius, distance

r/R, dirnensionless

radius of the reactor
R/L, di:nensionless

oCr/ (oC.r)., dimensionless group

gas constant = 0.082 Í,-atn/g-nole K

gas constant = 8.314 x l0-3 KJlg-mole K

ri.ght hand side, section A

ri.ght hand side, sect j.on B

right hand side, section B

Stanton number = Zhl ñ (pC

e

o

o

r
:

R

E

l-

2

R
a

R-
J.

,,2

RHSA,.l't

RHSB. .l-'t

RHSC . .
.l- 'l

St
Ze)



t
t
T

i
T

tfune

vrL/L = ditnensionless time

tempe rature
(T-T_ ) / (T--T ) dimensionless temperature@m

reference te¡nperature = 673oK

reactor surface temperature

(Tb-T-)/ (Tm-T-) = dimensionless TO

entrance solvent te¡nperature = 673oK

environmentaL temperature = 298oK

di:nensionless group

dimensionless group (Ah/R T

1.7 2

EltLloTEC¡

T

Tb

T

T

u

u

u
Ĵ

u

V

w

w

o

b

iI

I (P av /R-T )o lo

o2 2

t,

4

b

z

dv

di¡nensionless group = (T*-T_) /To

dj:nensionless group = T_ /To

mov j.ng boundary velocity
superficial velocity of fluid flow

characteristic difference in volumes ofproducts and of the reactant

volume of the product gas

differential volume of the reactor
weight of lignite (MFB)

r^reight of the gas product

$/eight of residue (I.tE B )

weight of Iignite (MAF ) /reactor volume =0.36 q/ml (measured.)

AV

w

!f
1"

g

r
o

w /co' o
w dimensionless

\



a

e
x

;

x

x
s

x

s

Ag

x

xei

v i

Y

,.

= converst on

= ash content = 0.15

= equilibrium conversion

= conversion of lignite to gas

= conversion of lignite

= predicted conversion of lignite to gas

predicted conversion of lignite

equilibrium conversion at 673'K and 32 at¡n

inter¡ned iate equi Iibrium

molar fraction of component i

lignite recovered as liquid product, t a, tLlOtECa

--a_---

s
Y lignite recovered as gas product, t

z coordinate

di.mensionless = z/L

Greek Letters

P = density

e = poros j. ty
6i = percentage error
o = error caused by approxination
ó : increment

i lCULTAD DE f ÑC.
;'. r iiliCllS DE LA TIERRA



Subscript s

& = Iignite

I = gas

I = section I = entrance section

2 = section 2 = exit section

e = effective or equivalent

a = section contacted by solvent

b = section not contacted by solvent

c = surrounding formation
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APPENDIX B

TUBULAR REACTOR CONTINUOUS EXTRACTION EXPERI},TENTS

There were 9 runs conducted using the tubular reactor
which had been packed with 5 mm particles of rr¡et lignite.
Successful runs and failures are reported because some

useful information was obtained from runs whi.ch were

classified as failures. For the first four runs, the re_

actor was not externally heated. Insulation was used to
reduce heat Losses, The temperatures.$rereconti.nuously

monj-tored with a multi-point recorder, The feeds to the

Preheater l¡rere r.rater, tetralin, kOlineum and creosote oiI.
The reactor vras operated as a downflow reactor for eight
runs. Upf low v¡as then used for the ninth run.

Run No. 1:

The experiment was stopped at t = 3.75 hours due to
a material failure. Temperature profiles indicate vapori_
zat.ion of rrater at 200oC. The gas production was recorded
to be 52 liters.

Run No. 2:

The temperature profile (Figure 22) shows that the
heat loss r4¡a s so large that the reactor never reached the
desired reaction temperature, The gas production was re_
corded to be 18.2 liters.
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Run No. 33

More insulation materials were wrapped around the

reactor and the section between the preheater and the

reactor. The lignite was unchanged from Run No, 2.

The temperature profile is shown in Figure 23. Like

the previous tr¡ro runs, the horizontal sections of the

profiLes at about 200" C represent the phase change

where water in the lignite as weII as vaporization of

steam which had been cond.ensed in the heating of the

liqni.te is being vaporized. The temperature differences

of the three thermocouples at the steady state indicate

a heat Loss (heating mantles were not used until Run No. 5).

Run No. 4

Tetral j.n was used for this run. Unlike that of using
rlÉr IOtECA

hrater as the solvent, the temperature profile (Figure

24) does not show si.gns of phase change becau

within the lignite had been removed in R¡ns 2

se water

and 3. I

At steady state, the reactor does not have a unirorm&\'^ . -, .,/
temperature v¿hich indicates thats significant h"ut 1o"=X:'li''

i 
^CUt_T¿D 

DE ¡¡iC.
still exist. Because the Lj"gnite in the reactor hrÉ§( lEtiClAS l.rl- L,t llERlt¡

initially charged prior to Run No. 2 and not removed

for Runs 3 and 4, a Lov, CO concentration occurs -2

Run No. 5:

The heating mantles erere

The temperature (Figure 25) at

used for this experiment.

is ques tionable,5_
b
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because it is higher than the entrance solvent temperature.

It could be a bad thermocouple or locaI overheating because

of the heating mantle.

A solvent caLled Kolineun (supplied by Koppers Co.

in Chicago) was used. The composition of Kolineum is un-

known. Kolineum is a black liquid with a viscosity greater

than water and tetral in.
This experiment has been tried t\"/ice. The first trial

was stopped at t=2.2 hours due to a sudden increase of
the reactor te¡nperature. The voll]Ire of gas produced for
the first trial was 81 liters at t = 2.2 hours. At t =

2.1 hours, the volume was recorded to be 24 liters.
The second trial $ras on the same lignite as the first

trial,. Furnance was turned on and off to avoj.d overheating

the preheater surface. Eo!¡ever, this effort did not pre-

vent the carbonization of Kolineum. The system was plugged

at t = 4.8 hours. The back pressure regulator requires
adjustnent as we1I. The setting of the back pressure

regulator hras done on nitrogen gas. However, for operating
on liquid, the same setting resulted in a higher back

Pressure.

Because the lignite had been heat treated one time,
the second trial showed Iow CO concentration.)

Run No. 6

Thi s run is different from the others in that the
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reactor hras flushed with runs by steam and cooled with
water flowing through it. Water was fed to the system at
t = 5.23 hour. At this time, the furnace and the heating

mantles remained on. Thus, the feed r¡rater was vaporized
in the preheater. The steam was the passed through the

lignite residue. After 15 mi.nutes, the heaters were turned

off. The feed water was then serving as a quenching mediu:n.

At t = 6.25 hrs., there $¡as a surge in reactor pressure

$rhen water rras f ed.

Run No. 7:

The preheater $¿as plugged during the ru¡. The reason

could be the low solvent flow rate (500 m1/hr). A1so,

the carbon deposit which caused the plugging problem

in the preheater, could have accululated from previo." ,,"r,O"a"
runs ' ,"^'-

Th(¡ compositions of the product gases werenormaliz$'. \

"''' 
Iand do not include nitrogen that was present in the ..aétor. .l

at the beginning of the run. rhe sa¡nple ar r = I h=. .&¡ ,,1
\, .,,'tains 97t nitrogen due to the small volr¡ne of gas prod\!ffiro r,:: ;*c.

The normalization, theref ore, is expected. to cause ..iü!'.§'ltl'^' l-'!-' '!' 'll!',i'/

Run No I

The carbon deposit in the preheater was scraped clean
and then fun No I $ras started. This experiment !¡as the

most troublesome one, because of mistakes of packing the
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preheater with steel r.¿oo1 (Tria1 No. I) and ceramic beads

(Tria1 No. 2) . Both packing materils caused serious coking
problern which quickly plugged the preheater.

Tria1 No. 1 lasted for 1.6 hours. The nitrogen pres-
sure ( 14.5 atm. ) used to set the back pressure regulator
hras not released for this trial . The effect of this initial
pressure will result in higher qas production readinqs

than wj.thout the pressure. The reactor volume is about

1.5 liters. The porosity is about 0.5. Therefore, with
the initial pressure of 14.6 aün., the reading is about

1.5 x 0.5 x (14.6 - 1.0) = IO2 liters higher than !¡ithout
the initial pressure.

The second trial was performed thro days later. The

preheater was packed with ceramic beads. The preheater

'l¡LlorEc¿was plugged in one hour. It rras so serious that a ner",

preheater had to be made.

It took another seven days before the third trial
could be performed. The preheater r^ras not packed. Howeve

at t = 2 hours, the pr:ilp had failed,
}AT.ULTAD DI ITC,

IVo days were spent to f ix the pump. The 4th trialuN ctENClAs IJE L^ 1rr'¡

failed due to a leaky preheater. The 4th trail lasted
only 0.5 hours.

The fifth trial was finally a successful one.

Run No. 9:

Run tlo. 9 was different from the other runs i.n two

i

d\>/
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places. First, the hot solvent was introduced to the reactor
from the bottom. Second, a relief valve was used instead

of a back pressure regulator, The use of a relief valve

enables us to obtain more stable pressure than the back

pressure regulator. Horrever. the relief valve has a viton
gasket which can not stand our operation tenperature. The

regulator was stil1 in line, therefore the experiment hras

only temporarily inter rupted.

The composition of the tubular reactor gas products

are shown in Table 81. Run No. 8, Trial No. I, was with
an initial nitrogen pressure of 14.6 atm. The reactor
volune is about L.5 liters and with 0.5 porosity. Therefore,

the inj.tial pressule causes (1.5) (0.5) (14,6 - I) = 10.2

riters extra vorune reading on the wet test meter. simi-tllLloTk¡¡
lar]y, for lrial No.5 {run no. 8), the extra volune is 

/;,
36 liters (initial pressure = 5.8 atm The cu¡nu1att"{Í,
volumes for these two trials reported in Table A2 have ftr,,

\r
already been corrected. Hence, aII the cumulative .rulr."\
are on 1 at:n j.nitial pressure basis.

¡.ACUI,TAO OE ITG
"V l¡F\ ".1i ,,{ LI TEiR{
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TABLE 81. COIT'TPOSITION OT' TUBULAR REACTOR GAS PRODUCT, T MOLE

II CO C H C II CII C tI C
e

2 2 4 ) 6
II r-c t{

3 6
.JS n-CCO 4 vol3 I 4 24t ( hr) 2

o.7
0.6
0.7
0.5
0.5

3.3
r.0'))

0.0
0.0

0.7
2.2
2.4
1.6
1.2

0.0
0.0
0.0

0.0
0.0

0.3
0.5
0.5
0.3
0.4

0.0
0.5
r.0

0.0
0.0

0.4
0.1
0.r
0.r
0.0

t.8
1.5

0.5
1.0
1.4

3.3
1. r
L.2
r.0
0.8

3.3
7.8

12.8

r1.2
9.6

18.4
15. 6

13. 3
8.1

12 .9

29.7
11 1

5.3
5.8

3)
l-. 6
I.3

4)
0.4
0.4
0.5
0.4
0.1

5,
0.4
L.2
1.5

6)
4.l
0.8
0.8
1.5
0.8
7l
0.0
?E.

8.8
o

4.0
2.8

(Run No,
27.5
23.1

( Run No.

7.4
2.6
6.2

t3.2
r8.7

0.0
9. t
4.5

2.O
3.0
4.0
5.0
6.0

5.0
7.0

2.0
3.5
4.7

2.0
3.0
4.0
5.0
6.0

1.0
2.0
)A

0.6
l.r

4.5
t6.0

46 .9
36. 9
34.2

3r. 0
23.8

49.I
42. 4
53.6
69.7
78.7

8.
19.
t7.

aa

29.
))
17.
r3.
2l

33.
4r,
43.

rt. 13
L2.29
16.5r
2r.94
26.73

1.5
0.4
0.4
0.4
0,r
r.8
r.8
))

3.8
4.5
4.9
3.8
3.6

0.8
0.6

4.7
(t

2.9
1.9
1.2

4.4
5.5
5.8

3.3
4.6
5.0
4.9
4.3

0,0
0.3
0.3

1'l

L.4

4
I
7
2

b

5

4

2.5
2.7
2.9
2.1
1.9

Trial No.
9.I
9.9
9.8

l
6
0
2

9

I
3

Ru
3
2
1

n No.
.4
.0
.o

36 .7
3.3
7.5

( Run
2.'I
0.9

16.I4
sL54
82.68

10. 00
35. r0
46.27
s1,25
55.05

0.26
18.34
26.05

(Run No.
49. 3
55.4
42. 8
28.5
20 .6

(Run N.

8.5
6.'l

r0.9
r3.0
t4. 8

r8.7
l?.5
24.7
3t.7
34. I

0
0
4
C

10.0 20.
t9 .2 43.
2t.4 28.

Trial No. 1)
7.1
0.6

Ír¡

No
2. L5

}I. I2
2.3
1.2

48.9
59.r

t
E
5

f

B12
->
2e,
a;
eE
ttr Errr'
t¡ c_,
?.

I
co
F

Y
t;
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CO C tI S n-C f

4 vol9

TABLE BI. (CONTINUED)

}I CH lt i-c IIlt C
3 8

COC
6 4 4 2632 2 4 2

Gas composition IS
N

0.0
0.4
0.5
0.8
t.9
1.9
1.3
1.6

0,0
t.2
I.5
2.0

2.3
0.8
0.7
0.8

0.0
0.9
3.7
4.1
3.0
2.9
2.6
2.7

2.0
3,6
2.9
1.9

1.6
0.8
0.8
1.1

0.0
0.2
0.1
0.3
0.9
r.0
0.8
r.0
n",
0.5
0.8
1.0
:-^t. ¿

0.5
0.5
0.5

0.0
0.9
0.9
0.9
l. r
I.I
0.8
0.9

0.1
1.3
r.0
1.3

t.3
0,6
0.5
0.8

0.0
1.3
L.7
2.9't.L
7.8
6.5
8.0

o.2
5.r
t.)
7.9

4. r

4.6

0.0
3.8
5.?
6.4
3.1
2.6
2.4
1.6

3.8
8,6
3.5
3.8

2.6
))
2.3
2.6

)
0
6
5
9
0
4
9
3

No.(Ru No. I
0.0
0.0
0.4
0.4
0.4
0.3
0.3
0.3

No. 9
0.3
0.7
0.4
0.5

0.5
0.4
0.3
0.6

n
0
2

2

2
I
6
2
9
n
9

1

2

9
1
6
0

Trial
0.0
1.8
2.8
5.3

L2.9
r4.2
14.1
15.5

0.0
0.0
o.2
r.0
e1

6.0
7.2
9.I

.2

.I
o

0.
74.
74.
62.
33.
30.
29.
21.
(Ru
98.
41.
39.
r8.

8.
o
o

4.25
3I. I5
37 .66
46.44
5I.54
59.15
62. 30
64.24
65.84

0.0
6.25

r5.09
29.s3
4I. 71
43.69
45. I0
53. 32

0.

o

15.
30.
31.
34.
37,

0
4
5

16

23

1.5
2.0
2.5
3.0
4.0
4.5
5.0
6.0

2.0
2.5
3.0
4.0
4.5
5.0
5.5
6.0
6.5

0.r
4.5

11.9
14. 4

1.9
23.3
26.5
32.3

28.
2'
35.

14. 8

11. 2
11.2
t-r.2

35.5
4r.7
37 .4
32,7

3
9
6
0

not cumulative value.
o. I, produces 24 liters at 5=2.1 hours

10

The effect o

and Bl

pressure on the cumulative volume
I atm.

has been corrected.
.2 hours.
f initial
298 -K and

rialRun No. 5, T
litera t 5=2

Measured at
i so- bu t ane

a
L)

d

f
§I

@
t)

!
!
tr
o{
fno
t>

¡rAün- but ane
Cumu l at ive vo 1u:ne (i
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APPENDIX C

The correlation of lignite-derived liquid concen-

tration and the alea AI (see Figure 37) were obtained by

injecting 5 samples into the GpC. The fÍrst sample r,sas

the liquid product from the mini-reactor Run }tr. CL5.

Since the concentration of the lignite-derived Iiquid
in the liquid product is not directly known, a concentra-
tion index of 1 is given to the first sanple. The second

sanple was prepared by mixing 3 parts by weight of C15

liquid with 1 part of creosote oi1. The concentration
index, hence, is 0.75. Samples No. 3 and Nc. 4 were

was creosote

Table C1

183

t"r,rLlón*^

prepared in a similar v¡ay. Sampl-e ño. 5

oiI. The are shown in Table C1.

then plotted to obtain Figure 37.

S amp 1e
No.

2

TABLE C1. CORRELATION OF LIGNITE DERIVED LIQU]D
CoNCENTRATION AND THE GPC AREA A1 J

Conc entrat ion
i ndex

AI IACULTAD Dg INC,

F¡TüÉJgr¡.t r'!^§ ui t A rlEiRrA (cmI

I
2

3

4

5

1. 00

0. 75

0.50

0.25

0.00

1. 60

0. 96

o .67

0.34

0.00

1. 00

0. 69

0 .42

0.21

0.00

É
\

ht*\r4
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APPENDI X D . EST IMATED PARAITTETERS AND
STATISTICAL ANALYSIS
(4 Parameters )

A. Lignite Conversion - Tetralin

Non-Linear Least Squares Summary Statistics
Source DF Sum of Squares lrle an Square

Regression 4 6.04883 1.51221
Residuat 13 0.01125 0.00087
Uncorrected Total 17 6.06009

{corrected Total) 16 O.3L225

Parameter Estimate

Asl¡mptotic 95t
Confidence Interval

Lower Upper

0.681
43.587
-0.

5. §|t,""'.n"''

Asymptotic
Std. Error

Y
eo

dh
Av

l¿

0. 65I
37.810
-0.145

4.474

0.014
2.67 4
0.023
0.394

0.62r
32.033
-0.I95

3 .62L

.00

.28

.56

.77

.00

.14

.33

-0.55
-0.14

1. 00
0. 36

As)¡mptotic Correlation Matrix of the Parameters

Ah AV k

eo
Ah
Av
k

eo

0
I

-0
-0

I
0

-0
-0

-0.77
-0.33
0.36.
1.00

lt
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APPENDIX D. (CONTINUED)

A. Lignite Conversion - SRC Recycled Solvent

Non-Linear Least Squares Su¡nm ary Statistics
Source Df Sum of Squares l{ean Sguare

Regression
Residual
Uncorrected Total
(Corrected Total )

2. 4617 L
0.00075
2.46247

0.05s59

As)¡mPtot i c
Std. Error

0. 615 43
0.00013

Aslmptotic 95t
Confidence Interval

Loh,er UPPer

0.531 0.568
24.02L 33.729
-0. 197 -0. 051

5. 401 6 -952

4
6

10

9

P arameter

Ah
Av
k

E s t imate
0.549

28.875
-0 . t24
6.t76

0.008
't óo-)

0. 034
0.317

Asymptotic Correlation Matrix of the Paraneters

ox
e

xeo
Ah
Av

v

.00

.7L

.54

.00
10

-0.71
-0. 38

1. 00
0.49

-0.74
-0.42
0. 49
l-. 00

0
I

-0
-0

1
0

-0
-0
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APPENDIX D. (CONTINUED )

Lignite Conversion - Creosote Oil

Non-Linear Least Squares Sunmary Statistics

So urce DF Sum of Squares Mean Square

1.78648
0.00579
L .19227

0.06746

As)¡mptotic
S td. Error

18 6

0 .44662
0.00058

Aslmptotic 95t
Confidence Interval

Lohrer Upper

Regression 4
Residual I0
Uncorrected Total 14

(Corrected TotaI) 13

P ar alne ter Es timate

eo
Ah
Av
k

0.345

-0.265
11.769

0.009
3.546
0.090
3.27 4

0.325
24 .253
-0.459

4.474

0.365
40.055
-0.071
r9.063

Asl¡mptotic Correlation Matrix of the Parameters

XAhAveo k

xeo
Ah
Av

k

r. 00
-0.38
-0 .47
-0.57

.00

.!7
'to

.47

. ).7

.00

.23

-0.57
0.19
0.23
1.00

-0
1
0
0

38 -0
0
I
0



Regressron 4

Residual 10
Uncorrected Total 14

(Corrected Tota1) 13

P aralneter E s t imate

5¡¡

k

187

0.01275
0 . 00010

As]¡nPtotic 951
Co::fidence Interval-

Loerer Upper

B

APPENDIX D. (CONT]NUED)

Conversion of Lignite to cas - Tetralin

Non-Linear Least Squares Sunmary Statistics
S o urce DP Sum of Squares tfean Square

0.05102
0.00098
0.05200

0.00220

Asl¡mPtotic
C |,¡ r,-^-

0.070
23.775
-0.029

4.280

0.006
12. 411
0.090
1.263

0.056
-3. 878
-0.223

1. 465

0.084
51.429
0. 165
7.094

Asymptotic Correlation Matrix of the parameters

X-_ Ah Av k

x
eo

Ah

k

. UU

.65

.61

.73

0. 6s
I.00

_^ '¡o

-0.38

-0. 61
-0.39
r.00
^ 

'¡o

-0.73
-0.38
0.38
1.00

t
0

-0
-0
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APPENDIX D. (CONTTNUED )

B. Conversj.on of Lignite to Gas-SRC Recycled Solvent

Non-Linear Least Squares Surimary Statistics
Sourc e DF Sum of Squares Mean Square

Regres s io n
Res idual
Uncorrected Total
(Corrected Total) 11

P arameter Estimate

eo
th
,1v
k

4
o

0.08482
0.00040
0.08523

0.02120
0.00005

As]¡mPtotic 9 5 t
ConfiCence lnterval

Lower Upper

0.00633

Asymptotic
S Ed. Error

0.096
47 .498
0.238
3.516

0.004
6. 078
0.118
0.596

0.085
33. 481
-0.0r7

2. L42

0.105
61.514 .--
lrÉ,,f;FEry
4.8

Asymptotic Correlation Matrix of the para¡neters

Ah Av

eo
Ah

k

1.00
-o .26
-0.36
-0.81

?tr

.00

. r1

.09

-0
0
I
0

.36

.12

.00

.20

:ffi',,1,%3i^lii!-"

.20

.00

xeo k

-q
0
0
1

0\ !

-0
1
o

0
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APPENDIX D. (CONTINUED )

B. Conversion of Lignj.te to cas - Creosote Oil

Non-Linea¡ Least Squares Summary Statistics
Source DF Sum o f Squares l,lean Square

Regre s s ion
Res idual
Uncorrected Total
(Corrected Tota1)

P ar amet er E s t imate

xeo
Ah

k

0.04546
0 . 0001I
0.04557

0.00260

Asl¡mPtotic
crÁ r,-^-

0. 01136
0.00002

Asldoptoti.c 95t
Conf i.Cence It:tervaL

Lo$rer Upper

4
5
9

I

0. 085
t9 .942
0.035
4. 510

0.004
7. 359
0.100
0.631

.07 6

. 181

.889

0.095
38.86I
0.251
6.133

0
I

-0
2

-0
0
0
1

0
1

-0
0

I
0

-0

Asl¡mptotic Correlation üatrix of the paraneters

X-_ Ah Av k

x
eo

Ah
AV

k

.00
-26
.63
.65

.26

.00

.15
- ¿ó

-0 .62
-0.15

1. 00
0.37

.65

.28
a1

.00



Regre s s ion
Res idu aI
Uncorrected Total
(Corrected Total) 16

P arame te r E s t imate

5
t2
t7

6. 0495
0. 0106
6.0601

100

1.2099I
0.00088

As)¡mPtotic 958
Confidence Interval

Lower Upper

APPENDIX E. EST IMATED PAB.AMETERS AND
STATISTICAI ANAIYSIS
(5 parameters )

A. Lignite Conversion - Tetralin

Non-Linear Least Squares Summaly Statistics

Sour ce DF Sum of Squares Mean Square

eo
Ah
Av
ko

0.649
35.164
-0.146

0. 014
4. II8
o .022

0.620
26.19r
-0. 194

0.3122

As )¡mP to ti c
Std. Error

177.345
16. 886

Av

¡rü¡lu¡¡l'
44 ' ):17

As]¡mptotic Correlation Matrix of the parameters

x Ah

58. 879
14.4-79

-327 -523
-?, ?1?

-Q. 0 98

44b.2BI,lL, z't o

!
':.')

k E I^CULTAD DE IH6,
-T ClENCIAS I]E LA TIERRÁ

-0.08
-0. 78
0.05

o
xeo
Ah
Av
ko
E

0
I

-0

1
0

-0

.00

.18
.18
.00
.09

-0. s5
-0.09

1, 00

-0. 10
-0.78
0.06
1.00
I. 00

-0. l-0
-0. 08

-0.78
-0.78

0.05
0.05

1. 00
1. 00



APPE¡¡DIXE. (Continued)

A. Lignite Conversion - SRC Recycled Solvent

l{on-Li::ear Least Squares Summary Statistrcs
Sou¡ce DF Sum o f Squares ¡,le an Square

(Ccrrected Total) 9 0.05559

Regression 5
Residual 5
Uncorrected Total 10

0.546
26 .382
-0.135
37,2L9

9 .997

191

0.49236
0. 00013

I c!ññ.^r r - C<¡

Lower Ucoer

2.46180
0.00067
2.46247

P araneter Esti.5¡ate
Asl¡rnPtotic
C5,l E,,^-

rh

k

0.009
3. 592
0.038

0.523
17.148
-0.2t7

0.569
35.6r6
-0.053

80. 183
11. 964

-168.895
-20.'t57

243 - 332
40 .7 5L

Asymptotic Correlat,ion Matrix of the para¡uer-ers

X-- Jh .:v k Eeo
¡L

eo

Av
k

1. 00
0.66

-0.75

0.56
1. 00

-0. 50

-0. 75
-0. 50
r. 00

-0.5r
-0.84
0.39

-0. s0
-0.83
0.38

-0. 52
-0. 50

-0.84
-0.83

0.39
0.38

r. 00
1. 00

t. 00
1.00





APPENDIX E. (CONTINTIED)

A. Lignite Conversion - Creosote Oit

Non-Linear Least Squares Summary Statistics
Sourc e DF Sum of Squares Mean Square

0.35743
0. 00057

AsFtrptotic 95t
Conf id.ence Interval
Lower Upper

192

o¡tlEPTEc{
39 .2
-0 5

Regression 5
Residual 9
Uncorrected Tot.al I4

1.78713
0.00515
I.7 9228

(Corrected Total) 13 0 .067 46

Parameter Estimate
Aslmptot ic
Std. Error

xeo
Ah
Av

o
E

eo
Ah
AV
k

o
E

0.347
29 -7LL
-0. 259

91000.000
49 . 851

0. 009
4 .203
0.090

1041655.560
62.350

o.327
20 .20 4
-0.453

-2265408. 636
- 9r. 194

2447 40
19

i"l

Aslmptotic Correlation Matrix of the parameters

Ah

-0. 12
-0. 10

-0.33
-0. 34

xeo
1. 00

-0. 46
-0.48

-0. 46
1. 00
0.19

Áv

-0. 48
0.19
1. 00

0.10
0. 09

k

-0.12
-0. 33

0. 10

1. 00
1. 00

_ _,, i:t TAD D!- lN(l

" ., ;^- [,' , i ilt-RFl

-0. t0
-0. 34
0. 09

1. 00
1. 00

\





APgENDIX E. (CoNTINUED)

B. Conversion of Lignite to Gas - Tetralin

Non-Linear Least Squares Summary Statisr,tcs

DF S ¡.¡m of Sguares .uean Ssua¡e

(Corrected total) 13 O.OOZ2O

193

0.01020
0. 000r1

Asvmpeocic 95t

Lower UpFer

Regr es s ion
Res iduaf
Uncorrected Total

D. F áñarár Estj.nate

5
9

14

0. 05102
0.00098
0.05200

As lmp to tt c
C +,¡ =--^-

ec
¡i1
AV
ko -97 .78L

-132. 760

Aslaptotic Correlation Marrix of r..i1e para¡nerers

x ih k

Jh

k
Á

0.070
23.775
-0.029

0.007
r9. 55 9
0.098

0. 054
-20.47L
-0. 240

0.087
6ó.\)¿¿

0. 183

4. 280
0.000

45. 116
58.687

r06. 340
L32 .7 60

r. 00
0. 69

-0.64

.69

.00

.43

-0.64
-0. 43
r. 00

-0.41
-0.75

0. 25

-0.39
-0.73

0.24
-0.41
-0. 39

0 .25
o.24

t. 00
1.00

1. 00
1. 00

0
1

-0
-0.75
-0.7 4
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