SUMMARY AND CONCLUSIONS

Experimental work is reportdd cn the gasification of 9C-percent
through 200-tesh, strongly coking Sewicklsy-bed ccal with oxygen and with
stoanm in three temperature ranges, namely, 2,700° to 3,400° 7., 1,600 to
2,000° F., and 250° to 250° F. Thirty-one runs havs been mads, during which
56,000 pevnds of coal have been cherged to the generator at feed rates of
200 to 450 pounds of ccal per hour. The average regults, not the optimm
rasults, ate given in the following tabulaticn: : S

Averange requirements per 1,000 S,C.%F. (standard: cubic feet)
of (CO + Hp) produced

Steam temperature, Coal, .~ Oxygen, ~ Bteam,

o7, ' . 1bs. ' 5.C.7. - 1bs. s
2,904 23.3 171 81
1,899 7.5 R~ , k25

238 ha,s - - oL 23,1

In generel, the pilot plent performsd very well., Contirmeus
eperation was poseible, the runs being terminated voluntarily. The percentage
“gasification of the coal was vory satisfactory. The average percentage carbon
- gaglfied in the high-temperature steam runs was 88,9, in the medium tempsra~
ture steam runs 89.9 end in the low-temperature steam runs 85,2, The oxygen
-requirement per 1,000 S.C.¥. of {carbon monoxids plus hydrogen) produced in

the high-temperature stesm runs wag lower than for any cother continucus
- Mroceas known,

_  Refractory materials sultablec for use in superheating steam to the range
- of 2,700°t0 3,400° F. have been found to to availabls at a reasonable coste

. The process indlcates adaptability for the Preduction of synthesie gas
g commercial scale, Ths type of cecal used is not critical, so that coal
&N be purchaged on o heat-content basig, The ratisc of hydregen to carbon
0xide may be adjusted within limlts. The process aprcars to be, epplicable-
O 26veral industrise where mixtures of carbon monoxids and hydrogen are

. INTRODUCTICN

. The Burcau of Mines, U. S, Department of the Interior, at its Morgen-
OWn, W, Va., staticn, operating under a cocperative agreement with West
ﬁfginig Universgity, iz conducting regearch and development work on the

°b1¢m of producing low-cost synthesis ges directly from raw cosl. This
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syntheeis gas, consisting essentlially of carbon monoxide and hydrogen, can
be converted by well-kncwn Irocedurse into gasoline, oil, pipe-line gas,
amonia, alcochol, ete. The work described in this report covers plict-plang.
scale experiments on the gasification of pulverized coal entrained in OXygen
and steam. The design of the pilot plent allows for the Investigation of
the relative advantages of supplying heat for the rezction of carbom with
gteam elther by superheating the entering steam to & high temperaturs or by
partial ccmbugtion of the ceal with oxygen. Congiderable gensral intersat
has been evidenced in the project; as exemplified by the many vigitors to
the rroject. Becauge of the intercet shown in'this experimsntal work, this.
progress report has been, prepared to deszcribs develcpments to datso. !
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THEORETICAL CONSTDERATIONS AFFECTING DESIGH
OF PILOT PLANT, INCLUDING A4 COMDARISON
CF VARIQUS COAL-GASIFICATION SYSTEMS

According to the method of contacting ths cosl and the gasificaticn
agent, coal-gasification systems m3y be divided inte three categorien;
Fixsd-bed, (2) fluidized-bed, and (3) entrainment systems,
recently, the only gystens used comercially have
the standard water-gas set and the gas produce:. Furthermore, becauge of
the nature of coal, coke rather than coal hes been the matorisl most froquentiy
gasified. In thelr search for a continuous low~cost method of coal gaai-
flcation, the Cermens kave tried the other two systems, the fluidized-bed

gysten being excuplified by the Winklqu/ Process and the entrainment gystem
by the Wintershall-schmalfoldti/ Précess, :

(1
Until comparatively
"besn fixed beds, that is,

X/ Morley, R. J., Winkler Generators for mamifac
Britich Intclligsnce
ca, 1946, 37 pp, L
Morley, R. J,, The Wintershall-Sehumnlfeldt Proccas for the manufecture of
Synthesis Gas at Lutzkendoers: British Intelligence Objectives Subcom
mittee Final Rept. 11k2, item 30, ca, 1946, 33 pp,
_2_

ture of Water Gas, ete,:
Objectives Subcommittos Final Reprt, 333, item 30,
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: Tho fixed-bed system has the decided advantage of providing a counter-
- arrent mothod of gasificatien, As a result, a high-percentege utilization
of both fuel and gaasification agent 1= achiaved, and high thermal efTiclencies

B with are Obtained because the sxit gas preheats the entering fuel, Furthermors,
re or by gince & high relative velocity is maintained between the gasification egent
terest and the fuel, the reacticn rates are nct limjted as much by slow diffusion,
“Te to The Tixed-bed systom has two chief diadvantages, nawely (1) close dependense

rk, thig, sor oporabllity on fuel end fuel-beod rropertiss and (2) lack of temperaturs
. eoptrol in the reduction zone. Most coals have elther a plastic rengs in _
yhich they melt and coalesce or else 2 rarge in which they disintegrate, and
pamy have an ash-fuslon temperaturc below the desired reacticn temparature.
tonscquently, since these properties tend to result in poor fusl beds, 1%

on Branch; generally proves desirable 10 coke the coal before gasifving it and <o limit

Ay 0D the inltial reaction temperature to avold exceesive clinker tromble. In turm,
cf Dr, the heat available in the reduction zcne is limited so that the temperature
T Synthet ilovel drcps bslow that necessery fer weactlon before the reaction is
0o ‘complete. ¥urthermore, if the usual source of fusl fails and If the operator
- Koehler, a8 1o Tuy untried fuel, the latter often is not sultable for operation at
1§ity; the usual throughput or produces excessive carbom logses.
Ainery & The fluidized-bed system loses the adventege ¢f the countercurrent
?Onx principlo with respect to the fuel unless a complicated succegmion of stages
‘hemical s cubstituted for the single apparatug. With respect to the gasifying
atal sgent, however, the ccuntercurrent principle is maintained to some extent.
gat recovery irom the gas strean ig net so effective as In tho flxed bed,
r the FIuidized bed opsrateg with essentlally the same temperature through-
0 are out the bed, Howavor, this constancy of temperature makes poselble good
& co= emperature control in the reduction zene, Maintenance of @ satisfactory
gd ig difficult bacsuss of close dependence cn such ocal qualitiea as
lagtic range, disintograting tendencies, and ash fusicn, Agglomeration
nto larger particlae which will drcp out is a problem accentuated by coking
ropertics or by formztion of liquld sleg. .
. Tho complete entrainmernt system has the disadvantage of being a co-
tlen o3 wrent process, s0 that, as the concentration of fusl bscomes low, the
st (1) oncentration of the gesifying sgent alego tocomsg low. As a result, a long
;maraFive action time is nscessary to obtein a high percentage conversicn of the
‘hat 18, 4 eactants, and the rezction products tend to lemve the reactor et a high
tee al. - ifomperaturs, with resultsnt loss of thermal efficlency., The oxtended arsa
frequelt 200 the Pinsly pulverized Fusl available for reacticn partly offsets this
gasi~ Alsadvantegs, Since the solld particles sre small, the relative velocity

d-bed ZoetWesn the selid and the gas is small, zo that the controlling mechanism
' 0 the raaction is diffusion of ths gasifying agent thriough the film sur-
Qunding the particle. Since the particles arz widely spaced, they may
888 through the plastic range without apprecizbls agglomsraticn; further-

E;.éﬁ, Te, oven though the ash dees melt in the reaction zons, large particles
h &' not built up. Thercfcrs, the entrainment system tends to be independent
cme' Bpecific coal propertics, such as plaztic range, agh-Tusion temperature, .
Syboom » and thug to o applicable to any coal, - ' = -
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Thle system was chosen becaugs i+ would not be necessery to pay
premlum prices or to depend on a particular source of fusl., Tn glther of
the other two systems (fixed-bed or fluidized-bed) gsoms preliminary troat-
ment of the coal is cugtomary bofore gasification, resulting in increassd
coots. :

Mechanism of Coal-Particle Gagification

A physical picturs of the gasification of pulverized coal completely
edtrained in a gasifying 8gent may be obteinsd by Tollowing the rechanism
of gasification of a ginglc coal'particle. If the particle and its sur-
Tounding gas ars considered to be spheres, the retio of the diameter of the
gag aphere to that of the perticle is about 37:1 at atmospheric pressure.
Hence, the gag space surrounding the particle is large, and good mixing ig
an important Factor in Promoting the reaction, If ths coal contains 70
percent carbon snd 10 Eercent ash, if ell the volatile metter and 90 percent
cf the carbon ere gasified, and if the volums change is proporiicnal +o
the weight change, then the ratic of the dlamcter of the barticls after
the reaction to that before the reaction would be expected to s Q.55,

For a 200-mesh particla falling at its terminal velocity in a gas
(CO, COp, Hnd) at 2,0000 F., the Reynolds numbsr is approximetoly 0.2, go
that Stokes law applics. The terminal velecity or the maximum relative
velocity between the 2ags _gnd tho particls Talllng under the inTlucnce of
gravity is 0,14 ft./sechg? Moyersl/ has shown that the major resistance to
the reaction between carbon and carbon dioxids is diffusional below relative
velocitics of 0.7 ft./sec. end chemical ahove that velocity whon the roaction
temperature ig 1,8000 F.  The major resistance to reaction in entrainment
coal gasification may be concluded to be &iffusion; znd, therefore, an
Increase in the temperature level will not rroeduce a large incroazss in
reaction rate. BSince the relative velocity between the coel particle and
the gas is low, turbulence i1s of doubtful value in Prometing the reaction,
for the coal particleos will move with the gas. Ono effective mothod of
obtaining a high relative voloeity between the coal particle and the gas
would be to cause the Particle to move in g spiral path sc that 2 centri-
fugal force several times that of gravity is obtained; that iz, a2 much
greater relative velocity is obtained than that caused by turbulencs only.

When a 200-mesh ceal particls enters a region at 2,000° F., 1t is heated
rapldly through the plastic range, the volatile matter being distilled off
and forming an envelope around the particle,. Henece, the initial reactlion
with oxygon is combustion of the volatile matter, Most bltuminous coals
contaln enough volatile metter to react with mcst of the oxygen; and, since
gaszoug combustion reactions are rapid, mcst of the oXygen disarpears in =
short length of the reactor. Conseguantly, the reactions occupyirg moot
of the reactor space are those of steam end carbon dioxide with the Tixed
carbon of +the cogl. Yery high initial temperatures arc not observed,
becanse the steam present lirits this temperature as in the usual operation
of a fixed bed gas producer.

&/ Della Valle, J. M., Micremeritics: bPitmen Publishing Corp,, New York.
2d ed,, 1948, p. 20,
1/ Meyers, L., Trans. Feradsy Soc., vol. 3k, 1938, p. 1056,
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Figure 2. ~Calcul ated effect of steam

Figure I, - Calcul ated steam requirement for

on oxygen requirement for gqasification

of standard Sewickley coal.

gasi fication of standard Sewickl ey

coal, using no oxygen.




Heat Supply

In geeification work in general, the reactiong of carton dioxide ‘and
gteam With cerbond/ require that heat Ye supplied to the process. Eeat may
be surplisd in three ways, namely (1) by being transferrsd through a re-’ :
taining wall, {2) by being generated within the process, and (3) bty entering
ag sengible heat in the cntering reactantas.

I retalulng walls are uced and the reactants are externally heated
two Aifficulties ars encountered: (1) Using refractory materiale, capable
of withetanding high terperatures, the heat-transfer rats is low btecause of
the resistance cifersd by the wall and two stegnant gas £1lms; (2} 1f nigh
heat-transfer rates arc scught by the use of metal wallg, the rescticn ic
glowed, since the temperaturs of ths metal rmst be Kept comparatively low -
ander 2,000° ¥, '

Heat may bs supplied for the process by preheating the entering steam
‘to a kigh temperatwre, Figure 1 shows the calculated steam regulremsnt -
(steamscoal ratio and stezm: (CO + 52}9/ ratio) for various entering stezm
temperaturss when all the heat Tor the strongly endothermis resction of
carbon with steam or CO0p is supplied as seneible hsat of the entering steam.
The azpumpticns used in making these calculations are: (1) 90 percent of
the. carbon in the coal is gasified, (2) the products reach eguilibrium with
- Tes5pect to the water-gzas shift reactionl®/ at en exit tomperaturs of 2, 000%
and (3) thers ig no radiation heat logs from the apperatus. The gas wag
asgumed to ccntain CO, Hy, (0, and HoQ plus 1 pound of methane and 2 pounds
of athylene per 100 pounds of ¢cal. The analysis of the strongly coking
Bewlckley bed coal used as standerd is as follows on the as-received basiss

b

Pereent _ Percent
Molsture.....,. O.7 OXyZeNevinasun Te3
VoMo vivinnsn, 35.2 Sulfur....... Q.E _
Folh viinennss 50,6 Nitrogon..... 1.4 ’
L R € 31 _ Btu/lp.
Cerbeni...yyves. 711 Gross heating valus ~ 12,770
Fydrcgene,s... 4,2 Net heating valus 12, 360

It iz sesn fror figure 1 that, to supply ail the hsat for the reaction in _
%o entering steam, either an exceesively high steam temperature is required,
O steam in an exceseively large amount is required,

Heat may be supplicd for the process by the partial combugtion with
*iﬁwgen of ceal ¢r the velatile matter from coal. Flgure 2 chows the oxygen

8/ &% 5, 0000,

+ C0p =200 - 5,860 B.T.u./1b, of C reacting.
+Hp0 = 00 & Hp . - 4,100 B.t.u./1b, of C reacting.

;in}aa volumes ara given in standard cubic foet (S.C.F.)'maasureé at 60°F,,
| 30 in, Hg, ary. ' -
10/ at"2,0000, 00"+ Hg0 = COp + Ho 4 21, 500 B.t.u./lb. mol,
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requirement (oxygen:(CO + Ho) ratio) For various steamicoal ratics when 2hoop
steam ig used and when the same assumptions are used as in the previous T
celculations. In thislcase, the oxygen requirement of the process ig high,
and the OXygen ig the most expensive ingredient Per unit of 'CO + Ho Produceq
The best method of eupplying heat for the brocess is the one that costs the'

entering steam and heat supply as heat Irom combustlon with oxyeen will deter.

ming the.best'operating conditions. Figure 3 ghows the OXyRen requirement
for three ateam;coal ratios for wvaricus steanm tamperatures, n

Extent of Reaction

Within the experimental accuracy of the Cermsn data,11/12/13/ the watey.
gas ghift reaction reached eguilibrium at the sxlt-gas tempsrature, The
reactions of carbon éioxlide and stesm with carbon, howsver, were far from
equllibrium in all cosl-gagification Systems. In gsneral, if a low steam:icog)
ratio is used in g gagifier, the 8a8iTying agent is almoat exhausted at the
oxit end of the apparatus. IT a high steam:coal ratioc ie used, however, the
8xit gas still conteins a fairly high concentration of gasifying agent, It
could be cxpected from the mass-action effect that a greater carton gagifica~
tion and a lower exit—gas-temperaturequuld obtain for high steamicoal ratics
An entrained coal-gagification gy stems, : -

The exit—gge'{emperature g strongly influsnced by the reaction rate
at the exit end of the reactor. In a.cocurrent process Tor the gagification
of pulverized cosal completely cntrained ths exit end of the reactor contains
the lowest concentrations of fucl and gasifying agent, as well as thoe lowest .
tempsrature - all conditiona which docrease the reaction rate, It is o bo
expected, then, that equilibrium will nct be atteined and that considerable
energy which could be converted to chemical eNOrgy éccord;ng to the equilib-
rium relations w111 actually be left as sensible heat in the exit gas. TFigure . !
4 shows the caleculated oxygen requircmsnt for varidﬁé'eiifjgas temperatures
when the Scwickley coal chosen as standerd is used. Tt is ssen that the
lower the exit-gas temperaturc, the more efficlent is the process. Tho exit-
gas ‘temperature can be influsnced by the shape of the apraratus, If the re-
acting mess flows progressively through a tube, a temperature gradicnt is
cetabliched along the tubs as the reaction takes place, resulting in a lowered
exlt-gas tempsrature and;hence, a greater extent of reaction, If the roacting
rass 1s mixed by turbulence in the reactor, however, short-cireuiting raisss
the exit-gas temperature and decrcases tho eXtent of the réaction.

11/ See footnote 4. : e . S

12/ atwsll, H, V., Koppers Powderad-Conl-Gagification Frocess: dJoint Tre
telligence ObjJectives -Agency, FIAT Report 1303, Washington, D. o,
September 1947, 51 P, . .

13/ Atwell, H. V., Gumz Powdared~Coal—Gdaification_Process: Joint Intalli-
gence Objectives Agency, FIAT Rerort 1304, Washington, D. C,, fcptember
1947, 53 pp. ' ' '
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It ig seen in figure 5 that the oxygen requirement per unit of CO + Ep
produced Increeses with increase in heat loss by radiation {rom the gagifier
to the surrcundings. Since heat 1loss by radiation is proportional to gurface
aroa, it Will incrsase with the ratio of area to volume or length to dlametor
of the gasifier. Consequently, a balancs or compromise 1s necessary Potwaen
the optirum ghape and slize cf reactor for crderly progression of the reacting

paterials and thet for low heat loss.

Reactor Deaizn

From the foregoing discussicn, the Tollowing principles cbiain for the
gesign of a roactor Tor the gagificaticn of pulverized coal by the entrain-
ment system. The coal particles chould move in a epiral path so that the
relabive velocity botween the coal particles and the gas is raintained at as
nigh a value as possibls, thz object being to reduce the resistance of the
‘gas £iln and incroase the transfer rate of the gasifying agent from the gZas
stream to the carben particle. A large reaction gpace or a long contact timo
chould be providsd to allow the reacticng of COp end gteam with carbon to
procecd when the concentraiions are low and the rate is, hence, reduced.
the reactents should enter et cne end of ths reactor and flow uniformly

- gprough tho roacticn space to raduce the possibility of short circuiting and
to obtain the maximum conversion. The ratlo of surface to volume of the
reactor should bs as low az 1s conslstent with the previcus requiremosnts, so
that the heat loss will be held to a minlmum sincc any heat loss produces a
corresponding decrease in the gquantity of the desired products, These
principles 1nrlucneed ths design of the reactor to be dsgcribed in this report.

All

fince a study of the use of high-tempsratinre oteam as a source of part
of the heat supply for the process was also desired, the necessary oguiprent
for producing extremsly hot steam waa designed.

Original Design and Flow Shoets

The theooretical considerations that guided the experimental appreach and
influenced the gererator design for the pilot-plant work at Morgantown heve
been got forth in the previcus secticn. A description of tho pilot plant and
the flow shect For the proccss have been published previously{}ﬂ/ The con~
struction of the Tirst expsrimental unit, which will be described more
completely later In this repert, was substantially as published; modifica-’
tiong made were largely to secure simplification in construction or to con-
88rve zpace. . - : S

' The process shogen - gasification of finsly pulverized coal entrained
;ig_pxygan and supstheated steam - appeared to be Qnelthat_WOuld net require
arefully selected or promium fuels. The pilotrplant_@esign,_and particularly

14/ Scwmiat, L. D., HdGes, d. F., and Slone, M G., A Pilot Plant for
Gasifying Powdered Coal entrained in Oxygen and, Stcam: Chem. Enz. Prog.

_?ol. kh, No, 10, October 1948, pp. ?57—744.j o
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