241

sf B©E7IT % 8719l iy
2 K H-¥ Ly

5
FFAAEA T4
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Characteristics in Coal Gasification Processes
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Abstract

The coal energy is presently one of the most promising alternative energy resources, and R

& D activities on its gasification are reviewed to provide a stimulant for similar efforts in
energy importing Korea. This review of available fundamental information focuses on analy-
zing the mechanism of the ccmplex chemical and physical phencmena of the various primary
gasification processes-thermal deccmposition, direct and indirect hydrogasification, and catalytic
gasification—and of the down stream processing including water gas shift conversicn and meth-
anation. The state of the art for typical gasifiers—moving bed, fluidized bed, entrained bed, and

molten bath—is also extensively reviewed.
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Table 1. Hydrogen to Carbon Ratio and Calori-
fic Value of Selected Fossil and Pro-
cess-Derived Fuels

!

' Gross
e, | peatis
kcal/g*
Gaseous
High-B.T.U.: met- 4.0 13.3
hane
natural gas 3.5—4.0 11.7—11.9
Intermediate-
B.T.U.:
hydrogen oo 33.9
coke oven gas | 4.9 9.6
water gas(H:—CO) i 2.0 4.3
Low-B.T.U.: i
Producer gas 1.2 1.2
(Na-diluted: from
bituminous coal)
Liquid
Methanol 4.0 5.3
Gasoline 2.0—2.2 11.2—11.4
No. 2 fuel oil 1.7—1.9 10.7—11.0
No. 6 fuel oil 1.3—1.6 10.0—10.5
Crude shale oil 1.6 10.3—10. 4
B‘tt:rmf;rf(ﬁghabasca 1.4—15 9.8--10
Solid
Kzﬁgg:gxéﬁseen River L5 10
Lignite 0.8 3.9—5.4
Subbituminous coal 0.8 5.5
Bituminous coal 0.5—0.9 6.7—8.8
Anthracite 0.3 8.4
Locxgl-{t:mperature 0.4 8.2
chggﬁemperature 0.06 8.0

o Mineral -matter-free C and total organic H(that is,
including H bound with O.S., and N).

+Coals-moist. mineral-matter-free; cokes-dry, ash-free;
1 keal/g=1800 Btu/Ib.

Ebf =,
(1) 7A&3A (571, A&, 37, T4 F)
2) deere) H4 9 2F
(3) 49 T+ ¥

Bret- 28 HITH R4 8 1979 8§

(D s 2RA0EE 2 -5)
(5) o=z

6) Wg19

Table 2. Characteristics of Gases from Coal

[ Low l Medium | SNG or
‘ Btu | Btu ! natural
gas j gas ] gas
Composition i ! i
(at 60°F saturated) ' ‘ I
co o189 | 54 6 | —
CO: 9.8 8| o8
H. oo1zs 34 1 | —~
N, | 505 ’ 1.0 3.2
CH, boas — 96. 0
C:H, S - — —
Ce'1s i — — -
0; - — -
H.D ‘ 3.5 3.5 -
Heating valus, ’
Btu/scf
Gross , 153 296 | 970
Net 142 279 873
Stoichiomstric air | 1.218 2.165 9. 366

(87 F and satur- '
ated) for com-

bustion, SCF air : \
/SCF fuel gas |
Adiabatic flame |  28)4 3767 3279
temperature, °F
Volumes, 15% ex- |
cessair SCF/MM |
Btu input of net |
heating value i

|

Fuel gas 7043 3584 1145
Air 4867 | 8300 2340
Flue gas 15790 | 10900 13480

i

o) Aol A A F7 A3 B FEEZ Fig.
26 viebdglony, Table 26 A 7b22 b
ghel] w& EFok datd el E4o] =EF5o] 9
th, ®

2. 7tasl 392 Y

Y

.

A k8] o Ba] (Davolatilization)
F7Eol Atz Ad
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Fig. 2. Flow Sheet of Coal Gasification Processes
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48 214 & &k3} (Carbonization)e} 3}, = 3lx
(Rank)d] wte} Zek(lignite), o}<4 = ek (Subbi-
tuminous), &3 gk (Bituminous), <&k (Anth-
racite) 0 & £-RF = ek 5 549 0]}
ar}(Table 3 5+3).9
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A8 QolriAl & 4~ gleny, o] 2 o s (Pyr-
olysis)g} gteh. 2 5L Hule] F§,
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8 TA 2ol kg vl ;A 3TFo] gol
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3ol delrin, o]
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AR videtd A4ex
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o},
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4] gl ——Residue (Char or Coke) -+ Volatiles
(2) Series Decomposition?
Coal—Metaplast—->Semi-Coke -+ Primary
Volatiles
Coke+Secondary Gas

(3) Two Competing Unidirectional Decom-
position®

Single-Step Unidirectional De-
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+Volatiles,
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Table 3. Classification of Couls by Rank and Characteristics

i ' Fixed carbon |Volatile matter ’ Calorific value i
limits, % limits, % limits, Btu/1b | The Tempera-
(MAF basis) (MAF basis) |[(Ash-free basis)| tures at which
Class* ‘ Group ‘ | ‘ the gasification
Equal 1 Equal | Equal rate approaches
or grea- tlh'fs Gl;iitrfr or less or grea- tIBESS , zero
] ter than than ter than an
1. Meta-anthracite | 98 - ' — 2 — i — ] —
I Anthrat o Anthracite 92 | 98 2 8 ~ 1 = ~
3. Semianthracite 8 | 92 8 14 — 1 = | u0°F
1. Lew volatile ! '
bituminous coal [ 8 8 14 22 o o -
2. Medium volatile | 3 ‘
bituminous coal . 8 5 2| 3 - - -
I. Bitumi-| 3. High volatile A  __ | | L - _
noug*** bituminous coal i ! 69 ; 81 i 14,000
| |
4. High volatile B |  _ o A 90 i _
bituminous coal | r g ! 13,000 | 14,000
5. High volatile C _ S -
bituminous coal | : ’ 11, 500 | 13,009 1
1. Subbituminous 1 _ _ :' _ _ i
A coal \ ? 10,500 | 11,500 ‘) —
I. Subbitu- 2. Subbituminous _ _ | .
minous B coal ‘ ! | 9,500 | 10,500 ; 1320°F
3. Subbituminous _ o _ ‘ _
oot } | ! 8,300 ‘ 9,500 |
.. [ | . l
N. Lignitic| - Lignite A | - -7 6,300 | 8,300 —
2. Lignite B | - - - - — | 6300]  1140°F

*All of these coals either contain less than than 489% dry, ash-free fixed carbon or have more than 15,500 moist, ash-
free Btu/lb. If agglomerating, classify in low- <olatile group o the bituminousclass.
**Coals having 69% or more fixed carbon on the MAF basis shall be classified according to fixed carbon, regardless

of calorific value.
**Commonly agglomerating

(4) Multi-Step Series-Competing Model®
Intermediate Residue,+ Primary Gas,

2/ N4
// \'Residueﬁ-— Primary Gas,
1
Coal——Activated Coal Residue; +Primary Gass

5/
/" Residueg+ Secondary Gas
N6 17
Intermediate Residue,--Primary Tar

(71 Kinetics and Mechanism Bl 2B u] EgF alle] Fa g3l4sE ¥l
Arke] gl g AT ATE F2 LT ZE AYE 2l L d3E0E Ag
&5, A4 B 248%, & (Total Yield) 5 8 o]d$ AFoln] WL E Fuals] 93k
& dF] AT RS AT AY oldrh 58 o) 2B o]2m gt}
QRN WS TEF A HA st A4 Eel dd S EE Arkd =¢s o] 9= 3
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Table. 4. Correlations for Pyrolysis of Coal/Char

Author and Year

Heating Rate

Temperature Range Total Volatile Yield

and Pressure ‘ or Rate

Gregory and Slow, 500—1.100°C V=VM-R-W
Littlejohn!'® (19€5) Intermediate Atmospheric(N;)  |[R=104, A=11.47—3.961 logio7 +0.05V M

W=0,20(VM—10.9)
Howard and Rapid 200~1,550°C ‘%:ku exp(—E/ReT) (Vo V)
Essenhigh>(1967) Atmospheric(Air)

o dv - koVo ;(__ RT —
Juntgen et al.1® Slow, up to 1,000°C T T eXp E/Ry
(1968) Intermediate
koR,T? —E ) . dT
mE exp( R, T >J ST

Badzioch and Rapid up to 1,000°C %: ko exp (—E/R:T)(V*—V)

Hawksley'®(1970)

Wen et al.12(1974)

Anthony and
Howard® 1 (1976)

Russel, Saville and
Greene'®(1979)

Moseley and
Paterson!” (1965)

(5, 000 —25,000°C/sec)

Slow,
Intermediate or
Rarid

Slow,
Intermediate or
Rapid

Slow, Intermediate
or Rapid (as short
as 107! sec)

rapid

|

t ic(N
Atmospheric(Ng) Y- VMA-V M) Q

Ldf— ~ko exp(—E/RyT) (f—X)

5501, 500°C
Atmospheric(N2)

up to 1,000°C
0.001 to 100 atm.
(He and Hy)

V= V*{1—S:exp(—§;kd:) F(EYAE }
k=ko exp(—E/R,T)

V*=V,*+ V. ** {1+ K/ (Kc/p+
KiPy,)} '+ K3 Py,

FE)=(0(27) 2} Veexp{ —(E— E0)%/20%}

up to 1,100°C % _ 4; FhC e
up to 70 Atm. (Hy)
g=1—_FkPo_ % 3
‘ TCR, T o

b= ko exp(—E/R;T)—Single
J' Reaction Model

Ll\\)g; F(E) exp(—E/RgT)dE ~
Multiple Reaction Model

k2Co*

to 1,000°C -
up to TR.T

up to 100 Atm(Hz)

Pxy,(1—e kat)
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Table 5. Chemical Reactions of Coal-Steam-Oxygen Gasification

C 424 (Pyrolysis)

C(+volatile matter)M@,C*(Char) +-CH4(+Heary Hydrocarbon) +Heat (R)

O 7+£3H(Gasification)
Hydrogasification
""""" : 1400~1700°F

.(__“‘

_

Steam gasification} l

CH4+39 34 KBtu/lbatom C (R2)

C* +H;0 1700°Fiﬂ°l- cOo + H. ;«58.0 KBtu/lbatom C (Rs)
Water gas shift conversion :
co+H,0 _UF | co, 4 __‘I_{_z__ +14.0 KBtu/lbatom C (Ro)
c*+C0, _1OUF | 500—74.2 KBtu/Ibatom C Rs)
O «d44k-g(Combustion)

c+0. _19°F | ¢0,+169.3 KBtu/Ibatom C (Re)

20+0;, _1990°F 5 ¢0+47.55 KBtu/lbatom C (Ry)
AAQ 743 FRO = AN B 579 4k Table 6. Developing Processes to Supply Heat of
i“E—‘—_T‘ /q__g_%]_ 7‘]__3; x_,i 3l ‘[‘i ’{i7}' 1_%'% o;l_g_ Gasification Reaction
A Arg 7t o] FAAA dolvte & Processes } Heat Carrier
Fhalo o © o
FEeE 2A A, e, dakden CO; Acceptor Process | Hot dolomite(CaO-MgO)
T g Qon Table 54 7749 o4& 5% Exxon, Lurgi-Ruhrgas | Hot char
et Union Carbide/Battelle| Agglomerate ash

o 101 SR -0 X6 O Electric Arc, Electrothermal heat

ySs] el Al el mlA ¥ 2E Electrofluid
(1100~1500°F) el A o 3] shed wlvb-& ¥l 23 Cogas | Ceramic ball/Pelletised
. as
gh3lr4 BhatES §luehn kg4 o] ¥ Char Stone & Webster/ ¥ Nuclear heat
ol o General Atomic \ uclear nea

(Activated carbon residue) 2 =t} Char¢| o

3E slast el et e, DA,
Za 20w Wi 58 JuAE 89 9hest
o 7tzge] %m& 9¢ EFLE

s3] Lo 4 F2
o, g A9} Char o] g
TFE e A Hue 4
o, ¥ 2 zd% st23Y A$dE As
EG A4 # St dE

oll

4 9o sk

(7P Chare| HAHS &5
Pg7le] AR Heke oA Am o
e A vkgAo)

%% Char & 59 71 &
St daslel wede TFAh Chars} 4
49 ks

e ri

7] - (Reaction Mechanism) & )4 3}

71 A% %S d77F APHGoH AE
Volumetric Reaction System == Surface

Reaction System &z Re} wleEn 5 ARE
4 g} Volumetric Reaction Model & 7 $-4]]
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A —FLAdAA Abas} hSetd CO, 2 A3l
=, AAEFEEZE FUhEE CO8 Qo] Ashul
=

_ Caram 3} Amundson®?-2& Char §l#}7} & 7
~5-(dp>2mm)of] = o]F2 o] Z(Doulle Film
Theory)2.2, 97} 100zm e]sh A% @

1ZONESZ

>+

REACTION SPHERE
02—02\,0,

Qk
W

=4

|
i
|
3

dp DISTANCE

P e
CHAR SURFACE

|
C+CQ-+ 200 !

dp: diameter of char or coke
particle

Cp * oxygen concentraticn

Fig. 5. Avedesion-Davidson Model
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Fig. 6. Essenhigh Model

251

WELL MIXED
REG!ON‘

LAMINAR LAYER
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Ayl & 9=k AL 2 Fod CO—
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o CO. & ‘E‘, 3lar C—0, 9]

oA "Heh fwe gAbh AL Al 2 F
2 CO—FlameOI Y AEA oo webA, Ak
&7} Char & 7| Z7tx] g4se] C—0,9 uF

Gk ukgo] &x18ch Fig. 72 o]F3 o &
iz w5 Y LEEEE Jehz g

o] 8ol = Char 4 % CO7kx 44 oﬂ 23
we A7 deled o F dx
2 Table 7] 7tvrs] akste 3340

(Eh) #37|—~Char 9| J7jA8} HE
4%7] 9} Char & 3-8 (Ry)-& 7}~3) ut
7}2} Z4a3 Aoz CO% H, E

w2 Mo

%
A —o'}»_Tl_. /l‘:]l ’8\‘:
1

Wen®® 5.2 slehul-SEx 51 FEcinel 7%
Volume Reaction Model o] 7] 28 Fo] b4
AL they o] Fahgdth
ax Cu H, * CCO RL“T
7 —KV[CH o— Re-n, ](I_X)
@
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Table 7. Studies on Char/Coal Combustion

I Heterogeneoug reaction®

Homogeneous
reaction

Observations

| C+0,42C0 | C+C0;2CO | 2€0+0,-2C0;
Nusselt(1924)26 Diffusion Not considered [ Not considered | Stefan flow not considered,
(1-film) controlled i

Burke and Schu-
man®”(1931)(2-
film)

Hougen and Wat-
son®(1947)

(1-film)
Spalding® (1951)

Spalding®>(1955)

Coffin and Brok-
aw3(1957)

Khitrin®®»(1957)

Van derhljc_sld”’
(1961)(2 models)

Not considered
(no O; reaches
the surface)

Diffusion contr-
olled

Equilibrium

No O; at the
surface

Equilibrium

First order
kinetics

(1) No O;reach-
es the surface

(2) O reaches
the surface but
COz,%O

Biat3s AMITRE H4Z 1979 8§

Ratio=(Cco/Cco,)
at the surface
is model para-
meter

Diffusion contr-
olled

Equilibrium

No CO; at the
surface

Equilibrium

First order
kinetics

(1) Surface con-

centration of
CO; is a model
parameter

(2) CO/CO; equ-
ilibrium in su-
rface

Very fast, flame
thickness neg-
lected

No reaction in

the film

Equilibrium

Nothing is
assumed

Equilibrium

Second order
kinetics
r=kCcoCo,
replaced by r=
kCco(Cco<Co,)
and r=

kC0,<Cco)

(1) 7=kCcoCo,"?
&
r=kCcoCo, in
a thin isothe-
rmal flame

(2) Reaction zone
includes all

boundary layers;

Based on the need of explain-
ing the effect of the prese-
nce of steam on coal com-
bustion. No Stefan flow.

Combustion of CO in the bulk.
Used to study fuel beds. Fi-
Im coefficient used.

Predicts a smooth 2-film model.
Requires equilibrium condit-
ions in the bulk. No Stefan
flow.

If equal diffusivity of all spe-
cies is assumed for all com-
ponents rate of combustion
and surface temperature in-
dependent reactions in bou-
ndary layer. Stefan flow
used.

More rigorous diffusion equa-
tions used than Spalding
(1951). Same criticism. Ste-
fan flow used.

The energy equation is not

included in the analysis. No
Stefan flow.

(1) High temperature model
(>1371 K). Three zones are
assumed: Zone I close to the
surface no Oz zone II. thin
isothermal flame; zone III.
no CO out of the flame. Ste-
fan flow assumed except in
flame.

(2) Low temperature model
(<1073 K) most of the pro-
duct of the reaction is CO2z
and there is little CO to be
burned.



Hugo and Not considered Not considered

Wicke®(1662)

Field®®(1967) First order Not considered

Kurylko et al.®® | Zero order and | First order

253

| Firstorder w.r.t.
CO and zero
order with re-

| Isothermal film. Used to just-
ify CO concentration profi-
les described by Wicke and
Wurzbacher. Stefan flow.
Upper bound us- | Non isothermal model
ed to check
critical size af-

ference to Oz

ter which it
becemes imp-
ortant

Second order i Unsteady state model consider-

(1972) intraparticle r=kCcoCo, ing intraparticle diffusion.
diffusion Finite element model. Ex-
tremely slow to run.

o] 7] 4 FFaf ok 3 wlElE wbgslel A& ub-3d & Al
Ky=exp(24. 30—25, 120/T) Asjof 3he 29T Aol vk ol w
Ke-n,0=exp(17. 64—16810/T) Ag A2 st quked A F4£5 H7t

C—H,O 8 (R)3 44712 Aol h& Rl ahed &Rl O A3k AA72 59 vz

3l Y4 A FL7AE SR &L v EFg E5 Gl ES wFd IEe TR AW

BhgRAoll a8k A 4 Hobel oF sts Ha gleh

3} gkl A& Char o] 4 43 CO, 9 44
2.8 FA7tE Aelubge] AAse g7 W
o aFare] WobA wbE-(Ry)7F AL Aot
A ot wlEk &l wrh kel X oAl
AAstA2E @7 A= FAE Aol T ¥
w] &3} (Methanation) 5 o]x} g FRe v
& v FE Feolok gtk

(&) 2tH 24 37l 8ol cty
F%57% tegA e A4 g staE
A%, s @el Mmd e A%g 4t
7zt W87 WA CO & CO, 2 ALSFAIA
oF 8o (-4 (Ro), (Re), (R)), o1& oIz Al
THR A wleko g tha] 3hed A Ao dh 33t
grAAe el gehY =R shas
(CO-formation)-& 1700°F o] &l A Lot F
dupgolsl werst e 700~800°F oA 2
o] L} o] hSolm 2 W) el 3} uk-2ol] A WAy 3

=4
Q& stasel o] T 4 geh wekd bzt
Beg st AxE FEe AR 4
B AxdAy e AT Foe 9e9E

2-3. A& &3 7F FA (Direct Hydrogenat-
ion, Hydrogasification, Hydrogenolysis,
Non Catalytic Methanation)

u]l Z-¢] IGT (Institute of Gas Technology)-E
FAl 2. 2 7 i3t Hygas 34 o] o 34 o] = Table
59 4k-&(Ry), Rl FHE T3 Ak o] ¥
Ao B wud ¢ Folh At m:ak
(500~1000psi) ol A} Wk-§-& 4o9H, G4 7t&
(Hydrogen rich gas)E A x3l= FAHA LT HE R
o] o gtet

(7}) Char 8| £=22%7} w8
yhg-rlol]l FHR A & o wE 4
28] (Hydropyrolysis) ¥+-¢-¢ AA Char 2 3
xg—%%}:_,] u]]EL]-o] Aﬂxg =l v}, Char = 3 yb
LE£vE Ar 440 Ayt w2 (Hydrogenation)
Asleh e be R ool 4w o
0% AEst vRe s ARG 23} 2R
°ﬂ oa 25%¢] 4wko] =3 Bk
AR FLH7 dbgd 23t B Q7o A

2
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o3& £EA F&£ 2] & FF
Eosh WAL S Flglt), 39:60,40,6

h=3
Huebler'® % A 81%-¢ g23e w-os 7}

ol Bgule i,)(*kv(f X)(Cr,— C:)(S)
d *
HAesig =k (1—x)(Pu,~P_) (9
714
X—f
T f
2 R se] 723 442 B

gehdh WA kv ok kv R A
250 vzl th2e} vh-& Table 8. ¢ 800°C el
A9 & 53

Zahradnik ¢+ Glen*?& Pittsburgh seam Coal

Table 8. Reaction Constants for Coal Hydrogas-
ification

Rate Constant Coal Type

Raw Bituminus 9.5%107*
Pretreated Bituminus
9,0x10°%

" ky(m®/mol-C-sec)

Ky’ ((atm-sec)™?) Lignite

0.185<1075~0. 42X 1073
! Sub-bituminus .
' 0.1961075~0. 28X 10°5
Bituminus

0,097 X1075~0. 159X 10"%

ok w2 +
P 25 Bge AEAE Ak
P

_ a+A-exp(—E/R.T)+Py,
MY = A e p (—E /R T)- 10

AN MY = el ¢824 Arbd] £33
B4 ugos Azl A W& vehiA, A
ZA 7L 14~17 2ol9], a=0.08, E=15.42
kcal/mol, A=7.005 atm™ & o] 3 =}

obel] Al o F&k uke} o] AA 27 g
2wl ek 4§ e AE vhbA s HEke] |
-go] ok 50% Fx 2 o} wuk2-¢] Char &

setnet M7 ® 43 1979 88

A she Aol WA sAlelh LAl Hygas
FAAAL vw] Char & o] 27

=
(Hydrogen rich gas) Alzuby & A Folch

(L}) £=4 7t (Hydrogen rich gas)e| ® =%
(1) Electrothermal Gasification of Char.
o] ub-8-3F Char & 71231 dbgr]el A 345}
19] 7b23) abg(Ra) e
e X E= 33
Qe gk o
S urshe o
! € 1130 psi, 1900°F el 41 uk
—S— S £ Char 8 AARAEZAL ¢| &
2} . o] AL oMW e
Aoz AREA Fel=, AHQe] B vl
£
4
2

() 4571 5 bk ol 4 Char ] A3t

od A] Char &} 379 7}&35

4, A4 7}°é t] Al Char ¢ ¢

B Abdol ibsA A 1A E o] &3 |

I o &]-Z 2+ (Chicago Pilot Plant)dl
of #42& Ak @F Fo|H, Charg] o

B A Lag 557 Az 2l

(3) Iron-Steam Process

o] TA.-2 Fucl Gas Associates o} 4] 7314

o vhee e ol feke] FatiE Az

stz gleh

3Fe+4H,0—Fe O, +4H, (Rs)

3FeO+H,0—Fe;0;+H, (Ry)
oo gl 44N Fartar Axs) g
L7 TEFH T Loz A7 FeO, & 353
& Fey0,—Reductor & ¥} At} wjyk-$- Char
E Fol2 disle FAHA Ha FIAE A
z23kx 2944 A2 CO+H) 7F dof A

L
i

Fe,0, 8} u+-3 Fe(FeD)2] A Ao 281}
o)l QFE Fate Az YL BT
Hygas FA A 7143 7HeAe] § °



Tre o
+ae A0 B Aas
ar

g heo) el A

of TAN F2 2ol Feli A2} 1o
A 5] 2 KO, Li»coa 3 9rhel B4
= BELS &2 )

{r% -‘5,:0]7] _r]z;_} Ni, Fe §o} &l

Zhdl g s FHE BSETA

0
H, Folsh ARzt e 4%

(o3
& el EoE etk 53] Askd 299 &
el FHE s FEA, =¥ Eo) 39 &
2 Al Wi A o] THe 3 T
el dF7F =23 ¢l or], Exxon Research

and Engneering Co = K] HFAs ATl

B lEA BARE 67 Folth

3. OlX} M2l 3™ Down-Stream Prociessing)

a9_ 2 ¢
Wen'® 5.8 K.C04(0. 2~0.25g) % Ni(1. 0g) 1. ks AA
_ ©o ) 1.
& 3oz RS 650°C, 2% saq oS EeTlld 244 A Raw Cas)
7547 HAA Ane 50%E ugHd w o> 0 FE ET{}B}EL gom, ol drle
3 w LR K .0 ouk
cé%]:SOB U/SCF(COZ Fre)‘%‘ 7;}_11__—__ 71?3] Xg T X]':;"] ]El_i]' *IH ] J’]ga =
k= b N 3= A o) Z
JEL A3tk Table 9.01% S8 o] &4 7 } == e R‘ § ﬁd; f}j A A
23} TRL ok 42 sholch AA 5 ectisol, Benfield @ Alkazid Pr-
ocess49”5°’7} glox, ¢]EY TAEE Fig. 3.
O
‘Table 9. Catalytic Coal Gasification Processes.
ol 4He] FA & BT AL ALE FA &
Process Developer , Catalyst med 22(1000°F A58 dA3AY1~2E
Exxon Research & Eng- | K;C0:/Na,CO; 25t ok gted. sl23 A E o] £33 A5
ineering Co.*" A (Combined Cycle Power Generation)®] 73 $-
University of Wyoming, | Gasification~Alkali BAE AertrS A sl shs Belul
Babcock & Wilcox Carconate, Methanat- o . '
ion~Ni ol Fsteiok shel, nd# shaste] e
Battelle’s Columbia Lab.®, CaO impregnated into ™) &3k #b-§alel 7hdo] g stet. whefA] o] 4
coal o AFg st FA TAL dads] 5o F
University of Wyoming K2COs W A A T2 a8 ol a]., 5§ HaAE
U.S. Bureau of Mines Tungsten Sulphide W AA A ek o] gl
a) Rectisol Process~South Africa, Sasolburg
Raw G&s . Waste heat Methyl Alcohol Fisher~
(950°F) recovery Washing (-70°F) Tropsch ——>Synoll
v v
Steam

Benzcle hydrocarbons

Carbon dioxide
Orgrnic and Inorganic Sulfur
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b) Benfield Process~Scotland, Westfield

b) Benfield lrocess ~ Scotland, Westfield : '
Raw Gas _ Waste heat CO shift Plantp alwater Scrubbing |—
(950°7) . recovery (28% 7% CO) cooling

I L
T T T
t v 1
U ' 1
Y Y ,
t. Light 041 Benzole
vapor
. Ethylene » . -
tows glyecol molu- |¢ Oxtde of Iron R Hot KZCO3 Seiu-
gas tion cooling Tower tion Washing
L S
e e 1 »
l 1
\'4 A4
: final trace of co, . HS
HZS

c¢) Alkazid Process~Birmingham Lurgi Gasifier

Waste heat

Wash Waste heat CO Conver-
recovery sion plant boiler

Raw Gas.-——»
cooler

R
o A

Steam ‘ T ’
co : gas cooler -->11$h‘-
oil ]

A
1
N N {
Vetrocoke Plant
(Hiot K,C0, Solu-e oxig"' °£ Iron Alkazid plant Light 01l Scrubbinz‘(-—'
owe
o
%

tion washing)

Benzole Yecovery

final trace of H25(90 %)
Pipe line gas H2S 3 l

Claus-Xiln process

Sulfur recovery

Fig. 8. Coal Gas Cleaning Processes-Cold Cleaning
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Wesl WA FRARe e AANE 3P 24P A2 FAAA R4z
o matd dEEe oF 2% AR BAAAL B gl weme f4sks Aelgs 2 v
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Table 10. Coal Gas Cleaning Process-Hot Clean-

ing
Procdsses Reactant Reactor
Westinghouse Limestone(Do- | Fluidized Bed
lomite)

CO. Acceptor Dolomite Fluidized Bed
Molten Salt Alkali Carbon- | Molten Bath
ate Molt
Atgas(Patgas) Limestone & Molten Bath
Iron Molt

Ao)uls CO+H,0 GOONSOgaI; 400 psi .

CO;+H:z+14. 0KBtu/lbatom C Ry

700~800°F, 1000 psi _
CO+3H. Cat.

# ek S

(Ri0

é v &k3} H“oﬂ 2adgd
322 3

£3} 3&071 141“]*15 Qofrtr, o]l 3] fo 3
W5 FE0] 4 A8E E AE
SR

Singh ¢} Saraf’® = Fe,0;—
8 4+t Aol B3 A g
L. p-f4r-2<£ % (Intrinsic rate of reaction)-$-
odolom

Cr0; &l & ¢
= Z+

ro=2.32X10" (xca—x:o)exp(;%%—o'—o->
1)
s E, 269 B4w, Y 9 HS A
deg mAs AA LEAWAN AL LdFE
2 thesh 2ol TaAT
ro=2.32X109- Ers-exp| _I%Zm )
“RoeAgse Peefs(xco—xco*) (12)
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tanh % _ L
E”._ h /1_L\/ TuLe
— Vs 1
= / —— e T T ———
L=vagm D=5,

Ra:eXP<-~8. 91+i@;_><1i>

logAgr=(14.66X107*—2X107T) X ¢

Pi P(O S5-pr2s0)

SFs=—0.276log((H,S in ppm)+2.78)+1. 127

ol '3} A2 A2 T4 dojrld, Fz
Raney—Ni e €3k u]FLA4r ukgeld 3
ol o] k3ol BF d T Zura] e
]_—/], 577,58),59),60) Leeé‘»l) 62) %"01: D}%Ql B‘_%

°&°Pﬁ =, ole @A IGT 9 4g43

A-eXp(—E/RET)-Cco-éjr
m’* (13)
A7 HEEE —rm it F019 EwdA (Super-
ficial surface area) & w41 7te] =3ixl o
Az vl & 8 Zeel Ok &) w1404
9] FE rE YERE T,
Saletore ¢} Thomsons® & =
A7t Aol 4b-ga) o Bhsh oo
Sl A FAld doA ww A ATE QT
_»_.L‘_
3

— g =—

sgivh 53l Fele s FelA g gal
SEEe o & = 8T o 3g o 2,
& fr&Al 4= (Effeciveness factor)7} 0.25 4
HIlth =des, 437, dastea 2 o4
Shekse) FEob “J:%%Eﬂ] RS

&, st Hgal 2 4 E4L Tl
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(2) ZoH¢l 2AF E3o el FARE 4
Agd Hgd g A

(3) A7 T A2 E L¥E FYAA
Bk s 2 o] L3k}

(4) Raney Nickel £ & w2al
skl £4dte] ub-gAl7le ¥ sl 2 Dow-
therm &% A-&3=H(Fig. 9.

F5EF &0 $3E ALY 7+ dodt
2o19] 2= WA ok Yok
(6) ‘—é— de71 ok vkl bErle] A Hu =

e
ol
b

Z3).

gheh(Fig. 10. F3).
(7) F0E v 254 Y FAekstg2(Cis~Ca)
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Fig. 9. Isothermal Catalytic Methanator
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Reaction Conditions
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Fig. 13. Lurgi gasifier and Operating Condit-
ions
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A3} Slag shge] lom, A4 AL Fmexr  w] slaz) T Aure] fhurs] A8 Folch
= 322 &g o8 ARE wod, =}
A zgdl e ke T $3714 # 4T Table 11. Relative amounts of Oxygen Consump-
ol 7b EA R} Slag gy 5128 4% Slag tions in Moving bed Lurgi gasifier
AR AAEz Adur 14 v;_‘g_ 2o Lurgl Slagging
A zdsl= Table 11. A sk o] Ak&0) &8 oy aehy | sasifier
o] 3-8 & F Ak ¥ Table 12. 0= A4 Gasification agents(vol.) |
3 Slagshyel 54 F FHF L 5 agge Sten 5.0 1.0
Oxygen 1.0 1.1
Gasification products

2. =& Yt87|(Fluidized Bed Reactor) (vol.)

T3 2= A ZAYRY makE g Gas 7.5 5.0
HEL A FUd3 2% o JRETE 7 Undecomposed steam 5.0 0.9
I S s o o] ¥zl o] = o] &3k A Total 12.5 5.0

Table 12. Characteristis of Moving bed Gasifiers—dry ash and Slagging process

Moving Bed(Dry Ash)

Moving Bed(Slagger)

Processes Lurgi, Woodall-Ducham, Wilputte Ge- | Lurgi Slagger, Secord-Grate
neral Electric, Wellman-Galusha, Well-
man-Incandescent, Riley~Morgan
Significnat * Gravitating bed of coal-ash
Parameters * Mechanical grates, distributors
* Discrete reaction Zones:
Preheating-Drying-Devolatilization
Gasification
Combustion
Ash
* Temperature gradient(Max. Temp.)
Advantages * High carbon conversion & thermal | * Steam requirement is about a fifth of
efficiency that needed for dry ash moving bed
* Large residence time of solids(1~3 | * Lower production of liquor
hours) * Higher thermal efficiency
* Low contamination of gas with solids | * Higher capacity 3 to 4 times larger than
a dry ash gasifier
* Capable of operating at elevated pre- | * Fines and tars may be disposed by
ssure injecting into the slagging zone
* Highest turndown capability
Disadvantages * Sized coal required * Poor adaptability for caking coal

* Caking coal technology not commer-
cially proven

* Low capacity—a large number of gas-
ifiers required

* Low temp. gas produced—seriously

restricting waste heat steam gener-

2zt 2at HI17H H 43 19794 8E

* Tars, phenols formation

* Materials of construction, containment
and witherawal of slag

* Formation of molten iron in reiucing
conditions



ation pressures

* Produces tars and heavy hydrocarbons
* Produces phenols—pollution problems
* Limitation of operating temp.(ash fu-

sion temp.)
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Table 13. Characteristics of Fluidized and Fntramed Cool Gasifiers

Fluidized Bed i

Entramed Bed

Processes Winkler, Hygas, Cogas, CO;-Acceptor, { Koppers-Totzek, Otto-Rummel, Texaco,
Synthane, Battelle/Union Carbide, U~ }‘ Bi-gas, Brand-W, Foster-Wheeler, Com-
gas, Westinghouse, Hydrane, Exxon , bustion Engineering

Significant Uniform temperature and compositions | * Suspension gasification

Parameters ' throughout reactor * Cocurrent flow

* Ash slag
* High temperature, high rate process
Advantages * Good temperature control * Ability to utilize any type of coal

* Easy solid handling
* High degree of process uniformity

* Excellent solids/gas contact

* Higher capacity than moving bed

* Capable of operation at part load, and
can be stopped and restart rather

easily

* Turndown capability

(swelling, fines, caking coal)
* Excellent gas/solid contact
* No tars/phenols formation
* High capacity per unit volume of reactor
* Produce inert slagged ash

* High carbon utilization

disedvantages

* QOperation temperatuer is limited:
upper temperature: clinkering
lower temperature: coal—
reactivity and
tars escape
* Entrainment of ash and coal
* Appreciable carbon is
contained in the ash !
* Feeding of caking coal without pre-

amount of

treatment is still a problem !
* Formation of clinkers near the oxy-
gen inlet point may disrupt operat- |
ion |
* Mixing of solid and gas and the num- ’
ber of feeding points required are‘
still not well understood for a scale- I
up of the reactor ]

Low fuel inventory(control and safety
consideration)

* Oxygen required

* poor turn-down capability

* Low pressure operation

i * Dust loading in gas product

* Low heat-recovery efficiency «cocur
rent flow

* Refractories and materials of construc-
tion in slagging zone

Concept)& %416t Char o A4 F4&
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Table 14. Studies on Fluidized Bed Coal Gasifier

Author and

| Fluidized bed

Year Temperature Pressure | Model Reactions
Yoshida and assumed 1 atm Kunii and .(53): irreversible first order
Kuniif™ (1974) Levenspiel™ (R4) ! equilibrium
(Re): controlled by diffusion to dense
phase
Huggerty and | assumed 1 atm Kato and Wen | (Ra)! irreversible Langmuir-Hinshel-
Pulsifer® (1972) wood type
(Ry): equilibrium(No O, feed)
Gibson and known from Max. 15 atm | Davidson and | (R;): used for decomp. of CH, fromed
Euker?® (1975) | experiments Harrison for by pyrolysis
fluid bed; (R3): 1st order reversible
Hovmand and | (R,): equilibrium(No O, feed)
Davidson for
slugging bed
Wen®® (1972) Assumed but 70 atm Yoshida and (Rz): first order reversible with 1st
energy balance Wen™ order constant and equilibrium
is checked constant
afterward (Rs): first order reversible
(R4): first order rate with respect to CQ
(Re): fast
Punwani et known from 22-41 atm bubbles plug (Rz2): Johnson kinetics!®®
al.®v (1974) experiments flow well (Ra): Johnson Kinetics
mixed dense {Re¢): equilibrium
phase (Rg) : fast
Caram and known from 20-40 atm Mixed tank (R2): Johnson kinetice and Feldman!®>
Amundson?8® | experiments reactor model Kinetice
(1978) and Model (CSTR), (R3): Johnson Kinetics and Gibson-
Simulation Davidson and Euker®® Kinetics
Harrison Mo- | (R4): equilibrium
del®®, Kunni| (Rg): fast reaction at the bottom of
and Levenspiel reactor
model
Sundaresan®?"89 Assumed to be 1-70 atm 1) Solid phase:| Reaction mechanism is the same as

and Amundson
(1979)

at a uniform
temperature

well mixed
gas phase:
plug flow
2) Davidson-
Harrison two
phase model-
Multistage
3) A divided
lumped model
-a shallow
combustion” zo-
ne and gasific-
ation zone

the above description
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Table 16. Operation Conditions of Typical Coal Gasifiers

Type Moving Fluidized 1 Entrained

Coal size 1/4-1-1/2 in 0-1/4~in 70%-200 mesh
Coal Type* Non-caking** Non-caking All
Coal Throughput, ton/day

Atmospheric >100 <1,000 <859

Pressurized >820@ 30 atm ! — —
Coal Residence Time 1-3 br } 20-40 min- 0.5-10 sec.
Raw Gas Temp, °F 900-1, 200 1, 3501, 650 2,000-2, 700
Tar Yes No No
Turndown” 20%-30% 30%-40% 60%
Ash Form Dry Dry Slag

*Without pretreatment.

**Some caking coals can be gasifie] if mechanical stirring is used.
R

+Per cent of maximum capacity.
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Process ] Temp(°F) , Pressure(psi)
Patgas | 2500 50
Atgas \ 2500 50

Reactants l Product Gas

315 BTU/S.C.F
(Raw Gas)

940 BTU/S.C.F

Coal-0,-Steam
~Limestone As Above
Plus Methanation

Fig. 17. ATGAS Gasifier and Operating Condit-
ions
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Nomenclature

A frequency factor

Agr ¢ activity factor of catalyst for water-gas.
shift conversion

C, Co:
of reactive coal in particle

Cs, Cso : concentration of solid component in
single particle; Cso, same at time t=0, mol
/em®

Cco,Co,,Cn,,Cx,0.Ccn, :
subscript components

instantaneous and total molar densities

bulk concentration of

Cr,,Cco : concentration of subscript components-
at the catalyst surface

Cu,* : hydrogen concentration in equilibrium.
with coal

dp : coal particle diameter, cm

Ds : bulk diffusivity,

De : effective diffusivity, cm?/sec

cm?/sec

Deo, : effective diffusivity of oxygen, cm?/sec

Dx : Knudsen diffusivity, cm?/sec

E > activation energy

Eo : average activation energy of multiple:
reactions

E¢r : effectiveness factor of water-gas shift.
conversion

f : final fraction conversion of coal due to
pyrolysis(=V*/100)

fs :activity factor of catalyst for water-gas:
shift conversion dependent on H,S concentra-
tion

F(F) : Gaussian distribution function of act-
ivation energy

k,ko : pyrolysis rate constant, sec™!

k, : stabilization rate constant in Moseley and.

-



Paterson equation

%3 . polymerization rate constant in Moseley
and Paterson equation

kp : diffusive mass transfer coefficient, gm/
cm?.sec.atm

ks : surface reaction rate constant

k, : volumetric reaction rate constant

%k, . hydrogasification rate constant-volumet-
ric reaction

KK, K, : constant in the Bodzioch and Haw-
ksley Equation in pyrolysis of coal, sec™?,
sec™! atm™!, atm™!, respectively

K¢ : overall mass transfer coefficient of pr-
imary volatiles formed within the pore of
coal particles due to pyrolysis, sec™!. atm

K : methanation reaction constant in equa-
tion (13)

K, : methanation reaction constant in equa-
tion (13)

L : length of catalyst pore, cm

#n. . mass of char, gm

P total pressure, atm

Py . bulk gas pressure, atm

P factor of pressure effect on water-gas
shift conversion

Pu,, Pco,, Pu,, Po,: partial pressure of su-
bscript component, atm

Pr*  partial pressure of hydrogen in equili-
brium with coal, atm

Q : constant in the Badzioch and Hawksley
equation is a function of coal type

r= . methanation reaction rate, mol/cm?® sec

7o . radius of catalyst pore, c¢cm
(or radius of moving bed)

rw . water-gas shift conversion rate, mol/cm?
sec

R. . age of catalyst for water-gas shift con-
version

R. : gas constant

Sex . geometric surface area of the shrinking
interhace of reacting solid particles, cm?

267

Sx 1 external surface area of a catalyst pellet,
cm?

¢t time, sec

T : Temperature, °K (°C)

V :volatiles lost from particles up to time t,
fraction of original coal weight

Vo : volume of any particular component of
gaseous volatiles released due to pyrolysis
at time t=oco0, cm?

Vs volume of solid particle, cm?®

V* : ultimate yield of total volatiles(percent)
from coal due to pyrolysis in hydrogen or
inert atmosphere

Vaur¥ : ultimate yield of nonreactive volatiles
(percent) from coal due to pyrolysis in
inert atmosphere

Vr** : reactive volatiles(percent) formed up
to t=co(potential ultimate yield of reactive
volatiles)

VM : proximate volatile matter content of
coal (percent) (moisture and ash free coal
basis)

V Mec : proximate volatile matter in char t=
oo, fraction of initial proximate volatile
matter

W : original weight of original particle

x :carbon conversion in the second stage
hydrogasification

xco - mole fraction of carbon monoxide

xco* : mole fraction of carbon monoxide in
equilibrium conditions

X :fraction conversion due to pyrolysis, or
due to the first stage hydrogasification

Greek letters

a, . reactive pore surface area function
: Thiele modulus
: effectiveness factor based on volume

. standard deviation of activation energy

mQ I B

. instantaneous fraction of volatiles escap-
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