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A. THE GASIFICATION PROCESSES

Water gas 1s produced from coal as well as from hydro-

carbon gas or oil,

I.1 QCoal Gasification Processes - Steam-coal reactlons are

carried out in fixed beds as well as in fluldized beds.

(8) Flxed Bed Processes - The verious processes differ from each

other,acoording to the supply of heat of reaction and the adoptie
bility of coal,

In the conventional water gas generator, the alr end
steam are blown through the fuel bed alternately. Thus the reac-
tion heat is generated and stored in the fuel bed durlng air blow
period and utilized in the steam rum, The fuel is restricted to

ooke or amthracite because of thelr non-caking characteristios,

Other process having the fixed fuel bed 15 the Leuna
slagging generator (4). Oxyzen slong with superheated steam is
introduced into the reactor in such a proportion that the heet

produced by occal-oxygen reasction keeps the ash in molten condition

for its easy removal., The combustion of coal also supplies the
heat for stesm-carbon reactlion, Some times fluxing materisl llke

limestone is added to remove the asgh in molten conditionm.

Thyssen Geloesy slagging gemerator (4) is similar to

Leuna type, Here heet 1s supplied from two sources. {e) The gas
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from the process oar eny other source is burned in a mixture of
oxygen and stesm,and admitted inte the fuel bed at a tLemperature
high enough for the stesm-carbon reaction. (b} Additional heet is
supplied by combustion within the fuel bed,éuﬁported by secondary
oxygen admitted directly into the bed., The temperature in the
generator 1is of the order of 160000. Non ceking coal is essen-

tial for smooth running in these processes,

The above processes work at atmospheric pressure, ¥When
methane is required in the ges produced, the gasification is done
under pressure which alsoc incresses the capaclty ofthe plant. In
Turgl type of pressure gasification process, oxygen and steam '
mixture 1s admitted into the reactor at about 20 atmospheré pre-

ssure, Non caking coals are essentisl for satisfactory operaticn,

(b} Fluidized Gasification Processes - Jolly, Poll end Stanton(i7)

of Fuel Research Station, Greenwich,have studled the gasific&tibn
of non-caking emd weekly caking bituminous coals in a fluidlized
bed reactor. The reactor was made out of cast iron and wee surr.
ounded by a combustion chamber, The coal and steam mixture was
admitted et the base of the remctor and the heat of reaction was
supplied by burning water gas or coal powder with oxygen outside
the reector in the combustion chamber. It was observed that the
coefficlent of heat transfer between the fluldized =olids and the
metal wall of the gasification chembexr was sufficiently high to
enable the heat of reaction to be supplied by conduction through
the wall from a surrounding combustion zone. The possibility of
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applying the principle of indireot heating depends on the avail-
abllity of suitable materisml of counstruction,

In WinKler type processes {4), the coal is fluldized by
st eam-oxygen mixture, The function of oxygen again is to burn
part of the fuel and supply heat of reaction, Caking cosgls ars
unsuitable for fluidizstion processes due to their agglomerating
property. The economy of the process depends upon the cost of

soal and prevention of dust carry over.

¥ay et al.(21) and Squires (24) have studied the fluidi-

zed gasification process upto a preésure of 245 psig,

(2)
(o) Other Processes - Elliot and coworkers heve suggested

the vortex reactor for gasification of bltuminous ccal. The unit
was operated under slagging condltion, OXygen was fed along with

stesm for the combustion of coal for supply of heat of reaction.,

The Koppers (4} pulverized fuel gasification proceass can
be used, for eny type of coal, caking or non-caking., Pulverized
fuel 1s picked up by a stream of oxyzen and admitted through
nozzles at easch end of a horizontal cylindrical gemerator., Super-
beated stesm enters through an annulus surrounding each nozzle an&-
is apparently directed into the burning mixture of oxygen anmi coal.
The opposing Jets promote considerable turbulence in the space
between them and the resction 1s thus complete, Agglomerations
of msh pertlcles that are too heavy to remaln suspended in the

gases Tall into the dust legs provided for this purpose.
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1.2 Water Gas from Hydrocarbons -~ The processes developed for

Producing water gas from hydrocarbon gas or oll can be grouped
“1n the fellowing three catagories.

a] Steanr reforming
b) Partial oxidation
¢) Gombination of stesm reforming and pertiel oxidation.

(o) S8tesm Reforming - _Steain reforming of hydrocarbons is carried

out with an excess amount of steam oOver nicksl catalyst, The
bagle reactions for this process are:

CoBiop 4 2) + R H0 —> ncl+ San + 1) Hp Fendothemie}

CC » Ezo B 002 + HZ (exothermlic )

The overall reaction 1s endothermic and the necessary heat is
supplied either by regenerative heating by burning part of the
charge stock (30) o by external heating (26},  The opereting
conditions aré S'to 25 stnesphere pressuré aﬁd-ﬁso to 1050 %

temperature. The conversion 1s about 70%4.

{(b) Partial oxidatiorn -~ Hydrocarbon and oxygen are separately

ﬁeﬁted and burnt 1n a specially designed burner situated at the
top of the refractory lined reactor (28). This oxidation converts
part of the hydroccarbon feed into carbondioxide and steem. The
heat generated by this resction, then causes the unoxldlzed hydro-~
carbon fraction to react with carbonrdjioxide and steam to form

carbon monoxide snd hydrogen. JIn the homogeneous reaction, 1% is
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necessary to recirculate large amounts of the product geses to
keep the hydrocarbon content sufficiently low to prevent carbon
deposition, The catalyst is not used,but the pressure of 220 to
340 peig is essential.

(6} Combination of steem reforming and partial oxidation - Various

processes (19, 27, 32) are developed for the manufacture of carbon
monoxide and hydrogan'by reactions of hydrocsrbons with oxygen amd

steam.

The resction is carried out first in the homogeneous
Phase by burning methane in & mixture of oxygen end steam at the
top of a refractory lined chamber whereby the temperature isg railsed
to about 1200 °c., The second phase of the reaction uses a nickel
based catalyst at about 1000 °C. Almost complete conversion of
the hydrocarbon 1s achieved.



B. THE REACT IONS MECHANISMS

Differsnt minlmum possible reactions taking place simul-
tansously 1n the present series of experiments are :
1. Hydro.€arhon -~ Oxygen reaction
Z, Steam - Coal resction
9. Carbon monoxide - Steam reactlion

4, Carbondioxide -~ Goal reaction

1.3 Hydrocarbon - Oxygen Reection -~ At the hemperature of

combustion, hydrocarbons rapidly dissociate intoc free hydrocarbon
radicals (8, 12, 23), The hydrocarbon radicals are very active
and have affinity for oxygen. Hence ,they combine with oxygen to
form oxygeneted compounds or radicals which have only transitory

lives, These oxygenated compounds form aldehydes.

Depending on the amount of oxygen present, the aldehydes
may break down thermally t¢ form carbon monoxide and hydrogen or
it mey burn to either carbon monoxide and water ar to carbon-
dioxide and weater, This process of hydroxylation is very rapid.
In the mixture of hydrocarbons, the higher ones will resct first -
end then lower hydrocerbons will react. Similarly in the mixture
of hydrocarbop and hydrogen or hydrocarbon and carben monoxide,

the hydrocarbon burns first smd then hydrogen or carbon monoxide,

Hydrocarbons, especially the higher ones, also masy decom-

pose inte cerbon (Bcot) snd hydrogen, If the conditione such as
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Preheagting hydrocarbon end air or premixing favour hydroxylation,
there will be no soct formation, Thus generalized mechanism can

be as follows for a simple case of ethylene.:
CoH-H + OH — CpHy + Hpl
CoHy + 05 — CHg CHO + OH
CHs CO + 02. - CH.3 o]y (00)
CHy GO (00? + CpH.H —» CH,CO (0011? + O, H5
CH, cO (O0H) —CO + Hzo + HCHO.

Depending on the smount of oxygen present, the formal -

dehyde thus formed mey either react as follows -
(1) HOHO —=  Hy +CO
(2) HOHO + O —+ GO + Hy0

(5? HCHO «+ 02 — 002 + H30

I.4 Steam - Carbon Reaction =~

C +H,0 = CO«3Hp AHggg = + 31,382.2 CHU/1b mole

Long end coworkers (20) have studied the reaction extensively.

The reaction rate at a given temperature is represented by

k" PHzO
1 4 ko Py, + Kz Py,

rate =
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where k,, k, and kg are constants and apd Py, are the

PHz‘l)
partial pressures of steam and hydrogen respectively. For the
temperature renge of 680 °¢ to 800 °g, ky, k, md k, are given

by the relatiomns,

102 {-62300/RT)

ki = 10 e Ib mole | min- atm: 1b.
ke = 33 atm™!

45 {-20006/RT) -
ky = 10 € atr?

The constant k1 depends largely on the rate of adsorption
of steam on carbon surface, ks iz the equilibrium constant foxr the
adsorption and descrption equilibrium of hydrogen on the carbon
surlface and k:i depends primarily on the rate of reaction between

adsorbed water molecules snd carbon as well as on value of ll'.l .

May & coworkers (21) have shown that the value of k1 is
lesa for fluid bed =2 compared to that for fixed bsd, ‘While)there
is not much of a dlffersnce in the veluas of kz and k5 for fluid

and fixed beds.

The mechanism {(20) of the reaction 1z the Initisl forma-
tion of an adsorbed hydrogen atom and an adsorbed hydroxyl radical,
followed by the transfer of a hydrogen atom from the hydroxyl to

the cerbon; the first stsge of the reaction is,

B0 —>  (GE)(H) —> (0) (d,)

Hydrogen svaporates rapldly bhut a steady stete at which a



considerable amount of hydrogen remains on the surface,is soon
reached. Hydrogen progressively occuples the sites left vacant
by the reaction of the adsorbed oxygen with carbon, TUnder these
conditions (when hydrogen is present) carbon monoxide has l1little
tendency o return to the surface, while the sites which normally
take up carbon monoxide are now preferentially ceccupied by hydro-
gen. Hence carbon monoxide doeé not retard the steem reaction.
The resction is retsrded only by hydrogen (not even by carbondi-
oxide).

May snd coworkers (21) have shown that the resction is
of O order above $ atm. préssﬁres. At low pressures, the reac-
tion order may eppear as high as 1 : however the pressure regu-~
ired for this is substantially less than atmospheric., At 1 atm.
pressure the resction order mey be about 0,5 depsnding on the

temperature level.

{a) Bffect of Depth of coal bed ~ A8 the reaction is of posi-

tive order to stsam and retarded by hydrogen, the specific rate
of gasification decreases acooarding to the increase in the depth
of coal bed,

() BEffect of Particle Size ~ The rate is independeant of parti-

cle size over the range 0,0083% to 0,25%, In this range,rate of
diffusion of the gas throughouﬁ particlé is much greater than the
chemical resction rate (15) i,e. the composition of the gas in
the pores does not differ significantly from thet in the volds
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between the particles. Further subdivision of the particles

(smeller then 0,0083") exposes fresh surface to reaction,

(6) Effect of Steam Rate - Tt 1s observed (15, 31) that the

gasification rate increases as Vhe steam rate is lIncreased.

Gasification rate «~ (steam rate]o'a for zero burn-off

Gasification rate o« (steem rate)0'7 for 404 burn-off.

At temperatures beliow 1200 oC, the rate of gasification
is controlled by chemlcel reaction, while at temperatures above
1200 °C, the rate of diffusion reaction controls the rete of
gasification, At high relative velocity between reacting mixture
and reacting particles, the stagnant gas film is minimum, the
rate of dlffusion process is very high and spproaches the rate of
chemicel reaction. At low relative velocities of reacting mixture
and rsacting particles, the diffusion process decreases until
viscous conditions are estaeblished end the fate of diffusion pro-
cess is substantially comstenrt, Thus at low relative velocltiea
of reacting mixture and reacting particles, the reaction rate la

minimum.

(d) Effect of Bed Conditions - Hates of gasification in fluidi~

zed beds are lower than in fixed beds due to following reasons:(15).
{1) The relative velocity of reastling gases and reacting ”
s0l11d is lower than in fixed bed as the solids also follow the

gas path,
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{11) In the fluidized bed, a larger portion of the gas
passgses rapidly through the bed in the form of bubbles so that
the effective residence time of ths bubbles is less,

1.5 %Water Gas Shift Reaction -

PR o
CO + H,0 — 0, + H, . AH

sgg = ~9>838.1 CHU/1b mole

The carbondioxide formed in the steam-coal reaction is due to
water ges shift reaction (13, 185, 21) and not by direct reaction

of steam with carbon.

Increase ip temperature increeses the proportion of carbon
nonoxide in the equilibrlum mixture while excess « steam tends to

depress carbon monoxide formation.

The reaction is stated (1) to be almost instanteneous

ebove 1492 °C but is reletively slow below 900 °g,

Ingles (13) bas studled the mechanism over the temperature
range of 750 -~ 850 9% . The mechanism of the reaction was explained

by ohein mechanism and net by surface reaction mechanism.
H + HBO —~ OH 4 Hy
05 « CO —— 602 + H

The role of the carbom is that of a chain initiator. The r&te
of resgtlicon is stated to be of approximetely first ordsr with
respest to carbon monoxide snd of high fractional order with res-

paot to hydrogen,
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The rate of shift reaction was found to increase with
the increase 1n the proportion of hydrogen in the initial fesd
mixture. It was found by Long end coworkers (20) that the hydro-
gen 1s adsorbed on the carbon surface, so the increase in hydrogen
content should decrease the rate of shift reaction,if it followed
a surface reaction mechanism, But as found by Ingles, the incre-
ase in hydrogen content, increases the shift reaction rate, hence

the resction does not follow the surface reaction mechenism,.

Since the reaction CO ¢ HEO — 002 * Ha conslsts essen-
tlally of a transfer of oxygen satom from a steam molecules to a
molecule of carbon monoxide, hydrogen assists such & transfer,is
evident. The role of hydrogen 1is thus either (I) to help in rele-
asing oxygen from steam molecule (IT) or to help in combining oxy-
gen with carbon monoxide or both. Since it is well known that gas
phase combination of oxygen atom and cearbon monoxide is extremsly
rapid, the effect of hydrogen on the water gas shift resctlon must
be attributed to the fasclliteting of oxygen rslease from steam by

ga8 phase reactlon.

The two reactions involved (steam -~ carbon reaction and
water ges shift resction) have very different activation energles -
about 70 K. c¢a2l for steam-carbon reaction and roughly 25 K, scal
for shift reaction (81). Consequently their relative reaction
rates change drastically with temperature. At low temperature,
the shift reacticon appears to be fast as compared to stesm carbon

reaction while at high temperatures the reverse is true,



1.6 Carbondioxide Carbon Reaction -~

=]
C + CO, co AH, o = + 41, S

CEU/1b mole

Equilibrium conditions show that &s the temperature is Increased,

there i1s descrease in the carbondioxide content.

Gadsby and coworkers (5) have studied the mechanism

aextensively. The reaction rat-e_"at a glven temperature is repre-

sent ed by

rete = ke PCO}.—
1 + ks pCO + Kg PCO:,

where k4, ks and k, are constents end Pro, Bnd  Peo are the

partial pressures of carbondioxide and carbon monoxide respec-
tively. Far the tempsrature range,700 ° to 830 °c, k&, ks and

kg are found to vary exponentially as follows:

88 (- 50.900/RT)
ka

= 10 . € b mole/min-atm.|b.

~79  (~45,500/2T) »

65 (~ 30,100/QT )
10 . e arm 1

P
&
]

where T is temperature %X and R is gas constan - 1,987, k‘L and

k6 inorease while k‘ decreases with inerease of temperature. Their



valuee at 727 °C and at 838 °¢ are given below.

n27 Og 838 %
k, 1b mole/min stm b . 000089 L0016
kg atm™! 118 11.8
kg atm~1 1.0 4.0

The reaction between carbondioxide end carbon occurs in
two stages. In the first stege, the carbondioxide molecule de-
composes into an atom of oxygen which is adsorbed by the carbon
end a molecule of carbon monoxide which passes into the gas phease.
The second state is the *tevaporationt' of the adsorbed oxygen astom
together with an atom of carbon from the s0lid to form carbon

monoxide.

The retardetion of reaction rate by carbon monoxide is due
t0 the adsorptlon of the gas on the reaction sites., It can he
seen from the sbove table that at higher temperatures, the reduc-
tion In the value of ks is predominent indicating that at higher

temperetures the retardation effect reduces.

It has beer shown by long et al. (20) that the carbondi-
oxide - ¢arbon reactlon cen not occur in the presence of stean,
Hence in the present Investigation, the possiblliity of the sabove

reaction can be neglected,
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C. THE PRESENT WORK

In the present investigation, charcoal has been gasified
by steam in presence of oxy-acetylene flame whioch supplied the
heat for steam-carbon reaction as well as helped in maintaining

the high enough temperatures in the resctor,

Extremely high direct heat transfer rates were rsalized

within the resctor as dencted by the vertical temperature profile.

The complex reactions involved have been studled for varilous

Teed rates of acetylene, oxygen, steam end charcocal,

The equilibrium yields are predicted by the method of free
snergy minimization. Adiabatic equilibrium temperatures were also

caelculated by trial and error procsdure,

With the background of the knowledge of egqulilibrlum and
limited kinetic data as a function of temperature and activities
of components availsble in the literature, for esch individual
reaction Involved, the plausible mechanism of the process has been

discusged,

An approximate period of residemce of the gas and bed den-
8it ies were predictsd by extension of the cold model of continuous

gas solid flujdizetion system developed in this laborstory.

The effect of change of feed retes on the gasificetion were

explained in the pattern commensurate with the above mechanisms.
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