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INTRODUCTION

+  Much information on oxygen production and the mepufacture of synthetic 1li-
guid fuels hes bean publighed during the past several yearg, From time to tlms
“the investment and opersting cost of oxygen plants of various eizeo has been
getimated. Burveys have beon mzde. 0. thet the verious procecses by which oXygen
' {¢ profuced commercially might bo compered. The gas-making processes in which
Toxygen ie employed, which wore ussé in Germany during the war, have been de-

- woribed in T.0.M. reels, and this information has besn publiched. Descriptions
£ pilct-scale or propossd commercial plants for the production of gynthesls
‘gas Or hydrogen and their conversion to synthstic liquid fucls zlso have bsen
published, In general, each of thease publications has deall with a particular
nage of the over-all probdlem. The present paper will discusz the relationship
otween thege phascs: The factors thet affect oxygen manufacture end cosis, the
methods For the use of oxygem and Tor tho production of aynthotic ligquid fuals,
and, to some extent, the economic fectors thet must be considered. -

SUMMARY AND CONCLUSIONS

The steps in the producticon of oxygen by the liquefaction and fractionation
of air erc discuseed, together with the characteristics of the ingtallations

in thig country for ths producticon of oxyzen.
The function of oxyzen in the production of synthetic liquid fuels is pri-
narily the gasification cf ceoal with oXygen to produce mixtures of carbon mon-
oxide and hydrogen, which then mey be used directly, in the case of the Fischer-
Trﬁpach gynthesip, or as a soures of hydrogun for coal hydrogenaticn. Among

the potential advanteges of the substitution of oxygen for eir in the coal gas-
if1sation step arc the following: (1) Fuol economy, (2) increased capaclty of
equipment, (3) a wider rangs of possible fuels, (4) greatsr adaptability to
pressura operation, end (5) a higher range of attainable tempsratures.

~ The relationshlp of oxygsn plant size o plant cost and to qugcn cost 1s
dlscussed, Increases in OXyZen cost ars gulte rapld as the gize of the plant
1o reduced below about 400 tons per éay. ' o _

. 'The amount of oXygen nccesfary tc produce aynthetic fuel by Tischer~Tropach
is almost 700 pounds of oxygen per barrel of liquid, Under certaln operating
conditions for coal hydregenation, this figure will be about 100 pounds of
oXxyzen per barrel of fuel, Thorefore, veariaticns in oXygen cost will affsct

the cost of product from Fischer-Tropsch mich moXe than Trom coal hydrogenation,

BASTC PROCESS STEPS TN THE MANUFACTURE OF OXYGEN

BY LIGUID ATR PRACTIONATION
the liguafaction of air
the mopt suitable
which are basic

: For the production of oxygsn In tornage guantities,
and 1ts cubsedquent fractionation has so far heen considerod’
Mrocess. -All. commercial designs involve the following sters,.
in the processt - : : 3
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1. Supply of air into the plant apparatus.

Alr is introduced into the plant process at one or more pressurse levalp
The minimum pressure for most of the input is governed by the cperating congy
tims of ihe primary fractlonating column., Higher pressurcs thean tnis Top Sam
part or all of the input mey be used For the expension differeatial to Dro-
vide refrigeration for the process, 4 small auxiliary stresm is often STTEN ge
Lo assist in kesping impurities fram foullng the heat exchangers snd is usualy
utilized as 2 refrigerating medium. The higher the pressure of this Stream, thi
less differentizl is needed in the main air supply above the primary column, .

2s Refrigeration of tho spparatus: Thie must be adequate to start a y
plent in reascnable time snd to abzorbd all atmospheric heat penetration engd
heat residues from the temperature differences between ingoing eir end outgo ¥
products, : ' :

Refrigeration is produced in each design by the expansion of some gas in. by cauc
the system {(usually = portion of the ingoing air supply} efter this gas hasg - '
bean coaupressed and cooled, Brpension may be through a si ple throftling valve,
but wsually part or all of the medium is rut through zn sexpansion maching, en-
glne, or turbine, connected to an elcotric generator or water pump 1O get the .

T
greater cooling effect from the work performed end as source of power recovery tt
An auxiliary power-drlven refrigerating machine frequently has been used Tfop and the
pre~cooling the refrigerating side stream to freeze out moisture and siso to heat e
vield a lower temperature in the expended stream, and au

2] tyhi
5+ Heat transfer between ingoing alr and outgoing products t0 minimize octio
the admiscion of heat to the process end thus reduce the refrigeration require~ turs ©
ments, tien 1
condit
When operaticns sre stabilized, cooling of the ingoing air supply and gnough
wvarming of the outgoing produects are the Cirst and last stages, respectively, :
in the design flow, In every case, simple but highly efficient units for the T
transfer of this heat ars sought to reduce the refrigerating requirements of is fre
the plant: It was the development of the Frankl-type regenerators and the moré overis
recent countercurrent~flow heat exchengers that has mede sconomical bulk plants . the tc
possible. In both these types the ingoing air is cooled nearly to its liquefy= ff}d :‘3;
ing temperature at the fractionating-coclumn pressure. The regonerators ars a’f tﬁ
bairs Of shells padked with heat-absorbing metal in & fom to offer & large £ ls?e??u:
surfrace., Nitrogen or OXYgen product passing outward through one of the pair o BN BGC‘biE
sbsurbe the heat from the packing end is itzelf warmed nezsrly to atmospheric o _
temperature, wheress airp Tflowing through the elternate shell has its tampera- |
ture reduced by transfer to the Freviously cooled packing. The more recently prody
developed heat exchangers have parellel contiguous passages, the ingoing air usual
through one giving up heat to the product gus going out throngh the other. The gener
plent design also iancludes othor hest exchangers of the countercurrent-flow Tifie
type, in which small trensfers are made ot the lowest temperature levels be- _ hoat-
tween the outgoing products as they leave the upper column and the reflux !
liguids entering the column.
fract
Y. Removal from the six supply of lmpurities, which interfere with luter '
operations, : ' : : '

Dust as well as moisture, carbon dioxide, end other more minute impuri-

ties that may solidify end clog the columns and suxiliary lincs are removed inve
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sir. Solid particles are taken out by filtering or washing

{
the air before entrance to the alr supply unit or in the first sbtage of air
"afta‘rcooling. Substantially all cf the molsture, carbon dioxide; and other

pyatallizable impurities if not removed from the inlet air supply by gel ad-

ory
worption are deposited curing the inltial ctages of cooling in the primary heat
Reversal of the Tlowa through ths pairs of regencrators or the

PoBR the iI]SOiILg

to pro- axchensers.

ten arvangeg peat exchangers 1ets the outzoing product gas Dlck up the impuritics from thees

i 1s uspally ppasages. Where ingoing alr has several times the pressuro of the. cutgoing
offective in removing all the do—

pr'cduct, the mich larger oubgoing volume ig
posit from the previcus half cyele, When pressure differontiale are gmall, fhe

uigoling gas is not so effective, even with come eXcess product from the auxil-
gry air supply, bo clesr the passages completcly. Periocdical thaving <f these
cOMES NBcessaly, and some interruption in producticn mst be arranged, faxil-
ary air inputs treated cutside the primry heat exchangsrs &re parifisd Dy re-
pigeration and chemical mesns, moisture Pelng removed by compressicn and cocls
ng to freazing temperature or oy adgorption in gel driore, snd. carbon dlexids
y camstic gorubblng.

-5, Fracticnaticn of liquefied aly Into compeonent nitrcgen and OXygen and

ttling valy M ;
‘ g valig ﬂfelijf@fy of both of those &s produch gases.

achine,

50 get th fho reotifier for this frasticnaticon ie almost universally a doubls col-
&L recovery win, the upper esction of which cporates siightly above atmospheric pressure
used for, and the lower eection at 60 to 70 p.s.i.g. Dividing the two sections is a

1 also 1o Weat exchanger in which nitrogon ovorhead from the lower columm Is condensgsd’
and supplics the hont to reboll the oxygen bottoms in the upper section, It

5, this combination duty that sots the proscure diffcremtial between the two
ectlons. The OXygon buttome In the low-pressure eeotion will bs at a tempera-
tire of perhaps ~pgh® ¥, vhen the condunsed nitrogen in the high-pressure sec~
ion.is at a2 temporatwre of -£90° . This small differonce undsr the excellent
onditions for heat transfer and the-relatively lerge transfor surface is

ply and - nough to permit the exchenge of tho nocessary heat,

pectlvely,: -l

ts for the A% The partly liguefled incowing oir snters the lower sectien, in which 1%
aments 9f 5,fractionatnd inte an oxygen-rich bottoms end a relatively high-nitrogen
and the me Verhosd. Part of the nitrogen condenged in the heat exchanger is returned to

The bottoms from the high-prossure colum usually are

& top tray ae reoflux,
with any low—prassure

2d. to sbout the center cf the upper section, together

its liquef]

tors are r that is boing used. The scperation ia made in Lhis section between sub-

a large stantially spocification-purity oxygen bottoms snd a product nltrogen overhend.
: o condenscd overhead from the lower

Plux for thip uppsr soction also is th

the pal alee
sospherio ; Baction.
5 tempera A -
3 pocertl U The Jiquid oxygen drawn of f from the reboiler is vaporized to gilve gasetis
soing aif roduct cxygen. Thc evaporztion of thie material supplies scme vefrigeraticn,
5other'. }L‘%’}}&lly to an suxiliary strcam, and the sveporated product passus into the re-
s t—FLOW - Eif_tel’atorg or exchangsrs degeribed sbove. The gegecus nitrogen leaves the rec-
:vels be- ; f_i__er from the top of the seccndary colum to go cut through its sericsg of
sV eet-tranafer apperatbus,
roflux _ .

o _5_?118 cycle developed Dby the Plliott Co. involves 80T modification of the
with 1atei' :?“P:.'-le?ating colurn but tho principles rekalin ensaentially the same.

o _6- Reomoval of aostylene.

3 imP‘-l_fif_i - The presence of acetylene in eignificent concentraticn in liguld oxydon
removed Yolves the hazeard of explosion. The range of stability appoars to be limited
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to the smount of acetylenc soluble in the .liguid oxygen. Beyond that, unaj
solved crystals are formed and apparently are unstablo, Several methods of :
minimizing this hazard are employed. For the minute gquentities of acetylong .
in nonindustrial atmospheres, which may bo carried bsyond the input alr-cooly

sppaerastus, the maximim concentration occurs in the liguid-oxyzen vaporizer: gy o
the last portion of the oxygen liguid 13 evaporating, Rotention of the lagh 3y
percont of oxygen in the liguid form at the end of This evaporation and itg
withdravel befors Turthér corcentration kcop the acetylene within the accept
able limits, Chemical iests of the liquid thus discherged sre made to confip
the adsguacy of this procedure. Tn mors modern, lerge-—scale plants where ,

higher acetylons content is enticipsted in the input air, or the loas of 1ligusd
oxygen would De importent, acetyleme is removed from the liguelied air befope *
the fractionating column by gel adsorbsra. Thess are revivified by streamg of
heated air or nitrogen, and control tests are mede on this gas stream for the
acetylene quantlity thus reroved, ' '

TYPE. AND SIZE OF COMMARCTAL PLANTS IN THE UNTTED STATES

The design of the large plants in this comntry has devoloped largsly frg
those congiructed in Germany for stsel planta, hydrogenation, synthesis and
other chemical industries. Theae Gorwman plants, substsntially all of which
wers dsglgned by Linds, had & meximm capacity of 150 tons per day per unit,
and larger installsticne were compoged of mltiplss of those units. It ig
undorstood that & 20-unit plant wag projected during the war, and 12 of the .
units actually were instelled, Othor 12-unit plante werc constructed ot sev- t Winm
eral places, The design of these plents becams standardized on the double- -- as gt
columm rectifier, with the mein air invut at 60 p.se.i.g. From turbine compreng-
ors and the air purifisd and cocled in the Frankl-typc regenerators. The !
euxillary air stream (7 percent) vag comressed to 5,000 p.e.i.g., caustic-
gerubbed, and dried and coclsd oy amonla refrigeration. This stream, efter
further cooling, was expanded through & throttling. velve into the Prosgure
colunmn to prcduce liquid air. A part of the uncondenscd nitrogen from the
top of the pressure columm was put through turbine cxpanders to produce offi-
cient refrigeration and soms power recovery. Acetylens removal in theso plante
wag effected by withdraving the last 1 percent of oxygen liquid unevaporated,
It appears that some wertims restrictions may have prevented the use of 2ol
adsorbers, ag these had already been installcd in some smaller plants, The
standard product of thesc lergs-scale plants was 98 percent oxygan.

give e
‘for ref
“work i
o driven
_ , - includ
The 2k~ton-per-day Linde-Frankl plant trancferrad from Germany and re~ . startl
srocted in the Synthetlc Fuels Plant at Loulsisna, Mo., embodies moot of the
standard Linde desizgn featwres of tho large German plants,
recinrocating compression for the second gtage of air Input, expansion of part
of the h,p. suxiliary air througk working sxpangion engines, delivery of gil
nitrogen from the lower into the upper columm as liguid, snd introduction of
gormz 20 percent of the air through the oxyzen-cooled regoncrators directly into
the secondary columm =t the rrimary stage prossure (12-13 p.os.i.g.), An auxil-
iary column ig superimposed on the rectifisr for the recovery of some 5 percent
of the input air =g purc nitrogen (0.5 percent Op) for special purposes.

It useos, hovever,

Tranefer of the Linds dosign to this country also has bsen indicated by
recent refeorencel/ to a 200-ton-daily-capacity gassous oxygen pllot plant built

%/ Chemical Engincoring Prograss, vol, L3, No. 7, July 19W7, Tovs Soction, 8w
p. 16, '
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1&13.. s Tinde Air Products Co. for development purpcses and put into cperation late

of ., csp 1946 at Bast Chicego, Ind. The brief description in the cditorial repert
tene -, " oontaining this reference irpliss the conventional Linde cycle, using the
cooling ‘aouble-aolumn rectifier, the Frankl regsnerabors for heat sxchange and rsmovel
3 oas - of most of the water vaper and carben dicxlds, delivery of part of the air %o
Last the lower colum, and expangion of the remainder in a work turbine for refrig-

Air supply is =t 80 p.s.i.g. to operate the lower column at 79 p.s.il.8.

Ltg’ 1 : eration.
?e,IjJ_G'__-. . snd the upper colum at 5 p.e,i.8. Froduct is 90-95 percsnt oxygen. A thawing
R period each 30 to 60 daye is implied.
_}iqui;} The first of the large-scale industrial plants in thie country appcare to
Acre .. yeve bson the Ecppers-Air Reduction Co. inetsllstion in the Pethlehem Stosl
fms of jant at Jchnstown, Pa., with 2 capacity of 130 tons per dey, which was put In
¢ the TR operation during 1948. This continues the use of the Frankl regenerstcrs, the
double~ccolumm rectifier, and the cremical purification of the auxiliary air ln-
put. This enxiliery alr, together with part of the main alr input, ig expanded
tnrough turbine-type expanders for rofrigeration of the process. The expended
7 from eir gooS intc a nitregsn colum werking at an intermodiate pressure and dlscharg-
and ing uncondensed nitrogen through another turbine expendsr for additional refrig-
ioh eration. All liguefied cdr is fi}f,fared, and aceff,ylene is removed from 1t by
nit, ‘pagsage through zel adgorbers, which arc revivified Dy an auxiliary x}itrogen
ig tream. , :
the The Hydrocerbon Regearch-Stacy Dresesr plant of the McCarthy Chemical Co.
aev- t Winnie, Tex..i/, is rated to produce 175 tems per day of 95 percent oxygen and
1o~ “was started in Januwary of 1949, The double-columm fracticnation is continued,
apres sing bubble cap decks, but the cooling-puritying alr regenerators have besn ro-
3 laced by svecially designed heat exchangers for the same dual purposes. 1In ons
i~ t of these the oir and nitrogen and in the other the eir and oxygen Ilow coun-
ter terourrently through contiguons passages, the flowg being revereed ab intervals,
ra g6 that air impuritiecs deposited arc removed by cut-going products. A bleed-
he stresm of air from the exchenger cutlets ic passed back threough a third, nonre-
of Ti- versing passagc in each exchenger tc give extra cooling againgt the incoming air
pilants and meintain constant tempsraturs differentials in the exchengers and more eifec-
atod. . d tive removal of impurities, This eide sireem is thus wermed alightly and then,
3el for refrigeration of the plant, is put through the expansicn tuibine, which doen
The work in pumping plant-coeling water. Plant alr supply la comprsssed in gas-
driven recivrecating uwnlis tc €5 p.s.i.g. To chemd cal purification of air is
: Included, Acetylens is removed by sillca gel sdscrptlon. I.%Jreat report since
'-“e;l'; starting has indicated no thawing or deriming yeot necesgaly . :
the :
2ver,  Other. commercial-sizg plents, the senstruction of which has been ammounced:
? g_irt or ig under way, include ._C,/ .
A
1 O Hyarooarbon Resesrch - Fogter Wheeler plemt for Carthage Hydrocol Co. =at
1y 111 _Br’-b"ms}ville , Taxs ‘Ivo 1,000-ten-per-day units for mynthetic gasoline end oil
3“3‘;1];’5 roduction from natural gas.
porc .
Liy Products Inc., for Wisrton Stesl Co. at Welrton, W. Va.j 400-ton-per-
. .by day unit for motallurgical Proccsees. ' :
1 )
5 budd 5] Tiniwortn, ., @.: Potroleum Proceseing, vol. b, No.o h, April 1553,
— . pp. 3779, ' ) _ _
7y £/ Wright, €. C., Current Status of Tommage Oxygeny Americen Gas Asscclabion

Subcommittes Report, May 1940,
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Linde Alr Products at B, I, du Pont de Nemouwrs synthetic ammonia plant
at Belle, W. Va.; 360-ton-per-day unit for hydrogen produstion.

Linde Air Profucts st Whceling Stsel Corp., Stcubenville, Ohio; 135-tope
per—dey vnit for metallurgical procseses.

COST OF CXYGEN

The eize of an oxygen unit has considsrable infinence an the cogt <f the
~product. This ig chown in Tigure 1, which was drewn from data from eoveral Pub-
lighed sourceszzw/ and gc-t private sources, but principally from the Anmerican
Gas Agceciation reporth_/chhe coats reported thsre were based upon the followhm

Operation - 24 hours per day, 365 daya per yaar.

Stean - §0.40 per 1,000 pounde,

Cooling wator - $0.01 per 1,000 gallcna.

Eleoctricity - $0.005 per kw.-hr,

Tabor - L8 man hours per day at $1.40 per hour.

Maintensnce and supplies - 1,5 porcent of plant cost per year.
Fixed charges - 10 percent of plant cost per year,

lu}

[ N

Ho crsdit for byproduct N or for gide strsam of 99,5 percent Oz,

"po

Thig report ie congidersd to ba the mozt comprehengive published survey of
- oxygen plants and costs to doto. The coats from carlicr sources hove boon ad-
Justed to 1948 levels by =application of a Tactor. :

All the vrocsssses shown, with one exception, are in reascn=bly gocd agroe-
ment ag to the relation of plant capacity and production cost. The data given by
vne company wesre about 40 percent bulev ths average of ths other valuss reported .
ard nave not been included. Referring to the graph, a 300-ton-per-day plent
would produce oxygen ot about $4.80 per ton. If the plant capacity wore 100
tons per day, tho cost would Yo almost $7 per ton, and if the capacity were in- -
creaged to 1,000 tons per dey, the cost would s reduced to $3.50 per ten.

OXYGEN" COST

The varlation in the cost of the oxygen with the size of tinc plant 1g, of
courge, due primarily to the fact that ths investrent cest and Tixed charges do
net inersase proportionately =s the vlant cepecity is incressged, snd that the
apount of operating lebor Tor almost any plant of porral sizo is gubstantially
the game, eo that ths labor chergo Per unit of oxygen is decreasecd in proportion
to the size of the plant. The utilitics, such ae eteam, clectricity, and coocl-
ing water, are, in gorersl, a constant charge Per wnit of oxygen regardlsss of
plant size.

The infcrmation available upon the estimated investment cost for oxygen
plants does not agres as well as that availeble on the cost of the roduct. In
Tigure 2 ig glven o curve showing the rglationghip between plant cost and capa-
¢ity. The line reprssents approximately the averago of costs given by vericus
sources for plants of each eize, This would indicate invesiment costs of .
$1,250,000, $2,380,000, and $h,500,000, respectively, For the 100, 300, and
1,00C-ten-por-day plants discnsssd sbove.

1/ Downa, C. Ry, Topact of Tomnage Oxygen on Awericsan Ghemical Lrdustry s .
Chem, Eng., vol. 55, Ko, 8, August 1948, p. 113, i
8/ Cas fge, Apr. L, 196,
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Figure |. - Effect of plant capacity on the cost of oxygen.
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Figure 2. - Effect of oxygen plant capacity on the plant cost.




SYNTHETI( FUEL PROCESSES DEPENDING CN CXYGEN

Coal Hydrogenatian

The {irst ccamercial plent for making gescline fram cozl wes uilt ot
Leuwna, Germany, and was put into cperetion in 1926,  Subsequently, at lsast
10 othsr plents were built in Gemmeny to convert such raw materials 25 brown
- goal, bituminous coal, pitch, etc., into high-grade motor fuel. The bulk of
Germeny!s eviation gascoline in World Wer IT was mede by the hydrogensaticn
process. Inglend &lBO ecanstructed two such plants, The firet, for
pituminous-conl hydrogenation, was caapleted in 1935.

Phis process consists essentially of splitting the large moleculss of
coel or other rew naterizls and adding hydrogen directly to the locse ends
of the resulting smaller molecules. 1us lighter products thus formed are
mich richer in hydrogen then the raw maberial. High pressures, from 1,000 to
10,000 pes.leg., ond temperatnres of 75C° F, to 1,000° F, ere reguired in the
reacticn, in eddition to = suitable catalyst, to obtain practical conversions.
Por coel znd moteriale having a boiling point above approxinatoly 65CCE,
the recctix is carried ocut in the iiquid stete with the cetelyet added to
the feed. For lighter Tesd slocks, o IiXed catzlyst bed is generslly used,
end the rescticn is corried out in the vapor phese. Recent work 3/1.0
indicetes the possibility of using the fluidized technigue to replece the
ligulid-phase operztion. AL loast two steges of hydrogenatlon are required
if gasoline 1is the deslired preduct. The process is charcebterized by at
‘least three features: (1} The wide renge of products obtainable, such 28
‘IP-gee, @asoline, jét fusl, Diesel fuel, distillate fuels, or residual Ifuel
oils, 2) cd products that retoin soe characteristics of the original raw
meterial, and (3) the almost caplete conversion of all process cosl to
“hydrocorbons.

Bydrogen roouirements for this process may Vary considerably, dependdng
'ty the zvailable hydrogen in the feed materisl and on the end products
‘desired. When gesoline ls produced as the primary product from bituminous
coal, a typical procssd belencell/ shows the hydrogen regquirement to be 8,000
s oublc feeb per berrel of liguid product.

 The purity of the hydrogen is not criticel, 85 to 98 percent being the
usuel renge. Carbon manoxids is normelly limited to 0,15 psreent Ior vapor-
thase operaticns, '

9] Chemicsl Engincering, vel. 50, No. 7, July 1940, p. A7.

6/ clark, E. L., Pelipetz, M. G., Storch, H. H., Weller, 8,, Schreidbsr, 8.,
Hydropenation of Cosl in 2 FInidized BPed: Presenbted before the Gus
and Tuels Div., fm. Chem. Soc., 116th, meeting, Atlentic €ity, N. J ey
Septembar 18-23, 199,

11/ Rivsi, L. L., Merkovits, J. &., Skinmer, L. C., Dougherty, R, W., and

Doneth, BE. ., Bstimated Plant and Operating Costs for Producing Gasolins

o by Coal Hydrogenation: Buresu of Mines Rept. of Investigations 456L,
August 164k, p. 32, o




The normal hydrogenation plant, using cosl as the only raw meterial, 3
able to rocover 15 to 20 percent of the total hydrogen requivement from itg
own residue gas, hydrogen which was dissolved in the oil _streams at high
pressure and subsequently releoaged during pressurc reduction, A low-tan-
perature separation plent is usually included for this purpose as well as 4y
purge nitrogen from the systam, The hydrocarbon tail gases, methane ang =
ethane, may be reformed with steam t0 yield en additional 40 to 65 percent
of the hydrogen required. The volume of hydrogen produced would bo reduceq ¥
by about one-third if pertizl cabustion with oxygen is used. _ &

8

The mixtures of carbon monoxide end hydrogen resulting from reforming
mist be treated with slesm over a catalyst to convert the carbon monoxide
to dioxide with the production of an egual volume of hydrogen. The carbon
dioxide is then removed by scrubbing., This atep 1s nccessary in producing
hydrogen by almost any gasification process. :

The balance of the hydrogen requirenent, amounting to 20 to 50 percent ¥
of the total, must then be nade directly from outside rew materials. Tn the”
bituminous-coal example cited above, approximately 3,500 cubic feet of the
8,000 cubic Teet totzl peor barrel would need to be produced in this manner,

As far as the process itself is concerned, the source of this additional
hydrogen ie inmeterinl, In Gemeny, under the then existing econcry and
wartime conditions, many sources of hydrogen were used. However, most of
these would not be fessible for a full-scale synthetic-fuels industry eithe
by reason of practicality, considering the magnitude of the operations, or
econany. Under nomel circumstances it is anticipzted that the gasification®
of solid fuels probebly would be the major sourec of the reguired gas., In a
subsoguent section, various meens of gasifying solid fuels are discussed, and *
the conclusicn is drawn that the direct reacticn of coal with oxygen and
steam hes meny potentisl advantages, '

Gas Synthesis (Symthesis Gas fram Coal)

The Germans began their work cn the Fischer-Tropsch synthesis (synthine.
process) on an industrial secale in 1935, Especially sinece World War i1,
efforts in the United States have been directed toward the use of iron
catalysts as being more ecarcmical and readily available then cobalt and
toward the increase in walt plent capaclty by means of improved heat transfer
Virtuelly =211 of the major oil capanies, some of them in conjunetion with
coal Interests, are occupled in thia development work. In goneral s Tthey have
confined thelr work to the application of the fluidized-bed technigue, The
Burezu of Mines has developed, on a pilot scale, a fixed-bed type of reaction
in which the heat is removed by cireulation of a doolani oil in vhich the
catalyst bed 1s submerged,

A mixture of hydrogen and carbon monoxide is paseed over an activated
ircon catalyst at temperatures of 5000 to 6000 F. and pressures in the neighbor-
hood of %200 p.s.i. Fromm thie reaction, a range of synthetic liguld fmels and
organi¢ cheanicals is produced. Tae ratio of hydrogen to carbon monoxide uaed )
is nomelly in the renge 1.5:1 to 2:1, The 28 must be thoroughly purified
of sulfur compounds to protect the catalyst.
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The synthesis gas (abmut 30,000 cubic feet is required per parrel of
prOduC“ produced) mey come from several sources. Using oxygen, ithe gas may
pe made fram either coal or natura) ges. JFram a large-scale viewpoint y and
jn the interest of conservation, we must be concerned principally with the
production oFf this gas from coal,  Because natural gas is chesp snd plentiful
in some ereas, and because 1t conversicn to synthesis gss offers fewer
,a_ifficul'bies then coal, it is en altrsctive starting point for cammerclal
peratlon eference is mzde to the plant being uilt by Carthage ~
Hydrocoll f—glJ;_E’ et Brownsville, Tex,, which is being designed to use
40,000,000 standard cubic feet per day of oxygen to convert 64,000,000 aubic
fee't‘, of natural ga€' into carbon monoxide and hydrogen. This 13 *Lo be
accamplished at &,4 Loo® F, or above and at 250=300 DeSalege

Using coal &8s a basic raw matcrial, many operatiuns for the production
of synthesis gas or hydrogen have been concmcted in the past as a two-sted
ﬁrocess. The coal is first coked in canventional ovens, usuwally with the
recovery of byproduct liguids arwl g28. The cocke thus formed is caused to
readt with Steaw, usually In a blue-gas sel. This involves relatively high
investment costs and the necessity for a good coking coal, One of the more
attractive possibilities which cheap tOﬂIlc.LgS cxygen opens up is that of
geeifying the ccal directly in conbtinmicus procestes using oxygen snd steenm

Several rrojects directed towurd the development of processes to gasify
coal with oxygen and stesm are currently being carricd on by privete or
Covernment groups. At Trall, British Columbia, the Comsolidated Mining &
Smelting Co. of Caneda operotes a morc or less standard producer uging an
xygen-stean blast instead of the conventionsl air-steoam blast.l_?

s
!
|
3
-
:

g i
;ma The Stendard 0il Co. {N.J.) and the Pittsburgh Consolidation Cozl Co.
an anmounced in 1947 Jaint plens Ior a §300,000 gasification demopnstration-size
. ilot wnit at Library, Pa.il '
The Bursau of Minss &t Morgentown, W. Va., also haz 2 large pilot wnit
: . Operating with powdered coal, oxyuenm, znd steam. The unit is desipgned for
‘- ninkipi usage of oxygen by substitution of high-temperaturs stesm (up to
inev 30000 .u.), superhested by twe Roysiter stoves operating altermstely __/ Also, ' '
) -2t Pittsburgh, the Buresu operates u.l'.L oxygen-coal pilot unit designed on the
orte:-:_ principle.
Fers 137 Xoith, P. C., Gosoline From Wabural Gas: 031 end Ges Jour. vol. h5, §o. G,
_ L June 15, 1;1-6 D, 102, '
ave _,_/ Latta, James B., and Walker, Scott W., Stanolind 0il & Geas Cao., Ccmercle.l
e Application of Hydrocerban Synthesis in the United States: Chem. Eng.
ion : Progress, vol. 44, No, 2, }?eo::ua,ry 1948, v. 173, _
- '/ Virignt, c. c., Barclay, K. M., and Mitchell, Re Fu, Tho Production of
Hydrogen and Synthesis Gas by the Oxygen Gasii‘lcc«.uon of Sclid Facls-
Consolideted Mining end Gnelting Company of Capeda: Ind. Eng. Chen. , ;
. vol, -4, No, 4, April 1548, p. 592, _ :
1bor ﬂﬁldn William I’., Gasgiy LCd.'LJ.OIl ci ®oal May. Foro:-hs,dorw New J‘ndustry
and he_plac_ng 0il Refineries: Hational ]:etroleum Hewsa, vol. J9, No, l;, i
3ed April 2, 1947, p. 234 :

26/ ‘Sehmiat, T, B, McGes, J. P., and Slons, M. c., A Pilot Plant for Gasify-
ing PO’deI‘Gd Toal Entrained in Oxygnn. -and Steam: Chemical Enginceoring
Frogress, vol., U, Fe, 10, OCctobsr 1948, p. T37.
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The Bureau of Minse Synthetic Fusles Demonstration Plent st Loulsi
haz a complete gas-synthesis demonctration plant under congtructicn. 7/ A%
this time the oxygen. plant is opsrating on a production basis. The coal-

gasification unit 1s operating intermittently for experimental purpcses.

The
purification,

gynthesls, and distillation units are Stlll under congtruction, -

The methods used in Garnwny for the predurtlon of synthesgie gas or hydro-

gen by means of oxygen from coal or coke are surveyed in a paper by L. L,
Newman. 18/

POTENTIAL ADVANTAGES OF OXYQEN GASTFICATICHN

It hes been shown in the foregeing that the use of oxygen in the rroduction
of synthetic fucls is Primerily s qusstion of the gasification of coal to pro-

duce hydrogen for cesl hydrogenation or carbon monoxide- -hydrogsn mixturss Tor i
Fiecher-Tropech synthesis.

I a coal-gasificaticon process, hsat st be éupplied to dreive off and
decompose the volatile componsnts of the fuel and to support the endothormic
reactlon betwoen carbon and steam, This may be supplied internally by partial

comburticn of the fuel with oxygzen, by intermittent combustion with air to store-

heat in the Tuel bed, or by the gpplicaticn of external hesat.

The use cof oxyzen in place of air or sxternal heating of the gasificetion
vessel may show one or more of the following five advaenteges: (1) Fuel econ-
omy, (2} increased capacity of eguipment, (3) a wider range of posasible fucls,
(k) greater adeptebility to pressure operation, and (5) & higher range of
attainable temperatures, Theee will be discussed in turn.

1. PFuel econony.

On a theorctical basls, with perfect combustion and psrfect recovery of
wagte heat, there would be subgtantislly no diffcronce betwsen burning carborn
with sir to carbon dicxide to guoply the heat naceassary for the rsaction of
carbon with stecam to form carbon monexids and hydrcogen on the one hand, and
on the other, the partial combugtion of carbon with oxygen tc form cerban
monoxide, again to supply the keat nescessary for the reaction of carbon and
gtean. On the basis of a given velume of gynthesis gag rroduced, the carbon
requiremsnts would bo substantially the same for the two wethods of operation.
Lowever, in the absence of perfect combustion and hest recovery, there isa = §
substantial fuel cconomy to be achieved by the uss of oxygen, The volume of i
nitrosen-that mast be numped baated and cceoled in an air-blown: p“oceqc ig a

mejor burden cn the ef'ficlconcy of the process. !

| IMITING OXYGEN PRICE DOLLARS/TON

17/ Hirst, L. L., Markovitse, J. A., Dressicr, R. G., and Patcholder, H. R.,
The Burcan of lMines Demonstration Plante in ths Synthstic “uale :
Pictures Treceddings of American Gas Asgociation for I9L8. '

_}@/ Newmen, L. L., Oxygen in the Production of Hydrogsn or Synthesls Gae:

Ind. Eng. Chem., vol. 40, Wo. L, April 1948, p. 559.
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AIR BLOWN PRODUCER REQUIRES

43.2#% COKE,56.5 # STEAM

w., | OXYGEN BLOWN PRODUCER REQUIRES

286 # COKE, 332 # STEAM, 23.1% 0,

Me STEAM CHARGED @ 404 /1000 LBS.

PER MCF
CO + Hp

/

/

/

V4

LIMITING OXYGEN PRICE DOLLARS/ TON

(COST OF OXYGEN EQUIVALENT TO COST OF COKE SAVED)

S {0 1S
COKE PRICE DOLLARS/ TON

20

Figure 3. - Comparison of coke-air and coke-oxygen operations (var-
iations of limiting oxygen price with coke price).



Dlrect camparisons detwsen oxygen and air-blown operations are not too
camtante  The operation of o Wellmen-Galusha producer with coke “and oxygen at
‘Trail, British Galumbie, was reported by Wright, Borolay, and Ifitchell.ll/
In this paper, cauparison wes drawn between the operation of the producer o
sized coke and that of « stendard blue-gas set. There it wes stated that
2%+2 pounds of cerbon, 23,1 pounds of oxygen, and 33.2 pounds of stean were
required o produce 1,000 cubic fect of carbom monoxide and nydrogen in the
profucer, In 2 blue-gas sst, 35,5 powmds of carbon =nd 56,5 pounds of steam
wers required to produce 1,000 cubic feet of carbon menoxide plus hydrogen,
using eir blast, Disregarding the power cmsumption of the alr blowers snd
meking constant allowance Tor.the cost of steem, corparison can ‘oe'ma'd.e,'
then, 'of the oxygen price that will allow & break-even operat'iog_as_ a function
of the price of coke. This relationship is shown in figure 3. From this
it will be seen that with coke at $5 a ton, &n oxygen price below 555,95'96:0
ton would allow some advanbtage to be shown for the OXygen-olowr operation,

It the odke price is §10 per ton, then eny oxygen price below approximately
$7 per tan would show an adventage ror the oxygen-blovn operebion, Obvicualy,
es the chiel sifect of the uss of oxygen is saving fuel, the more experisive

. the fuel the higher the price that cen be justified for oxygen or the greatsy
saving is shown et a given price of oxygen. Fruam this . curve, also, it can

be seen that 1T s minimum cchicveble price of oxygen is $3 per itan , then the
use of oxypen cannot bte Justified on this basis when ccke is less then $3.50
per ton. : ¥ : _

(Since the foregoing was wrilten » the oxygen-blown producer installszd
&t the CGas Smthesls Demonsiration Plant st Louisiana, Ho., has been
operated to produce synthesis pas from odke, Stesm, snd oxyman. A Lower
Oxyem usage wos achleved liere then that reported hy Wright s Barclay, and
hitehell, This changes the relationehip scmevhet; for example, with a coke
Fice of $10 per ton; sn-oxyga pricc up to $8.50 per ton would Show on
advantage for tlhe oxygen-blown opareticn,)l9/

It is recogized that coke is not, perhaps, the ideal fuel for
gesification, as ite use involves sppreclable investment in coke ovens end
88 it 18 & reletively high-cost fucl, The cmparizon is made hore on the
basis of the coke s Primerily vecausc therd are no data on camerical operatioms
m eny other bzsiz, '

It showld be recogiized, however, that the same general relationshipa
Will provedl when suitnble procesdss for the gasification of cosl with sither
Oxygen or alr are developed, rnd the megnitude of the saving to be achieved
by the use of oxygen will b o funchion of the pricc of the fual that has

CEn Saved. B

19/ Bstchelder, H. Ry Dressler, f. G., Tenncy, R. F., Kmuger, R. B,, eod
Segur, R. Dvy Cperation of Kerpely Producer with Oxygen-Enriched Blast:
Presented at the Annusld Mesling of the American Gas Association in
Atlentic City, N. d., Oct. 4, 1950. ' :
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2. Increased capscity of eguirment.

As coke 1s substantially the only fuel readily adapted to both oxygen S
and air-blown operations, agzin ths campariscn between the two Processcs
to 1llustrate the increased capacity achisvable with oxygen must be mede
between the blue-grs set and the oxygen~blown producer, Rererring again
to Wright, Barclay, and Mitchelll—& s the authors found that the producer at
Trail could achieve gusification rates up to 5,750 pounds of cuke per hour. . when
They state that the capacity was limited by the eguipment for Teeding the coke -
ind by the size of the gas offteks linc. They stated thelr belicf "¥*#% ver
mch higher rates are entircly feasible if desired.” On the basis of this
throughput and 23.5 poinds of coke per M c.f. of gas s The production was
about 245 ¥ c.f. per hour in this wnit. A Plue-gas set of the sape internal
dameter (10 ft. 1.D.) should produce, on normal operation, abcub 200 M c.f.
per houre

Fram these Tigures 11 can be seen thet at least & 25 percent improvoment
in oulput wes achieved, and all of the evidence indicated that a very much
higher yate on the producer could have been realized.

- {More rocently, the operstion of a modified blue-gus set with oxXygen hag
been reported by Blatchioré.20/ The throughputs achieved in this operation .
were appreciably higher than the maximum at Trail. Gesification rates as
high as 475 M ¢.f. per hour werse achieved, which is well over twice the
capacity of a blue-gas sSct on elr operstion.)

gac
is &
a0ve

Camparing the producer at Trall, operating on lump coke, with the
preliminary operations of the powdered-cosl gusifier instelled in the Bureau
of Mines plant at Loulsiana, Mo,, it can be shown that, on the basia of
equal reactian volumes, the powdered-coal gusifier produccs approximately 50
percent more than thc producer at Trail actuslly did. The deslgn capacity
for the powdered-coal gesifler it approximetely twice that actually achieved
in the Wellman producer.

2 Wider range of possible fuels.

Any gasificaticn of solid fuels without the use of oxygen must depend
o intermittent air blowing, ciroulation of heated fuel fram a cambustion to
a gasification zne, or the application of externzl heat to the gaelficaticn
vessel, In substantially all of these, cokc or nonagglomerating coal is
Indicated because of the potential Aifliculty with sticking and coking. In
an intermittent air-blown operation, of vhich the blue-gae sct is the best
example, coke 1s standard practics, and the attempte %o use bitaminous coals
in general introduce ter and oils into the gas and subetantially reduce the

Cpe
(1014
oY
"be

red

cepacity. In the processes involving the circulation of heated fuel, such &
&% have pecn variously proposed for fluid-=bed gasificatim; & precarbonizing . op
- &tep has usually been included tecause of the obvious difficultics with g e

coking coals in such an operation. This, in general, applics elso to the
fixed or elowly moving beds of fucl to which external heat is supplied for ) 2
the gasificstion reaction. ' '

204 Elmtchiord, J. W,., The Produciion of Water Gos with Tornage Oxygen:
Presented a2t the Production and Chemical Conference of the American
Gas Assoclation at New York, N. Y., May 22-24, 1950.
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Humerous powdere'd»_boal gpsification processes have been propesed in '

mn
4hich oxygen is used, and some are at present under development, In most
of these, the design is such that difficulties with agglameration probably
- will be minimized or sliminated, with the possible exception of those pro- -
at  § posing the use of oxygen in a fluid bed. Certainly, it 18 anticipated that
. ¥ Jhen the suspension greification of powdered fuel i8 achieved on a comercial
occke begis, it will be substantlally independent of Jimitaticns on the nature
rery - of the fuel to be used. A canparable process using air would not, of course,
is . pe feasible becanse of dilution of the synthesis gas with the nitrogen Trom
the air. :
12l . . _
3ot  In a period when the supply of high-grade coking coals is known to bs
1imited =nd. when the investment cost required for large coke-oven inzgtallatione
i 1g considered, a synthelic liguid fuels industry of eny magnitude founded
ment i o the necesslty for coke Ior gasification ‘operations would nov be realistic.
h
4., Creater adaptapility 1o nressure operation
y hag | . Tn sither of the synthestic fuel processes discussed above, the synthesis
on : gas or nydrogen mist ultimately te available at an slevated pressure. This’
3 - iz 250 to 450 pounds per squars inch for the Fischer-Tropsch and at least
‘ coveral bimes this for the coal hydrogenabicn. .
In 2 geslficatim process using oxygen, the possibilities of cenducling
the opcration at clevaled pressures arc atitractive. As the volums of
reEn synthesis ges is threc 1o +1ye times that of tho oxygen requlred, the cam-
_ presslon costs for the over-all process cen be reduced materially by cai-
750 . . pressing the oxygen nly end soving the entire load of coamplessing the
P 2 synthesis gus. Most of the oxygen~gasiflcation processes can pe adaphed
sved ” to preseure operation with saue real adventages in the mabtter of equipment

cepacity end eificiency as well as of saving of synthesic-gas campression
costs. -

: Tn en alr-plown process euch as the blue-gag set, the use CI pressure

Wk - operation probably would result in no advantage, as all of the air for

1 to combus ticn wowld have to be compressed, end this would smount 1o appruciably
more then ihe volume of the synihesis gas produced. Theoretically, it would

nle]
be possible to expand the products of canbustion through gas turbines to
In . recover the energy content, ub this would enteil such an increase in plent
3 % Investment as to meke 1t highly unatlractive. '
xals ' _
che 5 In thosa processes that depend am application of external heat to the
<h . Basification zanes, the problem of materisls of construction suitable fox
iing Cperstion at the temperatures involved and at elevated pressurcs would be
tremendous. ' -
or 2 ',l'iign.er range of attainabtle tempesratures.
- ™. Another possible edvantage of the use of oxygen is the fact that higher
. temperatures are attaineble, which may be desirable in order to destroy the
tﬂ?;‘s and oills fram coal or $o permit operation under slzgging conditiond.,

kogs .17 -




At the present writing 1t is impossible to svaluate, in terms of dollarg
and cents, the varicus advantages of oxygen gasification given above. It
is believed, however, that these adventages are resl and demonstrable and
w11l inevitably meke development of = Feasible synthetic fuels industry
dependent wpon efficilent gasification of solid fuels with oxygcn.

RELATTION OF OXYGEN COST TO SYNTHETIC FUEL COST

In the absence of any comercial production in the United States of
ap synthetic fuels by Fischer-Tropech or cosl hydrogenation, it is impossible
to glve cost figurea from actusl practice or to state precisely the re-

' lationship between costs of oxygen and synthetic fuels. However, enough
information is aveileble to make it possible to estimate thess costs and to
show Liow much the price of @ barrsl of synthetic fuel should chsnge with o
given chenge in the price of oxygen,

For the Fischer-Tropsch, for example, 1t is quite well sstablished that
there will be necessary about 690 pourids of oxygen to meke 1 barrel of
synthetic liguild fuel. Thiz amount of oxygen at $5 per ton would emount to

i $1.72 per berrel, =nd at $3 per ton it would amount to $1.03. On this basis,
e then, each chenge of $1 por ton in oxygen will change the per-barrel cost

i of synthetic fuel from this processs vy ebout 35¢. For comparison, similar
ol calculations made on coal would show that a chenge of $1 per ton in price
&_E would result in a chenge of abont 40¢ per berrel. :

Py -

ﬁ}; Tn the cosl-hydrogenation procoss, e relatively large part of the

;f . required aydrogen is o be recovered from the tall gases by low-temperature
s scparation and produced by refomming the product mcthane with stesm. For

:vjf thls reason, the oxygen requirement for coal gesification is only & fraction
i of that for the Fischer-Tropsch., It 1z estimated that ebout 90 pounds of

o oxygen will be required to nake 1 darrel of synthetic fusl by coal hydro-

b genation, At $5 per ton, the oxygen cost would amount to about 22¢ per
terrel of oil, end at $3 to ebout 1l¢. O(n this basis, esch change of $1 per
R ton in oxygen cost will change the per-borrel cost by about 4. :

The foregoing was calculated oo the basis of the maximum recovery of
hydrogen from the tail-gas camponents and the uss of eozl gesification to
generate the balence. Given oxygen st a Low cnough price, it mey be econamicel
to use the tail-gas compounents as plant fuel gas or to process them for
gale as 2 geneval utility gns and to increase the proportion of hydrogen
_ generated by ccal gasificalion. This method of operation is discussed in &
i peper by F. L. Eymonds, et al.2L/ The selling prics of the utility gee is

expressed ag a function of coal pricc and is such as to meke this step
y provably desirable by thé time a synthetic-fuel industry is campetitive with
f pretroleum, In thet event, of course, the profit shown by the 2lternative
operations would be coredited toward the cost of the increased oxygen and
coald required, At this time it is not felt thet it is possivle to predict
wiere the division point would be n verious commerciai-scale cperations, -

—

2}/ Symonds, ¥. L., Loughrey, P, W., Siimner, L. C., Batchelder, H. R., and
L Donath, E. E,, Public Utility Ges as & Byproduct of Synthetic Ligquid
Fuels Production: Proceedings of the fmerican Ges Association, 1949.
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dollars The coal reguirements for cosl hydrogenation are almost the same as for
Fischer-Tropsch, end changes 1n the coal prics will heve substentielly the

geme effect on the cost of the product,

Cheap oxygen then is relatively more important for the Fischer-Tropsch
then for coel hydrogenetion, but in either cass the cost of the oxygen
necessery is an appreciable part of the cost of the Iinal product, and
varictions in this cost mey well affect sectlons of the fincl design,
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