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ABSTRACT

The influence of the presence of stean during the
hyvdrogasification of "Forestburg Sub-Bituminous A" coai, was
studied in pressure range of 122 to 418 KPa and in Ehe ‘
temperature range of 8l1°K to 977°K in a tubular, fixed-bed
reactor. | h

Two different sets of experiﬁents.were performed,
which allowed the study of the influencelof steam on the
production of gases, specially that of methane, during
hydrogasificatiop. .

Basically, the experiments consisted of:

i) feeding coal into the reactor through a freezfalling
particle mechanism once a temperatuie cf 8ll°K had
been reached; ;

i1) sequence of connecting and disconnecting steam to
and from the feeding streamn at diffgrent stages of
hydrogasification proceés and during different time

intervals.

The production of methane appears to have decreased
with time, while steam remained part of the feeding stream
and increased after steam was disconnected.

Some gqualitative considerations concerning a poFsible

)

mechanism for the reaction between coal and the "steam-

¥ s ) \
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hydrogen" mixture were proposed invdlving the concept of
formation of active sites.

It is suggested that:

i) the presence of stean, although increasing the_ number
of active sites available for reaction also

establishes a competition for hvdrogen attack on

carbon atoms;

‘ S5
ii) this competition decreases once stean is disconnected
from the inlet strean, allowing easier access of

: hydrogen to the active sites.

iii
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CHAPTER 1

INTRODUCTION

The five major sources of enérgy in the world at the
present time are petroleum, ural gas, coal, water power
and nuclear power. Because of convenience ang-énvironmental
considerations, however, petroleum and naturai gas have
taken over increasingly larger percentages ;f the growing
total demand for energy, over the vears - with petroleum
leading the list in terms of present use.

A continued downturn in known reserves of oil and
natural gas, identified by falling reservé/production ratios
and the existence of natural fossil fuel resources which
contain about 3% petroleu&, 5%-gas aﬂd 92% coal (108) has
led most researchers to believe that coal will become the
immediate substitute energv resource of the future -
complementing or supplementing and eventually replacing oil

and natural gas.

Although world natural gas reserves are still vast

today, there are already some locations such as Japan and

parﬁ% of the U.S.A., where the absence or depletion of

N

indigenaﬁs\natural gas has led to a call for the\EiSJuCtion
of substitute natural gas (SNG) from coal - to meet the

demand for a premium gaseous fuel.

e



The process producing gas from coal by chemical trans-
formations is known as coal gasification (44). The gas
éroduced can be high - BTU (900-1000 BTU/SCF), medium-BTU
(300¢-500 BTU/SCF) or low-BTU gas (100-150 BTU/SCF), depending
on the procedures used. -

A hiéh BTU or pipeline gas is composed essentially
of methane and virtually free of sulfur. The medium and-
low BTU gas can be either catalvtically upgradeé to a high
BTU gas or used directly for generating electricity in a
combined gas-turbine, steam-turbine cvcle of as synthesis
gas for cheﬁical manufacture (42, 44).

The principal methods of achieving complete gasification
are by the direct attack on the coal substance by stéam or by
hydrogeﬁ‘(lOQ)..

The chemical reaction with steam may be written as

3
o+

/' coal + steam + heat - hydrogen + carbon monoxide

-

— 4 carbon dioxide
The chemical reaction with hyvdrogen may be written as:
cocal + hydrogen -+ methane + heat

In general, the initial production of low calorific
value gas is achieved by the first reaction and is character-
istic of current gaéification technology. The production of

medium calorific value gas by the second reaction is



characteristic of the second generation technologies,

now undgr development, to produce methane rich gas, beéause
-of the higher thermal efficiency £hat can be achieved (5;,
100).

‘Hence, the production of a synthetic gas from coal,
with a good methane content, would be highi§ desirable,
since higher methane content would mean a higher calorific
value gas.

Although significant insights into the complex chemical
and physical phenomena occurring during the gasification"of
coal have been reached, a definitive gualitative understanding
of coal and its behavigur under different gasification con-
ditions have not been achieved vet.

Considerable amount of Qork‘has been done on the-gasi-
fication of coal with either hydrogen or steam, however,
relatively less information exists on the gasification of
coal with the hvdrogen~steam mixture. Some dispute stil;
exists among researchers, concerning the actual effegct of
the presence of steam during the gasification of goal with
hydrogen, as well as the qualitative mechanism of interaction
of this mixture with coal.

The major purpose of this project is to observe

the influence of steam on the gasification of coal with

hydrogen bv: ; -



1)

i1}

¥

observing the effect of the€ presence of stean during

hydrogasification on the rate of formation of

methane;
suggesting gualitatively possible interpretations

concerning the reaction between coal and the hvdrogen-

. > -
steam mixture. . : ;

)

~./
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j CHAPTER 2 ' AN
) " LITERATURE SURVEY S

N2

Since the present ;tudy will involve reactions between
coal and hy@rogeﬁ as well -as coal and steam, literature
containing information concerning these reactions has been
collected and'reviewqa, covering the period of the last

three decades as well as literature disclosing the effect

of pore structure on the reactions between>goal and hydro

will comelist of four sections involving:

yarogasification reactions

- reactions between coal and steam

- reactions of carbon with "steam-hvdrogen™" miﬁtures

- effect of pyrolvsis and gasification on pore
structure :

2.1 Hydrogasification Reactions

Hydrogasification of codl as the name implies, is the
gasification of coal in the presence of hvdrogen, leading o
mostly to the formation of methane and a solid residue,char.
Since methane is ﬁhe main product, hydrogasification usuallyl
gives rise to a high or medium BTU gas. This reaction, which

is exothermic, can be representéd as (42, 100, 123)

coal + 2H2 > CH4 + s0lid residue + heat (2.1)

AE = - 17.87 Xcal
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Comparing with other gasification processes, the

interest in hydrogasification started only some three to
four decades‘ago, and from mid-seventies and on it

again. Therefore, a lot of evidence and propositions 1

previous works remain to be proved and explained by todav's
new and more accurate equipment and methods.

Howéver, some important facts have been recorded, and
should be mentioned.

Hydrogen pressure has been proved to rlay an important

\\_jyole in hydrogasification - since coal conversion (19, 27,

& 46, 62; 67, 94) and char conversion (56, 62) to hydrocarbons
increase wiﬁh higher hvdrogen ﬁfessures. So much so, that
a2 high enough hydrdgen pressure can cause all carbon from
coal to be hydrogenaéed at once (94).

The influence of temperature has alsoc been studied and
the results indicate that an increase in temperature up to
1000°¢ increased the amount of hvdrocarbons produced (29,

62, 67) as well as the amount of CO produced (19).

A large amount of evidence has been accumulated which
shows tﬁat,‘in general, in any gas-carbon reaction, one of
the steps involved is the chemisorption of the gas (121, 136).

For chemisorption to occur, the surface carbon atoms

must have free valence electrons, in order to form strong”

chemical bonds - usually covalent bonds - with the gas

~
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moleculés or atoms. The presence of impaired électrons
has been confirmed in various tvpes of carbons - through -
techniques utilizing electron paramagnetic resénance
absorption (136).

The influence of several otﬁer parameters has been
recorded, however, they will not be cited here, since thev
will not be relevant to the present study. .

To explain their results, authors proposed mech&H§Sms
‘ i

and two schools of thinking developed from thereon: oné
focussing its attention on the possible mechanisms through
which hvdrogen would react ‘with carbon to give methane; the
other, explaining hydrogasification as a gasification process,
proposing stages which would explain the process over a
period of time. Some mechanisms through which reaction
(2.1) occurs, have been proposed since hvdrogasification
first started being studied. Some however do not prove to
hold for a broader range of conditions - such as pressure
and temperature.

Zielke and Gofin in 1954 (147) investigated hydro-
gasification of a low temperature char in a fluidized bed
at temperatures between 1500°F and 1706°F and,ﬁ}oposed a

mechanism based on the hydrogenation of the exposed edges of

the carbon lattice as represented by the =CH=-CH- group,

as pilctured below.
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In the beonding arrangement pictures, an edge --CH-CH:-
group 1s generated rather than an edge —CéJCH- Sroup.
When this. happens, resonance 1is assumed to occur and
regenerate the -CH CH- group. This results on the fact
tn;t, on the average, an equal number of new active

points of attack represented by the -CH-CH- grouping are
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generated for each one that is consumed i.e., the number

-

of such’ groupings per unit carbon is approximatelv constant.
However, this mechanism and the equation representing it

do not hold below 928°¢C.

-

However, rseveral studies have led to a gualitative

interpretation in a wide range of conditions which seems

so far to explain best the reaction between carbon from

- coal and hydrogen. This interpreétation inveolves the concept
& r
of formation of active sites. Active sites are regions in

the coalstructure which, by the action of some activating

’ -
force or forces (for example, temperature) give rise to

what is known as labile (= expod tivated) .carbon atoms,

&and form methane. - -

[:i}gahiCh‘Will promptly react with hydrogen\ through some mechanism

Elackwood, from 1958-to 1962, (8, 1 11, 12) proposed

that methane is not produced until an activated adsorption
‘ L]
of hydreogen is virtually completed. The process steps are

shown below:

C + ﬁ = (CH)

2 aps (M) aps (2.5)

(CH) aps (Bl aps = (CHy) apg .. (2.6)
e =

(CH,) oo + Hy = CH, (2.7)

-3

According to Blackwood, the process of chemisorption

involves the breakdown ©f the hvdrogen molecule into hydrogen
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atoms. One atom of hydrogen wou%? be attached to a particular
active carbon and the othef would not neces%arily attach
itself to another active site (adjacent or nof). The other
carbon atom would attach itself anvwhere on the surface,
even to the original active carbon to form-a >CH2 group.
Therefore, the function of these active sites, accorxding to
Blackwood, would be the splitting ;f the hyvdrogen molecules.
‘Subseguently, Blackwood also studied the path for the
hvdrogasification process, and proposed that the gasification
of coal with hyvdrogen was a two-stage process in which hydrogen
initially reacted very rapidly with the volatile constituen§s
in the ;oal, followed by a compératively slow reaction of
hydrogen with the residual char. .

Similarly,Feldkirchner and Linden (26, 62) proposed

the following stages for the coal-hydrogen reactions:

Stage 1 - A high-rate period comprising pyrolvsis

of the more reactive structural units such as

—

aliphatic hydrocarbon side chains and oxygenated
!

!
functional groups and hydrogenation of the inter-

-

mediate byrolysis proddcts.
Stage 2 - A low-rate period of direct attack of

hydrogen on the residual aromatic carbon structure.

Several authors (8, 10, éG, 55) believe that the presence

of oxygen in the active sites of coal was responsible at least



11

for an initial éctivitfhl Gréups containing oxvgen such
as chromene and benzr&pyran attached to the coal structure
would be fesponsiblé for promoting this oxygen. However,
no furthér study was done to check #hese observations. |
* Shahin in 1962 (llO),reportedithat hydrogen atoms
>

producea by the action 0f a2 microwave discharge on hvdrogen’
.gas, can react with sclid carbon even wheg\the‘latter is
in the plasma. In his study, he observed thaﬁ when the
location of the ca;bon source was systematically varied,
the total amount of hydrocarbon products forﬁed, decreased
rapidly, as tﬁe carbon was moved awag from the centre of
the plasma. However, when oxygen replaced hydrogen in the
set of experiments another fact was observed: the aﬁoms of
oxvgen attacked elementary carbon even when it was far gemoved
from the plasma region. This showed a contrast between the
reactivities of oxygen and hvdrogen towards carbon indicating
that oxygen has a\§Eéater ability to seek for carbon atoms
than hydrogen - i.e., oxyvgen is more reactive to elementary
carbon ;han hvdrogen.

Badzioch iﬁ 1961 (4) - on a review of the work which
had been done in the U.S.S.R. on rapid decomposition of coal,
suggested, on the basis of the results obtained, that the

thermal decomposition of coal under rapid heating conditions

could be divided into three stages:
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—

i) Rapid carbonization proceédind at a very high rate
in the beginning;

ii) Principal thermal decomposition process, proceeding
at a relatively low rate;

iii) ‘”Degassing“ of coal, proceeding_at véry low rate

for a long time.

Steck in 1968 (120),after a mass spectrometric investi-

'gation of the reaction of hydfogen with‘graphite, at 1900°x-

2400°K proposed a mechanism involving addition and insertion
reactions. According to his obsarvat@oﬁs, when ;Lomic
carbon reacts with hyvdrogen the atomic carbon inserts itseif
into hydrogen to form CH2 (methylehe).

He also observed that the results obtained agreed with
studies which proposed that the reaction between carbon and
hvdrogen YES a surface reactién.

Moseley and Patterson in 1965 (92, 93, 94),studied the
rapid hydrogenation of coal char and proposed a three-step
mechanism whigh, from thereon, has been an important part of
most of the;pé:tinent Iiterature oﬁ coal hydrogasification.
Theilr fundamgntals have been essential to subsequent studies
which sometimes, added but small modifications to their

interpretation.

They assumed that thg hydrogenation of "volatile" and

"fixed" carbon in-coal chafs could not be treated separately

- -

-
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and that, devolatlllzatlon in the presence of hydrogen would
give rise to groups Whlch would act as active sites - for
further attack of hvdrogen on the bulk of the "fixed" lnactlve
carbon. ThlS attack of hydrogen on active site groups would °
be similar .to a free ;adical chain reaction, stripping-off

a labile or exposed carbon atom to give a molecule of methane;

-

and replacing it with another in the process. These active

. groﬁpsu although giving rise to“%abile carbon atoms, would

not be removed themselves, exceﬁ%ﬁﬁy the cross-linking‘poly-
merization reactions. The "fixedﬁ carbon, promoted by these
active sites, would be hvdrogenated rapidiy enough at suf-
_giciently high hydrogen pressures, for this process to compete
effectively with those leading to the stabilization of the
residual carbon structure (by cross-linking polvmerization
reaction).

It was also observed experimentally thatithe totei
carbon that could be gasified to methane - by rapid heating -
increased with increasing hydrogen partial pressure, in such
2 manner that, at sufficiently high pressures, virtually
all Ehe carbon in the coal char would be gasified to methane.
This has also been observed by the researchers conducting
experiments at the Institute of Gas Technology (62).

However, Moseley and Patterson asserted that at lower

pressures, hydrogen cannot compete effectively against the

oz
N
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other process whfch.is happening simultaneously (cross-
linking reactions). This would lead to an initial high

rate of methane formation - because at the beginning, the
least stable groups which have a low eneréy of activation are

devolatilized at a rate Wﬁich is independent, even of tempera-

ture.. After that, a steadv lower rate .would follow, due to:

1) limited availabilityv of volatile matter, which gives
rise to active-sites and
ii) increased degree of hindrance of devolatilization by

cross-linking reactions comparing to the beginning

H
of reaction.

Moseley and Patterson suggested, then, a possible

mechanism for the hvdrogasification of char:

CHAR ——izl——-> char with exposed + volatlles + H2 }
. or labile C -
fast at ; -t
high P * nH2 . }/\ fast
(I1)
(coal heatedO MTermina- + H2
in N> at 700°C : tion" (V)
for 3 hours) {(III)
1/2 hCH4+labile . X : g
char CH, + H,O
' 4 02
A X

cross-linked less active char -

(IV)
slow [+ H
Y

CQ} + cross-linked less active char

2
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« : ) ’ AN
- volatiles or volatile matter is defined (27) ‘as’
the amount of material that evolves during heat-up
of the coal particle. It consists mostly of tar
vapors,  methane, carbon monoxide, hvdrogen and
bound water. ' .

- char is a totally or partially devolatized coal.

Basically, this scheme led to a three-step mechanism

which follows:

1) Rapid devolatilization of char, which produces in

@Q addition to volatile products, an "active carbon”
species; ) A

2} This "active carbon" reacts either with hvdrogen

to form more methane or with itself in a cross-

iinking polymerization reaction to form inactive .
. \
char;

3) Slow)xeaction of hyvdrogen with inactive char.

-

Most of the mechanisms which followed that of Moseley
and Patterson suggested only slight changes due to the fact
that different parameters were considered such as: |

reldman in 1970 (27, 28, 29) who considered, in his
proposition of the mechénism, that there exists volatiles
from the pyrolysis of the coal, which remain so. "g~

He also proposed a three-step mechanism:

i} During devolatilization, bonds within the coal

molecule are breaking, resulting in the formation
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do.

ii)

1i1)

He

of radicals which make coal extremely reactive;

The reactive species formed, either react together
-

to form highly condensed and therefore unreactive
tars or residual carbon, or thev can react with
hydrogen to form hvdrocarbon gases, lighter aromatics.

-

or solid reactive species that are in turn hydro-

gasified to hydrocarbon gases; -

The solid carbon strucguré'formed by condensed

radicals can be hydrodﬁsified further, but at a
much smaller rate than either the vélatile matter

or the reactive scolid carbonaceous material.

so suggested that the reactivity of carbon towards

hvdrogen is different for these three phases in the following

way:

iy .

ii)

The most reactive carbon exists which is guickly
(almost instantaneouslyl converted to methane. |

It is contained in aliphatic chains bridging the
aromatic groups in coal;

The carbon in this stage is associated with reactive
solids - probably formed by the reaction of radicals
with hydrogen. Although this carbon reacts with
hyérogen‘at glower rate than does the carbon in
aliphatic chains, its half—life is still only in

the order of seconds:
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1ii) The residual carbon formed by.condensation of
radicals reacts with hydrogen. Its half-life
A

—

' N .
ranges from minutes to hours.

He also concluded that it is dangerous to apply thermo-
»
dvnamics to a hydrogasification system to produce methane,
since reversibility - which is the fundamental condition .

a svstem must satisfy to give the concept of eguilibrium,

meaning - of the reaction

coal + H2 -+ char + CI-I4 . (2.8)

has never been known to occur. Therefore, the behaviour of
hvdrogasification svstems should be diétated, at least, to
a large éi%ree by the kKinetics of reaction (2.1).

Zahradnik and Glenn in 1871 (62, i46),proposed a
somewhat similar mechanism for coal hvdrogasification to
describe their results based on active species rather than
active sites - which would disappear either by methane
formation or by cross-linking reactions. .

They assumed that concurrent with the complex phenomena
that occurredrduring devolatilization of coal, even in an
inert gas atmosphere, there occurred, when gaseous hydrogen
was present, a hvdrogen-activated decomposition of some

element in the coal structure, which would rapidly give rise

to an active intermediate that was responsible for the
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transient high reactivity of coal for‘methane formation.
Tpis reactivity was transient, since the active inéermedszzé
could be deactivated, possibly due to cross-linking or some
pdlymerization process.

| They stated that the following scheme would represent

the reacticon between cecal and hvdrogen:

coal + Hy = CACT + CH, + other gases _ (2.9)
Cact ~ Civac .(é‘IO)
CACT + H, ~ CH, _ (2.11)
where CACT = active intermedia;e.
CINACT = inactive char formed by polvmerization of

the active intermediate.

Johnson et al. in 1975 (67, 68),suggested that the formation
of active sites which promdted methane-plus-ethane formation
through the interaction of gaseous hydrogen with coal, was
directly related to the process in which coal hydrogen was
evolved. This step would involve onlv thermally activated
phenomena occurring indépendently of gaseous atmosphere. The

model he proposed would occur basically in two stages:

i) It would involve thermally activated devolatilization
reactions, resulting in the evolution of carbon

oxides, water, oll, tar, light gaseous hydrocarbons
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and leading to the formation of an intermediate
semi-char;

ii) Consecutive to the primary devolatilization, it
would involve thermally activated decomposition
reactions assoclated with secondarv devolatilization

~of remaining ceal hydroéén - leading to the'fo;mation

of a relatively non-reactive char.

The secondary devolatilization of coal hvdrogen would

alsc promote the: hydrogenation of Cg light hydrocarbons.

This model was represented in the following wayv:

o) . *
CHx {thermally activated coal hydrogen’ CHy (2.12)
semi-char evolution) active
‘ inter-
| mediati
(l-m)CHS _ TN
/7 inaCtiV‘e char
_*”
CH (2.13)
y -
Fags
m -
Ogepn > ml2CH, + === C.H,]

4 2 276

He viewed the active sites, as catalyzing the reaction between
fixed carbon and hydrogen, and the rate of formation of these
active sites to be much slower than their subsequent decom-
positiocn.

Anthony in 1976 (2),focused his attention on the inter-

action of rapid hydrogasification and devolatilization.
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Fowever, according to his observations, the primary volatiles
formed by devolatiliiation with coal pafticles, were of two
categories: reactive and non-reactive.

The non-reactive volatiles would escape out of the
particles as such, whereas a part of the reactive volatiles
would deposit inside the particles by polymerization and/or
cracking. Thus, only a part would escape out. ?his would
be the main reason for higher volatiles vield in rapid heating
compared to slow heating. In rapid heating the residence
time of the primary decomposition products within £he coal
particles, would be shortened, lessening the chance of the
secondary'reactions within the coal.

His data, proved to be consistent with the interpre-

tation that rapid hyvdrogenation proceeded in two stages:

i) Hvdrogen would react with some of the volatiles to
form light hvdrocarbons, sufficiently stab}e to avoid
the secondary char forming reactions;

ii) Hydrogen would react with the fresh solid residue,
as proposed by Moseley and Paterson - with a rate
faster than hydrogasifigation of older char, but

slower than devolatilization.

wen and Dutta in 1978 (140), studied solid-gas reactions

in coal conversion processes for different coals in slow-

!
1]

heating processes{ﬁsing temperatures up to 1000°%Cc with

-
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available data and proposed a two-step mechanism for hydro-

gasification:

i) Rapid conversionl due to t&e contribution of fast .
pyrolysis process, occurring simultaneously with
hyvdrogasification. According to them this stage
would be absent if a completely'devolatilized char
were used;

ii) The remaining fraction of carbon would gasify slowly.

According to thelr interpretation, higher hvdrogen

partial pressures would improve carbon conversion in the

first stage for two reasons:

a) hvdrogen would gasify part of the solid char;

b) it would render part of the primary volatile
decomposition products unreactive, thereby helping
that pértion escape out of the solid particle

unchanged.

Peacock et al in 1978-79 (74, 99), studving the reactivity
of graphite towards hydfogen at, temperatures between 1010°% and

14739 and-pressure of 1 bar, found that the reactivity of

LY

graphite at lower temperatures, increased (i.e., more methane

was produced} after the samples had been exposed to hydrogen

-

at 1473°K and they proposed 3 pessible causes which would

explain this increase in reactivity:
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Deposition of carbon from methane pyrolysis;
The opening and creation of pores by reaction with

hydrogen;
L

.Increase in number of active carbon atroms.

The first one was immediately discarded, because:

the carbon from methane pyvrolvsis was always accom-
. . . . ' y .
panied (in their experiment) by polynuclear arpmatic

1
!/
compounds (naphthalene anthracene and fluoran%hrene),

.
and no evidence of such polyquclear material was:

ever found. Another experimént {99), in which a

sample of graphite wés forcedly covered ﬁy_carbon

from methane pyrolysis proved that its reactivity

was only twice that of the original sample - indicating
that ¢arbon deposition was not a relevant point in

the increased reactivity of graphite. Further evidence

against carbon deposition came from experiments carried

out on a Raman spectrometer (99).

The mechanism they proposed was that proposed by Shaw

(111), which is represented below:

(... Cf) + H2 = (... CHZ) (2.14)
(... CH2) + H2 +n (... Ci) = CH4 + n (.. Cf) (2.15)
(... cf) = (... Ci) (2.16)
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where Cf = free active site
Ci = inactive site
The Institute of Gas Technology - U.S.A. - conducted

studies on hyvdrogasification {(§2) from 1954-1964 and

develope&ja correlation for pressures up to 2000 psig and

temperatures up to ZOOOOF.

In their study, they assumed that the coal structure

was comprised of base carbon (which would be the "fixed

carbon" from Moselev and Paterson) to which side chains

were attached. These side chains would contain essentially

the components of volatile matter in the feed coal {including

‘volatile carbon). Thus, as a coal would be héated in a

hydrogen containing atmosphere, the following was assumed

to happén:

i)

ii)

1ii)

Devolatilization: pvrolvsis reactions causing gasi-
fication of side chains;

Rapid methane formation: the carbon in the base
structure wdu;d be gasified in the presence of an
active interﬁediate which would be both formed and
deactivated in the base structure. This would happen
at the same time as devolatilization;

Low rate gasification: deactivation of this inter-

mediate and consequent slow gasification of the

carbon in the base structure.
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At temperatures compatible with the ones utilized
in this study, three reaction steps were assumed - similar

in some aspects to the model suggested by Moseley and

Paterson.
Ry > R* | _ _ (2.17)
R* =+ R i | (2.18)
R* + C + 2H, + R* + CH, . a (2.19)

L]

where RO;.species giving rise to activated species
’ R*: activated species

R : unreactive species towards H2

Thev assumed that steps (2.17) anf;?;.IS) were essen-
tially activated by hydrogen, but became “independent of

hydrogen pressure at relatively low pressure.

2.2 qReactions Between Carbon and Stéam

The main reactions involved in the reaction of carbon

and steam have been accepted as being (58, 136):

c + Hzo = CO + H2 AH = + 31.14 Kcal (2.20)
CO + H,O0 = &, s co, AE = - 9.65 Kcal (2.21)
C + Co, = 2CO BE = + 40.79 Keal (2.22)
C + 2H, = CH AH = - 17.87 Kcal ’ (2.23)

2 4
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. Reaction (2.20) is usually referred to as the water-
gas reaction and is favoured at severs conditions such as
temperatures above 675°¢C (57, 58).

Reaction (2.21) is referred to as CO-shift or water-
gas shift reaction and is favoureé at less severe conditions
- such as temperatures below 827OC {57, 58).

In addiéion to feactions (2.20) and (2.21) and depending
upon conditions present, there might be further reaction between
carbon mono;ide and hvdrogen to form. hvdrocarbons and other
products. However, controversy still exists as to whether
hydrocarbons are formed from reaction between carbon monoxide
and hvdrougen or from direct reaction of hydrogen with surface
carbon, rather than cérbon monoxide. One fact however should
be borne in ;zﬁa}”iﬁe.; the teqpératu;es for steam decompo-
sition and methane formatioﬁ are not compatible (58).

Reaction (2.22) is both temperaturé and preséure
dependent. At temperatures above 927°C and 1 atm, the
conversicn of carbon dioxide to carbon monoxidg is unrestricted
by equilibrium considerations. However, at higher pressures, .
the possible conversion markedly decreases (106).

The reaction (2.23), i.e., production of methane from
the reaction between carbon and hydrogen originating from

steam is usually considered a minor reaction occurring at

very low levels and prodﬁcing only traces cf methane.
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The overall reaction would tend to be thermally neutral

‘below 266°C:

(20) + (21) + (23). L1 15
5 : C + HO ~ 3 CH, + 3 CO, (2.24)

Hence more atteﬁtion has been paid in thesliterature surveved,
to the mechanisms leading to reactions (2.20) and (2.21).

Thé mechanism by which the reactions involved would
oqcur,.is appareni}y a guestion not readily settled, thever,

there seems to be a general agreement that reaction (2.20)

is predominantly the primary reaction (36, 69, 122, 136,

- .‘, -

137, 138), although not a total agreement exists on this .
point either, since some autﬁors have also reported carbon -
dioxide as the prlmarv Droduct (106) at temperatures below
1000°¢C based on the fact that at zero time the initial products
are carbon dioxide and hydrogen, formed, according to the

reaction:

C + 25,0 + CO, + 2H, - (2.25)

M
and some propbsed thatfﬁéth carbon monoxide‘anﬁ dioxide are
primary products (41) bdsed on the assumption that two oxygen
atoms would coliide on the carbon gurface to form.COzl
The presence of hvdrogen in the steam réacting atmosphere,

tends to inhibit the carbon-steam reaction and this is explained

by virtue of the fact that hydrogen is a reaction product and
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therefore an excess of hyvdrogen would shift both reactions
(2.20) and (2.21) towards the left (36, 57, 62, 118, 136).

Studies on coal-steam reabtions }eading to the formation
of methane as the main product were performed utilizing a
catalyst (57; 59, 132).

Since most of the studies are geared towards an expla-
nation of the mechaniém thfough which reactions (2.20f and
(2.21) occur - more informatioﬁ concerned with these reactions
have been published.

Warner in 1943 (137) ,studied the mechanism of steam-

‘éarbon reaction and derived four important conclusions based
on his data —.from which further deﬁgloPment of the study of

coal-steam reactions occurred. They were: ' -

i)} The primary products of the reaction are carbon
monoxide and hvdrogen, and that carbon dioxide is
formed from the wafer-gas shift reaction which
reaches or tends to reach eguilibrium;

ii) The rate of gasification is govérned by an adsorption
isotherm for steam and a steam saturation pressure
exists (its value depending on the type of coal and
temperature) above which, the rate of gasification at
a given tehperature becomes constant.

iii)} With increasing steam pressure, diffusion of the

‘reaction products from the surface is impeded.
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Hence, they are adsorbed in competition with steam,

which 1s equivalent to surface poisoning. This

poisoning effect may be attributable chiefly to-

carbon dioxide, which is more readily formed at

(

~

higher steam pfessures.
The_proposition of a mechanism in which an inter-
mediate adsorption complex is formed: first,
adsorption - of the Langmuir tvpe - of steaml'which is
largely. reversible, happens. In part, this adsorption
is irreversible, sinée the steam cannot be recovered
undecomposed. This would be due éﬁther to an
activated ads&fption in which the steam molecules
penetrate into the carbon lattice after overcoming

an energy barriér, or £o ordinary adsorption with
localized strong fields of forces. The adsorbed

steam would be alternatively re-evaporated or trans-

formed into carbon monoxide anéd hvdrogen.

The scheme for the proposed mechanism was:

C + 320 = p(HZO)ADS = (CH20) = CO + H2 (2.26)
adsorbed
formaldehyde
CO + HZO = (CO)ADS(HZZO)ADS = (HCOOH) = CO2 + H2 (2.27)
adsorbed

formic acid

o
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4. 53¢
)

.x):

Gadsby and co-workers in 1946 (36),also investigéted-
the steam-carbon reactions and proposed an adsorption-

descrption mechanism.

The following reactions-were considered to occur:

C + H,0"= CO + E, (2.20)

2
b
C + 2H20 = C02 +*2H2 : (2.25)
CO + H2O = CO2 + H2 . . (2.21)
C + co2 = 2C0 (2.22)

In their proposition ¢f a mechanism, they represented
the reactant (steam) by RO and the retarding product (hydrogen)
by R, and the molecules chemisorbed on the carbon surface by
symbols enclosed in bfackets. They proposed that both
reactant (steam) and retarding product (hvdrogen) were ?irst
adsorbed as such, on carbon surface, leading to the desorption
of carbon monoxide aﬁd hydrogen (which would eventually be
adsorbed on surface); and the rate of reaction would be
proportional to the fraction of the surface covered by the
reactant. The following scheme was their representation of

the mechanism:

RO = [ RO (2.28)

o

= [R] (2.29)

C + [RO] = CO + R (2.30)
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b

This same mechanism was gquoted by Walker (136) in the

following way:

Ce + H0 = C(HZO)ADS - (2.31)
C(HZO)ADS > Hy + c(o)ADS _ (2.32)
C(O)ADS ~ CO (2.33)

Ce + Hy = C(Hz)ADS ; ) (2.34)
where he implies that the surface reaction with steam is &
fast, as compared with the desorption of C(O)ADS as-carbon
monoxide.

Gadsby also found that the addition of carbon meonoxide

to the reacting atmosphere, did not inhibit the gasification

of carbon with steam other than its resulting in the producticn
of more hydrdétn which did inhibit the reaction: \\é
. ey
A\
. "
co + H20 > CO, + Hy (2.21) J

Sfrickland-Constable in 1947 (121, 122) also studied
the carbon-steam reaction and proposed a mechanism in which
steam would be adsorbed in the molecular form.' This was.
based on his observation of the fast reversible adsorption
cf steam on charcoal below 700°C.

By reversible adsorption of steam, he.meant that in

the adsorbed condition steam would react with charcoal to

™~
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form carbon monoxide and hydrogen and these products would
then be desorbed. However, both carbon monoxide and |
hydrogen were themselves "reversibly"” absorbed at that
temperature.

His explanation was that, at eguilibrium, hvdrogen -°
is adsorbed much more strongly than Garbon monoxide. At
the same ;ime, the adsorption and deéorption of hvdrogen
are far msre rapid than those of carbon monoxide, so that
hvdrogen adsorption eqguilibrium is established very guickly,

“While that of carbon monoxide much more slowlv.

He obser&ed that in the early stages of reaction,
hydrogen would desorb more rapidly and hence be in excess
in fhe gas phase. Later in the reaction, as adsorption
equilibrium was approazhed, carbon monoxide would be in
excess in the gas phase, owing to its much smaller adsorption
equilibrium. However,.the rate of'desorption fell rapidly
as pressure increased.

He also proved that when equilibrium was disrupted,
hyvdrogen would desorb much faster than carbon monoxiée:in
order to restore it.

According to his observations, the proposition of a
mechanism involving the dissociation of steam (discussed
next) would be highly unlikely to happen - in view of the

known very high rates of reaction of such gases as oxyvgen

and N20, Hzo and CO2 with charcoal at the temperatures studied.
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Finally, he proposed that the hvdrogen retardation
in the carbon-steam reaction was caused by its chemisorption
on active sites, based on the observation that hydrogen was
not only strongly but very rapidly adsorbed on carbon.

Long and Svkes in 1948 (80,8i),proposed that the
feaction between carbon and steam involved a pre-dissociation
of steam into hvdrogen and oxvgen which would thén be adsorbed
separately on differdnt reaction sites.

They ruled out the possibility. that steam and hydroggn

are the adsorbed species, sidce in their results, initially

oxygen was in excess of hydrogen. They concluded therefore,
that sﬁeam was dissociated into oxygen‘and hvdrogen, sepa-
rately attached to neighbouring sites. This decomposition

of the steam molecule, was regarded as a natural result of

the fact that adsorption at high. temperatures reguired the
formation of bonds‘with the surface. Therefore, thev proposed
that what happened was the initial formation of a chemisorbed
hvdrogen atom and a chemisorbed hydroxyl radical, followed

by the t}ansfer of a hydrogen atom from the hydroxyl radical
to join the hydrogen atom on the adjacent carbon atom. Then,
hydrogen as a molecule would rapidly evaporate, although at v
steady state, a considerable proportion would remain on the

surface.

The following scheme represented their proposition:
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H,O = (OH) (H) =+ (0) (H,) (2.35)
j

‘ Hy = (E,) | (2.36)

C + (0) = CO . (2.37)

According to them,” the suggestion that the adsorption
of steam reguired its dissociation into oxvgen and hydrogen
and that the action of steam was retarded bv hvdrogen pre-
sence, would explain why steam and hvdrogen were said to
compete for the sites which could take up hvdrogen atoms.

They asserted that okkgen would leave the surface as

"carbon monoxide in a very slow process. Theyv also divided

the active sites, in two separate groups: -

i) the one that could acéommodate two atoms of hydrogen
| or a molecule of carbon mpnoxide;
ii) the one tha# could accommodate only one atom of
hvdrogen - whose reaction with carbon would retard

the reaction between carbon and steam.

. ) I .
Since the EZE?Q;:;ltes would consist of carbon atoms

which were not exerting their £full valency (i.e., the ones
which had the ability of adsorbing steam and hydrogen), the
mechanism could be expressed in terms of carbon atoms located
at the free edges which were attached to the rest of the

lattice by only three bonds, and thus would have one further
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orbital available for interaction with other molecules:

OH H ?
|
’ 0= > CmC=C= + H - CO + -C=~C- + H
%jy;c c-C | 5 "
—CC=Ce (2.38)

A '

2 T-C-C-C—
i [
E H

Walker (136§,quotes this proposed mechanism in the

following way:

o 2§, + Hy0 = C(H) 5o + C(OH) ;¢ (2.39)
C(H)apg ¥ CLOH) jpg * C(Hy) 3pg ¥ C(0)3pg
C(0) 1pg * cg ' (2.41)
C(Hy) yne = Ce + B, (2.42)

Jolley and Poll (69), reviewed the literature in 1953
and pérformed experiments‘whose results seemed to agree mostly
with the mechanism proposed by Gadsby (36).

They obtained very little methane gas as a product of
the steam-coke reaction and ‘proposed thaﬁ i1t could have been
svnthesized directly from carbon and hyvdrogen through the
reaction: C + 2H2 -+ CH, (2.23), or from carbon monoxide and

4

hy&fogen_through the reaction

co + 3H2 -r CH4 + HEO . (2.43)
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They also.obsérved an almost liﬁear rise in the reactivity
of coke as the carbon was burnt away, and they associated
thereby the known effect of activation of carbon by the action
of steam with the phenomencon of "internal burning" - although
they also admitted that an overall increase in surféce area
or a preferential gasification of the most reactive fractions
of the carbon by steam could explain the observed increase
in reactivity. )

Pilcher in 1955 (lOl),fouﬁa éhat'his data agreed with
the mechanism involving the adsorption concept used to explain
heterogenous reactions in which the rate is determined by
the concentration of gas adsorbed on the solid surface,
rather than bv the pressure of the gas in the homogeneous phase

He also reported the formation of an unreactive porous
laver on the surface of the specimens treated with steam at
1100°C which contained a high concentration of sphérical
shapes that tended to floculate or collect in short chains.

Al .

He assumed that these areas contained less "active carbon
centres" than the othef areas of the unreacted graphitized
carbon - which seemed like large cotton-like areas consisting

of a number of thin plate-like crystals in very disordered

arrangement.

2.3 Reactions ¢of Carbon with "Steam-Hydrogen'" Mixtures

The reaction between carbon and steam-hydrogen mixtures

has not been studied as extensively as the reactions between
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carbon and each of the components of this mixture alone.
Hence, several of the results reported by different
researchers are still contradictory and a definite mechanism
explaining how both reactiéns occur is vet to be proposed
and confirmed.

Steam-hvdrogen mixtures were initially studied, probably
with the intent of observing the "rétarding" effect of hydro-
gen on the carbon-steam reaction, utilizing different com-
positions and different partial pressures.

In addition to that, researchers' interest wés geared
towards an alternative (42, 51, 100, 123) to the reliance
on the steam-carbon reaction, (making hvdrogen, carbon monoxide
and dioxide and then reacting this hydrogen with carbon or
carbon oxides) to produce methane. This route is usually

called Methane Svnthesis and can be represented by:

2¢ + 3H,0 + heat (2000°F) - CoO + 3H, + CO, (2.44)
catalyst 5 !

co + 3i, > CH, + H,0 + heat (650°F) (2.43)

2C + 2H,0 ~ CH, + CO, (2.45)

The thermodvnamics and kinetics of reactions (5.44)
and (2.43) are such ﬁhgt reaction (2.44) would have to be
carried out at high teéperatures while reaction (2.43) could
be catalyzed and would be favoured by low temperature conditions

(Si). Besides, the heat released during reaction (2.43) would
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be at too low a temperature, to be utilized directly in

reaction (2.44) - making heat exchange between them, there-

fore, impossible - excepit, mavbe, in the form of high

pressure process steam generation (51, 100).

The alternative would be the production of hydrogen

by other means, followed by its introduction with steam;

into the hot carbon bed. Three regimes of composition of

the gas reacting with carbon could increase the hvdrogen

content of this gas.

i)

i1)

iii)

gas produced by steam-oxygen mixture - requiring no
heat - and producing carbon monoxide, hvdrogen,
steam and carbon dioxide;

gas produced by‘steam alone, which would produce a
higher H2/CO ratio than in (i), but would reguire
heat (either electrical or by transfer of inert
solids);

gas produced by addition of steam and hydrocgen -
with the heat required for steam decomposition being
supplied by the hydrogenation reaction. The hydrogen
required for this reaction could be, although not
necessarily, produced by the gasification of:avchar
residue from the hydrogenation reaction in the

following way {(100):
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. ¢
C + 2H,0 >~ 2H, + CO, - (2.25)
’ N
C + 2H, - CH, + heat (1750°F) (2.23)
2C + 2H,0 - CH, + co, (2.45)

Here the heat generated by the hydrogasification
reaction would be at a sufficiently high temperature to
contribute directly_to the thermal requirements of steam
decomposition with the advantage of no need for catalysts
(100, 123).

It was then ' for these fundamental reasons, that the
hydrogenation reaction became the basis for'practically
all the new second generation processes for the production
of SNG from coal (51). -

Egquilibrium relationships for thé “steam—hydroéen"
gasification of carbon have also been developed (25, 62)
for high temperatures and pressures - and are shown in
Figure 2.1 below.

The effects of temperature for three pressure levels
on the equilibrium gas composition for the steam-hydrogen
gasification of carbon were calculated. Ideal gas behaviour
and a uﬁit activity for carbon were assumed. The graphs
indicéte that as temperature increased from 1700-2300°F,
the yield of methane and carbon dioxide aecreased and the

vield of carbon monoxide increased; and as pressure increased



39

TEMP, *F: & 1700, &4 1900, O 2100, ¥ 230

50 aotm 100 atm 200 otm

1

//

v
/4

"_M/
/1

Hy, mals %
g 8/6' B

ydia

)/

4
ryre

A A

/ VA
Z

&
[=]

s W
l \ .
. N \:ﬁ"
0 > <
L T
:oo 20 40 &0 6G W00 0 IO 40 &0 #0 00 0 X0 a0 4 80 80 WX
" l/‘
®
= m
ol i Pt S, S—————
" o f—] [
* =0 - |
@ t0 40 &0 80 100 0 40 80 S0 00 O M e &0 80 10

5

. . \
:. \ N
i N &\Q\
:‘:’:o L‘ N T : e
SR | Nt \[- a—
= ) I I i e B 3

a =0 40 45 B0 100 g 20 40 &0 85 00 O o 40 [ 3-] "0 129
HeO IN FEED, mala % HeO IN FEED, mole "% HgO IN FLED, mols %

AA

Figure 2.1 - Ideal gas eguilibrium compositions.
for steam-hydrogen gasification at
high temperatures and pressures (62).



from 50 to 200 atm the yield of methane and carbon dioxide
~ .increased while that of carbon monoxide decreased.
It seems,. though, that researchers have been approaching

the problem of gasification of c¢oal in the presence of E.-HK.O

2 72
mixtures from two differént standpoints:

i) one (most of the literature available) considering
the addition of hvdrogen toma carbon-steam reaction
- in which case.the main reacticn consideréd would
be that between carbon and steam;

ii) the other considering the addition of steam to

a hydrogasification process - where the main reaction

would be that between carbon and hydrogen.

Feldman (27),asserted that "in spite of the many efforts
to develop gasification models, tﬁere is no "a priori" way of
selecting a best'model. Also, because of the complexity of
the system, it seems that efforts to develop universally
applicable kinetic models for design may be fruitless.

Instead of developing additional kinetic models, efforts
should concentrate on an increasing gualitative understanding
of what occurs during gasificati®n with hydrogén4steam mix-
tures". He reasoned that "in spite of the irreversibility
of.the reaction: coal + A(gas) - char + B(gas), manv of the

. . RN e s
kinetic models utilize approach to equilibrium arguments to

\



TN

41

correlate their data. 1In spite of photomicrographs that
indicate that char particles are extremely porous; shrinking ..
coxe analogies have been utilized to allow correlation of
data". |

Goring and Curran in 1952 (39, 40, 41l) ,investigated
the effects of what theyv considered to be a major parameter
in their study of gasification ¢f carbon by steam at 1600°F
and pressures 6f 1-30 atm, utilizing different steam>hvdrogen
compositio;. The parameter they investigated was carbon
burnoff - and concluded that in general, the change in nature
of the char surface, caused bv increasing burnoff; resulted
in a décrease-in total gasification rate of the resu}ting
carbon by hydrogen—steam mixtureg. This aepressing effect
would become more pronounced with increasing hydrogen-steam
ratios and/or total pressure.

They first related the mechanism of, the bufnoff effect
(i.e., the mechanism for the decrease in total gasification
rate) to a decrease in the number pf active sites. Secondly, .
they showed that the burnoff effect was also related to *he
hydrogen-steam composition - implying that the decrease in
the gasification fate was due not only to the number of
active sites, but also to the tvpe of active sites. They
found that the decrease in methaqe formation rate with carbon

burnoff, though, was much less pronounced than the decrease
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in total gasification rate.

They also observed the known "inhibiting" effect of
the presencé of hydrogen for the carbon-steam reactions.
observed py other authors (40, 41).

An increase in the totai pressure was verified to cause
appreciable increase in both total gasification rate and
. methane formation rate, and an increase‘in steam‘concentratiqn
i.e., a decrease in Hz/Hzo ratio increaseé both the total
gasification rate and methane formation rate.

Continuing their-work (41) in-1953, they concentrated
on the carbon oxides formation and observed that c;rbon

#

j ioxide was a primary product together with carbon monoxide

and postulated a mechanism for the primary formation of -
carbon dioxide, based on the assumption that a carbon-oxvgen
complex formed on the carbon surface possessed a characteristic
pioperty: "that_the oxyvgen atoms retained on the surface,

were capable of random movement thereon." This as;umption
perminited the proposition of the mechanism that explained

the primafy formation of carbon dioxide, by the collision on

the carbon surface of two mobile oxygen atoms. * The following

three equations would describe the “carbon oxides formation:

HZO + C = C(O)ADS + H2 : (2.46)
C(O)ADS + CO o (2.47)
ADS aps ~ CO2 + C (2.48)

c(0) + C(0)
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They also made some observations about the methane
formation based on their data. Their interpretation was -

that methane could be formed bv two independent reactions:

1) . by direct hydrogenation of the char;

2) .- by some process involving steam;

and that reaction (1) would be accelerated by hvdrogen, while
reéction (2) would be inhibited by hvdrogen.
- They concluded that at low pressures, the bulk of tﬁe
methane was formeq by‘direc;,interaction of carbon and steam
and that the presence of hydrogen would be necessarylonly to.
obtdin a high production of methane.-

| Feldkirchnef and Huebler ¥5 iéGS (25, 62) .studied the
reaction of coal with steam—gydrogen mixtures'atla total
pressure of 1000 psig and a temperature of 1700°r and found no
such "activating” effeét'in their experiments. On the contrary,
the methane content of the product gas varied almost 1nverselv
with the feed gas steam content at hlgher carbon ga51flcatlon
levels. This effect, they explained, could be partially due
. to an increased steam reforming of the product methane with
increases in steam partial pressure.

' They also observed the "inhibiting” effect of hydrogen
in the steam-char reactions preﬁiously cited (40, 41).
| Wen and Tal;Elkar in 1966 (138),treated the coal char

reaction with hydrogen-steam mixtures at high pressures
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{70 atm) and temperatpres (1600°F) as two simultaneous
reactions taking place without interfefing with each other

and occurring in two phases. The fi:st_phase Qould be related
to the amount of volatile matter and could be regarded as a
volume (or-mass) reaction. The first phese reaction with
hydrogen was found to be proportional to its effective partial
.pressure and to.tﬁe reaceive carbon left in fhe char. The
first phase reaction with steam would be independent of steem
partial pressure and proportional +o the .residual reactive
char,

The first phase reactions would be:

C* + 2H, - CH

2 4 ' (2.49)

* - I
cC* + H20 CO + h2 (2.50)

C*¥ 1s the reactive_carbon present in the first phase.

The second phase reactions, or reactions with the less
reactive char, were characterized by the heterogeneous reaction
at the carbon surface (reaction would take place at solid-
gas interface) and would be strongly affected by gas velocity
at elevated tempe%atures in the continuous moving bed hvdro-
gasifier used. These reactions would cause the reactlng
surface to shrink andé to leave an ash layer as the particle

moved through the reactor.

s
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The second phase reactions.were considered to be:
(2.23)

(2.20)

Since the char-hvdrogen reaction and the steam-char
reaction were conéidered as taking place independently,
. the ra£es of the reactions would be additive.

As for carbon dioxide, it was assumed to be produced
solely by the.water—gas shift reaction, prdceeding either
heterogeneously on the char surface or homogeneously in the
gas phase or bv a gomb%nation of both. _

Johnson im 1974 (62, 67),in his study of the gasifi-.
cation of a Bituminous coal char at (816°¢C to 1093°C)‘and
pressure of 1 to 70 atm assumed that the reaction (2.51)

occurred from the stoichiometric sum of reactions (2.20)

and.(2.23) ~
H,0 + C = CO+ Ky (2.20)
2H2 + C = CH4 {2.23)
H,0 + H, + 2C =CO + CH, (2.51)

in a hvdrogen-steam coal char system. Aalthough reaction
(2.51) was the sum of reactions (2.20) + (2.23), he assumed

that each of the three reactions would occur independently,

-
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but that the rafe of each reaction wbuld be proportional
to the same surface area and surﬁace reagtivity termé.

He showed that the rate of reaction (2.51) was
greater than the reverse rate of reactioﬁ {(2.23) in wﬁich
methane was consumed, when a potential for carbon deposition )
"by this reaction existed.

Feistel and van Heek in 1976 (24),studied the gasifi-
cation of a German Bituminous coal with steam-hvdrogen mixtures
at temperatures ranging from 700—1100°C.and pressures of
10-40 atm.

In fheir interpretation cof results, they todk into
consideration only the two reactions that would occur in
either pure steam or pure hvdrogen.

The Institute of Gas Technology (62) from 1954 to
1964 also performed studieé 6n the reactiohs between coal
char and hydrogen-steam mixtures and their results have
already been discussed separately by Feldkirchner, Johﬁson,
Huebler (25,67).

The addition of steam to hydrogen did not increase
methane formation i.e., had no "activating” effect on methane
production rate - probably due to the steam rgforming cf
product chars. |

No "inhibition" of steam-char reaction by hydrogen

was observed.
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2.4 Effect of Pvrolysis and Gasification on Pore
Structure

Chemisorption experiments performed (121, 136) have
shown that carbon surfgcé is very heterogeneocus, containing
holes and diélocation in the lattice. ‘

The porous structure of a carbonaceous material does
not remain‘constant throughout gasification, either with
hvdrogen, steam or both. Several changes occur and these
changes have been proven not onlf ﬁo be related to but alsc
to exert strong influence on the reactivity of these
materials (5, 97).

Bastick, Moutach and Guérin in 1957 (5), in their
study of the changes in porous sﬁructure cf cokes. during
their gasification with carbon dioxide and steam, sugéested
that t@e reactivity of a coke depended essentially on its
ability to give rise to small pores as soon as it reacted
with steam or carbon dioxide.

They also observed that there was a relationlbetween the
reactivity of a cokRe and the internal surface which developed_

during the reaction with steam. They noted that: '

1) as soon as coke started reacting with steam, its
internal surface developed very fast, due mainly
. to the creation of small pores which proceeded

either from the opening of previously existent
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pores which'had been coﬁstricted by small
particles resulting ffom grinding or by the
preferential combustion of active sites;

i1) an increése in pore size indicated by an enlarée—
ment of the diametercf deeper pores occurred;

iii} the disappearance of the pores with diameter less
than 323 was faster during the gasification with
steam than with carbon dioxide - suggesting that
carbon dioxide reacted less inside the small pores
in which it penetrated less deeplv. They explained
this difference by proposing'that carbon aioxide
reacted;faster than s§§am with carbon and did not

\

have the time to go deeply into the smaller pores.
They also noticed that the surface of the coke treated
with carbon dioxide was much smoother than that of the
coke treated with steam - probably due to the smaller number
of pores present on the surface treated with carbon dioxiée.
Cameron and Stacy in 1958 (18),during their study of
the changes in pore structure of coke during carbonization and

gasification were able to make several observations based

on their data, such as that coke contained two distinctltypes

8f pore systems.

o)
a) macropores - with entrances of 400-13000A in diameter,

o]
with the majority on the range of 7600A;



49

o
b} micropores - with eéntrances smaller than 10A in

diameter.

The macropores contained many constrictions, the number
of which increased with carbonization temperature up to 700°%c
and then remained constant.

Thevy agregd that the volume of micropores consisted of

two tyvpes of pores:

1) micropores of approximately cvlindrical form and less
o | .
than 10A in diameter:;
o)
1i) micropores greater -than 10A in diameter, but with

constricted entrances.

They observed that after gasification at 800°¢ with
steam, the micro and macro volumes increaséd indicating
that steam molecules did pPehetrate and enlarge both the micro
and macropore structures. Further, it would seem that the
constrictions in the micropore structure also prévided‘active
sites for reaction with steam - thereby making the micropore
structure more accessible to larger molecules. e

The.reaction was found to occur at gll the internal
surfaces of the coke and the constrictions in the miéro and
macropores were gradually removed. The micropore structure

became increasingly. accessible to larger molecules and pores

wlth entrance diameter of 10-400A were detectable after



50

approximaﬁely 40% of the carboq had been ggsiffed.

During carbonization at 400—500°C, the micropore
volume of the coke was found to increase, probably due to
the extensive evolution of volatile material from the micro
structure.

Feldkirchner & Huebler in 1965 (25, 62), studied the
reaction of char with steam-hvdrogen mixtures at high tempera-
tures and derived several important conclusions from the inter-
pietation of their data: One of which wa§ that, greater
structural changes oﬁcurred on coal surface, resulting in
lost reactivity, after prolongeé exposures of char to steam-
hydrogeﬁ mixtures at 2100°F than at lower temperatures with
pure hydrogen.

Lewigﬁin 1970 (77), in his chapter on éhe book "Modern
Aspects of Graphite Technology" specified that cokes and
synthetic graphite were porous materials with pore sizes
" ranging from about 103 to several microns in diameter. This
porosity would be due to the evolution of gaées during car-
bonization. He stated that this éore structure, however,
coﬁld be deliberately increased by gasification with steam,
if an “activéted carbon" was needed for adsorption'purposes.
.The surface area of "activated" cérbons (which was said to
be similar to that of charcoals) is much greater than that of

cokes. He also stated that previous studies indicated that
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when graphite was ground in an inert atmosphere, hydrogen,
unlike oxygen, was not absorbed on the new sites produced
by the grinding.

Anthony in 1976 (2),stated that the porosityv of the

fine structure of the char from q};tually any coal increased\
steadily as the.teﬁperature of itgvformation was increased -
but accessibility of these pores to penetrant molecules,

only incréésed below 500-600°C and then decreased ‘dramatically
in the range 600-1000°C.

Nsakala in 1977 (87),trying to characterize chars
produced by pvrolysis fo%&owing a rapid heating of pulverized
coal in a.nitrogen atmosphere, found that the release of the
volatile matter duriqg pyrolysis resulted in the development Of

internal porosity of the material - which was considered to°

be a direct result of:

i) opening of previously closed pores;
ii)  opening ©f new pores;
iii) enlargement of the existing and (or newly developed

r

pores.

He concluded that this type of information was very
important because the nature of the pofe strucdture of a
particular coal determined to a large degree the extent of

its reactivity during any coal conversion process.
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Koranvi and Peacock in 1978 (74),studied the reactivity
of graphite tow;rds hyvdrogen and aéserted that no positive
evidence was found that micropores plaved a significant part
in the reactivity of the surface or that the observed increase
in reactivity after a treatment with hvdrogen was due to an
opéniﬁg up of previously restricted or closed-off micropores.

Wen and Dutta in 1978 (140),studied the solid-gas
reactions involved in coal conversion processes and classified
the char-gas reactions, that thk.place during the second
stage of gasification following pvrolysis reactions, into

two categories:

1) Volumetric reactions:

2) Surface reactiocons.

In the "volumetric reactions", the reacting gas was
sald to diffuse into the interior of the particles and the
reaction zone to spread throuqhout the body of the solid.

As the reactioh proceeded, prééuét solid or ash layer would
build up at the outside surface of the particles as the
"reacting zone" continued to shrink.

In the "surface reactions".__- on the other hand, the
reacting gas would hardly be able to penetrate into the
interior of the solid particies aﬁd the reaction would there-

fore be confined only to the surface of the "shrinking core
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of unreacted solid". In this case, the reaction interface
would be sandwiched between the inner unreacted core of
solid and the product solid laver (ash).

They concluded that the surface reaction occurred
when the chemical reaction was very fast and then diffusion
would be the controlling step. Volumetric reactions, on the
other hand, would be more characteristic of slower reactions
and porous solids.

These reaction steps, as well as the nature of the
ghange§ in the pore structure of a char particle, as reaction

. . § -~
proceeds, were shown in the fellowing way: v

L T R A SPURE TO Py L]
By a%, tRUENwE P

—— - - — [ AL

kg

Figure 2.2 - Reaction of coal-char (140).
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a -

Mahajan;'Yarzab and Walker in 1978 (83),studied coal-
char gasification reactions and proposed a qualitative
explanation of the mechanisms involved, on the basis of

the changes in porosity and surface area they observed .
h

~

during the gasification of microporous char.
They utilized chars which before gasification éontained
closed.porosity - i.e., porosity inaccessible even ﬁo
helium.
During the gasification process they observea the occur-

rence of two phenomena:

1) enlarging of pores that were open in the unreacted
1
char and
ii)" opening up of closed pores.

Since the total number of pores increésed as well as
their average radius, specific pore volume and specific
surface area also increased with increasing carbon burnoff.
At some point, however, depending upon the pore sffucture of
the individual char, the existing walls between'péres were
gasified away and the total number of open pores commenced
to decrease - until complete burnoff. |

Thomas in 1979 (126),using the Ramaﬁ spectrometer
to obtain the spectra of graphite and oéher carbon materials

during their reaction with hydrogen, was able to prove that

hydrogenation took place preferentially on the graphite



55

surface - aﬂd that this surface became roﬁgh after reaction
‘with hyvdreogen.

He also’found no evidence of changes in the pore
structure on the g;aphite samples.

Koba and-Ida;in 1989 (73) - studving the gasification
reactivitiesﬂof'metallurgical cokes with carbon dioxide,
steam and ﬁheir mixture found that the gasificgéion with
steam developed pores within the inner region of the coke,
whereés carbon dioxide reacted with coke at or near the
surface, prpducing a relatively smooth su;face, probably
due to the preférential-gasification of the surface region.

One of the reasons thev‘gavé for-thé'highef reactivity
of steam over carbon dioxide would be ltS smaller size which
woula ‘be Lavourable for the diffusion in the micropores of

< f

the cébke.

»



CHAPTER 3° » __

THEORETICAﬁ'CONSIDERATIONS .
- B N
This chapter involves a critical analvsis of the
1nformatloh surveved in the preceding chapter. It is~
also intended to show discrepancies among the several
existing concepts concerning coal casification, as well
as to extract kev information whlch will be valuable for

s.-

the explanation of the results of this prOJect further on.

3.1 Qualitative'Review of Mechanisms

The dlfferent concepts utlllzed by researchers to’

"explain thelr observed results will be cd&pared for reactions
]

" between carbpn and hvdrogen, ¢arbon and;steam, and carbon

1" n \&
and hvdrogen steam mixture...

3.1.1 Reactlon Between Carbon and Hvdrogen

-

The qualltatlve understandlng of the reactlon between
carbon and hvdrogen rests on pnxxmitmms of mechanlsms which

try to account for the observed results and calculated data. -

The reaction involved in hydrogasificatiom can be
. . -

represented by:

‘ 4-\ M
coal + 2H, - CH, + heat 4 solid residue e (2L)
o _ -/ T T

.
il

The concept of active sites initially approached by

Blackwood (8, 1p, il, 12, 74) in lQSB'anélfully utilized
~— . L

}/

S e e —— ———— e



and discussed by Moseley and Patterson (92, 93, 94) in 1965
and most subsequeﬁt workers seem t6 best .explain the resgults
obtaiﬁed during a hydrogasification process.
The_active_sites would be formed during the evolutidn
of the volatile matter (which involves the evolution of
co, CH4, bound H20, H2 and tar vapours) from the :;al struc-
ture in the presence of hydrogen. They would prq@ote,or
activate filxed carboﬁ.dtoms for reaction with hydrogen
prodycing mthane o; yith another aggévated carboﬁ atom
__leéding to é‘polycondensation reaction. -Accordinglto Moseley
and Pattergon-(93; 94) the reactioen of a carbon atom in the
activet;ites with hydrogen would occur in the form of a free-
“radical chain reaction, i.e., as one carbon aﬁom left the
s31id structure in the form of a molecule of methane, another
atom would come and replace it in the process. In this‘way,
the active sites would not be destroved or deactivated.
gbw§very the polymerizaiion feactioﬁ beﬁﬁeep two activated
" carbon atoms from the same or from different active sites
could and would lead to the deactivation of the active sites
involved. ' As a result‘of thié reaction,'cérbon atoms would
not-e&olve from the Solid structure as gas molecules any
'mbre“-'leading to a decrease in thé amount of géses being
ﬁproduceq.- |

The formation of active sites (by the evolution of

volatiles) and their deactivationh (by polvcondensation) -
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according to Moséley and Patterson (92, 93, 9%4) - would be
compgtitive reactions. The first canbcom?ete effectively
with the second at high hvdrogen pressures {above 500 psig)
however, ét‘lower pressures the polycondensation reactions
would slowly take over .the active.siﬁes leading to a
decrease in the amount of gases being produced.

v The number of stageslinvolvéd in a hyvdrogasification
process hag also raised the interest of researchers studying
this reaction.

some workers such as Moseley and Patterson (92, 93,
94), Feldman (29), Peacock (74, 99) and the Bulletin published
bv thelInstitute<df Gas Technoiogy - IGf - (62) suggest a
three-stage process, while others such as Fefdkirchner and
Linden (26), Johnsén (67, 68) and Anthony (2, 67) propose a
two-stage process. | ’ |

Basically, however, the stages.involved would be appro-
ximately similar. According to Moseiey and Patterson (92,

93, 94) they would involve:

a) a high rate period, during which volatiles would be
evolved and active sites would be formed:;
b) a stage involving the reaction between the activated

carbon and hvdrogen or with another activated carbon;

c) a low rate period, during which hydrogen would react

with the "left-over" polycondensation solid residue.

—/\
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Although the concept of active sites as proposed
by Moseley and Patterson, was always in the regearcheré‘
conceptibn of a mecﬁanism for the hyarogen—carbon reaction,
subsequent Qorkers added slight modifications this theory,
according to their view of the matter.

Feldman (29) reasoned that the formation of methane
during the evolution of volatile matter would be due not
only to the reaction between hvdrogen gas and carbon from
the volatile matter (as Moseley and Patterson proposed) but
also due to pvrolysis reaétions, i.e., reaction which would

occur even if hvdrogen gas were not present in the reacting

. atmosphere.

Zahrédnik and Glenn (gquoted in 2, 2#, 62) asserted
that the active sites weré actuallf t active species
themselves, and as suéh, would be removed bv the formation
of both methane and pblycondensat;on reactions - leading in
this way to a constant decrease in the number of active
species available for reaction.

Anthony (2, 67) viewed the evolution of the volatile
"matter from a different point of view, considering that thé_
non-reactive part of the volatile matter would escape as
such into the atmosphere while the reactive part would either

escape and react or stay in the solid structure and poly-

merize.

<



Therefore, compiling these concepts, one would assume,
at least two facts as occurring during the "carbon-hydrogen”

reaction:

~

i) volalite matter evolution "promotes" active sites
(or species) and the number of these active sites
is increased by devolatilization and decreased by
cross-linking reactions and/or methane formation;

ii) thé active sites, either by an extremely high rate
of formation or by "not being themselves removed",
would offer one "activated" carbon atom and'replace
it with another. These atoms could even be "fixed"

carbon atoms.

3.1.2 Reactions Between Carbon and Steam

‘Most of the literature surveved in this section dealt
with gqualitative considerations and interpretations of the
reaction between carbon and steam.

The basic reactions involving steam and carbon are

sald to be:

C + H,0 =CO + H

2 (2.20)

2

Cco + HZO = CO2 + HZ : (2:21}

and the reaction involving the production of methane which

can be either:
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c + 2H2 - CH4 (2.23)

or: . CO + 3H, » CH, + H,0 (2.43)

usually involving the presence of a catalyst. -

Most of the available information discussing the
gualitative implications of the carbon-steam reaction involves
an adsorption-desorption mechanism.

In this mechanism, steam would be adsorbed either in
+the molecular form, according to Strickland-Constable (122),
Gadsby (36) and Warner (137) involving the formation of a
complex.or in the dissociated form according to Long and
Svkes (23, 81, 136). Dissociated steam would be adgorbed
as a hvdroxyl radical and one hydrogen atom, on active Sites
{(defined as‘carbon atoms, not exerting their full valency);
The molecular adsorptibn cou}d involve either a localized
adsorption on activated sites or the penetration of the
molecule into the carbon lattice after overcoming an energy'
barrier.

~

After the adsorption, workers'such as Strickland-
Constable (1225, Warner (137), Gadsby (36) and Long and
Svkes (23,-81, 136) all agreed that carbon monoxide and
hfdrogen would be desorbed as gases. Warner (128) also

proposed that alternatively steam would be.re-evaporated

it the molecular form.
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Strickland—éonstable defenéed the theory of the
reversible adsorption of steam below 700°c - which would
involve, at that conditiop, a re-adsorption of the gases
(carbon monoxide and hvdrogen) produced. However} warner
(l37)lconsidered this reversible adsorption as having 2
poiscning effect on the char surface - retardinglthe reaction
between carbon and steam. : ' _ .l.

Finally, mest workeré agree that the carbon monoxide‘
produced{lwould eventually react either in the adsorbed or
desorbed form with available steam to produce carbon dioxide.

Therefore, compiling all assertations and observations
and reviewing them, one can derive some conclusions such as:
i) the formation of carbon dioxide, has been explained

bv the water-gas shift reaction by most workers:

ii) increasing the amount of hydrogen present. in the
reacting atmosphere would "retard" or "inhibit"
reactions (2.20) and 62.21). TQO explanations are
available currently ﬁor this occurrence. One would
.involve eguilibrium c0nsiderati§ns and the fact that
hydrogen - being a reaction broduct - would, if in
excess, shift the equilibrium of both reactions towards
the left, thus, "retarding" the reaction. The second
explanatlon is the one adopted by the proponents of the
sorption theory - stating that "tﬁe chemlsorbtlon of
hydrogen occurring on active sites or reaction sites

would "inhibit" carbon-steam reactions®:

.
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"iii)  there might exist active sites which would accept
either steam or hydrogen for reaction and steam
and hvdrogen would compete for these sites. -

3.1.3 Reactions Between Carbon and "Steam-Hydrogen"
Mixtures

Considerably less information is available in the
literature, involving gqualitative considerations of the
mechanism by which carbon would react with the mixture
"steam-hvdrogen".

.Usually; during the initial stage of a new field in
coal gasification research, the main concern among workers
is the observation aﬂd report of'observed facts; secondly;'
they trv to establish a pattern for the.behaviour of the
carbon structure towards the gasifying gas being studied
which would hold under wide ranges of pressure, temperature
and composition. .Finally, they propose mechahisms or
modifications of existing mechanisms which would correlate
their data, until one méchanism becomes available that
correlates most of all the existiﬂg data. Foxr that matter,
the gasification of coal with a "steam-hydrogen" mixture is
still in the early stages. This is évidenced‘thrOugh the
disagreement in reported results concerning‘ the so-called

"activating" effect of steam on the carbon structure as
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described below.

Results reported by Gorin and Curran (39, 40) during
the gasification of a char at 1600°F and 1 atmosphere have
indicated that the presence of steam increased both the
total rate of gasificétion (which involves the rate of
production of "carbon monoxide + ca;bon~dioxide + methane"),/
and the rate of production of methane. | —

' Feldkirchner and Huebler (25) also studied the gasi-
fication of a char in the presence of "steam—hydrogén“ mixture
at lbOD psig and 1700°F to 2000°F and concluded from their
‘results that both the total rate of ga51f1catlon and the rate
of productlon of methane decreased in the presence of steam.
| Wen and Abraham (138) studied the steam—hya:oggn
gasification of a char at 70 atm and l?OQOF to ZOOOOF; énd
their resulis show thét the presehce of steam was beneficial
both for the . total rate of gasification and the rate of

)
production of methane at 1700°F. However, the presence of
steam was detrimental both for the rate of production of
methane and for the total rate of gasification at 2000 °F.
The discrepancy in their results was attributed to the concept
that at very high temperatures such as 2000°F the chemical
reaction is so fast that the rate is controllied by diffusion.

Reviewing all the information gathered from the surveyed

literature concerning observed results and proposed explanations,
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to the "steam-hydrogen" gasification of coal and chars,

one is left with the clear impression that:

”~

1) much work still remains +o be done, before this
process can be fully understood; . . ‘e
i1i) some assumptions made by workers are likely to have

simplified the correlation of their data - at the
expense ©of a more detailed, more'elaborated
mechanism. Different compositionslpf hydrogen;
steam mixtures have been reported by several workers
{25, 39, 4b, 41) as either favoring or Hindering the
production of different gases - suggesting that thé
reactigns occurring strongly influence each other.
However, these reaétions have been, most bf_the times,
considered as happeniné‘independeﬁéiy of each othgf
and their rate proportional to the "same" carbén

surface area;

iii} therefore, oﬁg-is left with the idea that the reactions
occurring, should not be considered independent of each
other, even when this 1s one of the assumptions made
by reseagchers;

iv) workers have not vet come to a definitive answer as

to whether the presence of steam does indeed increase

the rate of methane formation or not.
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3.2 Equilibrium Considerations

Although.even less information is available in the
litérature involving the thermodynamics of the reaction between
~ carbon and the "steam-hvdrogen" mixture, the Institute of Gas
i -Technology (62) did produce gr§phs (Figure 2.1) - showing the
ideal gas eguilibrium OOmpésition for the "steam-hydrogen"
gasification of carbon at high temperatures and_presspres.
Aiﬁhougﬂqgge conditions at which these results were obtained are
different from those utilized in this project, a tfen& can
be observed as to the influence of pressure, temperature
and steam composition during the gasifigation Process.

The results indicate that higher pressures are.advanta—
geous for éhe production of a wanted product — methane and
.an undesirable product - carbon dioxide; and detrimental for
the production of carbon monoxide.

An increase in temperature from 1700°F to 2300°F proved
éo be detrimental for the production of both methane and carbon
dioxide; while an increase in the steam percentage in the

feeding stream was beneficial for the production of,carbon

oxides. ‘ ‘ /f

{

3.3 Effect of Gasification on Pore Structures )
. . - f

Several chanées have been observed to occur on the

carbon structure during gasificaticon of a coal. Several
attempts have been made trying to correlate these changes

with the gasification process.
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Most of the literature available dealt with changes
in the pore structure of coal or char during ‘the gasrflcatlon:
with steam or cerbOn dioxide. No literature was available
.comparing changes occurring in the pore structure during the‘
gasification w1th steam or hvdrogen.

Although using ‘different data, Bastick and Guérin (5).,

cameron and Stacy (18) and Lewis (77) concluded that the

gasification with steam caused:

i) an enlargement in diameter of existing finer pores;

ii)  creation of new pores.

However, other studies performed by Peacock (76) and
Thomas (126)_cohcerning the effect of hydrogen on the pore
structures of graphite, reported that no evidence of changes
in the pore structure were found.

Bastick and Guérin (5) and Wen and Dutta (140) proposed
a somewhat similar conceét explaining the changes in pore
structure during gasification. Although their experiments
differed from one another, they proposed that there is one
type of reactlon occurrlng at the external surface of the
carbon structure, which is a fast reaction giving the gas
no time to penetrate into the interior of solid particles.
The other type of reaction is_the one occurring in the interior

of the solid particles, which is a slower reaction, giving the
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reacting gas, time to penetrate into the interior of the particles..
Steam would be included in the second category and oxygen
in the first. However, no single study was performed to

compare steam and hydrogen. .

Reviewing all the observed‘facts'repbrted by di?ferent
fesearchers, one is left with the idea that:

i) steam is able to react in the inner finer poreg of
the carbon structure or to diffuse into the inteéior
of the solid particles for reaction;

ii) most of the comparisons wére performed between steam
and carbon dioxide or steam and oxygen - showing
that, still, much work remains to be done, comparing
the pore structure of coél after gasification with
steam, hydrogen and both;

iii) no concluding observations exist as to hydrogen
showing preference for an external surface reaction.
However, one is led to believe that, hydrogen would
not react as deeply in the interior of solid particles
as steam would - showing, in this wag; some preference
for the surface reaction - even though its molecule
is smaller irr diameter than that of steam. This

could, then, lead to the suggestion that hydrogen

would react faster than steam with the carbon structure,
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W

and therefore, hydrogen would not have the time to
go deeply into the carbon structure in the interior

of the‘soi;d particles.

-

RN



CHAPTER 4

EQUIPMENT AND EXPERIMENTAL PROCEDURE

~

. In this chapter, chatacteristics'of the equipmeﬁt used

. as well as details of the two types of experiments peffo;meg,
will be discussed and explained. .
. ~ :“

4.1. Equipment

" The equlpment utilized to gasify coal conszsted of

.reactor and auxiliary svstem. The aux111arv svstem comprlsed

both the "clean—up" equlpment and analysis equlpment.

-

4.1.1 THe Reactor .

The teactor consisted of a stainless..steel type 316
tube, 0:60 m long, 00263 m‘insideidiemeter and 0.03§l m
outside diameter. A'stainless_steel'bb;ting'cloth, supplied

by B.&S.H. Thompson & Co. Ltd., 230 meshes/in, was loc ted in a
I

g . - _ . : '
cross-sectional position, at 0.127 m from the béttom of the

reactor. The reaétor-is'schematica;ly represented in

Figure 4.1.

Two chromel-alumel, type K therﬁqcouples supprlied

Thermo-Electric extended from the top -into the reactor,

0 ‘135 m and 0. 450 m from the bottom respectively, in order.to
k4

measure the temperatures of the caal on top of the boltlng

cloth and that at the top of the reactor where coal is fed

into the reactor. Both thefmocouples were connected to a

¢,
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temperature controller, supplied by Honeywell thiogéh_a
switch which allowed.éne temperature to be read and con-
Q:olled‘at a timé. The top sgAthé reacﬁor aiso consisted
.0f an inlet for coal feediﬁg and an outlet fér the product
gases. |

The reactor was electrically heated by ftwo heating
resistgnce'wirei. One qgrked as-a ""booster-heater" and it
was controlled ﬁanually by é éowerstat. The other, which
was tﬁe'main heater, was controlled by.the temperature
controller. The heating reéiséance wires were‘coiled around
a ceranic fiber tube 0.70 m 1ong-§nd'0;08 m inside diameter.
The reactor stayed inside this ceramic tube during the runs.

The reactor was insulated with a 0.150 m thick léyer
of mica and two lavers of pink fiber glass.

Hvdrogen -flowing into the reactor from the bottom was
- — * .
heated to a temperature close to that inside the reactor

when passing through a stainless steel 0.003175 & (1/8") O0.D.

-

diameter tube coiled in a close wound aroubd the reactor.

4.1.2 Auxiliary .Eguipment

‘A" process flow—sheet diagram of the equipmént is
represented in Figure 4.2.
An air—tight coal container, made'of plexiglas was
'connécted to the tﬁp of the reactor by.a stainlessﬂséeel tube

-0.006350;m'in diameter. An on-off-service ball-valve tvpe
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13.
14,
15.
16.
17.
18.
19.
20.
21.

22.

Deoxo Unit

Rotameter

Check-valve

Coal Reservoir
On—Off-Baii valve -
Cool-Wa&ér—Jacket
Reactor

Air-Cooled Condenser
Water—-Cooled Condenser
Glass-Wool Filter
Particle Trap
Microfilter
Drving Tube
Wet-Test-Meter
Gas Chromatograph
Valve-Timer
Vaporizer
Water-Pump
Water-Reservoir
Thermometer
Thermocouples

Reactor Heating System

-
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SS—ZMG'supplied by Nupro, allowed coal to fall from coﬁtainer‘
into the reactqr when open, and kept coal inside container
without any contact with the gases in. the reactor, when closed.
The ball valve was kept cold by cool-water-jacket.

The coal was fed into the‘reactor with the help of a
vibrator (Tvpe BVI, supplied by Fisher). .

A pressure gauge from Matheson oé Canada, type SS5-63-
3212, located outside tﬂe reactor mg?sured the_pressure
inside it, at all times.

" The gases coming out of the réactdf passed_£hrdugh a
condeﬁsinglsystem,'a glass wool filter,_a partiéle trap, & ?i
microfilter and a drying tube filled with Drierite before going into the
chromatograph, and the Wet-Test-Meter.

< The c0ndensing system consisted of én air-cooled con- //

denser followed by a cold water-cooled condenser. Both

condensers were adapted with a condensate collector.

+ N

The glass wool filter consisted of a stainless steel
vessel filled with glass wool.
The particle trap consisted of an empty stainless steel
veséel with both inlet and outlet connected at the top of
the vessel.
| The microfilter suppliéd by Nupro, type SS-2F, was
used to retain smaller particles. The gases coming out of
the microfilter would go through the d;ying tube and then

divided into two streams. One stream would go into a Wet- :
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Test-Meter from Precision Scientific Combany (measuring
0.1 SCF per complete rotation) and from there to vent. The
other stream would go into the chromatograph to be analyzed,

after being measured. The gases leaving the chromatograph

o
were then -vented.

The gas chromatograpﬁ was a Hewlett-Packard model
§700A, adapted with a recorder model MT-21 from Westronics
and an integrator model HP-3373B from Hewlett-Packard.

The chromatograph was equirped with a Thermal Con-
ductivity Detector with a platinum filément anéd two stainless
steel (0.003175 m "OD" x 2.1 m length) identical columns,
packed with Carbosieve §,100/120 mesh,for the analysis of the
gases. The columns were supplied by Supelco-USA. One of
these columns served as an analytical column and the.other
one was used as a reference colump.~ Helium was useq as
carrier gas, flowing into the chromatograph at'a rate of
60 mi/min after passing through a drying tube consisting of
a séainless steel tube, filled with silica-gel.

Information concerning the calibration of the Thermal
Conductivity Detector (TCD) is given in Appendix A.

The thermal Conductivityv Detector was frequently calibréted
everv two runs by passing standa;d samples of all the
gases involved in the experiment, through the chromatograph.

These mixtures were supplied by Matheson, Can.
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Gas samples from the exit gas, coming from the reacto?,
were injécted every twelve minutes bylan air-operated-dual-
loop-sampling-valve. The volume of each ioop was (0.022 1,
including the internal volume of the valve. The ;ampling
ﬁalve was aﬁtomaticallf operated by a valve-timer supplied
by Hewlett-Packard which was used to "time" the injections
every twelve minutes.

| -The hydrogen flowing into the reactor was provided by
a hydrogen cylinder supplied by Liguid Carbonic Can. Ltd. and
purified by a Deoxo unit, manufactured by Baker Inc. The
hydrogen flow was measured by a flowmeter from Matheson of
Canada, tube number 601. Information concerning the calibration

r
of the flowmeter is given. in Appendix A. The flowmeter was.

connected to %‘stainles steel check-valve supplied by Matheson
of Canada, tyge 401-X. -

Water for the production of steam was supplied by a pump
Tvpe D—él-l?SR from M. Roval). The pump was used to feed water
at a constant rate. The calibration of the pump is presented .
in Appendix A.

Steam wasaéroduced by passing the pumped water through
a pfe—heater, which consisted of a heating element inside a
gopper tuge. The heating elementrconsisted of a heating

resistance wire inside a copper tube which was filled with

ceramic cement. A pressure gauge from Matheson of Canada,
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. 7
type 88763-3212 and a thermometer from Canlab were used to

megsure-the pressure and temperature at which steam was being
p;oddced.
Both the steam line and hvdrogen stream were connegte@
in line 5efore-entering the reactor. » .
This would allow the pre-heated steam to reach.reactor
temperature before actually entering the reactor. The steam- -

hydrogen mixture entered the reactor from the bottom in a .

continuous flow process.

-

4.1.3

-

Coal Sample »”

a "Forgstburg éub—Bituminous—A" coal was théined from
the Eneigy Mines and Resources Research Lab, Ottawa, which had
the following composition:

Table 4.1

COAL ANALYSIS

Proximate Analysis

As Received Drv
Moisture 11.76 0.00
Ash 7.08 8.02

Ultimate Anaiysis

As Recelved Dry
C 58.34 66.12
H2 3.35 3.80
S 0.47 0.53
No 1.50 1.70
Ash . 7.08 8.02
02 (By Diff.) 17.50 19.83
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. Coal'was ground and screened with U.S. Standard Sieve
Screens. Different size fractions were obtained, but mdétly,
coal particles in the size range of -40 to + 60 meéh were
used 1in the:experiments.

Before coal was used, it was kept in the presence of
silica-gel in an air—tight vacuumed reservoir until its

weight remained constant £or approximately two days.
o .

~

4.2 Experimental Procedure

¥ Two sets of runs were perfornmed which allowed the
observation of the effects of the presence of steam during

hydrogasification. They will be referred to ls Type A and

Type B. In Tvpe A expefiments, stean was allowed.to flow

tl

into the reactor from the beginning of the expefiment. In .

Type B — only some ‘time after the beginning of the

- experiments. Both Type A Bnd Tvpe B experiments will be

described later on in this ch er.

4.2.1 General Characteristics of Experiments

- - All eguipment was purged with helium for one hour
before the beginning of eacdh run. ‘
Before coal was used, it was kept in the presence oé
silica-gel 1in a vacqumed reservoir until iﬁs weight remained

constant for at least two days. )
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A rapid heétipg of particles was.desired in order to
avoid, as nuch as possible, polycondensation reactions
leading to the formation of solid polémers.

Literature researched (2, 27, 28, 29) indicated that
the best way‘Eo achieve, at least a partially fast heat-up of
particles, would be by feeding the coal to the reactor oﬁly
when the desired temperature inside the reactor had been,
reached. It was, then, decided that by feeding coal in a-
countercurrent fléw to tﬂe reactant gas flow,would result in
a better heat transfer between the two media.”"

Apparently, the heating of particles was not as fast
as expected - since some time elapsed hefore reaction between
coal and reactants could be observed in the chromatograph.
It is possible that by introduding‘cgal-barticleg igio the
reactor, only'after the three—hout—ﬁeating pericd, the
formation of ppemature “inéctivelcarboqs“ - by poly-
condensation reaction - was.ninimized.

Six grams qf coal were usually fed from the coal
reéervoir into the reactor at a rate of approximatelj 1.0
g/min,';ith the use of a vibratoxr, once the tenperatﬁrgs at
the topfand Egttom of thg reactor were 755°K and 8112K
respecfiﬁely. This figsé stage would, thus, consist mostly

i
of creating an adeguate atmosphere for coal to undergo a

— relatively rapid heating.

-



After the first hour of experiment, the temperature at
the bottom of the reactor would be raised to 977°K. After
that, the reaction was allowed to prdceed isothermally, until

the end of the experiment.

1

Thé'last stage in both Type A and Type B experimeﬁts
would be the observation of how the production of gases wbulé
be affected if the presence of steam in the feeding strean
were "discontinued®™. This would be accomplished by closing
the valve whichH allowed steam to join the hydrogen stream |
before entering the reactor. Hydrdgen would then”be the sole
reactant flowing into the reactor until the;end of the
‘experiment. |

The gases produced during the experiment were cooled
and anal}zed autonatically every twelve minutes ﬁy the gas
thcmatograéh. Their flow was also measured by the Wet-

<«
Test-Meter every twelve minutes.

Each run lasted for 4.6 hours or 5.8 hours.
Approximately 2.0 ml of water - as stean - were

consumed in the reaction during. the experiments.

4.2.2 Procedure for Blank Experiments -

Blank runs consisted of runs utilizing helium,
pm

hydrogen and steam seéarately.

Blank runs were.performed at different pressures for

each one of the gases.

—_— .
Y
kS

.
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The blank runs with helium wero performed at 336 KPa
and 398 KPa (34 pPsig and 43 psig respectively):'with hydrogen
at 273, 336 and 398 KPa (equivalent to 25, 34 and 43 psig
respectively); and with Steam at. 350 and 418 KPa (equivalent
to 36 énd 46 psig respectively). |

The génefﬁl proceduro for the blank\runs was the-same
for the three digfereot gases. |

. "Helium, hydrogen or steam-alone would constitute the
a;mospoere.gor the falling particles of coal, when the bottom

?emperature of the reacEgr was. approxipately 8}1°K.
- Both hellun and hydrogen flows were kept at .
aoproxlnatelv 0. 0215,£/m1n, while water for steam would be
supplied at a constant rate of 0.105 g/min.

Hydrogen;o: helium or steam would be flowing into the
reactor from the beginning of .each experimerit, and allowed to
flow until the end o¢f each run. |

° . The reactor pressﬁ%e during each blank run‘was not

o - -
changed.. ot -

The tempér;ture inside the reactor would usually be
increased after the first hour of experiment (except for the‘
run performed with hydrogen at 273 KPa, when the tenoerature
waSJincreased during the £irst hour}.

Thé® blank runs were allowedé to continue £or +4.6

-~

hoyrs.
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4.2.3 pProcedure for Type A Experiment

Type. A experiments were performed at fou;gdifferent
total pressures, nameiﬁ, 142, 280, 350 and 418 KPa .~
(eguivalent to 6, 26, 36 and 46 psig).

During these experiments, steam would be allowed to
flow into the reactor from the start of‘each_run,'i.e.,
before thQ.devolatilizaeion stage. A mixture of nydrogen and_
steam flowing continuously at known pressure and flow would
constitute the reactiné atmosphere for the falling éarticles
qf coal-et a temperature of 8l1°K at the bottom of the h
reactor. - | ’ -

Water for stean productlon was punpea at a rate of
0.105 g Hy0/min or 0. 175 g HZO/nln and hvdrogen £low

| }
was ?eOZ}S‘Q/m;nf _ | -~

Both the hydrogen flow rate and the water pumping rate
were kept censtant through each run. Stean temperature was
brought close to that of the-reactor - by mixing it with hot
hydrogen Before entering'the reactor. .

The tenperature inside the reactor would, then, be

incgeased from 811°K to 977°K - after the first hour of

experiﬁent.
Approximately 2.8 hours after the beginning of the

run, the steam line would be dlsconnected fragm the feeding

st;eam. As & consequence, the total reactor Dressure would

usually drop about 20 KPa (equivalent to 3 951). ydrogen
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was then\left as the sole constituent of the feeding streanm

[y
for the rémainder of the run.

Type A runs lasted for 4.6 hours.

4.2.4 Procedure for Tvpe B Experiments

Type B experiments were performed at fogr different
toEil pressures, namely, 122, 274, 336 and 398 KPa
(equivalent to 3, 25, 34 and 43 Psig respectively).

- Hydrogen gas alone would constitute the reacting
atmosphere for the falling particles qf coal, at é
temperature of 811°K at the bottom of the reaétor.

‘Buring the first 1.5 hours of the experiment, hydrogen
flowing at 0.0215 ¢/min was the sole constituent of gﬁe
feeding strean.

Steam was connected to the feedinq_stream after the
first 1.5 hours or i:8~hours of reaction, i.e., well after
the devolatilization stage and after the increase in
temperature to 977°K took place. A hydrogen-steam mixture
would constitute the feeding stream until 3.2 hours a%ter the
start of the run. After that, steam would be disconnected
from the feeding stream,. and hydrogen would be the sole
reactant flowing into the reactor‘for the remainder of the
run.

The increase in temperature took place before steam

was connected to the feeding line (in most cases), in an
L 3
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attempt to’gdentify the changes in the quality (composition) -
of the product gaé due to the increase in temperature, and
due to steanm addition separately.
The total pressure inside the reactor increaseq about

20 XKPa after thé intrﬁduction of steam and decreésed
approximately 20 KPa after steam was disconnected from the
feeding strean.

~Water for steam production was punped either at the
rate of 0.105 g/min or 0.175 g/min.

Bach. run lasted for 4.6 hours.



CHAPTER 5

\ PRESENTATION OF RESULTS
\J

s

In this chapter, the results obtained during blank

-

runs,Type A and Type B experiments at different pressures

will be reporﬁed.

5.1 ‘ Calculaﬁ{on of‘Results

hs 1t was étated in Chapter 4, both the exit ga§ flow
rate (in ml/nin) and the exit gas composition (in mole %)
were recorded every twelve minutes. From these~two values

Tthe numb;r of moles of "each gas being produced per minute'
were calculated. Froﬁ the number.of moles, -the maés of
carbon gasified as methane, carbon monoxide'and carbon
dioxide could be calculated in terms of (g C as CHy, . CO,.
COs/min). This value was further dividea by the total
amount of C fed to the reactor in each run (as g C fed) - in
order to normalize the results obtained.

In order to make the graphs less "crowded", the hourly
rates for Type "A" and Type "B" experiments were further
plotted in terms of: (g C as CH@ or CO or COy/g C
fed-hr). The values to plot these graphs Qere obtained by
integrating the points of each curve plotted as g C as
CHy, CO, COyp/g C fed-min) versus time (min) every

hour on .the hour.
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N

A more detailed sample calculation of the results is

presented in'Appendix B.

5.2 , Blank Experiments

The results for.the b}ank runs were plotted in the
same figures as Type "A" and>Tvpe "B" runs, with the
exception of helium blank runs. This was to facilitate *their
éomparison.

Thé rates of vroduction of cérbon_dioxide were not
included in the fiépres to avoid excessivély "crowded" graphs
and an excessive number of graphs. Their respective values,
however, are indicated in Appendix C.

5.2.1 Helium Blank Experiments

The results for helium blank runs are plotted in g
Figure 5.0, showing the rates of production of methane and
carbon monoxide in terms of (g C as CO or CiHy/g C

fed-min) x 10° versus time in minutes, at 336 and 398 XPa

(eguivalent to 34 and 43 pPsig respectively) total przssures.

e

The results for steam blank runs are plotted in

5.2.2 Steam Blank Experiments . , 7

Figures 5.3 and 5.4, indicating the rates of production of
rnethane and carbon monoxide in terms of (g C as CO or

CHg/g C feed-min) x 10° versus time in minutes for

/

/
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5.3 Tvpe A Experiments -
The results for Type A experiments are plotted in N

Figures 5.1 to 5.6. The rates of production of methane and(’““““-
carbon nmonoxide in terms of (g C as CO or CHy/qg C
fed-min) x 105 versus time in min for 142, 280, 350 and
418 KPa (equivalent to 6, 26, 36, 46 psig respectively) total
pressures, are plotted in Figqures 5.1, 5.2, 5.3 and 5.4
respecgively. The rate of production of carbon dioxide in
terms of (g C as coz/g_c fed-nin) x 105 versus time
in minutes are plotted‘in Figure 5.5 £8r 142 and 280 KPa
total pressures and In Figure 5;6 for 350 and 418 KPa, total
pressure,

The hourly rates of methane and earbon monoxide production at
different pressures are plotted in Figures 5.13 and 5.14
respectively in terms of (g C as CHy or CO/g C feeed-hr)

x 103 versus time in hours.
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5.4 . Type B Experiments

The results of Type B e;periments ére plotteé_in
Figures 5:7 to 5.12. The rates of production of methane and
carbon monoxide in terms of {g C as CO or CHag/g C
fed-min) x 10° versus time in minutes are plotted for
122, 274, 336 and 398 KPa (equivalent to 3, 25, 34, psig
respectively) total pressures in Figures 5.7, 5.8, 5.9 and
5.10 fespectively. Tée rate of production of carbon dioxide
is plotted in terms of (g C as CO,/g C fed-min) x 105
versus time in minutes for 122, 274 and 336 KPa total
pressure in Figure 5.11 and for 398 KPa totgl pressure in -
Figure 5.12.

The hourly rates of production of methane for 122, 274
and 336 KPa‘total pressures are plottéd in Figure 5.15 and
tgg‘;§ﬁrly rate_o% production of carbon monoxide for the same
toﬁal bressures mentioned above is plotted in Figure 5.16.

The hourly rates

production of both methane and carbon
monoxide at 398 KPa' total pressure are plotted in Figure 5.17
Separately - becguse in this run, steam remained %n contact

.with coal for onlly one hour.

5.5 Specific\ Runs

The results“-obtained for two slightly different runs

are plotted in Figures 5.18 to 5.21.
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The rates of production of both methane and carbon

nonoxide in terms of (g C as CO or CHy/g C fed-nin) x

10° versus time in minutes are plotted in Figure 5.18 for
a Tvpe A run at 329 KPa {36 psig) total pressure in which the
anmount of steam being fed is increased from 0.105 g/min to

0.175 g/min, before being disconnected from the feeding le?/
%ﬁ_

The rate of production of carbon monoxide in terms of (g C as

COz/g-C fed-min) x 10° versus time in ninutes for the
sane run is plotted in Figure 5.19.
Finally, the rates of production of methane and carbon
monoxide in terms of (g+C as CO or-CH4/g C feeeed-min) x
105 versus time in.minutes are plotted for a fype B run
at approxiﬁately 398 KPa (43 %sig) total pressure, in which

the steam flow into the reactor is 0.175 g/min, and not 0.105

g/min as in all other Type B runs.
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A Experiments.

Figure 5.13 - Rate of Production of Methane for Type
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Figure 5.14 - Rate of Production of Carbon Monoxide

for Type A Experiments.
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Tvpe B Experiments.

Figure 5.16 - Rate of Production of Carbon Monoxide for
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Figure 5.17 - Rate of Production of Methane and Carbon
Monoxide for Type B Experiment.
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CHAPTER 6

DISCUSSION OF RESULTS

In this chapter, the results reported in Chapter 5
)
will be compared and interpreted. The apparent influence of
the presence and subsequent interruption of sgeam feeding in
t?e inlet stream will be discussed and compared with blank
experiments. This chapter is also aimed to providé

background for gualitative intefpfetations concerning, a

possiSTe\Ei?lqpation for the reactions occurring.

6.1 ‘The Blank Experiments

The.Feggiiifobtained during the blank runs performed
with hvdrogen, helium and steam seemed to exhibit the sane
general behaviour, ;lthough varying in degree.

in the beginning of the experiments the rates of -
production of methane and carbon dioxide were high. _It seems
that a small surge in those rates could be identified during
the beginning of each experiment. THis surge is believed to
be due to the devolatization'stage of coal.

'"i'second surge in the rates of production of .both
methane and carbon monoxide algo seened to exist during the

. b . ] -
time the temperature inside the reactor was increased.
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After the increase in temperature, when reaction
conditions were allowed to‘stabilize, the rate of production
of both methane and carbon ronoxide seemed to decrease slowly
but ceontinuously.

Durin% the blank runs performed with helium, the
amount of gares being produced after 2.3 hours was too low to
be identified) perhaps due to the completion of the
ldevolatizatio; process. The reaction was therefore
considered to last only 2.3-2.5 hours during blank runs with
helium. It seems‘that during the runs performed with heliunm
at the higher pressure;-higherlrates of production were
obtained for methane and lower for carbon monoxide. However, the
difference in pressure between the two experiments was small

and' the equipment utilized may not have been sensitive enough

to conclusively differentiate between the two pressures. The
behaviour of the rates of production of SOth methane and
carbon monoxide can only be identified by a trend, i.e., by
what 1s believed to be a possible tendency for the reaétion.
This reasoning also applies to hydrogen and steam blank
experiments.

The rate of production of carbon dioxide during helium
and hydrogen blank runs was visible during what seemed to be
the devolatization stage. After this initial period of

reaction, the rate dropped to zero and dié not change for the

remainder of the experiment.
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The rate of production of carbon dioxide during the
blank runs performedé with steam, was high even after the
devolatization stage. It showed a big increase when the
temperature inside the reactor was increased. However, it
also started to decrease slowly towérds the end of the
experiment.

The rate of production of methane during the blank
runs with hydrogen seemed to be higher than that during blank
experiments with heliun or stean.

I+ became clear, during the blank runs that the rates
of production of all product gases tended to decrease after

approximately 2.3-2.5 hours of experiment.

*
-

6.2 General Discussion Common to all Tvpe A and Type B

Experiments

I+ is essential, at this point, to aqgnowledge certailn
characteristics in;erent to the results of both Tvpe A and
Type B experiments as shown graphically in Fiqures 5.1 to
5.12.

In the majority of graphs plotted (except for Figure
5.7) two types of data séém to exist for each experiment,
specially where Type B results are concerned.

One is related to the data plotted during

approximately the first two hours of experiment, and the

other, to the tinme thereafter.
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§.2.1 rirst Part of Experiments

The data plotted during approximately the first two
hours was very scattered and this fact made it difficult to
identify any.reaction trends during that time of experiments.
Several possible factors occurring s;muitaneously may have

contributed to this scattering. They are:

(1) feeding of coal occurring in the beginning of the
run;
(ii) devolatization stage occurring during and after

the time coal was fed;

(iii) temperature rising after the first hour (most of
the time), just when a trend could start to
develop;

(iv) stean introduction not too long. after (or before)
the increase in temperature. This factor also
ninimized the possibility of any trend development.
Therefore, it is safe to say that during those first

rwo. hours, the reaction and the environment for it to occur

were not considered stable enough 'to establish a reaction

trend.

-

That was the reason why the data points during the
first couple of hours of experiment are not connected in any

way.

e
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However, one is forced to identify the existence of at
leastfone surge in the rates of production of both methane
and cagbon meonoxide, during the first two hours of the
experinent. This surge indicated what is believed to be the
devolatizatiqn stage of coal; The presence of a second surge
}n-the rate of production of methane which could sometimes be
easily identified in Type A (and blank) runs is believed to
be due to the increase in reactor temperature to 977°K.

[

6.2.2 Second Part of Experiments

During the second half of the experiments (after
initial two-hour-period), the scatter in the data seemed to
decrease (except for Figure 5.7) - aé conditions tended to
stabilize. It becanme easier to visualize how the data points
could be joined.

The presence of factors which would usually develop
unstable conditions in the svstem is not felt so strongly any
more. Reaction is, therefore, allowed to proceed without
nuch disruption. When steam is finally disconnected from the
feeding stream, some unstable conditions are identified again
(as it would be expected), but they slowly seemed té
stabilize.

That was the reason why the data points are connected
in the second half of experiments, i.e., to call one's

attention to the fact that the possibility of a trend exists.
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nonoxide.
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6.2.3 Carbon Dioxide Production

The above discussion is relevant first to the rate of
production of methane and secondly to that of carbon

The rate of production of carbon dioxide was not
included in the previous section because the reasoning
presented previously does not seem to apply to carbon dioxide
production. ‘

The production of carbon dioxide seened to be .
connected mostly to the presence gf stean inside -the reactor.
If steam was ngt present or if it was discontinued from the
feeding streagi\the rate of production of carbon dioxide
woﬁld decrease apd drop LO 2ero. This was observed in all
experiments, independent of the presence of factors which
contributed to the appearance oﬁ unstable conditions.

Also, once carbon dioxide was being produced, it was
difficult to establish anythiﬁq but "a possible trend" of how
its raté of production seemed to change.

This leads one to believe that the presence of stean

brought about high rates of production of carbon dioxide.

6.2.4 Hydrogen Content in Product Gas

Hydrogen production was not plotted because, since the
hydrogen content of the exit gas represented both the

unreacted hvdrogen gas feed and the hydrogen producted from
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steam reaction with carbpn - there was no way of separating
these two sourées of hydrogen. 1In this way, smaller changes
occurring in the hydrogen content of.the exit gas were not
taken into consideration because they could not be taken as a
significative indication of a specific change in the
reactions occurring. It would be very difficult to determine
whether any change was due to the hydrogen gas—éarbon
ﬁgaction or to the steam-carbon reaction. That is why, only
greatexr changes in the hydrogen content of‘the exit gas are
reported.

o

6.3 Effect of Stean

The effect of stearngdeas studied in both types of
experiments by connecting and disconnecting steam flow from

the feeding stream.

6.3.1 Type A Experiments

When steam was discontinued from the feeding line, an
increase in the rate of production of methane was noticed.

"In most cases, this increase segmed to be greater at
higher pressures. |

The rate of methane production, as shown in Filgures
5.1 to 5.4 and 5.13 seemed to improve when steam was
discontinued from the feeding stream. This apparent

improvement did not seem to follow any specific patterns.
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However, the appearance of two small peaks in methane
productibn réte‘after stean was discontinued seemea-to occur
in all runs.

The first one seemed to occur when the raté of
production of carbon dioxide started to decrease. The second
one, apparently coincided with a decrease in the rate of
production of carbon monoxide. Onelpoésible explanation for
rhese observations could be that the activated carbon atoms
which were belng used for reaction with steam, started being
used by hyvdrogen once steam was disconnected.

The rate of production of carbon monoxide seemed
eithér to increase or to remain consktant, as soon as stean
was discontinued. It decreased only later on in the process,
as shown.in Figureslsgl to 5.4 and_S.;4.

Carﬂon dioxide exhibited é different pattern. Its
rate of production during this time was appgpximately equal
to the rate of production 6f methane and carbon monoxide
together.

Hydrogen contenf-in the outcoming product gas seemned
to increase when steam was discontinued from the feeding
line.

The total rate of gasification which includes the
rate of production of "carbon manoxide + methane + carbon
dioxide" decreased when stean was disconnec£ed from the

feeding line.



121

6.3.2 Tvpe B Experiments

The results of Type "B" experiments can be better
understﬁod‘if compared with hydrogen blank runs. That is why
both the hydrogen blank runs and Type "B" runs were plotted
in the same figures (Figures 5.8, 5.9 ané 5.10).

The following discussion_does not, however: apply to
Run #39 (Figuze 5.7). It is believed that the pressure at
which that experiment was performed was too low to produce
any significant results for compafison with the other
experiments. 1In addition, the data obtained during that
experiment was too scattetéd to lead to any cdhclusions.
Therefore, only experiments performéd at higher pressures'
will be taken into consideration 1in fhis discussion.

By compariﬁg Type "B" blank Tuns experiments with
-hfdrogen blank runs, one observes thaﬁ the natural course of
the run would lead to a reductioh in the rate of production
of methane (at apprpxinately the same timeAsteam would
usually be introducgd) - regardless of steam being present 1in
the reactor or not. This can also be obser;ed in Tvpe "B"
experiments, where the rate of production of methane would
start decreasing even before steam was introduced. However,
one should also observe that the rate of production of
nethane seems to be much lower fof Type "B" experiments than

that for the hydrogen blank runs.
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After comparing the results of the two types of
experiments it seems that the introduction of steam in the
reactor might have contributed to a faster decrease in the
rate of production of methane. One nmight say then, based on
those results, that the presence.of steam was detrimental to

the rate of production of methane.

‘The  rate of production of carbon monoxide apparently
underwent & surge 1in the presenéé of steam - as compared to
the hydrogen blank runs (where steam was never introduced}.

The rate of carbon dioxide production, shown in

°
Figures 5.11 and 5.12, and as expected, exhibited a decrease
in rate of production which went down to zero before stean
was connected. While steam was a‘part of the feeding
mixture,.an increase in production rate was observed. 1Its
rate of production was approxirately equal to the rate of
production of methane and carbon monoxide together.

it was very difficult to:establish a pattern of the
hydrogen content in the product gases when steam was
connected to the feeding stream - since it varied
considerably.

Once stean was disconnected from the feeding strean,
the rate of production of methane seemed to undergo a small

i rease.
increase a

Although only one experiment was performed during

which steam was kept flowirg into the reactor for one hour

L4
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and ten nminutes (Run #33,;Figure 5.10), instead of the usual

one hour and forty minutes. The.results for that run
indicated that a much smallier increase in the rate of

production of methane occurred when steam was disconnected.

This observation, suggested that the advocated increase in

.

the rate of production of methane, might be greater when
steam stays in contact with cgal for a longer time.

However, it is believed that this matter should be
further %pvestigated bé?ore_any decisive conclusidns afe
drawn.

The rate‘of production of cgrbon monoxide tended to
either remain constant (Run #37, Fi@urg 5.8) or to decrease
(Figures 5.9 and 5.10) when steam.was disconnected from the

feeding strean.

‘' As far as the rate of carbon dioxide 1is concerned, it
decreased and dropped to. zero, as expected, once steam was

discontinued.

Hydrogen content in the exit product gas seemed to be
higher when steam was disconnected. This pattern was also
observed for Type A experiments. )

The total rate of gasification practically doubled its
previous value when steam was introduced. It decreased when

steam was disconnected from the feeding stream.
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6.4 Results of 'Specific Runs'

»

‘After these two sets of experiments were performed, a
few more specific runs were performed using a highér amount
of steam in the feeding stream.

Runs Qere performed to observe the effects of an
increase in the amount of steam in the feeding line from
0.105 g H2O0/min or 0.175 g HZO/min, aﬁd subsequent

disconnecticon of stean.

The same reasoning given in Section 6.2 for data

——

scattering should also be applied for these runs.

Althoyugh data scattering in these_experiménts was very
mucﬁ visible, a possible decrease in Ebggégge of production
of methane seemed to occur when flow of.steam into the
reactor was increased (refer to Figure 5.18).

The rate of productipn of methane seemed to increase
when steam was disconnected from the feeding stream.

It was alsco observed: that it took a longer time for
the rates of production of carbon monoxide as well as of
carbon dioxide to decrease after steam {(at a higher
concentration) was disconnected from the feeding line than
when steam was disconnected at a lower concentration - in
Type A experiments.

The rate of production of carbon monoxide seemed to
decrease when steam concentratién in the feeding line was
increased. However, the rate of production of carbon dioxide

underwent an increase at the same tinme.
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- A Type B run was performed at 398 KPa total pressure,
but with steam flowing at 0.175 g9 B>O0/min rather than the
usual 0.105 g Ho/miA used in previous Type B experiments
(refer to.Figures 5.20 and 5.21).

- Data scattering was, once again, Qery much visible in

this experihent = making it difficult to identify -any path,

but the possibilitv of a trénd in the reactions taking place.
From the results:plotted in Figures 5.20 and 5.21, it could
be exﬁlaineq that the unfavorable effect of steam, outlined
in oéher Type B runs, seemed .to have beeﬁ'partially_counter-
balanced by a simultaneous increase in température from 866
to 922°K. However, as it was mentioned, the effect was
probably only "partially" counterbalanced, since the rate of
prodhction of methane tended to decrease after the
température stabilized at 922°K to approximately 32 x
10-3 g C as CHy/g C fed-min, which is mﬁch lower than
50 x 1075 g ¢ as CH4/9°C fed-min which was the value
it had stabilized at, before the temperature was raised and
steam introduced info the feeding stream.

In this case, as in the preceding one, where a higher
Steam concentration in the feeding line was used - the time
it took for the rates of production of carbon monoxide and
dioxide to decreage was much longer than the time it took for

those rates to decrease in the other Type B runs.

b,
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6.5 Further Comparison Between Resu}{gr;Ltained~for

. Type A- and Tvpe B Experiments
v

If coal conversion is defiméd by the expression

[(Wo—Wg) /Wolr where "Wo" répresents-the initial

weight of moisture-free coal before each run and

"Ws" represents the final weight of the yhar at the en

of each run - it seems that Type A experiments gave a-
relatively higher coal conversion than Type B experiments.
This is shown in Figure 6.1 where it can be seen tha£ the
coal conversion for Tvpe A experiments is at least five
percent higher than that for Tvpe B experiments.

However, it must be noted that, although a higher coal
;énversion was attained for every run in Type A experiments,
a higher conversion to methane séemed to occur for Tvpe B

experiments. This is shown in Figure 6.2 which plots the

total production of methane as (g C as CHg/d € fed) x

102 versus total pressure for Type A and Type B

experiments at different pressures. This was likegy due to
the fact that during the initial stage of each run'
(devolatilization stage) the amount of methane produced was
nuch greater for Type B runs (when only‘hydrogen is present
as the reacting gas) than Type A runs.

The increase in the rate of methane formation,

observed in most cases when steam was disconnected from the

feeding stream, seemed greater in Type A experiments than

-/

N
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Figure 6.1.- Coal Conversion for Type A and
\L'rype B Experiments.
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‘Figure 6.2 - Total production of Methane for
Type A and Type B Experiments.
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in Type B éxperiments for most pressureslstudied, i.g., it
was greater for the runs during which steam was allowed to
flow into the reactor from the beginning of the experinent.

Although the rate of methane produ;tion appeared to
have decreased while steam was part of the feeding strean,
the total gasification rate, greatly increased to almost
twice its previous value - for both Type A and Typé'B
experiments. ‘

-Another trend was observed for carbon nonoxide which
seemed to indica;e.a higher togéL.production during Type B
experiments than Type A experiments as it is shown in Figure
6.3, whe%e the total production of carbon monéxide is plotted
(g C as CO/g C fed) x 102 versus total pressure, for Type
a4 and Type B experiments.

Also, an apparent patter# for the production of carbon

dioxide indicated a higher rate of production for Type A

experiments.

6.6 Interpretation of Results

In this section, an attempt is made to account for the

meaning of similarities and dissimilarities in the obtained

results.
The reported observation that the increase in methane
rate of production after disconnecting steam from the feeding

streanm appeared to be greater for Type A than Type B
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Figure 6.3 - Total Production of Carbon

Monoxide £for Type A and
Tvpe B Experiments
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.ekperiments. Thie suggests that ceasing the steam flow into
the reactor af;er exposure of coal to it, from the beginning
of the experiment, would tend to increase the "sensitivity of
carbon towards hydrogen"

1t is important though, to clarify here that this
higher increase in methane production when coal is exposed to
steam from the beginning of the run could not be the result
of a reduced rate of production in the early stage of
devolatilization. The reason why less methane was produced
at that ‘stage is believed to be that most of the carbon atoms
which were "ready" to react, did so in the presence of stean
to produce carbon dioxide (which in the case of the present
study is the undesirable prodﬁct), or méybe carbon monoxide.
Therefore, an explanation based on the assumption that since
less methane was produced in the initial stage of
gasification {devolatilization) more methanelshould be
produced at the end of the process is irrelevant and should
not be considered as an alternative explanation.

A general trend for a decrease in total production of
carbon monoxlde seemed to occur for both Type A and Type B
experiments, at higher pressures. This observation is
probably related to:
i) egquilibrium considerations discussed in Chapter 2 -

in which high pressures are shown o be detrimental
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for its production iz the "hydrogen-steam" gasifi-
cation of a char. Even though the conditions utilized
in this project were different fronm those used in the
equilibrium composition studv, and even though the
experiments in this project mavy not have reached
equilibrium at all, a trend could be considered.

fhis trend was also observed at the conditions
studied in this project, Snd{or;

the known effect that high pressures exert on gas
desorption - in this case, the desorption of carbon
nonoxide gas from the carbon surface, and/or;

Lo the "retarding" effect of the presence of excess
hydrogen on the production of carbon oxides whiqh
should be strongef at higher hvdrogen partial

pressures.

Possible Explanation for the Reactions Occurring

Based on the literature surveved, on the results

reported in Chapter 5, and on their interpretation discussed

earlier in the chapter, an attempt will be made to

Gualitatively outline the possible effects that steam might

have on the carbon-hydrogen reaction, based on the

proposition'of an analogy.
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6.7.1 OQOutline of an Analogy

Bearing in mind the results reported earlpiet; and the
theories surveyed in Chapter 2 and 3 - an analog‘ beﬁween the
increase in temperature and the intrdduction of stéém in the
‘feeding stream is proposed:

| "An increase in the number of active sites available
for reaction, similar to the one induced by an increase in
temperature during a hydrogasification process, would also be
occurring whenever feeding of steam ik initiated for the
first time".

When hvdrogen is present alone in the reacting
atmosphere,.the main reaction leading to the formation of
nethane 1is assumed to be the chemisorption bf hvdrogen by an
active site. Any "activation" - such as an increase in
temperature - leading to an increase in the nunber of active
sites, should result in the increase of the rate of methane
production, because of a more effective-competition for the
formation of active sites against cross-linking reactions.

When steam is introduced in the feeding line, and once
in contact with the carbon structure, steam would penetrate
in-between chains of cé%bon—atoms (acting more or less like a
plasticizer), separating them first and "breaking” them
after. By separating chains, steam would destroy any regular
crystalline structure which might exist at that level and

would lessen the energy necessary to break these chains.
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This would make it much more difficult for.activated carbon
atoms, either from the same active site or from different
active sites, to react — since the carbon chains to which
these carbon atoms are attached would be further apart. In
other words, by penetrating in-between chains, stean would
decrease the possibility of pol§c0ndensation reactions
between activated carbons and this decrease in the number of
possible polycondensatisn reactiéns should result in an
increase in the amnount of gas being produced.

By "breaking"_chains, (which had already been
"separated™), stean would be c¢reating new active sites, i.e.,
would be starting néw free radical chain reactions.

Both the decrease in the possible number of
polycondensation reactions and the increase in the number of
active sites available for reaction in "separated chailns
should lead to an increase in the total rate of gasification
- once steam was introduced in the feeding line. HOWever,
steam, although creating new active "separated” sités would
also be competing for and reacting with these sites against
hydrogen and against polycondensation reactions. |

Once the strongly competitive presence of steam was
not felt-any nore, hydrogen would have an easier.access both
to the newlv created and the previously existing active

sites. Therefore, methane production would be enhanced,

since a larger number of active sites would become available

A
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for reaction with hydrogen, as compared to when steam was

present.

In the end, the competition for activated carbon atoms
would again be between hyérogen (leading to the production of
methane) and activated carbon atoms tﬁemselves {leading to
polycondensation reactions) - since steam is not present any
longer to separate the chains. This last_gﬁfect was also

observed experimentally when the total rate of gasification

slowly decreased once steam feeding was discontinued.



CHAPTE‘.R;?

SUMMARY AND CONCLUSIONS

lProblems such as data scattering and a frequent
changing of variables during the experiments made it
difficult to interpret the résults reported in this study.

However, ideas for a new path to follow as well as the
possible developmenE pf\g\ﬁﬁébry have been initiated and some
useful results have beeh obtained.

It was indicated that the possibiiity of a trend
exists when steam is disconnected from an inlet reactant
stfeam constituted of a hydrogen-steam mixture. This
:.possible érénd_woﬂl? indicate that the amount of methane
_being produced would increase after steam would be
disconnected from the feeding line.

Another possible trend was that the extent of this
advocated increase in the rate of production of methane would
be“somehow)connected to the duration and timing of steanm
introduction. However, further confirmation is required.

One possible reason why the mixture steam-hydrogen has
been said by some researchers to be advantagéohs ﬁor the
production of methane, could be'thag under the conditions

studied by those workers, the reaction :
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CO + 3Hy - .CHy + Ho0 . (2.46)

- T
w.

night have taken place.
| A possible explanation based on theories surveyed and ~
on the possible trends previously outlined was proposed. It )
suggested that steam would penetrate in-between chains. of .
carbon atoms separating them, and in -this way, decreasihg the
nunber of polycondensation reactions cccurring. Steam Qould
then break these chains, giving rise to new‘active sites,
"ready" to react. Competition for.these‘sites would then
start ambng steam, hydrogen and active sites themselves
(cadsing polycondensation reactions).‘Finally, when stean
would be removed from the reaction environment, hydrogen
would have an easier agceés to_active sites and the rate of
prodﬁcton of methane would increase.

To conclude what has been proposed and discussed so

far, it is believed that the possibility exists that steanm

might "activate" the carbon structure of a coal or char.

H



CHAPTER 8

RECOMMENDATIONS FOR FURTHER WORK

This éhapter will deal with means to improve both the
procedure utilized {n this study, as well as its results and
reliability. Suggestions will pe made—ﬁor further work in
this area, which might bring more significant, conclusive and
betterforganized results than the ones obtained in this

: b
study{”

\ .
\Qpe following suggestions will be classified by areas
and might improve the meaningfulness and reliability of

results of further work in this area.
8.1 Procedure

(1) Variabkles, such as temperature, amount of steam in,
amount of hydrogen in, pressure and H,0/H2 ratio
should be investigated on a broader range. They
should also be investigated individgally or with

{//ﬁonger time laés between them. This would ensure

N that the effect of changing one variable would not

3 be confused with éhat of changing another variable.
(ii)f Less amounts of steam should be utilized relatively

~
Lo efie =munt of coal present. In this way, the
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risk of having an excessive amount of steam,inside the
reactor, hindering any possible ongoing. reactions
betweeﬁ cérbon and hydrogen, would be avoidedf
" (i1i) Type B experiments should be performed, keeping
steam flow{ng into the reactor for different time
leng:Q§:' This procedure would allow the researchef
to check 1f the increase in the rate of production of
. nethane advocated in this study is iﬁdeedrrelated‘to
the time of contact between steam and coal.

(iv) Experiments should be performed utilizing the same
'proce&ure "se#eral times", i.e., feeding steam and
discontinuing it, then, feedihg it again and

. discontinuing again. This type of experiment, if
performed with the correct type of equipment, - should
provide the researcher with a lot nore information
on. the new procedure proposed in this study.

(v) Higher temperatures and pressures should be utilized
in:future experiments, to obtain more conclusive

résults{

8.2 Equipment
{1) The reactor should be longer, to allow for the falling
par%icles of coal to éctually héat—up, during the

feeding operation.
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(ii) The reacébr material as well as auxiliary ﬁeating
equipment should be chosen as to be able ﬁo withsﬁand-
longer experiment duration (twenty—four—hour—runs '
rif necesséry), and hiqgher tepperatures.

>

8.3 Auxiliary Activities

(1) -‘:An'impréved'way to‘feed the coal into the reactor

| .should be investigated. : Maybe forciﬁé the coal

';inside the reactor by equalizing the pressure inside

. the reactor and that inside the coal reservoi;.“

{(1i) Coal should not be left inside the reactor either

during heat-up periods or cooi-déwn periods. The

first would.allow for premature polyvcondensation

I—reactions to take place. The latter would allow for

further reaction to Qccur when experiment was
considered to be finished. |

(111) Q;hér reactant gases should be used. Instead of
using hydrogen and steanm, maybelhydrogen and/or
carbon monoxide and/or steam should be tried.

(iv) Coal samples should always be analyzed for carbon,
oxygen, nitrogen, hydrogen and sulphur before and
after every experiment - to allow for a proper mass

balance.
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{v) The possibility of observing the porous structure
changes inlcoal particles, should be‘investigated.
It could disclose evidence to identify how reactions
proceed, i.e., if they are mainly surface reactions
or bulk reactions. Maybe a comparison‘between thé
char porous st:ucture‘after reaction with hydrogen,
stean and both, could‘identify how a hydrégen-steam
nixture compete for carbon from coal. This would
enable the researcher to decide how and when to best
utilize reactants.

(vi) Experiments should be carried out utilizing greater
amounts of coal, namely, 10-100 g. The reason for
this being that, greater amounts bf coal would
increase the possibility of getting a more homo-
geneous sample. With the small amounts of coal

_utiiized in this study, any variation in coal
proper;ies within the sample (and coal properties
axe known-to vary within the same sanple) is bound
to have a considerable influence 15 the results
observed. A larger sample would, therefore, render

the results more significant.

It is, therefore, recommended for those who wish to

follow this study, to retain its initial concept of

-

introduction/disconnecting of steam. . The results obtained in
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this initial study may not have been very conclusive, since’

this project was dealing with a new idea. However, it 1is a
fresh path worth following, which might bring positive
results in future research - leading to the reactivation of

the carbon structure of a carbon char.

2y
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Calibraticon Curves -
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Calibration curve for water pump

Calibration. curve for hydrogen flow through
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Calibration cufve for helium flow through
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Calibration curves for guantitative analysis of

gases from . chromatograph:
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- carbon monoxide

. - carbon dioxide °
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SAMPLE CALCULATION

.~ Rate, G C as CH4/G C fed-min):

CcC Y x l g mole
min7 24,303.21 CC

exit gas flow rate, ( X

~

total -moles of CH4 0 12.011 ¢ C/g mole C

1 g@}e of exit gas X Total C fed, (g )

- Rate, G C as CO/G C fed-min:

CcC )} x l g mole

exit gas flow rate, (HIH X 2%,303.21 CC
, .

X

total moles of CO 12.011 g C/g mole C

1 mole of exit gas X Total C fed, (g )

- Rate, G C as C02/G C fed-min:

< 1l g mole
24,303.21 CC

exit gas flow4PTp? o X
/min

’/'

total moles of C02 12.011 ¢ C/g mole C

1 mole of exit gas X ¥otal C fed, (g )



APPENDIX C

Runs number one to thirteen are not included because
several problems during the feeding of the coal into the

reactor did not allow the experiments to be consistent.
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RUN #14

Coal Sample Wt: 6.00 g
Run Tyvpe A
Reactor, Pressure: 329-350 KPa

" Experimental Conditions

Product Gas Composition

Product
Injec—- Gas Total Steam .
tion Rate Press. Temp. Flow ,
(CC/min) (KPa) (OK) (g/min) 2
1 21.10 329 811 . 0.105 = 0.2737
2 29.30 329 811  0.105 0.3495
3 26.06 329 811  0.105 0.3638
4 20.94 329 811  0.105 0.3435
.5 22.31 329 811  0.105 0.3305
6. 31.41 329 811  0.105 0.3286
-7 24.69 329 81l  0.105 0.3376
8 14.13 329 811  0.105 0.3316
9 23.36 329 850  0.105 = 0.3679
10 23.36 329 880 0.105 0.3778
11 15.01 329 900  0.105 0.4160
12 24.03 329 922 0.105 0.4462
13 17.08 3290 922 0.105 0.4548
14 17.58 329 922 0.105 0.4741
15 16.37 340 922 0.175 0.4645
16 14.60 350 922 0.175 0.4587
17 16.25 350 922 0.17% 0.4627
18 15.14 350 922 0.175 0.5047
19 18.09 350 922  0.00 0.5874
20 17.11 350 922 0.00 0.6494
21 16.22 350 922 0.00 0.3052
22 15.75 350 922 0.00 0.7253
23 16.64 350 922  0.00 0.6957
24 15.59 350 922 0.00 0.6606
25 8.81 350 922 0.00 0.5602
26 ° 8.71 340 - 922 0.00 0.5025
27 8.79 329 922 0.00 - 0.5424
28 . 9.33 329 922  0.00 0.5692
29 16.03 -+ 329 922 0.00 0.7210

30 15.54 | 329 822 0.00 0.7002

N,

0.0341

0.0285
0.0181
0.0082
0.0021
0.0015
0.0016
0.0018
0.0019
0.0016

«

0.0738
0.0686
0.2464
0.2247
0.2101
0.2131
0.2215
0.2247
0.2095
0.2008
0.1773
0.1685
0.1511
0.1538
0.1456
0.1396
0.0948
0.0807
0.0550
0.0450
0.0382
0.0599
0.0790
0.0905
0.1255
0.137%
0.1609
0.1530
0.1307
0.1189

<y

0.4301
0.3388
0.2212
0.1400
0.1192
0.0971
0.0659
0.0560
0.0728
0.0717
0.0980
0.0806
0.1334
0.1123
0.1370
0.1002
0.1010
0.0712
0.1243
0.1381
0.1771
0.1495
0.1553
0.2023
0.2481
0.2192
0.2195

0.2460

0.1483

0.1809 .

2

0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
0.
o.
0.
0.
0.
0.
C.
0.
0.
0.
0.

1883
2145
1505
2836
3381
3597
3734
3858
3479
3481
3159
3047
2607
2598
2529
3015
3415
3434
2333
1675
0959
0653
0700
0466
0662
1404
0772
0318



Coal Sample Wt: 6.00 g

Run Type B
Ibtal Reactor Pressure 398- 432 Kpa

Experimental Conditions

Product

nj Gas | Total Steam
tion Rate . Press, Temp. Flow
# J (CC/min) (KPa) (°K) (g/min)
1 19.42 398 811 0.00
2 20.69 398 811 0.00
3 20.53 398 811 0.00
4 20.22 398 811 0.00
5 __ 20.97 398 811 0.00
6 18.57 398 840 0.00
7 17.05 398 860 0.00
8 16.23 398 gee  0.00
9 16.85 398 866  0.00
10 18.56 398 866  0.00
11 17.63 398 866 0.00
12 16.24 398 866  0.00
13 16.67 398 880 0.00
14 16.38 398 900, 0.00
15 29.95 410 900" 0,175
16 44.64 432 920 0.175
17 32.53 432 922 0.175
18 30.24 432 922 0.175
19 25.05 432 8922 0.175
20} 14.22 432 922 0.175
L2 17.40 432 822 0.00
22 17.95  -432 922  0.00
23 17.14 432 822  0.00
24 -~ §.48 432 922  0.00
25, 8.26 432 822  0.00 .
26 11.23 410 922 G.00
27 10.25 - 398 922 0.00
28 11.92 398 922 0.00
29 11.98 398 922  0.00
30 12.26 398 922  0.00
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RUN #15

,
4
t

Product Gas Carpositions -

5

0.4172
0.1544
0.1554
0.239%6
0.3286
0.3835
0.3934
0.4395
0.4377
0.4442
*0.4612
0.4706
0.4374
0.4330
0.3182
0.3718
0.3491
0.4149
0.4557
0.5059
0.4788
0.4902
0.5137
0.5497
0.5348
0.5687
0.6228
0.6132
0.6327
0.6117

2\
»

0.1199 0.0516
0.0047 0.3468
0.0387 0.3009
0.0398 0.3296
0.0287 0.3311
0.0226 0.3220
0.0217 0.2930
0.0175 0.2824
0.0148 0.2765
0.0128° 0.3059
0.0110 0.2837
0.0109 0.284S
- 0.3029
- 0.3559
- 0.2001
- 0.0691
- 0.1500
- 0.1185
- 0.0882
- 0.1027
- 0.0779
- 0.0704
- 0.0667

- 0.0833

- 0.0931
- 0.1403
- 0.1274
- 0.1301
- 0.1271
- 0.1251

|

0.2597
0.2111
0.0563
0.1005
0.0944
0.1188
0.1252
0.1503
0.1734
0.1434
0.1857

0.2112
0.1911
0.2498
0.2567

0.2402

0.2632

3

0.
0.
0

Q.
0.
0.
Q.
0.
0.
0.
0.

‘0.
0.1851

0.
0.
0.

1468
1332

-0538

4254
4585
4065
3467
3309
2411
2699
2960
2339
1819
1600
0999



Coal Sample Wt: 6.00 g
“Blank Run with :Helium
Reacter Pressure: 336 KPa

Gas Total
Rate Press. . .
(CC/min) (KPQ) (CK)
9.21 336 811
9.45 336 811
10.23 336 811
8.38 336 . 8l1
8.53 £336 81l
8.36 - 336 850 -
. 9.98. 336 . 900
10.25, 336 . 950
- 9.83 336 - .977
8.58 - 3367 977
8.04 336 977
6.37 336 977
4.61 336 977

Experimental Conditions
Product

2,14 336" 977

RN #16 > .\\
1
Product Gas Camposition =~ <
2Rk e DY
0.2416 0.0036 8.2538 ° 0.1629 0.3381
0.1211 0.0049 0.3161 0.2154 ° 0.3425 -
0.1452 0.0166 0.3050 0.2828 0.2504
0.3260 - 0.0016 0.2038 0.2142 0.2544
0.3362 0.0128 .0.1936  0.2091 $.2483
T 0.1721 - 0.2990  0:3217  0.2072

0.1646 - 0.3062 0.3517 °0.1775
0.2873 - 0.3098 . 0.2469" .0.1560
0.3111 - 0.0263 0.3433 0.1867 0.1326 .
0.2778 - 0.0808 0.3085 . 0.2066 0.1263
0.2837 ° 0.0991 0.3048% 0.1835 0.1189
0.2880 0.1054 0.3048 0.1613 0.1305

. 0.4200 0.1563 0.3873 0.0364
0.1194 0.1472 .0.3726 - - -



.
”

Coal Sample Wt: 6.00 g
Blank Rmn with Helium
Feactor Pressure: 398 KPQ_

" Experimeptal Conditions

. Product |-

Injec- Gas Total .
tion Rate Press. Temp.
# (CC/min) (KPa) {CK)
1 11.%98 398 811
2 11.14 398 811
-3 10.07 398 811
.4 9.52 398 811
5. 10.02 398 81l
6 10.56 ¥ 398 850
Y 10.53 398 900
'8 9.44 398 950
9 10.03 398 977
10 9.71 - 398 977
11 8.45 . 398 977 .
12 7.85 398 977
13 T 5.21 398 977
14 1.32 398 - 977
15 s 0.90 977
16
© 17

18

19

20

NN R
w o

398

leg

"RON §20

Product Gas Camposition

Bl
0.2312
0.1550
0.0979
0.2539
0.3148
0.1709
0.1596

1 0.1746
0.2012

0.2174
0.2217
0.2620
0.3234
0.1463

.0.195%0

N,

_f\_:
0.0754
0.0020
0.0019
0.0024
0.0046
0.0065
0.0124

< 0.0390

.0.0599.,

- 0.0771
0.0855
0.1000
0.2005
0.0936
0.8010

- Co

0.1719
0.2037
0.2370
0.1453
0.1213
0.1804
0.1973
0.2263
0.2396
0.2494
0.2610
0.2556
0.4038
0.7601

CHy

0.1633

0.2158

0.2940
0.2563
0.2475
0.3619
0.3658
0.2844
0.2409
0.2084
0.1878
0.1594
0.0723

22

-0.3582
0.4235
0.3692
0.3421
0.3117
0.2803
0.2649
0.2757
0.2584
0.2477
0.2440
0.2230

L



Coal Sample Wt: 6.00 g
Blank Run with H
Reactor Pressure: 273 KPa

Experimental Conditions

Product _ .

Injec- Gas Total

tion Rate Press. Temp
# (CC/min) (KPa) (OK)
1 19.50 273 811
2 23.10° 273 839
3 18.05 273 9m1
4 17.91 273 944
5 21,90 273 977
6 21.57 - 273 977
7 21.04 273 977
8 22.03 273 977
9 21.50 273 977
10 - 20.95 273 977
11 21.73 273 977
12 21.47 273 977
13 20.42 273 77
14 19.91 273 977
15 19,33 273 977
16 19.48 273. 877
17 20.09 273 977
18 19.92 273 977
19 19.56 273 977
20 19.73 273 977
21 19.45 273 " 977
22 20.38 273 977
23 19.41 273 977
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RUN #21

Procduct Gas Composition

)

S

'0.2514.
0.5062.

0.5240
0.6128
0.2846
0.3245
.0.51el
0.5815
0.5905
0.6109

0.7085 .

0.7683

0.8016.

0.8268
0.8245
0.8491
0.8826
0.8776

© 0.9082

0.5200
0.9454
0.9639
0.9887

N,

0.0210
0.0141
0.0300
0.0120
0.0180
0.0194
0.9100

©  F
0.2097  0.2005
0.1943 0.1974
0.2022 0.2145
0.2338 0.3670
0.2417 0.4557
0.2174 0.4387
0.2591  0.2148
0.2259 0.1926¢
0.2079 0.2016
0.1994  0.1897
0:1513 - 0.1402
0.1029 0.1288
0.0911 0.1073
*0.0734 0.09%8
0.0871  0.0884
0.0700 - 0.0809
0.0588 -0.0686
0.0654° 0.0570
0.0458  0.0450
0.0391  0.0409
0.0217 0.0329

0.0112 ~ 0.0249
- 0.0113



Coal Sample Wt 6.00 g
Blank Run with Hydrogen
Reactor Pressure; 398 KPa

Experimental Conditicns

Product

‘Injec- Gas Total .
tion Rate Press. Temp.
# (CC/min) (KPa), (CK).
1 15.54 398 - 811
2 16.73 398 811
3 16.88 39 811
4 15,97 39 811
5 17.04 398 811
6 17.36 398 850
7 17.81 398 300
8 16.52 398 950
9 16.07 -398 977
10 17.42 398 977
11 17.94 © 398 977
12 16.71 398 977
13 15.80 398 . 977
14 16.04 398 877
15 16.88 398 977

- 16 18.35 398 - 977
17 17.30 398 977
18 16.33 398 . 977
19 17.49 398 977
20 16.77 398 977
21 15.31 398 977
22 16.01 398 977
23 16.72 398 977

170

RUN #22

Product Gas Camosition

H,

0.3311
0.2790
0.3436
0. 4690
0.3363

'0.4596
- 0.2085

0.2704
0.2554
0.2940
0.4132
0.5187

- 0.6181

0.7468
0.8058
0.8479
0.8962

0.9200"

0.9569
0.9581
0.9790
0.9707

0.9875

Ny

0.0324

0.0453
0.0621
0.0347
0.0225

0.0140

0.0125
0.0105

o

0.1075
0.1780
0.1918
0.1865
0.13%4
0.1007
0.2033
0.1742
0.2336
0.2587
0.2417
0.2279
0.1932
0.0988
0.0814
0.0575
0.0311

0.0250°

'

0.1470
0.2190
0.3256
0.2588
0.4896

0.4172
*0.5732

0.5429
0.5005
0.4473
0.3451
0.2534
0.1887
0.1544
0.1128
0.0946
0.0727
0.0550
0.0431
0.0419
0.0210
0.0193
0.0125



Coal Sample Wt: 6.00 g
Blank Rmn with Hydrogen -
Reactor Pressure: 336 KPa

Experimental Conditicons

Product
Injec- Gas Total
tion Rate Press. = Temp.
# (CC/min) (KPa) (CK)
1 15.32 33 . 811
2 18.81 338 811
3 17.32 33§ 0. 8l1
4 . 16.92 338- 811
5 17.10 338 811
6 18.21 338 850
7 21.74 338 900
8 20.36 338 950
9 20.02 338 977
10 19.57 338 977
11 19.36 338 977
12 18.94 338 977
13. 18.51 338 977
14 18.17 338 977
5 17.90 338 977
16 - 18.71 338 977 =
17 - 17.02 338 977
18 16.33 338 977
19 16.82 338 977
20 16.21 338 977
21 15.38 T 338 977
22 15.33 338 977
23 15.21 338 977

171

Product Gas Composition

5
0.1686
0.1667
0.5928
0.5431
0.3346
0.2787
0.384%
(0.4448
0.5737
0.6105

0.6480

0.6919

0.7179

0.7338
0.7976
0.8051
0.8404

0.8640 .

0.9105
0.9488

0.9551

0.9689
0.5847

Ny

0.0029
0.0034
0.0041
0.0134

- 0.0079

0.0083
0.0032
0.0057

- 0.0033
0.0019

©
0.2184
0.2236
0.2017
0.1733
0.2349
0.2591
0.2332
0.2214
0.2097
0.1955
0.1861
0.1787
0.1777
0.1531
0.1302
0.1255
0.1095

.0.0887

0.0538
0.0279
0.0217
0.0124

'

0.2368
0.3772
0.3154
0.2702
0.4226
0.4539

. 0.3787

0.3281
0.2133
0.1921
0.1659
0.1294
0.1044
0.1131
0.0722
0.0694
0.0501

0.0473

0.0357
0.0233
0.0232
0.0187
0.0153
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RUN #24-A

Coal Sample Wt: 4.00 ¢
Run Type B i
Reactor Pressure: 336-356 KPa

Experimental Conditions

Product Gas Camposition

Product
Injec- Gas Total Steam

-Rate Press. Temp. Flow q
(CC/min) (KPa) (OK) (g/min): 2
7.47 336 811 0.00 0.2451

13.43 336 811 0.00 0.4873
9.62 336 811 0.00 +0.4570
8.42 336 811 0.00 0.4178

14.00 336 811 0.00 0.5849

15.16 336 850 0.00- 0.6236

10.87 - 346 900 0.105 0.6788

30.45 356 950 0.105 0.6810
15.48 356 977  0.105 0.3139
12.61 356 977  0.105 0.2276
12.66 356 ‘977 0.105 . 0.2976
13.84 356 - 977 0.105 0.3667
14.79 356 977  0.105 0.4001
21.02 356 977  0.105 0.5683

HEEHEOO S0 U s W N st
da L) B RO b
5

is 20.37 356 977  0.105 0.5536
16 23.33 <326 . 977  0.00 0.6031
17 22.43 356 977 0.00 - 0.6569
18 14.76 356 977 0.00 0.5002
19 8.36 356 877  0.00 0.4962
20 7.95 346 977 0.06  0.4751
21 7.91 336 977 0.00 0.4243
22 9.59 336 977  0.00 0.5302
23 8.69 336 977 0.00 0.4745

N

2

0.0127
0.00

0.0089
0.0071

0

0.1167
0.1674

0.106L

0.0786
0.1773
0.1723
0.1030
0.1573
0.3092
0.3233
0.2491
0.2194
0.2130
0.1409
0.1533
0.1362
0.1243
0.2070
0.2523
0.2562
0.2298

0.1726 .

0.1703

CHy

0.3169
0.3326
0.4288
0.4947

10.2307

0.204Y
0.2181
0.0658
0.0683

.0.1082

0.0786
0.0698
0.0685
0.0628

.0.0383

0.0562
Q.0463
0.1499
0.2515
0.2687
0.3459
0.2972
0.3552

o

0.

0.
0.
0.
0.
0.
0.
0.
0.
0.
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RUN #25

Coal Sample Wt: 6.00 g
Blank Run with Steam
Reactor Pressure: 418 KPa

Experimental Conditions

Product
Injec— Gas Total
tion Rate Press. Temp.
4 (Cc/min) ~ (Kfa) (R} 2 ) i )
1 13.21 418 811 0.2566 - 0.2291 0.1354 0.3789
2 10.94 418 811 0.0446 0.0013 0.2846 0.1742 0.4953
3 12,53 418 811 0.0481 0.0016 0.2688 0.2581  0.4233
4 13,02 418 811 0.0043 - 0.3578 ~ 0.2532 0.3847
5 12.58 418 + 81l 0.1455 - 0.2752°°-0,2289  0.3504
6 12.585 418 850 0.3320 0.0024 0.2005 0.2078. 0.2573
7 12.39 418 300 0.1445 0.0038 0.2657 0.2592 0.3268
8 12,87 418 950 0.1235 0.0039 0.2816 0.2115 0.3795
9 12.32 418 977 - 0.0037 0.0053 0.2582 0.1771  0.5567
10 12.77 418 977 0.0030 - 0.1350 0.0918 0.7702
11 - 12.59 418 - 977 0.0279 - 0.1279 0.0844 -0.7598
12 12.31 418 977 0.1026 0.0042 0.1295 0.0772 0.6865
13 11.94 418 977 0.0450 0.0136 0.1280 0.0705 0.7429
14 - 10.53 418 977 0.0121 - 0.1401 0.0720 0.7758
15 10.28 418 977 0.0059 - 0.1373 0.0550 0.7842
i6 - 10.05 418 977 0.1080 - 0.1225 - 0.7536
17 9.98 418 977 0.1637 - 0.0942 - 0.7421
18 - 9.74 418 977 0.1938 0.0032 0.0735 - 0.72%4
19 g.52 418 977 0.2042 0.0057 0.0722 - 0.7179
20 .83 - 418 977 - 0.2320 0.0073 0.0638 - 0.6969
21 .8.42 418 977 0.2221 0.0054 ° 0.0651 - 0.7074
22 8.25 418 977 0.2872  0.0049  0.0543 - 0.6536

23 8.13 418 877 0.3937 0.0045 0.0520 - 0.5498
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RUN #26

Coal Sarmple Wt: 6.00 g
Blank Rm with Steam
Reactor Pressure: 350 KPa

Experimental Conditions .

Product . I
Injec— Gas Total : ,
ticn . Rate Press. Temp.
" (C/min)  (®a)_ (k) 2. .M © o )
1 15.49 * 350 811 0.4118 - 0.2317 0.1061 0.2504
2 16.37 350 811 0.2232  0.0017 0.3049 0.1731 0.2971
3 15.05 350 811 0.2649 0.0025 0.2953 0.2098 0.2275
4 14.17 350 81l 0.2875 0.0033 0.2589 0.2241 0.2262
5 13.21 350 811 0.3722 - 0.2914 0.1728 0.1636
6 14.26 350 850 0.3674 - 0.3176 0.1733 0.1417
7 15.97 350 9c0 0.1640 0.0022 0.3671 0.2124 0.2543
8 15.54 350 950 0.1898  0.0041 0.3141 0.1979 0.2941
9 15.03 350 977 ~ 0.1684 0.0049 0.2916 0.1778 0.3573
10 14.54 350 977 0.0628 0.0073 0.2737 0.1523 0.5039
11 . 13.94 350 977 0.0561  0.0033 0.2594 0.1124 0.5688
12 13.33 350 977 0.0838 0.0029 0.2071 0.0916 0.6146
13 13.21 350 977 0.1384 0.0017 0.2039 0.0532 0.6028
14 12.97 350 977 0.1671 0.0012 0.1913 0.0279 0.6125
15 11.58 35d 977 0.1515 - 0.1891 - 0.6594
16 11.07 350 977 0.1785 - 0.1733 = - 0.6482
17 10.85 - 350 977 0.2166 - 0.1697 - 0.6137
18 10.36 350 877 0.2138 - 0.1775 - 0.6087
19 9.74 ' 350 977 0.2432 - 0.1739 - 0.5829
20 89.17 350 977 0.2380 - 0.1687 - 0.5933
21 9.01 350 977 0.2735 - 0.1551 - 0.5714 .
22 8.87 350 877  0.3182 - 0.1136 - 0.5682
23 7 8.71 350 977 0.3533 - 0.0940 - 0.5527

4



Coal Sample Wt: 5.00 g

Run Tvpe A

Reactor Pressure: 398-418 KPa

Experinéntal Conditions

Product

Injec- Gas Total Steam
tion Rate Press. Temp. Flow
& (CC/min) (XPa) (%K) (g/min)
1 ‘15.45 7 418 811 0.105
2 13.58 418" 811 0.105
3 16.30 - 418 811 0.105
4 17.67 418 811 0.105
5 16.12 418 811 0.105
6 16.16 418 850 0.105
7 16.96 418 900 0.105
8 15.50 418 950 0.105
g9 15.95 418 §77 0.105.
10 15.98 418 977 0.105
11 16.28 418 977 0.105
12 16.21 418 977 0.105
13 18.41 418 977 0.105
14 15.85 "418 977  0.00
15 17.17 418 977  0.00
16 16.28 418 977 0.00
17 18.61 418 8977 0.00
18 17.24 418 977  0.00
19 15.62 418 977  0.00
20 16.14 408 977  0.00
21 18.63 398 977  0.00
22 18.08 398 977  0.00
23 17.54 398 977 0.00

175

0.7784

432 7
Product Gas Composition .
BN oo B 5
0.5780 0.0196 0.1507 0.1028 0.1519
0.2365 0.0034 0.2206 0.2511 0©.2884
0.2556 0.0041 0.1984 0.3283 0.2136
0.3605 0.0053 0.1462 0.3413 0.1467
6.5237 0.0061 -0.0901 0.2723 0.1018
0.7310 0.0088 0.0481 0.1725 0.0396
0..5909 - 0.0409 0.2089 0.1593
0.4005 - 0.0604 0.2603 0.2788
0.3834 - 0.0721 0.2096 .0.334%9
0.3%65 - 0.0775 0.15%4 0.3666
0.4159 - 0.0847 0.1291 0.3703
0.3282 - 0.1146 0.1126 .0.4446
0.3414 - 0.1187 0.0941 0.4458

- 0.3372 - 0.126% 0.0872 0.4486
0.3562 - 0.1412 0.0905 0.4121 -
0.3832 = 0.1636 0.1094 0.3438
0.4364 - 0.1722 0:1082 0.2832
0.4826 - 0.1771 0.1020 0.2383
0.4755 0.0031 0.1937Z 0.0952° 0.2325
0.5731 0.0102 0.1872 0.0576 0.1719
0.7492 0.0110 0.0766 0.1632 -
0.7425 0.009% 0.0162 0.2317 -

- 0.0059 0.2157 -
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RON #33

Coal Sarple Wt: 6.00 g . ) -
Run Type B - oo
_Reactor Pressure 398-418 XP.

Experimental Conditions

W~ W e Wl

. Product o ,

Injec- Gas Total Steam . f o

tion Rate - Press. Temp. Flow Product gas Composition s

§ (CC/min) (KPa) (°K) (g/mim) 2 02 o @ FH O
16.68 -~ 398 811  0.00 0.6159 - 0.1370 0.0728 0.1743
13.27 398 . 811 0.00 0.2356 0.0013 0.2172 0.2510 0.2949
15.91 398 8l1 0.00 0.2902 - 0.2011 0.2943 0.2144
15.92 398 811 0.00 0.4714 - 0.1452 0.3169 0.0665
16.35 398 811 0.00 0.5060 = - 0.1166 0.3774 -
'16.37 398 850 0.00 0.6033 - .0.0841 0.3126 -
15.80 398 900 0.00 0.1790 0.0042 0.1756 0.6412 -
16.79 398 950 0.00 0.1825 0.0343 0.1776 0.6056 -
16.38 388 - 977  0.00 7 0.2257 0.0482 0.203§ 0.5225 -

10 20.44 408 977  0.105 0.3101 0.0288 0;3133 0.3478 -

11 21.13 418 977  0.105 0.3829 0.0066 0.3086 0.1762 0.1257

12 20.90 418 977 0.105 0.4280 0.0037 0.2360 0.1393 *0.1930

13 24.07 418 977  0.105 0.4136 0.0050 0.2283 0.1049 0.2482

14 20.37 - 418 977  0.105 0.4598 - 0.1852 -0.0725 0.2725

15 15.80 418 877  0.105 0.3703 - 0.1965 0.0568 0.3764

16 18.28 418 977 0.00 0.4629 - 0.1566 0.0487 0.3318

17 15.82 418 977 0.00 3389 0.0052 0.2247 0.0625 0.3687

18 17.28 418 977  0.00 0.0035. 0.1905 0.0532 0.2990

19 -15.81 418 977 0.00 . 0.0046 0.2012 0.0547 0.3012

20 18.13 408 977 0.00 0.0061 0.1618 0.0397 0.2174

21 7 17.21 358 877 0.00 0.0063 0.1275 0.0283 0.0459

22 16.16 398 977 0.00 0.8394 - 0.0737 0.0869 - -

23 16.80 398 877 0.0G 0.8500 - 0.0495 0.1005 -



. Coal Sample Wt: 6.10 g

Run Type A

Reactor Pressure: 329-350 KPa

Experimental Conditions

177

RUN #34

Product Gas Composition

: Product -

Injec—  Gas Total Steam
tion Rate Press. Temp. Flow
# (CC/min) (KPa) (CK) {(g/min)
1 ©20.27 350 811 0.105
2 22.36 350 811 0.105
3 21.53 350 811 0.105
4 Je1.22 350 811 0.105
5 21.49 350- 811 0,105
6 20.93 350 ‘850 0.105
7 20.18 350 900 0.105
8 21.07 350 950 0.105
g 18.82 350 977 = 0.105:
10 22.03 350 977  0.105
11 22.27 350 977  0.105
12 22.50 350 977  0.105
13 20.97 350 977 0.105
14 21.45 3B/0 . 977  0.00
15 20.04 © 350 977 0.00
16- 20.08 350 977 0.00
17 15.81 350 977 0.00
18 19.98 350 977 0.00
19 20.37 350 977 - 0.00
20 18.49 339 977  0.00
21 17.97 329 877 0.00
22 19.87 329 977 0.00
23 20.78 329 977  0.00

J

2

0.2405
0.3638
0.5943
0.5843
0.7974
0.6543
0.5010
0.3935
0.3405
0.3124
0.3331
0.4011
0.4133
0.4358
0.4001
0.4648
0.5021
0.5531

0.7155

0.7397
0.7482

0.7406

0.7537

Ny

0.0017
0.0024
0.0025
0.0039
0.0027
0.0019
0.0012
0.0007

0.0007
0.0010

0.0010

'0.0013

0.0015
0.0017
0.0020

0.0054
0.0052
0.0053
0.0051

co

0.2190
0.2088
0.1727
0.1486
0.1553
0.1357
0.1178
0.1226
0.1508
0.1632
0.1598
0.1486
0.1584
0.1731
0.2225
0.2190
0.2326
0.2428
0.2215
0.1392
0.1438
0.1563
0.1586

CH,

0.2016
0.2273
0.1647
0.1860
0.0434
g.1322
0.2044
0.1982
0.1329
0.0875
0.0606
0.0481
0.0438
0.044

0.0637
0.0591
0.0521
0.0469
0.0630
0.1157
0.1028

0.0978.

0.0826

68)

%)

0.3389
0.1984
0.0659
0.0786

0.0751

0.1749

0.2845
0.3751
0.4369
0.4458
0.4012
63835
0.3456
0.3122
0.2554
0.2102
0.1572

4
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RUN #36

Coal Sample Wt: 6.00 g : ,
Run Type A
Reactor Pressure: 260-281 Kpa . : ;

" Experimental Condifions

Product
Injec— Gas Total Steam s pd
tion Rate " Press. Temp. Flow - Product gas Qorposa txon = %5
8 (CC/min) . (KPa) (OK) (a/mim) .2 ) o ¢ 9
1 21.55 281 811 . 0.105 0.3004 - 0.2163 0.1457 0.3376
2 (21.04 281 8l 0.105 0.5403 0.0015 0.1841 0.1305 0.1436
3 21.43 281 8ll  0.105 0.6799 0.0026 0.1664 0.1204 0.0307
4 21.14 281 811 g.105  .0.7356 0.0029° 0.1543 0.1072 -
5 21.62 281 811 0.105 0.4484 0.0015 0.1401 0.2386 0.1714
6 21..54 281 850 (.105 0.3682 0.0012 0.1463 0.2261 0.2581
7 21.52 281 300 0.i05 0.4025 0.0011 0.1526 0.1383 0.3055
8 22.13 281 950 0.105 - 0.3578 * 0.0009 0.1734 0.1058 0.360L
9 22.85 281 977  0.105 0.3682 0.0009 0.1864 (.0715 0.3730
10 21.96 281 977 0.185 0.4474 :0.0012 0.1764 0.0501 0.3261
11 21.36 281 977 0.105 ~  0.4387 0.0012 0.1775 0.0477 0.3349
12 20.91 281 977  0.105 0.5017 0.0017 0.1708 0.0349 0.2909
13 21.32 281 977  6.10% 0.4562 0.0013 0.1844 0.0389 0:3192
14 20.74 281 977 0.00 0.4802 -0.0015 0.1829 0.0357 0.2997
15 18.76 281" 977 0.00 0.5419 0.0020 0.2046 0.0440 0.2075
16 17.26 281 977 0.00 0.5745 0.0022 0.2134 0.0527 0.1572
17 15.16 281 977 0.00 0.6136 0.0030 -0.2154 0.0645 0.%035
18 16.99 . 281 977 0.00 0.5797 - 0.1955 0.1856 0.0392
19 - 20.09 281 977 0.00 0.6878 - 0.1727 0.1395 -,
20 15.68" 270 977 0.00 0.7409 0.0055 0.1087 0.1449 - -
21 - 19.64 260 977 0.00 0.7676 0.0056 0.1080 0.1188 -
22 20.56 = 260 977 0.00 . 0.6795 0.0071 0.1367 0.1767 -
23 . - 20.06 260 - 977 0.00 0.7583 0.0058 0.1308 0.1051 =



RUN . %37 ) ’ N
Coal- Sample Wt: 6.00 g . ,
" Run Type B ' T
Reactor Pressure: 273-294 KPa
Experimental Conditions
Product . . _
Injec- Gas - Total Steam s
tion Rate - Press. Temp. Flow , Product gas Camposation = .
8  (CC/min)  (kPa) (%K) (g/min) T2 N2 o F 9
1 19.28 273 g8Il. 0.00 . 0.2449 - 0.2161 0.1901 0.3489
2 22.15%N - 273 839 0.00° 0.5924 0.0020 °0.1876 0.1302 0.0878
3 717.97;z 273 . 911 0.00 - 0.5823 0.0025 0.2114 0.2038 -
4 17.27 273 944 0.00 0.4314 0.Q016 0.2201 0.3469 -
5 - 22.15 . 273°- 977 0.00 0.2750- 0.0220 0.2322 0.4708 -
6 21.46N 273 977 0.00 0.3490 0.0495 0.24%6 0.3559 -
7 20.67 294 977 0.105 _- 0.5663 - 0.1629 -0.2355 0.0353
8 £ 29.20 294 977 0.105 0.4894 - 0.2855 0.1289 0,0962
9 . 32.42 294 . 977 ¢.105 0.4792 - .0.2876 0.1072 0.1260.
10 26.66 294 977 0.105 -0.5781 0.0026 0.2430 0.0653 0.1110 )
11 22.43 294 . 977 0.105 - 0.6046 0.0025 0.2250 0.0329 0.I350
12 21.74 294 . 977 0.105 0.5860 0.0019 0.1856 0.0243 0.2622
13 21.88 294 977 0.105 - 0.5042 0.0017 0.1935 0.0260 0.2746
14 21.78 - 294 977 0.105 0.56%4 . 0.0019 0.1795 " 0.0184 0.2384
15 17.72 294 977 -0.105° 0.6247  0.0027 0.1868 0.0205 0.1653
16 21.48 = 294 877 0.00 - 0.6884 0.0027 0.1846 .0.0204 0.1029
17 20.94 294 877 0.00 © '0.704% 0.0028 0.1832 0.0281 0.0810
18 16.03 294 877  0.00 © 0.6830 0.0051 0.217X 0.0317 0.0631
19 19.05 294 977  0.00 0.7524 0.0052 0.1936 0.0488 -
20 21.04 . 284 977 0.00 ™ 0.7608 0.0045 0.1846 0.0501 -
21 . - 21.56 273 7 977 0{00 0.7272 0.0044. 0.15948 0.0736 (/r
22 - 23.07 1273 977 .0x00 0.7552 0.0040 0.1683 0.0725 -
23 21.12 273, 977 0.00 0.7234 0.0042 0.1797 0.0927 -
' -
g
. -
) ~
‘ vt k—'



Run Tvpe A .
Reactor Pressure: 122-14% KPa

Coal Sample Wt: 6.00 g

EXperimental Cohéiféons

Product .
Injec— Gas Total Steam
tion Rate Press. Temp. Flow
_# (CC/min) (KPa) (°K) (g/min)
1 24.04 142 811 0.105
2 21.43 142 811  0.105
3 21.44 142 811 0.105
4 21.44 142 811 0.105
5 -21.51 142 811 0.105
6. 21.88 142 850 0.105
7 2132 142 900 0.105
8 29.05 142 950 0.105
9 20.43 142 977 .0.105 .
10 21.79 142 977 0.105
11 23.76 142 977 0.105
- 12 21.53 142 977 0.105
13 21.54 142 977 0.105
14 21.89 142 977 0.00
15 20.47 . . 142 977 © 0.00
16 15.62 142 977 0.00
17. 16.15 142 . 977 0.00
18 26.86 142 977 0.00
19 20.75 142 877 0.00
20° 20.79 132 977 0.00
.21 20.22 122, 977 0.00
‘22 21.28 122 977 . 0.00
23~ 21.15 122 977 0.00
\ -
. % .
o :
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RUN #38

Product Gas Composition

5

0.3551
0.4536

'0.7897

0.6473

0.6720°

0.4241
0.3517
0.4179
0.3912

" 0.4455
© 0.4820

0.4947
0.5013

0.4979°

0.5589
0.5905
0.6713
0.7606
0.7748
0.8073

. 0.7775

0.7150
0.7561

i)

0.0016
0.0019
0.0039
0.0036
0.0029
0.0016

0.0244
0.0016
0.0016
0.0021
0.0018
0.0018
0.0021
0.0022

0.0065.

0.0076
0.0094
0.0042
0.0045
0.0042
0.0045
0.0037

e]
0.2074
0.2153
0.1738
0.1770
0.1706
0.1612
0.1981
0.1645
0.1846
0.1801
0.1784

0.1825°

0.1893
0.2038
0.2241

-0.2507
0.2022

0.2136
0.1636
0.1578
0.0804
0.1414
0.1169

_4.-
0.1424
0.2012
0.0326
0.1117
0.0902
0.1770
0.0850
~0.0568
© 0.0387
0.0307
0.0195
0.0206
0.0166
0.0159
0.0134
0.0298
0.1189
0.0764
0.0574

0.0304 .

'0.1379
©0.1391
0.1233

X2
0.2935
0.1280
0-0604
0.0643

+0.2361

0.3652
0.3364
0.3839
0.3421
0.3180

©0.3004

0.2910 z
0.280%
0.2014
0.1225
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RUN #39

Coal Sample Wt: 5.98 ¢ - '
Run Tvpe B .
Reactor Pressure: 122-142 KPa

Experimental Conditions

Product .
Injec- Gas Total . Steam -
tion Rate . Press. Temp. Flow Product Sas Composition o o)
(OC/min) (RPa) OK) (g/mim) 2 M o 0 0FH 09
1 20.81 122 81l  0.00 0.2751 0.0010 0.2572 0.2726 0.1%941
2 20.82 122 839 0.00 0.5163 0.0025 0.2458 0.2354 -
3 20.98 122 911 0.00 0.4379 - 0.2759 0.2862 -
4 20.97 122 944 0.00 0.3001 0.0506 0.3169 0.3324 -
5 20.88 122 977 0.00 0.4450 0.0548 0.3205 0.1797 -
6 20.88 122 977 0.00 0.6103 0.0434 0.2269 0.1194 -
7 27.15. 132 977  0.105 0.4599 - 0.3023 0.0502 0.1876
8 27.10 142 977  9.105 0.4806 0.0019 0.2650 0.0464 0.2665
9 21.93 142 977  0.105 -0.4826 0.0016 0.2234 0.0279 0.2645
10 - 26.98 142 977  0.105 "0.5049  0.0022 0.2012 0.0185 0.2732
11 25.23 142 977  0.105 . 0.6071 0.0022 0.1540 - 0.2389
12 23.42 142 977 Co.10s 0.4713 0.0021 0.1861 0.0143 0.3262
13 25.82 142 977  0.105 0.4981 0.0018 0.1824 0.0146 0.3031
14 23.34 142 877 0.105 0.5447 0.0024 0.1721 - 0.2802
15 20.85 142 377  0.105- 0.6593 0.0027 0.1669 - 0.1711
15 20.91 142 977  0.00 0.6193 0.0031 0.1869 , - 0.1907
17 20.89 142 977  0.00 0.6064 0.0028 0.2171, - 0.1737
18 13.10 142 97, 0.00 . 0.5724 0.0065 0.2545 0.0180 0.1486
19 18.21 142 917 0.00 0.8015 .0.0072 0.1913 - -
20 20.83 132 9 0.00 0.7995 0.0048 0.1957 - -
21 20.79 122 97 0.00 0.8228 0.0043 0.1729 - -
22 20.3¢ . 122 977 \ 0.00 0.8218 0.0044 0.1738 - -
23 21.73 122 977

.00 0.8232 0.0043 0.1725 - ~° -
k!





