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- ABSTRACT

Steam gasification of lignite char has been studied

in-a fixed bed reactor.at 640-800°C and atmospheric pressure
o .
with and without the presence of an added catalyst., The effect

of experimental parameters, such as char particle size,
char bed height, steam flow rate, steam partial pressure
and gasification temperature on carbon conversion were
investigated. i

A mddified shrinking core model which represented .the

Xinetics of char gasification adequately is given as follows:

2/3 oo
dx 3(1-X)"7. -
5 5 ————— [k,p + k,p ] '
dt 7 PR, 1¥8,0 2¥co,
The kinetic model shows that in addition to the prinary C—HZO

reaction, the secondary C—CO2 reaction was also responsible

for carbon conversion. The sanfe kinetic model was found to

fit the results of catalyzed gasification showing ‘thereby
that the addition of catalyst did not change the mechanism
of gasification reactions.

, - Activation energies for kl and k2 were substantially

- s . -
lower than jthose for pure carbon-steam and carbon-carbon

3s. It showed that gasification reactions
even without an ad catalyst wetre catalyzed by inorganic

impurities of the ash céntent of char.
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Addition of a catalyst (K,CO; or Na,CO,) did not

3
catalyze the gagification reactions by lowering their

activation energies but perhaps by increasing the active

site densityron,the carbon surface. - ) \\\\

Alkali metal salts, nickel .and ferric oxide were
tested for their catalytic activity under a wide rqué
of experimenfal conditions. While carbonates of potassium -
and sodium showed comparable catalytic activity, alkali %
méta} chlorides; nickel and ferric oxide were not equally
effective. The presence of a dual catalyst (1% N, * 10% K2C03)
in the char bed showed an additive cataly;ic effect of the
two individual catalysis.

CJtalyst not only increased the ggsificatioﬂ rates ﬁy
as much as’ 5-6 times, it also shifted the prpducE gas
composition towards favoured hydrogen and carb;n monoxide
at the expense of undesirable carbon dioxide. Carbon
monoxide to hydrogen ratio (H2/CO) could be varied from
1.3 to 51.1 by changing the experimental conditions.

ESR spectra of the char and char-catalyst mixtures

. showed that increase in the reactivity of char was accompanled

by higher free radical concentration on the carbon surface.
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CHAPTER- 1

INTRODUCTION

Receﬁt. rgy demasd has focussed attention on the
utilizatio;/jzézg;;a::::i::és of coal. Coal may be utilized
in four major ways, namely, gasification, combustion, ligui-
faction and pyrolysis. Selection of one or two of these
processes depends oﬁ the end-useland environmental consi-
derations. Gasification playé an important role in coal
conversion processes in prqviding éaseous and liquid fuels.
Coal behaviour in gasification process c;n be considergd

. N
in two stages: rapid pyrolysis fqilowed by slow heterocgeneous
char-gas reaction. |

Efficiency of a gasificqtiﬁﬁ proce;;)ﬁepends considerably
on the heterogeneous kinetics controllindg char gasification

with steam, carbon dioxide and hydrogen. The efficiency of

certain ligquifaction processes and in 'situ gasification also

hinges on effective utilizatior\g@f coal char left after

liguifaction or pyrolysis.

Pyrolysis of coal produces folid char plus liguid and

gaseous volatile matter. Char gccounts for 30-70% by weight

of original coal and consists miinly of carbon and ash.

The exact amount and compositior. of char depends on- the

conditions of coal devolatiliz tion.

The char-steam reaction} has a unigue importance in

utilization of cocal. The major products of the reaction

L

e



are carbon monoxide and hydrogen. The mixture of the;e_

gases can be used direétly as a medium heating value fuel

or indirectly as building blocks for the catalytic'synthesis;
of wide range of products such as SNG,methanol,aﬁmonia

agd through Fischer-Tropsch synthesis LPG, gasoline, fuel
0il, etc. Hydrogen can also be used for‘cpal liéuichtion
and upgrading of heavy oil. ‘

The char-steam reaction is endothermic. This places a
considerable burden on the.gasification process. Iﬂ.most
cases, the heat requirement is provided by oxidation of a
paét of coal. This often amounté to one-third of the energy
in coal (l). Operation at lower temperaturé is, therefore,
desirable and provides an incentive for the development of
catalytic gasification processes. The function of the
catalyst will be to achieve high gasification rates at’
relétively low temperatures. Also, catalysts have §6tential
to favourably alter the product distribution.

Literature on coal gasification is numerous. Neverthe-
less, the uncertainty of kiretics of coal reacﬁions and its
physical and chemical behaviour still presents a major problem
to the designer of a coal gasification unit. One of the
objectives of the present study was to find a simple kinetic
model for the char-steam reaction épplicable over an entire
range of carbon and steam conversion.

Most kinetic models reported in

based on initial rates of carbon gasification or rates at
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fixed carbon conversion. While gasification rate varies with
the extent of carbon gasified, it has not been accounted
for in reaction rate equations. The carbon-steam reaction
may be accompanied by secondary reactions such as carbon-
carbon dioxide reaction. Concentrations of reactant and .
product gases in—the reactor vary as the reaction proceeds
towards higher carbon conversion. Therefore, effect of
carbon conversion, secondary reactions and vafying gas
composition in the r?actor should bé-iaken into account in
formulating a kinetic model for the complex carbon-steam
system.

Second objective of the study was to investigate the

- -

effect of various potential catalytic agents on gasifica;ién
rate and product gas composition and also the kinetics of
catalytic gasification. Though, it is established that .
alkali metal salts catalyze the carbon-steam reaction, .the-
effect of parameters such as catalyst concentration,reac£i0n
temperature and partial pressufe of steam on gasifi;ation rate
'-apd product gas composition have often been overlooked.
Comparison of kinetics of. gasification with and without

added catalyst should reveal some facts of meéhanism of
catalysis. Kayembe and Pulsifier (2) recently investigated

the kinetics of bituminous coal char gasification in the presence of potassium

carbonate. The reaction was carried out in excess steam,
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thu neglecéing the effect of steam partial pressure. They
four{d that the activation energy of the first c;:der raﬁe equation
with respect to tarbon’in char is lowered by the aédition og
potassium carbonate.

The meehanism by which alkali metql‘salts cataf@ée the ’
' carbon steam reaction is not well understood. Though
an enormous experimental effort is required_to c;arify certain -
aspects of catalytic gasification,\ the aim of this project was to
shed somte light on this aspect of the reaction. Efforts iﬁ
this directioﬁ were limited by the lack of experimental facilities.

% simple'expérimental apparatus consisting of a laboratory
scale fixed bed reactor with the facilities for steam gene-
ration, reactor furnace and analysis of the product gas rmixture
was instailed to study the char-steam reaction. An isothermal’
‘plug-¥low reactor is amenable to easy kinetic analysis. While
the height and weight of char bed were kept small, flow rate
of steam was kept relatively high to approximate these
conditions. A bench scale reactor a definite advantage
over a thermal gravimetric analysis (TGA) balance which has
often been employed for gasification and pyvrolysis studies.
while a TGA balance can produce more experimental data in
relatively shorter time, product analysis is extremely
difficult due to small amounts of product gases inGolved.

A high temperature lignite char from Saskatchewan

lignite, provided by Energy Mines and Resources (EMR) Research

14



Laboratory was used in this work. Lignite is a

low rank coal and has higher intrinsic rgactivity than

higher rank coals. - Saskatchéwan has large deposité of

lignite coal which, at present,‘are mainly used for thermal

power generation. Various EM# sponsored research projects
are underway for the effic;ent utilization of Saskatchewan

lignite coal. ‘

This thesis is comprised of nine chapters, first being the
Introduction itseif. The second chapter gives a comprehensive
survey of the literature on the carbon-steam reaction in general and the
char-steam reaction in particular. The details of experi-
mental setup, reactor assembly and experimental techniques
involved are included in Chapter 3. The kinetic analysis is
described in Chapter 4. Chapter 5 includes the experimental
results. Discussion on the results-of this study and con-
clusions drawn therefrom are given in Chapters 6 and 7
respectively. Chapter 8 outlines thé significant conéributions
made as a result of this study. Recommendations for further

2

research in this field are included in Chapter 9.



CHAPTER 2

LITERATURE REVIEW

The literature on the kinetics and catalysis of
carbon gaéification has been reviewed extensively 5everal
times (3, 4, 5, 6, 7, 8, 9, 10, 11, 12). In~these reviews,
the carbon-steam reaction has been considered either as
one step in the carbon gasification reaction or as a reaction
system by itself. In;either case, it has been shown that
some aspects of the reaction mechanism of the gas-carbon reaction
are analoéous. The thermodynamics of the carbon-steam reaction
has also been extensively investigated (%, 10, 13). Laurén—
deau i?) has specifically reviewed only gasification of

char with oxygen, carbon dioxide and steam. A1l aspects

ol - k3 -. 3 3
except catalysis of the gasification reactions have been described.

1

2.1 Carbon-Steam System

The carbon-steam reaction is represented by a set of
reactions where secondary reactions are also prominent.
Depending on the expérimen%al conditions, the products of.the
primary carbon-steam reacp}on may in turn react with steam
or the carbon surface. Neglecting reactions involving the
formation of higher hydrocarbons, dissociation of methane
and reactions involving molecular oxvgen, the system can be

represented by the following reactions:
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o _+ H,0 = CO + H, (1)
Co + H,0 = CO, + Hy (2)
C + 2H,0 = CO, + 2H, ' : . (3)
c +cCo, =200 (4)
C + 2H, = CH, (5)

Reactions 1, 3 and 4 are highly endothermic, whereas reaction
2 and 5 are moderately exothermic. Reaction 2 is known as
the water—-gas shift reaction.

There seems to be a general agreement that reaction 1
is the primary mode of steam decomposition (6, 9, 12, 14).
Taylor and Neville (8) explained that the carbon dioxide
is formed not by reaction 3, but.througH”?Eaction 2 by
establishment of the water-gas shift equilibrium. They
also showed that approach to egquilibrium is speeded by the
ash in the fuel, by‘lowering the reaction temperatg;e and
by using the excesg steam. Gadsby et al. (15) report that
under similar conditions of temperature and reactant partial

pressure, reaction 4 is three times slower than reaction 1.

Reaction 5 is not favoured at atmospheric pressure.

-Walker and co-workers (10) estimate reaction 5 to be

1000 times slower than reaction 1 at 800°C and 0.1 atm partial
pressure of reactant gas. Jolley and Poll {6) showed that
methane formed, accounts only for 1-2 percent of total gas

produced from steam reaction with Baddesley Coke at 800°c.



These observations suggest that between 600°C and
1000°C and in the absence of any catalytic agents, reaction

1 occurs with no significant interference by the other four

B -
reactions. The effect of ash in the fuel will be to increase

the contribution of the water-gas shift reaction to the

overall process (8). Reaction 1 will be referred to as, the
. !

—_— ;

S

carbon-steam reaction.

2.2 Heterocgeneous Nature of the Reaction

The reaction between carbon and steam is heterogeneous
and may therefore be éffected by the diffusional phenomenon B
that oéffr during- the interaction of the steam and the
carbon surface. Since most carbonaceous materials are

porous, the sequence of steps involved may include some or

all of the following:

1. diffusion of reacting gas from the bulk gas stream
to the solia surface;

2. diffusion of reacting gas £from tpgrexterior surface
of the solid to an active site within the pore
structure;

3. = adsorption of reactant, in whole or in part, on the
solid surface;

4. chemical reaction of the adsorbed reactant to adsorbed

products;
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5. desorption of adsorbed products;

6. dlffu51on of products from the pore structure to
the exter/Pr surface of the solid;

7. dlffu51on produgcts from the solld surface to the:

bulk gas_stream.

The rate of carbon-steam reaction may be controlled
by any of these steps. It is essen;@al that the effects
of boundary film diffusion (steps 1 and 7) ;and pofe diffusion
(steps 2 and 6) be minimized if a better understahding of the
trie kinetics is required. If not properly accounted for,
diffusion effects will lead to erﬁmﬁxms reaction rates,
order of reaction and activation energies (16, 17). It hés
been pointed out Eii} the importance of these transport
effects generallv increases with the react1v1ty of the carbon
surface and ‘the partlcle slze.

There appears to be a‘general agreement that 'the rate of the
carbon steam reaction is controlled by chemical reactions ct
the carbon surface (stkps 3-5) at lou temperatures, and by
external diffusion atf high temperatures. T;;hgiti from
kinetic control to poke diffusion control presumably occurs
between 1100°C and 1150°C (6, 9, 18). The transition tem-
peratures vary with fuel reactivity. |
Walker et al. (1l) point out that in the absence of

 diffusional effects, the rate controlling step in gas—-carbon

~
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reactions depends on’%be'partial pressure of reécti | gas
and on the reaction temperature. Thus, the reaction rate
is controlled by the aésorption step at very low partial .:45 .
pressures and by the desorption at very high partial T
f\ressures. Their relative effects change at intermediate
pressures. Their relative effects change in such a way that
control may pass from one 'step {o another =munder certain
conditions. Batchelder (3) showg'that desorption step is

rate controlling below 980° C, whereas adsorption step gontrols
above 1090°¢ at atmospheric pressure. As the pressure is )
increased at high temperatures, the desorption step may again

be controlling the rate of the reaction. ‘ -

2.3 Reaction Rate Models ‘3

Formﬁlation of a precisé[mathematical model which would
satisfactorily correlate experimental data may require
considerable experimentation. The rate of the carboﬁ-steam
reaction has been represented either Yy power law' models
or by a rate eguation developed from Eéngmuir—Hinshelwood
meghanism. Differences in proposed models can be, in part,
attributed to differences in experimental conditions.
Mechanistic model forms are to be preferred to power law
models. They offer some insight into the mechanism of

reaction and as such can be used for extrapolation purposes

with more confidence than the emplrical power models.

-



The problem is to identify tﬁe best model for the
- Jeaction. Mezaki- and Happel (19) have reviewed the work
in this area. Xittrel (20) offers a set of criterion
which must be satisfied to ensure the physicél juspification
_of rate models. The'estiﬁated rate constants must be positivé
with positive activation energies, whereas the estimated
adsorption constants must.be positive with negative heat of
adsorétion. In the case of dissociative (endothermic)
adsorption, positive heat of .adsorption will be expected.
- :
Kittrel (20) also recommends that confidence intervals for
all the parameters estimates be examined before rejecting
a given model.

A general rate mo based on Langmulr-Hinshelwood

kinetics and a power law modeY are presented here.

2.3.1 General Rate Model

L4

Experimental rate data on steam gasification of carbon
are in general accord with a Langmuir-Hinshelwood kinetics
of the form:

klpHK )
r = ‘ {(2.1)

l+k.p.. +k.p
2 H2 3 H20

where r is the specific rate of carbon gasification and

pH20 and pH2 are the partial pressures of steam and hydrogen

respectively. The constants kl’ k2 and k3 are related to
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specific rate constants of certain element:§§/Linetic
steps of a posﬁuléted reaction mechanism. -Accordihg to
equation 2.1 the rate process is slowed down by hydéogen
and steam. It also reveals that the oréer of reaction
with respect to steam varies from zero to_unity depending
on the conditions of pressure and temperature. ' Since the
constants k2 and k3 decrease exponentially vith temperature,
the reaction is'expected to become first order at high
temperatures and low pressures of steam. At high steam .
pPressures and normal gasification temperatures, the reaction
is zero order. A fractional order is expected at other
conditions.

It should be noted that the rate model of equation 1
is éubjectea to the limitations of Langmuir-Hinshelwood
mechanism from which it was derived. Smith (15) has discussed
these limitations. Results of investigators whose data has
been adequately described by this model will be presented
here.

Johnstone.et al. (21) fitted their differential rate
data on the gasification of graphite tubes with the three
parameter model but showed that- constants kl' k2 and‘k3
depend t only on the reaction temperature but also on the
extent Z?\Eq;bbn conversion. ‘Activation energies for kl,
k2 and k3 were 32.7, -60.8 and -79.3 k cal/mol at zero carbon
conversion and I3.1, -69.2 and -82.9 k cal/mol at 7.5%

conversion. The negative values can be considered as heats
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of adsorption.

iong anq Sykes (22) report activatioh energies of
62.3 and 20.1 k cal/mol for kl and k2 respectively for
their experiments with coconut char ét 680°¢C 770 E
and steam pressures of 10 tb 760 mm Hg. The constant
k, was found to be independent of temperature.’

"From tﬁe rate data of May et al. (23) on the gasification
of Disco coke at 870°C to 9800C, respective activation
ehergies of 42.0 and 4.0 k cal/mol for kl and k2 have been
presented. Activation energy for k3 was assumed to be the
same as that of k2. Von Fredstroff and Elliott (9) reported

an activation energy of 59.1 k cal/mol for k, and heat of

1
2
adsorption of -20.5 k cal/mol for kz.

Recently Katta and Keairns (24) have expla%ned their
results of C—H20 and C-CO2 reactions with the help of a
simplified Langmuir-Einshelwood raté expression. They
found the activation energies of 69 k cal/mol for C-CO2
reaction and 48.2 k céi}mol_for C-H20 reaction. '

There have been éxamplés (25) where investigations

have not been able to fit their data properly with rate

.modél of equation 2.1 and they resorted to a power law model.

2.3.2 Power Law Model

- Réaction rate models with rate being proportional to
steam pressure raised to a power, have often been used to

explain the experimental data of steam gasification. The
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power could bg zero, a fraction, one or even more than
one. 4

Batchelder (3) used the three.parameter model, with
rinetic data of Johnstone et al. (21) on the gasification
of graphite tubes to show that carbon-steam reaction is
zero order Qith respect to‘steam below 980°c at atmospheric
pressure. They also predicted that zero order reaction will -
‘brévail above 1090°C at high-pressures. Strickland-Constable
(26) has also predicted zero order reaction for the gasi-
Fication of carbon filaments at 700°C ané steam preésﬁres
lower than 1 mm of mercury.

Results of several investigations with their experi-
mental conditions are summarised in Table 2.1. Overall
;étivation energigs of'ﬁhe order‘of 30-60 k cal/mol have
been reported in the atmospherié;ﬁressure studies at
temperatures from 850°¢ to 1150°C.

Jensen (27) studied the C—H20 reaction in a f%gidized
bed in the temperature range of 1040°C to 1430?C_at atmos-
pheric pressure. He applied the unreacted shrinking core

model for the kinetics of a Kentucky Coal gasification and

-
-

reported an activation energy of 20 k cal/mol.
Linares et al. (28) studied the reactivities of several
chars in air, H,0 and CO,. They correlated their results

with carbon conversiocn as a function of t/t0 5 where t is the

reaction time and t0 5 is the time for 50% carbon conversion.
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Gasification reactions wergaclosely described by a first
order rate equation over a carbon conversion range up to

70% and by cubic equation over the entire range. Effect
of temperature was not investigated. ’
Reaction rate of carbon gasification depends on other
factors other than reacFion temperature, namely carbon

conversion, particle size etc. Effect of these factors

are also being reviewed here.

2.4- Effect of Carbon Conversion

2

k]

The effect of carbon conversion on the specific. gasi-

fication rate has not yet been completély established.

Some investigators (21, 23, 29, 30, 31) report an increase

in the specific rate with carbon conversion while others

(4, 25, 29, 36, 32) finé the rate to decrease with increasing
conversion. Still others (32) find the gasification rate °
independent of conversion. These conclusions have been

drawn by experimental studies bqth in fixed bed and'fluidized
bed reactors.

Jolley and Poll (6) found a linear increase in specific
gasification rate with carbon conversion up to 75 percent for
various cokes at 800°C and 1 atm in a fixed bed reactor.
Relation between twa\parameters is parabolic at temperatures
above 850°C. Lewis et al. (25) on the other hand found

decrease in specific rates with increase in conversion at



constant steam rate and pressure up to 28 atm at 650°C.
The specific gasification rate tended to decrease "at a
falling rate.

May and Mueller (23) studied the carbon-steam reaction at 870°C
. to 98&%:usinglow temperature Disco coke with l;u4 percent
ash. They found an increase in specific gasification rate
with carbon conversion in all cases. -They-alsb noted th?ff’_
the rate may either increase or decrease with carbon
conversion, depending on the initial reactivity of carbon
fuel.yy Gasification rates for initially reactive fuel will
decrease, whereas those for refractory carbons will increase
with conversiond |

Goring and.co—workers (29, 30) inveétigated the gasi-
fication in fluidized bed of disco char with steam-hydrogen
mixtures. They maintained a constant superficial fluiaizing
velocity of 13.4 cm/sec in the temperature range of 815°¢
to 927°C ana pressures up to 30 atmospheres. They showed
(29) that rate may increase or decrease with carbon conversipé
depending on the time allowed for char pretfeatment with
nitrogen at reaction temperature. In general, chars without
,Prior treatment exhibit a decrease in rate with carbon
conversion., whereas pretreated chars would show an increase
in rate. Increasing the hydrogen content of fluidizing gas

mixtures resulted in a decrease in the gasification rate

{30) . However, Zielke and Gorin (32) reported a general
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decrease in rate with carbon conversion for all inlet gas

mixtures at all tefgfgﬁtﬁ§;s investigated. The later works

[}

also found that the\;ate of decrease of the specific gasi-

fication rate diminished with ‘increase in temperature.

2.5 Effect of Particle Size
7

Several investigators (2, 4, 6, 18, 33) have found the
.specific gasification rate of carbon is generally not af%ected
by particle size in the size'range of 0.2 to 2.0 mm between
600°C and lgpooc ét atmospheric or higher pressures. .Jolley
énd Poll (6) showed the independence of rate by comparing
initial rates obtained at content steam rate‘and initial
bed depth of.coke for various particle sizes in the range
0.211 to 1.20 mm. Gasification rate data of Van Heek et al.
(31) where plotted'as a function of particle size shoggd &
minima and maxima as thé particle size increasedé from about“
0.5 to 1.6 mm. The effect of particle size can be considered
insignificant for sub-bituminous coal at temperatures up to
950°C and for lignite up‘to 750°¢ only. Particle size seems
to have considerable influence at higher temperatures (33).

Kayembe ahd Pulsifier (2) in their study of gasification
of a bituminous coal chér at 815°C and 1 atm found the rate
of gasification is unaffected by the particle size in the

range of 1.25 mm to 1.49 mm.
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From the literature reviewed here, it isrobvious
that there is no general rule to predict the effect of
‘various experimental variables on the gasification rate.
This is more so in case of coals and coal chars. There-
.fore, each coal and coal char or any other carbon fuel
should be characterized individually under a set of operating
conditions.

The literature review also shows that moét kinetic models
are based either on initial rate bé rate at fixed carbon
conversion. The change in the rate of gasification with
carbon conversion has been studied.to a very limited extent.
These considerations point out the need for developing a
more meaningful rate model which can apply over a wide range
of carbon and'steam conversion and other experimental con-

ditions, still exists.

2.6 Mechanism of the Reaction

i}

There are several mechanisms which have been proposed
for the carbon-steam reaction. But a general feature of
gas-carbon reaction is that the first step involves chemi-
sorption of reacting gas molecules on the solid surface,
forming either adsorbed molecules or surface-oxvgen complexes
(9). Some of the reaction products may also be adsorbed on

the carbon surface and retarded the progress of the reaction.



)
The ffaction of ﬁye surface dovered by adsorbed reactant

and-product molecules has be¢n found to be relatively

small and appears to depend on the conéentration of active
sites in the carbon structure. . Adsorbed préducts may be
removed frqm the surface by desorption into the gas phase,

or by reaction with gaseous reaction products. The rate

of formation of surface EOmplexes, the rate of their dis-
appearance'and the extent of surface coverage determine the’
rate 5f carbon gasification. The theory of.chemisorption

has ?een described by Smith (}7) and reviewed by Van Fredstroff

and Elliott (9).

2.6.1 Formation of Surface-0Oxyvgen Complexes

-

Numerous investigators studied-the formation of surface-
oxygen complexes in gas—carbon reactions (15, 22, 26,\34, 35,
36) . Purl (36) has recently reviewed the role played t§~df— .
carbon éxygen complexes in influencing surface reactions.
Surface behaviour and electrical and catalytic properties
of carbons. . _ .

Many workers have demonstrated the ability of carbon
to dissociate oxygen atoms from oxygen and oxygen containing
gas molecules and to adsorbk them strongly'(4, 22? 34, 37,
38). In carbon steam reactioq, it is believed that deéom—

positigzgpf steam at the carbon surface results in rapid
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chemisorpticn on adjacent sites of an oxygen atom and
molecular hydrogen (9). Chemisorption of steam in molecular
form has been suggested by Strickland-Constable (26).
Johnstone et al. (21), on the other hand, support a mechanism
of adsorption involving dissocliation of steam into a hydrogen

atom and hydroxyl group adsorbed on neighbouring sites.
L4 /

2.6.2 The Concept of Active Sites

According to active site theory, the reaction occurs
at favoured sites on the surface. Such sites are thought
to consist of carbon atoms attached to the carbon lattice
by less than four bonds (22). The resulting valance force
induce éleptfon transfer causigg\gés—solid bonding or chemi-
sorptibn. In a recently publishegd review on char gasification
{7), thé active sitgs for char ha been attributed to carbon
edges and disiocations; inorganic impurities and oxygeﬂ-and
hydrogén functional groups. According to the author, following
phenomenon may ocecur on each site: (1) reaction adsorption,
(2) migratioﬁ of intermédiate, and (3) product desorption.
Both adsorption and desorption'can occur via a single site
or dual site mechanism (7). Migration account for changes
in the mobility and stability of surface intermediates (39)._
Difference in reaétivity of carbonateous fuels has Been
attributed to the difference in the number and density of

active free sites (9).

-
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2.6.3 Rate Hindrance by Products

It is an established fact now that hydrogen ret;rds
the rate of carbon-steam reaction. There is some disagreement
howevér as to the mechanism by which rate hindrance occurs
(9). Some investigators (15, 21, 22, 26) hold that hydrogen
inhibits the reaction by adsorption on the carbon surface.
Others favour (40) the reaction of hydrogen with surface
oxygen complex asithe primary mode of retardation. The
difference between the two mechanisms is the reversibility
of the surface-oxygen complex formation step,.which the first
group of investigators reject. Keeping in view the observed
(22, 26) rapid and strong adsorption of hydrogen at sub-
atmospheric pressures and gésification temperatures, the
first mode of rate hindrance has been more widely accepted
(9, 10). But later advances {gfigz; appear to support the
second mechanisﬁ. .

Majority of wogkers (9) reject the rate hindrance by
carbon monoxide: Strickland-Constable (26) observed that
carbon monoxide is adsorbed on the carbon surface slowly
and to a small extent. In order to explain the formation
of carbon dioxide in the carbon-steam reaction, Rief (40)
suggests that ;arbgn monoxide may react with surface—oxyggn
complex. This explanation of te hindrance by carbon "

monoxide has not been accepted by other authors.



23

Gadsby et al. (15) found no deéreasé in reaction rate®
.upon a@ﬁitionzéf small amounts of ca;bon'dioxide to the
system. These observations have led to the conclusion that
desorption of surface-oxygen complex into the gas phase as
carbon monoxide may bé the rate controlling step at atmos-|
‘pPheric pressure and normal gasification ﬁemperatufés. '

Rate equation of the same form is obtained regardless
of the postulated mechanism of rate hindrance by reaction
product; (9, 10). 1In the absence of diffusional‘effects,
#herefore, the inhibiting effects of one or more of the
reaction products, and the removal of surface complexes will

give the correct form of the rate equation,:

2.7 Catalysis of Carbon-Steam Reaction

Early studieg of -the carbon-steam reaction were generally
concerned with process for enriching hydrogen content-of Qater-
gas produced by interaction of steam and charcoal or coke.
Taylor and Neville (8) have reviewéd the literature over a
period of fifty years since the late 1800s.

Metal oxides and salts of alkaline earth metals were among
the suggested catalysts. Oxides of iron,-chromium and
manganese were used to promote the water-gas shift reaction.

No information, however, was given with regard to effectiveness
of the suggestéd catalysts toward the gasification. process or

to the effect of temperature changes or reaction rates. A
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more recent review by Walker et al. (1l) reveals that only
few investigators have examined these factors in the study

of the catalysis of the carbon steam reaction.

2.7.1 Relative Effectiveness of Catalysts

The effectiveness of a catalyst in accelerating the .
carbon-steam reactioﬁ depends on the experimeﬁtal conditions
(11). Therefore such factors as the chemicél state of :the
catalyst, the intimacy of the contact between the catalyst

and the carbon surface, relative amount of catalyst and fuel
i the bed, and the carbon fuel type should be taken into-
account while comparing the performance of catalyst from
different’éxperimental stuéies.

. Téylor andhgevié}e (8) studied the catalyzed gasification
of coconut-shell cha;égal with steam at atmospheric pressure

—

.and tempefratures of 4900C to §70°c. Carbonates of potassium,

sodium, lithium, barium and calcium and ferric oxide were
used as catalysts by wet impregnation. Potassium and sodium.
carbonate were by far the most effective catalysts, former

being 'two to three times more effective than sodium salt.

The other salts were only slightly effective, and in order of

reactivity were the carbonates of lithium, barium and calcium.
v . N ,
They also observed that the same catalysts were effective

toward the carbon-carbon dioxide reaction in exactly the same

~

‘order.as they accelerate the carbon-steam reaction. Ferric
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oxide had no detectable effect on the gasificatiqp of
char coal either by steam or carbon dioxide.

Tuddénham and Hili (42) reported that the gasification
rate of graphitized cérbon rods was increased by 19, .27 and
32 times at 1100°C when catalyzed by nitrates of nickel,
cobalt and iron respectively. 'Carboﬁ rods were soaked in
0.1 molar solutions of the nitrateg for two or more days,
followed by heating at 200°C to 400°C in vacuum by brief
graphitization at 1100°C. The aSﬁ content of treated rods
was 0.14 percent by weight.

' Haynes et al. (43) investigated the relative catalytic
activity of various inorganic additives in the éasification'
of a high volatilé bituminous coal at 850°C and 26 atm.
Catalyst and coal were mixed dry in a catalyst to coal ratio
of Sl%E ent by weight. Catalyst effectiveness were examined

with re;pébt to the rates of production of B.,, CO and CH,.

2 r
.The most effective catalysts in increasing the gasification
rate were KC1, K,CO4, Li2C03 and NaCl with respective:increases
of 66, 62, 40 and.31 percent. XCl and K,CO, were also
a -

most effective in increasing the hydrogen production and

carbon monoxide production, but the least effective toward

" methane production. ZLithium carbonate with a 21 percent

increase in methane production was only secend to Raneylﬁﬁ

nickel catalyst with 24. percent increase.
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Rewick et al. (44) reported an increase in specific
gésification rates éne to two orders of magnitude higher
Ehan those reported by Haynes et al. (43). They investigated
highly dispursed transition metal catalysts and relatively

pure carbons at temperatures of 700°¢ to 900°C at 1 atm

pressure, The effectiveness decreased from potassium to

nickel and cobalt. The order of decrease in activity
correspond to that of Tuddenham and Hill (42) mention
above. .

Kayembe and Pulsifier (2) investigated several catalysis
with respect to a bituminous coal char-steam reaction at
650°C and 1 atm in a fixed bed reactor. In order of increasing
catalytic effectiyeness; the active catalysis were cu0Q, NacCl,
KC1, Li2CO3,

bonate and iron (III) oxide were totally ineffective.

Na2CO3 and K2CO3. Calcium oxide, calcium car-

Recently Verra and Bell (45) conducted a study of the

effect of LiCl, NaCl, RbCl,‘CsCl, KOH and K2C03 on the steam

gasification of char produced ‘from a subbituminous coal.
ﬁach of these materials were-added by aguedus impregnation.
The experiments were performed with the help of the thermo-
gravimetric balance at an isothermal temperature of 900°¢.

The highest gasification rates were achieved with K.,CO, and

2--3 ©
KCH. &ll of the alkal metal chlorides behaved in identical

fashion. These catalysts act as inhibitors in the early
/\

stage of gasification;ﬁut improve the rate in later stages.

s
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Overall, metal chlorides cause a net reduction in the total
time for complete gasification over that rgquired'for an
uncatalysed sample.

‘ Hippo et al. (46); in their study of lignite char
gasification introduced the cétalyst in the dimineralized
parené coal (lignite) by ion exchange before charafication.
Activities of cataly§ts were tested in a fluidized bed reéactor
at 650°C and 1 atm. At comparable loadings of metal cation
on the acid treated lignite, the char subsequentl§ produced,
had reactivities in steam in the order: K > Na = Ca > Fe > Mg.;

Effects of calcium, s%rontium and barium on the gasifi-
cation of two coal chars, oné of low and one of high intrinsic
acﬁivity, were evaluated by Otto et al. (47). <The chars were
derived from coal powders which had been impregnated with
Ca, Sr or Ba, pelletized aﬁd pyrolyzed in nitrogen. The
additives increased the raﬁes in the orde? Ca < Sr < Bd4.

From these investigations, 5né fact is obvious that a
wide range of chemicals have been-iisted for their catalytic
activity towards carbon gasification. But the experimentir\w'
conditions were widely different in each case, also different
éafbon fuels were used.in all these studies. There is a need

that all the promising materials be tested under a wide range

of identi\ kR Experimental conditions and with same carbon
fuel. CQT;?
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2.7.2 Effect of Catalyst Concentration

s

Literatﬁre is not plenty on the studies invplving the
effect of catalyst concentration. It is reported, in
general, that the gasification rate increases with catalyst
concentration, but this maé‘not hold good over an extended
range of doncentrations.

‘Taylor and Neville (8) varied the concentration of
catalyst betwgsn 0.5 mg to 1 g of catalyst per gram of
charcoal for a‘;harcoal éharge of 8 g. They observed that,
other factors Being same, the rate of gas formation generally
increased with the concentration of K2C03 5r Na2CO3, but
became insensitive to further increases in concentration
above 0.25 g/g charcoal. It was observed that at 570°C the
rate actually decreased at higher concentration. It was
also found that at 525°C and.S?SOC, a charcoal system
containing 20 percent Na2CO3 by weight was nearly as reactive
as one contaiﬁing 5 percent K2C03. However, charcoal-caialyst
system containing 10 and 20 percent K2CO was two andé three
times more reactive than one containingKg’;;}cent K2C03.

Fox and White (48) and Weiss and White (41) héve shown
that small amounts of Na2C03 can iﬁcrefse the gasification °~
rate of graphite. Later, investigators reported that catalytic

effect was maximum when the graphite contains 0.1 percent

Na2C03 by weight. They showed that above BOOOC, soaking
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graphite in a saturated solution of Na,CO, and drying
was more effective than mixing the dry carbonate with
graphite. The later procedure was more effective at lower
temperatures. Na2C03 was not decomposed below 850°C, the
coating of Na2c03 on tﬂgiijaphite surface would hinder the
reaqtion.

Gasification of a wﬁoming subbituminous coal in the
presence of a commercial nickel catalyst and potassium
carbonate was studied by Wilson and co-workers (68). Varying

amounts of K2CO3 up to 60 g were mixed with a charge of 100 g

of core and 110 g of nickel I Thé vield of methane

ysSte

first increased with loadings of K2C03, reached maximum

between 20 to 25 g of K2CQ3 per 100 g of coal ahd decreased
to a constant value with further addition of caybonate. A
similar relation was found between total gas production and

+he ratio of K2CO3 to coal.

Kayembe and Pulsifier (2) found that as e concentrasign

of KZCOE(/and'NaZCO3 in the initial bed was

' 10% level

ed below

so was the value of specific rate cons of

first orde ate of carbon gasification in a bituminous

he case of K,CO,, rate constant
- -1
decreased from 0.539 to\0.0385 hr as e catalyst concen-

further decrease from

5 to 1% level resulted in sixfold dedrease in the value of
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specific rate constant. Although 10% KjCO3 was more effective

tﬁan 10% Na2C03. Na2CO3 was better at 5% level.
Gasification réte of subbituminous coal char with steam
increased as the catalyst loading increased from 2.5% to 10%
potassium as carbonate in a char pellet. These were the
findings of Verra and' Bell (45) in their expé%iments conducted
with the help of TGA balance at BOOOC and atmospheric pressure.
Hippo et‘al; {(46) found a linear increase in the reactivity

_6f lignite char when the calcium loadings in the original

coal increased from 1.1 to 12.9%.

2.7.3 Effect of Reaction Temperature .

1
<

The effect of temperature on the rate of carbon gag%%};
cation in the presence'of a catalvst is dictated by two conflicting
factors. On the one hand, rate of reaction increases with
increase in temperature, on the other hand, the activity of .
catalyst deéreases. Therefore, it.is important to find an
optimum for a catalyst before it could be used in industrial
reactor.

The data of.Taylor and Neville (8) show that for a char
catalyst system, the effectiveness of K2CO3 is reduced by
52% and that of Na, CO, by-34% as the temperature increased
from 5250C7to 570°¢, Héynes et al. (43) report that when
Raney hickel catalyst was used, the specific gasification rate

was increased by 33%/ at 750°C and was unaffected at - 950°C.
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The investigations of Rewick et al. }44) show that
the increase in rate due to catalysts gees through a maximum
1n the temperature range of 750 °c to 900°C. For a carbon
black contalnlng 0.8 percent platinum, ruthenium or nlckel
by weight, the”maXimum occurs at 800°cC.

Few investﬂgatore have reported the activation energy
for the catalyzed gasification of carbon by steam.- Fleer
and White (49) Qere the earliest'workers to study the reaepion
between coke and steam-oxygen mixtures in the pressure of )
5 percent Na2C03 by weight. An activation energy of 26.8 k
cal/mol was obtained for a first order reaction with respect
to stea:‘at atmospheric pressure and temperatures‘between
900°¢ and 1000°C. . <

Long and Sykes (50) found that gasification rate of
charcoal_reduced to about half after the ash content
of the char was reduced from 3.5 to 0.04% by ecid wash.

The catalvtic effect ofjlmpurltles in the original charcoal
was apparent from the activation energé which was

required for desorption of the surface-oxygen. complex into
the gas phase as carbon monoxide. Catalysis decreased this
activation energ; from 83 =+ 5 k cal/mol'for-the extracted
charcoal to 53 * 7 k cal/mol for the original charcoal.

These results were obtained in the temperature range of

700°C to 900°C and steam pressures between 0.1 to 1 atm.
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An addition of 10% K,CO, to the coal char lowered the
apparent activation energy of the char steam reaction fromg
60.8 to 34.5 k cal/mol and the frequency factor from 2.41 x
108 to 1.32 x 10 s™!. These results were obtained by
Kayembe and Pulsifier (2) for a first order reaction with
respect to carbon in the temperature range of 650°C to 800°¢C
near 1 atm pressure. |

Verra and.Bell (45) have ?eported the actiﬁatioﬁ energies
of 49?345 and 39 k cal/mol for cataiyst loadings o% 0, 5 and
10 percent potassium by weight respectiveiy. 2 sub-bituminous
coal char and steam—hélium mixture were used as reactant in
the temperature range of 600°C to 700°c. But the reaction
might not have been entirely free from diffusion effects.

Otto et al..(47) from their study of steam-char reaction in
the presence of alkgline earth cataigsts'(calcium,strontium
and barium) concluded that increas“g"{'&ln gasification rate 1is
not caused by the lowering of activation energy of gasification
reaction but due to an increase in the reaction site density.
They further stated that sometimes, especially in case of
- North Dakota lignite char, the apparent activation energies
of ghe catalyzed rates were significantly iarger than those for
untreated char. A value of 80 k cal/mol was obtained for

—_—

uncatalyzed gasification.

-
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2.8 Mechanism of Catalyzed Gasification

Wen (51) has recently published a review covering all
aspects of alkali metal catalysis in the gasification of
coal, char or graphite. Taylor and Neville (8) in 1921 gave
the earliest gxplanation of catalysis. It was based on the
physico-complex theory of carbon gasification developed by
Rhead and Wheeler. It shows no direct interaction between
catalyst and carbon or steam. An alternate oxidauﬁon reduction
mechanigﬁ for metal oxide catalysts has been postulated by
?ox and White (48). A modern theory of catalysis advanced

by Long and Svkes (50, 52) involves the transfer of electrons

between the carbon and the metal oxide catalyst.

2.8.1 ‘surface-Cleaning Mechanism

Taylor and Ngvil;e (8) obser;ed that both carbon-steam J
and carbon-carbon dioxide reaction were accelerated by the
same catalyst. They ascribed the catalysis of both the
.reactions to the increase in adsorption characteristics of
the charcoal surface toward carbon dioxide in presence of
alkali metal salts. For the carbon-steam reaction the
catalvtic effect was viewed as the result of the catalysis
of the reaction between. carbon and carbon dioxide formed by
the water-gas shift reaction at equilibrium. The catalytic

effect in the carbon-carbon dioxide reaction on the other
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hand, was attributed to aﬁ increasingly clean carbon surface-
" resulting from surface complex removal. The clean surface
was more reactive toward tﬁe carbon dioxide.

Lambert f53) postulated a similar'mechanism for catalysis
of the oxidation of C%Fbon by iron ahd magnese. He also
assumed .that the function of the catalyst was to catalyze
.the‘decomposition of the surface-oxygen complex, which other-

. . b .
wlse 1ls stable at low temperatures and retards the reaction.

A

2.8.2 Oxidation-Reduction Mechanism

Fox and White (48) in 1931 showed that above 800°C,
sodium carbonate reacts wiﬁh carbon to give sodium vapor
and carbon monoxide. The sodium vapor reacts with carbon
dioxide giving sodium.okide and carbon monoxide, and sodium
oxide further reacts with another molecule of carbon dioxide
to generate sodium carbonate. Thus, catalysis of graphite-
steam reaétién by sodigm carbonate was explained by An
alternate reduction and rggeneration of carbdnate. Taylor
and Neville did not accept this sodium cycle as a possible
mechanism of catalysis (8). |

Fox and White (48) considered sodium vapor as the primary
catalytic @gent. Its influence was thought to be one of
rupturing ;he stagnant gas film surrounding each graphite
particle,” thus allowing a more ready reaction betﬁeen the

carbon and gas.
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Lewis et al. (25) observed a decrease in reaction rate
with increasing partial pressuré of carbon dioxide in a
catalytic study at GSOOC and pressures up to 50 ‘atm. They
explained that the active agent of catalyst pressumabiy
migrates through gas phase to active free sites on the
-carbon sufface and that the concentration of gctive catalyst
may be controlled by the concentration of carbon-dioxide.
The nature of the active agent of the catalyst was not specified.
McKee and Chatterji (54) suggested the following segquence

of reaction_steps for the sodium and potassium catalysts:

) K,CO5 + 2C = 2K + 3CO 1y °
2K + 2HL0 = 2KOH + H, ) (2)
2KOH + co-'.= K,COy + H, , (3)

-

One to onéémixtures by weight, of carbonate and spectro-
scopic graphite Qas used. They conclude that reaction 1 is
the rate determining step in the cycle and "that the overall
gasification rate will depend on the salt-carbon interfacial
coﬂtact area, which will be rapidly increased as the carbonate
phase melts and wets the carbon.surface. Hippo et al. (46)
have noted that this should show a discontinuous increase
in the gasification rate as the temperaturé passes from
below to above the melting point of carbonate. But McKee
and Chatterji (54) reported a smooth Arrhenius plot for tﬁe

graphite-steam reaction in the presence of K

¥

2CO3-over the
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r - .
temperature range of 850°C to 1035°C. The melting point
of K,CO4 is -891°c. vVerra-and Bell (45) also reported a
smooth curve of coal char-steam reaction in the presence of

-

K,COq4 in the temperaturehrange of 700°C to 900°c.

Ferriks et al. (55) have recently investig@ted.some
aspects of carbon-steam reaction'gatalyzed by éecoméosition

> .

pr&éucts of potassium carbonate using temperature programmed
desorption and in-situ Fourier transform infrared spectro-
scopy. Their results show that with potassium carbonaﬁe
impregnated carbon, the carbonate ig unstable above TOOOC
and decomposes into CO2 and a surface potassium compound.
According td them, this explains the absence of a discon-
tinuous increase in reaction rate at the melting point of
the alkali metal carbonate.

Milner et al. (56) presented another version of ﬁhe
oxidation reduction mechanism. The metal oxide catalyst
was assumed to react with steam first, forming an unstable
complex. The complex is then decomposed by carbon to give
hydrogen, carbon mohoxidg and the metal oxide.

Hippo et al. (46) have suggested that the ﬁissociatiom
of steam into adsorbed oxvgen and hydrogen atoms is an
important step in the Ttatalyzed gasification. The oxygen then

produced migrates from the catalyst onto the char surface,

where its interdction with-active sites leads to gasification.
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2.8.3 Electron Transfer Mechanisms

Long and Sykes (50)'observea that the reaction mechanism
was generally not changed by the presence of a catalyst but |
.only the rates of certain stages'ﬁere enhanced, In pafti4
cular, the rate of formation of the surface-oxygen complex
was slightiy increased, whereas the increase in the rate of
its aesorption was proportionately larger. They ;ostulated'

~

that the action of catalyst must be one of lowéring the
activation enexgy required for both the ad;orption and de-
sorption sééps of the reactipn mechanism. To accomplish this,
the cataiyst must exert its influence at certain active sites
at the edges of the carbon latéice. .
An oxygen ;pom adsorbed at such a site is attached
firmly to Fhe carbon stfuctqre by "a single bond. Desorptioh-
of the éarbon—oxygen'coﬁple¥ (carbon monoxide) should be
facilitated if the carbon-carbon bona is weakened., It was
shown that the rééuired change in b&nd order, from a double
band to a single carbon-carbon bend and from a‘single to a
double carbon-oxygen bond, coul Pe made by électron transfer

between catalyst and carpon. atalysis was then explained

L4

as being due to this interaction, at the electronic level,
between catalyst and carbon.
’ K

Long-and Sykes (50) demonstrated that a2 transition metal

oxide catalyzes the reaction by accepting an electron from



&

~

the carbon,’ The oxide need only be in contact with the

élgcé of the carbon lattice from which the electron is

>

removed for catalysis to occur. In a later development
(52), it wés shown _that an alkali me£a1 atom cétalyzes thé
reaction by sharing its uﬁpairéd electron with the carbon,
that is by forming a covalent bond witﬁ a carbon atom.
Walker et al. (11) discuss some of £he modificatiqng
of this genera} electronic thepry of catalysis to explain
the experiﬁental results which cannot be raéionalized'by

the concepts of Long and Sykes (50).
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CHAPTER 3
s

e
EXPERIMENTAL DETAILS

a,
”

3:1 Apparatus

-

The flow diagram of the expérimental set up 1s shown
in Figure 1. It consists of a fixed bed reactor, a furnace,
a system for generatlng steam, equipment for removal of
unreacted steam and facmlltles for sampling, metering and
anélyziﬁg the product gases. Nitrogen alone dried over a
calcium sulfate dessicant coqld also bé circulated through
the reactor.

Distilled water, stored’'in a 3 cm ID glass container
was‘supplied at a cdnstant'flow rate to an electrically
heated vaporizer-where steam was éenefated. The steam or
sSteam-nitrogen mixture was allowed to pass thréugh a.pre-
heating sectién-at reaction temperature in,a pegch scélg
reactor mounted in a vertical furnace. Hot g;;es from the reac-
tqr, consisting of steam, nitrogen, hydrogeﬁ,hcé#bon monoxide,
cérbon dioxide and methane passed througﬁ a water cooled
heat exchanger where éteam was condensea.. The condensate
was collected in a cylindrical glass’container. The product

gases were further dried and metered through a calibrated

wet-test meter before being vented to the atmosphere.
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3.1.1 Vaporizer

The vaporizer was a vertical 20 an x 3 cm ID stainless
steel-(sé) tube. Water was fed near the
bottom through a 0.63 cm ID ss tubing. Nitrogen was bubbled
from the bottom of the vaporizer tube. The vaporizer tube
was filled with steel balls and turnings to improve thé heat
transfer rate. A heating wire was wound around the vavorizer
tube and covered with asbestos insulation.

A micro-pump (Milton Roy Company, River Beach, Florida)
was used to feed water at a constant rate.. The water was A
vaporized quickly upon contact with the vaporizer wall and the ss
balls and turningé inside, thus assuring a continuous
éeneration'of steam. The steam content of the total gas
flow rate could be controlled by manipulating the temperatufe
and pressure of the vaporizer and flow rate of nitrogen. The
process line connecting the vaporizer to the'reactor inlet
was wound with insulating-heating tape. The temperétufe
and pressure of steam-gas mixture at the outlet of the

vaporizer were continuously monitored.

3.1.2 Reactor Design

The lavout of the reactor is shown in Figure 2. It
consisted of 20.5 cm length x 12.5 mm OD ss 316 tube with

wall thickness of 1.1 mm. The char bed was supported on a
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T.C.

INLET

12.5mm {1/2")
STAINLESS

3.175mm (Ve ")
STAINLESS
PREHEATER

ouTLETY

20.5cm

Figure 2. Reactor Layout

]
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porous ss plate (grade D with a mean pore size of 65 micron).
A thermocouple (type K, sheathed and sealed }n 1.6 mm dD,
$$ casing) was inserted inta the char bed. A desired amount
of char was packed in the reactor. The amount was varied
from 2 to Si% to give a bed height of 4 to 10 cm.

The steam/nitrogen entered a preheéfing zone comprising
of a 3.175 oD fﬁbe wound loosely around the reactor tube.
The purpose of the preheater was to bring  the teméerature of
the gas to reactor temperatgre. The steam entered from the
bottom of the reactér, passed through the char bed and the

products were drawn from the top of the reactor.

3.1.3 Furnace Assembly

The reactor was placed in a furnace comprising of a
stainless steel cylinder of dimensions 40 cm length x 9 cm
OD x 0.5 cm wall thickness, filled with sand. The sand bed
was supported on a porous ss plate which also served as

distributor for the hot air used to fluidize the péd. The

‘air was preheated by wrapping the air inlet tube with

electrical heating tape.

The ss cylinder was enclosed in a cylindrical furnace.
The furnace consisted of five heaters. Three_of these were
in parallel and weferkept in 'ON'" position at all times.

The other two heaters were powered by a temperature controller
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(Honeywell, type X, 0-1306°C). The power input into the

two blocks of heaters was varied depending on the reaction

temperature required. The electric current flowing through.
these heaters was also monitored. The feed back to the
controller was from the thermocouple inserted in the char
bed, \The controller was a cxglic on-off type, thereby
performing as a proportional controller. |

The heater assembly was placed in a larger aluminium
container and the annular space was filled with insulating
material. The top of the furnace was covered with two halves

of asbestos sheet.

+

3.1.4 Gas Analysis

A sample was drawn from the product stream by means of
a gas sampling valve and analyzed by a gas chromatograph

(HP5730A). The sampling valve was equipped with a'dual loop.

‘The dual loop configuration had the advantage of allowing

one loop to be purged and filled while the other loop was
being used.

The chromatograph was equipped with two identical
columns (ss 3.175 mm OD x 2.1 m leegth) packed with carbo-

sieve S. The columns were provmded by Supelco, Inc., Bell-

' tonte, Pa., U.S.A. One ofigpese columns served as an analytical

column, the other one was used as reference column. Helium

was used as carrier gas at a flow' rate of 40 cm /mln.
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Column temperature was-programmed from 35°C to 180°¢ at

.the rate of 16°C/min wiulan:hﬁtialtime of 5 min at 35°c.
Thermal conductivity detector response was calib:gted

with standard samples of all the components, namely hydrogen,

carbon monoxide, carbon dioxide, methéﬁe and nitrogen. - The

response for these components except hydfogen was linear

in the concentration range used and the response factors

matched with those of Pietz (61). A calibration curve for

hydrogen and respénse.factors-for other product gases are listed in

in Appendix I. The gases of researcﬁ purity were provided

by Matheson, Canada Limited.

3.2 Char Sample

A Saskatchewan liénite char sample was obtained from
Energy, Mines and Resources, Research Lab, Ottawa. It was
produced by the pyrolysis of the lignite at 927°C in a helium

atmosphere. Char/bed characteristics are given in Table 3,1 and 3.la.

Table 3.1

CHAR CHARACTERISTICS

Proximate, weight % Ultimate, ‘weight %

" Moisture 0.3 Carbon . 78.8
Ash : 17.9 Hydrogen 0.9
Volatile Matter 4.4 - Nitrogen 0.8

-~ Fixed Carbon 77.4 Sulfur 0.3

Oxygen _ 1.0
100.0 Ash 18.1
100.0
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Cumulative pore vol = 0.044 cm3/g

Apparent density 1.5284 cm3/g

Calorific value 11,858 BTU/1b.

B.E.T. surface area (N2) 216 m2/g

Figure 3 shows a curve of circulative surface area VS. pore
diameter. It shows that 60% of pore surface area lies
within the pores of smaller than 0.0049 um in diameter and‘v
80% of the pore surface area was due to pores smaller than.
0.013 um in diameter. Surface area and pore distribution of

the char was provided by Micromeritics, Norcross, Ga., U.S.A.

3.3 Addition of Catalyst

f/\“/ Alkali metal salts K 2G04, Nezco KCl, and NaCl were

37
added to the char by wet impregnation. Catalyst and char
ware mixed dry and moistened With water. Water was evaporated
over a water bath with continuous stirring of the mixture.
Finelly, the moisture was removed by heating at llO C for
two hours. In the past, this method was proved more effective
than just physical mixing of catalyst with char. |
1=‘er3:1c oxide (Fe203) was admixed with dry coal char.

~

Nickel nitrate was also added by wet impregnation, and later-

reduced to nickel at 650°C in an atmosphere of-: hydrogen.

3.4 Temperature Profile in the Reactor

Temperature readings were taken at different bed depths
of the reactor bed by adjustlng the height of the thermocouple

*

7
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Table 3.la

CHAR BED CEARACTERISTICS

Bed volume = 6.22 cm3
Average particle diameter = 214 um
Bed porosity = 0.546

Residence time

2 to 4 sec.

A

Particle Reynolds number 1
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By proper positiqning of the reactor tube in the sand bed

it was found that there was an isothermal ébne of 11 ¢cm

£rom the bottom of the reactor. The char bed was always
confined to the isothermal zone of the reacﬁor. Temperature
readings inside and outside the reactor tube agreed with
each other within 2-3%. 1t showed that there were no

significant radial temperature gradient in the char bed.

3.5 Start-up and Operation . }

The reactor was charged with'a weighed sample of char
with or without the added catalyst. The empty space above
the char bed was packed with glass wool to prevent the char
particles from being carried away by the gas-étream.- A
drying tube filled with fresh anhydrous calcium sulfate and
a condénsate collector were connected to the process line. The
steam feed valve was closed and only nitrogen flow was
started thgough the reactér. The system was then checked
for leaks. Power to the furnace was turned on and increased
slowly to obtain the desired reaction temperature inside the
char bed. It took 5-6 hours to reach a temperature of 600°cC.

The water feed pump was set to det a desired flow rate
to the wvaporizer. ﬁitrogeh was bubbled from the bottom of the
vaporizer. The variable transformer was set at a value to
éive a predet@éained power inp&%ité the vaporizer heater.

J Y

Temperature of the outcoming sféaﬁ<§2 mixture was monitored
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continuously. Steam content of the‘gas mixture was condensed
to determine the fraction of steam in the gas mixtures. By |
adjusting the flow rate and power input to the vaporizer
heater, a desired steam fraction was obtained. Steam-content
of the gas mixture was monitored for at least two hours before
the start of the- reactlon. ‘ . «. '

' Helium flow to the gas chromatograph was started and *
the temperattre controllers for the heating system of the
gas chromatograph were set at optimum operatﬁng conditions.
The gas chromatograph was ready for use within two hours.

A sample of gas coming out of the reactor before start of the

-reaction was analyzed for its content. It contained mainly

nitrogen with trace amounts of carbon monoxide and carbon
dioxide at higher reaction temperatures (>7000C).

.Once the char bed temperature reached the desired
value end was steady for at least 30 minutes, nitrogen

flow was discontinued. The steam feed valve was opened and

the vent valve of the vaporizer was closed, thus marklng

the start of the run.
The reactor pressure increased to- its fiﬂql value /{1-2

atm) within 15-20 minutes and remained esse

during the time period of the run. Dur:ma the course of the'r

process gas samples were taken at reguler intervals .of

20 miﬁutes and-analyzed. Total gas volume was measured

with the help of a wet-test meter during each 20 minute



50 - v/'\_\\/
. 1)‘

period., The reaction was sﬁopped affer 2-5 hours of opera-
tion by closing the steam feed valve_ and shutting the power
supply off to the furnace and thé vaporizer, When the
reactor.cooled to- the ambient temperature, it was dis-
connected from process line, removed from the fufnacg and
opened. The residue char was weighed and analyzed for its

carbon and hydrogen content.
=

3.6 Data Reduction

ﬁxperiments were performed‘to evaluate the kineticé
and product Qas'compoéition.of char gasification, to test
the ?érformance of various catalytic agents and to evaluate
the kinetics of char gasification in the presence of an
added catalyst{ The.experimental parameters varied were, pérticle
size of char, bed height, -reaction temperature and partial
'bresgure of steam. Various experimental results were arrived

at as follows.

3.6.1 Gas Yield and Composition

The total gas volume and the gas. temperature and pressure
. ~ o
were obtained using a calibrated wet-test meter. For analytical

purposes, the gés volume was reduced to standard temperature

and pressure. Gas yield was obtained by dividing the total\\\\

gas volure on a moisture and mitrogen free basis by the \

_

-~ \.
product of initial carbon in the char bed and total reactﬁbn

/
. ~ _‘_kﬁ/
time. : N

—

!

.S
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was calculated ﬁh'

51°

During the course of a run, gas sémples were taken
every 20 minutes and analjéed for hydrogen, carbon monoxide,

carbon dioxide, methane and nitrogen. Oxygen was also’

detected in some cases} but it was preSEnt in ‘extremely
N’\ . ' . .
The area under the peak of each component i

on the chromatogram was first corrected by an appropriate

calibration factor.\ Thereafter, volume of each component
gave the composition of the product

gas on molar basis.

3.6.2 Carbon Conversion

The procedure used to calculate the carbon conversion
/ .

censisted of making material balance over a period of 20.

minutes. The volume of gas producedgwithin this time

* .interval and the product gas composition were used to caléulate.

carbon conversiongaThe _\;olume of the gas produced was the diffe-
rence between the two volume measurements taken 20 minutes
apart. The comp051tlon of this volume of the gas was taken
on the average of the two composition reedlngs, at the
beginning and-at the end of a 20 minute period. The amount
ot carbon gasified was taken-as tﬁe sum of molar amouﬁts of

” -

carbon monoxide, carbon ide and methane produced._"Carbon

- f\r
s

.conversidn was defined as the ratio of total mass of carbon

hY . /‘\\//

"gasified to the 1n1t1a1 ﬁﬁﬁs of carbon present.;n the char

bed' l a : - e -\Q ] - -
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- r'-,:J -
. gas appearing as hydrogen\and methane as didtated by the
. 3 N
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To obtain a complete mass balance for carbon, residue
left after the reactiorn was analyzed for its carbon content.

In most experimental runs, carbon balance of better than

90 percent . was obtained.

3.6.3 Steam-Decoﬁposition

-

-

The amount of steam decomposed was calculated from the
Id L . 0

- hydrogen balance in the gas phase. The fraction of steam

decomposed was obtained by dividinglthe molar amount of.
steam decomposed by‘tge molar amount'of steam fed to the
reacter.during a 20 minute perioq.' The fraction of the total
steam reacEed was defined as-the ratie of the total amount

- -

of steam converted to thg total amount of steam fed.

3.6.4 Specific Gasification Rate,

The specific gasification rate is defined as the ratio
\ .

of instantaneous ﬁass rate of carbon Yasificatioh to the

mass of carbon char remalnlng in the reagtor at that time.
-

In thlS study, it has been expressed in grammes of ca%bon

&
gasified per minute per gramme of carbon,present lnitpe,

. . . § L4 A.).-.
reactor, g/(min.g). It was calculated by differentiafing

conversion-time data and diviging the derivative by the

fraction of carbon remaining in the reactor.
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CHAPTER 4

'KINETIC ANALYSIS

Based the information obtained from pore volume
and pore size distribution it could be safely assumed that
the char under investigation was essentially non-porous.

- In that case, the char particle will not react as a whole,
and the reaction would proceed from the outer surface of
the particle to the inside of the particle. Consequently,
an attempt has been made to apply the unreacted shrinking

[~
-core model described by Levenspiel (62) and recently used

by Jensen (27) to the results of present inéestigation. .
The reaction is visualized'ﬂere as Faking place at
the outer sgih of the particle. The reac;ioﬁ zone then
moves into the solid and leaves behind a layer of inert
solid "ash". Thus, at any time there exists ah unreacted
shrinking core of‘matefial during reaction as shown in

Figure 4. Following five steps will occur in succession

during the reaction.
Step 1 - biffusion sf gaseous reactant A through the film
surrounding thé particle to-the surface of solid.
Step 2 - Pernetration and diffusion of A through the _blanket
o " of ash to the surface of unreacted core.
. Step 3 - Reaction of reactant A with solid at this reaction

surface.
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Y
Q.
V’ Figure 4. Schematic Diagram of Concentration Profile for the Unrcacted
\ Shrinking Core Model '
- N -
-~ ’. . ) 'q\._’
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Step 4 - Diffusion of gasebus products’ through the ash
b&ck to the exterior surface of the soiid.

Step S ; Diffusionlof gageous products through the gas g '
film back into the bulk of fluid. ,

Mathematical model for the following reaction has been

~
developed, by Levenspiel (62) and is reproduced here.

A (fluid) + bB (solid) - fluid and solid products

14

Assuming this reaction to be irreversible, steps 4 and 5
will not apply and steps 1, 2 or 3 could be rate controllij®.

They will be considered one by one for spherical particles.

1) Diffusion Through Gas Film Controls

Rate equation based on the surface of the particlifﬁbﬁéé~=\\\

be written as .

1 B 1 B b A ¥
- = = = = —— —= = b, _(C._-C._) (4.1)
‘\\\\Ecjiy QWR; dt 4ﬂR; dt kg '“Ag TAs

= b g = constant

Here (CAg-CAs) is the concentration driving force and is
constant at all times during the reaction. QAé could be
neglected if diffus;on through the fluid film is slow. Let
Py be the molar'qensity of B in the solid and V the vqlume

of a particle, then

g = ogV | (4.2)
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-
and - dN_ = - bdN‘ = - p.dV = - p (ianj (4.3)
i = -\ B B'3 "¢ i v
_ 2
= 4ﬁQBrcdc

$ubstituting Equation 4.3 and 4.1 gives:
r¢ =5 = bkC : (4.4)

where kg is the mass transfer coefficient between fluid

-

and particle. Rearranging and integrating 4.4, one can get
PR '
_ _B '
£ = §BEEE— . (4.5)
g Ag .

Fractional conversion of B could be defined:

e _ _. Volume of unreacted core _ e, 3 )
x=1 (Total volume of_particle) =1 '(R ) (4.6)
Therefore
3bk C .
g Ag

Thus a relationship between time, radius of particle

and conversion B in solid is obtained.

// y '

ii). LDiffusion Through Ash Layer Controls

-«

In a partially reacted particle, both reactant A and

the bouwfdary of the unreacted core move inward toward the

ceftre of the particle. But the shrinkage of the unreacted
core is slower than the ow rate of A toward unreacted core

by a factor of about 1000, which is roughly the ratio of

e
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densities of solid to gas (62). Thérefore, it will
be a reasonable assumption th%t the unreacted core is
stationary while considering the concentration gradient

of A in the ash layer at any time. Consequently, rate of

-

reaction of A at any time is given by its rate of diffusion

to the reaction surface, or

d L2 2 2 J
== = 4nr_QA = gﬂRPQAS = 4wchAc-= constant | (4.8)

\

Applying Fick's law for equi-molar counter diffusion, one

could write:

dCA

QAZ DQE- ‘ ' (4.9)

"

where De is the effective diffusion coefficient of gaseous
‘reactant in the ash layer. Combining equation 4.8 and 4.9

for any r,

-
- EE& = 4wr2De iEé': constant - $4.10)-
dt - : dr :

-

Integrating across the ash layer and with the initial

conditions R = r _, CAQ = 0, R = 3"CAg = CAS, one can get.

P c p
»
aN ' :
A 1 1
- (=— - ==) = 47DeC . (4.11)
dt T Ry ‘Ag

L 4
Equation 4.1l could be further treated as in the case of film

diffusion. The final result wi be:

~

\

.
i

N
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2
o r r
R S 397 + 2257

= (4.12)
6bD R
®Cag p P &
Oor in terms of conversiocn of B
P
= B8P - _xy2/3 -
t TEDaC [1 3(1-X) + 2(1-X)] | (4.13)

. Ag a
Wen (63) has shown that effective diffusivity through ash
layer (De)'hay be defined based on the surface Area of the
‘unreacted core. In such a case the ash diffusién controlling
Equation 4.13 will.become:

2 .

1/3]2 7 (4.14)

p_R
B
t = ——— [l - (1-X)
GbDeCAg

iii) Chemical ReactionFControls

-
5

The quantity of material reacting is proportional to the
- -
available surface area of unreacted core. Thus, based on unit

surface of unreacted core, the rate of reactfon canbe written as:

\

. %
S B T dNA(bk c (4.15)
‘ 4 2 at 2 dt s "Ag - .
wrc 4“§é

where ks 1is the first order rate constant. Writing,NB,in

terms of shrinking radius from Equation 4.3 and integrating:-

Y
”,

o

or
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0
B (4.16)

£t = 0/ (R -r)
BR_C,o o Te
In terms of conversion of B, the following can be obtained:

_ 8%

t =
kaCAg

(1 - (1-xy%3 - (4.17) -

From Equations 4.14 and 4.17 it can be seen. that a log-log
plot of l—(l--}-{)l/3 vs. t willlgiyg a straight line of slope
L4 ~ »
of unity if chemical reaction is cong}olling and straight
e!’line of slope 2 if ash.diffusion is controlling.

J/ Three resistances to the reaction rate can alsoc be

" combined in one eguation.

’

4.1 Char-Steam Reaction

Equation 4.17 in its differential form can be represented

as:

2/3 .
dx _ 3(1-X) ‘ ;
SF = —_—Egﬁ__— (ksCAg) (4.18)

For carboﬁ—steaﬁ system secondary reactions andtgtgducts
inhibition may alsoc be prominent in addition to primary
C—H20 reaction. Therefore, reaction rate may not be a simple
_firstoorder with respect to steam concenération. In that
case the term within. the parenéhesis in Equation 4.18 can be
'+, given a,ébn&;al fofm as follows:
3 (1oxy 273 '

dx - 3(1-X . : Co
— — . -
3t ——EEE;——é tf(c)) | (4.19)

Here f(c) is funetion involving the reaction rate and con-

centration of reactive species in gas phase surrounding the
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-

the particle. Several forms which function £(¢) can be
assigned are given in Table 4.1. The reaction rate data
for char-steam reaction should be tested for best fit with

"~ respect to all these function forms.
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MECHANISTIC MODEL FORMS

6l

Table 4.1

Mechanistic Functiop *

Camments

Flc) =

kJ.Pnzo .
P’kzpﬂ;kapnzo

k.p
17H,0

1+k.p
2 H2

kP
1TH0

l+}c2pH2O

k.p +k.p
leO 2(?02 -

k.p kP
_PPhyo 3Feo,
l+k2952 14k 4Peo
k1Py o
= e P
2Py 2
2
k.:apco2
=k o) t —
1 HZO 1+k3pco
P Py
N Y ——
SR S

Langmuir-Hinshelwood necham.sm
hindrance by H, and H,0

Hi.ndrané:e by H2 only

" Hindrance by H,0 only

Two parallel reactions
C-H,0,. -C-Q0,,

Two parallel reactions
C-,0 hindered by By

C~C0, hindered by CO

-~

C—H20 hindered by H2
C—CZO2 not hindered

C-CO, hindered by QO
C-HZO not hindered

Empirical model by Wen (64)
X = equil. const. for

C-HZO reaction
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CHAPTER 5
EXPERIMENTAL RESULTS
L .
Experiments conducted are divided into three series
of runs:
e 1. uncatalyzed gasification of char
2. screening of various materials fér their catalytlc.
activity
N
3. catalyzed gasification of char
Summary of experimental runs 1s given in Table 5.1
Table 5.1
SUMMARY OF EXPERIMENTAL RUNS
Rin No. Description . Parameter Studied
26-36, 39-42, 66-70 uidatalyzed temperature, steam
. partial pressure
37, 38, 63 uncatalyzed particle size
12, 14, 16 uncatalyzed - bed height
103, 104 uncatalyzed steam flow rate
44-61, 81, 82 catalysis catalyst type, catalyst concentration
99-102, 107, 108 screening temperature, steam |
. partial pressure
71-80, 83-93, 97 catalyzed temperature, steam partial
‘ (10% K,CO; or | pressure
Na(D ?
95, 96, 98 catalyzed ' particle size
(10% K2C03)
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5.1 Uncatalyzeé Gasification

~ In the first series of runs, char was gasified in
[ ’

the  temperature range of 650-800°C and steam partial

pressures of 0.20‘£o 0.83 atm. Total pressure at the inlet
P )

of the reactor was near atmospheric pressure. Balance of
the reactant éas was made uﬁ by-nitrogén. Char particle
size of 177-250 um was used in all the experiments except
when the effiect of ‘particle sizé was studied. The char bed
consisted of about 3 g of char with a bed height of appro-
. § i ' .
ximately 6.1 cm.
Reaction temperature and steam partial pressure were

varied to evaluate the kinetics of reaction: Effect of

such as particle size of char, bed height, steam

o ~
~

flow rate on gasification rate were also studied to cla;ify
the kinetics. Plots of carbon conversion vs- reaction time
are shown in Figures 5, 6, 7 and 8, temperature and partial
pressure being the parameters. Results of all these runs |
are summarised in Table 5.2. -

Topal carbon- conversion obtained over the entire run
period varied from 12.2% to 88% and steam conversion ranged
from 8.1% to 93.5%. While carbon conversion depended on
reaction time, reaction temperature and steam partial préssure, =
steam conversion was function of reaction temperature and

steam partial pressure. Apparent stoichiometry (Hzo/c varied
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L 3 -
f?gm 1.37 to 2.019. It increased with incréase in steam-
partial pressure and decrease #n reaction temperature.

Gas yield reported is based on the total amount of

hydrogen, carbon’ﬁg‘oxide, carbon dioxide and methane

produced, divide& by thg prOduCth:f,ﬁisngon time and amount Si_j
"~ of carbon initially present in t[ reactor. As expected,

M

gas yield intreased with increase in reacFion temperature

l__ﬂ\ and steam rtial.preséure. This gquantity was useful in
’ "comparing the p?rformance of various catalytic agents.

The composition of the product gas was calculated’on

moisture and nitrog#n free basis. Gas mixtures consisted

of 57-69% H,, 2-32% CO, ¥O= CO, and 0-0.7% CH,. While -

4
the amounts of, K hydrogen a " arbon dioxide decreaseénand
those of carbon monoxide increased with increase in reaction
téﬁperature and decrease in steam partial pressure. This
change in-product gas c0mposition'was alseo reflected in &
H,/CO ratio whifgh varied between i.8 at 800°¢C and 0.20 atm
of steam parﬁia essure to 43.3 at 650°C and 0.83 atm of
~Steam partial pressure.
\

5. 1.1 Effect of Particle Size

| Four partlcle sizes of char 88-105, 125-150, 17Q~250
\

and 500-595 uq were ga51f1ed at 800 @Kand 0. 83 atm\p%essure

-}

L1
N cf steam. The Dldts of carbon conversion vs. tlme are shown

[

in Figure 9 and\results of these runs are summarized in

¢

S
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Table 5.3. Carbon and steam conversion increased with
iné%qsfe in particle size showing thereby that rate of

gasification of carbon was increasing with increase in

particle size. H2/CO ratio also tended to increase with

particle size, that is, more hydrogen.an@ &arbon dioxide

. and less carbon monoxide were\§ as the particle

(

oduce

size increased.

5.1.2 gﬁ!éct of Steam Flow Rate

. Char gasification was carried out at 800°C with steam
P2 ) :
flow rates of 62.1, 85.6 and 144.0 ml/min while keeping

rtial pressure of steam around 0.83 atm during all the

-

three efperiments. Conversion time plots in Figure show

. C
that there was no significant Lhange in the extent of car
gasification even when steam flow rate was more than doubled.

/J It could bé inferred from these results that diffusion through

the gas £film surrounding the char particle had insignificant

effect on the rafe of carbon gasification..-_-

~

5.1.3 Effect of Bed Height \

/ The effect of char bed height was investigated by varying
the- initial amount of char in the reactor bed. The amounf of
@ ; .
char were 4.6 g for a bed height of 9.2 cm(ii.l g for a bgﬁ\\

height o5& 6.1 cm and 2.3 g for a bed height of 4.6 cm. .

°
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Reaction temperature (750°C) and steam flow rate were képt
. A unéhanged in all the three experimental runs. .These runs
produced conversion data over a range of inverse specific
steam rate (W/F). Thg conversion-time curves for the runs
were overlapping (Figure 11) showing tth the varigtion of
bed height in this range did not affect carbon gdsification

- rate. .,

\L.d Kinetics of Gasification <

2 The observations that gasification rate increases with .

; increase in partigle size and char particles were essentially

npn-porow led to the attempt to use the unreacted shrinking core:

model for kinetics of gasification. The following assumptions -

L were %jfolved: ‘
\ _ !

1) reaction proceeds at the outer surface of the particle
) .

A

with unreacpeq shrinking core; 5

>
[k

ii) each particle reacts independently without being
)

fﬂh*\\x\ affected by neighbouring particles”in the bed implying
th the conversion of all the particles of "the same

sdze is the same at any time during the reaction.

-
~

Mathematical expressions based on these assumptions have
been derived in Chapter 4 and the equations obtained are as

follows:
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£ = BB - ' (5.1 ° \

PR X
73kg CAg
when film diffusion is coftrolling. * )
pBR2 1/3.2 \> ~. 7 :
£ = g (1 - =% 710 /Ts.z) '
e Cphg . .

when ash diffusion is controlling.

. p_R R . K\
)and g=—B2 - a-xnt3 : (5.3
| S 259 >

when chemi reaction is coggrolling.

Theoretical calculation (Apﬁendix B) and results of

the ?xperlments with varying ‘steam flow rate showed that

. / .

diffﬁsion throughjgéa_gg;m/ﬁas not controlling the reaction.
} .

Therefore, either of the eguations 5.2 or 5.3 should be

. ¢
applicable to the. kinetic data. :

Plots of [l—(l-X)l/3] vs t were-made on a log-log graph
for the experimental results. These plots are shown in
Figures 12, 13 and 14 for various temperatures and steam
;partial pressures. Figure 15 shows the same pféts ?Er
different particle sizes of char at 800°C and 0.83 atm of
steam pressure. Experiméntal point at any temperature and
partiai pressure could be-represented by reasonably good

straight line. Slopeé of these straight lines were in the

range of 0.9 to 1.1. This shows the applicabiléty O?;,/((”\\

Equation 5.3 and thereby the conclusion that ash diffusion

F
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was not limiting the rate and it was chemical reaction
* controlled.

Equations 5.1, 5.2 and 5.3 were derived with the
‘assumption that steam partial pressure remained constant
with reaction time and that proéuct gases were not affecting
the reaction rate. To improve upon this, varying partial
pressures of steam and product gases anq also the secondary
reactions were incorporated in Egquation 5.3. Consequently,

Equation 5.3 in its differential form is written as follows«

dx _ 3(1-x)2/3

a"E- = —BW . F(C) ‘ (5.4)

-

Various expressions for F(c) are listed in Table 4;11
Differential rate data was obtained by differentiating_the
conversion time data. Partial pressure of each gaseous
component at any time during the reaction was obtained by ta-
'khm;theaverage of partial %ressures at inlet and outlet of
the reactor. A non-linear least square computer programme
was used to tegt the different forms of function F(c) for
the best fit. The package‘for this programme wa; available
in the Computer Centre Library.

For selection of the best model, the first condition was
that rate constants ks k5, k5 etc. should be positive.
Therefore, those kipetic models which gave negative reaction
rate constants were rejected. The following three equations gave

- ' S/

4

Y
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-

positive reaction rate constants:

dx '3(1-X)2/3

o _
dt DBRp HZO | _
v
2/3 .
dx. _ 3(1-X)
== === (kp ) S (5.6)
dt pBRp HZO ‘
and )
2/3 . .
dx 3(1-X) : .
== 22278 (kp + KoDan ) _ (5.7)
at | PgR, 1¥H,0 27co,
Here pOH:b is the steam partial pressure at the inlet
2
of reactor, p vand p are the partial pressures of steam
HZO (.“.O2

and carbon dioxide respectively inside the reactor and are
changing with timé.

These models were discriminated by comparison of residuals
obtained from predicted and experimental values of reaction
rates. It was found that Equation 5.7 not only gave the
lowest values of residuals but they were also most randomly
distributed. Therefore, Equation 5.7 was céﬂﬁidered to
represent the kinetic data of char gasification best. Values'
of kl and k2 were 6btained at various temperatures. Mean
values of kl and.k2 with their intervals at 95 percent confidence

level are listed in Table 5.4. Coanfidence intervals were

calculated from four or five different values of k. and k2

1

~

obtained at different partial pressures of steam.

e
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Table 5.4

REACTION RATE CONSTANTS FOR UNCATALYZED - GASIFICATION

T, ¢ 650 700 750 800
‘klxlos 0.25740.191  0.587#0.315 1.364:0.328  2.555:0.862.
k2x105 0.665 1.712#0.917  3.239#0.709. - 5.625+0.800

P

Variation of kl and k2 with temperature is shown by

Arrhenius plots of Figure 16. From the least square fit of the

plots the folloﬁing equations for kl and k2 were obtained:
_ +._ 30,500 A o
kl = 4.270 exp( __ﬁf_—) - ‘ (5.8) //
_ . 27,900 e X
Kk, = 28.140 gxp(- &7 ) . : (5.9}

Here R is in cal/mol-X.

Figure 17 shows the exper;mental and calculated values
of gasification rates for a set of experimental conditions.
By visual inspection it could be seen that agreement between

experimental and calculated values is very good.

5.1.5 Effectiveness‘Factor

Wen (63) suggested the use of an effectiveness factor

for gas-solid reaction which is given as«



-

84

-9.0

~ -11.0F

-12.0

-fnk

-13.0

-14.0

=1 5.0

0827 0.56 1.00 104 1.08
1 3
TXI0% w

Figure 16. - Arrhenius Plots for Reaction Rate Constants

.~



85

0.6

* pH,0:=066 gtm

o.f;s -¢/} — ?\¢ -. © 650 T

. a2 700C
\¢\¢ C 750 ¢

d 800 %

] !

] ] |

0

1 I
01 02 03 04 05 o6 o7 0.8
FRACTIONAL %RBON CONVERSION

- .

i ' '
‘Figure 17. Predicteg {Solid Line) and Experimental (Points) Rates



86

actual reaction rate

reaction rate obtainable at the
concentration and temperature of
the bulk phase

(5.10)

-

This effectiveness factor relates the reaction fate at
any time to the initiél rate and permits the examination of
effect of diffusion. (The eftitiveness factor for an unreacted 5
shrinking core model 1is proportional to the reaction rate ’

per unit reaction surface area. Reaction rate per unit

surface area is defined as

M .
(n dr_ o . ' (5.11)
s’ ¢ 4rc2 .

where rc is defined as

2

_ 2 2
4nrc = 4an(r

_ 2, _y2/3 |
C/Rp) 4TR](1-X) (.11)

and M 1is the total réactionJrate of carbon gasification.

Normalizing by dividing the reaction rate per unit reaction
surfade area at X¥=0, unit reaction rates were calculated and‘
plotégz in fig re 18 vs carbon conversion to clarify.the
mathematical model. |

It could be seen fram Figure 18 that reaction rate per unit surface
area increased with carbon conversion for the three coarser particle
sizes and remained virtually constant for

smallest size. Therefore, it could be concluded that reaction

rate was not limited by diffusion. Increase in reaction rates

-
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per unit surface area with carbon conversion could be

explained with thé help of the concept of gecometrical
instability of an .unreacted shrinking core particle (63).
As the carbon conversion increases, unevenness of reaction
shrface increéses. This results in gfeater panetration q/

the char particle by reactant gas and the reagtion was ﬂbt

limited only to the outer surface of the

higher reaction rates per unit surface area are obtained with

increase in carbon conversion.

5.2 Catalysis Screening

In this series of runs variations in gasification rate

and product gas composition were investigated:

1. by gasifying char at 650°C and 0.86 atm of steam
partial'presspre in the presence of different catalysis
. each at 20 percent concentration level except Ni and
Fe203 which were added at 1 and 10 percent level
respectively, and also by varying concentration of sodium
and potas;ium carbonates between 1 and 20 percent;
2. by gasifying char at‘8OOOC and 0.86 atm of steam in the
presence of different catalysis each at 20‘percent

concentration level and varying the concentration of

sodium and potassium carbonates;
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3. by gasifying char at 650°C and 0.35 atm of steam =

in the presence of sodium or potassium carbonate,

each at 10 percent concentration level; and
s

4. - by gasifying char at 760°¢ and 0.35 atm of steam
in the presence of sodium or potassium carbonate,

each at 10 percent concentration level.

<i:///*\\\oescripti0n'of all the experimental parameters studied,

is given in .Table 5.5. Results of this series of runs are

summafized in Table 5.6, 5.7 and §¥%. The effect of

e
parameters namely: catalyst type, caéﬁI?ét concentration,

gasification temperature and steam partial pressure on gasi-

fication rate and product gas composition are described here.

5.2.1 Catalyst Type

Figure 19 shows the carbon conversion vs. time curves

for K2CO3, Na2C03, KCl and NaCl, each at 20% by welght.

While K2C03 a;d Na2CO3 were comparable in increasing the
carbon conversion, KC1l and NaCl were not egually effective.
Conversidn vs. time curves for 1% nickel, 10% K2CO3 and

1% nickel + lO%'K2C03 are shown in Figure 20. Carbon
gasification rate at 10% carbon conversion level and gas

vield for each of the catalysis are reported in Table 5.6.

/
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Table 5.5 I
e

et}

: R .
EXPERIMENTAL SCHEME FOR CATALYSTS SCREENING

K,CO 1, 5, 10, 20%

2~Y3 ]
KC1l _20%
650°¢C ‘NaCl 20%
~ Ni 1%
, . Ni + K,CO; 1 + 10%
0.86 atm Fe203 10%
| K,CO, 5, 10, 20%
. . | ,
| 800°¢ Na,CO, 5, 20%
CHAR _ KCl 20%
NaCl .+ 20%
‘ .
650°¢C X.CO 10%
2-Y3
Na2C03 10%
0.35 atm
. .
760°C X,CO; 10%
Na2CO3 10%
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% CARBON CONVERSION
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Effect of Catalyst Type on Carbon Conversion
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pH,0 =0.86 atm
704 T=650°C
' - O 1% Nickel+10 % K5 CO5
| b 5 10 % KpCO3
S0F O 1% Nickel
"4 NO CATALYST
50 ‘
S
2 40~
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O
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c
o
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Figure 20. Effect of Nickel, Potassium Carbdhate and Mixed Catalvst
. on Carbon Conversion :
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Comparison of gasification,rates show that 1% nickel was
a more effective catalyst than 20% KCl or NaCl. Also, the
combined catalytic activity of 1% nickel and 10% K2C03 was

better than 20% K2CO3 or Na CO3. Ferric (III) oxide was

2
found to have'very little catalytic activity towards carbon

gasification. .

Product gas'composition shifted towards more carbon
monoxide and less.carbon dioxide in the presence of any of
the catalysts. The amount of hydroéen either decreased or

Co Na.,CO

27737 27737
or NaCl. However, hydrogen content of the product gas

remained unchanged in the presence of K KC1l
increased on the additiorQof nickeI. The HZ/CO ratio was cal-
culated (Table 5.5) to indicate the shift in product gas
composition. The resence of 20% K2CO3 in the char bed, gave

the lowest value of 5.2 for H2/CO ratio corresponding to
highest amount of carbon monoxide (11.5%) at 650°C and 0.86 atm
of steam. ‘Fe203 was least effective in changing the HZ/CO

ratio. .

Methane was usually absent except in the presence of

present, the amount of methane was less than 0.5 percent.

10% FeO, the dual catalyst  (Ni+K CO,). When

Stoichiomet of the reaction reported in Table 5.6 was
calculated b dividing‘total hydrogen content by total carbon

content of ‘product gas. It was assumed that all the hydrogen
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preseqﬁ in the product gas was obtained from steam decom-
position. Stoichidmetry decreased in the presence of K2C03
or Na2603-remai nearly the same in the presence of KCl or

NaCl and increased in the gresence of nickel or Fe203.

5.2.2 Catalyst Concentration

\

!

Figure 21 éhows the conversion time curveg for 1, 5,
10 and 20% chog present in the char be arbon cgnversion
and gasification rate increased with increase in catalyst
concentration. Increase in gasification rate was threevfolé

for i% K2C03 and more than five-fold fdr 20% K2CO . Rate also

3

increased in the presence of,Na2CO3 when its concentration
was raised frdrﬁ 5 to 20%. Na2C03 proved to be a bettér catalyst -
than K,CO, at the 5% co?centration level. Howéé;%, K,C0, was more effective
at the 10 and 20% levels. Concentration of g;? and-NaCl were not
varied because of their very poor activity even at 20%-
concentration level.

Increase in concentration of K2CO3 shifted the gas com=
position further towards less hydrogen and carbon dioxide and

more carbon monoxide. The IIQ/CO ratio went down from 26.2 to 5.2

as the concentration of K2CO3 was increased from 1 to 20

percent. In the presence of Na2CO3, the _HZ/CO ratio decreased

/<7¢¢’ from 30.3 at the 5% level to 13.7 at the 10% level and then increased
=
%

slightly to!15.2 at the 20% level.
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5.2.3 Gasification Temperature .

Experiments were conducted to study the effect of

temperature on the catalytic activity of K,C0,, Na,CO,, KC1

37
and NacCl at 800°% keeping the partial pressure of Steam
constant (0.86 atm) . The concentration of each of these
catalysts was kept at 20% by weight. Results of this set

of experiments are compiled in Table 5.7. The catalytic

effect of 20% K2CO3 on carbon conversion at two temperature
levels of 650°C and 800°C are shown in Figure 22.~ The

Relative effectiveness of K2CO3 was lower at highér tem-
perature.

Carbon conversions of more than 90% were.obtained within
a - relativelyv short time in +he presence of anv of the cata-
Clysis. Reaction time taken to achieve this conversion is
indicative of the effectiveness of each of caialysts at
800°¢ Gasification rates at 50% carbon conversion are
compared in Table 5.6.

At 800°¢, K2C03 and Na,Co, were almost equally effective
at 5% concentration level. Na2C03 gave a higher gasification
rate than K2C03 at 20% concentration level. This was the
reverse for K2CO3 and Na2C03 when the gasification temperature
was 650°cC. The relative effectivéness of KCl and NaCl remained

unaffected with an increase in temperature.

<



% CARBON CONVERSION

100

90

99

pHZO = 0.86 atm

© NO CATALYST, 850
- ¢ 20% K2C03,650°C |
A NO CATALYST, soo"cg

A20% K4CO3, 800 °C |

——— e —d

I [ |

l
40 80 120 160 200 240

. aJdime, minutes
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A shift in product gas composition in the presence of

a catalytic agent at 800°C was similar to that obtained

>

~at 650°¢C. Figure 23 shows the change in the mole percent

of each component at 800°C when 20% X.CO., was added. HZ/CO

2773
ratio was lowered from 2.8 to 1.5 by addition of K2CO3 under
the experimental conditions.

Figure 24 shows the effect of temperature on the product
<

gas composition in the presence of 20% K2C03; An increase in
temperature from 650°C to 800°C further lowered the H,/CO

ratio: Therefore the addition of catalyst at both temperatures
(650°C and 800°C) and an increase in temperature with or without
catalyst had similar effect on ﬁhe gas composition. The value of

thaHz/Cb ratio under various conditions is given below to

clarify the changes in product gas composition.

Table 5.8

EFFECT OF CATALYST AND TEMPERATURE
ON THE PRODUCT GAS COMPOSITION
p =0.86 atm.
H,0

H.,/CO Ratio
T,Iﬁfsa:alyst -+ None 2 20% K2CO3
hd

650 51.1 5.2

800 2.8 1.5

It should be noted that values of the HZ/CO ratio between
1.5 and 51.1 could be obtained under intermediate conditions

of temperature.and catalyst concentration.
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Figure 23. Effect of Catalyst on Productk Gas Composition
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Figure 24. Effect of Temperature on Product Gas Composition during

Catalyzed Gasification
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5.2.4 Steam Partial Pressure.

The results described so far were from ﬁhe‘expgriments

conducted at 0.86 atm steam partial pressure. Experiments
N

were conducted at 0.35 atm of steam to study the effect of
steam partial pressure on carbon conversion and product gas
composition in the presence of catalyst. Gasification of char
was carried out at 650°C and 760°C in the presence of 10%
r'1-(2C203 and 10% Na2C03. Résults of the six expe;}ments thus
' completed are given in Table 5.9.

Conversion time'curyes for uncatalyééd and catalyzed
gasification at GSOOQ fof two steam partial preﬁfures are

shovn in Figure 25. The Catalytic effect of K,CO, was of the

2773
same order of magnitude at both steam partial pressures.

Figure 26 shows the comparison of KZCO3 ana Na2C03 at
650°C and 0.35 atm of steam. While the two catalytic agents
had comparabie performance at 0.86 atm, K2CO3 was distinctly
better than Na2CO3 at 0.35 atm of steam.

Lower steam partial pressures favoured lower values of
H2/CO ratio with or without an added catalyst. The values
ranged from 18.5 at 650°C for uncatalyzed gasification to
1.3 at 760°C in the presence of 10% NaZCOB' This ratio at
650°C and in the presence of 10% K2C03 was 18.5 at 0.86 atm
and 4.8 at- 0.35 atm of steam. Agaiﬁ, the shift in product

gas composition could be understood from the values tabulated

below: ) \\\_//
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Table 5.10

-EFFECT OF STEAM PARTIML PRESSURE AND o
CATALYST ON PRODUCT GAS COMPOSITION

Temperature = 650°¢

H2/CO Ratio

PHzo(atm),catalyst - _None lO%,K2CO3
4

0.86 . 51.1 . 18.5

0.35 > 18.3 4.%

-

LY ’ .

It should be noted thaf*%ither addition of 10% K2C03

of steam partial pressure from 0.86 to 0.35 atm had almost

or lowering

the same effect on thesz/CO ratio.

5.3 Kinetics of Catalytic Gasification

P

10% potasslium carbonate catalyst was seiected

for kihetics experifiefrts from the results of catalysts .
screeqi;;}=—%n’ggg}::;:ane of 10% K2CO3, there was not only
manifold increase in/the gasification, but alsc an appreciable
shift in the product gas composition under all the experi-
mental conditions tested. 10 percent carbonate

carbonate was also eguallv effective at 0.86 atm

5f steam but was inferior to XK.CO

2773

(0.35 atm) of steam. Some kinetics experiments were also

at the lower cartial pressure

conducted in the presence of 10% Na,CO..

2773
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Gasification of charfwag carried out in the presence
of 10% K2C03'in the temperature range of 640°c to 760°C.
Partial pressure of steam at the inlet of the reactor was
varied from 0.}3 to 0.74 atm. Results of this series of
experiments are summarized in Table 5.11. ‘Carbon conversion.
from 36.2 to 94.6 percent and steam conversion of 20.1 to
81.3 percent'ﬁere obtained under varying conditions of tem~’
perature and steam partial pressures The apparent stoichicmetry
vas lower than that observed under identical nditions of uncatalyzed
gasification. The value of stoicbiometry ranged from 1.22
at 760°C and 0.33 atm to 1.92 at 640°C and 0.74 atm of steam.'

Therproduct gas composition shifted towards larger amounts
of carbon monoxide and smaller amount of hydrogen and carbon
dioxide with an increase in gasification tefx}perature and decrease
in sﬁéam partial pressure. The effect was similar to that

\

for uncatalyzed gagification. This shift in the gas composition
was indicated by Hé/CO raﬁio values given in Table 5.11.
This ratio changed from 1.5 at 760°C and 0.33 atm of steam
to 12.6 at 640°C and 0.74 atm of steam. The ratio between
1.5 and 12.6 were obtained under intermediate conditions of
tgmperature and steam partial pressure. Methane was also
présent in small amounts during most of the runs. The maximmam
amount of methane produced during a run was 0.8 percent.

The particle size of the char was also varied in a similar manner

to that during uncatalyzéd'gaéification. Potassium carbonate



Table 5,11

RESULTS OF CATALYTIC GASIFICATION.

(10% K2C03)

Gas Conposition
mole percent
o

gas
vield

Apparent
stoichio-

Total Total
carbon

oonv, %

tion

Reac-

H2/CD
ratio

'CH4

ml
hr

matry
H20/C

’

time
min

steam

conv, %

P
llz()

4.8

63.5 13.2 23.3

439.9
588.5
857.4

74

37.9 42, 1.

264
244
234
204
284
. 270

0.33
0.33
0.33
0.33
0.49
0.48
0.49
0.43
0.50
0.61
0.61
0.61
0.61
0.61
0.74
0.74
0.74
0.74
0.74

650

80
17
78
79
75
71
72
73

0.0

2.0
1.8
1.5
8.8

28.6 14.5 0.0

57.0

32
1.34
1,22
1.76
1,70
1.57
1.37
1,30
1.80
1.69
1.51
1.43
1.28
1,92

1,

55.2

700,
730
760
640

0.0
0.7

11.3

31.3

17.7

76.9

57.0

54.0 37.5 7.4
28.9

948.1
483.7

81,3

78,3

0.0

7.3
12.4
17.8

63.8

32.1

44.5

108

5.1
3.4

0.0
0.3

24.6

63.0

603.5
 883.0

39.2

53.9

670
700
730
760
640
670
700
730
760
640
670
700
730
760

21.0

60.9

72.1 54.6

234

57.5 28,2 14.0

842.6
1181.1

71.7 60.5

224
214
284
244
224

32.4 11.0

56.1

66.3

93.8

74

400.1  '64.4 7.5  28.2 0.0
605.0 13.9

773.8
1025.9

20.1

36,2

0.3
0.8

0.7

23,2

62.6

29.8

49,3

B3

20.9 18.8

59.6
58

37.5

62.5

85

15.8

25,2

.4

78.8 49,7

204 °
184

86
87

0.8
0.0
0.2

34.3 9.5
29,1

55.4

1132,0

50.8

82.9

5.2
11,7

65.7

691.9

60.1 28.6

284

3

24.8

63.4

899.0
1197.9

1.74
1.60
1.32
1.42

244 1.7 35.7
204

164
124

92
90

'20.0 0-3
0.4

18.5

61.3

46.1

84.5

30.3 12.8

56.6

1567.9

59.1

91.8

91
97

0.4

23.5 6.6

59.5

2111.5

80.0

94.6.

T
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was added to four'differeﬁt sizes of char particles and
gasified at 760°C and 0.74 atm of steam inlet pressure.
Results for the four experimental runs are giﬁen in Table
5.12. Carbon conversions of the same order (>90%) were
obtained within 124 minutes of reaction time for three of
the four pérticle sizes. The finest particle size gave
83.2 percant carbon conversion within 164 minutes. Gasi-
fication rmtes for‘the three coarser size particles were
of the same order of magnitude and were significantly lower
than that of the finest particle size.
Carben conversion vs. time curves for different tempe-
ratures and steam partial pressures are shown in Figures
27, 28, 29 and 30. The approach used to find a suitable
kinetic model for the experimental data was siﬁilar to that
used for uncatalyzed gasification. The unreacted shrinking
core model of Equation 5.3 was applied to these results.
Plots of [l-(l4x)l/3].§s t on a log-log graph are shown in
Figures 31, 32, 33 and 34 for four different steam parﬁial
.pressures. Figure 35 shows a similar plot for the four
. different particle siées of char at 760°C and 0.74 atm of steam.
Experimental data for each'temperature and partial
préssure could be represented well by a straight line. Slope
of;these straight lines ranged from 0.9 to 1.1 showing thereby
that the unreacted shrinking csre model was applicable to the

results of catalyzed.gasification and also that the rate was

K
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10% K,COx
pH20=0.33 atm
20— - A 650 °C
o 700 °C
$ 730 °C
& 760 °C

% Carbon Conveﬁion

| ]

40 80 120 160 200 240 280
Time, minutes —

Figure 27. Carbon Conversion vs Reactlon Time During Catalyzed
Gasification ‘
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10 % K2803
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chemical reaction cont:olled unde£ the eXperimental
conditioﬁs. |

To seek a best fit kinetic model, again various
forms of function of F(¢) given in Table 4.1 were tested
with the help of non-linear least squaré computer programme.
The kinetic model represented by Equation 5.7 expressed the
experimental results best as it did in the case of unca-.
talyzed gasification. Equétion.S.?,is being reproduced
here for the sake of convenience:-

. 2/3 :

%% = él%;%i‘“‘ (klszO * k29002? | : (5'?)'

Therefore catalyzed gasification of char was also represented
' by parallel C-H,0 and C-CO, reactions.' Mean values of k, and

'\kz found from different .sets of results are given in Table 5.13.

- Table 5.13

REACTION RATE CONSTANTS FOR CATALYZED GASIFICATION

(10% KQESQJ

L
7,% 620 670 700 730 760
k,x10°  0.672 "1.17420.212 1.724:0.208 3.249+1.290 4.573:1.137
]

k2x10 1.237+0.644 2.418+1,362 4.29421.652 7.067+3.078 12.539+1.960

Here the range for kl and k2 values is reported at 95%
conﬁidence level. Some of the values of kl and k2 were

rejected because of obvious-larger error. The range for k, at

1
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640°C was not calculated since only two values of k., at

1
640°C were available. The confidence interval has little

significance if the number of data points are small.

Arrhenius plots for kl and k2 are drawn in Figure 36.

Best lines obtained by least squares fit gave the following

equations for kl

and k2:

~
i

| = 12.491 exp(- 30380

7 e | (5.12)
y . -

3 _ 35,900 ' -y
5 4.920.x 107 exp( _—) (5.13)

A
]

Here R is in cal/mol-K.
Normalized gasification rates based on the unit surface area
\bf char particle were calculated for different particle sizes
of char at 760°C and 0.74 atm of steam. Figure 37 shows the
pPlots of these rates against carbon conversién. It could be
seen that the normalized rate in each case was increasing with
the extent o% gasification. ® The trend was similar to that
obtained for uﬂcaﬁalyzed gasification rates. .It shows that
the gasification rate is not limited\by the diffiksion of
reactant gas through the ash aé the reaction proceeded with
time. 2n increase in the rate with the extent of carbon conversion

indicates that the reaction was not limited to the surface of the

particle. The reactant gas was penetrating the char particle
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to a greater extent as the carbon conversion increased.
This obsefvation is simiiar to the results of uncatalyzed
éasification.

During the screening process of various catalysts, gasi-
fication of char was carried out inrthe_presence of 10%
Na2C03 at 0.35 atm of steam and at 650°C and 7600C. aAn
exercise in fitting the kinetic model to the results of
Na2CO3 catalyzed gasification alsc resulted in the same
kinétic model of Eguation 5.7. Thé activation energies of
kl and k2 were estimated from the additional experiments
cérried out at 7OOOC"and 730°¢C in the presence of 10% NaZCOB.'

Following values of kl and k2 at various temperatures were

obtained:

Table 5.14

REACTION RATE CONSTANTS FOR CATALYZED GASIFICATION
N (10% Na2C03)

T,%C 650 700 © 730 - 760

6 _
k10 0..355 0.681 1.240 2.8104
k2x105 2.560 3.536 5.017 11.000

The temperature dependency of k1 and k2 was determined

from Arrhenius plots and are given as follows:
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kl = l.040}?f exp (- Mg) (5.14)
' RT 4 ’
20,000 . '
k, = 1.297 e -t 5.15
2 xp( RT ) | ( )

The significance of activation energies obtained for uncatalyzed
and K2CO3 and Nazco3 catalyzed gasification is discussed in

‘Chapter 6.

L
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CHAPTER 6

DISCUSSION °

The results of liénite char gasification with steam are
discussed in two parts, firstly, the kinetics of catalyzed
and uncatalyzed gasificationjang secondly, the performance
of various materials as catalysts towards gasificatioh. ’

While kinetic modelling is an important aspect of the

study, results of catalyéts screening are no less significant,

6.1 Kinetics of Gasification

It has been established from the results of the kinetic
e%periments that gasification is a slow'chemical reéction
copﬁrolled pfoceSS under the experimental conditions studied.
-\ ﬁpdified unreacted shrinking core mbdel was fouﬁd to
rep%gsent the experimental data best. The rate equation thus

obtained is as follows:

1
|

|
~ 2/3 .
dx _ 3(1-X)
dc '“5‘?;__— (K1 Py_o ™ KyPcp ! - {6.1)
\ B

2 2
The eq&ation is applicable to uncatalyzed as well as potassium

and sodium catalyzed gasification over the entire range of
\

i

| .
carbon and steam conversions.

1

It shows that the following two ;éactions are respon-

sible forxcarbon‘conversion:
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C+HO-~CO+H \/ . (1}

2 2

C + CO, » 200 ' (2)

The carbon-steam réaction is the érimary reaction and
the carbon-carbon dioxide reaction is the secondary. The
reaction rate is first order with respect to both steam
and carbon dioxide partial pressures.

According to the rate Egquation 6.1 neither of the
reactions is hindered by their products. rHowever, there 1is
ample evidence in the literature that the carbon-steam and
carbon-carbon dioxide reactions are hindered by the presence \
of hydrogen and farbon monoxide respectively. Therefore, ti?/’/
present kinetic model can be considered a semi-empirica%h#//
one. It has some physical significance, but does not describe
the complete mecha;ism of the compl;x gasification process.

In addition to reaction 1 and 2, the shift reaction is

present in the carbon-steam systes:

0> GO, + H (3)

‘CO + H 2 5

2

Carbon dioxide formed by the shift reaction reacts
with the.cafbon in char. The shift reaction approaches
equilibrium at lower temperatures (~650°) but is far from
equilibrium at higher temperatures. The addition of an
alkali metal salt removes the reaction fﬁrther from equilibrium.

The addition of nickel or ferric oxide helps it approach
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_equilibrium.

Thé fact that the same fate eqguation can fit the
uncatalyzed and catalyzed gasification of char indicates that
the addition of a catalyst does not change the mechanism of
the reaction. It only enhanceé the rates of certain pre-
liminary steps in the reaction mechanism.

The values of reaction rate constants k; and k, obtained
- for uncatalyzed and cataly;ed gasification are compared in
Table 6.1. Comparison of these values shows that potassium
'cqrbonate catalyzes both the carbon-steam and carbon-carbon
dioxide reactions whereas sodium carbonate seems to have only a
small effect on the carbon-steam }eaction bﬁt strongly
catalyzes the carbon-carbon dioxide reaction.

C:?\ ?

COMPARISON OF RATE CONSTANTS

Table 6.1

(g em ?min" tatm 1) .
e,
Temperature = 700°%¢ V%
Qatalyst None 10% K2C03 10% Na2CO3
K x10° 0.587 1.174 0.681
k,x10° 1.712 2.418 . 3.536

For gasification of coconut shell charceal, Tayloxr and

Neville (8) have reported that alakli metal salts; namely
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K2C03, Na2C03 and Li2C03 are effective for both the carbon-

steam as well as the carbon-carbon dioxide reactions”
Lignite char, used in the present investigation, was

also gasified in an atmosphere of carbon dioxide at 780°¢

using thermogravimetric balance. It was found that addition

of 10% K2C03 to the char iﬂ?feases the carbon conversion from

58 to 92 percent during 42 minutes reaction time. This confirmms

that carbon-carbon dioxide reaction is catalyzed by potassium

carbonate.

.

Activation energies of kl and k2 obtained for uncatalyzed

and catalyaed gasification are listed in Table 6.2.

Table 6.2
COMPARISON OF ACTIVATION ENERGIES
{kcal/mol)
Catalyst =~
Rate
Constant
v None . 10% K2C03 . 10% Na,CO,
kl 30.5 30.4 35.8
k2 27.9 35.9 20.0

.The values of activaéion energies are much lower than
those obtained for pure carbon-steam and carbon-carbon
dioxide reactions. However, they compare well with values
recently reported in the literature for gasification of

various coals and chars.

r/
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Linares et al. (60) reported a value of 42 kcal/mol
for gasification of a lignite char with steam in the
temperature range of 750°%¢ to QOOOC. Van Heek et al. (33)
gasified a lignite coal with s:eam at 10 atm and 700-850°C
in a fixed bed reactor. They reported an activation energy
of 30 kcal/mol. Jensen (27) stydied the gasification of a
. Kentucky ccal with steam in a fluidized bed reactor at
atmospheric préssure and 1040-1430°C. He interpreted his
experimental data with the help of the unreacted shrinking
core meodel and obtained an activation energy of 20 kcal/mol.
Wen and Dutta (64) have reviewed the kinetics of various
coal~gas reactions. They reported the activation energy for
the slow char-steam reaction of the order ;,0f 35 kcal/mol.
They also determined an activation-energy of 59 'kcal/mol
for carbon~carbon dioxide reaction for various coals and chars.
Results of investigations on carbon-steam and carbon-
carbon dioxide reactions published prior to 1960 are usually
unreliable because of ill-defined experimental conditions
and kinetics limited by mass transfer effects. It is almost .
impossible to make a comparison with earlier invéstigations.
Lowry (65) in 1963, reviewed the kinetics of gasification
of different types of carbon fueh;includind/;;al, cHar, coke
and graphite. The values of activation energy for carbon-
steam reaétion ranged from 13 kecal/mol to 62 kcal/mol and -

that for carbon-carbon dioxide reaction was between 24 and 62
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k cal/mol. The wide range of values is due to reactivity
of fuel used, different experimental conditions and inter-
ference of mass transfer effects.

The activation energy for the carbon-steam reaction
during uncatalyzed gasification in this work falls within
the range reported in the literature for similar fuel. The
value for thé carbon-carbon dioxide reaction is lower than
those reported. Buf values for both the reactions of
gasification indicate that gasification is catalyzed by
inorganic impurities of lignite char ash. Evidence of this
has been reported in thq_literature {50, ©6).

There is a lack of kinetic data on catalyzed gasification.
Few investigators have reported the .activation energy éf the
catalyzed carbon-steam reaétion. Kayembe and Pulsifier (2)
fognd that an.addition of ld? K2CO3 toc bituminous coal char
lowe'red the apparent activation energy of the carbon-steam iy

x
reaction from 61 to 35 k cal/mol.

Verra and Bell (45) gasified a sub-bituminous coal-char
with a steam-helium mixture. They reported activation
energies of 49, 45 and 39 k cal/mol for potassium loadings
of 0, 5 and 10 percent‘by weight respectively.

In the present work, the values of 30.4 and 35.8 k cal/mol

.

were obtained for the carbon-steam reactiocn in the presence of

10%.K2CO3 and 10% Na2CO3 respectively. These values compare well
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with those reported for the catalyzed cﬂar—steam reaction.

It can be seen from Table 6.2 that the activation ener;;y for
the carbon-steam reaction is not lowered with the addition
of potassium carbonate and is in fact_higher in the presence
of sodium carbonate. It is possible that the catalyst does not
lower the activation energy of the reaction, but the catalytic
effect is due toganincrease in reaction site dens;ty.

The theory has been confirmed by Otto et al. (47)
during "the steam gasification of coal chars in the presence
of alkaline earth metals. They contended that catalysté which
are solely effective by producing additional reaction sites,
ahd not by lowering of the activation energy, have to be
added in ratﬁer larger amounts. In most of the studies in
catalyzed gasification, alkali metal salts have been added
in large (>1%) amounts; Otto et al. (47) have reportgd that
activation energy incteased in some cases, though the rate
of gasifiéZtion was enhanced. ' (

For the carbon-carbon dioxide reaction, pot%%sium carbonate
increased the activation energy from 28 té736 k- cal/mol and
Sodium carbonate lowered the‘samg_valﬁe to 20 k cal/mol.
Both thg alkali metal salts increésed the reaction rate, but
sodium carbonate proved to be be£;9r catalytic agent for the

carbon-carbon dioxide reaction.
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6.2 Catalysts Screening

~——

Various alkali metal salts, nickel and ferric {(III)

oxide were tested for-ﬂiﬁﬁ?ability to increase the carbon

L3

gasification rate and change the product gas composition. The

significance of results of these experiments are discussed

here in two parts: firstly, the effect of catalysts on the

gasification rate and secondly, the change in the gas

composition in the presence of different catalysts,

6.2.1 Gasification Rate

r

Alkali metal salts, nickel and ferric (III) oxide were

added’ at different concentration levels. Their effect on

- the gasification rate are given in Table 6.3 and 6.4. The -

numbers listed in Table 6.3 were obtained by dividing the

rate in the presence of a catalyst by the rate in the absence

of any catalyst. The catalysts are listed in decréasing order

of their effectiveness. Certain salient features of Table 6.3

are:

i)

ii)

potassium carbonaté and sodium carbonate are almost
equally effective at all concentration levels and

at both temperatures;

sodium chloride is the least effective alkali metal salt
-and potassium chloride is intermediéte between the

carbonates and sodium chloride;



n

&

135

Table 6.3

RELATIVE EFFECTIVENESS OF CATALYSTS

= 0.86 atm.

Increase in rate

650°C* - 800%C**

1% Ni +.10% K2C03 6.22 -
20% K,CO, 5.67 3.56
20% Na,CO, 5.45 4.04
10% X,CO, 4,10 3.00
10% Na,CO, 4_.00 -

5% Na,CO, 3.58 1.81
5% X,C0, 350 “1.81
1% K,CO, 3.08 -
20% KC1 "3.00 1.81
1% Ni 2.67 -
10% Fe203 1.80 - A
20% NacCl 1.75 1.56

* rates compared at 10% carbon conversion
** rates compared at 50% carbon conversion

-

* rable 6.4

RELATIVE EFFECTIVENESS OF CATALYSTS

= 0.35 atm.

Increase in rate

3

650°C* 760%c*
©10% K2CO3_ 4.:80 S 2.24
10% Na,CO. 0 3.44 1.71

* rates compared at 10% carbon conversion
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iii) a combination of 1% nickel and 10% X,CO4 (dual catalyst)
. s

gave the largest increase in the gasification rate;
iv) the relative effectiveness of alkali metal salts was

lower at higher tempexature.

& ) l/'
The observation that the relative effectiveness of
. '

potassium and sodium carbonates decreased with an increase
in temperature is in agreement with the results reported
in the literature (67). Potassium carbonate is nore . - S
effectfve than sodium carbonate at both steam partiél

pressure (Table 6.5).

The dual catalyst (N1 + K2C03)jgives an additive catalytic

effect of the two catalysis. This observation is in agreement

with the results of an earlier study (68) éarriéd out using
a dual catalyst.

Thé effect of steam ?artial pressuré on the gasifiéation
rate with or without a catalyst is sﬁownriﬂ‘Table 6.5. It
can be seen that the gasification-ra%é'iﬁcreases due to-an
increase in steam Dartlal pressure 1is larger for catalyzed
gasification. The advantage of the catalyst is that much

higher rates (0.186 x 10 ° and 0.155 x 10 =2 _9_) are obtained

min-g

at 0.35 atm than at 0.86 atm without a catalyst (0.060 x 10 -2
—3J . '

min—-g

Thus éhe results of present study indicate the following

order of effectiveness of various catalysis:

.K2CO3 > NaZCQ3 > KC1 > Ni > Fe203 > NacCl
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,

Table 6.5

EFFECT OF S\'I'.EAM PARTIAL PRESSURE ON RATE
Temperature = 650€C

' Gasification Rate g 2
Catalyst - (= = ¥ 107)
pHZO Nene 10% KQCO3 10% Na2C03

$
0.35 0.045 0.186 ~0.155
0.86 ~  0.060 0.285 0.240

* at 10% carbon conversion level

This observation is in agreement with the results of

other recent. studies. Veera and Bell (45) tesﬁed_several alkali

metal salts for their catalytic agtivity towards the gasification

of a sub=bituminous c¢&l char with steam. They found that KOH

and K2C03 were much more effective than KCl, NaCl, LiCl, RbCl and CsCl.

. Hippo et al.l (46) established the order X > Na = Ca
> Fe > Mg, when dimineralized char was impfegnated with these
metal ions. Similarly Kayembe and Pulsifier (2) have reported

that K CO3, Na2CO

2 37 2

. activity of a sub-bituminous coal char in that order.

Li'CO3, KC1l, NaCl and CuQ increased the

6.2.2 Product Gas Composition

The Hz/co ratic has been used as an indicator to judge

 the ability of a catalyst to affect a change in the product
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gas compositién. An hﬁnﬂase:U1this ratio 1is accoﬁpanied by an
increase in the amounts of hydrogen and carbon dioxide and a
decrease in the amount of carbon monoxide and'vice versa.

The de_:sirec"i value of the HZ/CO ratio is dictated by the
end use of the product.- For example, if the product gas
is +to be used as fuel gas,Aits calorific value should be
maximized. Calorific value of the product gas increases
as the H2/CO ratio decreases. The addition of an alkali salt
lowers the HZ/CO ratio, hence increases the calorific value
of the gas. -

WHen the product gas mixture is to be used as synthesis gas,
the H2/CO ratio should be between 2 ind 4 depending on the
product to be synthesized. The proper H2/CO ratio can be
achieved by judicious selection of catalyst, catalyst con-
centration, gasification temperature and steam partial
pressure. !

Table 6.6 shows the values of H2/CO ratio at 0.86 atm

Eof steam. The values at 650°C have been arranged in the
decreasing order. Therefore, the effectiveness of the

l catalysis in changing the gas composition ilncreases frew
the top to the bottom of the table. The maximum value of
51.1 is cobtained at 650°C in the absence of any catalyst
and minimum value of 1.3 is obtained at 800°C in the presence

of 10% K2C03. mhe addition of a catalyst can achieve a particular

value of Hz/co ratio at much lower temperature,
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Table 6.6

2773

. Py o= 0.86 atm
2
Catalyst H2/CO Ratio
(wt. %) o o
650°C BOOTC
None Sl.i 2.8
1% Ni . 47.0. -
: ) 2
10% Fe203 39.7 ' -
20% NaCl 31.7 3.4
20% KCl 26.5 2.3
1% K,CO, 26.5 -
5% K2CO3 21.9 1.9
5% }\IaZCO3 20.3 2.1
10% K,COq4 - 18.5 1.3
20% Na2C03 i5.2 1.3
10% Na2CO3 13.7 -
1% Ni + 10% K2C03 12.5 -
20% K,CO 5.2 1.5

Y,
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The effect of steam partial pressure is shéwn in
Table 6.7. Lower steam partial pressure gives a lower
HZ/CO ratio and a lower gasification raﬁé. Addition of
10% K2C03 at .0.86 atml?fves.the same H2/CO ratio as obtained
at 0.35 atm without a égtalyst. -Hence the lower H2/CO ratio
can be achieved without reducing the gasification féte. The

addition of a catalyst and lowering the steam partial pres-

sure has an additive effect in lowering the HZ/CO ratio.

Table 6.7
COMPARISON OF H2/CO RATIO

Temperature = 650°C

\
Catalyst -+ None 10% K2CO3 10% Na2CO3
P |
H20 v atm
0.86 51.1 18.5 13.7
0.35 18.3 4.8 6.7

Veera and Bell (45) have reported that the H2/CO ratio
decreased with the addition of a catalyst and that the effect
of temperature on the product gas composition was similar
with or without the addition of a catalyst: This is in

conformity with the results of this work.
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However, Kayembe and Pulsifier (2} found that the
H2/CO ratio increased with addition of a catalyst and
also that there was no effect of temperature on the gas «

composition in the presence of K CO,. One of the possible

2
explanations for these results is éhat they used pure steam
in excess as the gasifying agent.énd large amounts of

carbon meonoxide and steam were availablg;during the caﬁalyzed
gasification. This pushed the water-gas shift reaction in
the forward directiqn and producing larger amounts of carbon
dioxide and hydrogen.

In the present study, a steam-nitrogen mixture was used_
for gasifying lignite char and the steam quantity was only
slightly in excess of the stoichiometry of the reaction.

Th;s is obéious from thg high level of steam conversions
obtained during uncatalyzed and catalyzed gasification (Table
5.2 and 5.8). Veeraland Bell (45) used steam diluted with

helium for gasification of char. .

6.3 Mechanism of Catalysis

The mechanism by which alkall metal carbonates catalyse
o
the carbon-steam reaction is not well. understood. The
sequence of steps suggested by McKee and Chatterji (54) is
the most plausible explanation to date. According to this,

the reaction takes place as follows: ’5

-
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M,CO, + 2C = 2K + 3C0 C (1)
2M + 2H,0 = 2MOH + H, (2)
2MOE + 3CO = M,CO, + H, . . {3)

whefe M stands for an alkali metal (Na, K, Li, etc¢.). Veera
and Bell (45) have also suggested a similar sequence of
reactions. According to this mechanism, reaction 1 is the
rate controlling step and that the overall gasification rate
depends on the salt-carbon interfaciél contact area which

is rapidly increased as the carbonate phase melts and wets
the carbon surface.

The main objection to this theory is that the catalytic
effect of I-:2CO3 observed at 650°C is much lower than its
melting point of 891°¢. Therefore, the explanation seems
to be incomplete.” The alkali metal formation may certainly
‘be taking place, but it may also involve‘some solid phase ‘
complexes of alkali metal and carbon (51), ‘

In"a recent review, Wen (51) ﬁas shown thaézgfaphite

b~

formed intercalates with potassium of the type:j

CBK C24K C36K C46K CGOK

Potassium atoms per carbon atom decreased with increase in
temperature from 250°C to above 500°C. Similar cdmpqunds
in the case of coals and chars would be much more complex in

the potassium atom attached to a complex aromatic molecule.



. 143

These potassium compounds have been called electron-donor-
acceptor (EDA) complexes. They are specially strong
electron donors. Alkali metals can form many EDA complexes

with aromatic hydrocarbohs (51).

\\ Wen (51) has suggested an alternate mechanism involving

-
these alkali metal complexes (C M) :

Initiation: )

M2C03(2) + 2C(s).= 2M{g) .+ 3CO(g) (1)
Formation of EDA complexes:

2M(g) + 2nC(s) = 2C_M(s) ¢ . (4)
Formation of an intermediate:

2ch(s) + 2H20(g)'= 2nC(s) + 2MOH (L) + H,(g) (5)

Recovery of the starting material:

2MOH(2) + CO(g) = M,CO5(8) + H,(g) - (8)

Overall Reaction:
. C(s) + H,0(g) = CO(g) + H,(g) (7)

Mb:e recently, Freriks et al. (55) have investigated the
carbon-steam reaction catalyzed by K2C03 using a temperature
programmed desorption and in-situ infrared spectroscopic-

technigques. They have shown that when carbon is impregnated
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with pdtassium carbonate, the carbonate is unstable above'
700°C and it decomposes into co, and a surface potassium
compound. This surface potassium compound could be similar

to EDA complexes described by Wen (51).

érom Lhe discussion so far, it can be concluded that
surface potassium compound or alkal mgtal-carbon complexes
facilitate certain preliminary steps of the carbon-steam _reaction
by accepting or donating electrons. If so, there should

be more unpaired electrons oﬁ the carbon surface :Ln alkali metal-char
mixture in the carbon aleone. - Keeping this view in mind, an
electron spin resonance (ESR) study was performed of char

and various char-alkali metal mixtures. The free radical intensity.

of char and these mixtures are given in Table 6.8.:

Table 6.8

RESULTS OF ESR STUDIES

Free Radical
Relative Intensity

1. Char : 799
2. 5% K2C03 889
3. 5% Na2CO3 958
4. 20% Na2CO3 : 1200
5. _ 20% K2C03 1568
6. 20% KRC1 ' 1553
7. 20% NaCl < _ 1084
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" ' . xﬁéfxl_

It was observed that free radical céncentration was
proportional to the reactivity of the char-catalyst mixture
with the exception of KCl which gave a high free, radical
concentration but a low activity towards gasification.
This observation indicates the role of unpaired electrons
in the catalytic gasification.

Further research in this direétion and related aspects
of the mechenism of catalysis were limited by the available

experimental facilities.

0



CHAPTER 7

CONCLUSIONS

Gasification of lignite char has been, studied with
steam in a fixed bed reactor at atmospheric pressure and
640-800°C. Effect of experimental parameters such as
char particle size, char bed height, steam flow rate,
steam partial pressure and gasifica;ion temperature on
carbon conversion were investigated. Kinetic data was
collected with and without an added catalyst over a wide
range of carbon (up to 90%) and steam (15-95%) conversion.

A kinetic model based on the assumption of an unreacted,
shrinking core char particle was found to represent the
results of both uncatalyzed and catalyzed gasification most
édequately. The model is represented as follows:

ax _ 3(1-x%/3
dt : QBRP

Salient features of the kinetic model are:

[k + k

P P ]
% H,0 2%co,

i} The rate was a function of the extent of carbon
conversion.

11) The rate was also a function of steam and carbon
dioxide partial pressures.

1i1) In addition to the primary carbon-steam reaction (C-Hzo), the
secondary carbon-carbon dioxide (Cfcoz)'réact;on was also

contributing to the carbon gasification.
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The fact that the same kinetic models agplied to both
uncatalyzed and catalyzed gasification showed that the mechanism
of gasification reactions were similar .in both cases.

Activation energy values of 30.5 and 27.9 k cal/mol
were obtained for C-H.O and.C-CO2 reactions réspectively.

2
The values showed that both reactions were catalyzed by the

inorganicfimpﬁr;ties of ash in the char.

=Additio$ of potassium or sodium carbonate did ﬁot
lower the activation energies of the two reactions, showing
thereby that catalytic effect was probably due to increased
active site density by the addition of a catalyst.

Sevéral catalysts were tésted over a wide range

of concentration (1-20 wt%), gasification temperature
(GSO—BOOOC) and steam-partial pressure (0.35—Ol56 atm).
Alkali metal salts demonstrated the following order of

activity.

K2C03 > Na2C03 > KC1 » NaCl

The effect of 1% Ni and 10% Feéo3 was smaller than X,CO
Na2c03 and KCl each at 20wt3. But they-wére more

3f

effective than 20% NaCl. A dual catalyst (1% Ni + 10%
K,CO,) increased the rate as much as six timés the rate
without catalyst. It was an additive effect -of the two-

individual catalysis. ) ' N
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The addition of alkali metai salts increased the amount
of carbon monoxide at the expenée of carbon dioxide in
the product gas mixture while amount of hydrogenkéither
remained the same or was somewhat lower. Ni gnd 5%203
increased the amount of hydroéen and té a smail extent,
that of carbon monoxide. Gas composition’ varied from 66.4%
H,, 1.3% CO, 32.4%.C02Aand no methane at 6509é and 0.86 atm

of steam in thf_ébsence of any catalyst to 53.0% H 39.3%

2'
CO, 6.9% CO, and 0.6% CH, at 760°C and 0.35 atm of steam

in the presence of 10% Na,CO,.

2773
Results of the ESR study showed that an increase in

the reactivity of char—catal;ét mixture was accoﬁpanied by
an increasé in the free radical c0ncehtrétfbn. ‘The'increase
in free radical concentration could be due to more ﬁnpaired
electrons available on the ‘char surface impregnated with
catalyst. The observation seems to sﬁpport-the tﬁeory that
. alkali me%als formed . complex compounds with aromatic
hvdrocarbon molecul®s in the char. These compo&nds
pfesumably facilitate the formation of carbon monoxide by
their electron donating ability.' Much more experimentai
Eesearch is needed to further clarify the mechanism of S

catalysis.



CHAPTER 8

SIGNIFICANT CONTRIBUTIONS

-

It has been recognized in a recent revzew on char

gasification (7) that the 71y a lack of data on the char—steam

-

I

reaction. Therefore, the large amount of data collected
in this study 'steam ;aéification of lignite char' shcﬁld
" be helpful to thex@mkers enga ed in coal gasificat;onkresearchf
The present investig;tion has been of great importanceJ
in the understandind of the kinetics of‘reaction.and the catalytic
activity of various catalysts. In summary, the following

significant contributions are made:

i) for the firsﬁ time,}steam gasification-of a char has
been studied in deﬁail with and withgut the
\\Jiregence of an added caﬁalyst, ‘
ii) a kinetic model ﬁhic&naccounte ﬁcr the change‘in the
gasification rate with carbon c0nver51on and includes
the contribution due to secondary reactlons, has been

propcsed. The klnetlc model explains the refults of

Ry _both‘uncatalyzed and catalyzed gasification over the

¢ w

entire range of carbon and steam conversion.
Sy -
[ 4

iii) the follow:.ng sequence was detexnu_n for ﬁhe catalvtic

activity of alkall metal salts towards chaf\ga51f1catlon-

a . o
,-"“ —~ ~ /\i-///
K2CO3 >~Na2C93' > XKC1l > NaCl . | L .
g A Q
| AR} . ' -
K - CY

7T
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iv)-

v)
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This order also represents their ability to change

the product gas composition. Activity of Ni and
Fe2CO3 falls between carbonates and chlorides of
alkali metals.

seiection of a proper catalyst and other experimental
conditions can give desired composition of ghq product

gas mixture. .

-,

ivity of aikali\metal‘salts can bé'\

the catalytic ac

S

-~

N ] )
related to the free dical concentration of their

mixtures with char.

W4



CHAPTER 9

RECOMMENDATIONS

Though a detailed study of char gasification has been

carried out and kinetics of the.gasification has been

evaluated, some fundamental aspects of gasification need

clarification. It is suggested that the following studies

be made:

1)

ii)

1ii)

iv)

v)

reactivity of char towards O., CO., and H.O should

2’ 2 2

Jbpe related to the physical and chemical properties

. o
of the char. Modern spectroscopic methods used in

catalysis research should be applied to coal char

to study the details of specific site adsorption,

‘ desorption and chemical transformation.

change in surface area, pore size distribution and pore
volume should be measured with carbon conversion.
char reactivity should also be related to charification

condiﬁioqs and rank of cQal;

"effect of ash components on the char reactivity should

|
be 1solated .

-7

° ’ -
more work is needed on the catalytic activity of various

materials towards char gasification. The degree of contact.

between catalystand the carbon surface and change in the

<9
carbon surface properties with the addition of catalyst
are some of the important factors which should be |

carefully looked into.
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effect of a dual catalyst (e.g., Ni + KZCOB) on the
rate of gasification and product gas composition
should be studied in more detail. Presence of a
dual catalyst may provide a high calorific product gas
at 6nly moderately high gasification pressures
(<10 atm).
7>
— .
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APPENDIX A

SAMPLE CALCULATIONS

A-1 Calibration Factors

Response of thermal conductivity detector (TCD) for

N2, co, CO2 and CI-_I4 is linear in the concentration range

obtained in the present work. Calibration factors for Engse

compeonents are:

Nitrogen - 1 ml/1.750

Carbon monoxide 1l mi/1.785
U .
Carbon dioxide 1l ml/2.140

Methane 1l mi/1.667

TCD fesponse for H2 is not linear and

is shown in Figure A-1.

A-2 Preliminary Calculations

X

X

X

calibration curve obbtained

10
10
10
10

6
6
6

area

area

area

6f

area

—).

units
units

units:

units

All the calculations given here are for RUN §7. First

sample of product gas was withdrawn after 4 mlnutes of startlng

% reaction and subsequently after every 20 minutes. The

gives. the reaction time, total volume of gas collected dufing

in the mixture.

-

gas sample was analyzed by a gas chromatograph.

Table A-l

"each timé period and peak areas for all the gas components

k)

('
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Volumes from the peak areas are calculated using
" calibration factors for Nz,

curve for'Hz. These volumes readings are also listed in

co, CO2 and CH4_and calibration

Table A-1.

- To calculate the gas compgsition for any time perioed,
> | .
average of two volume readings (at beginning and end of

the period) is taken. For example, to obtain the composition
of gas evolved during first 4 minute period, averagé_of

blank and first readings in Table A-1 is taken. These average

e

values for each time pefiod are listed in Table A-2.
>

Table aA-2 -

- -

COMPOSITION OF GAS SAMPLE INJECTED

s.N; V2 ) o <0, Gy votime

ml ml ml ml l ml
1 0.286  0.093 0,055  0.020_  0.002°  0.456
2 0.119  0.195  0.105  0.043  0.002  0.464
3 0.103  0.208  0.103  -0.048  0.002  0.464
4 0.100  0.210  0.098  0.049  0.002  0.449
5 0.098  Q.219  0.088  0.060  0.001 ~ 0.466
6 0.100  0.224  0.062  0.07L  0.001  0.458
.

0.124 ~0.229 0.03% 0.091 0.000 0.483

Volume readings in each row of Table A-2 represent the
volume of each gas component present in the volume of gas
sample analyzed. Total of each row represents the volume of

the gas sample.
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Now, the total volume of ga gas component evolved

during first 4 minute period is calculated as:

N
N, = 3:288 860 = 539.4 ml
5, = 3932 660 = 175.4 m
“co = g:ggg x 860 = 103.7 ;1
- o, '= 2-229 x 860 1= 37.7 ml |
CH, - g:gigé'x 860 = 3.8 ml _

Total gas volume 860.0 ml .

v : : . )
Similarly the volumes for each time period are calculated

and are listed.in Table A-3. Total volume of each gas produced

ovef-the‘entire run aée given aF the bottom of Table A-3. Gas

compSEition EE:the-nitroggp.frée basié-is also listed.. ﬂ;
From the data of,Tablé73—3,'product gas compoéition can

be calculqted at any time duriﬁg the run,

A-3 “Carbon Conversion ’

s

Carbon gasffied during any time perioa is calculated by

multiplying total number of moles of CO, CO, and CH, by the

4
atomic weight of carbon.- For examplé, for the first 4 minute

o
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period, the ca%;rlations are made as follows:

-

»

T Total volume of O, CO and(}%

A (103.7 # 37.7 + 3.8

-

145.3 ml . (fram Table A-3) .

A X ‘
% 145.2 A
"—*—-——— — b
Total rm@fr of moles of CO, 002 and C!H4 22,400 0.00648 ‘
Carben gasified = 0.00648 x 12 = 0.0777 ¢
Fractional carbon conversion X is defined as: )\\J
. carbon gasified . . -

/ﬂk X = carbon initially present

_ 0.0777 _ o '

- 2.3345 “.000733' : '. g . .
Likewise, amount of carbon gasified is calculated fQZ_““‘“\»
each t;me period and listed in Table A-3. To obtain EEEJ

carbon conversion at any time during the run, the total
b ‘ ) » - - - - - - » 3 -

cdrﬁ%n‘ga51f1ed before that time divided by the initial

amount of carbon. The conversié§§;alues are also listed in

Table A-3. .

A-4 Carbon Balance

—

To make the carbon balance, the residue left after the

reaction is analyzed for carbon. Carbon balance for run 97

N

is checked as follows:

-
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Initial weight of carbon =
Total carbon conversion =
Total carbon gasified L
Weight of residue left _ =
Carben presén; in the residue =
Ammxﬂ:gfcmrhmuleftin the residue ;

Total carbon cut of the reactor =

Carbon balance =

i

A-5 Steam Conversion

Steam conversion over the entire

as féllows:-

" Volume ofsmemncommuied

Total steam fed . =

Fractional steam conversion =

N

2.3345 g

94.6%

2.3345 x 0.947 = 2.2108 g

0.7820 g

12.2%

0.782 x 0.122 = 0,0854 g
2.2108 + 0.0954 = 2.3062 g

carbon out

carbcn in

2.3062
2.3345 8

run period is calculated

6066.3 +

x 100

.8%

. %f&olume of H2 + 2 (volume of

2(41)

6148.3 ml

4

/

steam [Fltw rate x reaction time

\
(62.0) (1

7688.0 ml

volume of steam converted

24),

volumne of steam fed

6148.3 _
7688.0

0.80



steam fed during any time period. Thus the volume of NZ’ H
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A-6 Partial Pressures

-~

lVolume of each product.gas in the exit g&s stream is.
already,caléulated. Volume of steam-in the exit gas stream _
is'caleﬁlated by subtracting the steam converted from the
27
co, co,, Cﬁ4 and H,0 in #pé exit gas stream are known.
Partial pressure of each component ig calculated by taking

total pressureffas 1 atm. The partial pressures are listed

in the tables given for each experimental run in Appendix C.

\_) o



- ‘ PENDIX B

N GAS FILM DIFFUSION

C e,

Laurendeau (7) has derived an expressibn for the highest

i
possible reactiyity allowéd by the gas film diffusion during

a char-gas reaction. The*2xpression is given ad follows: -
. . . 12A D, .C 7/ :
e r = AR { (A-1)

’ controls the rate. Here
, m D .
;rm b = specific gas¥Tication rate limited by film diffusioizjf:i/*
r
rm = specific Fasification rate obtained experimentally, (\
"j. > ) ~
S
//
gravimetric stoichiometri& coefficient i
. ~
M
<
bM
g

molar-6toichiometry
lecular wéight of _carbon
molecular weight ¢f steam

binar diffusivity steam in nitrogen, cmz/s

= steam concentration, g/cm3

o = particle density of char, g/cm3
d = char particlé\diameter, cm
\\ P
oA
B-1 Uncatalyzed Gasification _ e .
‘ \\\ _ - ) \\ L*}}

3 . -,
g During the uncatalyzed kinetic¢s runs, the maximum gasi-

- -

fication rates wére obtaihed in run 36. ‘Following experimental
f——) (- -
! . .
.k

/
4
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conditicdns are applicable: _ .

Steam partial pressure 0.83 atm

800°C or 1073 K

Reaction temperature

Particle diameter, 4. = 0.0213 cm

M !
. _ T _ 12 1 _ .
M= EM T T8 *Toez - 0-42 : -

g

1.6386 g/cm-

L

_ P _ 0.83 _ . 3
= X " 82(1073) X 18 = 1.700 x 10 'g/cm

D‘ffusivit§\gf steam in nitrogen is calcylated from
Gillila equation.

AB

%
3/2
_ T 1 . 1.1/2
Dpg = 0-0043 173 757 vm Y B ,
B (V + V } ;
A B . ;
Here P = 1 atm
) ‘T o= 1073 K ‘ | SN
s >
* molar volume of steam, VA-= 18.9 em™ /g mol :
: ’ - .
molar volume of nitrogen,‘VB = 31.2 cm3/g nol
molecular yeight of steam, MA = 18
moleculaf weight of nitrogen, MB = 14
« -Then D:_ = 1.629 cm®/s o

Substituting all the values in Equation A-1l:

£



ﬁ;\"’

v

168

(12} (0.412) (1.629) (1.70 x 109
(1.6386) (0.0213)2

v

1.842 s * _

The highest rg;ctfvity achieved during run 36 is

r = 4.08 x 10 %71 s
m

Therefore r- << r
m ., D

Hence chaﬁ‘gieaﬁ reaction is not limited by gas film

0 I'd ‘ .

diffusion. v
- /.

<

B-2 Catalyzed Gasification

During the kiqetic runs of catalygedlgasification,
maximum gasification rates were obtained in run 97. Following

experimental conditions prevailed:

r

.. -
\\\_,_\ Steam partial pressure = 0.74 atm

Reaction temperature = 760°¢ or 1033 K
: . L w—\_,/
' o . ™~ -
_ 12 1 _ : _ \ 3
A= 15 X 7T.55 = 0.436 ¢ = 1.6386 g{cm
d = 0.0213 cm
_ 2
DAB_ 1.539 cm™ /s
) 2
_ (0.74) (18) _ -4 3 (;_
Cy = (82) (1033) 1.572 x 10 g/cm
L1 -
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_ {12) (0.436) (1.53&2'(1.572 x 10°%
mD . % (1,6386) (0.0213)% {
: 5 /
= 1.703 st
Maximum react_ivity obta‘%.ned duri}lg run 97 is - -
_ B -1
r_= 1.443 x 10 s o
m _ _
Again, r_ << rp o showing that reaction even during catalyzed
14
gasification™is very slow and is not f£ilm diffusion limited.
o -
:"/.
rF
/



APPENDIX. C

RIMENTAL AND CALCUL%EEELEBEA

~

Exp 'mentél and calculated data for all the successful

runs are listéd.ﬂere. Experimentai parameters_;gfh as
initial weight of carbon in cpér bed, steam flow rate, steam
partial pressure, reaction temperaﬁure and catalyst type

are given at the top of each page.

First‘table‘gives éhe reaction time at wH{;h gas sample
were withdrawn from éhe eiit stream,‘volume of gas collected
during each time p;;iod, and volumes of each’gas component
in the representative.sample analyzed by gas cthEEZSS?apg;\\\gz\
The total volume of gach gas evolved over the entiiq reaction
so listed at the botkom of the £first table.

*
Secon able for\each ry¥n gives the partial pressure of

=T

the gas components il the rpactor during each time périod.

time of\the run

1
These partial pressures /are the average of-pargial pressurés
e
of these gases in enfering and exit stream. This-table a o\“ l
s s . \ / L
includes the fractional cgrbon conversion, X, an”EE%fefeﬁEigl

rate %% with reaction time.




N2

0.4100
0.0970
.0270
0.05€0
0.1092
0.1980
0.3050
0.3620
0.3630
0.4350

RUF NuM= 12

P

10 POIN

NEIGHT OPF CAEBOL - 3.6

TENP= 750,00 C

H2

0.1650
0.3600
0.3800
0.3700
T.3550
0.3100
0.2800
0.19590
0. 1950

PPH20

«5929
8436
.5835
L8734
. 9029
- 9131
. 9240
<9265
9291
. 9371

NO CATALYs®T

co

0.0220
0.0440
0.0570
0.0420
0.024

050120
0.0060
0.0040
0.0040
0.0030

“ PPH2

<1694
.0389
.06 39
L0752
.0562
.Cu7u
.03690
«02€9
.0212
.0189

——

cG2

0.0650
0.154¢
0.1740
0.1700
. 1620
0.1350
0.1650
0.082¢C
0.C650
0.0730

. (455
. 0052
. 0078
L0113
.0054
L0932
.001¢
.cch7
. 000G
.COCY

171
TS
467 ¢ FLOW EATE
PH20= 0.95 xrx
CHY VoL, pr
4
0.02710 850.0
¢.0c2 2850.0 N
0.0820 3200.0
0.c21¢ 26320,
G.G01C 237G6.0
0.0 1900.90
0.0 1854,n
0.¢ 17306
0.0 1580.0
0.0 1430,
27.4 »L
" PPCC2 PPCHL X
.061¢C .Cc18 .Ci€¢
.0153 .CCC2 . 1495
.0273 .C0nu L3176
L0344 .CO04 EET:
.0258 .00Cz .5322
L021¢€ L0001 .5¢00
.0157 .0 L6398
L0115 .0 JETEE
.€098 .0 L7100
NLYY: .C L7383
[

1200.0 »rLyuzy

T MT g
. e g i Wb

4.0
24.70
S4.,9
[ B
34,9

104,
12402
165.0
166,20
184.0

SX/2T

O.5€7¢g-42
2.IETIE-02
1.7253E-07
0.%264E-0:2
J.3853E-02
0.2716E~02
C.z089E-02
D.1772E-02
0.1L38E92
C.3¢92E~03
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5

500
090

sReNslaNdNoNoNoNala)

OO0 O OO -

RUN NOM= 14

ey

Y
WEIGPT OF CARBOK

TEMP= 750.00 C

H2

0.1020
0.252¢
0.2%940
0.2%00
0.2900
Uez320

1T
10 poINTS .- :
2.46696 ¢ PLCHE

HO CATALYST

cc

0.0650
0.1080
0.0780

- 0.0710

0.2%20 -

0.2900
0.2500
0.2900

TOTAL é;;’J,

241,86

)
3
P
)

.035¢
+. 0413
0012

.0
-0
.0
.0

+0

5603.1

PPH2C

9629
. 9082
+9418
«9330
- 9361
-9517
. 9650
.9732
<9760
- 9801

*0.0570
0.05¢e0
0.0550
0.0640
0.0u20
C.0340

14405.

PPH2

.0148
.0281

.+ 03817

.04 1€
.0397
L030€
.0222
0170
.0154
.0128

s

f"\nﬁ

N—

cc2

0.0140
C.CE3C
0.10cCs
0.1080
0.1030
C.110v
0.1110

0.17¢¢C

0.1173
0.12CC

1941

T~

rece

0603
«G179
-0761
.0312
. CG97
. 0CEQ
.C0u3
.CC32
.0023
.0019 ’

¢

&

FATE

_J

PH20= 0.99 acx

CH4

0.€C20
0.0025
0.0020
0.002¢
0.0020
0.0C20
0.0020
.c01C
0.6C10
0.0010

-

o7 38.0

pPpCo2 - o?C

.0CEL -0
.00329 .TRCE
.0085 L0073

L0161 .C003
~Cl62 .COC3
-0115 ooz
.0084 .C002
.COE5 L0001
.0062 .C0Cn

.Ca52 .Coce

¥CL, ML~

436, o
143C.0
1650.0
157¢.n

1180, 2

Hu X

.0248
+ 1367
. 2826
w117
.305¢
MR ET

Lg2u
L6654
L7065

L7342

1200, 0 ¥L/¥ZK

4.9
24,0
Ls .0
€65.0
34.0

04,9
124. 2
144,90
154,90
184.3

D/

C.fLu2BE-22
J.E6625E~-32
0.5574E-02
Q.48831e-02
~-a DLI25T1E=02
NITD. 241 0E-C 2
U.2C4E=22
O.1524E-22
J.1171E~T2

By



N2-

0.3630
C.1240
p.0uen
0.203¢0
0.0030
0.C030
0.0050
0.0080
0.0130
0.0130

TOTAL VCL
929.2

PON2

.0751
<0146
« 0051
L0003
L0002
0002
-.0002
L0003
.0004

173
RON NUN= 16 10 POINTS ' T- *
R2IGHT OF CaRaCk 1.8261 6 FLOW RATE
HO CATALYST

TEZP= 750,00 C PH20= 0.98 ATY

;- ce co2 CHG\ v voL,nL

0.1450 ¢.0290 0.0310 0.C020 |, "€20.0

0.30030 0.0530 0.0980 0.0020 - 1€8C.C

0.3000 0.05¢0 0. 1320 0.C020 1650,9

2.3200 - §.0352 3. 1330 5.050z28-., 12%C.3°

: o 3100 0.0480 0.15u0 c.cc2¢c .0 s2C.C

) 3 0.0356 0. 1360 2.0020 TES0.L0

oo L0260 0. 140¢ 0.0020 " & 53C.0

0.0200 0.142¢ 0.002¢ SL1C.0

o 3100 0.01790 0.1430 ©  0.0020 -, : 3uC.0¢

0.3150 0.0150 0. 1450 o.oowa 35¢.0
ug09.4 621.2 1909.4 30.7 34
PPH20 PPH2 PPCO | PPCO2 paCcHY . by

L4
.9847 .0100 .0012 L0047 L3000 Loine
.8821 .03C0 L0060 - LCOES LON0L L1585
.9322 .0352 . 0062 L0135 .LCo2 2¢82
L9611 L0333 .0CSE L0157 L0002 L5350
L9489 .0317 . COug L0161 Loce: L5218
.9662 °  ,021u . 0028 .0092 LCCnt YL
.9732 L0171 .0019 L0875 LOGC LALIL
.9781 L0141 L0012 CCOf L0021 JEFLT
.9830° .01709 . €007 .CCS3 LCCo1 L7176
.9859¢  .0090 L0005  .00s2 LCO0T L7514
——t
~

12C0.0 rL/MIx

A\

~_ruT g
o i wam ! .

.0
2u.0
wd,. 0
€4,0
g4.0

105,92
126.0
Tui .0
164.9
184.0

DX/5T

2.6110E-32
LE6535-02

0.710RE<LZ
.5531E~02

{.2881E=02

7,30ucE=72

2.2375€-32

v- 1“5‘E" "-

0. 1673E~0> =

$.1703E-"2

~ .



N2

0.3630
0.2750
0.2770
0.2590
f.2480
0.2310
0.2380
€.2790
0.3000 "
0.3090
0.3050

TOTRL VOL
96u44.8

FEE2

L1266
. 9847
L3422
.3uu8
L2318
. .3220
.3153
L3162
. 3402
.3514
. 3600

RON BOR= 26

WEIGHT OF CALBON

—

"T$E%= 750.00 ¢

174

11 POINTS
-

-

NO CATALYST

2.4278 G

FLOW FATY

PH2C= 0.66 ATN

u2 co
0.0660  0.0150
0.12€0 0.0400
0. 1250 0.0L20
0.1240 0.0400
0.1250, - 0.0270
0.1250 0.0350
0. 1250 0.0320
€.1200 0.0290
0.1130 0.0260
0. 1030 0.0220
0.100¢ 0.0130
4105. 4 1126,
PPH20 poH2
L66€E5 .1378
2316 . 1095
L4003 . 1565
L3826 . 1556
L3876 .1589
.3930 L1649
. .3958 S170¢
L4088 L1661 (/
L4220 -.1GE€3
4389 .1289
L4501 L1200

Y

co2 cyu- VoL, ML
0.0260 9.0070 £20.,0
0.7L30 0.00 TEU0. 0
0.C510 0.501 175¢.0
0.c54C 0.001C 1760.0
0.0522 80010 1652.,7
0.0510 . 0.0010 1€20.0
0.0490 " 0.G510 1560, 2
C.CUED 0.0 1€50.0
0.0420 9.0C10 1560.C
0.C380 0.0 1479.0
0.0340 0.CC10 1400, 0

4 1604 L€ 25.8 ¥
PPCO 22C02 PpCHL X
.003S L0616 . .C . .0145
.C306 L0819 LCC16 L0766
L0491 L0527 L0012 L16%G
. 0523 L0535 .00 L2236
LCon2 L0692 L0072,  .296€0
. 0488 L0659 LG013 L3662
Lou7e L0ESE L0036, L 52GE
. 0425 L0651 L0013 . 4837
L0354 . 0561 0 L5314
L0335 °  .0892 - .0012 .572¢
L0236 L0863 ) O or LK

d
/
{
- o

76.2 “L/EIY

.2843E-02
0.3373E=-02
9.36R3€-02
N.3664E-C2
5.3556E-22
0.3341E=22
L2939E-32
0.2545E-%12
C.2223€-32
0.1023E~02
L0.1658E=N2



N2

0.u4290
0.3u9¢0
n.3170°
0.3180
0.3240
0.3290

. 2370
0.2620
0.3500
0.357¢C
0.3570
0.3650
0.3700

Z“CIRL VCL
113¢8.1

PPR2

+ 3560
~ECE1
«3€19
", 3436
<3421
- 3459
<3502
35922
. 3564
.3550
. 3573
<« 3567
«358¢

-

RUK HON= 27

PPH2C

LU6L2
<3162
L4950
RVEFN
- U€775
L4715
LUTED
.ugs9
.u974
. 5061
L5146
.5194
L5196

13 POINTS
YEIGHT OF CAEEON 2.3822 6 FLOW EATE
¥G CATALYST
TEEP= 700.00 C 'PH20= 0.66 ATM. )
co co2 cHe veL,rnL
0.00 30 0.0170 0.9 570.0
0.0680 C.0u50 0.0 1320.0
0.0100 0.€510 0.0 136€.0
0.0120 0. 0650 0.0 1370.0
- 0.0110 . 0870 i, 7. 0 13800
0.010C ' 0.0450 0.0 1350.0
0.0090 . G.0430 0.9 1310.0
0.0080 ° 0.0420 c.0 1z80,0
0.0070 0.0L00 0.0 1260.0
0.0070 0.0390 0.0 1240.0
€.0060 0.0370 0.0 1220.5
0.00€0 0.03EC 0.0 1220.0
£.0060 0.0360 0.0 1218.0
276.4 1375.3 £.9 mL
59 e
PPE2"  PPCC pp§62 PPCHY X
L1167 - .0222  .0397  .0G12  .00%3
.culau L0042 L0280+ L0 - L0376
L0882 . 0083 L04€T .0 _.07€D
21171~ L0908y 553 .0 L1140
L1248 L0129 L0527 .0 L1498
.12C6é L0117 .0502 .0 L1837
L1150 .010€ .C479 .0 L2151
.1635 . 6694 .0uu9 .0 .265F
.09y .0083 L0535 .0 L2728
L0943 L0071 L0u06 .0 L2348
L0821 . 0070 .039C L0 - L3232
L0809 .C060 .0370 .0 L3LEQ .
.08CE .0059 L0354 1.0 .37C1.
; . , 4
£-] v -
. r
o b t - B

175

e 3

7€

.2

L

€

8
10
12
14
16
18
20
22

«2 FL/NIX

4.9
4.0
4.0
4.0
1;_.'.\
4.0
u.o
4.0
4,9
4.0
G0
8.0

264,79

5



Poor CopY 3 .
(DPIE DE QUALITEE INFERIEURE

. 176 -
RUN NUN= 28 10 POINTS : -
WEIGHT OF CAR3OX 2.4310 6 FLOW EATE . 7€.2 »L/uTy
. KO CATALYST

TEXP= 800.00 C PH20= 0.66 21T
u2 . B2 co co2 cye veL,rL fImzI, I
0.3480 0.0650 0.0370 0.0150 0.C020 750.0 5.0
0.21R0 C.1600 0.0710  0.C430 0.0020 1950.5 24,0
0.1570 0.1780 0.0730 0.C4u0 0.C020 20500 65,0
0.2050 . 0.1700 0.0710 0.0620 0.0C20 19€0.0 64.9
£.2150 C.1€00 - 0,070 9.0219 0.001¢ 16¢ 2.7 6.3
0.2250 - 0.1500 0.0610 0.0600 0.C01¢C 178¢. 0 154.0
0.24C0 0.152C 0.0550 0.0390 0.0C10 1€A%.0 124.9
0.2550 £.1300 0.05CC 0.0370 0.001C 1€50.6 164, 3
0.2650 £.1200 0.04€0  -0.C3€0 0.0010 152¢, 2 164.9
G.2900 .1100 0.0430 0.0330- 0.0C7C 175¢, ¢ 183.)
TOTAL VOL )
83€2,0 5065.0 2071.7 1352.5 4a.8 . L
BEN2 PPH20 PPH2 ~PPCC . FEBRCO2 DPCHY % CpEsoT
.3582  -,5227  -.078 .0058 L0349 .0 L0191 0.4BLTT=3
.5920 . .2055 .110€ L0623 L0255 L0503 L1288 3.52L33~C
L3064 .3101 L2234 L0952 .0¢00 .0C28 .2258 5.52557=7
. 2900 2727 L2621 .1075  .0648 .coze L3299 C.ufu2r-2
L2961 % 2970 L2439 L1019 LCEC3 .002¢ LL225 0.wtd%m=0
29892 L3268 .2227 L0932 L0571 REEE L5304 5.3%6u0T-0
.3068 .34 9¢ .20L5 .0832 . 0545 L0011k L5201 2.26337-2
.3134 L3770 . 18514 L0718 .05009 L0C13 LE5ST 0.312674)
.3222 L4026 LTE42 L0632 . L0uET L0013 L7351 0.27207-C
3251 L4259 . 1472 .05&4 LOLL? .0C1 LTRSS Q.20 3am -0

/



3

FHor (oY - j
.(DPIE DE QUALITEE INFERIEURE

177 _ .

BUN NuM= 29 13 POINTS
WEIGBT CF CARBON 2-4176 G° PLON TATE TEL2Z ®LsnTY
NO CATALYST
>
TEMP= 650,00 C - - PH20= 0.66 AT™
nz- B2 co co2 cHL VoL, ¥2 TIME, NIN |
0.4020 0.0300 0.0020 0.0130 0.2 450.0 - 4.0
0. 3550 0.0650 0.9030 0.0320 0.0 1130.0 24,0
0,3390 £.0770 0.0030 0.0u800 0.0 1630.0 44,0
0.3270 G.0BLO G.0030. 0.0400 0.0 120.0 6%.0
0.3320 0.0R30 - 0.0030- 0.0une an 11200 © 24,2
0.3360 0.0820 0.2030 0.0340 0.0 1120.0 - 1040
. 0.3380 0.07%90 - 0.063¢C 0.0392 0.0 1110.7 1240
0.3370 0.0770, G.0G30 0.0¢380 0.0 1082, n 1Lu,9
0.3430 0.0740 0.60z0 0.0370 0.0 107¢C.0 165,09
0.3450 £.0720 C.0020 0.6360 0.0 - 108007 134.0
0.3480  0.0690 0.0020 0.0359 0.0 - 1°e0 0 224,90
0.3550 0.0650 0.0020 0.30340 0.0 _ 1060.0 224,90
0.3620 0.053%0 0.0010 0.0329 0.0 1€30.0 -253,0 .
e Agp—
TOTRL VOL .
10323.6 2276.6 77. 4 1137.3 C.C er
PEN2 - PPH20 PPE2 PPCO pPCo2 LPCHY X Dx/o7
3303 L4601 .1253 -045¢ " ,037¢ .C011 .CC23
.5585% .3790 L0n17 . 0028 .C181 .C L2024
. 3546y .5u69 L0842 .GC30 L9313 .0 L0820
. 38391 L4731 .0884 SC03u L0459 Ny LNT5E
«3311 .5u0u .0850 .0030 .0ugs .0 .hcga
.3326 L5612 0821 . 0032 LCun1 .0 L121¢
. 3347 .5418 L0817 L6030 .C35e .0 L1881
. 3346 -SL56 .0782 . 0032 .033¢ .0 L1658
.2323 - Ly .0759° .C032 .0375 .0 RELY
.3325 .5579 L0717 .0019 .G35% .0 L2057
. 3328 .5614 .0693 . (B39 .03u56 .0 .224u09
. 3353 .5625 0EES ORE 0337 .90 L2u3e .3
- 3392 .5643 .0621 .0G19 .0325 .0 L26H02 AR PR



Poor (opY : i
_(OPIE DE QUALITEE INFERIEURE 3

. -. H
\/‘ . -
' 178 »
T/ RUK NUE= 307 12 poINTs

WEIGHT CF CARBOX 2.3814 G FLOW SAaT2 4.0 »L/uIn

NO CATALYST

-

- ZNP= 700.0C C. PH20= 0,20 AT~

k2 H2 co cc2 CH4 VoL, ¥L SINEL RIS
0.4170 0.0180 0.0c¢€0 C.00€D 0.0 7%0.0 4.0
-0.3860 0.0380 £.0080 0.01730 0.C 130€C.0 2u.3

0.3940 0.0370 0.07100 G.0132 . C.2 1522.0 SL.g

0.3950 0.0350 0.CC9Q 0.0120 0.9 T310.0 64.9

$.33¢f¢C <.C32¢C ¢.CC7¢ ‘.08 J.2 13%2.0 &s.2

0.3960C 0.0300 €.C070 0.C120 0.2 123¢.n 164.0

0.39¢60 0.0300 0.0070 0.0120 c.0 1250.0 124,90

¢.3970 0.0310 0.C070 ~0.C120C 0.0 1230.0 188, 2

0.35840 C.0310 0.0060 J.012C 0.2 12°0.,0 166, D

0.4010 0.0300 - 0.00860 0.c120 0.¢ T275.90 164.8

0.4030 £.0300 0.02¢0 0.011¢C o.n 1278,0 <2%.0

D.435¢Q 0.c30¢C £¢.0060 0.0120 2.0 R R-Tria Y 23N

TOTAL VOL :

* 1377204 1088.7 255.3 408.7 c.2 nL

PEN2 PPHZO Fpd2 pecCe PPCOZ PP ox DY s2o7T
.5631 .2843 .0957 . 0187 <0373 .C .oga2 J.0880T-0
8972 .0382 .0387 ., 0129 .0129 .C 0187 0.7211r=03
+TETE - 1150 .0756 .Q15%9 .0259 .C .0N331 P.T71612-03
<7676 . ,1155 L0727 .C185 .0253 .0 - VOUuES DL ERIITL3
<7709 .1198 .QE83 L017¢€ L0234 .0 .0592 O.mldfr=u]
.7745 . 1257 0626 0137 .0235 -0 L0716 R N
<7741 1302 .058¢ L0137 .C235 . 0 L3670 2.01HTE-03
L7741 -1302 .0586 e 0137 0235 .¢ L0062 2. T2
<7727 1300 .LE03 . LT13€ L9235 .0 . 1078 . o3
L7746 7.1300 .0603 L0117 T L0230 .C 1173 T L7
<7747 <1325 .0580 | L1116 L0232 .0 -1301 . :
7762 . 1333 -0578 -0118 02172 -0 L te7 J. 3



N2

.

0.4790
0.3759
- 0.3520
0.3620
n.35u0
0.3640
C.3640
0.3640
0.35850
0.3660

TOTAL vOL
10878.5

PPN2

L7792
L8751
. 7583
- 7408
- TURG
<7482
. 7U82
<7582
«7u38
. 7803

POOR

RUN Nuk= 31

(opy

10 POTIN

WEIGHT OP CALRBBON 2.3

H2

0.0150
0.0430
C.0540

~ 3.0540
n f'\ﬁr:o

e e

N.0540
0.0540
0.0530
0.0520
0.0450

1481,

PPHZC

. 1341
. 0581
.0300
- 0€56
.0%86
. 06883
.N688Y
.QtE8B
0764
.0833

3

50 CAT&&FST

Co.

0.009¢C
C.019¢C
0.0220
0.0210
0.02ce
0.0200
G¢.0200
g.0200
0.0200
.0180

N

580.

PPHEZ

.0573
0313
.0870
<1136
21113
L1110,
L1110
.11%0
.1083
. 1655

v

coz

-

¢.0080
0.013¢C
0.0760
0.0150
0.C1E¢
0.0150
0.0150
0.0150
0.0150
0.0140

1 430

PPCO

.9115
,G188
. 0384
. 0463
.0433
. 0411
« 0411
L0611
. 0469
LCLCE

*

179 .
TS

783 6

GOPIE DE QUALITEE INFERIEURE

i3
+
-y
h
i

FLCW EATE

PH20? 0.20 &7TH

cHu

jojeBolsReNNeNo el e
LI I T Y ST,
DOO0OOOHODDOO

~

.1

-

P2CC 2

.0229
<0367
.0283

«Q337
«0308%
.0308

L0308
.03C8
.0305
.0304

VCL,>L
s5eC.0
¢  FEY Ly
146C.0
1450.0
1:28.0
1450.0
1430.0
164CC, 0
1360.0
1320.0
0.0 L
EICHY -X
.0 LQCs0C
.0 .J3231
.0 Q0562
.0 LOR22
.0 L1075
0. L1227
.0 . 15749
.0 <1824
.0 L2061
.0 L2276
*
-

16,0 »L/uc

Bxs2<

d.1C0277-

Wi

o

IR Dt

J.13%ur -

J.1281me0

~
1

I 120 LT

J.01z2410 -
d.128% -
0.1137"-
C,i0%v 7.

‘)

PN N RN N Y
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“Poor Copy 4
(oPIE DE QUALITEE INFERIEURE §

-

180
RUE NOm= 32 11 pOIxT .
/ REIGHT OF CARBOK 2.3%948 ¢ FLOR PATET Y18, 0 EL/MIY
NO CATALYST
TEMP= 800.00 C PH20= 0.20 i<
N2 H2 co co2 clu YOL,™L TINIT, MDY
.4030 0.0250  0.0190 0.0060 0.0010 6450.0 4. 0
0.3480  0.0630  0.0420 0.0100 0.0010 145¢. 0 26,0
0.3270  ° 0,070  0.0470 0.0130  0.C010 161C .0 4k,
0.3250 0.080C 0.0LEC  0.0160 ° 0.C010 . 1580.4 €5.0
£.325C C.0750 C.0%53 0.0452 0.0012 1842 nuln
0.3250 €.C790 0.0440  0.0150 0.0010 1530, 0 104. 0
0.3250 0.0890  C.o0uug 0.0150 0.0010 152¢.5 124,06
0.325C 0.0870 0.06440 0.015C  0.6C10 . 1510.1 1269
n.3260 ¢. 0770 0.0440 0.0150-  "0.00610 1510.0 164, )
0.3270 0. 0800 0.04130 0.0150 0.0010 - 15¢7. 9 184.9
0.3280 0.0883  0.0430  0.0150 0.0 1520,0 . 206.9
TCTAL VOL
11288.3  2635.9 1472.3 572.6 30.9 3
| AN
PPK2 PPH20 PPR2 PRPCO PPCO?Z PDCHU X D07
.7t39 . 0595 L0915 .0366 L0285 .0 0081 G.140 00
P42 .0280 L0528 ,0401 . .0127 L0021 L0481 C.2a7 72"
L7122 . 0503 L1289 _ .08€0 - .0205 L0030 L0023 0.23557-"
L7601 .0022 . .1670 . 1006 L0278 .00z 1 R 0.53 Lras
L6966 .0012 L1715 . 098¢ L0300 .0021 irce 3.Z1537-,
L6955 . .0138 L1605  .0963 0321 .0021  .2:12- 2.z1ilTac
L69UE L0084 L1688 .09u0 .0321 ~0sz1 L2717 Q. 21enr-n
6910 serna L1892 . 0936 L0319 . 0021 L3187 D.21: o+
L6507 srene .1849 0535 .0319 L0021 353z D.riifman
L6938 ‘0166 L1639 .0936 .0319 L0027 L5379 9.20 s
€903 0106 L1699 L6513 L0318 0021 e 20 0. iaimial

\
\

NN ISE N

L

LI B B S O N A ]



Poer (opy
. (OPIE_DE QUALITEE INFERI

"181
RUE ¥UM= 33 14 POINTS 3
WEIGHT GF CAZBOX 2.3239 ¢

TEEP= €50.00 C

-

N2 - B2
0.3720 0.0470
0.2910  0.1070
0.27%0 0.1100
£.2780 0.107¢
0.2790 ¢.1120
U.2920 0.1010
0.307¢ £.1000
0.332n C.03%8¢C
0.3350 0.0950
0.7370 0.090¢C
N6.3400 0.0880
7 0.30u20 €.C830
0.3459 0.C77¢
0.3470 . 0.0700
I0TAL vCL ’
6546,0 1975.4
EPN2 PPH2O
- 4627 . 1861
L4496 LUESR
«2378 CE35L
«2210 .6508
2182 L6577
2105 . €666
2115 €782
.2083 L6932
.2038 L7115
. 1995 L7213
. 1876 LT612
.1837 LTUES
o .1823 L7531
.‘l'i62_.~ . 7651

a

RO CATALYST

o Coz.

0.0030
C.0Cu4¢
0.0CucG
0.C030
¢.0030
0.0030
c.00zC
€C.0310 0.0390
0.0C1D 0.C370
C.0510 ° 0.0372
0.0510 0.03€0
c0.001¢C
0.0010
S C.00TG

0.02¢2
0.0u30
0.0u7
0.Cus0
C.0uan
0.C0873
0.0u3¢C

O OB Do O

EY e Ne NéNo N
L T
DL ODO D VDCC

L

us.€ 853.

PPH2 EPCC

« 2061
.0568
. 0874
.0873
L0840
0845
0731
.05879
~0€6GC2
.0566
0501
.0L7s
L0453
0393

0966
-.C03¢
. 0033
-C032
.0C24
.C023

L0022

VTS .
Q0242
-0351
L0373
. 06377
0362
20349
-C21u .C292
. 0CCE .C239
LCCo¢ LC22¢
Los .020¢
.Cacs .C194
L0005 L3187
.« G025 .01e9
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DOV OADDNIIaGO SO
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Poor Copy i
(OPIE DE QUALITEE INFERIEURE §

182
ROK XON= 34 11 POINTS \
WEIGHT OF CARBO)N 2.3%64 G FLCW ZLTET 65.6 ML/®TN
¥G CATALYST v
TEMP= 700.00 C PH2C= (.83 anTw
L2 H2 cC co2 CHu veL,xo TIxI,uIv
0.3450 0.0720 0.0390 0.0310 0.C040 370,07 4.3
0.27C0 0.1590 0.0170 0.0570 9.0010 °© gac.- 24,9
0.2150 0. 1850 £.0200 «DE 30 9.C01¢C aze.n IO
/1800 0.1850 0.0190 D.0770 0.0 920.0 £5,0
L1760 n,2000 0.0180 f.2010 2,300 azn, " 3a.3
0.19€0 0.1900 C.C170 C.5720 J.301¢ 1830, ¢ Tiw.?
0.1950 0.1350 €.2173 0.07C0 3.201¢C gar,n Tau,d
0.2130 0.1720 0.01€C 0.CE50 0.cC10 17,0 164,
0.2230 0.1640 0.01€0 €.0820 C.0C10 Ty 185.0
0.2330 0.1540 0.0150 9.656C 9.0010 76a,n 2045
0.2450 0.1500 C.01640 - 0.G560 0.0010 77C.1 28,0

TCTAL VOL

B4gE, 2 359270 305.1 13€7.9 18.7 w1 -

]

FLN2 EPH2C PPH2 PPCC . prcc: FDCHE < tx/o7
L1767 .7€33 .0356 . 00cCs .01¢e8 .C L0074 f.128nz-2
L4271 .4331 .08¢%1 L0111 .033¢ .Ce2 - 267 J.1%€68z-0
.2040- -€192 .1201 .0122 L0u3 .020s LATe 9.1%2Lz-0
. 1774 . 5465 L1524 .C1¢5 . 7561 L0003 LTIED C.210%%=3
<1562 .5913 L1£62 -G1€65 L0FE 8 .0 . 1542 T.ITmTel
<1518  _SH96 L1724 . 0155 .J653 .COC9 .N3RT SLo1Re3Tas
- 1655 .5981 CI1FCY LCiuy .0€22 .£oae S O.1€8%5~7
.1608 L6141 . 1526 LCT4¢C L0577 LC0CH L3237 3.152uF-3
L1664 .£352 .13y .C125 0528 irora L130a CLoieitier
L1669 6512 w1227 -0120 LCu80 =~ 057 C3E09 JLtIeTI-
.1803 LEUES .?gf7 L0118 L0429 .Co2e Q337 h.l20z-0
E j; ) .

i
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Poor (opY - '
(OPIE DE QUALITEE INFERIEURE 3

183
RUN NUM= 35 11 PCINTS
| ] .
WEIGHT OP CAZ30N 2.370u ¢ FLCH Za-r 85.€ MiyuIx
NO CATALYST
IERP= 750.00 ¢ PH2C= 0.83 a-w
N2 A2 c© .  cas ver,rn | zinz,szv.
\ -
0.3430 0.0750 0.0190 0.0330 0.¢01¢C 37¢.3 3.0
0.20173 0.1700 0.0uud 0.0560 c.oc2c 1610.0 Ll
0.1320 0.2010 C.0€00 ¢.C700 2.0320 1216, 4.0
0.0750 0.241¢ 0.0556 0.0390 ¢.cczo 1370, Bald .
H,f 0.0550 0.2620 0.0500 C.100C 5.0020 1218,0 CF N
OO0 0.2520 0.0450 0.6920 c.eczo 11,0 1343
0.1180 0.2220 0.0410 0.0820  =n.an1p gan.n 1.4,
0.1610 0.2100 0.0380 0.0810 C.C0%0 a30.,0 184,09
0.15¢C0 0.2050 0.03u0 0.2300 d.c010 ST 14,0
0.1550 0.2000 . 0.0320 0.(800 c.0010 680,32 W,
‘0.1550 0.2050 0.0320 0.0780 c.on FS0.3 23400
TOTAL vOL -
3190, 9 5217.0 1083, 1960, 3 38.8 ~T
PPY2 PPH20 PPH2 FPCO PPTOZ FPoHL X - SK/T T
-1815 . L6548 L1111 o104 o415 T .pass 0110 o franm s
L8039 . 4335 . 0833 L0224 . 052¢ .CC12 78T P
.2392 . 4584 .19u7 .05Ct ., 9suq L0323 LITES JLeiEpTEn
.1677 L4093 .25583 L5762 .03€3 .CN25 L2758 LT et
L0989 L4153 L3050 .C696 . 1126 L0025 L36ST d.stinral
0663 L4520 .30€2 . (584 1169 T rp23 LGP O
L0773 L4970 L2743 L0490 L3052 L0022, Luaez IR
.1123 .5583 .2113 . 0390 L0739 TN .582¢ DS B
21242 +5852 <1843 . €335 L0713 {TE??E LRODe R PR
.1251 €075 L1710 . 0284 L0667 T L0035 JEugs AR
.1282 .6128 . 1655 .£265 L0662 G028 LAGTE DIl

LIE N SRR N AV IRV BN 3



K2

0.2770
0.C990
0.0869
0.0780
V.0780
.0.08890
0.0900
0.0900
0.0940

TCTAL VOL
27464, 1

PPN2

. 1278
JUn28
.129¢
. 1133
. 1001
- 10€9
L1159
- 1039
.0969

RUN N

WEIGHT OF CAFRBCKN

K2

0.11C0
0.2250
0.2200
0.2200
0.2200
0.2150
0.22590
0.2360
0.23€0

6187.6

PPHZ20

.E11¢
2331
3911
.3701
3676
L3875
. 4266
. 4850
«5113 -

Poor Copy

(OPIE DE QUALITEE INFER

w= 3 °

¥C C

1751.

PPH2

- 1691
. 1838
294
. 3026
. 3078
.3015
.2806
.2598

2540

9 PCOIN

ATALYST

coz

6.C3590
0.0¢8a0
0.€590
0.0702
5.0700
0.5750
0.C0820
C.C925

G.088¢

0 2093

PRCO |
-

.C2€4
. 585
. 0941
L1118
«» 17147
. 1055
. 0757
. 0554
L0377

184

is

2.3688 ¢

DD ODODO OO

FECG

e 3
L0535
.038¢
Lo9Ln
L0579
L0959
L.C973
a7
L0538

FLOW
= 0.83 27
CH4
.202¢
.QT2e
LLC2¢C
Loo2e
20027
Lo
L0010
L0210
LO010
U3,4
2 P
L0023
O
Ceall
LC2eR
LTI
SOTTZ
L0
L0031

- M

1eURE 4

i)
.
¥ ]
in

85.6

- .

Tuw,

s
i
- N

P I B I RS B ST )

Tos .2

Tie.d

o -

. 0

CHAPEITI a3 0D
.
trta b 6. on 0
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S
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A : Foor (opy i*
| . - (OPIE DE QUALITEE INFERIEURE
) .
185
RUN NUM= 37 9 POINTS
WEIGHT OF CASBON . 2.4082 G FLCW FATT B5.¢ rL/%INM
NONE

TEAP= 800.00 C PR20= .83 :7M
N2 u2 ce coz - CHY veL,rL cINT, ucy
0.2530 0.1000 0.0370 0.02€0 0.0030 55¢. 0 4.0
0.1200 0.20u0 0.0803 0.0530 0.0030 1330.10 26.0
0.1040 0.2060 0.0800 0.06530 0.0030 1430, 5 4G A
0.10C0 0.2070 0.0910 0.6530 0.0C30 1630, 0 64,5
$.0986 $.2370 0.5533 5.0¢C3 $.803C. 1382.C 85,2 =
0.10u0 0.202¢ 0.0770 0.0640 0.0020 . 1280.0 1068
0.1260 0.18€0 0.0650 0.0630 0.G520 1060.0 124.0
£.1370 0.1810 0.0570 0.0650 0.C020 276,90 184, 0
0.1420 . 0.18€0 0.0500 0.0670 0.0020 . ©10.0 164, 2

&
TOTAL VOL :
2812.5 4457.8 1691, 6 1318.4 59,7 d

PPN 2 PPH20 _ PPH2 PPCO PPCO2 poCuL ¥ S gshe
.1873 L6728 .0933 . 0095 .0372 .0 .C193 0.51350-)
L Q409 +.2698 . 1743 . 06u5 L0453 -0G52 L10ET Cobt 127 -2
L1425 L5538 L2622 . 0950. L0629 L0036 L2337 0.530°7 3
.1354 L4192 L2682 . 1042 L0650 .CC3¢ L3027 0.5%5e7 =3
L1275 L8213 L2639 . 1160 L0676 L0038 e 0. 522771
L1212 L5361 L25€0 L1088 . .2742 2027 TR Counlitma3
.1233 LG67T . L2395 L0913 .0759 L0628 -,5fR4 _ g.3..on-n
.1305 L5624 L1926 . 0€73 L0652 L0521 LEzan Q.20 ==

1321 .5738 . 1745 - 6550 .0627 .C0%9 65325 S.I6107=0

e

LOFI DRI N I SR B SN R NP )
.



X2

¢.2820
6.1020
¢.c89p -
0.0950
0.070n
0.0830
.0.0840
0.1910
0.1020°
0.1130

TOTAL VoL
31€4.8

EDN2

. 2450
<4817
- 1510
« 1314
. 1363
. 125%
<1127
.1083
.1180
L1124

Poor Copy’
COPIE DE QUALITEE INFERIEURE 3

186
RUK ¥UM= 38 10 PCINTS
oL o
¥EIGHT OF CAREOK 2.3822 ¢ FLOW TATS
NO CATALYST
TEKPF 800.00 ¢ _PH2C= 0.P3 27y
co - o2 Cru VQL,“L
0.1070 0.0540 0.0230 0.0027 702
0:2320 0. 1000 0.0520 D.00E0 170, 0
.0.245¢C €.0950 D.C550 0.0c¢ 1820,
0.2u400C 0.088) g.060) J3.0050 1820,
£.222 2.c8z8, s.0r¢2 .ot 1TIoLm
J.2360 0.07%0 0.0675 c.eoen 157¢, o
0.2380¢ 0.0:80 0.6730 0.66:5 Taun,
0.2310 L.0600 0.0775 c.ceze 1380,
0.23u0 C.03510 0.0813 D.¢o2¢ 1z¢ .:

0.234¢0 D.0u20 0.06%0 0.C020 103C.¢

7035,2 2327.4 1692.8 129.8 ¥y
PPH20 PPH2 PPCC PPCO2 FrcHu i
L8906 . 1729 . 0225 . 0675 NJRE JC2ED
.1983 . 1828 L0622 L9393 v L1
-2717 LAu3Y L1680 L0770 .o5sa Li0e?
2708 T L3618 . 1602 L0871 .C0Rn L8379
2584 L3843 . 1263 L0AEN LCCRE Leron
.3281 .3318 - 1143 0620 CCou N R
-3€31 L3208 . 1073 L0910 oot L7715
L4006 . 3068 . 0878 09U L0028 LACEL
JLugg -, 2698 L0701 .0a9g L0023 R
L4793 +2579 -G562 .0915 L0022 sanse

]
3
.

[ 2

=

QL&
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P |

Tos.
Tew.
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iy
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.
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%-‘ Poor Copy '
(OPIE DE QUALITEE INFERIEURE

2 187-

RUN NUM= 39 14 POINTS

* f/"_\,:

WEIGHT OE‘§AEBOH 2:4381 G FLOW DATE 22.0 ML/NIN

NG CATALYST

TEXNDP= €50.00 C PH2G= 0.35 ATY .
N2 B2 co - €02 CHY vOL, 2L TINT,ETY
D.GT120 0.6150  0.0020 0.0140 0.0 370.0 4.0
0.424C £.0300 €.N020 0.0140 0.0- 2L0.0 24,0
0.4240 ~~0.034C 0.0020 0.6170 0.0 870.0 44,0
0.3960 0.0370 0.0020 0.0170 0.0 870.0 64.0
0.3720 2.0270 2.022¢ 2,017 A0 0.0 8.0
0.3769 0.0370 0.0020 | 0.0170 0.0 860.0 10%.0
0.37€0 0.03R0 0.03z0 6.0170 0.0 570.0 1248.0
0.3760 0.0370 0.0020 0.0170 0.0 £70.0 104, 0
0.3720 0.0370 0.0020 0.0170 0.0 £70.0 1€4.0
0.3720  0.038C 0.0020 0.0170 0.0 © 870.0 184.,0
0.374C 0.0380  0.0020 0.0170 0.0 870.0 204,0
0.3750 0.C37¢ 0.0020 0.3170 0.0 1250.0 234.0
0.3720 0.0380 0.0020 - 0.0170 0.0 13¢2.0 2640
0.37230 0.038¢ 0.0020 0.6170 » C.0 1310.0 254.0

-~
TCTAL VOL
11306, 4 10£9.7 59,1 494, 8 0.0 »L

BEN2 FPH20 PPH2 PPCC PPCC2 pooiy X CX,/C7
L3869 .S650 L0565 .0010 L0307 .0 L0029 0.28095-03
L7725 L1694 .0281 L0037 L0262 .0 .0092 0,38765-33
L6175 . 3151 L0637 L0CZ9 L0204 .0 .01€R 0.39212-02
.6197 . 3029 L0u97 .GC29 L0248 .0 .nzee 0.613¢7=03
L6157 . 2875 .0578 L0031 L0265 .0 L0338 0.61553-03
L6125 . 2955 L0608 .0033 L0279 .0 L0617 0.41757-93
L6104 .2987 L0601 L0032 .027¢ .0 L0591 0.41805-C3
L612¢ L2913 .CE19 L0033 L0277 .0 L0595 C.u21237-C3
LE129 .2958 LOECT .0033 L0277 .0 L0€€4 0.82333-013
.6125 . 2955 L0608 .CG33 . 0279 .0 L0758 0.4223z-C3.
L6119 L2948 . 0625 L0033 L0280 .0 L0838 0.51567-03
L6121 L2946 L0622 . €033 .0278 .0 L0SE3 0.81617-03
L6192 L29E6 L0602 L0033 L0277 .0 . 1090 0.U226T-03
L6110 .2953 .  .062u L0033 .0279 .0 L1217 0.82513-G3



g

X2

0.3920
C.3280
0.292¢
0.2780
G.2753
€.2750
0.2300
0.2850
€.29C0
€.3030
0.3170
C.3250
€.3320

TOTAL VCL
8063.4

EpN2

- 1087
«7728
. 5€ES
. 5196
.5009
- 5018
.505¢
.5086

"«51035

- 31uR
- 3252
-5434
5569

Poor Copy | i
(OPIE DE-QUALITEE INFERIEURE-1

RUN NUu= 40

NEIGHT OF CARBOR

IzuP= 700,00 C

H2

0.023¢
0.C€70
9.0910
0.1010
3.C556
0.0970
0.0%30
0.0880
£.0870
0.0810
0.0700
0.0630
£.057C

2108.6

FPU2C

.5384
« 1523
«2550
+2313
.2181
2189
+2205
.2298
£2423
<2455
« 2347
« 2680
2769

188

13 POINTS

2.4381 6

NO CAZALYST

co

0.0C60
t.0120
0.0140
0.0140
C.27:2
0.0140
C.01«0
C.0140
0.0140
C.0140
c.012¢
0.0100
C.0119

336.¢

PPH2

. 2250
0453
«1157
.1613
»1320
. 1807

. «1783

. 1639
.159¢
1563
L1603
.1229
1079

FPCO

T.0L0L
.0118
.0207
L0243
.0252
.0255
.0257
L0254

- .£251
.6zu9
.0243
. 0206
L0171

PLOW RATE

PH20= (.35 ATH

CHu

co2 VoL, uL
0.C080 0.cc1¢ 370.0
0.0220 0.0 870.0 -
0.0350 0.0 860.0
0.0419 0.c 86C.0
C.CLO0 s.C 30C.L0
0.0380 0.0 8€0.0
0.037¢ 0.0 850.0
0.035C- 0.0 830.0
0.03-0 0.0 830.0
0.0320 0.0 830.0
0.0280 C.0 830.0
0.C240 0.0 12400
0.0220 0.0 1260.0 - ¢
820.5 0.% ML
PPCO2 Freas X
.0855 .C019 .0028
.0158 .CJz0 .01ac
.0380 .0 -039u
»0623 .0 L0634
.0739 .0 L0372
.3730 .0 J1106
.0639 .0 .132A
. 0672 .C . 1540
.0€27 -0 . TT4€
.06Cu .0 . 1901
. 0555 .0 L2112
.0unp .0 L2331
0411 .0 . 2564

22.0 ML/RIW

4.0

24.0

4.0

64,0

104.0

124.0

1848.0

164,0

184.0

206.0

23¢.,0

264.0

DX /LT

N.6004E=03
0.91488-53
0.11352=92
0.7195Z=C2
0.11752-02
0.11317=02
0.10eCT-0
0.1Cu3z=02
0.1003=-02
0.61887=0

0.885237-03
0.72102~03
0.€99uz=023



Foor Copy : ]

> - (OPIE DE QUALITEE INFERIEURE ¥
183
KOR NUM= 41 12 PCINTS »
WEIGHT OF CASBON  2.3790 G FLOK FATE 22.0. XL /HTY

NO CATALYST -

TE¥P= 750.00 & PH20= 0.35 aATH
K2, H2 ceC co2 CHY yoL, ML TIMT, VDN
A
0. 3940 €. 0380 0.0200 0.0120 0.0010 610.0 8,0
0.3180 G.09u0 0.0230 0.0280 0.0010 11¢0,.0 Zu .0
0.2870 0.1180 0.02 0.C3890 0.0C10 130,0 L, n
0.2750 0.1270 0.030 0.03€0 0.0010 1140.0 L. o
n,.2720 n,127¢ 0.0310 N, 0360 n_rcan 1130 0 g4 0
0.2780 0.1220 0.0310 0.0360 0.0010 1110.0 105.0
0.2820 0.1180 0.0300 0.0380 0.0010 109C.0C T34,
0.28€0 0.1180 £.0290 0.03€E0 0.0C10 1080.0 1e8.,2
0.2950 0.1120 0.0270 0.03%0 7T9.0010 12600 108, 3
0.3040 0.1040 0.0250 0.0340 0.6910 10500 166,49
0.3150 0.1040 0.0240 0.0320 £.0 1020.0 208,37
0.3350 £.105¢C 0.0200 0.0300 . 0.9 145C.¢ 234.9
TOTAL VOL " \
8161.,9 3032.2 729.8 g0L.0 . 2.1 vy .

PPN2 PPH 20 pPPuY2 PPCO PPCC2 POCHL X IS Fguin
.6128 . .2935 0624 .0033 .0279 .0 LOCEE 0.116°7=02
.7508 L1140 L0726 . 03891 .0229 .Co19 0263 C.indim-22
L5760 .1618 1698 - . 0415 L0506 “.C01¢ 070 .15 -0
.5u93 w1063 L2258 . 053¢ L0651 L0019 .10ER Cotraimars
.5278 .0998 L2438 .057¢ L0691 L0019 L1u3? S.18ieTen
-5232 .101€ L2u63 . 059¢ L0693 - ,0019 L1821 Q.18 0-C>
. 5250 L1162 .230u4 . 0535 .063C  xGC19. 2152 2.1738T-00
.S2¢€€ .127% L2202 .0SED LOET72 L.C019 . 2u9s J.ivTuTarn,
.5282 w1320 21739 . 0536 .0665 . .0D18 L2E15 3.i4uEEF=02
.5353 LIWT72 L2032 . .0%&90 L0635 .001e .311°%%  G.t-fI-n:
.5u47 L1615 .18E3 . QLuB .060% .08 3383 lotiuiren:

3733 0 iToTT-0:

L5870 1752 .180¢ L0417 L0556 .0



Poor Copy N
(OPIE DE QUALITEE INFERIEURE !

[

YAV 1‘!‘ T ENEORY)

\ - -
R TR
— g 130 . :
ROK NON= 42 11 POIKTS | . \
WZIGHT OF CARBON 2.3847 ¢ . FLOW FATE 22.0 ML/uTN
. RC CATALYST ~ f/
- ' r.
TZMP= §00.00 C PH20="0N3% 274
N2 A2 co cez2 CHG VoL, 2L TINZ,mIy
0.3360 0.0250 0.02€0 0.0110 §.0010 3€0.0 T
0.2790 0.0850 0.0570 0.0240 0.0020 12¢8.0 26,0
0.20€0 '0.1390. 0.0720 0.0310 0.0c20 1150.0 LeL D
£.2950 - 0.1400 0.0759 0.0360 0.0C20 1350,2 6. )
0.2180 n.1299 £.0740 o, p270 A, nnzn 1100 2.0
0.21504 0.1320 0.0730 @.0250 0.0C20 11320, 104.5
0.2260° 0.1280- 0.0700 0.€230 0.6010 1030,0 124,20
0.2340 0.1240 0.0660 : 0.0230 G.0010 1050.9 T8u.9)
0.2370 01180 0.0€20 0.0236 0.06610 1010.0 1€ 4.0
0.2420 { 0.1150 0.0570 . 0.0240 0.00710 C50,0 154,90
0.2690  10.1120 0.0520 0.0240 - 0.C010 3C0.0 234050
. - .
TOTAL vCL e i
5817.2 2967=$ 16 1€6.0 €22.0 37.5 ¥ -
Epti//,) PPH20 PPH2 BPCO FPPCO2 . FPCHU ¥ o} @ gokn
. 5551 .18681  .1740 . 0331 . 0687 .0 .0c77 J.179A=2
156 .15C2 “.0532 .655%¢ L0234 L0021 0513 J.2e230-3
L5133 - 1778 L1568 . 1049 L0542 .CC37 L1126 5.315% 0=
L4287 .0615 .2892 . 1519 L0645 L0062 L1752 2.30730 -0
Juz1is . Lous7 . L2947 . 1579 LCE31 002 .235¢ J.28v17-
L8870 L0773 L2645 L1517 .0554 LC0u1 ..20974 J.2704T="
L4633 . 0785 L2721 1505 £3.0515 LOCLT L3u3” NLZLETE e
L4530 .1019 .2566 L1403 L0661 L0026 L3931 FLZlEIT.
L4597 L1211 L2833 . ,a29s L0551 L0026 LG 35 3.29130-
L4619 . 1606 L2300 T .1228 L0468 .cCe LUTSE PR LT
LUE2S . 1609 L2198 . 109 L0458 -~ ,0319 L8112 A.1c8%r-
. - -
i



Poor Copy

<

']\*//EUH NUa= ua:

WEIGET OF CARECY

11 POINTS

2.4105 G

10% FIERIC OXIDZ

191 /’

WO DYy Y

LORRN 5 I 55 BN Y &

PRI DL TR LA )

i
(OPIE DE QUALITEE INFERIEURE 3

vCL,L

CI IRy BB o) tar i s bed L B

LV, e

o .
TEND= 650.00 C PH20= 0.8f amx

N2 YW ce coz CHY
0.3360 0.135¢C 0.0050 0.0310 0.002¢0
C. 1420 0.3458 0.0090 0.0853 3.0c20
0.0540 0.345¢ 0.C0SC 0.1203 g.0C2¢s
0.0310 0.3550 5.03R0 0, 1240 5,00z0
n.n1EQ n.in0n 0.ccce ¢. 1322 5.00012
6.COBO 0.3450 0.0C9% C. 1362 1.0C2¢
0.0n50 0.3500 0.03%¢ 0.1370 3.567¢6
0.0040 0.3500 0.0735 0. 1615 R
0.C0LD 0.3452 0.9692 0.1402 3.CC10
0.C0EC .3500 9.009¢ 0. 1409 3.0010
0.0060 " U.3500 0.0080 9. 1812 7.0010
TOTAL VOL

330.3 2036.3 51.8° 75:.0 Q.¢
PPN2 .PPHZ0 PPH2 PPCO PPCOR ?
L0004 . 5855 .0¢93 - .ac
.2398 L6504 .0927 .03
L0244 .5080 L0593 .03
L0106 L B962 L0677 03
L0064 L8926 - .0737 Lo L0262 R 0L
L0033 L8958 L0711 .C017 L0276 N
.C01€ .8990 L0687 €08 L3275 .00
L0010 .8990 .0704 .0o18 LC27€ 05
.0004 .9C23 . Q€ 7€ L0019 LA72 .rc
0007 .9089 L0650 .0016 = .035s . CC
LC010 19121 L0608 L0216 L0in3 00

[ [V R N I TSNP U R S TR |

.-

3G

LED DA DI D

.

- - -

[ I IR IR A I T IS T R S T 3

188.0 ®Ly/ulu

P B el

- .
24,2
LY.
ts.2
ie. 2
1C4.2
124,20
1547
1e4, 2
184,32
s RV

f

Ly /"7 s

) DY DU O U
P

" s s .

Ye:II-23
EE R
A31=2-23
PRSI
PR
1T 1T =N
3T01T-03
Tmp o mem e om
T .= -
AL 5= %
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) Poor Copy :
. : (OPIE DE QUALITEE INFERIEURE 3. -

"/

. 192
RUN KUM= 85 O 11 POINT
g
WEIGHT OF CAEBOSN 2.3400 G FLO® EATS 135.0 EL/NIE
K2C03 20 %
) TEMP= £50.00 C PHZ0= Q.86 AT™
w2 H2 co co2 CHY vyoL,=* TINE, NIN
0.2870 . 0.0900 0.0110 0.00u0 0.0010 270.0 6.9
0.1560 0.1790 0.0290 0.0380 0.0010 BEC.D 26.0
0.0%960 0.1830 . 0.0430 0.0740 0.0C10 790.0 4g,9
0.0970 £.1930 0.0450 0.0910 0.0010 8€0.0 . EE.Q
n,0R20 0. 10490 T 0.1020 2,000 ann 0 g£4.0
0.0410 0.1980 D.0420 0.1050 7.00190 790.0 106.0
0.0450 0.1980 0.04800 0.1060C 0.C010 710.0 126.0
0.0100 6.2010 0.03¢€0 0.10€0 0.007%0 730.0 1GE.0
0.0050 0.2010 0.033C 0.10%0 0.0010 700.C 166.1]
0.0020 0.1950 0.0330 0.1110 0.C010 £40,0 18€.2
0.1030 0.1750 0.0250 . 0.1000 0.0 6£00.0 206.,0
TOTAL VOL (: T _ .
1408.1 3841.3 240,27 - -{sut.s 18.8 uL

PPE2 PPH20 PPE2 . PPCO PPCO2 fPCHU b4 CLA/BT
U673 L2897 L1849 L0670 .0312 .0 .0025 J.114383-02
.1939 .7345 .0608 L0076 L0027 ¢ L0307 L0357, 0.21757-02
. 1049 .7290 L1204 .0195 L0256 . ,G007 L0885 D.2923g-02
0612, . 7469 .1166 L0274 .0u72 L0006 L1527 0.3u8333=02
.0617 .7285 0 L1227 . 023¢ L0579 L0006 TL.2272 0.,35%237-02
.0u32 .715C . 1387 . 0307 .0718 .0007 . 294U 8,3251T-352
L0272 L7437 <1312 .0278 .0696 {  .0007 L3577 0.3218--52
.0269 . 7669 F+1183 -0239 L0634 4 L0006 L8282 6.332%7-02
.0068 .7576° .1376 L0247 .072¢€ { L0307 L3303 D.31833-02
003 7661 . 1347 . 0221 L0730, 0007 .5%238 0.28187=92
.0019 L7847 .1224 . 0207 L0697 .000¢ L5956 0.1€+75=02



52

0.2290 \
0.2210
0.2140
0.2080
e, 2000
0.2020
0.2030
0.2080
0.2130
0.2120
0.2150

TOTAL VOL
5146.6

PEN2

.0505
<2609
L1475
1072
. 1461
. 14654
L1845
1430
. 1424
1038

r?

Poor (opY

(OPIE DE QUALITEE INFERIEURE

ROK NUM= 46 11 pOTIN
¢WBIGHT OF CARBON 2.4
K2C03 5 %
S
:
TEEP= 650.00 C
g2 e coz
0.0660 0.0050 0.0370
0.1320 0..00€0 0.0620
0.1350 0.0060 0.0650
0.1380 0.00€0 0.0€70
. 1400 n. 0050 0.0ETD
0.1410 0.0070 0.06€0
0.1420 0.0070 0.0670
0.14097 6.0070 0.CES0
0.1360 0.0260 0.0630
0.1310 0.0050 0.0610
0.1280 0.0040 0.0600
3234.1 145.3 1533
PPH20 PPE2 PPCO
.B026 L0857 L0122
L6160 L0752 .C057
L7190 L0881 . 0040
L7132 .0928 L0041
.7057 L0969 L0042
.7028 .09¢8 L0043
.7025 .1008 .50
.T049 L1060 . 0049
.71s0 .0950 L0CL7
. 7205 .03C9 L0050
.7233 .08s¢ L0035

193
TS

285 G

-

PH20= Q.

cHu

OO0O0O0OCCOMHLOoOao O
T I I I T L R T R

OO0 0OODO0D 00

.9

™

f il

l

oo

.0usg

S LGu22

LOuT4

. .Qbla7,

L0471
0478
.0u72
L0u72
L0307
-Quzn
L0413

[-¥ EEEa

86 ATYH
vCL,
450
2uo
.970
890
1coe
1C040
LTy
950
a3l
Q920
o220
0.0~
PECHY
.C
.0
.0
.0
.0
.0
.0
.0
.0
.0
.0

wT

L0
.0
.0 o
oo

r
.-

.0
]
-9
.0
.0

N
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mL

0124
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.1537
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L236C
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.3258
L3375
L3704
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Poor (opy . J
(OPIE DE QUALITEE INFERIEURE 1

194
RUN KUk= 47 11 POINTS . .
4
WEIGHT OF CARBCN 2.3798 ¢ FLOW ZaATET 135.% ML/~In
CATALYST NIL . T
TEMP= 650.00 C PH20= £.86 1T™
N2 ) H2 co CC2 CHy vCL,>L TIxT,EIN
: =
0.3496C 0.0450 £.0020 0.8230 0.9 36,0 £.0
0.3070 0.1020 0.0030 0.0u490 o0 20,0 Ze. 3
0.3020 0.1030 0.0020 G.Cs90 0.0 Geo ot
0.31107 ¢.0980 0.00z0 - 0.C6472 0.8 anc 3 el
T.3328 $.0860G 0.62138 5.C3¢95 BV EE T R
0.3€40 0.0€630 0.0010 0.0320 9.0 EFO.LD 10D
0.3620 0. 0650 0.0010 0.0330 c.0 28a 4 1o
0.3620 0.06¢0 0.0010 0.9033% e.c 50,0 10,2
0.3640 0.067C 0.0010 ¢.c330 0.0 T Ten
0.359¢ t.0€80 0.0010 0.033C 0.0 FEC.D 1.9
. 0.3520 ¢.0700 0.0020 0.0340 ¢.C CENLT RS,
TCTAL VOL R
S6£20.5 1308.9 26,4 £34.2 ¢.¢ L34
SEN2 PPHIO FPH2 PPCO Erce2 R Y LT T
. 1459 -7238 r.oasiﬂ:::égggjnah/.Ouov o L 2Gas 3.1
. 2650 L6818 L0342 g L0175 .0 L2287 [ b
.1700 \xéius © L0565 L0017 .0371 .0 Lnuen AR Il
.1692 “Juss . L0577 0011 .0Z75 .0 LIEAE JLRT T
L1706 L7876 L0540 L0011 L0259 .0 LOR3Y nLEzn
.1607 .7783 Q416 . 0005 L0136 .0 LN 3R TLERELT
.1597 ..7981 L0276 L0004 L01e0 .0 LTG0 uE A
.8005 .0281 .ctou L0763 .0 L1154 2,437
. 8004 .028% .00CL L0143 .G LTRES S
.800U4 0288 . 0004 0142 .0 L1370 SLRES
7977 L0888 . 00084 » L0145 .0 . Sue7 vet ol T

gttt

(]

ai Vap o ep 0



AN

™~

N aef

—

N2

0,2410
0.22€0
0.2190
0.2150
0,212
0.2090
0.2050
.0.,2250
0.2490
0.2550

TOTAL VOL
5360.8

PPN2

. 1556
.2730
. 1790
. 1690
.1628
L1600
L1507
~1507
.1548
. 1607

ROR KUM= 48

Poor Copy
(OPIE DE QUALITEE INFERIEURE &

“10 p

HEIGHTQQ? CARBON

N

EA2C03 20%

TENP= €50.00 ¢

2

0. 0700
0.1350
0.1450
0.1550
2.1552
0.1550
0.1530
C.1500
0.130¢
0.1140

-

3338.u

PPR20O

L7975

.5925
. 6555
.6559
6562
+6€03
.6691
.£780
.6532
.7135

co

0.0
0.0
2.0
0.0

NN
- aew

0.0
0.0
0.0
0.0
0.0

PPH2Z

.0370
.0810
.1069
.1119
L1174
L1179
.1148
1125
. 1032
.083%

co2

0.0
0.0

060
110
120
120

AAA

- o

cso
08¢
oec
070
070

0.¢

NN
Ve w

0.0

218.8 1

PPCOC

. 0009
.00¢9
. 0087
.C053
L0091
. L0068
.C067
.005%
. GUS5
. 0045

0.0700
0.0740
0.0720

© 0.0580
0.0520

195
OINTS

o

2.0115 &

PH20= 0.

cHL

350
€30
720
7e)

€30

4 4 82 4 4 s 4 e e

OO0 OO0 OO

552.1

FPCC2

.015¢C
.04805
.Quso
©.05490
.05u5
.0559
.05u8
.0529
.0u33
<037

COCO0O0OOHODOO0Q

]

FLOW FATE
B6 ATH
VCL,®L
L90.0
1220.0
1210.6
120C0.0
11&0.6
1130.0
1060.0
870.0
§20.0
0.0
PRCHU
.0 L0152
.C .0705
.0 .1247
.0 . 18RS
.0 .2ub8
.0 .3032
.0 .3567
.0 LLo0R
.0 LU3RA
.0

L HT71E

135.0 mML/nIN

€c.0

106.9
126.0
16,0
166.0
156.0

DL/RT

0.26£82-G2
0,288 37=52
G.295¢z-52
2.26272=02

J2R38T-n0
0.27577-01
9,248l
N, 20487=-22
J.15752=-02
0.6257z-213



Poor Copy , - i
1 . (OPIE DE QUALITEE INFERIEURE 4
/ a
. 196
‘ RUN NuM= 49 11 POINTS
WEIGHT OPF CARBOX 2.4243 G FLCOW EATE 135.9 ®L/vow
NA2CO3 5%
Y ) & ™ . o -
TEMP= 650.00 ¢ PH20= 0.86 ATy
N2 B2 co co2 CHY VCL, ML moez, NIy
0.3030 0.07C0 0.0570 0.0300 0.0 630,70 5.1
0.2260 0.1€20 0.0100 0.0€29 0.0 1026.0 26,8
0.2120 0. 1640 0.0100 0.0680 0.0 1060.0 “6.)
€.2010, 0.16€0 0.0030 0.0720 3.0 cu0.90 £6.0
5.1%0C 2.147¢ 9.002¢ 2.C7E2 8.2 nes o 35.2
0.1830 0.167¢C 0.0080 0.0780 0.0 $50.0 10€.0
0.1790 0.1650 0.0076 0.0780 3.0 §50.0 126.0
0.1940 0.1580 0.0070 0.07¢0 c.0 950. 7 156,90
0.2120 0.1490 0.0070 0.0690 0.0 Q20,1 165. 2
0.2320 6.1390 0.0050 0.CE20 0.0 RS50.0 15€.0
0.2520 0.1290 0.0050 0.C590 0.0 820.2 205,90
TOTAL VOL :
4725.6 3419.8 - 16B.8 1525.8 c.0 my
PPUH2 PPHZ20 - PPHZ EPCO PPCC2 PPCHL A ‘( DE/DT
Q
L1177 . 8055 L0506 . 6031 L0231 .0 L0015 3.18077=2
.2724 6318 . 0629 .C063 L6273 .0 Loy 3, 1aR4an
. 15891 LE9ES .10€9 LLOE6 L0uc9 .0 LAYl 2.1337 -0
L1466 L6861 L1134 .C06% L0479 .0 L1373 Q.15
. 1284 L7144 .1CET~  .0C51 LOLED I R P 3.203%0-1
L1244 L7115 L1093 L6052 L0233 .0 L2727 0.207¢1-7
L1213 L7109 L1167 L6053 . 0517 .0 L2542 3.2C473-2
.1207 L7108 7 L1112 . 0047 L0526 .0 L2543 St
. 1282 L7126 L1046t L0066 . L3532 .0 L3167 .16
. 1350 L7217 L9439 .0045% .0u2a .0 L3L3 5,137
L1373 -, 7409 .0822 L0030 L0367 :0 L3744 3.103¢° -0

Fotata bttt gy

tor:



N2

0.3220
0.2660
0.2520

0.2690

n,2s510
0.2549
C.2610
0.2690
0.2640
0.2620
0.2510

TOTAL

5023.4

PPN2

L1415
.2T76
1512
L1385
. 13746
L1828
L1421
L1612
18RS
L 1uBn
.TuSéE

Poor Copy

(OPIE DE QUALITEE INFER

RUB NOUM= 50

WEIGHT OF CAFBCHN

TENP= 650.00 C

H2

£.05C0
C.1240
0.129¢0
N0.1280
N, 12f0
0.1230
0.1180
0.1130
0.7149Q
0.1200
C.1260

2272.3

FPHZO

. 7502
. 6552
- T460
. 7553
. 7553
. 7480
7534
LTETS
L1572
«7570C
7538

11 POINTS

2.0211 ¢

KCL 20 %

cc

0.0030
0.0050
0.0050
0.005C
Q.N0s0
0.0050
0.0C50
0.0040
0.0040
0.00u0
0.0040

B86.8

-0724
.Cu31
.07C5
L0704
.0707
L0717
.0683
.06ty
CeZ6
L0629,
0667

PPCo

coz

0.0250

0.0520
‘0.CECO

0.061C
C.0f1N
0.0590
C.05¢0
0.05u0
0.0540C
0.0570
0.0590

1067.6

. 0028
.002¢
.C028
L0027
.C028
.C0zZ8
.0G28
.0027
.0C22
6022
.00z2

'PH20= 0.86

OO0 D200
- . * - L]
OQ0DOOODII2Oo000 "

« ¢« o & & »

<« PPCC2

TATZ |

voel,nL

400.0
Bun,.C
AJ0.0
§00.0
Rap_p
B10.¢
780.¢0
BOC.0
eo0. o0
a0
780.0

135.0 BL/MIN

€.0
26.0
L€, 0
66.0
8.0
106.0
126.0Q
186.0
16 .0
186.0
206.0

DX/07

£

C.1355z+32
0.148L%-02
0.1564==-22
0.1609zZ-22
0.15582-02
0,.1554z-02
0.7474U45=02
0.13%8z-G2
0.14387=22
0.147925-22
D.188717-22



Poor Copy N
_(oPIE DE QUALITEE INFERIEURE

. [ 4
...
198 . "
RUK NuUN= S1 11 POINT i
NEIGET OF CARDON 2.0173 6 TLOW RATE 135.0 rL/zuTu
NACL 20 %

TEMP= 6506.00 C PH20= 0.B€ AT
N2 HZ2 CGC co2 CHG voL,mML TIMZ, MIN
0.3660°  0.0370 0.0630 0.0170 C.0 310.0 £.0

. 0.3450 0.0800 0.0030 0.0330 0.0 720.0 26.0
0.3250 0.0980 0.0030 0.045C 0.0 720.0 L€, D
0.3240 . 0.0930 C.0030 0. 0640 0.0 700.0 66.9
n.1210 ET n.ande a, 0420 nLn - gge.n o€, n
0.3330 0.¢9C0 0.00 30 0.04610 8.0 700.0 1056.2
0.3270 0.095¢ 0.0030 0. 0430 c.0 730.0 12¢.0
0.3200 0.097¢C 0.00630 0.0460 0.0 590.0 1e6.2
0.32€0 0.0920 0.0020 0.04u0 0.0 EED.C 1€€.0
0.3150 £.0900 0.0020 0.0420 0.0 690, 0 156.0
0.3170 . 0.1010 0.003C" . 0.0480 0.0 730.0 20€.0
TGTAL VoL
5207, 1 1418.,5 - uu, 4 663.9 0.0 ML
L

EpN2 _PPH20 PPH2 PRCO PECE2 EECHL % DX /27
.13€E .TE05 L0686 L0022 L0321 .0 L0039 o7
L2050 ., 7163 .C248 - .,0020 L0115 .0 L0277 a9
L1617 .7816 L0375 . .0014 L0175 .0 LLudl 0N
.1530 ,7802 L0443 L0014 L0212 .0 .N5a2 5.¢
L1500 L7853 L0430 .Go1u L0208 .0 LCTEE 5.273°7-03
<1487 .79¢C7 LO40L L0013 .0189 .0 LC9LT 20,916 IT~03
.152¢ .7856 L0813 L0C1u L0168 .0 L1132 0.98322-01
. 1554 . L777¢ .0us52 L0014 02044 .0 . 1325 2.81¢17-0127
R L7875 LOuL2 .0C14 L0210 .0 . 1433 0.3calT=71
L1536 L7956 .0UES .G009 L0154 .0 L1670 P LAREFT- 3
. 1513~ 7882 L0606 .C009 .01%0 .0 L1RS1 B.11510-00



- Poor (Copy

COPIE DE QUALITEE INFERIEURE

ROR KOE= 352

WEIGHT CF CAEBON

TEEP=

N2 H2
0.2830 0.0830
0.1750 0.1780
0.1440 €.1920
0.71110 0.2030
2.09C00 2.2138
0.0830 0.2160
0.1140 0.2090
0.1420 0.1980
0.1660 0.1860
0.1920 0.1670
TOTAL VOL™

3908.6 5528.4
PRN2 PPH20
L1508 L7769
.3259 .5187
.1709 .SLES
L1630 L5403
L1127 .5381
L0872 .5677
.0B1E .56€3
.1048 »  ,5754
. 126€ L5828
L1266 . 6555

NACL

800.00 ¢

ce

0.0270
0.06C0
0.0€90
G.0750
0.07:C
0.0670
0.0€10
0.05GC0
0.0330
G.c180

1639,

PPH2

.0480
.0956
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L2124
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.17€5
«1396 .

1398
10 'PQINIS

20 3

2.0286 G

FLCw

Bew.

-
& ]
tn

PH2C= 0.86 ~TYH

coz2

0.0230
0.04990
0.0560
0.0640
0.07C2
0.0740
¢.0770
0.0770
0.C740
0.C64%0

4 1885.3

PPCO

L0074
L0311
.058¢
.0685
-07€1
. 0688
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FPCO2
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N2

0.26€0
0.124¢
C.1C80
0.1110
. 1740
0.1220
0.1110
0.1030

TOZTAL VOL
3193.5

EPN2

. 1187
.2370
.1082
. 1704
. T140
L1159
.12%8
<1137

—

Poor Copy :
(OPIE DE QUALITEE INFERIEURE i
200
RON NUM= 53 8 POINTS
WEIGHT OF CAERBON 2.0142 6 FLGW EFAT
KCL 20 &

TENP= B800.00 C

H2
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0.2010
0.1950
0.1920

~ e,

~
Ve oavuw
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FPd20

. 7242
61587
€110
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. 5329

co

0.04€E0Q
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0.0790,

0.0870
J.0€660Q
0.0880
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0.0870

2174,

PPH2
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.0851
+ 1753
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coz

0.0260
€.0572
0.C5u0
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0. 0550

2 1402

PRCQ
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.0593
.C808
. 0894
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.0879

- 0901

PH20= D.86 AT

-
-

CHY VoL, ML
0.0020 580.2
0.0020 1330.2
0.0020 1€62.0
0.0020 1670.7
3.0028 1725,
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5.0020 1700,

g.0019 TE5C
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{ Poor Copy
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(OPIE DE QUALITEE INFERIEURE 4
F -
201
RUN NON= S6 S POINTS
WEIGHT OF CARBOE 2.0380 6 FLCW EATT
K2C03 20 %
TERP= 800.00 C PH2C= (.86 ATy
%2 HZ co coz CHu vCL,®L
0.2520 0.0900 0.1010 0.0150 0.0G020 £20.0
0.0950 0.1950 0.1250 0.0340 0.002¢ 214C.0
0.0580 0.2050 0.1360 0.0280 0.0020 29¢.0
0.0510 0.2040 C.1439 0.02¢0, -0.6020 251¢.0
‘n.nuAo a, 2040 n. 1140 0.0430 W 19102
mOTAL VOL
16€6.0 4324.5 2854 .4 €90.0 35.1 ML
Ve
PPN2 ° PPH20 PPH2 IPCC PPCO2 PPCHL X
. 1056 .5418 L2061 L0892 . 0564 L0012 L0639
. 2757 -1 .0985 . 1165 L0164 L0022 L2508
. 1259 L4024 » 2584 . 1656 L0450 0026 Lu823
.£8s9 38587 . 3036 L2014 .0415 .0C30C L7582
.08¢C9 .3243 .323¢ .2268 L0412 .0032 L5409

135.0 RL/MIN

TIME,%IN

S d™mE N
mON e
" s % & a
[TRG N ot N =

DI/D"‘>

05 EI~3
21¢

InIT-0n
S71T-00

7ILE=02

0.1
9.1 =91
e.1
0.1
0.8
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Poor Copy 5
COPIE DE QUALITEE INFERIEURE i

4

202
RON NUM= 57 7 PCINTS
VEIGHT OF CARBOX 2.3486 G PLOW £a7E
K2C03 5%
TENP= 80C.00 C ' PH20= (.85 nmw
¥2 2 . Co co2 CH4 VCL, ML
v
0.2230 ° 0.1050¢  0.0490 0.0270 0.6020 peg.
0.1150 0.2000 0.0990 0.0480 0.0020° 1785,
0.11¢0 0.1990 0.1100 0.0480 0.0820 - 2030,
0.1069 0.2010 0.1110 0. 0480 0.0023 182¢C.
9.10C0 0.2020 6.1i1Q [ 6.5480 5.00:8 iTcc.
0.0890 0.2070 0.1110 0. 0460 3.0322 183¢,
£.0780 0.2280 0.1100 0.0450 0.0020 1800,

—

\

ICTAL YOL {\ L
2897.7 5157.4 2748.3 1203.7 52.¢%

PEN2 PRPH2O PUHZ -PPCO P2CC:Z POCHL

.0662 L4361 2872 . 1572 .C583 .0

. 3325 + 3947 . 15¢€¢ . 0731 0592 .onzan

. 1292 L4788 2247 <1112 .0539 .cC22

«123¢ L4729 223 . 1236 .0539 -Go22

1107 L5111 L2100 L1160 .0501 LCe21

. 1034 .5213 2088 <1148 LQL%E .0o21

.0%992 4930 « 2307 . 1237 0513 .0C22

O3 Qv d Nl O

£.9
8.3
4.0
6u.0
5203
124,90

Tiw.2

s bt ety

tyre,



N2

0.265¢C
0.1200
0.11L0
0.1080
a.104u2
0.1050
0.71150
0.1310

TOTAL VoL
3689.8

PPN2

.0906
.3155
1417
. 133¢
- 1235
L1118
1108
.1175

Poor Copy

(OPIE DE QUALITEE INFERIEURE i

e
203
BUN NUM= 58 8 POINTS
BEIGHT OFP CAEEPN 2.3350 ¢

TEkP= 800.00 ¢

H2

. 0.0920

G.1889
0.1940
0.1990

NoannA

Ll W R

0.2020
0.2000
0.1820

~

5569.6

PPEZ20

.4852
. 4904
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co2
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L XIN sl
. W
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6 1346
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- . 1278

. 0548
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FLCW
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Poor (opy
(OPIE DE QUALITEE INFERIELIRE

*

JR—

N

‘ 204
BUN NOE= 59 1% POINTS
NZIGHT OF CARBON 2.2362 G\, FLGY RAT?T 135.0 ML/MIN
NA2CO3 10% . ¢

TENP= 650.00 C PY20= 0,86 AT
N2 H2 *COo co2 cHU VOL, ML TIME, HTY
0.3130 0.0850 0.0120 0.0320 Q.0 390.0 » 5.0
0.2330 0.1300 0.0110 0.0550 .0 92¢.0 25.0
0.20€0 0.16440 0.0110 0.0670 . Po\o0 950.0 45,0
0.1%89 0. 1560 0.0110 0.072¢ /QJ 950.0 65.0
0.19290 0. 1620 0.0110 0.0760 oY 5.5.0 85.9
0.1920 0.1640 0.011G 0.0770° 0.0 oup. 105.0
0.19€0  0,1580 0.0110 0.0€80 0.0 $20.0 125.0
0.2120 0.1500 0.01C0 0.0640 0.0 9183 1850
0.2150 0.1460 0.01C0 0.CE40 0.0 900,19 1€5.0
0.2050 0.1540 0.0100 0.C660 0.0 870.0 185.9
0.18€0 C.1€30 0.0120 0.0720 0.0 830.0 ©205.0
TOTAL VOL

4558.6 3267.3 237.6 0.0 SML

PPN 2 PPH20 PPH2 PPCO PCO2 PoCHY X DX /DT
L1182 L€210 L1600 .0563 L0475 .0 L0037 0.150¢T-22
.2878 L6119 :,0598 .C110 L0294 .0 .05 3€ 0.18857252
.1495 L7247 0 .0838  , L0071 L0353 .0 .D8%1 3.21121-92
.1373 L7147 L09€0 L0073 L0847 .0 L1223z .ﬂ1°~"-3z
. 1300 L7131 L1024 L0672 .0t73 .0 L1728 o 227¢7=22
L1242 L7147 .10u8 L0071 20692 .0 L2178 o.¢17"-c2
L1234 L7145 L1054 L0071 L0495 .0 .257¢ 9.1¢377-02
.1268 L7198 L1022 L0071 L0540 .0 204¢ 0.18us7-3"
. 1342 L7249 .0950 L6063 L0405 .0 .3313 o 10277=22
L1349 L7271 L0916 .GCE2 L0602 .0 L3677 L1QfuTa02
.1257 .7333 .0%uu . 0061 L0405 .0 4050~ d:lg;::-sz




k2 H2
C.2€60 c.0aco
0.1290 0.164C
0.1140 0.1720
c.1090 0.17£¢
0.1070 ¢.1780
0.7140 0.1780
0.1230 0.1780
0.1300 0.1740
0.1310 0.1720
0.1310 0.1720
TOTAL Vel

3838.2 4983.2
TEH2 PPH20
. 1097 S Tu16
.28C8 - 5609
. 1287 .5859
. 1093 L6003
. 1008 .£189
0977 .6309
. 1020 LE340
.1083 . 6350
.1123 L6415
L1117 .6ug7

Poor (Copy .
.(OPIE DE*QUALITEE INFERIEURE i

RUN ¥08= 61

WEIGHT OF CARBON

TEXP= 800.00'C

205
10 POINTS

2.3

CATALYST .KOXNZ

ce

0.0380
.373¢0
0.08u0
0.0773
0.0€u0
0.0580
0.0530
€.05C0
Q.NUEC
0.0400

1780.0

PPH2

.0991
.0Ba4
. 1637
.16u9
.1628
. 1626
. 1593
- 1568
.1503
L1667

ccz2

0.03CC
Q.0ugd
Q.0640
J. 04890
0.0530

0.057C .

0.059¢
0.0600
0.0€2%
G.Ce40

1568

FPCO

. 0071
. 0401
.0728
. 0805
.0712
. 0585
.0519
.Cue7
.0432
. 0392

759 6

»

FLON

—

b

£d)
v

A

‘PH20= 0,86 ATM

chHY

0.0C20
2.0030
0.0030C
0.00:2¢6
a.nazn
0.0020
c.cg1c
0.C010
0.0010
G.CCH0

.0 54,
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LLT76D
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N Xy

135.0 NL/uIy
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i : Poor Copy : )
(OPIE DE QUALITEE INFERIEURE i

206
RUN BUX= 63 10 POINTS

L3

WETGHT OF CALBON 2.4326 G . FLOW FATT

KO CATALYST

I -
TEMP= 800.060 C PH20= 0,83 TN
N2 B2 co coz cHE VCL, ¥l
0.2560 C.0550 0.0330 0. 029¢C S.ch2e £67. 2
0.1200 0.1290 £.0750 0.055% 0.0030 13400
20,1170 0.2030 0. 5870 0.0507 0.60030 12200
* 0.1180- 0.2060 . G.CEC2 0.:5:n g.0030 1260,
5.1360 5.1538 $.00C3 3.C530 C.30E0 112570
0.1280 0.2030C 0.058¢ 0.CE:0 0.0020 1hEn,t
. 0.1310 0.1280 0.255% 0.C&5 6.3020 cen,a
0.1550 0.1860  0.0530 0.0582 5.C027 Sl
0,1640 9.183C  0.027C 0.0550 6.0625 ezz.n
0.1690 0.1780°  0.044d 0.C6133 3.0020 aze.:
TOTAL VOL : v
3328.4 $339.7 1840, 4 1277.0 54,5 v
PaN2 ‘PPH2O PPY2 PRCO PPCH2 PLCHua
L6913 .0010  ..,1€5% .CGCE L0321 .G als
L4814 L2178 . 18G5 . 021 RLLFES LO035 .11
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. 1305 LU8CY L22€u L0570 .0S58 L6933 .
.1306 L4789 . 2336 L0316 LORTR L0535t i
L1458 .5228 L2024 L0713 L0556 - L0421 St
. 1321 . 5306 .209¢ . 0538 L2850 L0224 i
. 1270 L5619 L1915 L0523 LOCE0 IENET LA
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N

N2

0.473C
0.4670
0.4610
0.u4540

n nl'.'Cl\
et o

0.4500
0.4500
0.4510
0.5520
H.4550
0.u4560
0.8590
0.4610
0.4650

TCTAL VOL
17275.1

. 1488
.7¢80
6259
.6180
.£178
L6161
-6194
.6178
. 6195
.6192
61383
.6222
~616E
.6170

Poor Copy N
(OPIE DE QUALITEE INFERIEURE 3

. 207
RUN KUM= €6 14 POIKTS
WEIGHT OF CARBOX 2.3783 G FLOW BATE
X0 CATALYST
TEMP= €50.00 C PH20= 0,55 ATH
B2 ce co2 CHu VOI, N1
0.034¢ €.0020 0.020¢C 0.0 SEC.0
¢.057¢ 0.0C40 0.C289 0.0 1660,
0.057¢ £.0040 0.027¢C 0.9 139C.0
C.0570 C.00u40 0.0260 0.0 122C€.0
s.0c88 £.00s8 9.02¢28 2.0 1272.C -
0.0540 0.0040 0.0240 0.0 137C.0
0.0540 0.004d 0.0240 0.0 1365.90
0.054C ¢.0640 0.0240 0.0 1373.0
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G. U360 0.C980 0.0120 0.0459 0.0 1940.0 74,9
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L7490 . 0541 L0816 °  .C167 L0553 L0 L 6u0 AL LuCATaNZ
LSE62 L2207 L1232 L0154 L0745 .0 L1112 d.217%z-0
.5955% . 1601 L1827 - L0167 .075¢C ) L1850 G.I1263=2C
.6289 .1u18 L1418 L0173 L0797 .0 L13¢€2 G.1es¢7=20
L6455 L1527 L1239 L0173 U605 .0 ,23%3 fL1T5ET
.6560 170 L1026 L0173 L0561 — L0 .2¢2a3 3. 108702
L6715 L1650 L1022 L0131 L0482 .0 L3177 nL167 020

.6703 <1673 .1010 L0117 .0498 .0 1832 J.7517-



—

Poor CopY :
CoPIE DE QUALITEE INFERIEURE i

N2

TEYP= 73F.00 ¢

H2

209 -

12 poruTs

o

NG [CATEZLYST

/

ccz

2.3932 ¢

FLOW P

PH20= 0,48 aT«

chis

£.u650 ,f*UTEEEE‘-\%;91so 0.0180  0.0010 4.0
0.39¢0,” ¢.ceso w038C  0.02€0  G.0010 2.9
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0.1530.
0.1530
0.149C
0. 1380
0.1340
0.1360

4086.2

4

W
PP 20

<2256
L2054
. 1517
.0u3n
0270
L0043
0633
.0152
.0330
LCEG
. 0787

NO CATALYST

cc

£.0150

0.0500

0.02%0
0.0800
e.c708
0.0710
C.0670
0.0630
C.0€ G0
0.0580
0.0470

19 3C.

PPH2

.121C
L0031
. 1305
2601
. 2660
.2845
.28%4
. 2785
.2678
2658
.2338

coz

0.0020

0.0240
0.0310
0.03s5C
0.0380
C.0380
0.0380
0.0370
6.0370
0.0u20

3 983

p2Co

L0342
. 0235
.079¢
. 1425
. 16458
. 1479
. 1343
1224
- 1132
. 1GE9
-0940

C.0160 .

977 G FLO® R

PH20= 0.42 ATH

R

CHU VCL,ML-

uuuuuu

-6 51.7

-
pPPCo2 Prcus

L0342 .0

.0031 . 0031
.0223 L0332
LOu28 RLEY:
. 0555 L0036
LGEES .003¢8
.0719 L0038
L0694 L0037
L0693 L0036

268 SN

Lonas
.05 3F
L1117
L1887
L2775
LY
Lu20e
LeEa
RS
L6075
LE626

25.0 rL/zulvw

TINZ,

8.9
2u.0
a.9
€u.0

oA

- ¥ o

104.0
124.0
144,70
1€4,.0
188,05
208.0

M

ha et

P I s) e

-2

s n

Ly

R gy

S 1
[ |

2
3R



N2

0.42u0
€.3u480
¢.3310

0.3252
ag2cn
c.3180
€¢.3189
0.31¢60
0.3170
C.3180
0.3280
0.3249
0.3310
€.3380

Laa AR

TTUAL VOL
10781.5

pPpu2

<7079
.4BES
L4692
L4593
LUSE6
L4532
L4536
L4503
L1533
L4519
U562
LU540
L U574

Poor Copy .
(oPIE DE QUALITEE

211
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WIZIGHT CF CLRBON 2.3557 ¢ PLOW BATE
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€.1080 C.02¢0 0.C310 0.0 1230.0
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L2543 L1861 L0341 L0753 .0 L3682
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0.2790 0.147¢ 0.03€0. 0.0570 0.9 T4RC.0 154.°C
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L4701 .2130 . 1853 -07%¢ L0565 .0C1s L1337 D.313
Ry .1723 .2385 .CTE9 . 0662 .0c15 .2297 0. 324
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.4394 L1564 .2274 . Gugl .087¢ .0 L7212 0.2481z-32
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TDeP= 700.00 C PR20O= 0,323 iTn
N2 82 Co co2 CH4 yCeL, ML TIKZ,NIN
D.5390 0.0390 0.0200 0.6570 0.0 £350.0 .2
¢.81C0 0.0650 0.042C 0.C730 0.9 1468C.C 24.0 ,
0.4210 0.0730C 0.0u430 9.01“0 0.0 Tu60.C L, 3 :
0.39C0 0.077C 0.0LED 0.01€0 0.0 14450.0 4,0
0.380u - Vet 10 Q.usgU Douldw Vel 14T 00 Bu.o
C.37C0 C.08B€60 00,0480 0.0190 0.0~ 1520.0 104.9
0.36C0 0.0920 0.0470 0.0240 0.0 155¢ .0 124.0

. 0.3630 0.0960 0.0L80 0.0280 Q.0 1850.0 144,30
0.3590 0.1020 0.0uB0 0.0250 0.0 1550.0 1e4.0
0.3580 0.10€0 0.04350 0.0310 0.0 1550.0 184,90
0.3570 G.111¢ 0.0uLB0D C.G320 3.0 153¢C.0 204,03
0.3%50 0.1120 ‘0.0580 g.c320 0.0 15u4¢.,0 2z4%.9
0.3550 0.1120 0.0470 0.0290 0.0 145C.0 255.0
TOTAL VOL ‘ . ,
13126.0 3197.4 16C3.3 “,3g81§.3 0.0 .- “L

BPEN2 PPHZO PPE2. PPCC PPCC2 PPCHL X oX/o7
467 .3289 1262 . 0136 , . 082U .0 .0Cos¢L 0.,716882=32
-.8151 L0624 Q724 L0371 L0130 L0 L0623 D.17T.22=02
€318 L1771 .10€3 . 0647 L0200 . G LO7en 0.39812=-22
6281 . 1682 . 1143 .C674 L0279 .0 L1168 Jo1usETr =02
.6148 . 1€£59 L1274 8725 .0252 .0 L1587¢ Co21Z80=22
L6118 . 15L8 . 1304 L CT61 .0290 .C L2822 0.23137-32
.6089 . 1393 . T415 L0790 .0313 .0 L2501 0.2<57z=3z
.-6018 .1259 . 1538 . 0785 Lou0Y .0 L3000 .20 eT-002
«5949 L1232 L1573 . 0787 0458 .C .351C J. o8 =2=-.2
.5903 L1158 L1677 .0789 L ow?? .0 L8231 T.lTTT=S2
.5849 L1112 L1732 . 0801 L0506 .0 L5853 J.IfEratl
.5808 . 1084 L1806 L0781 .0521 e .5995 N .2s050=22
. 5808 <1050 .1833 .G785 L0524 «Q .55172 C.21%2x-322



X2 -.

~8820
C.37¢60
0.3380
0.3370

[l ')‘.?uf\

X R

0.3320
0.3280
0.3220
£.3120
0.3040
0.3190
0.3210

TOTAL VOL
12564.8

PPN2

.57586
, -8C5¢0
.£220
-+ 5832
.5724
5734
5721
.5719
.5733
.5654

5525 -

.5564

-

-4

.Poor Copy
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217
RUN NON= 78 12 POIKTS
WEIGHT OF CARBON 2.3522 ¢ PLCW

TEMP= 730.00 C

A2

0.0360
0.0850
0.1110
¢.1210

n 1'\1f\
e b o N,

0.1210
0.1210
0.1230
0.1260C
G.13C0
€. 1330
0.1330

4487.3

PPH20

+1196

. +0771

<1166
.0838
« 0647
. 0575
« 3557
.Q549

- L0477y

0413
0367
.0389

TORK2C03

co

0.0260
0.0630
0.0730
0.0730
0.0710
0.0710
¢.0730
0.0660
0.0640
0.C520
0.CE30

' 0.0550

25¢cC.

PPHZ

» 1816 -
.065%6
2055
.2077
.2085
.2110
<2190
L22F3
<2363
2320

cc2

PH20= (.33 ATM

. 7
0.CC40 0.¢e20
0.C0u40 9.coze
0.€080 0.2030
0.0190 0.C010
0.02I¢C .00
0.0230 9.001cC
- 0.0220 £.C010
0.0230 ¢.CCi2
0.02¢€0 0.<C10
0.0340 0.0
0.03¢€0 0.0,
0.C39¢0 0.0
g 88€.5 30.9
PPCO PPCO2 p2C
L0762 _ .0470 . .0
.Cu7u L0373 .0036
. 1042 -00€€ .0023
. 1260 .0138 .6017
- 1240 .0323 .0017
<1219 - .0378 L0017
.1223 .039¢ .0017
<1221 .0384 .07
. 1175 0410 .ce1e
1160 ..Qu71 L0218
~1127  .0618 .0
.1099 o .0628 .0

FATE

Vei,xLl

ELCLND
1820.0
1€35.2
17000

_Q'!f [als)

e

S 175¢.0

17~».O

-175,.C

.'-...3
175¢.0
17&0.0
2¢10.C

H4 X

.00

,0568 .

L6
. 1765

2673
.31€~
3B
L5519
5137
.57310
LEE€39
7694

24.8 2L/nlu

(8]
*
w
i
13

¢
1t

L}

ll.a(’()l_ll‘_u
NENNSED] i-lt-)f

LI S B |

L]

.

L

rhr\
o

<

t

C.3H2° T
O-..f"é‘ -2z
J.3%63=-32

]
“r
[ S



K2

0.48290
C.34G0
0.3220
0.31290
0.31C0
0.3120
0.3160
0.3240
¢.3280
0.3310
0.3370

TCTAL VQL
11153.4

EBN2

-5870
- 7754
<5914
. 5537
- 54380

.__.tl
- Jbe s
.3515

5622
+ 5656
-5€72

—-
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. 218
RUN BUM= 79 11 POINTS
WEIGHT OF CAR3ON 2.3380 6 PLOW RATE
108K2C03
TESMDP= 760.00 C PH20= 0.32 1-n

B2 co co2 CHU VOL, ML
0.953¢ 0.0420 0.0089 0.0020 70C.0

C.1150 . 0.0860 0.0110 0.0020 196Y .0
0.1320 0.0340 0.6170 0.0020 165N, 0

0.1340 0.09485 0.6130 0.0C20 19C0 70
3.1340 9.5510 5.0160 0.602¢ 165C.

0.1330 €.0900 0:C150 7.C020 177¢ /2
0.129¢ 0.0860 0.0159 0.0C10 174879

0.1150 0.0300 0.0156  0.C01C 1690.0
0.1020 0.0750 0.0180  "0.0016 1720.0
0.1120 $.0740  "0.0210 0.C010 1700.0
0.1150 0.0730 0.0220 9.0C10 171¢.0

416C.9 2626.9 558, 4 52,.3 »L
-/

P20 PPH2 PDCO PPCO2 PPCHL X
L0623 .2308 . 1024 L0677 .0 L0156
L0345 .0953 L0785 . .Gius .0036 L0967
L0364 .2000 ~ 1496 L0191 0035 . 1857
L01€3 .2290 . 1631 .029 LA035 L2748t
L0165 .2353 . 1651 L0318 L0535 L2579
L0203 L2374 . 1612 L0283 .Ge3s L4315
L0232 .2330 . 1576 L0263 .35 .511)
L0459 ,2234 . 1501 L0262 L0017 L5305
L071¢ L195¢ . 1388 0260 .C017 LEUTE
L0797 . 1875 . 1302 0313 L0017 .71¢¢
.07€3 L1919 . 1268 L0360 L0517 L7872

25.0 ML/XIN

Dx/DT

0.385L2=-02
J.8253=z-232
0.46822=02

0. a30uz-32
0.40542-22
0.3627z=32
0.355%z-02
0.3Leuz=-02
D.3562Z-32

C.38812=-C2
.3385z-02



!
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219 )

RUN NOM= 80 14 DPOINTS
> .
WEIGHT GF CARBON 2.3423 G - FLOW gaATE 25.5 ML/MIN
- 10%K2¢03
T2HP= 650.00 C PH20= 0,34 ATY
. K2 B2 Qo COZ‘- CH4 VCeL,»L TINT MIN
0.2170 0.0120 0.GC22 0.0 660.0 4.9
0.0520 0.0180 0.0160 0.0 1380.0 26,0
0.0820 0.0180 0.6303 0.0 142¢.0 4t
£.0%20 0.0180 8.G350 . 0.0 1520.90 )
5.55uC 0.0170 C.5350 Z.0 188.S §%.3
0.0890 0.0170 0.C310 0.0 1550.0 103.0
0.6930.° 0.0170 0.02090 0.9 1us0.3 126.0
0.0800  :0.6170 0. 0290 0.0 1520.0 164,90
0.0810 0.0170 0.6290 0.0 1220.0 164.3
¢.0810 0.6160 ¢.0310 0.2 1410.0 184.9
0.082C - 0.0150 0.0310 0.0 1410.0 204.3
£.0820 0.0150 0.0290- 0.0 1400.0 2I4.9
0.0B18 0.0150 0.0310 0.0 14C0.3 246,90
0.4020 8.0750 0.0150 0.0290 0.0 1370.0 264,30
TOTAL VOL '
14516.5  -2876.5 569,0 1058.0 0.0 ML
PPN2 PPH20 PPK2 PPCO . PPCU2 PPCHUY X Di/o7T
<
.5691 . DE9u L1993 . 1233 L0372 . ,0017 LCCuy .8327T=33
.B360 L1666 L0314 L0222 L0037 .0 L0260 0 DL,1277E-92
.6538 . 2094 .0827 . 0286 .0255 .0 L0858 . 9.18505-=02
6268 .1695 .1287 . 0283 L9uT .0 .0Fa0
.6125 . 1563 L1467 . 0267 .0558 .0 . 123¢ 2
6084 L1498 L1517 G274 L0629 .0 L1535 G.18010=-02
L8221 L1542 L1453 .0278 L5506 .0 <1830 - Z,1:5€2T-232
.6288 1637 .1325 .C271  .0479 .0 .21 32
L6317 L1673 . 1276 L0271 L 063 .0 .ouns 22
L6292 .1700 L1281 . DZ2€S L0458 .0 L2E63 93
.6268 L1722 L1272 .0251 .0ua” .0 .2¢7u 3755-00
LE280 L1714 .1287 L0235 LO0uRT .0 L3243 f.13"ezanz
.6289 - .1720 . 1296 .0237 .0uss .0 . 3525 J.13637=02
- L6256 21727 .128¢ .0238 L0892 .0 . 3756 J.1278C-02
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220
RUK NOM= 81 14 POINTS
WEIGHT GF CARBON  2.3587 ¢ PLOW FATE . 25.5 =LsmTy
0%NA2CG3
TEAP= 650.00 C PH2C= 0.3% ATy
N2 A2 co co2 ciu VOl ML - TInE,aln
0.47C0  0.0330  0.0050  0.0070 0.1 $93.2 4.2
0.4360  0.0550  0.9070  0.G459 °.0 127¢.¢ 243
0.4170  C.C€3C  ©.0110  0.0020 0.0 1320.0 held
0.4910  0.0760  0.0130  0.0-30 0.0 161300 054
-391C 2.0788 8.0160  2.0323 ., 2.6 1520.0 ~4.1
0.3910  0.0800  0.0140  0.0320 0.0 1L6¢. 35 10-.3
C.3370  CeC790  0.0130 0.C320  ©.¢ 1230, 1449
0. 4080 0.0730  0.C112  0.0300 c.o 13909, Tuu.?
0.4040 . C€.0740  0.0110  0.0320  C.¢ 1370, ¢ 16,0
0.4080  0.0750  0.0120  G.(230 3.0 1376, ¢ 1ae,
0.4010  C.0760  0.0120  0.¢3¢0 5.0 1512.0 22..3
0. 39 a~=\wc 0760  0.01C0 0.0330 :.0 1810.0 237.0
0.0760  0.010C  G.C332 0.¢ 2160.0 L6320
o . so 0.0740 gp.0380  0.023C° 0.0 2140.¢C 2549
TerEr Vot - -
6010.2  2862.2 429.5 1118. 1 0.0 v
pEN2 TrE20 PPED 2rCoe PpCC2 prcis X Lyt
L2242 . Lua3n L1880 L1109 .0325 L0012 LA03 T
L8221 .0981 .0573  .ccaA L0123 .0 Lnace L BRI
L65E€ L2274 .CBZf L0718 .022¢ o AT SRR
6633 .2086  ,0972  .0170 L0339 .C PEE: SRR
6358 L1771 .1205  .020¢ L0460 .0 L3E31 0 GLalimiot
L6260 L1755 1268 .Qz24 L0512 .0 L1TTE iyt
L6253 173z _1279  .0224 0513 o R N R L
L6256 .1739  .1385  .0ucs 054 ¢ R R
LE362 L1843 L115¢ L0172 .0aT: .0 TR ERERE
.6330  .1868 L16C L0172 0870 .C BT Nie it
<6327 .1857  .1174  .Q01sf 045y .0 TTas IERETE e
.6358 1771 - .1205  .a1eo 0u7e L0 JEETY PR
L€342 L1781 L1230 L0162 . CuRs e L3178 Clpizon
.6259  .1879 .1185  .01%6 05156 .0 L3575 CLansaiol

i
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221

PUN NUN= 82 11 POINTS

WEIGHT CF CARBOX  2.3431 G FLOW E3TT 25.5 wi/ui

10%8A2CC3
i -,

TEMP= 760.00 C PH20= C.3& ATH
N2 H2 co co2 CHU VCL,NL A A
0.4640  0.02€0  0.0330  0.0050  0.0020 °  7iC.0 . 4.9
0.4160  0.0750  0.0690  0.012C  0.0020  1S8C. 2.9
0.3460  0.11C0  0.0860  0.0140  0.C0z0  1552.0 cs.C
0.3280  0.7120  0.0880  0.0150  0.C020  153C.0 64.0
G.34¢G  §.7300  0.081%  0.0150  $.80Is 1222.¢ Ti.3
0.3460-  0.1100  0.0800  0.0740  0.0010  1430,0 164.0
C.3450  £.1090  0.0790  0.0140  0.0010  1433.C 124.0
0.3760  0.1140  ©0.0780  0.0180  0.06010  18C0.0 155, ¢
0.3930  0.13180  0.0800  0.0150  0.CC10  1520.0 1€56.9
C.3R60  0.1220  0.0850  0.0150  0.6C10  1533.0 -  184.0
0.3960  0.1230  0.0830  0.0150  0.0010  15¢0.0 204,90
TOTAL VOL ¢ .

10355.2  2955.9  2132.5 386.1 40.3 34

PPH2 . PPH20 PPHZ PECC PPCO2 PpCHL X Dot
-€365 L1985 L1127 L0122 L0882 IN\_.0 .G123  D.220uc-
.8054 0801 L0451  ,0573 . .0087 = MNW3S  .C€s5  £.2327--
6115  .1562  .1102  .101s 0176  .DC29 L1290 3.32%9%-
5522 1115 L1745 1365 .0222 L0332 L 1%EC Q.3:070-
.5367  .1083  .1830  .1438 L0265 ,0033 2573 C.3(0lf-
5481 JITEE L1773 L1306 L0262 .0C3I  L31€5 d.iezto-
5513 .1220 L1753 .1275  .0223 L0016 .3745  0.287%%-
.5524 L1226 L1785 L 1.€5  .023% L0016 8287 T 9.2725%-
5622 1266 L1714 .1173 ,0210  .C016 L8836 5,231.7 .7
«5€90 « 12711 .1708 .1158 L2117 RS ] LSu¢ J.lFT m-T L

5610 .1148 1773 . 1235 .0248 .001s L8588 CLZEIn
. N\—\.

a

2D

1

'
rhre)ta RIS MO

PR RN

%
LAV §



K2

0.37¢€0
0.2680
0.,26€0
€.25u0

- [akal
o o W

0.2770
0.2890
0.2900
C.28¢€0
0.2800
0.2800
0.2860
0.298¢C

TCTAL VOL

§852.6

PPNZ

. 5698
.£752
LUETLY
- 4257
L416e
L8212
4317
-43R9
L4388
S43u2”
L4274
L8217
~4239

Poor (opY _‘
(oPI1E DE QUALITEE INFERIEURE i

RUK NUE=105

13 POIX

WEIGHT OF CARBON 2.3

. TEMP= 700.00 C

0.0950
0.0920

3289.5

PPH20

.1108
« 1111
.37174
. 2670
.2587
L26U6
«2753
. 2879
« 2960
-30u6
.3100,
.3207
.3313

10%KA 2C03

co co2 -
0.0250 . 0.0140
0.0460 0.0260
0.0440 0.0310
0.0410 0.0370
$.039¢C £.237C
0,0400 0.0340
0.0400 0.0330
0.0400 0.0320
0.0400 0.0310
0.0410 0.€310
.05 10 0.0320

. 0.03%0 0.02850
0.0350 0.0280

12627 93

PPH2

.1770
.1282
L1618
.1857
L1952
.1895
1761
. 1633
L1572
L1518
<1517
L1461
L1815

BPCO

. 1194
.0534
. 07409
. 0704
. 08672
0632
.0€23
. 0605
. GECS
. 0607
.0¢2¢
.0618
. 0581

222
TS

gs9 G PLOW

x

i
b L
'3
™

PH20= 0.48 ATH

CH4

6.0010
0.0010
0.0C10
9.0010

[} ~ .
Ve IG

0.0010
0.001¢C
0.0C10
J.o01¢
0.0070
g.co1c
6.00%0 .
0.0C10

U 31.8

PECO2 Prc

L0216 .0014
.0299 0021
LOLOY .0015
.Qu%6 LC01%
. 0607 001

.0539¢9 .2C1¢
L0530 . .GQCOF
. 0459 .CJ18
.0u8L L0015
547 - L0215
L0473 .C015
.Quc2 0215
Q417 0015

YOL,ML

550.0
1C70.5
1190.90
1200.0
T13e.0
1180.9
11€0.0
1150.C
1120.0
17%0.0
1C70.0
10480.C
1430.0

Hu X

L0117
.050¢
005z
L1824
L1877
2338
L2711
.311R
L3513
L3z
LE307
JUEET
L5117

37,0 HL/xIN

TIMZ, 4Ty
8.0 ’
26,0
44,9
56,0
.l
106,90
124.0
18,9
164.0
18..9
ZJ5.0
224.,0
25L.0
LX/DT
.18352-0
O-QJ"‘\"':'
0.223’“-7
L2373 0=02
0.2233?-3
C.23627=2
C.ECE‘"-?
. 1c3 -2
SR T
VIR T P
2.18750-2
c.lfnaTat
0.1371-0

ta bttt I"I'JIul)lx)PJl’\Jl-Jl\l_



N2 RZ
—
0.3960 0.0360
0.2980 0.095¢C
0.287¢C €.1330
0.2870 0.1360
D.29¢0 2.1212
0.2340 0. 1270
0.2990 0.1230
0.3010 0.1200
C.3020 c.118¢C
0.30%0 0.1170
C.3090C 0.1180
C.3000 0.12490
0.2880 0.1310
TOTRI VOL .

9125,2 3610.0
PPY2 PPR20O
-.6282 - 1859
.67t « 2235
.u218 . 3687
- 3EET «3571
. 3638 .3598
- 3870 - 3671
. 3762 . 3628
. 3832 .36€8
<3852 . 3691
.3804 «3705
. 3893 L3701
.3881 .3720
. 3806 3694

Poor - Copy
(OPIE DE QUALITEE INFERIEURE 4

BO¥ NOmM= B3

WEIGHT OP CARBOR

TZuP= 67C.00 C

10XK2C03

co

0.023¢
0.0250
0.0260
0.0280
2,029
0.0250
0.0250
0.0270
0.0250
0.0260
0.02€0
0.0259
0.0230

8d1.

PPH2

- 1172
.0610
. 1345
«1773
<1724
.1€35
« 1625
1577
. 1536
1510
< Tu74
.1482
. 1573

223
13 POIXNTS
2.3430 G PLOW EATZ
PH20= 0.61 ATY
co2 cHL VCL, ML
0.0010 0.0620 %30.0
0.0262 3.0010 12u4C.0
0.0420 0.CC1C 119¢.0
0.05323 3.001C 1190.0
.0.C522 2.8012 1420.8
0.0473 ¢.0010 12€0.0
0.0430 0.0 1200.0
C.CusC 9.0 1280.0
0.C470 0.0 1200.
0.0480 9.0 1210.0
0.0572 0.2 1230.0
0.0LES 0.9 1190.0
0.0500 0.0 1160.0
S -1335.7 14.5
- PPCO PPCO2 PPCHU
L0234 . 0453 .0 .0
. 0390 L0017 .00 34 .0
. 0368 L0358 LCO1u .0
.C357 . .08625 L0123 1
. 0355 L0672 .C013 .1
. 0350 L0662 .€012 .2
.0371 L0601 .0C13 e
L0372 .0551. .C
.G346 .5576 .0
.€3z0 LCEOT .0
.0328 . Q605 .0 Lt
+0327 ~ 0599 .0 .45
. 6317 L0609 .0 L6927

49,7 ML/NIN

= mT
TInzZ,uIx

4.9
2u. 0 .
4L,
5“.0
Bu.0
186,90
126,90
jee,

€4, Q

186,23
zZCu .0
2249
244.0



o

N2

0.30u0
0.3120
0.32¢60
0.3330
n,3289
0.32¢0
0.3350
0.3370
0.3420
0.3470
C.345C
0.3430
0.3370
0.3400

=
TOTAL VOL
10412.5

ppud

«3720
.6168
.4180
. 3906
. 3982
.3928
. 3873
3992
.3933
« 3925
. 3903
.3915
. 39239
. 3924

—

Foor Copy \
(OPIE DE QUALITEE INFERIEURE i

224

RON NUM= B4 14 POINTS -

YEIGHTGFCARBOY 2.3630 ¢ PLOW EATE

10%K2C03 -
TEEP= 640.00 C PH20= 0.61 =X
co co2 c

¢ 0550
€. 0850
0.0960
0.0970
0, 6970
0.0970
0.0910
C.0910
0.0910
0.6919
0.0930
C.09490
0.0930
0.0920

2856.1

PPH20

«3734
+2575
U226
.8272
.5189
L4240
U298
.4280

T L4398

LU4 3y
LUu9s
-u428
L4362
« 43867

0.0060
0.0130
0.0140
0.0140
0.011u2
0.01u0
.0.0130
02.0120
0.0120
0.0120
0.0120
0.0110
0.0100
0.0090

P

375,

PPH2’

.1€35
L1116
L1138
L1150
. 1160
L1162
.1152
.1c84
L1662
L1084
L1024
.1055.
.1679
.1083

0.0010
¢.0210
C.0u20
0.0420
0.0420
0.0130
0.Cs13
0.0uC2
0.Cuco
0.€390
0.0412
0.0430
0.0u2¢
0.0440

1 1205

PPCO

.0287
L0122
.0174
-.01¢8
. 0167 '
. 0168
.0166
.0155
R R
.0138
.C135
.013¢
L0126
.0118

(=ReRoNaolsBoRsNeNe NaNolaoRo )
LI T
COoOO0OQOoOO0OOLO SO0 O

LI Y T T I " Y

-3,

Erccz

L0628
L0020
.0281
-05923 °
L0502
.2593
-0511
.04e3
.0u67
L0459
.0639
LCUES
-0usy
.0u8s

0.

1C7C.
1C5C.72
1C80.5
1060, 0
1030.2
1€cg.0
102%.2
1¢12.3
80,0
1012.0
103c.¢C
102C.90
188¢.,0

3 bl

PPCHL X

L0
0210
.2452
.077¢
. 1058
<133
. 175¢
«2002
»225C
. 2L 8¢
.2735
29Uy
.3258
-3€ 1€

49.7 FL/EIN

gy
TLNT,EIX

e,
24,0
ba,2
£€5.0
ERCI

15,9
134.0
154.,0
174.0
1¢35.9
214,39
234,90
25%.9
2B4.0

Lxrst2

0.7--3z-23
J.1%2¢€7=-022

J.iLtez-22

o

~—~



%2

0.2690
0.2640

0.2620
0.2€C0

- 0.Z257%

0.25€0
0.2540
0.2550;
0.2570 ™
0.2600
0.2630
0.2650

TOTAL VOL
B431.5

?
PPN2

« 3857
.6566
»3955
3774
. 3764
.3759
-3754
<3731
-2 3759
L3677
.3704
.3609

Poor CopY

COPIE DE QUALITEE INFERIEURE

—y—

J

ad

9.0

Lsuzi

225
RUN RUNM= BS 12 POINTS
¥SIGHT OF CARBON 2.3465 G FLOW RATE
10%K2C03
TENP= 700.00 C PH20= 0.61 ATH

A2 co co2 CHY VoL, ML

0.05C0 0.0260°  0.0039 0.0030 6C0.0

0. 1090 0.0480 0.0220 2.0020 1300.9

0.1190 0.066C 0.0u4¢0 0.0020 132€.9

0.1250 0.06460 , "0.0420 0.0020 135¢C.¢

t.325C $.0548% C.5430 $.5320 1350.¢

0. 1300 £.0500 0.Cu20 3.0z 1430, 2

0.1390 0.0490 0.0400 0.0¢20 137¢.0
0.1310 ¢.0470 0.0390 0.c010 137¢.9
0.1320 0.0430 0.0458 C.CC1¢ 132027

0.1350 0.0350 0.0uEQ 0.0010 1330.9

0.1380 0.0360 0.06490 0.0C10 125¢.2

C.1400 0.0350 0.0550 0.0010 1210.2

4Qu1,0 1413, 1 1271.2 53.2 ®1
PPHZ2O PPH2 P2C0O PPCC2 PPCHEY 1

L5499 . 1054 L0102 L0809, L0 .0125
<1432 . 1221 . 0635 .0078.,3 0073 .0E2s
.3333 . 1633 L0719 L0330 .0C30 L1171
£3244 21714 L 06€3 . 0576 L0082 L1758
.3124 .1809 . 0666 .0608 - ,0029 L2371
.2994 .1887 . 0702 L0629 .0C29 .2€97
£2962 . 1906 . 0733 L0616 .£C29 .35%%
.3023 .1910 L0720 . 0588 .C029 L5171
.3027 .1931 . 0693 L0575 . .0015 L4732
. 3160 .1889 .CE15 .0€44 L0014 .523%
.3119 L1923 . 0555 L068u TR I L5759
.3318 .1894 L0494 L0672 -0G14 €250

4.0
26,0
45, )
£5.0
54.3

104.0
BRI

s

168,22
18-.2
205.3
224.0

Dx/sD7T

v e e
ES Ba S T e}

EATIE PV I B R A U
| J I D B N |

O
I T PR BERY 3 S R

a1
— s
1] L]

PELILAS SR B B BN TR S Y LA I 37

LS N SV U AV P MURTYIN 20 N 3V o9
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1

L T )

OO OO0 OO
'

[ I OF I AP IR LN A I3 TR WS B S NN B s IS )
POttt bha by 20 R bd g b N

- f "
S
’

trt
| SHEHEL .



1Y

X2

0.25€0
0.2230
0.2230
0.2230
G.217n

.2090
072070
0.20940
0.21690
0.2320
0.2530

v

0.1620
qﬁ\\g.1soo
//71350

o
TOTAL VoL

///f E?Ei:T
N

ppRT

- 3593
.6287
.»3382
.3328
.3285
«3210
.3175
<3171
«3175
.3223
.3382

RON NOK= 88

Poor (gpY

E QUALITEE INFERIEURE

HEIGHT OF CLEBON

. 108K2¢03

TEXP= 730.00 C

A2

¢.08¢0
0.1850
0.1

0.1680
f.18e0
0.1660
0.16£¢C
0.16€0

-

4960, 0

FEH20

-

J3811
.0308
. 2098
.2254
.2399%
24T
. 2451
. 2479
.2555
.270u
L2944

co

0.03€0
0.0780
0.0830
0.0300
0.078Q0
0.07490
C.0720
0.0660
0.C€20
0.0550
0.0510

2097.

PPH2

.« 1898

.1568
-2806
.2552
. 2473
.26455
2522
£ 2543
«2522
« 2417
2187

—-

s

s

226
11 POINTS
2.3494 ¢ FLOW BaTT
PH20= 0.61 amx
co2 cH4 vCL, ML
0.0200 €oz0 £09.,0
0.0330 — Q, 0 15600
0.0400 0.C020 1862.9
0.0430 0.6020 1516.9
2, 0460 L 1nosLn
0.0869 - g.coag 1670, 9
5.04%€0 C.C220 1658, 3
0.0u473" 0.C020 1622, 0
0.0470 0.£220 1232,0 \
0.645Q 3.CC10 13L2,0 .
0.0430 0.0010 123C.0
3 1302.2 56.4 34
PPCO FPCC2 PPCHU X
L0674 L0610 L0316 L0269
. 0886 L0492 .00ug L1040
L1163 .0501 L0032 . 1897
L1239 .0597 .C039 L2711
. 1178 .C633 .C029 L3566
L1154 L0680 L0030 L4389
. 1124 L0699 L0030 L5164
L1072 .0705 .0031 L5054
. 1003 L0712 L0039 LE6S3
. 0925 L6701 .C0390 L7392
.0802 L0671 L0015 L7629

9.0 EL/MTH

/o7

0.3€422-52
0.40712-32
9.42:72-9
C.37755-32

0.a1.57-22

0.u0a :‘.'3":2
0.3438352~-32
0.3¢852-35
C.33%¢z-22
0.323¢€7-~-22
9.27z230-32



N2

0.2820
0.2240
0.2159
0.20€0
0. 1980
0.1930
C.1910
0.1920
0.2050

0.22€0

TOTAL volL
7592.8

~

PPN2

.3%49
.6148
.3226
.3193
L4709
«32513
.3254
«3235
.3202
.3254

S
47

| 227
RUN NUM= 87 10 POINTS
VEIGHT OF CARBOK 2.3380 ¢ PLOW
10%K2CC3
TEMP= 7€0.00 © PH20= 0.E1 7w
2 co co2 CH
0.0620 0.09350 0.0052 £.CC30
0.1480 0.1610 0.G140 0.C03C
0. 1450 0.1100 0.02C0 2.0030
0.1500 0.105¢ 0.C240 0.0020
9.i510 0.10 10 J.026G S.o0ite
0.1520 0.0960-  0.C280 0.c020
0.1530 0.0940 0.0300 0.9020
0.1560 0.0850 0.0310 9.0020
0.1570 0.08C0 0.0310 0.0620
0. 1580 0.0710 0.0310 0.C010
5422.0 3431.3 916.6 77,4
PPH20 PPH?2 PBCG PPCO2 PPC
.3225 L1894 L0718 L0603 IRE
L1345 .1352 L0981 .0109 .00 S
.2943 L2131 . 1455 .0202 L0043
L2619 L2213 L1634 .0297 .0C45
Y L3429 L2600 .05:9 L0056
L214€ L2481 . 1659 L0527 L0532
L2058 L2563 . .1619 L0572 RPEE
. 2040 .2591 . .1592 .05C3 L0034
L2163 L2601 . 1484 L0517 .00323
L2367 .2523 . 128¢ L0483 .C032

. Poor Copy .
(OPIE DE QUALITEE INFERIEURE 1

-

EATE

vCel, ML

€C0.C
134¢.0
1L70.G
45772,
1880 .G
TEEL,
16€0.0
156C.¢C
151C. 72
1ei0.2

HH ¥
HE A

0184
.0823
~ 1824
LLEL
.5855
.€ET3
«T652
. BE 38
+SUET
LW WL,

49,0 ML/MIN

::::,:34?7

2.0
2L.0

Lz,
"

£€-.1

84,0
13%.23
513
3.0
Tow~, )
135.0

[PURIT Y o VIV, IV IRV TRE L W]

coooYWooaooo

DX/sD7T

[N B ~IXY» B oV IS Ll NP R )
[PERLV Ly N TRV A R BN Y I Y]

Py g e =3 LR B

AN O B K L B |

[T

| I I B |
LRI NS R B SRR R ]

FELEEI B N

.
i

t

q -
[}
[

Papst. M)

[ 0 % B PR I B L)



K2

0.2350
¢.1630
c.1410
0.1340
c.126C
0.13250
0.1320
0.1390
0.14¢€0
0. 1540
0.1810

TOTAL VOL
£725.9

PEN2

.3384
« 5589
L2474
.2235
L2088
. 1937
1894
. 1980
2062
.219.7
<222¢€

Poor (opy

(OPIE DE QUALITEE INFERIEURE :

KON ¥OUN= 90

11 POIK

WBIGHT OF CAREON 2.3

TEMP= 700.00 C

H2

0.0880
0.1900
0.1950
c.1970

A Al A

Toewe re

0.1940
0.15C0
C.183¢C
0.1752
0.1750
0.1740

5839.9

PPH20

.2708
.1072
2973
2710
.2870
. 3098
.3288
-3351
.3u08
L3470
- 3611

10RK2C03 .

co

0.0260
0.0548Q
0.0630
0.0650

o) roan
R

0.0600
0.057¢
0.05350
0.0530
0.0450
C.0uuo

17€1.

PPH2

>2366
S2090
.2884
.3090
L3010
.3028
.2939
.286%
<2754
2618
.2528%

coz2

0.025C
0.0550
0.06C0
0.0630
€.6633
0.0630
0.0610
0.0€00
0.C610
0,064
0.0650

7 1507

PPCOC

. 1063
.0617
-0820
. 0998
-€993
. 0953
.0509
.GBS9
.0828
. 0797
.0708

———

228
Is

409 G FLCE RATE

CH&4 yeL,xL
0.C020 6RC.%
0.C010 1480.0
0.C01Q 1550.°2
0.0010 145¢.¢C
GewdWil i37¢.3
c.CoTC 1336.0
G.0010 1320.°
0.001%0 132C.0
.0 1330.0
0.0 1290.°
0.0 1120.2

-1 25.4 rL

PPCC2 ¢ DIcHG
.0s60 L0153
. 0594 .00L7
L0335 L0015
.0851 L0016
.09€3 L0TS
L0363 . .0615,
. 0955 L0015
.0929 L001S
L0903 L0613
.0918 . .0,
.0925 .0

L0213
1024
L1582
L2911
.3R02
LLRsS
JS5u7
LE271
.707¢
.7925
LBLSL

62Z.0 XL/xIN

&)
H
e
3

<
H

.. 0
26.0
L4.0
64.0
34,0

106.9
124,79
144.0
164.2
184,20

206.0

L A R W L A

triwttiateratrtatstrla

-



Poor Copy - T
(OPIE DE QUALITEE INFERIEURE i

\

. 229 ' ' ‘

RUN NOE= 91 9 POINTS

WEIGHT OF CLR3OX 2.38484 G PLCW RATE - €2.0 KL/MIN

10%K2C03 )

TEMP= 730.00 C PH20= 0.74 AT ]
N2 H2 . co coz Chu veL, s TINZ,EIN
£.2090 0.1200 0.0360 0.0200 g.coro 820.0° 5.0
0.1310°  0.2100 0.0710 0.0€C0 0.0010 1960.0 24.9
0.1270 0.21C0  0.C760 0.0630 0.0C10 1910.0 44.0
01250 0.20€0 0.G7€0 0.CE50  .0.0010 1300.0 €6.0
t.i22 c.2018 C.C760 C.0€60 2,228 1700, 3u.2
0.7350  0.1970 0.0750 0.C63¢C 0.0010 1€9C.C . 104.0
0.1470 0.1910  0.0710 0.0610 0.0010 157¢.0 124.3
0.1510 0.1850  0.CEED 0.C58C 0.¢ 150¢C.0 154,06
0.171¢  0.1780  0.0590 0.0550 0.0 1356.¢ 164.0
TOTAL VOL :

4422.9  €029.0 21€0.4 1832.7 25.0 =L
PPN2 PPH20 PPH2" PPCO PPCO2 PPCHU X 5X /DT
L2118 4170 .2285  .0578 .0853 .0 L0277 0,80
L5489 sease .3152  .0946 .0525 6026 L1514 0.62
.2328 <1603 .3728 L1260 1065 .ec1g .2795 0.6
L2210 . ,1700 . 3654 . 1322 .1096 0017 L6298 0.53
.2179 L1755 | .3591 . 1325 .1133 .0017 5345 0.5%
L2075 L2022 3470 £ 1293 .1123 .co17 628 0.53:
.2186 2374 3198 L1214 1020 LO01E .Tuee 0.uk
.2262 .2754 .2938 . 1092 .0938 L6215 L8422 9.ul2
€.338

«2308 . 2980 .2823 - 1007 . 0835 .0 .9182



~

© L2608

N2

0.2490
0.2050
0.1890.
0.1850
£.1820
0.1860
0.1880

- 0.1880

0.1870
0.1830
0.1850
0.1370
0.2070

TOTAL VOL
64ut.6

PPH2

«5649
« 2787
2573
.2513
2060
2515
- 2585
2561
«2480
. 2388
L2U63
.2U50

Poor (opy

(OPIE DE QUALITEE INFERIEURE

Y.

RUN Ngn= 92

WEIGHT OF Camzoy

?;HP= 670.00 C

B2

0.C650
0.1560
0.1710
0.1750
2.17¢2
0.1660
¢.1580
0.1610
0.1670
0.1750
0.1720
0.1660
C. 1800

$420.2

PRHZ20

L3481

.2060
+ 3951

L3724

.3724

" L3745

+3903
« 3963 .
.3978
-3993
.3985
+395¢
4329 .

230
13 POINTS

2.3380 ¢

" 10%K2¢03

FLOW

EATZ

PH20O= (.73 ATH

ce co2 cHu

0.0120 0.0230 0.C010

£.0260 0.0570 0.€010

0.0320 0.0€83 9.C010

0.0330 0. 0580 2.c01¢

e.0388 .0go2 s.coie

0.0340 0.0650 2.0

0.035C  -0.0550 0.0

0.0320 0.CE10 9.0

0.0320 0.0€7¢C 0.¢

0.0310 0.0720 0.0

0.0280 0.0€%0 0.0

0.0260 0.0670 0.0

0.0240 0.0640° 0.0

997.5 2118.1 12.6

" PPH2 PPCO - PECO2 131
.250¢ . 0831 L0774 .0
L1475 L0272 .0522 L0023
2121 .0333.. .077s 001
.2323 L0u3€ .092¢ .C0Tu
.2377  .Quug .0924 .0C1y
.2383 L0674 0921 L0014
224 . 0u60 L0879 .0
.21712 L04E8- L0817 .0
L2184 . 0436 L0831 .9
22215 L Qu42u .0888 .0
.2283 . 0405 .0939 .0
L2296 .0373 .0919 .0
.2065  .0323 .0833 .0

YCL,»L

55C.¢
123C.¢
128C.0
127¢C.¢C

aAe A
lecwern

1230.¢
1220.¢
1210.¢C
120C.¢C
118¢C.¢C
120¢.¢
110C.0
1650.0

~L

62.0 ML/xIN

N o]

+

B RN A S

I T Y
Rttt tora 3t 1)1

B LAY
RN

e
[
IS NONN)
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LI W

R e
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Cc
¢

1

|
[ )
H L]
eyt
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L4
.

§e

N2

0.2580
0.2260
0.2140
0.2030 -
$. 1316
0.1880
0.2020
0.21€0
0.2210
0.2260
0.2230
0.2200

" 0.2190

0.2270
0.2280

TOTAL V0oL
6819.0

Poor Copy .

CopIE DE QUALITEE INFERIEURE

’ v
. /
\\
231
RUN NUN= 93 15 POINTS)
- WEIGHT OP CAREON 2.3515 @
108K2C03 o
TEMF= 640,00 C PR20= 0.
H2 co co2 CHU
8.0800 0.0060 0.0290 0.0
C.1680 0.0110 0. 0€70 0.0
0.1710 0.0120 6.0760 0.¢
0.1730 0.0140 0.C77C  ©.¢
3.175G 0.0159 9.0800 3.0
0.1750,  0.0140 0.080C 0.0
0.1670 0.0130 9.0760 6.0
0.1610 0.0130 . 0.072) 0.0
0.1580 0.0140 - 0.C690 0.0
0.1560 0.0150 0.0€70 - 0.0
0. 1560 6.0140"  0.0700 0.0
041590 0.0120 . 0.0730 0.0
0. 1580 0.0110 0.0720  .0.0
0.1560 0.0110  0.0700 0.0
0.1570 0.0110 0.0680 0.0
. 5064.0 397.8 2239.1°
PEH20 PrH2 PECO PPCO2’
.4533° 1922 . 0288 L0759
.2137 L1686 L0126 TXEN
L4322 .2021.  .0132  .080¢
L8403 .2023 L0142 L0859
L6308 .2109 L0171 L0939
6469 L2107 . 0181 .€963
L4433 .2130 L0170 L0975
. 8563 L1982 L0158 L0902
L4€79 " .1854 L0150 L0829
LUTE6 L1750 . 0159 .0782
L4851 L1731 L0 1EE .0743
LL8LY L1735 . 0158 L0773
L4977 L1721 .0130 L0790
L4975 L1726 L0120 .0787
.5102 L1647 RILT: .0739

FLOW ‘lTE'

‘. r

74 AT™
VCL,¥L
510.7
111C. 8
1Ce2.0
1100
1Cil.C
165C.¢C
10935090
1C70.0
geC,.2 .
EREUN|
o erc.e
e3¢.0
e3n,n
52C.0
83C¢.0
¢.0 ML
PeCH4 . X
.0 L2720
.0 L0527
.0 0925
.0 L1873
.0 L196€F
.0 ¢ . 2488
.0 . 2914
. C L3327
.0 S 3TNZ
.0 LU132
. L5345
.0 LUGDZ
.0 .530%
.0 .S58k
.3 JESGT

204,

62.0 ML/®IN

12,
1z4,

Tus=.
125,
z‘au

"‘-

.
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1

‘ - Poor Copy _ 3
Ey : (oP1E 'DE_QUALITEE INFERIEURE i
. . * ’
.
232
RUX KUN= 95 7 POINTS ;
WEIGHT OF CAEBON 2.2€35 ¢ PLCY FaTE €2.0 EL/MTY
p .
; 10%X2C03
- TE®P= 760.00 C PH2C= 0.74.p=y
N2 12 co co2 CHY VCL, 7L TINZ, NIN -
0.2810 0.0930 0.0570 0.01€0 0.0020 - B3C.D 4.0
9.1190 0.1850 0.1140 0.0340 9.CC20 2050.0 24,9
0.1080 0.1840 0.115¢ 0.0380 0.0020 ‘2C50.8 4503
g.109p 0.1830 0.1180 0.0360 0.0010  “2030.0 - 64,0
0.1090 0. 1819 n,1100 n,nagn 2.2010 202000 gu.2
0.11¢0 0.1980 C.0960 0.04840 0.0010 . 1730.3 104.0
0.1180 0.193¢0 0.0720 0.0560 0.0 1€9¢C.0 124.0
TOTAL VOL .
©3425.7 5020.3 2865.8 1073.4 34,9 ¥
s
PEN2 P26 PEH2 PPCO BPEGD pECHY X * pusoT
.2391 .5134 L1647 .0115 .0713 .0 .031¢ 0.78375-02
.5721 . 0859 .18¢3 .11€0 .0325 L0041 .1919 0.81935-02
L2205 . 1587 .3u28 . 2113 L0630 .0037 .3593 9.3350%-92
.2035 © _1577 C3UET L2242 L0641 .0038,  ,5259 0.8232:-02
L2037, .16U6 L3420 . 2205 .0673 L0019+ _gagg 0.745G2-02
. 2066 L1608 L3587 . 2085 L0739 L0019 L£239 0.6233z-02

" .1983 . 2088 -3388 « 1730 .0793 -0018  .5uce 0.536u4z-0.2




Foor Copy - 4
(OPIE DE QUALITEE INFERIEURE i

233 -
ROE NUX= 96)/,/* 7 POINTS
~ WEIGHT OF CARBGN  2.3426 G .  FLOW TATE . 62.0 EL/uId
10%K2€03
TEEP= 760.00 C PH20= 0.74 AT
K2 H2 co co2 CHG voL, =L moME,EIL
- >
0.2860 0.C880  0.0540 0.0200 0.6020 74C.0 4.0
0.1190 0.1830  0.1050  0.0382 0.0020 2360.¢ 24,0
0.1110 0.1850  0.1120  0.0400 6.0020 223C.0 - bu.0
0.1070 £.1920  0.1160 0.0410 0.0020 2150.0 £6.,0
p,1050 8.2158 2.1110 C.0550 £.0218 1942.8 8500
£.1050 0.2050  0.0990  0.0480 .0010 1232.0 105, 0
6.1180 0.1898  0.0830  O.0u80 5.0010 1310.0 126,
. TCTAL VOL
3361.9  5203.4 2848.3 1151.9 - 44.5 ML
. o~ -
- FEN2 EPH20 PPH2 PPCO | EDCO2 prCHL x DX /T
L2273 .3397 L1267 .0936 .0 L0286 0.833¢r-12
1156 L1730 . 1061 .0393 .0039 L2050 C.R2037-72
13 .3720 .2135 L0772 L0051 L3853 6.870co-02
L2195 ™. 1102 .3658  .2215.  .0791 L004C . .55u2 0.782¢7-02
.2029  .1316 L3641 .2260 L0777 .c022 LESTU  3.63607-32
. 1849 .1620°  .3785  .1%5a L0775 ..0012 .3326 0.56337-02

<1871 . 1841 .3652 . 1764 .0855 .Q018 -9227 0.337%z~



52

0.2860
0.1190
0.1030
0.1000
$.5530
0.1000 ¢
0.1240

TOTAL VOL
3492,5

PPN2

. 1778
. 5831
. 2250
- 199€
- 1962
. 1893
.1980

Poor Copy - ;
(OPIE DE QUALITEE INFERIEYRE

. 234
RUN SUE= §7 7 POINTS
¥ZIGET 0F CARBON 2.3345 ¢

K2C03 10%

TEMP= 760.00 C

B2

0.0930
0.1550
0.2080
0.21€0

A aa -

Vel i 2W

0.2240

© 0.2290

6066.4

PPHZO

.3384
.0703
- 1228
. 1006
. 0985
.C9g¢
. 0931

"CC co2
£.0550 0.0200
0.1050 0.0u30
0.1030 0.Cu80
0.0980 0.0490
v.0580 0.0€6C0
0.06z0 0.0710
0.0350 0.0910

2392.3 1687
ﬁPHZ °PCo
.2848 - 1251
.1896 L1121
« 3687 . 1985
L4032 . 1596
L8720 . 1923
L8231 -170¢C
U435 . 1228

FLOW PLT

PH2C= Q.74 ATH

CHG

c.oc26
G.002¢C
0.C020
2.002¢
Ueui 10

¢.001C

0.0

-7

PPCC2

.0723
L0428
.0B813
.0930
-9361
.1159
L1606

E

VCL , ML

E€0.O
2182.0
Z2180.0
.2150.¢
21256.0

203¢0.¢C

2110.0

1.0

PPCHU

.0015 -
0041
0038
.003¢2
.L05¢
-CtC19
L0220

L0333
« 1950
.362¢C
5202
.6757
.E15¢C
.9L57

62.0 mL/2IN

3}

H
r

&
L]
-
]

LA S S S ]
L
QOO0 0

— b
NO Ty e
[ =4

DY./DT

0.8335.~22
0.81¢7z=02
0.8123z2-32
J.78%32-22
. 0.7350C=02
0.¢74%Z=02
0.6283Z~02



N2

0.2850
0,1u20
0.1330
0.1330
£.1282
0.1450
€.1590
0.1730
0.18¢€0

TCTAL VOL
4166.5

PPU2Z

.2305
L5477
£ 2237
«21€9
.2135
L2171
«2240
«21583
.2181u

’ Poor (opY

(OPIE DE QUALI

N

RON NOUM= 98 9 POIN
WEIGHT OF CASBGH 2.3
10%K2C03
TE#P= 760.00 C
H2 co co2
£.1000 0.0&20 0.0170
0.20C0 0.7140 0.0332
£.19C0 0.1100 0.0358
0.1830 * G.1060 0.6363
¢.1200 0.1030 5.025:
0. 1740 0.1C00 0.033%
c.170C 0.6973. Wo.0300
08,1620 9.095¢ 0.0270
0.15€0 0.0920 . 0.027%
4315.3  2668.9 837
PPH20 EPE2 PPCC
. 1020 L4258 L0725
. 1044 L1922 L1192
.2267 L3150 . 1796
L2415 .3053- . 17€8
L2616 .2938 . 1702
L2796 L2831 L1620
L3116 L2621 . 1506
L3841 L2291 . 1307
L4218 .2045 L1199
-

235
5

€29 G FLOW

0.0022
g.coac
0.G0C20
c.CC20

N AN

3.0010
¢.CCT0
c.CC10,
0.0010
.0 2.2
2PCeo2 prc
-T682 .0
L0327 -0035
LU5Z22 L0232
.05€2 L0352
.0578 €232
.0551 Lo
-5487 .Co1s
Louls L0213

———

TEE INFERIEURE i

o
e
1
(a4}

1240,0
1146C.¢C
1¢s0.C

Ha X

L0227
L THw2
L2e607
L3800
L6137
Lean
LETNE
LTL0z
-

£2.0

- nn
-

4,2
24,2
44,0
64.0

104.0
Tk,
145,
jet.0

“

vida

-

-

/

-

v

ar
o
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g.rOZeI-
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RUK NumM= 99

WEIGHT

IEXP=
e

N2 H2
0.2380  0.2850
0.1970  0.1€50°
0.1850  0.1730
0.1780  0.175C
0.16RC  0.1820
0.1650  0.185C
0.1620  0.1850 ~
0.1650  0.1850
0.1750 0. 1RS50
0.1700  0.1850
0.1730  0.1840
TCTAL VOL

8726.7  4631,2
PEN2 EpH20C
L1107 .6553
.3363 L5443
L1637 L6502
. 1693 L65EG
L1413 RITE
L1342 L6438
.1320 €432
L1306 L6429
.1323 L6431
L1372 L6442
L1356 L€536

Foor Copy

(OPIE DE QUALITEE INFERIEURE {

s 236

OF CALEEOX 2.3

K2C03 10%

co2

0.607¢
0.0120
0.0130
o.0%8

0.0120
C.Ca50
g.aJ26cC
0.0C80
0.0G80
0.00€C
0.0a5¢

0.0280
0.05%0
0.G¢7C0
0.0790
0.0830
0.0870
00,0870
0.8870
0.0850
0.C8¢0
0.0580

25¢.0 2074

PPHZ pplC

. 1453
.08La
L1371
-1372
.1289
L4861
LLED
1697
L1085,
L1U50
- 1476

. 0338
.007¢
.0100
.0105
L0111
~0096
L0072
LC0T3
.0Ceu
LC063
.00&2

11 POINT

Y

5C7 G

13

PH2C= C.8%

. CHu

OO ODHNNO00O

¢ 8 B 4 B = 2 &+ &

-1

FRCO

L0541
20278
.0LGC
. 0565
L0627
L0663
JOEGE
L0701
L0058
L0674
. B3¢

[N ]

OOOoOOoOCGO o o200

.0

——

LW FATE

1120.0

124.2
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-
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&

N2

C.3650
0.2580
0.2230
0.19€0
0.1889
0.1889
0.18u4n

0.1850 -

0.1940
0.2020
0.2060

TCTAL YOL
3434,5
EEN2

. 1389
.2722

« #1232

« 1155
.1084
.1103
L1103
. 1085
<1043
.1628
. 1018

Poor Copy

(OPIE DE QUALITEE INFERIEURE i

RUN BUX=100

WEIGHT CF CAEBON

TEMP= 650.00 °C

H2

0.062¢0
0.1390
0.1570
0.175¢C
0.183¢0
0.1800C
0.1750
0.1750
0.1690
C.1€8¢
0.1680

2731.5

PPH20

L 64uQ

6552
.7788
. 7623
.T456
7367
. 7307
. 7310
7452
7605
« 7696

237
11 POIRT

-

K2C03 1%

Co

0.0030
0.00€0C
0.0080
0.009¢
0.008¢0
C.Co€0

0.0060

C.0050
0.035¢C
0.0050
0.0050

coz

0.0270
0.¢e00
0.0710
0.0205
N, 0AIND
0.6850
0.C087¢
0.0870
0.0840
0.C820
0.6780

102.7 1291

P42

. 1456
.Qug2
.0F8¢8
08132
.09¢3
« 1056
. 105¢
10417
.0%RA
.0896
0Bu7

PPCO

0040
.0022
0029
L0041
.0050
. 0047
.0035
.GQ36
0028
- 0026
.0025

2.3891 6

————

4

PH20= C.85 a7

CHu

[] . - L[]
TOOOODO IO S0

. 8

OO0 ODOOOQO

4

.0694
L0201
.0237
.0338
0402
.0187
LOk399
.0518
.0u92
.ours
L0813

FLOW FATE
voL,nl
3cC.0
£an.e
LR
73003
Q‘\:’I\':\ L
2gL.2
ari.2.
75¢.0
RIS
£7C.72
€Ll
0.0 v
2PCHY X
N N
.0 7252
.0 £ 3522
.0 o
-d L1272
-0 . 155¢
.0 . 1327
- 2277
.0 L25TS
A . 2955
.G «312F

124.2

T

12
14
1¢
1¢
<C
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N2

0.1470
0.Cc680
0.0750
0.061%0

maAme Yy
- e

1987

+ -3
[t

w

PPN2

.€Ge9
. 2669
.1187.
1277

Poor. Copy :
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RUK ¥OM=101 4 POINTS
WEIGHT GF CARBOY "2.34€60 G PLO® RATET
K2co3 10%
TmP= 200.00 C PH20= 0.85 ATH
g2 co co2 cus ° voL,»L
Y
0. 1410 0.1110 0.0180 £.0030 168C.2
¢.1930 0.1530 0.0210 0.CC30 32¢0.9
0.1830 0.1550 . 0.0210 0.0020 3200.0
0.2050 0.1210 0.0u50 0.0010 2630.0
4663.6 3u66.3 678.4 St,3 L
PPH 20 PPU2 PrCC pPCO2 pocss X
L7784 AGERT L0024 L0378 .C JI0E2
L2632 L2541 .2C00 L0324 L0545 .Leve
L2353 L3370 - .26M L0367 .(052 .7054
.2578" . 3115 . 0357 L0034 LGE 30

. 2639

124;2 nL/MIv

}

X

-~
PR RO P

5.0
23.4
La. 0
€3.¢C
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Poor Copy ;
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239
RUN NUM=102 3 POINTS
3
VEIGHT™ OF CASEQN 2.3369 ¢ FLOW RATET
NACD3 20% -
TEEP= B800.00 C PH20= T.BS ATNM
K2 . H2 co co2 CHY VoL, ML
¢.1590 0.1440 0.1170 0.0120 £.0020 1500.0 .
£.0560 ¢.2180 0.1180 0.6490 8.0010 57:0.0
0.0410 0.2250 0.0€ 10 0.7900 0.0 _1006.0
TOTAL VOL .
1679.9 5541, 0 2536.5 1562.7 19.9 ML
rd
PEX2 PPH20 . PPH2Z PPCO PPCO2 pPCHL X
- .1029 .2€¢5 L3656 L2040 .Q0759 .C017 .1038
L2773 L2432 L2511 L o050 LAY .0835 L6039
. 1355 remax .5275 . 2855 L1186 L0023 L9643

128, 2 ML/EIN

TINZ, NI

DX/D7T

£.2900z-01
0.2101Z-7%1
0.13C22-01



Poor Copy T

(OPIE DE QUALITEE INFERIEURE i
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RUN NOE=103 9 POINTS

WEIGHT OF CAEEGQK 2.4073 G FLCH RATET 185,00 %L/¥Iy

. HOXNE

TEMP= 800.00 C PH20= 0.82 17~
K2 H2 co ©coz CHG VCL,™L oI, NI
0.2680 0.1020 0.0310 0.0389 0.002C 102¢.2 .9
0.1570 "0.1940 8.0890 0.0470 0.0020 22800 o TR,
0.1u20 0.1910 0.05¢0 0.0550 g.C0z0 Z28C.0 44,0
0.1390 0.1880 0.0620 0.0580 0.0cz2¢ 2320.0 4,0
0.1550 0. 1830 ¢. 05860 0.0620 Jeuoil LTV 35,3
0.1650 0.1760 0.0U400 . 0.0630 0.0010 100,03 104.0
0.1889 0.1€70 0.0290 0. 0650 0.0010 1€30,n 124.0
0.2200 0. 1500 0.0250 0.058¢ 0.0C10 1360,0 7 1<u4.0
0.2570 0.1280 0.0130 0.0510 6.0 1230.0 104,90
TeTAL VOL

6£322.2 £176.1 1599.4 2013.5 SC.8 T ML
PPN2 PPHE20 PPH2 PPCO PPCO2 PRCLY X ' Cyxs27
.5257 L0782 .2383 L0824 L0736 .CO18 L0360 3.58F37-02
L4633 L2611 1TE3 . 0536~ L0622 L0035 LYLLE 5.5%y 7 =00
. 1895 L8579 L2362 L0592 L0567 Louae ,278¢ 0.E6TALI=
. 1729 L4532 L2326 L0718 .0E70 L0028 LU1R2 0Lt Turi -t
L1707 Luug7 . 2309 L0761 L0712 L0628 L5458 D.562337 =2
L1777 .8737 .2098 .CEES L0711 L0011 LESnT TR R
L1712 .5382 .1827 .0415 L0654 .00C L7167 0. 33n -0
L1743 .5774 .1582 .0275 LOETE LOC0e L77ER B 218570
2,153 25=2

. 1737 6408 . 1184 . 0197 .0ub6 .0008 8153

~

iyt by R



N2

0.2740
0.1110
0.0820
0.0650
€.08%0
0.1280
0.1710
0.2740

TOTAL VvOL
32471

PPR2

.0949
L8912
« 7457
.1182
.0379
« 1188
. 1678
<2117

—y—

Poor COPY o
(oPIE DE QUALITEE INFERIEURE 4

o 24d
BUX NOE=104 . g3p0Iyts

-

WEIGHT OF CAZIBCYN 2.36u1 6 FLCOW EFATE

KO CATALYST

TEXP= 800.00 ¢ FH2C= 0,83 27»
B2 ce co2 CH4 VoL, mo
0.1070 0.0320 0.0320 C.0C20 £39,0
0.2200 0. 0€ 30 £.C73¢C 0.002r 157¢. ¢
0.2300 0.3740 0.0772 9.0220 1720, 0
0.23€60 £.0790 0.C717 0.2070 17200,
2.2252 £.97532 2.C6C00 s.n01 R,
D.2020 0.0530 0.CEST c.C010 15307
0.1740 £.0350 0.0650 0.C010 162¢, 5
0.151¢ 0.0200 0.C582 7.0010 1310,
5149,7 1455, ¢ 1669 .4 37,9 3
PPH 20 PPH2 £2CC PPCC2 PRCHG ¥
.5455 .2383 . £303 .08%9 L0612 L0277
L1587 .1918 LCS5TU L0574 LCO3¢ L1278
L3800 .2908 . 0833 L0365 LOOZE L2560
.3298 L2315 . 1067 L1110 .06 LIFEa
L3177 .3555 L1199 L1066 L0530 .54
.3563 L3211 . 1070 L3902 .00z L5681
.3678 L2734 L0717 .0380 .01 LER3C
L4578 L2154 G833 .080% L0012 L7213

0

ES.6 “L,urw

e R Y]
L R .

5.0
PRI
S, g
€4,
~uLe
124,22
124,
Taw, 2
nysoT
0.z¢é: =2
J.53.3%-12
.duirrag
DLET0-v=
Q.7hol™. =2
D,a1L7-
AL315 =
0.21FR%z-
*

LLLIE B0 BN S PO I SN U SO Y
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242
EUN NOm=10f 12 POINTS
RZIGHT OF CARBOX 2.3573 ¢ FLOW EaTE 31.0 Musozs
10882 2C03 -
-
TEEP= 730.00 C PH20= (.43 27
N2 A2 [af e co2 Cli4 VCGL,xL TIET, uIY
0.3000 0.0540 0.0289 0.0123 0.0017 22,7 T
0.2670 0.1130 0,0520 0.0230 0.001n 1182, 4.9
0.2620 0.1140 0.0600 0.0220 €.001¢s 1158, 4.9
0.2640 0.1140 0.0€ 00, 0.0220 0.0c 10 1130, 9 €a.0
0.2852 2.10138 8.0535 % §.5280 3.3 1Can. 5.3
0.2810 €.0390 0.0570 0.0200 0.0 1070, ¢ 174,
0.20880 §.0920 0.0540 0.0260 0.0 1054.0 1.0
0.2940 0.0880 0.0500 0.02¢0 0.0 1030, 0 1263
0.2930 0.0900 0.0460 0.0239 0.0 16207 Toa,n
0.2980 0.0890 0.0630 0.0220 0.0 10oe, e 135,01
0.3010 0.0840. 0.0430 0.0210 0.0 100,23 20wl
0.3000 0.0930 0.0430 0.0200 0.0 1520,1 R T
TOTAL VOL
8122.0 2698.5 1423.2 587.2 9,1 vy
PPN2 PPH2G PPH2 PPCC BPCC2 PECHY X SASTT
L4197 . 3605 L1296 L0493 L0394 L0011 TN sLon -
L7177 L0550 L1202 .0€70 . 0287 L0028 L BLIre e
.u599 211§ L1946 . 0896 L039¢ L0017 LneE TLLrtT o
L4437 .222¢ L1931 .101¢ L0373 L0017 L o :
.u382 .23u8 . 1892 L0996 .0365 LOC17 L7133 . -
L4541 .259¢€ L1615 L6927 L0320 L0 L2InE IR LI
. 4554 . 2755 L1642 . 0924 L0328 L0 L3746l 3.8 -
LAs7T «273% +T4ED . 0857 L0317 LN L3I0 TLt
L4622 . 2894 L1383 . 0786 L0318 .0 TR SLITI -
L U602 L2901 L1413 . 0722 L0361 L2 L3RR PO R
L4633 . 2973 L1384 .0668 .G3u2 .0 AR A EEL .
L4678 .3021 . 1306 .0EE8 L032€ .0 .usfs 50107
. i .

-

-



N2

0.1899
0.2110
0.2330,
0.2330
0.2380
0.2420
0.265%¢
0.3010
0.302¢C
0.259€0
£.2920

TCTAL VOL
52€3.8

.0922
L3256
L1531
L1571,
L1599
.1e75
L1480
L1538
.1598
L1537
.1548

Foor

ey

. -

(OPIE DE QUALITEE INFERIEURE i
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243
BON NUM=107 11 POINTS
'WEIGHT OF CARBOS  2.4574 G FLOW RATE
1% NICKEL
1znP= 650,00 C PH20= (.86 ATH
H2 co co2 CHY voL, Mo
0.06C0 0.0029 0.6210 0.0 550.C°
0. 1540 0.0030 0.0860 0.0 92¢.0
0.1540 0.0030 0.0499 0.0 910.°0
0.153C 0.C040 0.C€40 0.0 - a0s.9d
V.1520 C.00uU U.CoUY Vou 870.C
N. 1470 0.0040 0.0620 0.0 - BS0.0
¢.1310 0.0020 0.9563 0.0 8ne.n
£.1080 0.0020 0.0510 0.0 756.¢
0. 1030 0.0020 . D.046) 0.0 730.0
0.1C80 6.002C 0.038) 0.0 726.0
0.1120 0.0020 0.0500 0.0 70C.0
2562.2 SE. 1 1017.9 0.0 re
FER20 praE2 2PCO PECO2 poCHU X
i
. 0622 .5CED L1372 L2024 .0 Lo
.5315 L1034 L0034 L0362 .0 .n230
.€905 .1118 L0022 - .0334 .0 L0874
L7040 L1038 . 0020 L0332 .0 LNRRA
.737% .G85 .002€ L0612 .0 AR
L7162 L0962 .€025 L0387 .0 LTL17
L7222 L0895 L0024 .0378 .0 L1E3R
L7361 L0743 . L0011 .0320 .0 .182A
L7568 L0573 L6011, L0271 .C L1834
. .7605 L0545 .ao0Mm L0243 .0 L2187
.TE26 L0565 .001C L0251 .0 L2161
4

124. 2
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bedef nbm
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K2

0.1550
.C.14ED
0,16u0-
0.1350
0.1330
% 1270
£.1370
0.1400
0.1450
0.15€0
0.1700

TOTAL vCL
43€6.€

EPN2

. 1488
.3369
« 1451
. 1342
<1262
12048
.1212
<1270
. 1094
<1121%
. 1186

BUN ¥UOu=108

|

Poor (opy i
(OPIE DE QUALITEE INFERIEURE 4

244

11 FCINTS hd {

A -

FLON Fa7% . 124.2-mismIv

WEIGHT OPF CARBON 2.3443 ¢

1% NI+10% K2CO3 -

TEZXP= 650.00 C PH2C= (.36 aT¥ .
A2 co co2 cus veL,mL TINZ, MDD
0.0820 0.0120 0.0306 0.0C1¢ 732.0 5.2
¢.188¢ 0.C1€0 0.C&40 0.CC12 137009 6.9
0.2070 0.01760 0.0840 0.CC10 1350.9 6o, 9
0.2140 0.C1€0 0.08%0 0.001¢ 12677 ()
U.2315G 0.0760 0.G530 G.5C7% 4380073 BE.3
0.2150 0.01€0 0.C930 0.0 132C.4 166.¢
0.21¢0 0.0160 0.0930 0.0 1380.0 12629
0.20€0 0.0180 0.0510 0.¢ 12000 1%¢ .9
0.2010 0.0160 0.0500 0.0 1C50. 7 16¢. )
0.19€0 0.C140 0.0890 0.0 10790 136,
0.1880 0.0130 0. 084D 0.9 103600 206,
58€9.7 463.4 2475.4 15.0 e
’ a
T

PFE20 PPH2 ppCC PPCC2 PPCHU X EX/TT
.7676 L0571 . 6010 .0255° .3 L0277 G.z
.3915 £1782 . 6261 L0652 .0022 RLESY 3.3
.5875 . 18€9 .015¢ L0€3¢€ L0510 L1585 c.3
.579u .1926 . 01149 .0782 .C028 L2279 7.3
.5748 L2002 . 015¢C .0832 .CCos .3017 0.3°
.5701 .2018 . 0150 .0873 L0009 .37ce 5.3
.5€9€ .2052 .0153 .0853 .C J45L2 i
.5773 .1946 . 0148 L0862 .0 L5130 2.2
LE459 L1610 .0125 20711 .0 JSE3Y 0.2
.6554 . 1522 .0121 .0682 .0 .6Iu3 G.z
-€5u1 L0106  ".0677 .0 LE7S2 Eoz

. 1490

(B ER RPN N AN





