Twe things have beecn observed in the opsrations of +the unit which e
indicate that very strong centrifugal forces are developed whan tengsntigl -4
injectlon for the high-temperature steam is used. Ordinary thin-walled .
thermocouple protecting tubes are bent in the dirsction of rotation, and - .
slag erosion where the Thermolith cement was used has teen very extensive, 7.9
At o stean rate of 800 pounds per hour snd at & temperaturs of 3,000% ., the's’
velocity of the steam entering the generator is approximately 700 feet per 14
gsocond, The velocity of the coal-oxygon feed stream of course veries with
the oxyzenicoal ratio used but is spproximatoly 200 Test per second. Hsmee,
the gases revolvs inslde the gonsrator at = high rate. :

Thigt-Bemoval and Residues Dats

The data on the residue collected in ths dunst-removal train and gize
analyses of the coals uged sre given in tables G and 7. Theosc have been
grouped by run series, since the variations in tho ask content and size within
any scrles Wers not significant. The daeta on the amounts of very fine '
material leaving the steck are not foc accurate on account of difficulties in
sampling. Tn the tablos the materisl designated as "Woir tank and cyclone
separator” is that collscted in the sludsec tank whare the sludge-bearing
water from the wet cyclone and the wash box wae allowed to partly settle out,
moterod over & welr, and the overflow periodically sampled for sluflge content,

While thesc testy wors not a falr indicatlion of what can be expected
for the performance of properly degigned collectors, eincc the Acrotecs used
were over capacity, the results ars repoerted as giving an indication of what
xay be expected when pulverized coel is gasifisd under the test conditions
reporiced. :

Data on Sulfur Contoent of CGeasss

For reasons previously given, it has not been possible to s=cure
adcquate check runs or runs in which all but one varisbls could be rigidly
controlisd. . This 1 reflected in a1l the data and ia particulerly psriinent
in any discuesion of the amounts and kinds of sulfur found in the gaa., '

The analyses of the gases mads in the pilot-plant gencrator to date
indicate thal no vnusual forms of sulfur cxist end that the demanis made in
the purification process will be similer o thogs enccuntered in the wenu-
Tacture of water gas from coal in £ixed beda.

There arc definite trends Indicating that the ugs of high steanicoal
ratics at the highcr steam temperstures reduces significantly the proportion
of the coal sulfur which appears as organic sulfur in the gas. This reduction
in organic sulfur content, 1f borme out by future work, will comstituto a
distinet credit as regards purification costs.
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TARLE A, - Weight distribublon and chemical anglyges of regldues
from pilot~plant runs 1 - 31

19
J.,_I

Run numbcrs.................;........ T-1k 1525 . 2627 28-31
_Coal...-.f........................... Sewickley Sewickley Sewlckley. Wyoming

o

the Temperaturs range of inlet steam,“F..2 70C-3,L400 230-250 1,600-2,000 1,600-2,000
1h - mesidue leaving gensratcr (collected,
nee, over welr, snd exhausted out stack)

Potal weight, dry basis, b, per

100 1b. c08leevsversrerenvnsaas 20.0 19.9 19.9 7.2
- Digtribution, welght percent:
. . terotec Wo, lesersasrrsvsassaes 11.8 23.2 27,3 27.0
vithin LeroteC No. B.veenrencsssscanns 5.8 7.6 7.7 5.8
Aerolec Hee Beevvsetesvrsarcsss 2.0 2.9 3.3 2.8
as in Welr tank and cyclone seperaior 72.4 59. 1 £0,7 59,k
e Txhaust SEACK e erseraerocacesss 8.0 /7.2 1/5.0 1/5.0
¢ 100.0 100,0 100.6 100.0
: out,
sntant, Aish content, dry tesls, percont:
berotec No. Livesrersoasooonsns 51,6 bh.g b5,2 b2.3
2 Lorotee N0, 2urereasensearnnsns 18.6 39,0 33,1 k3.0
naed Lerotec N0, Beviesevarosaasniss 1,9 33.7 27.0 39.3
whet: Weir tenk and cyclene separatolr 36,1 39.5 36,0 32.9
s Exhaust 85ACK.reavcossremarores 1/17.3  1/33%.1 1/27.0  1/39.3
Weighted average ash content... 32,9 Look 0.7 36,5
Woightsd aversge volatilo mabier
sonten®, Tereent.cresssnacros ‘E/G.O -5:5 2.8 5.3
¥eighted average I'ixeld cerven ' '
. content, DPETCEnb.errrarreses 1.1 56.1 537 60.2
Iy Batimated averags total cerbon _ ‘ ‘
{aent conternt, Dercent..ssenneveoes el 1 57.9 £1.1 £1.9
’ Ash in residue leavirg generator, '
weight percent of ash input in ‘
a Y BN COB Ly aasoncnonrrrrrotsansen k7.3 59.6 48,5 10,9
g in —— : o
- }/ Estimated values.
ek
rhkion
ducticn
a



TABLE 7. - Screen smalyses of coals used and resi
Pilot-pient runs 1 - 1.

Run numbers....,.,. 1-1k 1525  péoy 2031

Coalivuenryvunnnn., Sewickley Sewickley Sewickley Wyomling
Coal-batch numbsrs g - . CoL : :
aversged......... I-1v Iv-vT VII . Wyc 2 Wyc .l | ave Wyo

Source Bcreen gize Slze distribution, welshy percent;/
Raw-coal + 50 0.1 0,1 0.2 a4 2/0,3 0.k
feed ~ 50 +100 1.6 1.k 1.6 2.5 1, 2,0
~100 +150 2.8 3.% 3,2 3.8 2/%.0 3.0
~150 +200 6.1 5.9 6.0 5.4 2/6,4 6.0
-2C0 89.1 89.3 68,8 87.9. 87.5 87.7
berotec 100 5.9 5 1.5 .0
o, 1 ~100 +150 5.7 5 1.5 .0
. -150 +200 32,k 2.9 307 .0
=200 4325 26,2 7.7 17.7 1.5
~ 305 29.8 a8, 1 9.6 98,7
Aerotec 100 5.7 2.0 8.3 it
No, 2 -100 +150 15.6 2.7 4,5 1.0
~150 4200 40,8 7.7 5.8 1.0
-200 +325 18,1 33.5 5.0 26.6
-305 13,8 54,1 31,5 67,7
Aerotee 4100 14,0 .9 il 1.3
No. 3 -10¢ +150 13.3 2.9 L.2 1.5
~150 +200 36,2 143 1k 3.0
~200 4325 22,2 27.3 55.8 3h.7
=325 1.3 Shok 25.8 55,5
: Weiz +100 7.7 4,2 2,9 L,2
J tank and  ~100 4150 6.2 5.2 6.8 7.1
cyclone -150 4200 1kh,7 3.5 10.5 7.7
separator ~200 13275 32,5 20.7 21,7 18.8
-325 38.9 £0.6 58.1 £2.2

_;/ Sive distribution, welght percent, for sach group of .runs is an average of

the batches used in that group, weighted according to the nuriber of rune

on ceoal from each batch. ,
‘g/ Avpreximate values for these size rengss on batoh "Wye 1", as the scresnd
used did not conferm to the indicated ranges, Butch "Wyo 1" wasz the
gpeciel shiprent of Tinely pulverized conl Frem the Louisiana, Mo,
station, and its size disbribution was taken from data for the
Louiglans, Mo, run 17,
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ACCURACY OF ERESULTS

) The uncertaintiss sncountered Iin the reslidue measurewments maks the
“arbon balance based on this measurement less accurate than the carbon
palence based on the gas measuremsnts when the Roots-Cconnersville meter was
~yged, Causes of errors in the resldue data are es follows:

(1) Since not 81l the dust was removed in the trein, the remaining
dust was measuwred by sampling the exit-gas stream,

(2) The dust washed out of the gas in the cyclone separator and the
wash box reguired another sampling determination. It lg generally
recognized that no satiefactory msthod exists for determining
accurately the dust content of a stream by aliguot sampling.

(3} Bince the generator had not reached equillibrium conditions at
the start of the run, the initial carbon gasification vas
probebly lezes than that 2t egqullibrium, and since the collsction
hoppere cculd not be opened during the course of the run, the
rete of residue collection was greater in the initial pericd
than after squilibrinm conditions had been reached.

(4) Since the slag from a series of runs was accumilated in the base
of the generator, and since as jrevicusly weperted thers is
evidence of carbon occluglon in the slaz, somws small amcunt of
carbon remained in the gererator at the end ¢f each run.

Figure %5 ahcwa the volume of synthegls gas as measured Dy fas Teter
compared with thai determined from residue measurement and carbon balance.
The results of the twe methods agreec within the accuracy of the experimental
_'._d.e.ta. The gag-volume Meapuremsnts are bslieved to be reasonably accurate.
OriTice moterg were calibrated against the Roots~Connersville mster, and
the steam meter was checked by weighing tho condensed steam. ¥Furthermorc,
the total oxygen flow from the Cascade unit-agreed with the sum of the flows
i the ssparatc oxygen streams, -

In runs 1 through 14, since only ash and combustible material were
Measured, 1t wag assumed that the residue consisted of ash, carbon, end 3
‘Percent other censtituents., In the later runs, the residue was enalyzed
for volatile matter, fixed carbon, end ash, and the carbon content wes
assumed to be the fixed carbon plus half the volatile matter. ZFrom the
alyses made in the later rune, the asssumptions for the firet runs were
ound to be reascnabdle.

i» The undecomposed steem In the syntheels gas was calculated from both -

'%7-'hb’ﬁrogen and oxygen Palances. Ln general, the valus obitained from the

hyfh'oaen balance  was higher then that cbtained from the oxygen balance,

“00 over-gll aversgs valus beirg 5 percent higher.. It is poselible that the
Yolatile matter in the residue, which accounted for 2 to 6 percent of the
total weight of dry residue, contained scme hydregen. Residue, however,
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from run 51 - the only residue analyzed for hydrogen - ghowed a regligibles
0,0h psrcent hydrogen. Tven if the average hydrogen content ir these
regidusg was 0.5 percont, ths average reczultant error in the unncoompoaed
steanm determination should pot exceed 2 percent. On account of the relstive
srall magnitude of this probabls error arnd the lack of data on kJurogeq in v
residue for other rung no correction has besen made for hydrogen in the R
residue, : ' S

The mecasvremont of undecomposed steam, made by withdrawing garmles of
gas from the gensretor cutlet and welghing the absorbed molisture, yave
grratic results. Theae resulte checked those calculated f“OE.F“liogan and.
oxygen balances for sbout one third of the runs and were much lowsr for the
remalning runs., In general, low valucs fcr the stecan measursiwnt wers obtained
when low valueg for the dust meagurenent were cbtained, sugZesting that the
probable cause wag failure to oblain accurate aliquot vorticns, Bscause of
thesse low values, the undeccompcscd steem was caleulated from td, hydrogen
and oxygen balences.

Attempts to dstermine undecomposed steam by withdrawing a sample of gus
from the generstor ocutlet to a k-inch-I. D, cylinder, cooling the gas in the
cylinder, and calculating the percentage of steam by pressure-temperature
ralat 101.1csh_1.ph alse gave inconsistert results, The dust in the gems ceused
valve leakage, and as a consejuence reliable check results were nol obtained,

- o

The moasured values for the sxlt synthosis~gas temperabure =rs glightly
Low. When checked with a high-velocity thermocouple, the exit-gas temperature
was found te be about 259F. low.

The inlet superheated-steam temperatures are bslieved v e reasonebly -
accurate, For the high-tempereturs steam runs they were determined by heat -
balances on the Royster stoves, as protecting tubes would nct stend up i
againat the temperaturcs in the steam stream, end data on the relaticnships -
between pebble-bed temperature and guperheated-sgieam temperaturec Were in- - .-
guifliclent to give eccurate resulis. The corresponding low-and intermsdiate-
range steam teuperatures were measured by a thermomctcr and a thermocouple,
respectively, in the stesm inlet line to ths gensrator, and thesc results
have the usual accuracy of thermomster and thermocouple IToasuremsnts.

Bince the runs were started at generator temperstures below thoss
obtaining after the operation became steady, some heat was stered in the
generator brickwork, The runs wers gtarted at the lower temperature hecause
the generator hegt-up burner was of insulficient capacity to obtain the
desired tomperaturc, and because it was necessery to pass "purging” steam
through the generator and purificaticn trailn prior to starting the ccal-
oxygen feed. Figure %6 ghows = plot of the heat lose determinsd from the
generator heat balance compared with that calculated Tor conduction throusgh -
the generator brickwork and storasge in the brickwork. The agrsemwsnt is '
reasonable and probably within the accuracy of the experimental date when 1t
is considersd that the heat loss calculated from the heat balance is a small
difference between large muumbers,
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A source of srror in soms of the runs resulted from varying the
reactant feed rates during the run pericd, as 1t was not always possible to
get up desired conditicms In advance. The percentage srror introduced by
this procedurc was not large in any cass., UNelther the error in the heat
palance due to these conditions necr the heat loas indicated would exisgt in
s larger unit operating at steady load conditicns.

DIECUSSIGN OF RESULTS

It was chown eerlier {fig., 34) that the percentage of coal ash
remaining as slag incrsagse In an almost straight-line releticnship wilth the
percentege of carbon gasified. A possible explanation of this phencmencn s
that some of the coal pariticles are held on the wall of the generator in
molten ash and gasified by the ewirling gases moving past ths swrface. IT
the reoaction were bsing carried cn in a cox@‘otc entrainmsnt systsm, nc ash
would be deposited in the generator, and !ncrsasing rercentages of carbon
gazifisd would be coupled with increasing percentages of agh in the material
cerricd over in the gas stream. Xo such linear relatlonship is found when:
+he ash content of the regiduss is compared with gasification efflclencles,

The prosumed hypothasie weuld alpo explaln the continued formaticn of gas
after the coal feed 1g shut off. Calevlating centrifugal forcs exerted on :
the particls by the rotation ¢f tho gas, 1t appears thait all except the wvery
fine particles are driven to the generabtor wall. Coal gasification by this i
rethod or undsr these conditions has two aistinct edvantages: (1) By slagging
out most o the ash, the duat-removel end waste-dispogal problems are
greatly simplified, and (2) since larger particles are held in the slag antil
gasified, the cost of coal preparation mey be reduced. That is, it msy not
be necepsery to pulverize the coal as finely as that used in these tests
(90 percent mimus 200-mesh). ' ;

- Figureas 77 and Z8 sghow that the percentage cerben gasified increases
greatly with the oxygeniccal ratio for tho lov-terperature steem runs and
the {oxygen plus oxygen content of gteam):coal ratic for tke high-temperaturs
steam rung. In the low-temperature steam runs, the entoring steam velucity
¥as very locw, resulting in a low rats of rotetion, in the high-temperature
gteam runs, a high entering stcam veloodty produced high rotation rates.
Tncreoased rotation rate In the high-temperature steanm runs moved the gas
bast the ccal particles more rapidly, so that the diffusicnal resistance was
decroased, Since the coal partlcles wers not surrounded by the products of
the roection of coal and oxygern, the reaction of carbon with steam could
take place to = greater extent; and hence the percentege of carbeon gasified
¥as a function of ths ratio of (oxygsn plus steam):coal. In the low-temper-
ature  stoam rune, the reaction of carbon with stoam was not favered to the
Bame oxtent, beceuse the producte of the reaction cf carben and oXygen wers
oL 50 well zoparated from the carben particles and hence the carbon gasifled
Vas & functicn ¢f the ratio of oxygen elenc to coal, Ths eifect of the
Increase of the rotation ratc in the high-iemperature steam runs over that
in the low-temperature stesm runsg vas also shown in figurs 34, where, at’ the
Bame peroentags of carbom. gasified, ths amount of ach romoved as slag 1s
- 8rester Tor the high-temperature stcom runs than for the low-‘temperature
gteem runa.




Flgurss 39 and 40 =how the veriation of the oxygen regquirement with
gteam temperature for the high-temperaturs stean runs for two steanm:coal
ratiog &% zero heat loss., The golid lires show the caleoulated effect of
steem temperature taksn from Tigure 3, using the esssumptions previously given;
The points were determined from the expsrimental data, using the oxygen:ocoal ..
ratic recorded in the run and rocalculating the steamicoal ratio to the
nearest ratlio plotted. The composition of the gas was delermined by using
material balances, by assunming that the water-gas shift reaction reaached
equilibriun at the measured exit-gas temperature, and Ty using a heat balance
agsuming no loss. The points show approximately the expecied slope but lie
above the calculated line largely because the measured percentage of carbon .
gagified is less than that assumed in calculating line 4,

Figure 41 shows how ths oxygen TGQLWTGﬁBnt Increasss with the 1ncreasﬁng:i
gtoam: coal ratio for the low-tempereture sieam runs., The solid lins weg -
caleulated for 90 percent cerbon gasification and 1,000 B.t.u. per pound of
coal heat loge, the approximate sverage obtained in all the runsg. The
agreement is reasonable, the departure from the linc again refleciting the
lower carbon gasification obtainaed in the rune than that asoumed in the
calculation, The reason for the increase in the oxygen requirsment with
steam:coal Patio is that, as more stean is addod, movo heat ia reguired for ia
the increaged amount orf steam decomposed and the incrsassd amount of heat in!
the sensible hoat of the exit gas. Since only a small amcunt of heat is '
avallable from the reactlon of carben with oxygen to form €O, ths greatost
oxygen econcony ls obtained at lovw velues of the steam:cosl ratic,

Figure 42 shows the increass in the steem dscomposltion per pound of scoal
with an increase in the stecam:icoal ratlo, It may be zoen that the steam
decomposition varies linearly and {tnat the rate of increase corresponds to &
eteam decomposition of 25 porcent fcﬂ" all threc ranges of stean temperaturs,
This valus for gtoam dscompositicn sos With that cobtained by a heat
balence, Thus in the high—tempbrutm‘e steam rune, 3 pounds of stezm are used,
te supply heat Tox the reactlon por pound of the steam taking part in the
reaction.

If it is assumed that only three reactions take place in the gensrator -
the resction of carbon with oxyger %o Torm carbon menoxide, that of carbon
with steam to form carbon moncxide and hydrogen, and the water-gas ghifd
reaction - it 1s possible to estimate the amount of steam actially reacting
with cerbon, that 1lg, ceparately from that taking part in the ghift, Thus,
the mwols of steam decomposed by the shift are edual fo the mels o carbon
dioxide formed., With these asoumptions, the mclg of hydrogen in the gas
minug the hydrogen from the coal mimue the mele of carbon dioxids squal the
mols of steam reacting with carbon of the ctal to produce carbon moncxide
and hydrogen. Thus, it is poseible, Dy this rather overly simplified nwthod
of analysis, to estimatc the fraction of the steam decomposed which actuslly -
produces carbon ronoxide and hydrogen. This fraction of steam dscompused,
averaged for the high-temperature steam runs, is approximately 0.4, Cn the
sbove basis for sach pound of coal gasified, the pounds of steam reacting with i
carbon to produce synthesis gas are about 0.3 pound greatcr fox the high- =
tewperature stsam runs than for the low-temperafure sieam runs '
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Figure 13 shows the increcasc in the percontage of carbon dloxide in
the dry synthesis gas with an increase in the steamicoal ratio.  In the
low-temperature steem runs, the carbon divxide Increases rapidly with the
gteam:coal ravic., This rise is accounted for by the increase In the oxygen
requirement with an increase in the steamicoal ratic as shown in figure 41,
Ag ths steamtcoal ratic incresses, more heat mist be generated from the
reactlon ¢ cerbon with oxy rgon to belance the heat reguirsmrent of the in-
creasad s%eam cerbon reactinon end the increased amount of heet in the cxit
g2s. To supply this additional heat, mere carbon dioxide is generated.

In the higl-temperaturs steam runs, the incresass in the carbon dioxide
with stsemicoal ratic mey be cxplained by the ecquilibrium relaticna, Sincs
gqullibrium is esgentially established for the water gas shift reaction at
the exit gas tomperaturc, and the ratic of hydrogen to carbon ronoxids varies
only slightly (1.6 to 2,2, from column 17, tzble 1), ths carbon dioxide
increasss with the steam:coal ratio.

Figure L4 shows the relation between the stesmicoal ratio and the
bydrogenicerbon monoxide ratic., At a steamiccal ratio of zZereo, the hydrogen:
carbon Tonoxids ratio ig csgsentially the molal ratic of hvdrcaen to cerbon
in the coal. ‘As the steamiceosl retic increeses, mors steam is decomposed,
and as discuased previcuwaly, more COp is formsd. As the cerbon dioxids
Increases, lece carbon ig available to form carbon monoxide, and hence the
hydrcgen: carbon monexide ratio is incrcased, Figure bh shows that a wide
range of hydrogcn:cerbcn moncxide ratics are avallable.  Ons advantase of
the high-temperature steam procesg is that it producos a hydrogen:carbon
monoxide rotio of about 1.8, w?wch ig that reportsd to bae used by the
synthetic liquid fucl plant at Brownsville, Tex.

Value of £,9C0% P, Stsam for Production of Synthesis Gas
Pigurc 45 showa the valuc of stoan at 2,9000 F. for uss in the producticn
of syntheeis gas., Its value lg determined by the costs of oxyzen and of coal,
igure h5_is besed on the averege of all the high-temperature - stoem runs
cand 11 of the low-temperzture stezm rung O of -the latter being omltied be-
Camge the siteamicosl ratio was too high and, hence, the oxygen requirement too
high, 'he avoraged data are given in table 8. - :

TABLE £. - Requirements per 1,000 8.C.F. of {CO + Hp) produced

Steoam Theusands of B.t.u.
temperature, Coal, Stean, Oxygen, shove hOOOK, in
9, 1b. ib, 8.C.F. n¥il oaa

. 2,500 33,4 81,2 B o 52.8
258 e,y 0.1 %0k _ he.5

The data in the table ‘show that the usge cof 81 2 PChndb or sgteam super-

heated to 2 ,900° F, effects a saving of “”9 S.C.F, of oxygen, and § pounds of
foal and produccs en additicnal 10,000 B.t.u. in the exit gas. If the éxtra
%heat in the exit gas is cradited at coal zost, the value of the steam may be




