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The purpose of this work was te study the resctivity
o carbom dioxilde of carbemr deposited by the thermal
cyracking of wethane om metalllie lrom powder, with a view to
evolving a process for the production of symthesis gas From
natural gas,

The varisous methods of carbon-resctiviity measurement
and type of carbomn avallable for geeification processes ave
discussed. Existing processes which utilise natural ga@ o
the productiom of synthesls ges are criticlised amd the
benefits of a pwvocess im which separate streams of hydrogen
and of carbomr monoxide are produced comdtinuvously From
nattural gas ave indicated, Comnsideration d1a given te the
state of kunovwledgs om the thermodynamice and kinetica of
the thermal decomposition of methane and of Boudouward
reaction, and to the published evidence Tor the entianced
reactivity of Jdeposited carbom as compared with P-graphite,

As & basis for comparison & number of preliminary
experimental studlies have boen made of the reactivity to
cavbon dioxide of powdered metallurgical coke in both Fixed
and fluldized beds and the effects of reactor temperature,
gas flovwrate, and the digposition of the bed, The resulés

cbtained were fLfound to agree well with published data,



A large scale laboratory fluidized bed gaasifier has
been developed t@g@ﬁhér with a system of itwo kathorometers
%0 glve consimuously a complete analysis of & gas contalnimg
carbon dloxide, carbon momoxide and nitrogeon, This reactor
was suppliod with povdered heematite iron owve which was
reduced o metallic dron in the Ffluildized state with
hvdrogen, The irven powder was fluldized with 2 mizturée of
miLP@P@@ and methane at about 1300°F, to deposit cavbon on
the iron. The iron-ecarbon mixiture was then fiuvidized with
a mizxture of carbon dioxide and nitrogen to gasify the
carbon, The erxit gos analysis and the rato of gasification
of the carbon and ithe rate of oxygen absorpbtion by the irown
were all studied under a veriety of condltions of temperature
and inlet carbon dloxide pertial pressure,

It was Found that for gasificatlion temperatures im the

ange of 1000 to L3C0°F, the concemtration of carbon monoxide
in the exit gas wao much in excess of that predicted by the
B@ud@m&rd gguilibrive over graphite, The values obitaimed
corresponded to excess Lfree emnerglos for doposited carbon

off the owder of 1300 %o 3000 calor'®s per gram mole, The

exlt gas analyesis was dependent om the partial pressure of
the imlet carbom dioxide, the highest value of the
aquilibrium ratic being obtained with a low comcentration,

The rate of gesification of the carbon was found to

g
&

o eongtant FYor large rangess of carbom-ivrom watio on the

had .
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The rate of uptake of ouymen by the bed was studied
and calculations nnde of the proportiom of the lmput czrbomn

diomlde whideh gacified the carbom and the proportiom whilch
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leaving the gaolisor as carbon wmonoxide,

The high concentration of carbonm monoxide produced ot
8 relatively low Tomperature suggoest that this proceoss @ay
wall be worthy of induestrial explolitetion foxr synthesis gas
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production,
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SUMMARY

The purpese of this work was to study the reactivity
to carbon diosxide of ecaxrbon deposited by the thermal
cracking of methane on metallic irom powder, with a view teo
evolving a process Ffor the production of synthesls gas Lrom
nagtural gas,

The various methods of carbon-reactivity measgurement
and type of carbon avallable for gasification processes are
discussed, Existing processes which utilise natural gas for
the production of synthesis gas are criticlised and the
bonefits of a process in which separate streams of hydrogen
and of carbom monoxide are produced continuously Ffrom
natural gas are indicated, Consgideration is givem to the
state of Mnovliedge on the vthermodynamlcs and kinetics of
the thermal decomposition of methame and of Boudouwaxd
reaction, and to the published gvidence for the enhanced
reactivity of deposited carbom as compared with B-graphite.

As a basis Cfor comparison a nuwmber of preliminary
experimental studies have boon made of the reactivity to
carbon dioxide of powdered metallurglcal coke imn both Fixed
and fluldized beds and the effects of reactor temperaturs,
gas flowrate, and the disgposition of the bed, The resgults

obtained were Tound to agree well with published data,
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A large scale laboratory Tluidized bed gagifier has
been developed together with a system of two katharometers
ﬁ@ give continuvously a complete analysis of a gas containing
carbon dioxtide, carbon monoxide and mnitrogem, This reoactor
was suppllied with powdered hasmatite dromn ore which was
roduced to mevallic irom im dthe Fluldized state with
hydrogen, The irom powder was Tluldized with a mixture of
miﬁf@g@n and methane at ebout 1300°F, to deposit carbomr on
the irom, The irone-carbomn mizture was theén Liuvidizmed with
a mizture of carbom dioxide and mitrogen to gaslfy the
cavbon, The oxit gas =mnalysis and the rate of gasification
of the carbon and the rate of oxygen abgorption by the irom
were all studied under a variety of conditioms of temperaturs
and inliet carbon dicoxide pardtial pressura,

It was found that for gasification temperatures im the
range of 1000 to 1300°F, the comcontration of carbon momokide
in the exit gas was much in excess of that predicted by the
B@md@uard equilibrium oveyr graphlite, The values obtained
corregponded to oxcess free energlies Tor deposited carbon
of the ovder of 1300 to J000 calorlfes per gram mole, ‘The
exit gas analyasis was dependent on the partial pressure of
the inlet carbom dioxide, the highest valuse of the
equilibriuvm ratic beimg obltained with a low concentratieon,

The rate of gasification of the cavrbon was foumnd to
be & constant for large ranges of carbom-iron ratio on the

b@d )
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It was also shown that the reactivity of the carbom
to carbon dioxide was dependent om the temp@fatuwa at which
the iron substrate had beem reduced with hydrogen,

Whon alr was used im place of carbon dioxide the exit
gas shoved mnegligible oxygomn comtent indicating that completse
untitlization of the oxygen had tokem place,

The rase of upitake of oxygen by the bed was gtudilied
and calculations made of the propovition of the input carbemn
dioxide which gasified the carbom and the proporition which
oxldized the irom. It was suggested that 1iFf the gasification
temperature was incr@&@@ﬁ to 1400°F, the absorption of
oRygen by the irom became a small fraction of the oxygen
leaving the gasifieor as carbon monoxilde,

The high concentration of carbon monoxide produced at
a relatively low temperature suggest that this process may
wall be worthy of industvial exploitation for synthesis gas

production,



LAST OF SYMBOLS AND ABBREVIATIONS

b = molon of mothane decomposad,
¢ = molies of cavbon digxride reacihed,
Wcl“ = wolght of carbon depositod in $time interval, gme,
”CQ" = wolight of carbon depositod up to the and of «
cyeloa, gms,
AC = 1lb-atoms of carbon romoved in time + minutes,
“Coaﬁ = peax cent carbon dioxdide in outlet gas.

"COY =  par cent carbon monoxide in outlet gan,

dl
= rocorder doef €L o3
and d DGO fLlection,
2
‘D:j = dlametar, £t. or inches,
D = total dilatation,

AP = free enexgy change, cal/gs,wmole,

G = total weight of carbon deposited dn € winutes
tlme, 1Ib,

G/% = rate of carbon deposition, ib/wmin,

]
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porcentage of iron contemt in the bad belfors ruwn,

I2 @ percentage of ixrom comvont in the bed after run,

= Boudouazxrd squilibrium comsgtant,

Kl = Katharomobter factor,

L = length, £t., or inches,

W o= nuwboy of wmeles of impure methane fod to the resctor,
n = molee of niltrogen fod to ¢he remctor,

A0 = lb-atoms of oxygen absorbed in time ¢ minuten,

50.," welght of oxnvgen absorbed by the bed in Hime

Sl
I

Intewrval, gws,
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Vo

wodght of exygeon absorbed by the bed up to the

ond of total time of & eyele, @mo.,

average prossure Lor inlet ges during carbon
deposltion, inches of water gaungo,

average prossure for inlot gas during gasification,

inches of water gauge,
partial pressure of carbom dloxilde,

w , “ " W monoxRlL.de,
uneorrectad equivalent per cont carbon dioxide
(Katharometor rocorder roading).
gas comnstant, cal d@gml mol&“lo
duration of a eyeleo, minutes,
room temperature °C,
absolute temperasure, °K,
flowrate, ftg/min,
inlet flovwrate of wmethane, ftB/mina
inlet flowrate of nlbtrogen, ftgfmimo
total inlet flow duving doposltiomn, ftgo
inlet flowrate of gasification minture, ftgfmino
total outlet flow im a time interval, ftﬁo
wolght of matexials, gmoe, or ib,
moles of carbom dioxmide im inlet gas,
moles of carbom dionide docomposod,
per comy dlulet carbon dieside decomposad,

corrocteod ogulvalent per cont carbon dioxide

(Katharomoter wesordor reading).
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L, INTRODUCTION

1.1, Carbon Reacitlivisy

The gasification of coke at elevated temperature
with steam teo Lform blue water gas is frequently the fivses
stap dnm the production of go-called Yaoymthesis gas?,

While the composition of this gas depends on sthe nature
of the gaslfying filuld, e.g. steam alone, or steam and
ORYTEGR, &md'ém the temperature and pressure in the
gasirior, the zrate at which 1t 1is produced at & glven
reguired composition depends on the "reactivity®™ of the
coke,

The reactivity of coke ox carbon ig sdimply the
extent to which it reacts with the gy wndewr consideratiom,
in & given time and at a given t@mp@?atuwéq

A considezreble amount of study has been devoted to
carbom raactivity. While it is obvious that any reacting
Sas3 may be employved for measurements, most workers reserve
the term "reactiviiv®, s applied to carbomn, for studies
of 148 wresactiom with carbom dioxidalclﬁo

Chow amnd Ormimgl% report that 2 higher precision
of reactlivity measurement is possible when uweing carbon
dioride, This i due to the bevier adliabatic comtrol
possible with an endothermic reactiom, Thring and his

15

co-workers prefer coarbon dioxide for fuel zeactivity
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measurement o methoeds baged om ignition limite, becaunse
carbon dionide conversion at 9350°C is a direct moeasure of
rate of romectiom, At this temperature thoe resctionm 19
chemically countrolled asnd therefove 1t gives s diroect measunre
of the apparent "activetlion emergy"’ of the carbomn,

The reactlivity of carbon has been defined by the Fuel
Research BnmrﬂlB as "the mumh@r‘of millilitvres of carbom
monoxide Lformed from 100 ml of carbom dioxide” under certain
definitely opecified conditions,

1,2, Methods of measurement of reactlivitv,

There are several methods For the measurement of the
roactlivity of carbomn, of vhich the Tollowing are widely used.

1.2,1. Puel Research m&%hnd,lg This mothod mesgures

the reactivity of carbonr in tevms of the extent of completion
of the reaction

¢ + CO, 2 CO

1

when the eguilibriuvm concentration of carbon monoxide iag

97 .56%, A standaird volume of graded carbon (7 ml of 10 - 20

I.M. M, test sieve size) is maintained at 950°C and a current

of pure cavbon diokide is passed through at the rato of 5 ml

per minute, The carbon monoxide formed is then measured,
Three values are irecognised from this experiment as

given belows

R, I, i3 the number of milliilitres of carbon mononide Tormed

per 100 ml of carbon dioxide. It is therefeore the inltial
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veactlvity and has a limit at tho Boudouard eguilibrium
concantration of 197.4 mi,

R, ITI, is an apperently congtant value which 18 reached
aftor the oxpulsion of the volatile matiter,

R,IIT, i a lower ceomstant value reached after the
continued action of the carbpn dionide on the sample of
carbomn,

1.2,2, Milier and Jandl rapid mothod.'® In this

method, a constant stvream of pure cerbon dioxide, at the
rate of 2 litres per hour, is fed to the reactor, a gquartz
tube, heated by a Ffurnace, The flow of carbon dioxide is
metered through a flowmeter, A quartz boat imside the
reactor tubée holds the sample of carbor, The temperature
of the reaction is kept at 900 4 5°C. The product gases
are cooled in a water-coocled coll and metered throuwgh
another flowmeter defovre golng to the eirxhaust, The flow-
metors make 1t possible to have a continuous reading of the
Zas cbmpowitioma The reactivity of the carbon is gliven by

the formula

9
R = 100 T
2
whera, R = percent veactividy
U = volume of carbon diounide
reduced in a given time,
Q? = volume of carbom dlozide

supplied im that time.



It is Found that the calculated R values increased rapidly
to a makimum withian one or two minutes from the atart, and
begin to decrease rapldly after 10 minutes to a constant
value which remains almost unchanged, This value is takon
ag the reactivity of the carbonm under test,

1.2.9, Critical air bleot {(C.A.B.) mothod.Y! This

mothod wses an apparatus developed by the Northern Coke
Research Committee im which i kept & bed of closely graded
coke {14 -~ 25 B,8,.8,) which is 2% mm deep and B0 mm inm
diameter, A measured rate of air (ftg/min,) iz then passed
through the bed from the Sop to keep the bed in combustion
gtate, The minlmum rate of ailr which will keep the bed in
that state is moeasured as the C,A.B. value, The lower the
C.A.B. value, the higher the reactiviity of the coke or coal,
This method haas been widely used im Britaim for imdustrial
PUrpoesSes,

18

1.2,8%, Modified ignition method. This method is

based on the gasificaticn of a coke with alr or oxygen. The
rate of evolutionr of heat is the measure of the reactivity
of the coke,

This method was developed by the Coal Research
Laboratoxry, Pititeburg, U.S.A.

1.3. Physiecal properties imfluecncing carbon regetivity.

Al

Factors such as particle sizme and suriface axres,
porosity, partlicle strength and crystalline siructure are

all knowvm to have marked effects om the reactlvity of cavbon
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ag 1t ie found lnkcok@, It 18 well realissd that uniformity
of gize of fuel in a gas producer, slnce it promotes

uniform gas Clow scross the fuel bed, will ensure high
volumetric efficiency and constancy of outlot gas composition.
The principal regioms in which reactions occur in gesification
Processes are at the coke surface and in the initerstices
between the coke pleces counstituting the bed, and thus the
nature and availability of coke surface as well as the
chemical rescitlons and thelr wvates at this surface will
detvermine the overall reactiom rate, The overall suvriace
area of the coke ovr char is, of course, dependent on the

sizme and shape of the pores conteimned in the solid parvtiecles.
The narrower pores react faster as Tthey provide larger
surface avea per unit‘volumaolg Porosity, weactivity, and
strength of coke are not indespendent factors bur inter
dependent.,

The physical structure of diffewxent types of carbon
depends bothh on the method of preparation amd om the caxrbon
containing rawv matexrial, Thus great differences in reactiwviey
are possible, The proportiom of crystallographically dis-
organized material may influence the reactlivity by providing
"active® oxr reaction sites, These active conitres may be
identified with the unsaturated edge atoms of the exposed

graphite crystallites of carbon79 owr with the disordered
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carbon atomd sssocinteod with tho aﬁru@ﬁuregﬂ and oxiot only
at modorato teomporaturos. Thoy arve oliminatod by thormal
annealing at high t@mpera@ur@oagl fnmorphons carbons
prepaved at Loy temperaturcos axe highly reactive due o the
preogemce of these active comtres which oxist ﬁ@ra lessor
extont in graphitic cavbons due to the high tomperature
involvad in their preparation, Honce the reactivity of
graphite carbomng decreases ﬁith increase in degreo of
graphitisation,

An extremely reactive type is carbom that ise deposlited
on a porous carrier, Such carbon deposlits oftem Fform om
catalyste vhat are exposed to hydwocarbons or carbon monoxide,
This has beon demomnstrated by Gillilend amd his COmWOTR@TQQB&
who deposited carbon at lovw tempevatures (700 - 1100°F) on
a reduced Nickel catalyst by the thermal cracking of hydro-
carbone and studiecd the cavrbon reactivity. I¢ was found
what the carbon deposlted from butane and carbon monoxide
at 900°F was 10 times more reactive than that obtained Ffrom
methano, The reactivity of carbon deposited Ffrom methanse
at 1M00°F was Found to be 10 dimes greater im roaction with
carponr dioxide than with nydrogen.

1.4, Types of carbon available im gasificatiom.

For a long time, cokae wag the sole yaw material fowx
gasiflcation, However, capital, maintsonance and labour
costs Ffor carbonising plant have increased togethex with

the increase im price of carbomnising coal, Thus low grade



coal has agsumed an imporétance asg & source of carbom for
ga&ifﬂcationo &@ the dbest t?p@@ of coking coals avre being
preserved for metallurglcal purposes, lower and lower grades
of solid fuels avre novw belng considered for gasification.
Thege include, anthracite ox anthracite Tines oy breozes,
deep-mined or open-cast low grade biltuminous coals, high
ash and high molsture content birown coals, lignltes and
peat, high moisture comntent wood ox cellulosic material,
eavy fuel oll with high sulphur content, light peotroleum
distillate and matural gas,

1.5, Synthesis gas productlon and lts value,

Wﬁynﬁhesia gas” 1s essentially a mixnture of hydrogoen
and carbon monoxide and now uaﬁally manufactured on an
lundustrial scale either by gagification of a solld
carbonaceous fuel, &wﬁ the gasification of a iigquid hydro-
carbon fuel, or by the reforming of gaseous hydrocarbons
such aso natural gas, Some carbon diozxide is genexrally also
prosent in the gas and the matio of hydrogem to carbomn
monoxide cam be varied by ve-convertimg some of the carbom

monoxlde by reaction with steam,

Development of synthesis gas processes, as of any other
manufacturing process, ave closely related to gconomic wréends,
As a Tegult the orientation of vesearch in gapification has
differed from country to country according to the nmature of

the indigenousn fuel rooources amd mational reguiroments,



One reason Lor 140 productiom whieh is applicablo to all
countrios, ie tho utiligation of the lowv-grade fuels to
produce cueaply synthovic liguid fuel oxr other vitai
chemicals, By maturc all countries axre mot edqually endowed
with onough fuwol wosourcaes., The world's petroleum, coal or
gas fields avre not systematically distributed to all the
countries Bnt situated within the borders of a few countries,
Others have to depeund on them for their day to day supply.
There is no sure guarantee of their flow., It can gtop at
any time for political or other reasons, as happened to
Germany during the last world war, Thus countries having
ontly solid Tuel rosources will mnecessarily develop methods
to utilise their indigenous fuel to produce liguid or
gaseouns fuels, PForxr the coumntries rich in liguid fuel, other
TOABSOND épplv, Although the present reserves of petroleum
are guite hi@h and should comntinue for amother half-a-century,
it must be rocognised that the actual reserves are finite
ond will ovomtually be exhausted., REven if the day of
declining produc%ion is 8till far awvay, there can be no
doubt that the cost of production will imevitably show a
genoral mﬁwarﬂ trend, The major factors in this cost trend
will bo the oxploitatiomn of welatively deep producing
formations and off-shore drillings, Thio inevitable wvise

in the coet of recovering petroleum will im the end justify
the produstclon of ocynthetie Ffuel £from synthogls gas

utilisimng other low grade fuel,
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Thore awre mony cohemicals imn ko mevrket voday whieh

vore oarlioer coatly, but are mov produced choaply Lvom

oynthesls gas. Hownee atiemptn are bolug mado to dovise

ways 0o malke as cheap n @ao as peosoibdle whidch will ned

orly opon vhe field to wore shomical manufaciture rom

synthesis ghe bubt to synthetic liguid Fuel also,

Synthesis gas can be used as a stavrting wmaterial for

the production of various liguid and goaseous hydrocarbong,

chemicals and hydvogen for hydrogemnation industries, The

variouws processes that can utdilise synthesls gas include

production of:

(a)
(w)
{e)
(a)

(e)

(£)

1.6,

ligquid hydrocazrbons by Flocher-Tropsch synthesils,

mothane or @?mth@ti@ high-Btu pipeline gas by methanation,
mathanol and higher alcohols directliy,

higher alecoliols by reduction with clefims im

0X0 - gymthoesia,

hydrogen For use in the hydrogonation of coal o produce
edthor liguld Fuelils and by-products or gaseous
hydrocarbonzg and for ugse in the sgynthosls of ammonia,
hydrogen or hydrogen-rlch gas wmintures for the direct

roduction of iron ore.

The petontial of natural mas.

Natural gas 1o found im large weservoirs umnder tho

gurfacae of the ecarth inm & "dyry?comdition, and also with
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pebroleum im oile-wells im a “wotY comdition, Gas agoociated
with polroleoum may be rocovered in the cil-refinery by sultable
separation plant., Almost all the oil-producing counitries have
vast wreserves of matural gm@; A small portiom ¢f these gasas
are vocycled to the oilewell foxr pressurdisation, dbut a
considerable proportion is burnod duo to lack of ccomomic
outlets, It is roepovved that in middle castern countiies
abouwt 1,000 miliion ftB of gao 1o daily waat@@‘ﬂm this w&yogg

Natural gas aloo exists in some coal pits, This
preosents a hasexd and modern dralmage schomes are employed to
recover quite a large amount of the gea. It 1is burned at the
pit-hoad to waloe steam or piped to local gaso undertakings Tow
onriching towms gas or for reforming. '

Dry deoposits of matural gas exmist in several countyiess
Ue®ohop, U8,8,R., Camada, Algeria, Nethorland, and Pakisten
have large wroesovves of dry gases, Smaller reogserves have also
been found in France and Italy, The total rogerves of
natural ges, both dry and wet (imcluding the 1&%6@% eotimato

foxr Netherland amnd C@mmd@23°2&)v

25

ave estimated o be 790
triliiom cublc feod,
The vast reoserve of Slochitoeoren im Wethoerliond 1o go
close to thoe Nowrth Sea that 1t has brought a spate of
activity by the blg oil companiesn of the world sto find gae

in this @@&m%@dogg
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1.7. Zhe moavfasture of symithosie gas fyom notural smag.

There are o commonly used methods for oymthesis gas
moanufacture from natural gas, Theso ares-
(a) o catalytic stoom-roforming DProcoss developed by
the standard oll cowmpany of New Jersey,
{(b) & partial onidation process developed by the
Tezace 041l Co,
26,27

1.7.1, Catalviic stoomevreforming., In this process,

s minsure of gas and steam i1s dntroduced imto & reforming
furnace kept at 1300 - 1500°F, and in which is suspended a
multiplicliy of weat resisting steel tubes of varyving diameters
and wall thicknessn, These contein wnlfovmly sizmed paviticles of
a highly active mickel catalyet. The reforming of the gas

proceeds according Ho the following xeactlon
CH& % H20 = €CO + 3 Hgo

Thiso wroaction is condothermic and hence greatly favoured by
high temperature smd low-pressure, To overcome, however, the
comproasion codt of the product gases, the pro¢egs is operated
at elovated prgsguros which shifts the @quilibwium Towards
mevhene formatiomn, To couvniteract this a bigh tomperature ig
malntained dmnside the Furnace, Thisc has beon possible by
improved furnace design and improved heat twransfor through

the packed bed, This process is now widely used foxr the

provigion of gas Lor ammonia and metheanoel oynthesia,
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098
1.7.2, Partial oxidavion Q@@@@@a,$ In thic procesa,

moethane 1o burnt non-catalytlically in e speclally designod
burnor with a limived supply of onygen under presgsgure, The

fivet romction of mothane with onygom 1o

CH& » & 0 002 + 2 H,0

2 2

and then a sewviee of wreactions Lfollow beitweem the product
gaoes and methane

CH& + CO s 2 C0 + 2 H

2 2
CH% + H20 = CO + 3 Hg
Co + H20 = 002 4 H2
a2 Co = 002 + C

But the overall wresction may be deplicied as

CHy, + % 0 CoO + 2 H

2 = 2
The outlet gas 1o obitaimned under preogssure sthug saving the
cost of compresglon, This process 1 also inercasingly

woed for awmonia syntheslis,

1.7.3., Limlt¢ations of the above procossos., 1t 18 welle

lnotym thats water-gas formation is Lavoured by high {tempoerature
and low=pressure and that methane formation is favoured by
lov-temperature and olevated presgure, Thug the steam-
reforming process cavried out at elevated pressure to save
compression costs is limited by temperature., Due to the

presence® oi substantial amount of unrefovrmed methane in the
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produet gas, A second reformor 18 nocessary, The process ic
moreover limited by the steam : methane ratico. A steam : moethanse
ratio of 2 mol/mol 1s comsidered to be the minlmum to avoid
carbon deposlition om the c&tmly@tﬁz7 The partial oxidation
procoss is aloo limited by the onygoemn : hydrocsrbom watie,
Thle 1o considored to be very critical amd hemnce accurate
control 18 necessaxry to provide steady wroactiomn comdiﬁiomaugs
The cost of production of oynthesis gas by these procassos
provents them from beimg sulitable for synthebtic liguid fuel

producition,

1.7.h, Reoulroments of anm ldeal process and thoe

reactlons involved,

An ideal process For the manufacture of synthoesis gas
should be flexible in terms of product gas composition, The
hydrogen : carbom wonoxlde ratios reguired by various processes
are different, and a process for synthesls gas might be called
uponr to meet the rogulrements of seovexrel such processes., AS
the processes for synthetic chemicals have distincet boundaries
Tor thelwr nocds Tor efficient operation, oo also a synthesis
5A8 Process has 1éts own fixed process conditions wvhich cannot
be changed without imecurving losn inm officiomey. A gpecific
oxample of the varied reqQquirements of & process ig the Flocher-
Tropach synthosis process whose synthesls gas reduircment
varies im volume and compositlion accomdimyg to the catalyst and

the pressure, temperature and time of comtact selected to yield
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a prlmary product with desired amount of caturated Go
wasaturatod hydrocarbons, Synthoois gos made im a single
gtep will have Aifficulsy im meooting such varied roguilromeonts,
and cean only bo mot by cmploying several pwroduction stopo.
With oueh o situation, 1t scems that a process which
can manufacture the 4two gynthesls gasd components, viz, carbon
monoxide and hydrogem, separately from a single feed material
such as natural gas is worthy of comslderatiomn. Such a
process could well utilise the two renctlions: -
(a) decomposition of methane into its clements carbon and
hydrogen,

Cﬁ&g 2 C <+ 2 HQ

(b) @asification of the deposited carbom to produce carbon
monoesilde,
¢+ COp, = 2 CO

It 1o envisgaged that the process would be a cyelie omoe
in wvhich a reactor produced alternately hydrogon and carbon
monoxide, By the use of two such reoactors inm pavralilel and
suitable gas velve arrangements 1t wmight be posoible to
obtain virtually continuocus Tlows of both product gases,

"L.8., Purpose of megearcli.

The ovolution of a suitable process For the manufacture
of synthesis gas by the above scheme requires a detailed situdy
of both remctiome and the influence of catalyaste on theiw

rates, As wlll be describod later, substantial methane
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decowmposition can be achieved at modevrate tempevatures overw
fwronhly woducod ivomr povder, A conslderablc amount of worlk
bao boen carvied out om thio wroactiom by Vanm Woww&rjé amd 4
vas not proposed to contimune this odtudy hore, Hovevewr, im
the course of burning off carbon doposlted om thoe iron
povdoer, icolatod moasuromeonto of the analysilis of thoe gas
coming Trom Van Wormewr' ¢ reactor shoved oxcopiionally high
values FTor carbon monoxide. This point was later moted and
studied further by Gibb et m12@ who im fact chowed that the
concontration of carbon wmonoxide coming from such a uwailt
appeared to oxceed that predicted by the Boudouard
eguilibrium, It appeared theroforo worthwhile teo mako a
ayatomavtlic study of the resctilon
C & 002 = 2 CO

under conditions that would apply to such a process of
manufacturing hydrogen and cavrbon monoxide separately Ffow
bottor mising as synthesis gas, Uith a sulitablo and choeap
catalyst such as iren and a modewrate teomporature of operatiom,
i.e. 1000 - 1300°F, such o tvo-otagod procoss eould vell bave
commereial attragtion im the ovemnt of largo amcunts of cheap
methane beocoming availlable im the United Kimgdom,

It wao hopod also to mako calculations of froe onergy
Tor the oeomingly veory reactive carbom and to dotormine how
the reactivity was velated to the irom substvate. To omoure
conetant temperature condilitions, 41t was hoped to sarry oub

most of the onperiments in & fiuvidized bed reactor,



1.9, Thoory of mothane docompositiom,

1.9,L, Thermodynamnicg., Mothano is a stable gas and

@@mpl@t@.dee@mp@aﬂﬁi@n into ite clomonts tokos plage at well

abova 1@009015°3®°310 It i an ondothorale procoss and hoeneo
tompoerature dopondent, The degree of decouposition imereaseos
with dnereasing tomperature and 1%c rate is strongly alfected

" G A ) 1-—::- ) ‘%
by the surfonce area of porons mam@ri&lmg 33
P

3 37

whiclhh ascolerate 1t comnsiderably”

and catalysto
The thermodynamie

equilibrima of the oyotem (€ - H, - CH, ) as boom studied

oy 2
ertongively by several &uth@rajé°3? b3 at high temporature

37-40

at high tomperature and lovw presgure
e - 329
{atmosphoric)

39,81

Pressure . The goneral conclusions drawn Trom those

and at low temperature and low

ptudies was that lov tompewrature and high pressuvre favouw
meotheane formation and high temporature and low prossure
favonrs 1ts docomposition, The effeoct of temperaturc om

the thermodynamic oquilibrium of the system, (C - H, - CH%)
1o ohovm im Figure 1.1, Those data wore taken from the
"Thermodynam co of‘g@éificatibm'and gas-gynthesic reactions®
by Lavrov, Kowvovev, amd Piliph@v&&& in proferomnce to that of

F}
Rosgind o6 &1&89)0

becauge the formor compilation is the
wmost modern one and 1s based on spectroscepic data,

1.9, 2, Kinoticg amd émﬁalvgﬁao Tho deocomposition of

. ‘ Iy &
mothane was first investigated coumprehonsively by B@T@h@l@ﬁe)
whilo studying the decomposition of hydirocarbons at high

tomperatures, He maintained thet mothane 18 mot direetly
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docomposed inte ito eclomente, carbon and hydrogem, bub
produens imtormediato compounds, like acetyleno or cthame,
vhich ocubseguently decomposes inte ocarbon and hydvrogen,

The poosible xeactions for this enplanation avro
2 CH@ 2 ¢ H2 v 3 Hg

Thies view was strongly refuted by Bone and C@wardcgl
Working in the temperature range of 1150 - 1160°C, they
Tound no ¢vidence of acetylene formation and concluded that
mothane was diroctly deocomposed into its clomonts., Thoy
shhowed vhat methane decomposition is a first owvdeyr reaction
and that the rate of deocomposition 18 greatly influenced by
tomperature and the presence of porous materiale,

However, the true mochaniom of moethane decomposition
8til] remaine debatable. The modern process of acetylone
manufacturo from methane londs support to the Boréthelod
sheory to Some éxﬁ&mto The presont procoss samplove a faot
quenching step for the product gases of methane decomposition
vhore the acetyleone fraction ranges frem 8% to 20%, The
thermal conversion of methane may well be roprovented by tho
folloving reoactions

a2 CH& o Cgﬂh &+ 2 Hg

2 CH& w2 CEHZ v 3 Hg

It has boom Tound that the percontage of acetylenc imncreases

in the produect geses as tho tomporature at which the meothane



i decomposed increaszes {(from 6,8% at 100°C to 18,2% at

!
120000)036 The most significant studies of methane

3
decompogition were carried out by Gilliland and Harri@tﬁgp

35 36

Boyntomn and Van Wormewr, - Giilliland and his co-workers,

in order to situdy the reactivity of deposited coke, decomposed
methane oveyr reduced mickel in a fluidized bed within a
temperature range of 700 - LI00°F and studied the rate of
carbon deposition (which is imdirectly the rate of methane
decomposition) and found that the vate decreases linearly
with imncreasing carbom on the bed;, due to the coverage of

the more acvive sites of the catalyst by carbon, They
calculated the apparent activation energy of methans
deacomposition to be 23 Keal pew,g.mole, Bo?mtongg and Van

31

Vorme:r™  while studying the reduction of ivon ore with methane
in a fluidized bed found that the incrsasing methane dis-
appearance with increasing metallic irom in the bed was due

to the catalytlic decomposition of methane by reduced irom,

Based on their experimental Ffindings thsy proposed the

following rate eguation for methane decomposition,

R

4

i) kF@ pm WF@

where Rm = rate of methane decomposition

kﬁ@

i

specific reaction rate congtant for
metallic diron
D = methane partial pressure in the gas
phase
W = tbtal welght oflmetallic irom in

Fe
the bed,
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They showed that hydrogem-reducod iron has high activity
vhich docroases rapildly te an avpymptotic value with
increasing time of exposure to mothane and accompanying
carbon accumulation. Iron containing substantial carbon
conforme o the convemticonal Arvrhencous equation confirming
the comcluglions that reactlion rate ie conitrolling and methano
dopogited carbon has negligible diffusional resistance,

1,10, Thooxy of Boudouard reaction.

L. 10,1, Thermedvnamica, This reaction whichh occecurs

in the roducing zome of a gas producer 1s represented by the

agquacilion o

I% is an endothevmic veactlon and hence thermodynamically
carbon moxnoxide Formation is favoured by high temperature and
low pressure. The effect of temperature on the thermodynamic
equilibriuvm of this roaction was firvet studied by Boudou&rd&7g
after whom the reaction is mamed, and subseguently by Ruead

and Wh@@lerhg at various btemporatures, The firset comprehensive

compilation of the oeguilibrium comnstants at different

temperatures for this reaction was made by Rossini and his

)/
canOrk®r3$ga They calculated the equiliibrium constants based
4
on the thermodymamic data of the gases, Gumzjo developed an

eguation for the equilibriuvm consbtant of this reaction based
oxn the calculated values of Rossinl et al, By this equatiom,

egquilibrium constant for any temperature from 700°% to 1500°K
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gould be ecaloulated, The values caleulated by Roosini and
co-workowrs wore later recaleunlated uoimg up-to-date physical
conotants but this imcurred no pslgnificant modification of
thelr carlior valuoes For the oegullibzium @ona%anta,51°52 A
recent compllation of these thafmodvn&mie conotants based om
epactrogeopls data of gases has bDeen made by La%rov, Korolov
and Piliphova&h which are claimed to bo wmuch mowe reliable
than Roosinils, These latest equllibrium data were used
throughout this work, The effect of tempoeraturc om the
equilibrium of the Boudoward rTeaction i shownm im Plguvre 1,1,
1.10.2, ¥inetics and catalvets., Extensive studies

118 41 b2, 53-86
have been made of this reaction by a number of authors

both to determine the reactivity of different carbon species
and $o understand the mechaniom of the meaction. This 1o @&
hoterogenecous reaction and very complexr in natuwre., Many
routes have beon proposged Lor the wmost probable mechaniaom
but mo one voute has met with general approval., There is,
nowever, agrocment that the wreaction proceeds through the
formation of a surface oxide and the rate of docomposition
of this surface oxlde is the rate controllimg factor., Two

75

posgible mechanismns are discugsed below: -

Moghaniom A: This mechaniom which is suppowted by most
55,59,61,68,70,73,7%

of the aunthoxs onn the bagslis of radloactive

tracer and kinetic studlies comsiats of two steps:
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The fivret step L8 o roversible oxygen surface

roaction oo showm by the eguation
Cp ¢ €Oy = ¢{o) « co

wvhewre Cf denocves an active cavbon free - site capable of
reaction and 0(0) ropresents chemisorbed atomic oxygem.

The seocond step 1 & unidivectional docompositliom ox
gasiiication ag Lollows ¢ -

c¢(o) = €0 & mC,

‘where ne . denotos that on average n active centyes must be

produced Tor each cavrbon atom gasiified,

Mecuanlem B: This moechaniswm was proposed by Gadaby

amnd G@o%@?k@?BS? based on theilr experimental Cindings. The
following stope comprise the mechanism.,

Pivegtly, a unidirestiomal oxygon oexchange at the surface
¢ CO, = ¢(o) + co

then a reversible chemisorption of cavbon monoxide upon
froe-pltos

Ce + GO = (CO) adoorbed
followaed by a umidif@@tioﬁQQa@ifieatian of auffac@ onide

c{o) = €O + nl,

0

,

and in the presence of thermal auwneoaling

Cp = € (inactivo)

Gadsby and co-workers proposed thils mechanlsm based

or the resulis of charcoal chemisorpition at 750°C and at
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sere to 400 wwm Hg total pressure which indicated that wide
variation in carbon dloxide partial pressures corresponded
WOTO clom@ly to variation in carbon monoxide pariial pressure
than to éﬂangaa in amount of oxygen complex absovbed, In
addition, the quantity of oxygen complex romainod r@lﬁti#@ly
consvant with variation im carbomn momnoxide partial prossure
at constant carbon dioxide partial pressure, This was

taken as evidemce that the rate inhibitlon must have boemn
due to carbon monoxide chomisorpition amnd mot to the reverse
oxygoen eichange as postulated in the first steop of
meochanilism A,

The above proposition of Gadaby and CO-Vorkors waso
strongly refuted by R@if61 on the basis of kinetic studies,
It was argu@d that the acvivation energy of the flrst svep
of mechamnism A a8 calculated by Gadsby and co-workers was
in ervoxr due to the negative slgn (-~ 16.8 kcal) vhich was
not im acecord with the poslitive valuecs of othewr studies
viich support the thermodynswmic reaglbility of the firsb
gtep in m@ch&ﬁi@m A,

58,61

There ie, however, goneral agr@@m®m$57° vhat the

rate of carbom gasification by carbon dionide fits a

Langmuir type of equation as

9
lf‘]‘ p
C @

R = 2
¢ ) . %
02 i« apco 4 Dpca?

223
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vhere &, a and b are functiono of ome ov more of the r@@@
gonstento a@@ pﬂeg and Pag 8¥¢ the paréial prossures oF
cazrbon dioside and carbon monpiide, Thio oguatiom io
consistomt with the proposed mechoniom A, It states that
the kinesics of the romctionm will be firnd @fdér with
r@gp@@%.ﬁ@ @&fb@ﬂlﬁiﬁxid@ 1€ APng {1 amd hpﬁgg<<1” 1.0, ab
low carbon dloxide concentration and low temporature.

Z@é@ ovder kinetics is indieated ¥ &pc@ << amnd hpco? »>1,
vhich is fulfilled at lov tomperature and high carbama
dioxride partial prossure, It has boen dowonotrated that
the comatants a and b decxeoace with ﬁ@mp@g&tu@@??°58
therefore at igh %@mp@r&ﬁmf@@ and high proasgures, the
imequalities apg, »>1 and bpmg »>1 8t41l hold, vesuliting

in a firet ovder voeachtion, Thus orders of reaction

varying from zere to unlsy arc possible, Thic has boon

conPizmod by several auth@r@966’68°71
Biak@l@v669 Vuldis and Vitman729 and Sawal snd
comwork@ra?élcenfifmaﬂ that the over-all roactlion rate

of the carbon - cavrbon dioxideo weaction 1s comitrolled by
chomical weaction at the carbom surface up to about 1100°C,
Above 1500°C it is égnﬁr@lled by diffusion., At lovw
ﬁ@mp@r&%ﬁr@, the reaction between oarbom and o gasifying
modivm 1o contwrolleod by the chemical roplstance of tho
cavbon purface and the gas veloeity bas no effect om the

roaction rate, A3 tomperature 18 iﬁcr@aaad, the chemical
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rosistonce at the suwriface decroases and the effect of
diffusional roslistance incroases and a8t higher tomperatures,
the chemical recictance is overshadowed by diffusional
rogistance, The roactlion wate 1o then controlled by ges
velocity anrd the partial presgsure of thoe gaclilying medium,

The activation energy of vhis reactlion has beem

?9 659?29‘977“80

variously reoported, *The wide range in values

given may be ascribed to -
{(a) varying dogreo in mass-transport,

(b) the influence of impurities, and
13

(¢) the percentage carbom burn-off,

The producitlion of carbom monoxide has been shown to be
. ‘ 20,336,548 ,8L.-86
grontly accolerated by the presemce of a catalyst,

5 -85
Catvalyets found to be active are Ni@k@lggl Na 003919581 85

2
29,36,86, They appear to help inr the Ffaster removal

and Fe,
o¥ the surface osslide formed omnm the carbon,
The ovidomee of carbon monoxide polsoning of the reaction

56

came from Hinshelwood and his associatesn and 1o supported by

Giliilond and bio sescclates.>° Hinshelwood found that vhe
gasiflcation wrate was greoatly retarded whem carbom momoxide
was intiroduced along with cavbon dioxide im a carbon gasliflica-
tion experiment,

.11, Quasi-equllibria and carbon £Te0 emorgy.

If chomicnl reactants ave left in adeguate comtact fow
an dnfinlte longth of time the oxtent to which roaction takes

place is limited by the chemical thermodyneamie equllibrivm of
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the systom. ITn a flov systeom, i¥ @@ﬁiiib&ium is roashod
before the gasos leoave the reactowr, tho @utl@ﬁ composliion
of these gases will be calculable from ﬁh@ knmown thevmgo-
dynamic data., The equilibrium canat&ﬁt’f@r a reaction ig
related to the free enevgy change by the @qu&ﬁi@ﬁ

AF = = RTiim K
where the symbols have $the usual olignlificance amnd tho
standard state for r@f@fémm@ hac been dofimed.,

Rocent comsideration of gas analyses from Tluld bed
gasifiors by 5qui$@mh3 appear to indlcate that im certain
cases eguilibria may be oxceeded, The outlet gas composition
would mpp@ér to suggest that the exvent of reaction has gomne
boyond that which should be thermodynamiecally possible, Thus
he abows that reactive chavse in filuvidised - beds may yield
mothene concontration pubgtantially im ehidedelale of that
predieted by the P-graphlite-hydrogen oduilibrium for the

roactdon

q CH&

C « 2 H
It may be sald, of courge, that such data represent a
gquasi-oguilibrium over very active forms of carbon and an
puch should mot be compared direetly with P-gropliite, Usimg
the later egullibrium as o yardotick, bhowever, oeme is able

to caleulate the soswingly oncess of froe emergy Ffor such

chars over that of P-graphite and thus obtaim & ccale of
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carbon aetivity, Thoe data reviowod by Souires indicates a
posniblo oubkoss of froc onergy Loxr sush Fowvms of carbon ab
A700°F ranging ff@m 1800 cal/g.mele te 4800 ¢al/g.mole,
Sueh oscessive free onewrgles must Lo acseciated with the
difforeomece bobtvyoom thoe thermal propertics of ¢he bulk selildds
and fin@iy divided solids of high curfase ares por uwnild
woight, It i0 oxtromely difflieult alse to allev adequately
for the activating offescts of adsorbed hydrogen on such
carven surifaces, Moreowoer, vhen the corbonm 1o deposited

as & thin f1llm on on aetivo gatalyet surfasce, the apparent
carbon reactiviey méy be oxpected to differ considerably
from that of bulk graphite, This was im fact shown to Lo
the case For carbon deposited om Wickel by Gilliiland and
Hafﬁiatgh . The date Turnlshed by Gibb ot &129 cugzest that

iiron has the same influence,



2, PRELIMINARY PIXED-BED STUDIESD

The ultimate object, as stated dlm the intredusction was
t0 study the Boudouvard equilibrium in & Fluidized bed foxr
carbon depositod on a catelyst., As o baslis o comparison
and in oi*der to bocome familiar with thoe onpoerimental
reoults to be ounpecited, a number of oxperiments werae carriad
out on @ Tiged bod of metallurgical coke. The offects of
temperature, coke particle size, gas Tlovrateo and general
arrvangement of the bed om the ocutlet gas analyels were all
studied,

Brperimonts wore carvied ocut also om carbon depooited
in a fix@& bed of reduced lron pariticles,

2,1, Prepavation of coke powvder and ivon catalvst,

A& consilgnment of 3/ inch screcned motallurglical coke
vas obtaimned from the coke ovoms associated with o local ivron
works, It had been prepared by the cavrbomization of & blend
of Scottich coking coals, Tho swvelling index of tho blend as
determined by B,S,L016: part 128, 19359, was 5.5. A wopresonta-
tive sample of the coke was ground to pass 72 mosh B.8.8.

The proximate analysis of the powvder was then dét@wmin@d by
the methods sot out im B.S.1016: part &, 1957, Tho rosulis

were ag indicsted im Table 2.1 below,
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Mol sture 1,20
Ach 11,20
Volatilo matiow 0,62
Pized carbon 86,98
l@ODOm

The main dbuilk of the coke was then passeod through a sewrles
of laboratory crushing and grinding units, viz, jmﬁm@ru@h@f,
oll-mill and hommer-mill. The fine powder was then graded
into a number of sultable sleve-size ranges by woans of
Britisoh Standard sieoves and & mochanical (Rotap) sleve
shaking machine, The size vanges seleected Ffor gasification

studies were

¢ - 16 ¢+ 18 mesh - 60 +» 72 mesh
- 23 . 2y O - 72 & 100 ©
= #& & GO W - 100 + 150 ¢

A supply of lron oo was obtained also from & local
iron works, The ore was a Cerre Belivar hacmabtlito Lrom
South America, The ir@m content of this ore wvas reported
%o be %56% (i.0. 80% FQQOS) and 20% silica and othew
gangue congtituente., As supplied, the ore was in the form of
1 ¢o & ineh lumps, The larger pleces wore brokonm im the
laboratory Jjaw-crusher and then all the ore was crushed
in the laboratexry roll amd hammew mill, The powdered ore

vasg then graded imto & number of sizge ramges by B.S, slevea,

Framr ppitea
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Thoe sise reangese 16 ¢+ 18 mesh and - 350 + 100 mesh weore
ratained for uwse in the gasification studles, The fowvmoer
wao uged in fixed bed studies and the latter Por Lfiulidisation

ORPETIMONTE,
Sereon analysis of the - 52 + 100 mesh fractiom was
doteormined by the mothod laid down im B.S, 1796 : 1952,

The results wore as glivem in Table 2,2,

TABLE 2.2

Wi, pOr cent

Through 52 mesh B,.S.8., and on 60 mesh B.8S.S, 18,94

" 60 @ @ 72 w 21,35
W 72 “ ? 100 " h8.75
W 100 @ @ 120 W Q.47
" 120 # " 150 @ 1,36
@ 130 @ @ 0,13

=

2,2, Mxed-Bed Gagiflcation Apparatua,

This part of the work was undevritakon on & simple
apparatus consisting of the following parts,

(a) Furnaco

(b) Roaction tube

{(c) Gaso metering instrumont, and

(d) Gas snalvysis apparatus,
A Flow-shoot of the goemeral arrangement is shown in

Figure 2.1,
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2,2.1, Furnace, Thisc wae akn electrical high
COMPEYATUXre Lubo furnaca capable of op@fatinc up %o 1R0O°C,
Tt could accommodate a 1 /& inch 0,.D, r@fractoﬁv furnace tube
and heat a lomngth of 13.5 imnches, Heating vas by dir@ct
radiation from carbon resistance rods whleh wér@ group@d
arcund the furnace tﬁbéa Purnace btemporature combrol vas
provided aund the fufmac@ ﬁemperature vas measured by a
Chromel-Alumel thermocouple placed unear to the outer surface
of the furnace tube at the mid-point of its lemngth, and
indicated by a %@mp@mméur@ calibrated miliivolitmeter. The
furnace could be arranged so that the furnace tube axis wes
horizontal or wvevrtical,

2,2,2, Reaction tube, This was a Muliliite tube 30 inches

long and with an internal diawmetex of 0.9 inch, TwWo NEOProne
rubber stoppers held the imlet and ouslet gas-limes im place,
They were proitocted from direct radiation fyom thoe reactor
bed -of the Ffurnace by 1/b imch thick discs of goft asbestos

oghoot placed im the tube before thom,

2,2.3. Ggs netering. fhi@ vas achieved by manometiric
flowmeters ¥Yllled with concentrated sulphuric acid and
previously calibrated against a standard wet gas-meter for
cach individual gas in use, Two such flovmetors vore uced
in these onperimonts, one for mimrog®m and ancther Ffor carbon

dioxide.
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2,2,8, Gos analysis apparatus, This was o British

Standard Orsat apperatus permitting analysisc for carbon
dioxide, oxygen and carbon momoxide, Nitrogen was dotormined

by diffeoronce,

2.3, Experimental Procedure,

A weighod amount of coke of a particular particle-size
range was taken which would give a packed bed length in the
tube of 12 cms, The coke was held in place inside the
reaction tube by 1 imnch thick plugs of asbestos wool at each
end, Imitially the furnace was used with the reaction tube
iving in & horizontal position in it, Nitrogen was continuously
passed through the tube, and thoe temperature raised to the
degired value by adjustment of the electrical comitrols, When
the desireod temporature had been reached, carbon dioxide was
introduced into the reactor at the required rate yith the
nitrogen. The exit gasea were then analysed by Orsat at
suitable time intervals, This experiment wae ropeated at
different temperatures, flowrates and coke particle sizes,

A new series of experiments was then carried out with the
reaction tube vertical,

The complete series of experimomts werc as follows : -
(a) With reaction tube horizontal:

i) effect of temperature,
ii) effect of flowrate,
1ii) effect of particle size range.

(b) With reaction tube vertical and gas flowing upward:

i) effect of flowrate,
il) effect of particle size range.
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In the case of the later experimentc, the bed wesn wuppoxtod
by o perforated stainiess stsel disc which was in turm
supported by a steel splral pushed imside the reactor firom

balow,

2.4, Bvaluation of "Bauilibrium Ratio®,

Alshough 1t was realised that the time of combtact of
carbon dioxide with coke inm the reaction tube was very likely

to be dunsufficient for chemical equilibrium to be reached, 1t

wasg declded o evaivate an Tepouilidbriuvm ratlo” Loy the exit
gases im the manner mormally used to calculate arn eguliibriuvm
comstant, The value obitalned whon compared with the comsiantd
at the same tempersture for the Boudouard ecuilibriuvm would
give s measure of toe proXximity fto eguillibrium,

The mont comvenient way of representing the eaguation
For tho calculatlior of ecguilibrium constant iz in torms of

A

partial pregsures. For the Boudoward eguilibrium, thias is

&
”n

Follown g
2

B
002

i

where Pcg and Pog . AT@ partial pressures of carbon monoxide
2
and carbon dioxide, This equation can also be wiltten in

terme of fractiomnal volumes of sach gas

2
2 2
P oo (vg)?p (voo) 2p

.:é.n:: g et e rmmm

”cop)P Yeo

;Hml TR
002
2

For reaction at atmospheric pressure (p = 1), the equation

becomes

FiQ K?@o)

Yeo

2



This aguation was used teo calculate the egulliibriuvm ratlos
in the above experiments,

2.5, Calculation of reosidenca time,

The rosidence time of a flowling fluid in passing through
an empty vessgel largely depends om the flowrate of the fluid
and thoe dim@n@i@ﬂm of the vessel, The calculation of
residence time becomes o little move complicated i¥ thé vasael
is packed with granular material, The veloclity of the £fluid
within the vessel will depend on the avallable flow chamnels
or bed voidage, A relationship to emable residemce time %o
be calculated for a gas flowimg through a bed of solid
particles involves such parametexrs as gas Tlowrate, bed length
and diameteor, ﬁ@ight of the solid im the bed and the $rue
domnsity of the solid pavxticles,

Hence, 4if

¥ = flowrate of the fluid, ftB/mm.,

Dl = dlamoeter of the tube, £t,

L = 1@ng¢h of the bed, £t,

W. = weight of the solid bed, gms,

true density of the solid particles in

o
f

5 "B -
the bed, gms/em”, ov The/fe",

Then overall volume of the bed

. .
e % BT, P47
. o ao ¥ o3
Volwie of the solld o F £,
Volume of the froe space invﬁh@ s Yot
; 2. . V on3
@ i DL - . £57,
31 2 by
N A e et = i P i - ; 80
Regsldence time = X (@DJ} 9) mlm
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This oguation was used to celculate the reslidemece time of
the filowing Ciluid inside the Toactor,

2,6, Duperimental Regulte.

2.6,1, Horimombal reaction tubo. The resgults of the

various esperiments are tabulated below im Tables 2.3 to 2.5,

and plotted im Figures 2.2 to 2,59

TABLE 2.9 Effect of furnaco teomperature

Length of the bed of coke particies = 12 cme

Welght of coke bed 22,8 gms,

Particle size range w 16 4+ 18 mesh B,$,8.

Inlet gas flowrato 1320 c.c/min, at 20°C

Inlet gas composition 50.75% carbor diozmide
59, 25% nitrogon

i

88

Runf Sample | Temp. ] Por cont in off-gas K lLog K
Noi taken °Cc co, Co .calculiated
at{min)l '
0 - o 9
10 50,1 1,60 0, 5ixl0" 3 -3, 202% %
3 30 900 50,2 1,50 0,&&7310“3 =9, 30069
60 B0, 2 1,50 09&&7310”3 =%, 3060
90 50,3 1. 50 0.886510" " ~3,35069
0 = - -2
10 ho,o 17.8 7039£10 ol =1.1330%
2 30 1300 ho,6 16,0 6. 3053?0'2 =1,20012
60 hi,2 15,0 5.4 GLzR0° o =l 26279
90 bhi,8 8,0 b, 6881077} -1,32001
0 =S [ :
10 16,6 U6, b 1,29690 0,131269
3 30 1300 20,0 bk, 0 0, 9680 «0,01512
60 26;,:2 :5}&3 9‘8 0023 622 000 33517
00 33,0 25,0 0, 1894 =0,72261




TABLE 2.4 Bifees of carbom diozide Flowrate

Length of the beod of coke particlos = 12 ocms,
Weolght of the coke bed = 22,8 gmo,
Particle sizme renge 2 o 16 + 18 mesh B.S5,8,
Temperatuzre of gaslification = 1100°C
Rum Samplo Plow wate Pex cont
Yo taken c.c,/min, oFf-mas K Log K
° 1} at(min) N, GO, co, | €O calculated
|
0 605 620 2
k) 5 (49,5561 (50.64){42,.0110.0 w°3809R10 T |-1.6234
30 b2} 9,6 o 1735510 2 -1,66295
60 53,41 8.6 970&1310 Te [ -1.7683
90 Wi, ol 8,0 1.48858%210"° »1,83785
0 300 308 .2
5 (59.8%) (50,6%)]| 27.6{25,.8] 24,117%%10" o | ~=0.61780
2 30 31.2119,.6} 12,3028x10”; | -0,91009
60 32,219,001 11,2111x107. |-0,95036
20 33.2118.0 9,.7590210" 5 - «1.01060
120 33,4 {17 .k 9,0686%107" | -1.04248
0 197 210 o
5 (be.5%) (51.6%)} 29,4 130.6| 31,4880x10", |-0.49702
3 30 30,6 |26,5 229776h310“é -0, 6B262
60 33.01{25,0] 18,9393210" al=0,72285
90 3,012 0] 16,9031 720 " -P, 77107
0 101,15 101.5 2
5 (50.0%) (50.0%)| 18.k |B3.6] 103.3130210" 5] 0.01411
I 20 22,5 137,60 63.886112107 .} -0,1976k
60 26,0 3,0 bh L615%107,1~0,35203
90 27.56 31,6 ,ﬁéa&%37310’2 ~0,43842
120 28,0129,0 30.0357=10 " | -0, 52245




TABLE 2.5

Bffeat of partlicle slisge range

Longth of the bod of coke pardtlicles
Tomporature of gasificatlion
Inlet gas Llovrate

Inlet gas composition

]

ary
=4

12 cme,
1300°C

207 e,0,/min, at 20°C
50,0% carbon dioxide and

50,0% nitrogen

360

Woight of the bed for -22425 mosh range B.S.S. = 28.5 gums,
E 2 @ 60472 ® g = 33,0 9
0 0 @ .924100 © @ o 39.5 @
un Sample [Particle Por cent .
No talkexn size range off-gas K log K
‘tat{min) {mesh B.S.S, co, (o] calculataed
O P =
5 22,25 27.% | 31,6 | 36.3708210"% |.0.k3926
1| 90 ‘ 27.6 130.6 | 93.9260210"% |-0.56954
60 28.0 | 29,0 | 30.0357210"% |.-0.32285
90 28,0 | 28,0 2890000310“2 -0, 55284
120 28,0 | 28.0 | 28,0000%10°° |-0.55284
0 - -
2 [ 20,0 | 30,4 31986?5x10”2 -0, 59670
30 =00472 R7.6 | 31,5 Bﬁp?zﬁlxlomz -0,56709
60 27,2 | 31,8 | 36.2685230"° |-0.4%081
90 26.8 131.6 | 37.2597210°° |-0.u2388
120 26,2 | 91.8 | 38,5960x10"° |-0.81352
5 26,6 | 32.8 | 39.5686%10"° |-0.5027%
31 30 724100 23,8 | 97.6 | 60.8170%x106°% |-0.21880
60 22.8 | 37,6 | 62,0070210"° |-0,20761
90 22.6 | 37.8 | 63.2230x10"% |..0.19908
120 21,0 | 38,0 | 68.7619210"° |-0.,16266




TABLE 2.6 Rffoet of usging caxbon dioxide only

Length of the bed of coke partlcles = 12 emse

Welght of the bed of ooke = 38,9 gm&e.
Persicle slize rango m  =T24+100 mesh B.S. S.
Penperature of gasification = 1100°C
inlet flowrate of eazbon dioxido = 148.9 co.ofmin. at 20°C
Runj Semple Pexr cens off-gan X Log K
No. | taken :
“lat(min) 002 co caleulacad
0 = -
5 4104 58.6 | B2,9458x10°° | -0.,08124
1| 30 56. 0 6400 {105.7777%207% | <0.05578
60 31.4 6806 1149.8713x30°% | +0.17555
90 30,0 7000 1165.3333%10°% | +0.21299
120 20,0 91.0 1175.8275%10°> | 40.24006

2.6.2. YVowrbical Resctien Tubo. With the tube

vertical, the inlet gas wag pasged through the bod of coka

In an upwerd direction.
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TABLE 2.7 Effecs _of carbon dioxide flowrate

Length of the bed of coke perbticles w2 12 cms.
Woight of the bed of coke & 22,8 gma.
Perticle size renge o «164+18 moesh Bo S. 8o
Tenperature of gosglfication = 1100°C
Run| Sample Floweaie Po® gons KX Log X
No.| takon ¢oc/min, off-ges ealculated
at(min) W, €o, [0, (] ' ‘
0 e -
5 | 99.25/99.25| 25.435.2 | 48.5043%90°% |-0.31426
1] 30 (50:0%)(50:08 o5 cls5.0 | 47.0515210"% |-0.32010
60 * 25.0|54.2 | 45.5548210"° [-0.3436
90 26.61{32,2 | 38.6880210°% |-0,41254
120 29,0 {32.0 | 37.9259x907% |-0.42113
150 2604 150.6 | 35.4681%10°° [-0.45097
0 P P
5 146.5 1148.5 | 30.2(26.8 | 23.9827m10"% |-0.62177
2| 30 (50.0%3(500B) 55 4l22.6 | 15.7641240°2 |-0.80245
60 54.0022.0 | 14.2352x10"% |-0.84680
90 55,0(21.0 | 12.6000x10°% |-0.89963
0 204 | 212 | - - 1
5 |(49-04B)(50968 o9 oln9.0 | 15.206821072]-0.89816
51 30 50.6{20.7 |  14.2068290°% |-0.84771
60 51.0{20.4 |  15.4245%10°%|-0.87224
90 51.6/20.0 |  12.6582%107%|-0.89793
120 32,0} 99,6 | 12.0050%1072|-0,92082
150 32.6[19.0 | 11.0736%9072]-0.95591




TABLE 2.8

i"
Tty
%
®
i
Id
xod
e
=

Length of the bed of coke paritiecles
Temperature of gesification

Inlet gops flowrate

Iinle$ gas composislien

4 8 &

g

ry o o4 I
warticle size renge

T IO A T S,

39

12 cms.

1100°¢

297 c.ef/min. at 20°C.
50.0% carzbon dioxido
50,09 nitrogen

Welight of the bed of coke for 22429 particle »ange,B.S. 8.
o 28,5 gmse.
W " w =60 +72 " 2 33,0 gmso
o w W =T72+100 w = 30,5 gms.
Runj Sample | Partiecle Pex cent of f-gosg K Log X
Hos zg%gin) zizZ@ CO2 co caleulatsed
mesh,BSS
[§) = .
5 2604 52,6 | 40.2598290" %) ~0.39522
3 50 | -22425 29,6 29.4 | 29.2015290°2| ~0.53462
60 29,2 29,0 28560?3x?©=2 =1, 540019
90 28,0 28,0 | 28.0000x10"%}-0.55284
O - -
5 20,0 54,0 | 57.8000%10"%]-0.25807
2 | 30 | -60472 18,0 44,0 1107.5555210 > +0.03 140
60 1906 4404 1112,0080290 %] 40,0492
90 170 4500 |119.9976x10°%] 40.,07592
5 22,0 59,0 |69.1363%90°° [-0.16033
5 1 30 | 724100 20,2 40,8  |82.4079210°% |-0.08407
60 1804 42,6 [98.6282210°% |-0,00603
90 18,0 45,0 |102.7222210 %] +0.01157
120 174 44.6 |114.3195210 %] +0.05806
150 17.0 45.0 [199.1976210%] +0.07592




TABLE 2.9

BEfect _of wsing cazbon diewmide uvnly on

the eauilibzium

Length of the bed of colke parsticles
Temporature of gesification
Inlet gas flowrate :

Welght of bed

Wedght of bed

12 em8o
1100°¢

40.

148.% coo/min.at 20°C

ef coke perbtlcle slse xvange ~60+72 mesh B.S.S8.

= 3% gmso

of coke paritiecle size range -72+100 mesh Bo So S.

o 50,9 gms,

Run | Sample |Pawviticle Par cent off-gas K Log K
No. Zz%zin) giiga 002 ¢o caloulesed
mesh.BS3S
0 , i}
g 5 ~60+72 4002 59,08 58,9562110” %] -0.05085
30 26,2 135.8 | 207.8793%107 %] 40,3767
60 2406 T5.4  |231.10402107%] 40.36380
90 25,0 T7.0  |257.98265107 %) +0.41420
0 - -
5 40,0 60,0 90 ,0000x 10" %] ~0,0457 6
2 | 30 ~724300 | 26,0 4.0 | 210.61542107%] 40.52542
60 2% 02 76,8 | 254023441107 2] 40, 40517
90 20, 6 T9.4 | 3060036821077 +0.48572
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2,6,3, Sample calculations. The calculation of the

equilibrium ratio foxr am outlet gas composition of

carbon dioxide =  40%
carbon monoxnide 17%

i

was asg follows:

(rge)? . 5
K = _ €0 = (I00) = 289 . 7,225 x 1077
Yoo G 4000
2 100
log K = 2,85888F = < 1,1%116

Calculation of Residence Time

Residence times were calculated for the particle size
range - 16 4+ 18 B,S.8, as this was the only sample which had
provided sufficiont readings in both horizontal and vertical
reaction tubes,

The true demnsity of the particles was determimed by
the method of B.8,1016, paxrt 13, 1963, and was found to be
2.26 gms/c.,c, The residence timos for various flowrates
along with the log K values both for horizomntal and wvertical

tubes are given im Table 2,10,



TABLE 2,10

(S

Residonce btime with xespegt to flowreie

é;;;;aﬁ@ Residence Calculated Log K values for
coof/min.| time (min.) Hozizontal tube Vertical tube
1985 0,4970 - 20,310

203 0.1927 ==0,09 -

297 0. 1317 = =0.755

407 0.0961 =050 =

416 0.0941 = =0.820

608 0.0643 00,72 =

1225 0,0399 =1.61 =

The calculatiom of residence time For Fflowrate, 1320 c¢,c/wmin.

and the particle size range,-16+18 mesh was made as Ffollows: -

o U

1
B (ﬂmlL - TTW , @ Reoidemcc %timoe
= I 2 - (22,8
[(3.18)(2:2) be (22.9)
b(0,0866h) ! 2,5h(22) 2,26(2.50)3(12)3

@ 5,36 2 0,005529 = 0,02064 mino,



2,6, 4, Reaction with carbon deposited on ircn

Three experimental rums were carried out in which carbon
deposited omn freshly roduced iren wasgs gasified with carbon
dioxide, Im sach case 100 gms of the haematite ore (-16+18
maesh B,S,S,)aiz@ range) was placed in the furnace tube with
its axis in a vertical directlon, The ore powder was kept
in position by means of a stainless steel disc perforated with
a number of L.0 wmm diameter holes and supported by a steel
spiral, The gas flow was arranged to be downwards from the
top of the reactor and a glass condemnser was included in ths
outlet lime to collect the comdensed water produced during
the reduction of the ore, The duration of each reducition
was 10 hours with an inlet flowrate of hydrogem of 0,013 ftﬂ/mino
at 2Q°C° Since 1t was difficult to estimate the eund of water
evolution, the enxtent of reductieon of the irvon ove wasg tested
firom time to time by passing a Little math&n@}through the bed
and analysing the off-gas for carbon monoxide, The noxn-
apnearancs cf carbon monocxide was taken as an indicatvion of
the completion of reduction of the ore to metallic iron, AS
soon as the reduction was 8een o be complete, hydrogen Tlow
was stopped and methane was introduced into the reactor at
a rate of 0,017 fts/min at 20°C, After a fixed time of carbon
deposition (two hours in each case), a measured flow of carbon
dioxide and of mistrogen were introduced into the reactor,

The outletv gases were analysed severy twenty minutes

87

with the help of an Orsgat apparatus connected to the outlet

line by a T=piece,
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TABLE 2,11 Gaglfication of carxbon deposited on izon

Length of the bed of iron powder = 1T7.4 cms.

Weight w " = 00,0 gmso.

Parvrticle size range s «§6+418 mesh BoS.S 3

Inlet flowrate at 20°¢C of hydrogen a 0,013 ftB/mino
w ® " methane a 0,017 £47/min,

W w " carbon dioxids and nitrogen mnixture
5 0,026 £% /m1no
Inlet gas composition = §4% carbon dlioxide
= 46% nitrogen
Temperature of reduction and carbon depesition = B800°¢

W " gasification = 800°C and 850°C
Run | Temp.| Sample Peyr cent off-gas K Log K
No. G vaken 002 co calcula ted
at(min)
0 - -
1 800 20 22,8 38,2 0. 64 =0,19382
40 26,0 32,0 0,394 =0,40450
60 29,8 28,2 0.269 =0,57349
80 3L .4 26.6 0.226 0064589
0 - -
2 800 20 12.6 47 o4 1,780 +0,25042
40 17.8 42,2 1.00 +0,0000
60 24,0 3700 0,591 -0,243%6
80 24(}6 3504 ©a§08 “-‘0029414
0 - -
3 850 20 2,2 63,0 18.0400 +1.25622
40 2,2 62,8 17.9230 +1.253%4
60 3,0 59,0 19,6033 +1.06646
80 305 56q4 9,0880 +0,95847
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TABLE 2,92 The values of log K for difforent
teuperatures vere taken by lineawr
extrapolation %o zero %ime and shown
in the dteble below, along with the
theoretical valuwe of log XK.

Temp. °C Log K
Experimental Theoretical
800 = 0,06
+ 0,823
800 + 0352
850 + 1,30 + 1,20
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2.6,5, Graphical presentation of the ezperimental

repultg, The experimental amd calculated results tabulated
earlier are presomnted im graphic form in thisc section., Im
Pig. 2.2 ia shown & plot of log X vs time Tor different
temparatures Lo & horizomtal reactlom tube and the difference
betwveen tﬁ@ oxporimantal and theoretical log X i shown im
Plgure 2.3,

The fimal ezxperimental log X values im this section,
for a particular experiment wewre obtained by extrapolating
the log ¥ vs time lime limeewly to zero time,

Other log K ve timeo plots are shown in Flgures 2.b,
2,6, 2.8 and 2.9 for different Llowrates and different
particle size range Ffor both horizsomtal and vertical reaction
tubes and differemce between the ultimate log X for these
enpeviments and the corresponding theoretical log K io shown
inm Figures 2.5 and 2,7 regpectively. Thd effect of residemce
time of the reacting gas on the equilibrium ratliocs 1is showmn
im Flgure 2,10,

The log K ve time plots Ffor experiments dome om reduced
iron with deposited carbom avre shovn in Figure 2,11 and the
ultimadte log K values for these ompeviments and the diffeorence

botwaen them and theoretical values are shown in Table 2,12,
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2,7 Discudsion ofm§ﬁ® results.,

In a flow method of operation like the one described
on previous pages, a representative equilibrium ratio camnotb
be taken by averaging the ratios obﬁaiﬂed at different
times in an experimental run, Although theoretically the
amount of carbon available for reaction should have mo
effect on the equilibrium, and does mot in Tact emter into
the calculation of am edquilibrium constant, the progressive
burn-off of carbon opens channels in the bed through which
gas can by-pass and exposure of ash constituents may have
a2 blanketing effect om the surface reaction between carbon
and carbon dioxide, It can be seen from the yresults that
in most cases the eguilibrium ratio decreases with time of
contact, However, in some experiments pariticularly with
smaller carbon parvrticles, the oquilibrium ratio increased
with time of contact, This might be due to slower rate of
carbon burn-off, Mowreover, with increase in time increasing
amount of carbon surface mav be coming into contact with
the reacting gas. As is genevally known, thoe smaller the
particle sizes the bigger the surface they present., Tt is
prossible that a longer experimental vime would have shown
a deoereasing tendency after a sufficient fraction of carbon

had been burnt-off,



h3,

Owing to the tendency of the equilibrium ratios to
decrease with time, an appropriate equilibrium ratio was
obtained by extrapolating the log K vé time plot to zero
time, It may be egeen that in some cases the plotted lines
approach the equilibrium ratio axls linecarly and a zero
time value ialeésilv obtained, Im other casges, however,
the flirst sample drawn appears to give a result not inm a
straight line with later points, It is difficult to kmnow
in these cases whether these first pointe should be included
in the extrapolativn or excluded, In Figures 2.6, 2,8 and
2,9 in particuiar, the results for -72+100 mesh size range,
297 c,c/min flowrate and =2242% and -604+72 mesh gize ranges
respectively appear to be out of lime,

It wag found that the coke carbon had 1little reacilion
to carbon dioxide at 700°C and very low reaction at 900°C,
The equilibrium ratios for other temperatures were veory low
compared with the theoretical omes (Figure 2.3).

Three experiments were carried out using 100% carbon
dioxide (Figures 2.6 and 2,9) and the equilibrium ratios
were found to be higher tham those obtained in experiments
carried out with the same amount of carbom dioxide but
diluted with afi equal amount of nitrogen (Table 2.5 run No.3,
and Teble 2,8 rum Nos, 2 and 3), Perhaps the equilibrium
ratios would not have beon so high, had it beem possible to
uge the gsame flowrate in all casen, As it was shown in

otheor expoeriments (Figures 2.8 and 2.8) that increase in
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flowvrateos decresged the eguilibrium ratio by decroasing
the residence time of the reacting gas in the reactor, the
samoe argument could well be applied to the case of 100% co,
flow where the reosidence time was double that of tue
mixturgo

The sxtent of the reaction was also influenced by the
increage im particle sizes used, Higher equilibrium ratios
were obtained with the smaller particlg size vanges than with
the larger ones, with {the zame Flowrate of gasc and at the
sama temperature, The smaller particlﬁg offer a larger
amount of reaction surface per unit volume and also cause
n1lgher gas velmcitieg betveen the particleq than do the
larger particles, Two anomalies, howevgr, were obsexved
with the 22425 weash particles in horizontal reaction tubse,
and the m60+72 me sh particl@§ in the vertical reaction tubwe,
In both cases, the equilibrium rgtiqa obtaingd vare higher
than tho@g obtalned with gmmllﬁr particlea guch awo =60+72 mesh
in the second case, No explanation could be offered for
th@ag anomalies as the conditioms of reaction weare the sawe
in all cases,

The pgrcamtag@ of carbomn revwoval with time from the
bed was also calculated foxr several runs for both horizomtal
and vertical positions. It may be seon from Figure 2,12
that the percentage removal of carbon from the bed has a

linear relationship to duration of rumn,
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The percentage carbon removal was calculated by a

nitrogen balamce Ffor three cases (Run No,k of Table 2.h),

Run No,l1 and 2 of Table 2.7). Foxr Run No,1 of Table 2,6
where no nltrogen was used, the calculation was carried out
by correlating the percentages of carbon monoxlde and carbon
diostide of the exit gases with the inlet flowrate, 4 typical
nitrogen balance calculation is showm below, e.g. for Rum

No, & of Table 2.4,

Flowrate of nitrogen

&

101.5 c.c/min at 20°C,

Exit gas percentages i8,4% carbon dioxide, and

il

5%,6% carbon monoxlde,
Inlet gas composition = 50% nitrogemn, and

50% carbom dioxide,

Calculatiomn

Moleg of carbon dioxide emterimg the reactor

por hundred moles of nitrogen = 530(100) = 100
50

o

gm, atoms of carbon entering per hundired
moles of mnitrogen = 100

Total amount of carbom dioxide and carbon monoxide
in the exlit gas = 62%

Nitrogen in the exit gas = 38%

gm., atoms of carbon in the exlit gas per

163

n

hundred moles of mitrogemn = 62 (100)
38
Excess gm., atoms of carbon going ocut per hundred

moles of mitrogen = 163-100 = 63

p-A



or 0,63 gm. atoms of carbon per mole of mitvrogen,
Welght of coke in the bed = 22,8 gms,
Ash content of the coke =  11.2%
Therefore if we make the assumpltion that coke
containsg only "earbon® and "ash", tetal gm., atoms of

cavrbon in the bed = (22.8)(0.888)
12

gn. atoms of carbon gasified per

o o

minute = %Oo63) 101.5 (273)
1000) 2903 (22.h)

percenitage "burn-offY per minute

= §10105)213(0,63)12(100)
1000)293(22,4)22,8(0.888)

= 0,1%7%

°  Forxr five minuvtes = 0,187 %5 = 0,785%

The rate of carbon gasification may be calculated alterns-
tively by a carbon balance and the stoichiometyry of the
equation

C + 002 = 2 CO,
It was found that the resulits obtained by such a calculation
checlted well with those of the nitrogen balance as

calculated above,
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The oxperiments that were cavried out with the
reducod iron and deposited carbom in the fixed bed wewre
besot with difficuléies, due to the carbon partially
blocking available passages through iron-packed bed.
This causod 2 significant back-pressure to dovelop thus
causing leaks and pudtting the respulis glven by the flovmeter
into error, However, the analysis of the off-gas showed
the sought for augmented reaction on iromn, Theoretical
equiliibrium had been approached at 800°C and seemed %o be
surpasped at 8350°C (Figure 2,11 and Table 2,12).

It has been stated im the introductiom that boith
Van Wormer-C and Gibb>® foumd that the Boudousrd aguilibrium
could be euceeded when the reaction was carried ocut over
reduced irom im a filuldized bed, An indication in support
of this prediction has been obtained for a fixed-bed (8%0°C).

It appeared worthwhile to comtinue these estperiments

in & Fluidized bed where reagtion conditions could be

better controlled and results would be more reproducible,
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3. PLUID-BED STUDIES IN A MILD STERL BENCH-SCALD

The preliminary fixed-bed studies had ghown that in
opite of the large esxcoss of carbom im the bed, steadye
state reaction condlitions could mot be obtained. The
extent of vroeaction decreased with time even afiter only a
omall amount of the coke had been gasified, It wag thersfore
imposoglible to decide which value of equilibrium ratio one
aliould accoept as being uwnigque for any glven set of reaction
conddtionsg,

Moreoover, due to the inevitable temperature gradiemts
assocliated with a fixed-bed, the exact reoaction temperature
was net known, Bven if it had been possible to imtroduce
2 thoermocouple into the colte bed, a variation im temperaturs
would have been obitained beitween the ends and the middle of
the bed, For these reasons all later studies were made omn
fluidized beds of particles,

3.1, The development of Fluldizmation and its witility,

The flunidized-bed technidgue ias one pf the most
interesting chemical engineering developments of the past
twenty-~Ffive yveoars, With the lapse of time, it has proved
to be an extraocrdinary versatile tool to the chemical
engineering profession, Wrom its start inm the late thirities

and forties, this technique has had wide applicatiom imn the
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petroloum and chemical process indusitries, Though first
utilized in the Winkler gas generator in Germany in the
late twenti@sBS, the modern cowmcept was actually developed
in the chemical engineering laboratory of the Massachusetis
Ingtitute of Tecumnology by Professcors W, K, Lewis amnd
E.R, Gilliland, Their baslic studies of the flow properties
of solids suspended in gases, coupled with the ingenlious
concept of the stand-pipe Ffor catalyst feed to a Tluidimed
bed reaulted within two vears in the completion of a full-
scale commercial plant Tor the catalyetle cracking of
petroleum f@@dmmﬁockegg
The inherent gqualities of a fluidized-bed avre -
{ﬁ) & high degree of mining and intimate contact between
solid and gases,
(b) uniform distribution of the solids throughout the bed,
(c) tilgh heat tranefer betweenm gas and solide, and Ffrom
point to point in the bed and between bed and the
reactor walls, and
(6) oasy removal and withdrawal of products,
Ita main disadvantages aAres -
{a) freguent ercsion of the reactor vessel, and
(b) earvy-over of fines Fformed due to attrition of the
particles,
It may be sald, however, that For many purposes the

advantages far oubtwelgh the disadvantages.



The agltated state of the particles in a filuidized-
bed helps in exposing greatexr surface area to the reacting
gases, thus ensuring a high reactlon rate, Moreover, due
to the low temperature gradiemnts sthroughout the boed, ithe .
temperature o¢f the bed can bo maintained within marrot
known limita, Thia 18 of great value in kinmetic and
equilibrium studies of gas-solid roactions,

3.2, Mechanism of fluidization.

When a fluid ie madse to {flow through & dense beod of
granular solids, the fluid passes through tho interstices
betweon the particles and experiences frictiomal resistance,
This resistanco of the bed to the flow of the fluid causes
a fluid pressure~drop to be developed across the bed, The
pressure drop increasges with the increase of fluid-flow
until a maximum value is wreached, when the baed offers a
maximum resistance, A% this poinit, tho pressure-drop is
approximataely equivalent to the welght of the bed and the
bed becomsg alrborme, With further increasc of the Fiow,
the resistanceo of the bed suddenly falls a littlec and the
particles in tho bed begim to move, This point ias that of
the onset of fluvidizatiomn or minimum Lluidization. With
further increase of fluld flowrate, tho pressure drop
across the bed remains approximately comstant bui the bed
oxpands and ultimately reaches a maximum esxpansion, The

bed now is im vioclent motion amd carry over of particles
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is taking place, Ultimateoly the whole bed s entrained
by the gas and passes out of the wreactowr, In Figure 3.1 a
pressure-~-drop-flow diagram for a bLypothetical idealised
fluidizgation is @iV@ﬁogo

3.3, Bonche-scale apparatus,

This apparatus comnslsted of the following parts s-

(a) Resctor and gas-preheater,

(b)) Furnace,

{(¢) Gas cleaning and metering sguipment.,

(d) Gap snalvels apparatus.
A flove-sheet 19 shown in Pigure 3.2,

3.3.1. Roactor. The reactor consisted of two seoctions
of 2 dmch I,D, mild steel pipe with & wall thickness of 1/8
inch, sach flanged at one ond and the flanges bolved together,
with a stainless steel sintered disc of approximately 2,70
thousandthas of an inch pore size held between them, The outer
onds of the assombled pipe reactor were screwed and fitted with
sultable ond pieces, having gas inlet and exit poimbts., A
pregssure tapping was provided Jjust below the simtered disc to
enable the total pressure drop through the whole system %o be
meagured, The sasasombled reactor wasg supported 1in & vertical
position on a tubulawr steel framework,

3.3.2. Gas-proheater. This was a heating element, with

a capacity of 750 watés as normally used in a bowl-type
domestic electric radistor., It was mounted inelde resctor

tube bolow the sintered disc, It had an outseide diometer of
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15/8 inehk and thus provided a clearance of 3/16 ineh all
arvound, botwesen the reactor wall and i¢tself, Imsulatiom
plocos were provided to separate the elewmont TFrom the

ateel ond-pilioce of the reactor tube, These wore fabricated
firom Simdanye. Rleetric power to the ecloment was supplied
throvgh o "Variae" voltage regulator, with a ¢ - b amp,
ammeter in series,

3.3.3. PFugnace. Heat was supplied to the reactor
by a 3 Kvw tubular (23/& inch I.D,) electric furnace
operating at 270 V and giving & maximum tomporature of
1200°C, The furnace was comntrolled by a “Variac® veltage
roegulatoy and series anmetey, Whem fitted over the wreactowr,
the base of the furnace reuted on the Tlanged Joimt,
igure 3.3, shows on assembled view of the reactor, furnace
and pre-heator,

3.3.., Gas meterimg. The inlet gases carbon dioxide

and nitrogen,woreo metered soparateoly by calibrated manometric
Tlovmeters ueslng concontrated sulphuriec acid as manometirie
fiuid,

3.3.%. Gas cloaning, The exit gases fyrom the reactor,

before amalysis, woire cleoaned inditially by a glass eyclone
and then by passing through a trap packed with glass wool,

3.3.6, Gas ppalyois. Thic was a British Standazrd
87

Orsat apparatus vhich drew 1te cample from the gase axis

11@@ through & sultably placed Teplece. By means of thias
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apparatus it wvase possible o dotoermime carbon dioxide,
oxygon and carbon monoxide im the esxtit gae, The nritrogeon
contont woo eotimatod by difference,

3.3:7. Towporature measurement, The tomperature of

the bed waso moasured by a travelling Chromol-Alumel thermo-
couple limnkod to & temporature calibrated millivelitmoter,
The thermocouple could be moved vertically within & 1/4 imnch
I.D, sildca pocket whicn was clampod through a gas-tignt
geal on the reactor coverxr passed down through the Fluildimed-
bed and rested on the centre of the sintevred svalnless steel
disc,

3.4, Pressure-drop-£flow diggram Ffor fluidizmed-bed,

As it was intended to fluidlze within the reactor
finety divided coke, several prior experiments were caryriaed
out to detormine the Lfluidization porfovmance of the
povdaereod coke with the particulawr particle size vrange %to be
uged, The pressure-drop-flow diagrams comstyucted frow
exporimental data are shown in Figure 3.b,

2.5, Buperimental procedura,

The roactoxr was chargod with powvdexred cole of a
particular sizme range for each oxperiment and was fluidized
with niltrogon while being heated to the required vesction
temperature, The flow of mitrogon was then reduced

simultanooualy with the introduction of carbomn dioxide ao
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that the total inlet gas Tlowrate was maintained comstant,
Within five minutes from the start of introducimg carbon
dioxide the Fivst oxit zas scample was collected, Furthoer
samples were collected at 20 minute intervals for the
romalnder of the reaction perioed.

In all, cight expoerimonts were carried out using
two Blse vranges of the coke, The relevant date fovr the

coke wore asp Tollows @ -

=80+ 60 mesh B.S.8.:

welght takem =2 320 gms,
unexpanded bed dépﬁh = O inches
=100+150 mesh B, 8.8,

welght takemn =z 660 gae,
unezpanded bed depth = 16,6 imches

The results obiteined are set out im Tables 3.1 and 3.2,

2.6, Discussion of the results.

In the eoxperiments described on the preovious pages,
only two typen of particle size ranges were used, These
wore -88e60 and -100+15%0 mooh B.S5,S5, Thoe majority of the
experiments were cavried out with the -100+150 mesh
pavrticle slze range because 1t was found to have bmtt®§
filuidization characteristics at the Fflowwratos used,

In all, elght oxperiments were carvied out, The

i+ 60 mesh material was tesnted at three different



temporatures and the -100+150 mesh at Five differemnt
tomperatures, The extent of reaction at 600°C, 700°C, and
800°C was foumd to be almost identical fox both pariicle
gime ranges, minoy difforonces in the eguilibriuvm wratios
obtalned were perhaps duse to the different Flowrates
necossary ror adeguate fiuidizmation,

Quantitetive comparison of these vresults could not be
made easily wilth fixed bed omes becausse no vernction had beem
observed im fized-bed below 900°C, As might have beon
expacted, the extent of weaction at 900°C amd 1000°C in the
fluldizmed bed was higher thaa that obtained with a comparable
size range (-724100 mesh) in the Ffixed bed at 1100°C, This
i no doubt due to the much higher gas velocitles nesded to
koep the fluldized bed in suspension and the more efficlient
contact achileved between gas and solid in the Fluidized
atate,

It may be seom from the results of Teables 3,1 and 3.2
that there was mne obvieus large trend im the oequilibriuwm
ratios with timoe of reaction and an average velue could be
ﬁmk@ﬁo Thus if:c@mpawi@@m is made with the fined bed
rosults this average value can only be compared with the
moro-timo-extrapolation value, In gemeral 1t appears that
the fluidizoed bed gives a bettor approach to thooretical

aguilibrive than dees the Lfixzed-bed,
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Gaglficatlon of coke with carbomn dioxide hag boon

9L

carried out by Gorim and his associntes using Diosco

char and by Giilliland and his @@mW@Tk@T@Bg using a high
temporature retort colte im a Lluidized-bed, The Fformer
authors caxried out the oexperiment only at one tomperalturire
(871°¢) amd wsed only carbonm dioxide whereas the latter
authors made a comprehensgive study with different mixturesn
of mitrogen and carbon dioxide at different temperatures,
The pariicle sizme ranges of carbon used in the above cages
wore -65+15%50 mesh (T.8.) for Gorin and -204+200 mesh (U.S5.8,}
for Gilliland, A% 800%°C the velues of egquilibrivm ratio
obtained by Glliiland check very well with the ones reporied
here, though the golild particle sizmes and ratiosn of imled
gases were somevhat different, The values obteined by
Glilileand and Gowrin have novw besen roecalculated and
incorperated im Figure 3.5, whore our ezpexrimental values
as woll as the theoretical wvaluos have beon compared.

A upeful paremetor fox compering the N.T.P, averagse
limear wveolocitios im Fluldized beds is the 1b, moles of gas
entering the reacitor per minmute per sguare inch of reactor
crogg-poctional avea, Wo shall call this here the “wmolar
voloelty® of the imlet ges, The value may be caleculated
for Gilliland'®s resulte, in which he used spproXimately

b

30% carbon diozide, to be 2,934 = 10~ mbmmajmmwim@g

and, for bis results using approximately 90¢% carbom
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P by
dioxide, to be 2,3%9 = 10 b lbom@lmm/mimminéo Gorin om
the other hand used 100% carbon dilomide at a molar veloclty

&

of 1,18 w10 lbomol@@/mimmingo e wesults of Table 3.1
correspond to an average molar veloclty of 2,065 x lom&
lbumol@@/mimaimg and for Table 3.2 to 1.185% x 10@& ib.mole/
mimaimgn. The molar velocitles uped im the experimonte
reported here thus fall between the veloeities used by Gorin
and Gilliland, and hence tho roesults may be safely compared
in spite of differences in reactoxr crogsa-gection, I4¢ may

be seen From Figure 3.5 that our resulits agree well with
those of Gilliilamd even although his bed depth {equivalent
to about 3.3 1bs fupl in a 1.78 inch 1.,D, vreachbox) was much
greatexr tham 0ur@_(0,7 - 1,45 ibs fuel in a 2 imch I.D,
reactor), On bthe othér hand, Gorim who used 1,0 1b fuel im
a 1.5 dmela I,D, reactor may be seon to have approached
comgiderably nearer to theoretical equilibriwm, This
indicates that the inherent reactivity of the coke being
fluidized, which would be highex For low itemperature Disco
char, iﬁflu@nc@@ the results obitained muchk more than do the
apparatus variables,

It was not possible to operate with the mild stesl
reactor at higher btemperatures than those already reported
due both to @ﬁ@ limitations of the winding of the electvriec
furnace and to the pooxr heat registance of the mild steel

tube., After some time of working, the mild steel tube



»

began to scale geverely and the wall became somewhat thin,
Since it was hoped to caryy out ontended gasification
studies, it was obviocus that a heat resisgtent stainless
pteel tube would be wvequired for the veactoer., Due to
poegsible contamination of the bed with irom oxide acale
from the reactor wall, mo gasification studies were made
with this vreactor in which a bed of carbom on reduced ivomn

was fluidized,
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b, PFLUID-DED GASIFICATION STUDIES IN STAINLESS STERL

REACTOR

s L

b1, Apparatus requirements,

To achleve good fluidizmation in o bed of particles,
geveral possible variables must be carefully consrolled,
These include roactor dimensions, particle sizme-distribution
of solids im bed, gas velocity and helght of bed im reactor,

Unsuitable values Ffoxr any of the above factors may
cauge the development of "chamneliling? or "slugging' in the
baed of particles ow caﬁgg the veactor wall to have an
appreciable effect om the process, The smaller the reactor
size the greater the effects of these, Hence the ideal
fluld-bed characteristics which may be obtained in a large
commercial reactor cannot be easily anticipated in 2 small
scale laboratpry reactor,

“Channeling”, "slugging® and "wall effect" are to a
large extant related to the vessel diameter as well as to
pmfticlﬁ diaM@t@rol A large vessel diameter induces the
chamaeling tendency dbut as one might oxpect weduces “"wall
effect”, On the other hand, a small dismeter temds to
promote slugging and “wall effect®, The cholce of diametewr
to minimisge all these factors must necessarily be a
compromise. There are other Factorsg, however, that must
limit the diameter of a laboratory reactor. Fase of mai-

handling the veactor to and from ite scaffolding for repaiw



worls, and vhe need to limlt the usage of Fluildising ges
to a practical level both prevent large diameter vessels
being used, The provision of adequate heatimg to maintain
the reactor at working towmperature may involve an
oxcesgdive electrical load, The avallable heat must be
able Vo meet the demands of strongly ondothermic reactions
a8 well as the novmal heat logses Tfrom the unit,

Contrel of weactor temperature, thevefore, in the
face of the heat demand or evolutiomn of a chemical reaction
face of the healt demand ov

uummvlam-uavw Nu o i

2% @wg; _a_chemical regaction
heat to be avallable £rom the heating system which cam be
digsipateod guickly to waste a8 necessary, vogether with
the minimum of hoat capaciity im the veactor body and
insulation,

Consideration of the above Ffactors led to the cholee
of a reactor diameter of about 3 inches, and an electrie
furnace around the resctor which could e opensd to allew

rapid digspation of heat and eage of reactor dismentiing.

h,.2, CesiTication spparatus and ancilliary couipment.

The experimental gasificatlion plant conslsgted of
the Tellowing parte: -

{a) Reastow,

(v) Heat supply systom,

(¢) OCGas supply system,

(d) Gap metering devices,

(e) Bxit gas cleaning system,
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(£) Sampling syvstem,
(g) GCGas analyeing system,
(h) Pressure measuring instruments.
A flow-sheet of the cowplete plant is glvem im Pigure b1
and the plant is illustrated in Photograph No, 1.

h.2,1, Stainless steel roactor, The reactoyr was

constructed from twoe lengths of stainless steel tubing
{AIST %ype 316)., These wewre -
(a) a 5 £+t lengith 3 imech 0,0, (wall
thickness = 0,125 inmch),
(b) =2 15 imech longth of 2°/% imch 0.0, (wall
thickness = 0,128 inch),.
The larger longth had a flange Fitted to one end and
10 imnches of the inney suvrface of the tube from this Llange
was lightly machined, é@ was the same lomngth of the outer
suriace of the smaller dismeter tube, The smaller tube
vas fitted with a flange 10 imches from its end (at the
point where ¢the wachining stopped). The smallor diametewr
tube could them be slid into the larger until the tweo
Tlanges met., The Tlanges were grooved to take am O-wring
of nooprene rubber, The overall clearance betveen the
tube was 0,048 imeh Tor the first 5 imches from the flange
and 0.& thousandthe of an inch for the remaining % inches,
A disec of 1/8 imeh thick porous stainless steal (2,76

thousandthe of an imch mean pore size) wan firmly seated
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im a groove cut im the top ond of the imaer tube, Im
use the learger tube was clewmped vertically im a tubulay
steel scaffolding fromework with 1ts flange at the lowexr
end, The imner tube was them slid imto 1t from the botiom
ard the two flanpes bolted together, Removal of the
inney sube, on loosening the bolts, was facilitated by &
pair of steel handlies welded to 1t below the Lflanmge., The
arrangement of the tubes which Fform the reactor 1is shown
in Plgure §,2,
Two coolimg coils of 1/B dimeh I.D, copper jubing
woare wound sround and brazed to the larger tube Just above
the flange to protect the O-ring, and the other near the
top of the tube which was dtself closed LV a neoprens
rubber stopper. The underside of this stopper (facing
the hot filuid-bed) was protected by a 1/b inch thick
asbestos sheet cut to the size of the narvow end of the
stopper and screwed to it by self-tapping sevrews., Thisg
atopper and asbestos prodtecting plate were plerced by
Five holes through which passed
(a) a 5 £t length of 1/k imeh I.D, sllica tublng with
& closed lower end which rested on the upper side
of the sintered disc, This silica tube sevrved as
a thermocouple pocket,

(v) a short lemgth of 12 wm diameter gloss tube cloesed
at the %top by a BLY/26 ground Joimt glass stopper.

This served as a feed port for solida,
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{c) the exmit gas lime of 18 mw 0.0, tubling with
about 6 imcheoes of 1ts lomgth exterding imtoe the
reacter,

{a) a 6 mm 0.D. glass tube which extended 5 imches inte
the wreactowr, This tube was connected to the gas
sampling sgystem,

(o) a 6 mm diameter glass tube conmectod %o the manometen
meaguwring the pressure drop across the povrous plate

and the Fflulidizoed bdbed,

The imterior of the smaller stainless steel tube was
almost completely filled with § inch diameter alundum bhalls,
They were supporied by a dome~shaped plece of stainless
steel wire gauge and a rubber stopper which was Fitted imto
the lower end of the tube, This stopper was plerced by
two metal tubes, One was a copper tube of 1/4 imch I.D,
which served as gas inlet point and the other was a 1/4 imch
0., (wail thickneas = 0,036 imches) &t@imi@@@ gteel Hube
which esxtended up close to the uvnderside of the porous dise
and served as a pregaure tapping. The alundum balls were
intended to ald im the prohcating of the imnlet gases, A
Chromel-Alumel thermocouple commected to a Homeywell-Birown
@lgeﬁrozuic‘ veocorder was Fitted into the slilica pocked,

h,2,2, Heat supply svatem., Hoat to the roactor wao

»

provided by a specially designed box furmnace which fitted
around ft, The furnace was composed of two goparate and

completely indepsndeont halves which moved herdizomtally omn



r&ii@'@md Téll@f@a Th@ two halves could be closged
together around tﬁ@ PORCEOR O pulled apaxrt easily to
allow the reactor to coel gulekly or %o facilitate ite
romoval xr@ﬁ the acaﬂf@iﬂim@o

Bach half of the boxr Ffurnmece was fabricated from
& dnch thick Sindanye 1lined with 3 imeh thick fw@mﬂ.ekg
and contalned ﬁhrﬁ@ "Glovwbar' heating elements (& dimeh
diamater and 25 iméh@g.lwﬁ@)g sach with o némin&l
roelotance of 3.6 obhms mouwmted im series, Curront wam
‘guppliad wo the eloments via z 20 amp synchvonous Ltime
gulitel, "Variac?, and ammeter. When the box furnace was
closed arvound the reactor 1t wvas &%lﬂltﬁ heat & length £
17 dmches. To maintain the reactor at, say, 1300“F‘
W@quir®@23~cﬁrrént of about 11,5 amperes %o @éch half of
the b@x~fufné@e, A view of ome half of the furnace is

given in Pigure 8.3, 1% may aloo be seen in Ph@ﬁogr&ph

Wo.Z2, and No.3.,

h,2.3, G@amaugp;v syptem. The gases used were
supplied from @@%@m standard high pressure eylindewrs,
Cylimders each of hydrogen, niltrogen and methane gé@ Waro
Joimed in pairs by couplinge “o @ﬁamr@ a contimuous gas
@uppiy over prolonged perieds of operatiom, A—@ylimﬂ@r

providing liguid carbomn dioside was used and this was

Titted with a sultable vaporisger,



TC VARIAC
SINDANYO

A FIRE-
BRICK

Ul
GLOW BAR

VIEW OF HALF FURNACE
FIG A3



Photograph No,2. View of half-furnace used

to h#fat stainless steel reactor
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Photograph No.4 . View of furnace in *closed"

position



The gas flows were doubly comtrollied befeore onterimg
the reactor. Fligt by the reducing valueg fitted to the
tops of the cylinders and then by needle valves, This
gystom gave g wide range of control of the flowrates,

by,2. 4, Gas motoring instruments. The individual

flowrates warerindicmt@d on gtandard rotameteors and an
integral conventional dry gasmeter was used to indicate
the overall gas flow., Tho temperature of the inlet gas-
gtroam was indicated by a theormometer inserted in the main
line, Provieion was algo made o supply compressed air
from the laboratory supply to the roactoxr, After cleaning
and cooling the outleot gas flow was metered ithrousgh a
rotametexr firgt and thon through a dry test intogral
gasmetor, The beonefit of the inclusion of the rotameter
in the outlet limne was that it gave an indication of
leakage from the syotom and also a rapld vibration of the
rotametey float was found to be a good indicator of the
condition of fluidization in the rsactor, Another
thermomoter was inserted in the outlet gas stream after the
condensgers to indicate outlet gas tewmperaturo,

The rotameters im the feed limnes were calibrated for
gach particular gas by use of dry test meters,

h,2,5, Exit ges cloaning system, The product gases

from the reactor first passod through two cyclongp placed in



agrien vaere any coarse particles cavrried over wemre

o g
.

saparated, Then the atroanm ontored the condensing system

which compmisned two ccolumms each of threa gpiral glaos

%

condenaers;, oeach columm bedlnm provided with & walkew

receiver, The product gases them entered two dust

"

Pilter tubes packod with glass wool, The cleaned cosled

F. r‘n

gag then pagsed to the gas meter and thenm to wasie.,

B,2.6, Gas sampling svetem., To onable snep sampleo

off the onit gas to be coliscited av wilil, four B,8. 250 mi
zas sampling bulbs provided with thres-way shtop-cocks an
cach snd were commnected to a manlifold and mercury
manometer ay one slde and a manifold and vacuum pump ot
the othoer, The whole system counld ceonnect o the glass
sampling line passing into the gas gpsce of the reactor,
Anothor stop~cock was provided om this lime te allow the
vaguuwm system to bhe lsoclated from the roactowr. Tn use
the vacuum pump was used o eovacuate the sample bulbs to
a pregsure indicased on the mercury manometer,. Whem 1
wag desired to collieoct a cnap gsample the cocks wowre
turned to limlk an evacuated gad bottle to the reactow.

L.2,7. Gas analysing svatem. AL the begiming of

LA

this part of the work gas analyslis was dene by comventional
moeans, viz., absorpition and combugdtion methods. Tt was
soon Tound, however, that the enalysis time Iimlted the

nuRber of gas samples that cculd be collected duvrdmg a rum,



Later anaiyelds wvas dene om a Perkin Elmer (model &52)

gas chromatograph using & silical gel column,
It was finally decided that "sgnap’ gas samples

could wnot give the regquired information about the

gasification process and that a continuous recoxrd of the

outlet gas composition should be obltaimed., This was
achieved by moeans of two Hatharometers supplied by the

Cambridge Instrument Company.

Those were as Follows ;-

(2) a sguare block direct-actimng hkatharometer proviously
callbrated to messure 0 - 100% carbon dioxide in
nitrogen,

(1) a differential carbom dioxide katharometer also
calibrated with 0 - 100% carbom dioxide im mitrogemn,

In operatlion the inlet gas was passed through both (a) and

{(b) and the outlet gas from the reactor through (b) only,

The signal from each ketharometer wag fed to a common

roecorder where two ponsg recorded the readings simultaneously,

The primciples of the arvangoment and the means of calcula-

ting the exilit-gan analysls from 1t are digcuscsed im section

B.6 later,

L,2,8, Fluid-bed pressure measuring eduipment. The

presoure-drop across the bed of particles in the reactor

was measured by a mercury manomebter, one oend of which wase



75,

conmaected to the staimless stesl pressure tapping under

the porous disc im the roactor and the other end to the

top of the reactor., In practice, the filuctuation of the
mercury level im the manometer gave an excellent in&icatiom
of the state of fluidlization of the bed of particles,

A diaphragm type Arkom sitrip-chart pressure-rvrecorder
(model 1600) with a range of 0 - 60 inches water gauge,
wag comnected to vhe stainless steel pressure tapping
through a T-=junction. The chart speed used was 12 inchee
per uour, The imstrument veally recorded the inmlet
pregoure of the fluidizing gas and gave a valuable
indicatlion of any progressive developmemt of trouble in
the fluldized bed,.

h,3, BEzpansion c¢haracteristics of filuld-bed,

Beiore assombling the reactor, it was declided to
measure the expansion charscteristice of the bed of ivon
ore when eompl@t@iy filuidized, This was studied by
roplacing the maln body of the reactor by a 3t length of
glass tubing of Qﬁ/h imch T.D., Thias was fitted over the
stainless steel imner tube and the Jjoint betweemn the stesl
tube and the glass tube was sealed with P, V.C, tape.
Several bede of differemt weighits of irom ore woere
fluidizmed in this glass-bodied xeactor @nd the helghts
of the original as well as exnpanded badas above the porous

disc were measured, The results are plotted im Figure & .4,
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These tests aloo Ffurnished an oppertunity Ffor a
vigual observetlon of the possible Future Fluid-bed
bohaviouy of the particulate material undsr consideration,

.5, Temperature distribution im the resctor,

To determine temperature profile of the reactor, two
experiments were carried oult im which futukre experimental
conditions weve simulared. 1,76 1lbs (800 gms) of iron ore
vere placed im the reactor om the porous plate and the bed
was completely fluidized, The temperature of the reacltor
vas brought to a predetermined valus and held st this wvalue
during the whole operation, The thermocouple was set at
different positions in 1ts pocket along the length of the
reactor aixl a temperature measuroment taken after & tem
minute intervel, Average bod ﬁ@mp@rmtu%@ﬁ@ﬁ@a@m for this
purpose were 1200°F and 1400°F, with an uvnezpanded bed
height of 5.2 inches and an expanded height of 6.1 inches,
Figure 4,5 ohows the toemperature distribution alomg the
length of the reactor and indicates that the tomperature
throughout the fluldized bed was virtually comstamt.

.5, Presgsure-drop-Lflow dlagrams Tor fluidized bed,

As alroady stated, an excellent indication of the
Tiuvidization behaviour of a granulayxy mateorial may be obtalned
From the pregsure-~drop-Tlowrate relationshipe of the expanded
bed. Measuremonits were accordingly made with several initial

bed weights to dotermine the Ffluldizatiom characteristics of
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the =52+100 moesh B,.S5,.5, particle sizme range of irom oxre,
Preogoure~drop-Fflow diagrams are glven in‘Figur@ k.6, The
diagrams imdicate that the beds were well fluidized, at a
fluldizing gas flovrate of 0.8 ftg/mino This corresponded

to a superficial limoear velocity of 0,323 ft/ooc, Tho
measured presoure-drops were foumd to agree woll with that
caloulated from the welght of material im the bed and

reactor intermal diametexr, Table b,1 compares the calculated

presasure drops with the measured wvalueas,

suroed prossure
TABLE & .1 Comparicon of calculatod with mwmeagured prossure

drops in fluidised-beds of lron ore,

Bed weight  Pressure-drop, AP, (cm of water)

1bs Eme Calculated Moasguxrod
1.32 | 600 16,25 15,90
1,76 800 20,80 20,00

2,20 1000 26,02 25,60
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,&, Caleulation of off-pan anaiveis.

5,6,1, Arvangemonts of Katharometers, It was saviiewr

atated thav the off-gases wereo analvsed by means of two
katharometers, wvim, {(a) direct nctimg, =nd () & diffeventinl
one, The arvangement of theas meters in the reactor aystem
i2 shown in Pigure &.7.

They were conwected to the inlet gas atyeam through
g Tejunction and a small fraction of the imlet gas was
diverted to the katharvometers by & screw clip on the main
gas inlet line, A small calclum chloride trap was placed
in the sample line befoxe Tthe katharometers o remove sy

i

s

moilsture in thisg fracoion of the inleot gas and the flowrs
was contrelled to 200 -~ 250 ec,c/min by a msinlature glvecerine
Filled flowmeter placed im the limne after the katharometers.
The sample gas was then veturned to the malm dwnilet Flow line
at a point down-sitreomm juss prior o anbxy 1
Tu the same way, o sasnpling line corried outliet gas frem tho

X,

condensers to hbe diffevential katharoemeter and returned 16
o the main exit astroam Jjust before the Final intagral gas
meter, The sawple line lengths were avrvanged sc that as far

28 possible the differential katbarometer was comparing iniet

and outlet gasevs corvesponding te the same point in time,

b.6.2, Principles of Ketharometeor measurement, The

measurement of the composition of a gas mixiture by a
katharometer is based om gas thermal conductivity. The
kathorometer contains four platinum wires with idemtical

thermal and electrical charactexligtics which axre ancloged
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in separate cells in & solid metal block, Each wire Torms
one arm of a Wheatetone bridge. A conastant curvent le fed
into the bridge thereby ralsing the temperature of the wires
which then lose heat to thelr surroundings, If two gases
having different thermal conductivity are introduced sach
into a pair of cells, there will be & difference imr the
extent of cooling of the wires and, therefove, a differemnce
in the electrical reosistance, This will throw the bridge
out of balance causing & deflection om a suliably arranged
galvanocmwoter. This deflectlon bacomes a measure of the
difference in composition of the gasges beimg compared.

The instrument may be calibrated by the use of pure
gases or mixture of known compositiomn,

.,6.%3, Prineiples of gas composlition calculation,

The imlet gas For the gasification of carbom in the reactor
was a mixture of carbon dioxide and mitrogen. The method of
caleulating the exit gao analyses (1,e, percemtages of carbon
dioxide, carbon monoxlide and nitrogen) from the katharometer
roadings wase ae follows s«

Basisd ccocooccoons LO0 moles of imlet gas,

Let moles of carbom dionride im inlet geas = R
then moles of mnitrogem = 100 - =
Let moles of cavrbom dioxnide comveried to

carbon monoxide in reaction = Yy
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Thug dn the outilet gas thewe will be s«

Carbon dlionide {H - y) Mo les

i
W

Carbon monoxide & 2 v moies
Hitrogemn @ 100 - = moles
Total st 100 » v

The eguation for the reaction 18 :-

® G0, + (100 = =) N, = {x -~ v) CO

> 2 + 2y CO ¢+ (100 - =) W

2 2

A

One alde of the diTferemtial katharometer 18 eoxposed to the
inlet goo which will comtailm 100 z %, 1.e. X per cend

100
carbon dioxide, and the other to -

100(xn -~ v) 200 v
; ® per cent carbox ilowide plusg oo=—=% azr nh
(100 + %) » nt carbon dioxide plus 100y par coent

carbon monoxide.

The m@t@x reading i then the difference between these
two gas mixtures when the second has been convertsed to am
eguivalent readling of carbom diozide im niitrogem, This

eguivelent 18 3=
100{ sy

>.k.§%£22=x§3
{100 + v) L {1004y} °

The introduction of the factor kyls necessary slnce the meter

& =

has a differemt semneitivity to carbom monoxide %o that of
carbon di@xid@p B, 8, 1¥ a gasd conglsting of one per cemb
@&rbbmfﬂioxiﬁé in nitrogeon gives a deflection of one und &
on the meter, & gas conslsting of one per cent cavrbomn

monoxide im nitrogem would omnly give a reading of abeutd
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0,15 units,
The value of the factor ﬁld@p@ndm omn the carbomn
diostide @@ncgm%raﬁﬂam and inereases from about 0,11 %o

0,15, The overall r@laﬁi@nahipgz for‘giia a8 follows -
k, = 0,113 v 0,06(%%32§X%)

A further correction must be made for #h@ucufvaﬁﬁrQ of the
recorder scale, simce the reading givemn by 20% carbomn
dioride against nitrogem is mod qmﬁt@ the same as that for
100% carbon dioxide sgaimst 80% carbon dioxide, Datsa foxr
the prepavation of s scale shape curV®'W@r@'pﬁ@§iﬂ@d by
the Cambridge Ianstzument Company Limlted and this cuwrve
has beon dravn in Pigure 4.8,

If the differential katharometer is used with gas
“pefore reaction’ om omne side and the gas "after reaction”
onn the ovher gide, the cutput Lfrom this katharometer ia

the difforemce between the cubtputs due to x % CO,. and

2
7 v CO," . Lot the reading givem by this katharometer be
q "% C0,". To find Z the necessery corrvection must be
obtained frowm the "scale shape® curve provided,

Furample: From the scale shape curve, find the deflectlion
that covweeponds to =(= di) gnd that due to aq= d2)0 Pind

the 602 percentage equivalent to le = dg). This gives &.

B@,2. From the direct acting katharomeber,

X o= 70% 602 oao dl & 6?05

From the differential katharcmobor,

q = 40% Cﬂg o o d? @ 37.2

£
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T ody o dy = 67.5 - 37.2 = 30.3

(2]

o o
and this, from the scale sghape WWEYE, corresponds o
32,8% carbom dionide = B,

To evaluante y from these valuos of % and £, one emplovys

the oguation: e

o 100(% - v) . {(2_~ v) 7 200 v
& = (ico « vy * lo.123 + 0.06 {1004v) ] 1004wy

100(x - v) . onme (13 4 0,06x ¢+ 0,035%y)
160 +» v 7 =00y (i6o + W= e

The ascolutionm of this aequation for o givemn value of % and 2
will be most time conguming. Perhaps the best approach

was found to be the celection of values of v at a sultable

|

vailue of ® and the evaluation of

o

Say, that in s test rum, x = 54,5% Co,

Letd A = 109 209 309 ceaoob o ste,

@.8e FLowr ¥ =« 10,

100(x - v)  _ 200(B&,5) _ .o,

(100 + v) 110

200 v 2000

1600y =@ 100 2 18,18

° k, = 0,313 + 0,06(20.h)
© o =
m 0,313 4+ 0,242 w 0,358
o % = O 4+ 0,355(18,18)

e U084 + 6,48 e Lé,bs% C@?‘
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Prom the scale shape cuwrve, this value of Z corrcesoponds

O dl = @? = 83,8 and agein from the scale shape surve when

3z & 52‘39%% CQ? [} @El 3 5105

° @12 ea 5105 i 2336& = 707

Thomnm, from curve, ¢ = 8,5% 002o

I ¢thie tochmique 1o vopeated Tor othewr seleected values of ¥,
8 eurve may be drava, Such curves vere drawa im Plgure &,9
for ® = 20, 30, KO, 50, 60, 80 and 100 per ecent carbon
dioxide as Teeorded by the diresct-acting katharvemetor, From
these ourves, the values of g (“per coemt of carbon diozide®
glven on the chart by the pen om the recorder rolated to the
slgnal from She diffewvential katharcmoter) may be related te

v and the gas analysis caleulated thereirom,

Sample calculation of sas analysis uweing Flgure &,9,
Say imleot gas = LOF Co, 3 G60% N,

Direct acting kethavometeor weads, x = 4O

and say difforentinl katharometer reads, g = %

Then y from Fligure &,9 = b3

: Outlet €0, & 2 -y = 35,7 moles = 3h,82%

GO s 2y = 8,6 moles @ 8,9%
Ng 2 A00-x = G0,0 wmolon = 57, 5%

Total & 1004y = 104.9 moles 100,0%
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£,7. Bzperimental regults,

b.7.%, Attempts to gapify coke carbomn. Twe attempito
were made to gapify powdered high Scmperature coke at
1200°F and 1300°F im the stainless stsel fluldized bed
ronctor using an inlet gas of 30% carben dioxide and 70%
nitrogom. The particle size range talen for thic purpose
was -60+100 mesh B,$,.8., Im nelther case was there amy
indication on the katharometer recorder charst of the
Formation of & measurable amount of carbon ﬁ@m@xid@g This
was confirmed by the similavity of the imlet and ocutlet ges
Fflowraite, No attempt was made to gasify coke at a higher
temperature in this xreactor,

B.7.2, Reduction of & Ffluldized-bed of irom owre.

The reductiomn of the powdered irom ore im the stainless
steel Ffluidized bed reactor was cazxried out by weans of
hwydrogoen supplied in high prossure cylinders, The iron

ore {particle size range -52+100 mesh B,.S.8,) was

proviously dried for some time at 230°F., A weighed amount
was fed imdo the weactor and the bed fluldised with aiwx
while the reactor temperature was ralsed to a steady value
of 1300°F., The alr was then graduvally replaced by nitrogen
from high pressure cylinders, When the air had been
suitably digplaced, hydrogen wasg introduced into the xeactor

together with nitrogen at a total measured flowrate woguired
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to maintaln the bed in a sultable state of Lfluidizastion,
The reduction of the ore was comtinued umtll sufficient
water had been collected to onguire that the reduction was
complete., Complete reduction was conflrmed by a checlk run
in which the roactoxr was opened at the ond of the weductlion
time and the powder from the bed analysed Ffor 1iron combent,

,.7.3. Reacition of carbon diozide with reduced ivom

im the Fluidized bed., I¢ is well known that reduced iron

reacts with carbon dioxide to Fform iron oxide presumably
through the reaction

Fe 4 CO2 = FeC + CO
Hence one mole of carbon monoxide is Fformed foxr every mole
of carbon dioxide in the wveaction,

Two experimental runs were underitaken to determine
the composition of the exit gas from a bed of Tfreahly
reduced ivon Fluldized with a cavbon dionide; nitirogen
minture at 1200°F and 1300°®, The values obtained were
used to caleunlate equilibrium reatics which were compared
with the theoretical egquilibrium constant of the roeactlion
betweoen carbon diozide and iromn.

The experimental results aré reproduced below in
Tables 4.2 and 4,3 and Figure b ,10,

As the roduction and gasification conditions Low
bothh cases weore idemitical they are gilvem below before the

Tables For Tegults.
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Raduction comnditiong

Weight of irown ore bed
Particle size mange
Plowyrate of inlet gas
Composition of inlet gas
Temperature of reduction
Volume of water collscted

Gaslfication condlitions

Flowrate of imilet gas
Percontage composition

Py

of inliet gas

Tanlet and outlet gas
temperature
Pressure under the porous

diac

1t

#

i

=2

2

i

L
ey
o

600 gms,

(~52 + 100) mesh B.S.5.

0.38 ftﬁfmim at 20°C,

63% hydrogen and 37% nitrogen,
1300°R,

185 e, ¢,

0. 30% fﬁsfmin at 20°C,

30% carbon dioxide and

70% mnitrogen.
21°¢,

25.9 inches of water at 1200°F,

and 29.8 inches of watexr at 17300°!



TABLE &, 2 Boullibriuve ratios of carbopn dioxide amd

carbon monoxide over reduced iron at 1200°F,

At a v| % co,l% co |4 w, K Log K
(mins) - caleulated

5 10 10} 18,2 |18,2 | 63.6 1,00 0, 0000
10 7.5 | 7,01 22,2 13,4 1 68,5 | 0,6063 -0,21L31L
13 6.0 | 5.3 23.,45/10,05} 66,5 0,5285 | -0,36805
20 6,0 5.3} 23.45[10,05] 66,5 0.1285 { -0,36805

The »un was comtinued for a total of 60 mimuites during
which there was motv Turther change in the outlet g@a
composition, The outlet flow rate coxrrected to the
temperature and pressure of the imlet Flow was Ffound
to be idemtical with it, This is to be @Xp@cﬁ@d.frém

the stoichiometry of the reaction,
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Pouilibrium wabtico of carbon dioride and
[ - | e . By o Qoo [eX
monoeildes over weduced iveon at 13007F,

A%

{mins)

io GB{B

@
%

W

K Log B
galeunlaved

17.30
19.25
20,10
20.60

=0

=3
Q

7.8 17.10 | 21,50 13,26
7.5 17.00 | 25,50 | 13,10
7.4 16,90 1 21,60 12,60

kY

T 16,60 | 21,60 12,90
T.2 16,60 | 21,90 12.%.0
7.0 16,50 122,00 18,20
T.0 16,90 | 21,60 12,90
7.7 17.08 {23,458 13,15
7.8 17,10 121,80 193,26
3, 7.50 | 20,95 13.95

=3
2

20,95 13,
20,95 13995

=J
o

€3.20
6l ., 20
&b, 80
6l , 90
a5, 3b
65.k0
65,50
6%, B0
65,70

9N
(x4
3

G &

JIRVH

&y @
L T ]
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o
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65, 10
65,1
6%, 10

1,327
8597
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0.7039
0.6196
30,6093
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to be expscted while working at high temperature,




Thaoratieal galenlavion of the eduiiibzd

earbon dioxide awpd earbon moneBido over veduead dxon awv

1200°7F amd 130071,

The equillibriuvm conctant of a meaction is related to the

L

free onergy change by the following relationship

AW = R‘E_‘l Lk

The froe energy changes of mest of the commomn voactions nre
known., The free energy change of a meactlion under comsidews.
tlon may be caloulated by addition and subtraction of the
movwn values of the frew ewvergles of Formation of the
reactante and producte, The salceulatlion of the Xree onowrgy
changes in the weactlion of carbom dioxide with irem at 12G0°F

x oy € T - e e, s
and L3007F are shown Doelow ¢ -

o

BN ey 6 o ey s D e oy s s o ,..,|9{£
Freoe energy of Lormatlon

(AP, calories) ab

1L200°F 1300°F

G oa Dy a2 GO =l G, 200 07 000

C "}' O €

i
€3
]

AT ~Oh , 390

et

{Subtracting) Co, = 0 4 $0, <b8,375 +57 , 190

P e .:':‘&
Fe « 40

£
;‘sz
(5]
&

58, 600 <B7,700

Co, = GO & 0, +B8,375 +57,1.90

T AT T AT TR E T YT L

{Adding) Fo ¢ ca, = Ped &+ 00 - 225 - 510
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The regquired values of Tree energy may novw be ingeried
inte the eguation

AR = - RTl In X,
The following values of log XK wore calculated -

At 1200°F

(-225) = (-1,987) 922 {(2,303) log K
log ¥ = 00,0831
A% 1900°P

(-810) = (-1.987) 977 (2.303) log K

log K = 0,1140
The coxperimental values for these two temperatures weore
found to be -0,%68 and -0,190 respectively, This may be seen
in Pigure 8,10, It is evident Ffrom these resulis that im
the fluldised bed the reactants had in@uffi@i@nt time of
contact to reach equilibrium, but approached quite near to
it, The values of off-gas analyses were preserved Ffor
comparison with those obltalned wvhen carbon dioxide was
brought im combtact with carbom on iron,

L ,7.0, Preoliminary attempts to deposit carbon om

roduced ivon and its removal wilth carbon dionridea, A mumber

of proliminary experimental runs were eérri@d out with the
stalnleoss steel voactor aimed at fimding the best reaction
conditions Lor trouble-firee rummning, It was necessary to
determine the Fflowrates of the imlet gesses and a sultable

inlet gre composlition to obtain optimum Fluldization im



the bed while the gas expansion due to reaction took
place, Owing to the tendency of the particles of Lreshly
reduced iron in the bed to sticlt together and to the
appearance of pyrophorlic character, the temperature of the
reaction had to be carefully comsrolled,

The asticking tendency of a roduced irom powder 1s

known to be at o minimum im the temperature range of 1200° -

- )
11 00°F but very severe at temperatures above 100°F, ? The
factors which influence the degree of cohewrence are
(a) the surface tomperature of the particles and the wall

vemperature of the reactor,

(b) the sime of the iron particles, (finer pariicles have
a greater tendency to s8tick together and o the reactor
wall than do particles of larger sime),

(e) the extent of reduction (sticking is wmost severe when
the particles of oxlde have boem metallized to the
extent of 20 - 50%), and

(&) the degree or extent of fiuvidization, {(violent

fluidizatlon may prevent agglomeration of the bed) .
In the preliminary expoerimemts, the iron oxide reductlomn,
carbon deposition amd 1ts subseguent sremoval were all
attempted at 14800°F, It was Ffound that to provemt sticking
during reduction the inlet flowrate Lfox hydrogen and

nitrogen winture required to be at least 0,38 ftg/min at



<

20°C (4,0, superficial linear veloelty at 20°¢C = 0,153 £it/sec)
Howover 1f such a bhigh flowrate was adhered to, duxrding the
caxbon deposition, 1t was Found that the carbon deposgited

onn the smaliest ivon particles caused a lowering of their
overall demnsity and these were quickly blown ouwt of the bod,
Thus a lowex flowrate (0,30 E%B/mim‘&ﬁ 20°C = puperficial
lineavvelocity 0,121 £t/sec) was used for the mixture of
mé@ham& and nitrogen feod during the cavrbon deposition., A
Flowrate of the same ovder was necessary during the carbom
removal by carbon dloxide and nltrogen mistiture, The

optimun temperature range® in which ecavrbon could be deposited
o iron without sticking troubles maeking thelr appearance
wvas found %o be 1300 - 13%0°F, When the reduction of irom
ozxide with hydrogen takes place at temperatures at or below
1100°F, the reduced irvon particles burm on conbact with aiwr,
For chis reason all reductiom rums oxcept when otherwiss
stated were carried out at 1300°F,

On one occasion when the thermocouple im the bed
developad a fault and the bed temperature was im Fact in
the pyrophoric regilom wilthoutv this being apparent from the
thermocouple recoxrder, whem the bed was later opened up, &
fire resulted, This uwnderiimed the importance of accurate

bed tomperature measurement,
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E,7,%, Syotematic ecarbon deposition and suvbseguent

gagification, After overcoming initial difficulties as

discussed lnm the precedimng section amd'm@lgctimg‘thﬁ mo BT
sultable conditions for operating the unit, systematic studles
of the extent of carbon dopositiom om the irom im the fiuldized
bed were underitaken and measurements wore made of the rate of
this cawvbon gasification by carbom dioxide,

600 gme (1.32 1ibs) of irom ore (- 52 < 100 mesh B.S$.8,)
previously dried at 230°F for 3 hours were chavgmed to tho
reactor and Fluidized with air $ill a steady bed temperzsture
was obtadned., The alr was thon replaced with nitrogen, and
hydrogen lateyr introduced with nitwog@n'while koeoping degrea
of fluildizatiom constent. After the irom ore particles had
been reduced completely, the flow of hydrogen was replaced
with nitroggn to maintain the degree of fluidization, Methane
from high pressure eylinders was them imtradﬁééd to the bed
together with nitrogom and Fluidization comtimued for a
gpufficient time to obtain the reguired amount of carbon on
the bed,

The methane used was supplied im e¢ylinders under pressure

95

from & sevage works and was found on ananlysis to have the
composition g

97.0% mothane

3,0% carbon dioxide

While the nitrogen combinued to flovw imto the reactor

the flow of methane was stopped at a convenlient point and



cavbon diocnide From o0 eylindew introduced to the bed, The
gasification of carbeon on the bed was Followved Crom the
roadingns on the katharometexr recorder, under-bed pressure
recorder, and off-gas flovaeters, After gasificaition had
@@mﬁimﬁé@ for a recagonable time, the carbon diomide entering
the B@d was replaced by methane and further carbon depoaited
onn the bed, Deposition and gasification cycles were combtinued
untdl sufficlent information had been obtained,

B,7.6, Priuwciples of carbon deposition caleulation.

’

The methane, fed to the reactor for carbon deposibtliomn,
containod 3% carbon diozlde whose presomee initially com-
plicaﬁ@ﬂ the calculation of cavrbon d@p@gi%i@mb it was wvealised
that it would have boeen possible te attempt to remove this
carbon dioxide priox to im%ﬁ@du@img the gas to the reactor,
but this was mot done due to possible difficulty agsociated
with absorption traps, the back pressure they would develop,
and the comntinued mneed to cheack for complete removal of
carbon dioxide, It was Telt that sepavetiocon of the carbon
dionide could be made wmmecesaary by a sultable ecaleulatlon
procedure,

In the reactor dus te the presence of the carbom dionide
the Tollowing reactliomns taks place,

CH, =% C ¢ 2 H

G 02 LG



These reacitions cause a dliliatation im gas velume so that the
N.T,P, flowrate of the gas leaving the reactor is greater than
that of the gas entering.

In essence, the "cracking® of methane deposits carbon on
the catalyst, and some of this carbon 18 subseguenitly removed
ag carbon monozide by the carbon dioxide contained in the feed
gas, It is reguired to determine the met deposition of cavbon

on the catalyst during a run of © minutes,

Bagis 60000 100 moles of ilmpure methane
moles of methane fed = 97 .0
moles of cavbon dlionide fed = 3,0
Let moles of Nitrogem fed = o'

and moles of methane decompossd

over the catalyst =3 o
° Moleg of methame lefd o 87 - b
o o
moles of hydrogen formed = 4 b

Volume of gas leaving reactow

i

after cracking of the methane = 97 -b+2bin = S7+ben
Thus expansion due to cvacking = (97 + b + mn)-{100 + n)
=2 b - 3.0
Percentage decomposition of methane

= 100 b = 1,03 b
97

But in the presence of cavbom dioxide the reaction

COo C = 2 CO

2-'6-

will take place to some extent,



Thup_to & basls of 3.0 wmoles carbem diczide Fed,

Let moles carbon diowide wreacting with

deposited carbon = ¢
? moles carbon dieoxide lefd 2 3 - ©
3 4
carbvon monoiide formed = 2¢
° volume of gae leaving reactor atter
0 1]
reaction of cazrbon dioxide 2 3 e & 2 = 3 +
Thus expansion due to veaction : w2 P - + 26 - 3
= @

Thomn expansion due to methane decomposition = total meassured

dlilatation-enrpension due to carbom monoxide Fformatiom, 1.e@.

where D ig the total dilatation per 100 moles of impure methas
s B e D - ¢ ¢ 3

Wow, one mole of methone deposits one atom cavbom, awd,
as well as contributing to the ezpansiomn, the productiom of
2c moles of carbon monozide resuilts inm the removal of o atoms
of carbomn from the riuvidized bed, Thus the met depositionm of
carbon por 100 moles of impure mothane is givem by

Dee+ 90 = D2+ 5
Thus i G 18 the welight of carbon deposited in a rum of %
minutes,

G = oo (D - 2 + 3) 12 © b

100
whore M 18 the mumber of moles of impure methanme fed to the

reactor peor mimute,
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Calceculatien of . Agpume that the roaction of carbomn dioxide

with deposited carbom in the Fluldized bed of catalyst goes
to equilibriuw at the roactiom temperature, The case with
which egquilibriuve was reached im later oexperiments sugzests
that this is a valid assumption,

The wreaction

CH&L + GO = 2 CO 4+ 2H

2 2
i1 assumed to be covered im this analysis as ite effect is
really the susmation of the deposition of carbon Ffrom thermally

cracked methane and the reaction of this carbom wiith carbon

dioxide, i.,a.

{(ndding) CHy + €O, -» 2CO + 2H,

The value of ¢ may be obltained from equilibriuve data, where

the eguilibrium comstamt K is given by tho eguation”

¥ w2 (pCO)g ((33002)@1

2¢c 2¢

Now F 80 432 ' =3 .
' (97 » © + m)+(3 + ¢) 100 « B + m + ¢

3 - e
and. Py - w2
Y2 100 ¢+ D+ n + ©
i fe® . (100 ¢ b + m ¢+ e)
! ® (100 + b ¢+ m + ) 3 - ¢
_ %@2
T {100 + b e m + ¢){(3 - o)



1. % o5 ‘ )
o @o :g.:i?:r_::- oy q‘ﬁ(}@ & oy w2 0)6\3 - G)}
Substituting For b ow D e o s 3
& M )
Cg‘}‘g;‘»:m = {10@ "5‘ D > @ .{. 3 A n XS c-j } ( 3
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Galoulation of D,

-
;::'.
=
i

inies fl@WW&u@ (xm /mimﬁ impure methans at T,°C
BN

and p., inchoes of wat@r ZAVEBE ,

1

V, = dinlet flowrate (f%g/mim) of N, at T,°C and p

4 1 1

inches water gauge,

V., = integral outlet flow ath T2°C and atmospheric

rossure, assumed to be §06,8 inches water gougo.
P s

4.

e o Total inlet moles after ¢t minutaes

(VQA+ V?) T (273) (pl + 806,8)
© 359 (273 + T) 806.8

1
1

Total outlet flow in the same period

« Vo 273 woles,
555 ¢ (573 o Ty)
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Assuming Sthat Tl e Tg = T, i.,e., 7room Sempevature, them

total dilatation over © minuves

279 ) [ Vg - (v, + ¥,) & (py + BOG, 8)]

E2 ‘_3’“‘ 2 A '
359(@f3u'§ &06 8
but dmpure methane passing in ¢ minutes = Mt
- : 08

where M = 1 _u973 o ipl 406.8)

459 (27517 B06,8

7 = [ “
, . -V, : (. 06,8
a - 279(100) : Wg (V4= Vgﬁ % (p“ + & ;
< © k - )59( :;’ E‘} QI‘&&) 540608 4
Sample caleulation,
Bum 10
Carbon deposition Ltemperature 52 1325°%F
FPlovrate of impure methame, Vi = 0,16 fﬁg/mlm
" W nitregen Vo, = 0,14 w
9

Total gquantity of outlet gas = 15,15 ftj
Temperature of imlet and ocutlet gas = 22°¢
Average prassure, D, = A8 .8 inches of

: l WAter Gaugse
Total deposition time = #0 minutes

Agsume that K, at a reactiom temperature of 1325°C = 1.%
This value of K is tekon from Lavrov’'s d&ta&&, It may be
argued, porhaps, that this cholce of value is unjustified
in that chemical equilibriuvm may not be reached in the

veactoy, Mowveover, as it is shown later that the classical

graphite/carbon dioxide equilibrium is “enxcooded by the
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resctants in this system, & highor value of XK might well
hawve been waed, Since, however, the methane only comntained
a small smount o©f carbon dioxide, the calculated amount of

deposited carbon was not very semnsitive vo the value of K,

M o= Q%%% ° %g%% ° %%%&g 2 0,000458 moles/min,

: O, 1k 9(27$§D&5106 o
& ' '] £ i FED e o @ o rr Y, ’E} 5 P =2 o -
Moles of mdirogen por minuta F TREG {55 Y 0,0006L08%

Tous nitrogen per 100 moles of impure methane

0,000805(100)

s = Qe 10 las
T2 5. 000k 58 2 87 .84 moles,

o 273(100) t.w ax  0.30{LO) B51.6
B = SEG(E55)0. 000hSE(HE) L5t = THGE J

= 1,05 [1,85] = 26.0

={103426,0+87.5) + [(303¢2660+8?0@)(103+2600@8?9&¢%§g}3ﬁ

C =
810
A
£ s 3 y ‘g
o =216,8 + [216.4 (250.7)] 2 2,975
5,71
% methane decomposition s 1,031 (26,0 - 2,975 + 3)
g3 2:0@ |
Js &, 29 By

o 0,004598 (23.0%)12(40) " 0,0507 1bo,

LOO

The welight of carbon deposited im Rum 18 (sea
Table 4,.26) vas calculated for a range of selected valuses

of K. The valuves obtained were as Ffollows e
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K ¢ (ibe)
0.05 G, 1003
0,10 0,0978
0,50 0,0933
1,0 0,0925%
5,0 0,097

10.0 0,091b

It may be seen thatv ¢ becomes increasingly sensitive
to K as the value of tho letter 1s reduced, Im all latew
carbon depositlion ealculatiomns the value of K used was the
appropriate average value Lound Lfor that btemperature for
the gagification of deposited carbon inm ouxr apperatus, The
values selected arve shown im Table 4,26, A value of K = 8.5

was used Tor all calculated depositlons foxr carbom at 1325°8,
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B.7.7. Comparigon of actuval carbon deposition

with theory., After the carbon deposition had beom completed
&mﬂ the reactor cooled to room btemperature with mitrogenm still
Fluidizing the bed, the reactor was opened and the mizxture of
roeduced ivon and depositod cerbon were teken out and bottled,.
The ivon comntent of & representative sample of the mixnture
was dotermined by the followlng procedure ;-

A weighod sample (0,279 gms) of the iron-carben mizture
vas treated with 30 ml bhydvochlorie aecid (8.%, = 1.16) and
the iron diszolved with heat, The vesidue of carbom and
gangue conotituents was filtered off and the filitrate diluted
to 100 ml with hot water, The solution was boilled while
adding dropwise sufficlenmt 20% stamnnous chloride solubtiom %o
dispel the yellow coloration, OCold water was then added to
brimg the tobtal volume to about 200 ml, the gsolution cooled
rapldly to about 30°C and 10 ml of ssturated mercuric chlorida
solutlon added, When the sclubtiom was cooled Lo Toom
tomperature a further 200 ml wvater was added followed by 50 mi
of phosphoric-sulpburic acid mixture (50 ml of syrupy phosphoric
acid and 200 ml of concemtrated sulphuric acid diluted to
1 litre with water), and a fow drops of diphenylamine imdicator,
This was thoen titrated with N/EO potagsium dichiromate soluticmn
to a bluish-viclet end poimt,

The carbon comntent of the sample was calculateod from o

comparison of the iron combtent of the reduced ore before
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{

Potae fimal iron-carbomn

depoaition of the @Aﬂw@ and that of

mixture taltem from the reactor., It was felt that owimg to

possible losson of waterial in opening the wreactow, this

would give a more accurate estimate of the carbom deposited

than & simwple messurement of welght increase,

Teo, 1f U = tot 1 welght off material taken Trom the

reactor alt the ond of the run, and Illwmd I? are percentage
- £

iron contente of the bed befowe and afteor the run, them

X
" Rt ] 2
welght of carhon deposited = W (1 = e )R
i

Fpur such ozperiments were carried out o verify the carbon

deposition Formuia, Tn Table b.B a compairison is wade beotween

the welighta of carbom caleculated from the deposition feormula and

that given by the weight of material removed From the bed amd
the vatioc of

the “beforae? and "after? iron combonts, It mey be

seen that & good measure of agreoement oxists betwveen

Tas

thhem amd

=

€7
(R4

she deposition formula may be used with a certaln amount

of confidence im apilte of the uncertalinty of the wvalue of the

agud librium comstant for the Boudouard equilibriuvm,
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TABLE & .4

Veight of iron ore beforxe reduction = 1,32 1bws {600 gm)
Temporature of wreaction = 1325°F
Flowvrate of impure methane, Vl = 0.16 ftjfmimoat 20°¢C
“ T omdtrogen v Vg = 0,14 w “
X at vreactlon btemperature ” = 8.5
Run Room Duwration plyAVQT&@@ Total Carbon deposited
No, Temp. of expt. pressure outlet . (1ibs)
T°C (t.mins) (inches fiow, ~ Calculated Foumnd
water (Vggft-) ’
gaunse ) . _
194 22 o Ly, 30 15,15 0.03501 0.,0k85
9B 22 b2 57 .08 15,45 0,0265 0.0316
196 2k Lo BT .72 15.85% 00,0691 0,0810
199 2k ko 61,20 15.08 0.0316 60,0313

Thepe results are plotied in PFig, 4,11

bh.7.8, Principles of carbon removal ealculation., The

calculation of the removal of carbon from the boed by the
introduction @f s mixture of carbon diokide amd nitrogen wase
based on a cavbon balance, In the following digcusslon x and
y have the same significence as earlier and were derived Tirom

the katharomelber recorder chart,
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o w7 . ; 2 . .
Lat V) = inlet flowrate (£t”/min) of carbon dicmide and
3
nitrogon mimture, at T1”C and p, inches of

wvater gauge.

<
kS cl
f

intégral outlet flow at Tzoﬂ and atmospherlc
pressure (asswaed to be 06,8 inmches of water

gauge) .

Thus at btime tl

of carbon dioxlide admitited to the bed
E KYEtl) . 293 . (pg + b06,.8)
100 359 273+T1 06,8

minutes from start of imnlet flow Vﬁ, moles

= atoms carbomn im,
% (Co, + CO) im outlet gas = (z_s» y}i00 2y{100}
100+y 100 4+ ¥

200(x 2 )
1060 + v .

&

Total moles of carbon dioxide plus carbomn momoxide thatb

have left the bed alter tl minutas

) gx +v) s (273)
© (300+¥) " 359 (273.7)

2  atoms carbom out,

Then total carbon vemoved from the bed during tl minutes

= atoms carbon (out - in) - b C

gﬁ L y) U3 (273) . =x (Vy33) a9q (pp + 406.8)
100+y)* 359 ° (273sT,) ~ 100 ° (359)°273.7,° ~ (k06.8)
Agosuming that Tl = T2 a T

AC = {273) 1 i Ve + v) Vp By (pg + h06,8)

(273+T) ° 359 100 + v 100 ° 506, 8

atoms carbon removed from the bed durimg tl minutes of xum,



h.7.9, Calculation of onvpen taken up by the bed,

It was veallised that, during the adanission 6Ff a mixturé of
carbon dioxide and nitvrogom to the bed of carbom and irom, 1%
was quite likely that the carbon dioxnide would remect to some
oxtent with the iron as well as with the carbon. To evaluate
the extent %o which the ivom was oxidimed im the pressnce of
the cavrbom, & formula was derived bagsed on an oxygen balance
bestwesn inlet and cutliet gmases, The @&rbom‘dioxide content
of the methone which came im comtact with irom during tho
deposition of carbon might have a silght effect om the results,
but from o consideration of the facts, it waes decided to
negloes it,

The bed during the passage of carbom dioxide should
abgsorb oxygen by the reaction

Pa + CO =2 CO + el

2
ox oithor similar reactlomn, During the passage of carbon
dioxide,

molaen of oxygon admitted = atoms of carbon admittedg

and moles of oxygoeon leavimg the bod = wmoles of carbomn

dioxide out + ¥ moles of cavbon monoxide out,

. _ (& = ¥)100 100 v 100 &=
h Oy ¢+ B CO = Elle® o et e IEET -

Thon 12 4 O = atoms of oxygen absorbed by the bed im %l

minutes,
o & ay (V%) 279 (Pg*&°6°8)m 25 Vy 273
.o 80 = 366 o (9897 °T7den: 506.6 100+y " (359) " (279<7)

279 . 2x o Vnty | (pg v+ b06,8) _ Vg-
= {273+T) 359 (56 406,86 10043 ]
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b.7.10 Gapificetion runs and resulis obtailned,

With the fluid-bod gasification apparatus and the associated
recording analyiical imnstruments, 1¢ was relatively easy to
carry out a large number of experimental gasdification runs im
a relavively short time and to obtain thereby a considerable
gquantity of data. A number of these runs have been selected
for presentation here send the oxperimental conditions under
which theoy were carvrrvied ocut are listed in Table b.,5,

Rums 16 to 20 were caxried out at fouwr different
gheification temperatures, During each runr at & particular
temperature, the carbon depoasition and gesification cycle was
repeated several times to determime the tyrend in the
Boudouard equillbrium ratio with gesification time (i.e,
amount of carbom on the bed) and with 1ife of catalyst (i,s.
ago and oxygen combtent of ivon im bed),

Run 22 was cazrvied out to stbudy the effect @f partial
prosgure of carbon diozide on the eguilibrium ratio and om
the rate of gasification of carbon,

In Rum 23 the effect of reducing the irom with hydrogen
at a somperature which confersy pyrophoric charactor on the
reduced iron whas comsldered.

In Run 33 air was used in place of carbom dioxide,

Iin all the onporiments, the amount of irom ore put im
the reactor was 1,32 1bs (600 gms).

The experimental data for Rum 16 im which temn

deposition: gaeification cycles were carried out is glven
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in detall belov im Tables &,6 - 4,15,

It may be seen that for each gasiflication rum the
value 9 % carbom ﬁi@xid@p the reading of the differential
katharometer, hag been tabulated at five minute intervals
together with the total exit gas volume up to each instant
of measurement,

48 exmplaimed eaviier, the exit-geas analvsis may be
determined from x% carbom dioxide im the inlst gas and “g” %
in the outlet gas by the use of curves, Figure & .8 and
Figure 4,9, In ordey to handle quickly and wmore asccurately
the large amount of data cowing Ffrom the gasification umit,
1% was decided to evaluate the exit-gas analysis, and, from
thig, the equilibriuvm ratic by means of a Ferrautl Sirius
cowputor, At the same time the computor was asked to
calculate the progressive removal of carbon Ffrom the bed by
means of the carbon balance technigue described above, and
alsc the uptake of oxygen by the irom through the oxzygen
balance, The data provided for ithe scale shape curve
(Figure b ,8) enabled & cubic eguation to be set up of the
form

%2 = oz - q) + ﬁﬁxg o qg) & &(xg - q3)
and the constants ¢, L and § were evaluated by a least-oguareg
pProcedure,

The rolation betweem =, y and Z wmay be writtem im the
form

100(x-v) 200 v(m % + 0,06 + 0,05%v) ‘
?(mmy% *(B0ry ) 2 =z = 4



T oy gta ) K N o T P
YL wan decldod 4o solve fon Y Ay

iterative eguation adopted was that
and in principle 15 used as follows

Lot Ply) be the value of the lefdt hand side of the

eguation above wihon a tiial value of v is subsitituted,

Successive values of ¥y are d@ﬁavmim@d NRedviat
7 . By -
. 7 #e d qym) Ve (jm l}
w1 fﬁym} - ng“mﬂ)
A Sixius Auvtovcods programme was prepavred im which

(1} 2 was evaluatod from the cubic eguation im = and q.

&

VAL TAE? she constants o,

P
et

anmd 5.,

ol
“F

R,
.5
'?

Mo

. 2 .
Fogg vl em R - £ i N w - A e 2 o, - o s P
cwe bvrlal wvaluss of v {(i.e, V.0 ¥y Wens apael iy ac
S

anc the coupudor was ingtructod wo olve Lor v, an.

nLe

subseguent voelues of v until TWwe sucoessive valnad

agraead to Tive gsiganificant Flguroeg, The Lass valawo
of v wne wounded of T and taken ac tho value wihdeh

satiasfied tha eguation.
3 ey o e Ry L e o T X ey ~ o saen (o e g em el o
The computer was asked to tabulate For each gaeificaticn

run the following, uwndex the hesdinge showvn bHelow

Time in won (6, wine.) WP e

=

GG o a0 o0

Percentags of inmlet carbon diomide
decomposad (y) coscoou Ty

Percentage carbor dioxlde im outlelt gas, .. “Co,,"
uf [

Percembtage carbon momnoxilde im outlet gas., oo

Boudouard oguilibrium ratio s w6 e e BRY
Weight of cavrbon deposited im time
- . B AT
intarval {(gm.) cupaoceo "o

Total wolght of carbon d} O

sited up toe the ey @
@mfl ‘of the %uima %

gtated Ltime, &



Voldght of onygen absorbed by the bed in time

interval (gm) coo0ooo 9p, ®

Total welght of oxygen absorbed up to the

end of total stated time co0os o oo “02“
The weilght wnidt of the gramme was preferred here

to that of the pound due to the small awount of material

involved and the greater comvenience that this gave in the

computor primt-ond,

Thus C, - A ¢ (12) 553,6

and o = A0 (16) 483,6

The computor primt-out sheets foxr Rums 168 to 16K are paged
in fromt of each appropriate table of experimental data,

From the computed resuléts for carbom deposition and
removal at sach stage in the rum, 1% was possible to calculate
the approximate carbom comtent of the bed at the oend of the
run, and to compare this with the value obtained by direct
chomical amnalyeis of the bed. In such cases vhere the bed
convained mnot only ivron, carbon and gangue congtituents, but
also oxidlsed meberial, the chemical analysis involwved
aolutlon of the drom in scid and itz subsequent deteormination
as described in page 102, toegether with the welghling of the
vndissolved rosidus (containing carbon and gangue) and the
caleculation of the carbon combent From the known gangue

combent, It was found im all cases that good agreement wWas



,

obtainad betweon calcouieted aud deteruled courooniy conbame
of the bLed, Thisz ilo Lillvetrated by the Pigumres glven bslow

for Run 273,

Calculated totel welight of carbon deposited = 0,H882 ib
w W L gaslied = 0,%189 ib
W RIS ATt LTI

weight of carbom on bed at end

23699 ib

of Trumn -
Waight of bed at end of »um o 0.736 ib

Composilitlion of bed ;= Feo = 65%

67,

. w 15, 855
Gangue = i Epr
Oxygen = 11,950

s

100,00% by welght

]

By

24

H

Talght of carbom on bed = U, LEL7 1b
o S
Wolaht of »ol g L 2 LoMme A .
taght of woelids im @iziﬁm Bt e O.KB2 1D
@ndG of
Composition of cyvclome solidasy- Fa = L3,85%
¢ = 53,05%
h i
G'@‘ﬂ.ﬁ.@?‘lﬁ_@ b :ﬁy @ i 5‘;{)
Xygenn = NLJ

e

100, 00% by welight

° Welght of carbon im cyclone solids 0,230 5
-3 o

¢ Total weight of carbon Fowmnd O, 62
=3 [+]

Por Hum 17, only the carbon deposition results and the
computer print-out sheots Ffor the gasification parts of cach
eyecle are given in Tables &,16 té h,23. For the rempining
runs (exceph for Rum 23} whose resciion conditions ars given
in Table &, in order to reduce the bulk of this wowrk gnly
the wesulte derived from the cowputer sheeve areo included i

Tables 4,28, Run 3% resultsz are tebulated im Table & .25

o
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RUN 16 (B - XK)

The materiael in the reactor at the start of the
carbon deposition part of the cyecle for 168 was weduced
iron which had been through & number of deposition and
gagification cyecleg in a previous unreporved wrun.

(Tor all the other runs repoxited, the material in
in the bed at the start of the fiwves carbon deposition
was freshly geduced izon oxe).

The folloving vaxiables weore held constant during

this sexies ¢f cycles s-

DEPOSITION OF CARBON

Composition of the inlet gas g-

Hethane (V) = 0,16 £¢°/min.
Witrogen {Va)= 0.14 ftﬁfmino
Reaction tempexatura = 1325°F

CARBON REMOVAL

Gasification mixture = 50% carbon dioxide and
70% nitrogen.
Total inlet flovrate of gosiflcation mixture = 0.254 f%ifminr
b
Reaction ¢emperature « 1200°F

The other xeaction variables which differed from exzperiment

to exzperiment are given undexy the appropriate heading.
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TABLE 406 ROW_16M

CARBON DEPOSITION

Total outlet gag {low (Vﬁ) = 59,2 f%3
Room %emperature (T) = 20°C
Total weaction time (%) = 100 minutes

Averege pressure of inlet gawm (pj)m 48.48 inches of
) water gauge

Avexage decomposition of methene = 32 49

Calculated wolght of caxbon :
deposited in % minutes (G) = 00,1588 1b

iverage rate of earbon deposition (Gf?> « 1,588 x 1077 1b Jmis
/ 1]

CARBON RIEMOVAL

Total gasification time (tl) = 70 minutes

Average pressure fox inlet gas (pg) = 50,08 inches of
vatayr gauge

°2 ; R
(mins) % 47
5 15,0 1.3
10 15 .0 2.9
15 14.5 4.9
20 14.5 6.0%
29 4.5 To 60
30 15,0 9,16
35 1% .0 10,75
40 15.0 12,30
4% 15.0 1% .80
5@ 1505 ﬂ'ﬁoﬁ@
58 15 .0 1609
6O 14.5 18,5
65 145 20,0
70 14,9 215
Weight of carbon removed = 0,084 1b,
Rate of carbon removal o 1,20 = 1072 1b/mim
Weight of oxygen absoxrded = D.04317 1b

Rote of oxygon abaorpiion = 0,595 x 10=3 1b/min



TABLE 4.7 RUN 1€

CARBON DEPOSITYON

Total outlet gas flow (VB)

Room %temperature (T

Potal reaction tinme

Average pressure of inlet gas (@l)

Averege decomposition of methane

Caloulated weight of cawm
deposited in ¢ minutes (&)

Avervege rate of carbon
deposition {q/%)

CARBON RENMOVAL

Total gesification time (4,)

Avarege inlet gas pressure (p?)

6¢

)
(%)

bon

%1 Q
(ming) %%
5 15,0
10 1%.0
% 19,0
20 1500
25 15.0
30 150
35 15.0
40 5.0
45 15 .0
50 15,0
55 15.0
60 15.0
65 15,0
70 15.0
Woight of carbon @emovaed
Rete of carbon removal
Weight of ozygoeon absgorbed

Rate of exygen abgorpiion

8 5 &

8

1%,

&

2

12‘06 ff?
20%¢
30 minutes

51,2 inches of waber
ZRVEO

b7.1%

0.0719 1b

2.396 = 107° 1b /min

76 minutes

50.8 idaches of water
2auga

Vg
£5°

1.65
2099
4065
6.22
T.80
9.27
1079
12.%4
13 .94
19 .44
16,95
18 .54
20,14
29060

0,0860 1b
1,229 = 162 1b /min
0.0413 1b -
0,590 = 107 1b/min
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Average zete of cordon deposition = 2049 x 10 7 ib fwmin.

CARBOY RIBMOVAL

Totel gasifichRiion Hime (%i) = 55 minutes
Average inlet goo pressure (pg) = B2,7 inchea of waitewr

SANER

95 | 1600 4o TO
20 1505 6025
2% 15,0 70 B0
50 15,0 9057
35 1408 10,95

12042
13,90
1547
17005
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bt
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fn
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fod s
RS
s o
W Gh
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&
£
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Wodght of carbom wemoved a 0,0686 1b
Rate of carbom removal 2,257  ib/maim
Welght of oxygen absorbed = 0,0331 1b
Rate of oxygen absorption = 0,602 I1b/min
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TABLE 4.9 RUN_16E

CARBON DEPOSITION

Total outlet gas flow (Vg) o 17.95 fﬁg
Room tomperature (T) & . 21°C

Total reaction time {(t) @ L% mines
Average preossure of imlet g&@(pl)m L9 . b5 ins.water gaugo
Average decomposition of mothand = 35, 9%

Calculated weight of carben
doposited in ¢ minutes (G) s 0,0798 1ib

Average rato of carbon deposition -
(@/t) = 1,778 = 1077 1b/min

CARBON REMOVAL

Total gasification time (tl) @ 80 mine,
Average imlet gas pressure (p,) = 51, 5% ims,vater gauge

€y

(mim, )

5
10

Vg

£33

F 0

1,65
3.1

Q

2 b=d b

TR
Q

N e RY]

A &2

RUN 16E
Cg co ”. Cx Co Oz RE
~ . o] o £~ - . - e o
Ji el 35e73 L3S 36500 3000 Tel4y Doz
ST 5e27 5TeN9 0 Te030 20717 S.32  5.84s D
;T 0.7 30eI5 0."73 2,558 S.55 542553 S
L IGe 3y 3830 ©.993 26705 IfeG7 2273 Ic.5
T3e 5 50eI2 0el73 24703 I4e37 2973 Tl
ICe 37 3810 0e073 2650 170G 31655 e 37
ISy 3%eI0 Cuolgs 25000 ID.57 30I55 Pl
I0637  39eI9  0eO073 30100 22677 I.532 Zle
T ISw37 30019 068790  3e.23I 26,00 Lol Z,ell
77 ICe37 30610 06579 z.RIg 23,81 2550 L.
7T ISe37 39019  0.%795 2.819 35663 2055390 2oL
70 T0.37  30eI9 ©0.37)  2.533 34.17  3e54° szt
7T 0037 39<ID 94875 2.533 35070 3.54% 35435
7% I0.37 3019 0873 20877 39.58  2.358 37.7°
7i 10437 30419 0879  2.934 42051 20207 393
;0 TCesy 36019 0-%%9  2.034 456 44 2507 42420



TABLE &,10 RUN_16F

CARBON DEPOSITION

Total outlet gas flow {vj) =
Room tempereture {(T) =
Total reaction time (¢) =
Average pressure of inlet gas (pl) =
Average decomposition of methane £
Calculatod welght of carbom deposited
in ¢ mim, {(G) @
Average rate of carbom deoposition
(/) .

CARBON REMOVAL

Total gasification time (tl) =

Average pressure of inlet gae (p,) =

tl q
(mins) %
5 16,3
10 15,0
15 15,8
20 15,0
25 15,0
30 15,0
35 15,0
Lo 15,0
b5 b .8
50 4,5
55 %, 5
60 ikb,s
65 18,5
70 15,5
75 k.5

Yolght of carbon removed
Rate of carbom removal
Hoight of oxygen absorbed
Rate of oxygen absorption

6 B &

a

11?0

20,4 £
21°¢C
5C mins

52, ins.vater gaug
35%

0,099k 1b

1,989 s 10”3 ib/min

75 min
52,3 ins.water gaug

Vs
fﬁg

1,60
3,09
L, 58
6,15
7.70
2,25
20,80
12,34
13,88
15044
17,00
18,51
20,082
21,61
23,20

0,09140 1ib

1,218 = 10°2 1b/min
00,0640 1b .9

0.587 = 10°° 1b/minm



ofs
L

A
>

W,

* Y

:

R B

O~ 1 QO g 4
> o 0 9 A
70O O O
7Y & ¢ & 69
Ly o™~y o~
[~ ) vy o)
3] = o | L 7
¢ O QO QW
Y4 el b4 bt
=02 Wy O QD

3 A

¢

S O

1My
o

-

~ U~ I~ 0~ VY o7 ¢ (Y ¥

2

k-4

&

|

>

sy w

2

3
QOO DN
3 & Y Y 0

L T

lI g QO SoJanJﬁJ

> o o

X
.v..r;ﬂ'

S I~ N T CY YOO
T IIICN NN N O
€2 3 J ) > b 2 3 >
G O O O O O ¢ O O
4 X = = = =1 o 1

G GO CY WYMO O C O O

3

-1

<

o

i

» 3 3 D @ 2

9
R T e e S e T S T e T e T S e e

- S B O TR B A B 5 A T

Y QWM O YD

A el Fe TR e S C T TR T S



~3

~3 -3

LS

Ll (e

Do,
L R, SN

DRI

ti

SN B

| I S T I

L L

L

TABLE B 11 RUK_ 1.6G

T SIS TR T U e O

CARBON DEPOSITTLON

&
Total ontlet gas flow (Vg) s 20,4 £
Room Semporeture {(F) = 21°%¢

Total reaction time () = 50 mins

Average preasure of inlet gme (p ) = 52,32 ims, of water e
Average docomposition of methanme” = 39,4%
Calculated weight of ecarbom
deposited im ¢ miuns (G) = 00,0803 1b
Averago rete of carbon 9
deposition (G/t) = 1,607 = 1077 1b/aim

CARBON REMOVAL

Total gasification time {%1) m o 55% ming
Average presgsure of inlet mas (p &= 2,15 ing, wator ghuze
) & & ‘&1&‘2 €5 &

tl @ v5_ 5
(mima) % R

5 15,0 1,58
10 25,0 3,12
15 15,0 b 66
20 15,0 6,23
25 15,0 7.75
20 15,0 9, %8
35 15,0 10,82
Lo 15,0 12 ,.8%
b g 15,0 1,02
15,0 15,54

s} .

WL \J2
Ui O
s bed

L B B N N

o0 o1 ‘. Cr Ca D1 Bps
TT0057 409.I0 0el93 e, 2007 30?5& 2e0]
S R I S R D B T Se72 30108 Lo o7
S I6.27 3CeIv 0e873  Ze74. Co i 2a218 7o 55
TIc. 37 39610 0.979  2.8c: fte2% 26527 LS.
TISust 53%eI9 CwS873 26740 DLe0I 2818 ToeTs
a 10y Gl 0.:373 25607 1555 juoof ID»:%
T I0e7 50eIr ©u893  LeTaun LG e 4l 2eS18 %52
510437 53%4I3  ©e373 el ac 220572 Ief2 G306 gl
O Io.,7 30010 0.873  3s030 25051 1.5 552650
TICe37 3%9«I) 0075 56530 284z 303 250350
DIc.37 30eI5 06879 20315 3Cu 75 50531 2900
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TABLE 0,12 RUN_L6H

R il

CARBON DEPOSITION

RUN 16H

Y T4 CO e Cx Ca
-7 327 3Ee23 Iecod  z.g0y S
<77 ICe37 30413 Co27; 2575 5wl
277 I0e37  30¢I9 04275 Zes75 7w
Q7Z 10637 30410 603293 3.7l ICe
REEOOE AN SO EONN O SR L O
A -~ Jf J.DJ} Vau/./ JQ J’ "‘)o‘_)
P00 I0e 37 30610 04073 307 1765
7% ICe37 38X 0.875 .07 2502
«7T  I0637 3%e13 0273 5.5003 2500
7% I0.37 30010 02873  j.2I0 2842
o3 922 3304 0.953%  3.277 3105
.37 Jedz  3I.04 009501 267700 3402
«37  9+22 31.04 04581 z.757 370
5 16,0
1.0 15,0
15 15,0
20 1%5,0
2% 15,0
30 15,0
35 15,0
Lo 15,0
gq’g’ 151’0@
50 15,0
55 15.5
60 15,5
68 15,5
Wolght of cawrbeon wromoved 5]
Rate of carbom removal 53
Wolght of oxygom absorbed =

Rate of oxygen absorptiom £

119,

N e .
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e Lv 0T v 37
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g S5e30r Is.T;
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2 e s ,m
. Teiny el
5 oy e -

2 —~% ) U - - -
= - Ll T -~ -
J 20 335 R
7 Ic’.t.‘)..r S8 ey
O =
’ ~ 1 ~ .
4 IOJ_../ S
“ a N . - ‘
- 3e¢25 4 30204
~ -

- < - -

° 32023 Jie-1

f
|

1,50
3, 00
&4, 50
6,02
7055
9,13
10,72
12,26
1%, 80
15,42
}17002
18,53
20,05

0,081% 1b

1,280 = 10°7 b/ mlmn
00,0364 1b 3

0,861 2 1077 1ib/min
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TABLE &,13 RUN_ 16T

CARBON DEPQOSITION

Total outlet gas Flow (V) e 26,16 £t
Room temperature (T) = 21°C
Total reaction time (%) = 70 mins
Average inlet gas prossure (pl) @ B6,7 ins,water gauge
Average decouposition of methime s 29,%%
Calculated weoight of cazbon
depesited in % mins, (G) s 0,074 1b

Average wate of carbon -9
deposi ticn (@/ﬁ) s 1,057 = 1077 1b/min

CARBON REMOVAL,

Total gasification time (¢.) = 6% mine
Average inlet gas pressure (pg)

8

50, ins,water gauge
tl ] V5
(mins) % .

5 16,0 1,50
10 15,0 3.05
15 .5 b, 60
20 15,5 6,12
2% 1,5 7,65
30 1,5 9,17
35 15,0 10,70
Lo 15,0 12,29
by 15,0 13,88
50 15,0 15.36

- . w. £ o

s . ~ I ~ ~ oL .
. '/".) Jr ’ . AN . ‘LT A I -
- - o - ~- 7 - N - {(’ - .~ 4 s
P - B .."L ’J @ ey ) [PEEE TN “r PR I o e o

~ ~ [a) -
: . oo Xl T e 9! T - M o *T =2 PN }
o . FRNS o J\J(.- ;.Jl P Fa - A, L NI L) - o .
oo - S . .
- - o oa - - . - e O - - 7 ) N -
- = Lo w b 5o oy ' oy e IRV v, o, - a -
. 2] P < - e .
] T~ ~ — F— ~ 0 ~ . - . . G - -
o e oy C‘o /' s - 5t L N ™ AT I I
- ~
n o~ - - N .  en §2 LY - L0 - .~ -
PR S L ,-:. o 3 N) W L AR -4 .l ¥ Sm o Sow ‘f S < e .
. B O N - -~ - -~ -
- - PN - -~ r ! f g e
o D B A ) L Foel w e et Looe 27 Le . 52 -, -
~ . e . 4] s} oo - -
X v - - . n - ke D~ ~ - - L -~ 20 -~ )
>/ A 0 ek vt..::/J P ,..Ju;}- - 4 P .
2] - s .o - - O - - e . -~ . - N - .
o,"\/ . “’J'/ SV e - e T, S5eY L3 JoN e e e PRt »
[ad - - P 4 o I e - - P ‘E - T, TG -
. S B . B ~ e - PR -
s, ~e e sl u»../ o © J o g Vi (,\ P
EN ~
-~ A P o~ ~ toey = - - - - - e
. ] : : \ PRy s : x . he e
v "'u“'\.}l JV-;A-/ <+ @ /2 MU';J u/e‘) S = - PR
- D ) 0 2. . ~
< .~ o - cw - - 22 ~ Do A o .
w IRy _;COEO G v ) o Y e AP IR S 3 K o A
- o~ - . . - .- . -
PR o .o TE LT TR - T 5 -~ : . -
s i _.\;\;Jl Jue,..) oo T o0 .k _}.,u/,l -y S o~
[a) - - [o . w - o~ - "o -
. Bl -~ ‘\ A o -~ H N ~ N (9] e .
g/; "’u“'.)i ‘Joox,/, OQ-’/J o L w0 S . «LQJ-:"’ .



R

121,

TABLE &4, 3% RUN 16J

CARBON DEPOSITION

RUN 16J

i
(mine)

ho
b &

Wolght of carbon removed
Rate of carbon wvemoval
Veight of omygen absorbed
Rate of onygoen abrorptlon

- -
hd Ny DR " - ~ . \ -
R N 2 - v -
- - - ~ - . . N T - G s, © -
e no- o x Jo - - 5 o ey DI J o
- ~ V- . T e - . .
v PR R R .4«‘,4/ [P - gt
~ I - "z L. e o - - . W
. . . S~ 7 . \
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oo \‘} ', PR ER I e, . [ o, R -
AT - O < - o y e o e .
b o DA ‘ - Lo v
- a - o= L ’I I [ L e G .JJ - ) v /J —
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R g P - ~ Q- o~ -7 - - k4 — 7 T
. p , - . ] Lo 4 L - J A oas d -
N R S e Dok 2 D FRS :)t.. o - V) P —
mm ot e g e e e Erem e e e e e ‘.rz‘. —
& q

v
3
£

17.0 1,60

16,0 315

b, 90

6,25

el

16,0
16,0
16,0 7,85
169@ 90&15
10, 01
12, 98
16,43

16,0
16,0
13,0

s 00,0631 1b .
w 1,503 = 10
s 00,0187 ib

&

WD T e ) v e e e s g

3 ib/min

&

O.518 =% lﬂmj

I/ min



TABLE &, 15 RUN 261

CAREON DEPOSITION

Total outlet gas fiow (Vo) e 19,05 £
Room temperature (T) = 21°¢
Potal reactiomn time () = 50 ming
Average inlet gas pressure (p ) = %3,.6 ins.water gauge
Average decomposltion of methiine a 23,66%
Calculated welght of carbeon
depositod in ¢t mins, (&) = 0,0561 1b

Avorage rate of decotposlition -9
(@/t} e 1,123 x 107¢ 1b/win

CARBON REMOVAL

Total gasification time (tl) e bY ming
Average inlet gas pressure (pg) s 55,8 ims,.wvater gauge

t? _@ VS
( P y 3
mdae ) % £

5 17.5 1,550
10 17.0 3175
18 . 16,5 &, 800
20 16,0 6, 300

o 2 . 02 - P P

RUN 16X
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QUM 17 (A - H)

& o3
Lad,

The folleowlimg reactlion variables were held constant

sthroughout this Tumn,

CARBON DEPCSITION

Inlet gos compesitiom -
Methane (vl}
Nitrogen Kvg)

Reaction tempeirature

CARBON REMOVAL

Gaslfication mixture

Total inlet Lflowrate of
Gasification minture QV&§

Reaction Sompeorature

]

0,16 fﬁg/min
0,1k ftg/mim

1328°F

30% carbon dlexide and

70%ni trogon

0,289 £¢°/min

1106y

The othexr reaction variables which differeod from

sxperiment to experiment are glven undex the appropriate

headdng,
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TABLE b 16

RUN_1.74

e ep sy oy e

CARBON DEPOSETION

RUN 17A

~ faLkd L
‘\:‘ '.4) < C,«_
-~ - — . ~ - . (9]
o cw T SO0 Cuel 3o La L]
- . ~ - DL " -
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CRARBON RIEMOVAL

Total gasification time (tlp
Average pressure of imlet gas (py)
Total outlet Flow of ges (v§)
Welght of carbom romoved

Rate of carbon womoval

Helght of onygon absorbed

Rate of ozygen absorptlen

2
L3

O (3 e O ot U

L

il

-]
COo~1 WL Ly LAY (D
OCy v~ =3 L

-

& L]

+
-~

@

Hi

f

(SR O}

cow=d

B
o

O
-t
[

o
=I.15% —I.I7
1733 Se 57
Ca759% Te3s
~I1s3%] Sel
~0.15323 —-0.20
“03305 “Q.s.:ﬁ'
‘"Oujcj -"Cul:
Ou",'IS "ONI’?
vu;C; -GQA‘T'JI’
"‘Ow‘:l)og "007'_/

50 ming

50,1 dns,.vater gaugs
15,8 £t°

C.0h6 1b

0,920 = 1072 Lb/mia
¢ 1b

O Ib/min
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CARBON DEPOSITION

Composition of inlet g8 g

Mothane Qvl) w 0,16 ftj/mim
%
Nitrogen @VQ) w O, £E/min
Average inlet gas prosoure {pl) m 2.8 dns.vater gauge
Room temperature (T) = 21°C
Reaction tomporature m  1385°p
Total reaction time (%) = 178 wins
Totnl outlet gns flow (V,) . 6%.7 £6°
Average decomposition of methane @ 30,9 %
Caleculated weight of carbon
depesited in ¢ mins, (§) = 0,253 ib
Average rate of carbom depoeniltion %
(a/ &) s 1,42 x 1077 Lb/min

CARBON REMOVAL

In this run, with & roaction tomperature of 1100°F, thoe
carbon romoval was achieved by admitting alr to the bed
in placse of carbon diexlde, The onit gas vas analyoed by
conventional abesrption gas enalysls techuniques, and 1t
may be scomn from Gthe Tablae that the @myg@ﬁ comtont of the
axdlt mas wos alwmost negligible ilndieating almost complote
utiiization,

The carbon rewmeval calculation and oxygen aboorption
by the bed calculation were dome by hand foxr this run, The
carbomn romoval could be calculated ensdly Lrom the oxit gas

amalyois csnd flow, and the oxygen absorption from a combined

nitrogen and onxygen balanceo on the oxit gas analysias,
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5. CENERAL DISCUSSTOW

The wmoet important poiunts for consideration im the
light of the dets given im parts 2, I and & of this worl
are the fTollowimg -

(a) the value of the Boudousrd equilibrium ratio

obtained for carbon gasified in Fired amd Ffluldisod

beda,
() the rates of carbon gasification, amd
(e) the rate of ozygen uptake by the bed of ivom powder,

5.1, DBoudouard oqullibrium ratio wvalue,

It 49 apparent from the earlier parte of this work
that evenr with the short residemee time possiblie with o
small Laboratory Fluidizned bed, © good approsch to ogul-
1ibrivm between carbon dioxide and smeall coke particles is
possible, As had beem predicted sawiliew, the values of
ggudiibrium reatic obtalined betweoen deposited carbomn and
carvon dicexide im all cases sxceeded the Bographite,
Boudounard squilibrive conatants,

It may be seon from the date for Rum 16 that when
stendy state condlitiens had been achieved during gasgification
of the sarbon om the Tluldized bed by sarbom dioride, @
virtuwally consteant value of outlet gas composition and
thorefore a constant valve of equllibrium ratio was obitained,

The value of ¥ tonds to depart from constancy at the
beginning of a goasification eyeila due to the inevitable

“,

Bhort lapse of time between the analyeis by katharometers



13,

of imlaet and outlet gas, Changes in the value of K during
the gaslification perloed wero largely due to slight
fluctuations in the temperature of the bed, snd near the
ond of the gasificatiom, i1f 41t was carried om long omough
0 Tremove oxcesgive amounts of carbom from the bed, This
congtancy makes it poselible te tabulate average values of
B for stoady gstate condlition and these values are to be
found im the data for sach eyele of rum, The average value
Tor oach overall rum was then obitaimed and these are
tabulated im Table &4 ,26,

It can be sceen that the oguilibriuwm ratics fom
Rum 16 %o 23 (im the towpewature ramge 1000° - 1L300°F)
for carbon deposited om reduced irom (either stable ow
pyrophoric) are much highor than those which bhave beoen
reported for B-graphilte inm the same temporature TORMES.,
The difference between these two series of values can be
seen mich mowre precisely im Figure 4,12 and indicntes thab
the deposited carbon has an oxXcess value of £free onergy,

The ercess Lree ONGTEY 6f the deposlited carbon was
caleculated im the comvemtional manner Lfrom the values of
K obtalned here, and the results obtained are tabulated imn
Table & ,26, Az may bo seen, the values of excoss £ree
energy range firom 1,07 Keal/gm.mole $o 3,08 Keal/ga.mole
according to the reactlion Semperature, These values

b3

compare very well with those reporited by Sqguires Tor

methane synthesis roactlons, This excoass free energy
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provideos a convonient measure of the reactivity of this
deposited carbon when compared with some standard subgtance
ouchh ag P-graphlite, The practical significance of this
carbom veactivity ie that 4t should be possible on an
industrigl sceple to generate carbon mononide im high

yvield at a relatively lew tempeorabture,

fn & cyelical proceoss uwsing a sslid powdeyr as
catalyet one iQ—ﬂlW&YE concerned to Cind the Yiife” of this
catalyst., A explained the irom powdesr unsged 4in this work
wae simply derived frem an dron ore, If this process was
carried ouwd industrially, o apoeclally preopared Lzxen
catalyvst wounld prebably be necessairy, sinco 1t Bas beem
Found that after about sixteen oycles of opeiratioen,
broakdown of the dlrom particles had tzken place to such
an extent that ercessive amounts of the bed weve belng
blowa cut of the wreactow, This breoakdoewn of the diron
particles deoes not appear te affect greoatly the value of
K obtained wntdl 1t hao proceeded to such an extont that
the reductlion of overall pariticle sizme in the bed increases
the violence of fluldization, This has the effaesct of
incroasing K further (e.g, Rum 16J and K,

Im Rur 22, the concentration of carbon dioxide was
varied between 10% and 70% of the inlet gas, The values
of X For the ocutlet gns corrvesponding to the inlet values
are plotted im Filgure 4,13, It may be ssen that the

values of K oxcept in the case of 70% carbon dioxide imlet
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gan, are all greater thean the value for P-graphite, As the
imitial concenmbtration of carbon dioxide 1s lmereased the
value of log K falle limsarly indicating that at the
tomperature omployed the vresidence time was inpufficlent %o
allow complete reacition of the carbon dioxide, Thisc suggests
that with a doeper bed and low comcentration of inledt carbom
diozide much higher values of K would have beer obtalmed
indicating that the depositved carbon is even more reacwive
than is suggested by the values of Yfree cnergy? that have
beon quoted above,

.2, Rate of cavbon megitication,

The rate of gasificatieom of the carbon deponlited om
the bed of ivom powdewr will be depondent possibly on the
FTollowing g -

(a) wromction teomperature,

{b) concentration of carbon dicxide in the inlet gas,

Gl

(@) euteont of coversage of ireon by carbon, and

{(d) ostate of oxzidatiom of ivon catalyst,
I one considered only the values of X obltalned during a
gasification run, it would be somewhat difficult to know
the exact instant when all the carbon om the bed wase
gasified, Since the reaction

¢ 2 CO 53 2 C0

2

e 902 =
are taklng place slde by side, the removal of all the

carbon would cause the value of K e move FTrom the wvalue
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for the Douwdouard reaction te that for the reaction of iron
and 4és onddes with carbom diexlde, The measurcment of
carbon removal Ly moans of & carbon belance and the uptalke
of onymein by the bed by moans of an onygon balance emable one
o otudy these ¢twe roactlons separately,

The deta preovided by the cowmputor enalkled us to ples
the welght of carbom vromeved Tfrom the bed for any run ageinst
time, This has boon done im Pigure L,18 for o number of vumns
selocted at%t random, In cases where the romeval was stopped
while some carbon still romaimed on the bed, the rate of
romoval may be seen to be comsgtant and thue independent of
the amount of carbon on the bed, Since as will be socen
later, the iron was oxidising at the same Stime, 1t would
appear thaet the rate of rém@vai of carben is indepondent
of the state of oxidatlon of the iron for the small awmounts
ol oxygen abesorbed by the bed,

I Run 17H the carbom dionide was passed through the
bed for a conslderable time im an attempt to remove all the
carbon from the bed, IT6 may be scecen that afiter about 210
minwtes of sum the rate of romoval departed from iinecarliy
and the computor data gave a number of negative resulta,
The latter awve posgibly due %o inlet flowrate Lluctuations
which are mot dmwmediately followed by the katharomoters,
When a series of megative valuos are obtaimed im this way,
1t must be takemn ss an indication that the carbom has all

been romoved ,
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The average retes of carbenm wromoval and oxygen uptalse
for the varlous run oyvYcles quoted eariler have beon
sobulated for comvoniemee im Table &4 .2h, Average valuen
for oach of Rums 16, 17, 18 anmd 20 are plotted against
roaction tomperature im Pigure 4,15 and Plgure B,16,

It may be scem that the rate of gasification is
approximately proportiomal to the roaction tomperature,
up to about L200°F and thereafter incvreases rapldly. Im
oxder o compare this wroeacter with o conventional gas
producer, operated at a considerably higher SemMpPpOratuyrae,
the rateo of gasification per scquare foot of roactor area
vas calculated and iz imeluded im Table &,27, By normal
producer gstandards these rates are low, but awve in fact
high vhen the reactlon tempoerature is comsildered,

Im Rum 22 imn which the inlet concemtration of carbom
dlozxide wao varied, the rate of gasificatiom was alse
Tound e change to scome oxteont, Those wresultso are plotted
in Plgure 4,17 and 41t is ceemn that the rate appears to pass
through a waxdmum abt abéut L0% carbon dionide im the imlet
gas, This 1g probably due to the rotardinmg offoet of
carbon monozRlde on the roaction botwoen coarbem and carbon
dloxide which has boem roported by Hinchelweed l, If aiw
16 used to gasify the carbom in place of cavrben dioxide,
the maximuw indtianl concentration of carbon dloxide at the

base of the bed cannet Tise above 21% and thus the retarding
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orfost 1 of 1isttlo importance, Om the other hamnd, i the
roacteor 48 fod with oxygom-onvichod alr owx pure onygom thoe
poseible indtiael carbom dioxlde comnsomt at the base of the
reactor will bo muech highor amnd thus the use of oxygom wilil
be limited by tho carbon mononride retarding offecs,

5.3. Rate of onvmon sbsorpilon by the bed,

In Fgure .18 arec plotted She welghits of oxymon
abserbod by the bed agalinst run time for cets of data
selected at random, Except in ono case the plote chow @
Limeardty with time amd thue 1% wounld appoar that thoe rate
of oxRygen uptake is unaffectead by the amount of carbom on
the bed, It is intercoting to spesulate om vhether it ia
pooeible to cover the iron with carbom so that the carbon
dionide canmet reach 1%, There has beoen ne ovidence of
that hovre and some oxldetion has always been Ffound te take
place,

The oxygon absowptlion im Rune 17 ond 22 cawrrilied oud
at 1100°F 40 in gonoral omomalous im that 1% is comsiderably
lowor tham that for other tomperatures and lm the caso of
223B 1o nogativeo Low & perled, This is illuctrated im
Plgure 4,18, No adegquato oxplanation for this cam be glvem
at the momont, The wastes of oxygon absorptilon tabulated
im Pable 4,27 are all considorably cmaller than the ratées
of sarbom wemoval oven whon the differomee botwoen the
atomie wolghto of carbon and oxygon are Saken into

consideratlom,
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5.0 GCompoaition of bed at ond of wum,

At the ond of Rume 18 and 23 the bed was remeved,
thoroughly mied and o ropregomtative scemple taken for
analyslic by the mothods glven carlier, The bed compositions
are tabulated below -

TABLE & .28

Composition of fluldizmod bed at ond of mun

(porcentages by welght),

Rum_18 Run 23
Irom 81,90 67,65
Carbon 3:,97 15,58
Gangno 5,88 &,85
Oty gen 8,28 11,95
100,00 100,00

Ciimrmaionmm ey

As has boen cheovwrn, 1¢ was possible teo ostimate
with a falr dogroe of acecuracy the cavrbon combtomt of $ho
bed ot any Stime. Owing, hewevew, to tho roductiom of Arom
to an uwaknown oxtemt by hydrogom liberated From mothane

during stho carbon deposiitiomn, 4,e.

Hg ¢ Ped =) Hg@ & Pe
HQ@ ¢ © ) Hg 4+ CO

@02 a Hg
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we were wmable o caleulate anm oxymen balonmee fowr the
process, The onteont of onidation of the direm wesldues im
Table 4,28 correspond to the Ffollowing empirlcal Formulac

Rum 18, Pa0

©. 952
s 5 ;
un 23, F@Q@ g2

This iﬂ@i@akou guite z small degree of @ﬁﬁd&bi@m of the

iromn by carbomn dL@%id@o

5.5, Ef&i?l@MGV of carben dioxide m%iﬁi%aﬁi@mo

Im this @@@ifm@ati@m procoss 1t may be considevaed
that carbon dioxide wencting wlth carbon is usaefully
cmployed @md'thw earbon dionide oxlidilsing irom i wastefully
cmployed, If one calculates tno proporition of the tetal

carbon dicomide used for oeach reactlom omne may dewrive om

afficlency of uwtilization for the process, asg Lollows =

Co, + C = 2 GO

Boch atem of cavbon gasified 8 1 mole GO,
002 + Pe @ a0 ¢ CO

Each atom of oxygon absoxrbod #H 1 mole 002

o

Rate of carbon dlonlde = Rate of g&@iﬁﬁcaﬁi@m
° e utiliznation {atoms C/min)
(molos/min)

+ Rate of oZygon abporption
(atoms O0/mim)

a

Dmffi@i®m®v of carbon dienide utilizatlon
e (Rate of @@@iﬁﬂ@&?ﬂ@@ﬁ % 100
(Rate of carbon dioxide utilization)
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FProm the data glvom im Tableo b.27 the reguired valuos axe

canlly obtained and are givem below For Rumc 16 - 20,

TABLE 4,29
Run No., Ropebilon Gemporaturg Brificiomey of earbom
o5 dionide usllisation,
%)
16 1200 75,0
17 11.00 9%, 5
18 1000 50, 2
20 1300 86,6

These valuesg are plotted im Piguro 4,19 agaimngt ronctiom
tompoerature and 1t may be scecn that oseopt im the case of
Rum 17 ¢the officliency imeresases rogularly with wreaction
tomperaturs, This indicates that this gagification process
would oporate more efflicliomtily at a high temperabura,
perhaps 1L00°F or a 1ittle highow,

In comclusion the reoultso illusitrated im Piguro b, 12
are of consldorable infteorest simce thoy indicateo thab
carbon deoposltad ém pyropheric diron 1a more woactive tham
that doposlited om iwremn woducod at & higher temporature,
This suggents that tho rosction schemo 1o linked im come

way te the ca@mly%i@ activity of thoe roduccd drom,



001

0oLy

R

LJ.) ""-%
g RS
A

D

J
B

OG Ll

[—1
P
whe e

——,

L

-



143,

50 6, Suggestions fox further work.

In the light of the resulits obtalned the folliowilng
suggentions are made Ffor further study,

(a) Owing to the variabllity of the composition of the iron
ore and to the fact that the irom particles-preduced from
it have been found to disimtegrate arter some hoursg im
the gasification process, it is suggested that furthew
work be carxied out welng a synthetic catalyst based omn
pure ferric oxldeo amd a bindimng agemt.

(h) The effect of the depth of the fluldised bed of deposited
carbon on the eguilibriuvm ratio should be studied, in
connection with inlet gases containing low partial
pressure of carbon diozide bto determine the maximmms
value of K ocbtainable at a given temperature,

(c¢) The classical studiecse of Hinshelwood et al on coconub
charcoal could well be repeated uwsing carben deposited
from the thermal crackimg of methane,

(d) Oher imdustrial games, i.e, Propane and Butanme should
be studied as sources of deposited carbon and the
results cbtained compared with those recorded here,

(e) The imnfluence of the temperature of reduction of the
irom om the reactivity of the deposited carbomn should

be morxre fulily investigated,
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{£) By moams of careful and, 1f possible, continvous
analysis of the oexit gases during the carbon deposition,
the extent of which the drom 1g re-roeduvced by the methane
may be detormined and an overall oxygen balamce can be
obtained,

(g). The gasification unit should be wmodified to allow samples
of the bed fto be withdrawn for amalysis at amy time
during & Tum,

{n) The arvangement of the exit cyelone should be changed so
that solids blown from the bed could weturm te 1t
continuecusly during @ run, Thic would emeble highsr
Fluidizning veloeltlies to be used and the effect of
Fluidising veloeity on the rate of gasification cowunld
then be stwiiled,

{1) An experimental tvwin-gasifier should be bullt to snable
carboen deposition and carvon gasifticatiocon te be carvied
ont simalitancously, and a change-over valve system be
provided to determimne whether 1t is possible %o produce
virtvally continuous streams of hydrogen-rich {and
carbon monoxide-free) and carbon monoxide-rich {(amnd
hydrogen-free) gases for later blendimg in reguired

propoxyéions for synthesis gas,
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