FURTHER STUDIES OF THE FISCEER-TROPSCH
SYNTHESIS USING GAS RECYCLE COOLING
(HOT-GAS-RECYCLE PROCESS)

By 1. H. Field, D. Bienstock, A. J. Forney,
and R. J. Demsli

> * & » N B »x» » &= » repo:rt of invesﬁgations 5871

UNITED STATES DEPARTMENT OF THE INTERIOR
Stewart L. Udall, Secretary

BUREAU OF MINES
Marling J. Ankeny, Director




CONTENTS

smw'".'..--....-.-..-.""............‘.......-.....I

INtTodUCtioN, ceseecvoasonsssossnnsanssaasssasassscsnassnmns
Experime-ntal PrOCEdu!.'ES-.----o--oo---v------oo'-cooooacoc'
mmaterials""""..............‘..O..‘....D.l.lii
Synthesis ZaS..ensescsasescsssssancsnnsasnssanse
Catalyst........................--.-.-......--..
Apparatus and mecthod of operation,.....ccccccecccsnas
OPeTALIONS . cuussasrasnssrsssnesarsosvcvensnitanuusnnss
Oxidation...cecveeeees easscensssesssvererecunos
Impregnation.ceaesscsnsrsresrussocsnavicnarancns
Redut.'.l'.ion...........-...............-.....".---
sﬁthesis-..--0--.......0---Il...ll.'.‘.l.....l.
Catalyst an0alySi®.eesanevsecncrnonocorssssscaans
Product evaluation..,ccvvvvoasnsatsvsncacancanncesr
Discussion of re.sultS.........-........................-..
Operating variablesS....cvseventanscnnnscnccecsvescans
Product distribution..cessevessvsccssarssscsasacasces
Effect of variables..,.cevcscoacussvasscnnssssesenves
Reactor Lemperatulf.,ssasssasssesssavirocnsnssns
H,:CO Tratio of the fresh gas....ccactcecvvrcness
Throughmut of fresh gas....cecvcassvrsrcsncacacs

Water vapor and carbon dioxide content of the
recycle BasS, . ..c.csvsascaerconscsassencovvanes
Chloride deposition on the cat2lySC.ceeescccsens
Potassium impregnation...sccccasssecsvvreananses
PreSSUTe ATOP..snsecssscccssnccsascervanverssnsoanasss
Ca.t:alyst J-CtiVity......-.-..-."................ ----- .
Gasoline Processing.-..a-a----..uuo.-.--............
COBCIUSIONS . cnccconsvrsossnasenssertsssssscsssassscsnsnoss

Appeﬂdix......p-...--....--w.-a.lt.dl...nv---.‘-a.o.o.c---

Glﬂssary Of tems..-t..-.l...l-OCl.t‘.ac--l..--0...0.-.0.0.

b,
L’g
o

oy

BURNEREES

a
=t



- Oh W oprold o
. @ W B

e

TLIUSTRATIONS

Schematic flowsheet of hot-gas-recycle process......
Hot-gas-recycle reactor,sevcessveccvecasvernsrevenas
Hot-gas~recycle compressor SyStem,.,cesexcccacevases
Hot-g2as~TreCycle COmPreSSOr. ccecsvorsacssasssrnsscnan
Oxidation unit for preparing the steel catalyst

for the hot-gas-recycle ProCeSS.couvensscsvscssoss
Effect of variables on product distribution.........
Presgure drop across a bed of stzel lathe turnings,

experiment 15 encusvssstsnsnassnasssssnsnansrronsns
Frocessing of synthesis products to produce

gasoline, experiment Dersvwscisssssnssunvrascnannas

TABIES

Stmary of expermts 7-17.l-.....lil..'.'.O.-.I.l-
Oxygenates and olefins found in experiment 1l7.......
Effect of variables om product distribution.........
Activicy data for experiments 7 through 17 ..cccavves
Octane numbers of the finished gasoline,

e.xperi.ment O usseusrsssasasesesssusssstanansnnnden
Octene mumbers of the finished gasoline,

emriment 15-..0t.¢.I....l.lll."....ﬂll'..ll.l.l
Operating conditions apnd results, experiment 7......
Operating conditions and results, experiment 8......
Operating conditions and results, experiment 9......
Operating conditions and results, experiments 11,

12’ 13.....‘.-...‘-...-......-...-.."..-.....III-

Operating conditions and results, experiments

14’ ‘15.'..'.II.-.-..I..-......l....“.....'.......

Operating conditions and results, experiments

16, 17......'..'0.!...'.C..‘.....‘...I...'...I'I.l

. Yook

)
1]
E P-t-::ou ~j h l’a

22

10
13

21

24
25
26
27

29
30



FURTHER STUDIES OF THE FISCHER-TROPSCH
SYNTHESIS USING GAS RECYCLE COOLING
(HOT-GAS-RECYCLE PROCESS)’

by

J. H. Field,? D. Bienstock,® A. J. Forney,?
and R. J. Demski®

SUMMARY

Synthesis of hydrocarbons by the Fischer-Tropsch reaction in a hot-gas-
recycle system was demonstrated to be technically feasible, This project was
undertaken, by the Bureau of Mines, to determine if the system was operable
and to ascertain the optimum conditions for the production of gasoline.

Carbon steel turnings packed with a void volume from 88 to 90 pct, were
satisfactory catalysts, but steel catalysts with greater void volume, either
turnings or steel wool, were not as active,

- Good tempexature control with a pressure drop of less tham 0.5 pounds per
square inch (p.s.i.) per foot of catalyst bed of turnings was obtained by oper-
ating with & reecycle to fresh feed ratio of 20 and by splitting the total gas
flow and injecting portions into the reactor 2t different entry ports.

At an hourly space velocity of 1,000, 90 pet. of the feed gas was coo~
verted at 300° to 320° €, At a space velocity of 1,500, 88 pct, was converted
The proportion of gasoline in the hydrocarbon product ranged from 55 to 66
pct, The finished gasoline with 3 cc. of tetraethyl lead had research octane
ratings from 90 to 96. Synthesis of gasoline in a hot~gas-recycle process 18
preferable to processes using oil as coolant. At the higher temperatures pos-
sible in the hot-gas system, a larger Dpercentage of the hydrocarbom product is
gasoline,

INTRODUGTTON

The Bureau's program on the synthesis of liquid fuels from coal includes
the development and evaluation of Teactor systems for the catalytic

TWork on manuscript completed March 1961,

2project Coordinator, Pittsburgh Coal Research Center, Bureau of Mines,
Pittsburgh, Fa.

3Supervisory chemical engineer, Pittsburgh Coal Research Center, Bureau of
Mines, Pittsburgh, Pa,

“Engineering technician, Pittsburgh Coal Research Center, Bureau of Mines,

Pittsburgh, Pa.




hydrogenation of carben monoxide, Methods for conducting the synthesis differ
principally in the technique of removing the exothermic heat of reaction and
in the type and form of catalyst. Heat is removed directly by a c.ool:l.ng
medium coptacting the catalyst surface in the oil circulation,® slurry,® and

hot-gas-recycle’ processes, and indirectly in £luidized bed® and fixed bed®
systems,

In the hot-gas recycle process the exothermic heat of reaction (about 70
B.t.u./cu.ft. of synthesis gas comverted) is absorbed by the sensible heating
of large volumes of recycle gas circulating through the reactor im direct con-
tact with the catalyst. The heat absorbed by the recycle gas is then removed
externally in a waste heat boiler by gemerating steam. Because of the large
volumes of gas and the bigh cost of compression, it 15 necessary to bave a low
pressure drop through the catalyst bed, The development by the Bureau of an
active lathe turning catalyst having a considerably lower resistance to gas
flow and better heat-transfer characteristics tham granular catalysts has
overcome the major difficulties experienced by the Germans in 1938.%°

Assuming a constant specific heat of the gas and a constant rate of heat
transfer from the catalyst to the gas, the amount of recyecle zrequired depends
on the temperature increase which can be tolerated across the catalyst bed.
An excessive temperature rise would inactivate the catalyst and promote the
deposition of carbon., A temperature rise of 40° gave no operating difficul-

ties in the present studies; this is & times the temperature differential that
could be tolerated in the early German studies g1

The purpose of these experiments was to demonstrate the feasibility of
the hot-gas-recycle process with an active catalyst that offers a low resist-
ance to gas flow and to determine the operating variables which affect the
production and quality of gasoline and the 1ife and activity of the catalyst,
A previous reportm discussed the use of a simulated hot-gas-recycle system im

~SBenson, H. E., ¥ield, J. H., Biemstock, D,, Nagel, R. R., Brumn, L. W.,
Hawk, C, 0., Crowell, J. H,, and Storch, H, H,, Development of the Fischer-
Tropsch Oil-Recycle Process: Burean of Mines Bull. 568, 1957, 72 pp. °

é5chlesinger, M. D., Crowell, J. E., leva, M., and Storch, H. H., Fischer-
Tropsch Symthesis in Slurry Phase: Ind, Eng. Chem., vol, 43, 1931, ppr.

TBfenstock, D., Jimeson, R. M., Field, J. H., and Benson, H. E., The Fischer-
Tropsch Synthesis Using Gas Recycle Cooling (Sizulated Hor-Gas-Recycle
Process): Bureau of Mines Rept. of Investigations 5655, 1960, 25 pp.

®pemeter, J. J., and Schlesinger, M. D., Fischer-Tropsch Synthesis in a
Fluidized-Catalyst Reactor with 2 Nitrided, Fused-Iron Catalyst: Bureau
of Mines Rept, of Investigations 5456, 1959, 16 pp.

®Srorch, H, B., Golumbic, N., and Andersom, R. B., The Fischer-Tropsch and
Related Syntheses: John Wiley and Soms, Inc,, New Yorxk, N.Y¥., 1951,
610 pp.

ioyork cited in foornote 2,

1lgark cited in footnote 9.

l3yuork cited in footnote 7.




which the recycle gas was cooled, compressed, and reheated to reactor tempara=
ture, Cooling the tecycle gas below 25° C. Tresults in condensing and removing
from the system water and higher-boiling hydrocarbomns. This simulated system

was used until a compressor capable of circulating hot gases was installed in
the pilet plant.

EXPERIMENTAL PROCEDURES
Raw Materials
Synthesis Gas

Synthesis gas was produced for the hot-gas-recycle pilot plant by reform-
ing natural gas with stean and carbon dioxide over a nickel catalyst at atmos-
pheric pressure in a small commercial unit. Hydrogen-to-carbon monoxide
ratios were varied from 1.0 to 3.0, Impurities in the synthesis gas, methane,
sarbon dioxids and nitrogen amounted to less than 1 pct. The sulfur content
was kept below 0,1 grain (gr.) per 100 cu.ft. by passing the gas through acti-
vated carbon., Usually the sulfux content was less thep 0.02 gr. per 100 cu fr,

Catalyst

Steel lathe turnings apd steel wool were catalysts in these experiments,
The turnings, made of 1013 carbon steel, were cut on a lathe, and the cutting
depth, angle, and speed could be adjusted to produce turnings with void vol-
umos From B8 to 96 pct,’® No, 6 commercial grade steel wool was used in two
experiments and was packed in the reactor to a void volume of 97 pet.

Apparatus and Method of Operation

The pilot plant consisted of a Teactor, recycle compressor, carbon diox-
ide scrubbing system, product recovery system, and heat exchangers. The cata-
lyst was oxidized in a separate unit. A simplified flowsheet of the bhot-gas-
recycle process is shown in figure 1. A more derailed view of the reactor
indicating gas ports, pressure taps, catalyst sampler, amd thermocouples 1s
jllustrated in figure 2. The reactor is a 3~in. schedule 80 pipe made of
ASTM type A-106 steel, grade B, A maximum catalyst bed height of 10 ft. could
be used, but all of the experiments discussed in this report were made with a
6-ft. bed equal to a volume of 0.275 cu.ft,

As shown in figure 1, the total feed gas, congisting of fresh and recycle
gases, enters the top of the reactor and flows downward through the catalyst
bed at a superficial linear velocity of about 4 to 5 fr,./sec., The gas leaving

the .reactor enrCers a gas-to-gas heat exchanger where it is cooled to 200°~250°

id

C. The effluent gas stream £rom the reactor is divided in the following man~
ner: The product gas stream is cooled, metexed, and sampled; the remainder is
returned to the system by the hot-gas~recycle compressor, Five to 15 pct, of
the hot recycle gas is cooled ro condense the water vapor and 0il and treated
with monoethanolamine to absorh the carbon dioxide. Thus the carbon dioxide

12york cited in footmote 7, p. 2.
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FIGURE 1. - Schematic Flowsheet of Hot-Gus-Recycle Process.

and water vapor content of the recycle stream are both maintained below 10
per, This cold recycle then recombines with the remainder of the hot recycle
gas and with the fresk feed gas, and flows to the reactor through the gas~to-
gas heat exchapger and a Dowrherm- jacketed'® gas heater, The recycle booster
compressor is showa in detail in figure 3; it is a single-cylinder, double-
acting reciprocating type. Figure & shows the compressor. The gas is com-
pressed from 400 to 500 pouads per square inch gage {(p.s.i.2.), and can be
operated at temperatures as high as 325° C. The capacity at these conditions
is 27,000 standard -cubic -feet -per hour (std. cu.ft./br.),

Carbon dioxide is removed from the cold recycle gas by a 20-pct. mono-
ethanolamine solution that is fed into the top of the absorber through a dis-
tributor aml flows countercurrent to the gas. The absorber coluzmm is 6 in.
in diameter, packed ro a height of 8 fr, with 3/4~in. ceramic Raschig rings.
The srripper columm is also 6 im. in diameter, coptaining 6 fc, of the same
rype packing. Any part of the cooled recycle gas could be sent to the
absorber. This method cf operation permitted the water vapor content and the
carbon dioxide content in the recycle gas to be controlled independently.

l+peference to brand vames 1s made to facilitate understanding and does not
jmply endorsement of such brands by the Bureau of Mines.
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matrically the unit used for
oxidizing massive iron cata-
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steel wool, The oxidizer
is a 6-in, pipe made of
304~-stainless steel, Its
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to form Fez0, and hydrogen.
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FIGURE 2. - HO?'GGS'RGCYCIE Reactor. pressure using a steam €1onr
of about 400 hourly space
velocity, The steel was oxidized antil 20 pet. of the iron was converted to
Fe,0,. The degree of oxidation is checked by comparing the weight gein of the
catalyst with the amount of hydrogen evolved, Oxidation in this manner pro-
duces a layer of iron oxide with the bulk of the steel in the interioxr
unoxidized.

Impregnation

Storch has shown that alkali impregnation of massive iron catalysts
shifts the product distribution toward the higher boiling hydrocarbons and
minimizes the yield of gaseous hydrocarbons 15 the catalysts used in these
experiments were impregnated with an aqueous solution of pctassium carbonate,
and then dried. The strength of the solution and length of time the material

15york cited in footnote 9, p. 2.
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was immersed in the solution determined the potassium content of the catalyst.
The potassium content of catalysts, expressed as potassium oxide, varied from
0.04 to 0.36 poct.

Reduction

The catalysts were reduced after oxidation and impregnation. The reduc-
trions were conducted in the reactor of the pilot plant, Usual conditions
were: Thirty cubic feet per hour of fresh hydrogen, 2,000 cu.ft./hr of Tecy-
cle hydrogen, 100 p.s.i.g. reactor pressure, and 400° C, average temperature,
The recycle stream was cooled To Temove water and then re¢heared, The tempera-
ture was limited by the heat transfer ﬂuid..,l_:dawthe.m) uvsed in the preheater.
A1l reductions were 40 to 60 hours in duration, The phase present on the ‘sux-
face of the catalyst after reduction was shown by X-ray diffraction to be
predominantly alpha-Fe.

Synthesis

After reduction the catalysts were usually inducted in the reactor to
bring the system to operating conditions. Induction was accomplished by
operating 10 days at the following conditions: An hourly space velocity of
200 to 250, an average bed temperxature of 260°-270° C,, a Teactor pressure
of 400 p.s.i.g., aund a hot-gas-recycle rate sufficient to maintain the tempex-
-ature differentizl over the ‘catalyst bed -at 10° C. The -feed gas had a

©UEDAIA_19T5%



hydrogen-carbon monoxide ratio of 1.0, After the induction period, the
hydrogen-carbon monoxide ratio of the fresh gas was changed to 1.31.5, the
hourly space velocity was increas-. while maintaining a CQp-free comtraction
of 65 to 70 pct., and the average bed temperature was raised to 300°-320° C.
The recycle rate was adjusted to give a differeatial across the bed of 20° C,
The cold recycle stream was generally 5 pet. of the total recycle. Samples of
gaseous and liquid products were taken at periodic intervals afrer steady-

sca::d conditions were obtained. Weight balances were also made during these
periods.

Catalysc Analysis

Catalyst samples were analyzed by X-ray diffractiom for the determination
of the solid phases present. These samples were taken from the top of the
catalyst bed during synthesis by using the sampler shown in figure 2, The
apparatus was attached to the top of the reactor and the magnetic sampler was
lowered to recover sufficient turnings for X~ray analysis. When steel wool
was used as a catalyst, similarly treated turnings were placed above the bed
of steel wool to supply representative catalyst sawples, The catalyst was
sampled after reduction, activacion, apd during synthesis,

Pyroduct Evaluatiom

Liquid product was dxained periodically from the unit during steady~state
periods, and samples were tzken of these products for amalysis., Oil samples
were analyzed for bromine numbers, specific gravities, ASIM distillationms, and
other pertinent information. Usually the liquid was distilled into 50° C,
cuts which were then anmalyzed by infrared spectrometry for determination of
the oxygenate and olefin content, Water samples from the decanted liquid were
also analyzed by mass spectrometry for their oxygenate content—-alcohols,
ketones, and acids.

Proportionated product gas and feed gas samples were collected in gas-
holders over a 24~hour period, Gas from these holders was analyzed by mass
spectrometry. The carbon dioxide content of the tail gas was determined
directly by hourly Orsat analysis.

Chromatographic analysls was used occasionally to determine the branched
hydrocarbon content of the gaseous products.

DISCUSSION-OF -RESULTS

Operating Variables

The operating variables investigated in these experiments are those
affecting product distribution, pressure drop through the catalyst bed, and
catalyst activity. To standardize the experiments, an equal volume (0.275
cu, fr,) of catalyst was used, All catalysts had been oxidized before reduc-
tion with hydrogen. Table 1 shows a summary of experiments 7 to 17. This
table lists the purpose of the experiments, type of catalyst used, induction
ditions of synthesis,
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As shown in table 1, steel rturcings with a void volume of from 88 to 90
pct. were used in experiments I, 8, 9, and 13 through 17. In experiments 10

and 11 steel wool with 97 pet. voids and in experiment 12 steel turnings with
96 pet. voids were zed,

Product Distribution

Tables 7 to 12 (in the Appendix) contain the cperating and yield data for
the steady-state periods of experiments 7 to 17. Included in the tables are
the temperature and temperature differential, pressure and pressure differen-
tial, gas conversioms, analyses of the product gas, ylelds and discribution of
products, and weight balances. The product distribution groups are C; plus C,
gases, Cy gas (propane), gasoline (propylene to 204° C.), diesel oil (204°-

316° C.), and fuel oil and wax (>316° C.). The oxygenated hydrocarbons and
gaseous olefins are also reported.

- Table 2 shows the oxygenates found in the product obtained from experi-
ment 17. The products are typical of these experiments, Ethyl alcohol is the
major component, Methanol and higher hydrocarbons are also produced, In addi-
tion to rhe alcohols, acetome, methyl-ethyl ketone, acetic acid, and propioniec
acjd are found in the water phase. Esters, ketomes, and higher molecular
weight alcobols and acids are found in the oil phase,

Effect of Variables

The yield of oxygenates in the products from the hot gas recycle experi-
ments is low and operating variables do not affect the yield appreciably.
Usually less than 9 g./m.” of Hy+CO converted was obtained, about trhe same as
‘tn the oil circulation process. These '{:!.e].ds may be compared with that of
52 g. obtained with a nitrided catalyst 8 which is a specific catalyst for
the production of oxygenates. .

The effect of variables om product distribution is shown in table 3,
which is a condensation of tables 7 through 12, It lists the variables that
produce appreciable changes in product distribution. These changes ara also
shown in graph form in figure 6. .

The operating variables include temperature, the H,:CO racio of the fresh
gas, the fresh gas rates (hourly space velocity), and water and carbon dioxide
content -of the recycle gas, The effects of chloride inhibition amd potassium
oxide impregnarion are also discussed, Pressure was held comstant at 400
p.s.i.g. in these experiments. The effect of pressure on the Fischexr-Tropsch
syathesis has been discussed by Benson.*

T€pienstock, D., Field, J, H., Forney, A, J., Myexs, J. G., sud Benson, H. E.,
‘The Fischer-Tropsch Synthesis._in +he Oil-Circulation Process: Experiments
wicth a Nirrided Fused-Iron Catalyst: Bureau of Mines Rept, of Imvestiga-
tions 5603, 1960, 32 pp.

17 .

Work cited ir footnote 5, P. 2.



TABLE 2, - Oxygenates and olefins found in experiment 17,
products in_aqueous phase

Period...eeecee F-3 B C D E F G
Product watcer:
Specific
gravity..... 0.978 0.991 0,981 0.982 0.982 0.981 0.985
Acid pumber.,| 17.5 14 .0 6.9 8.3 11.4 13.7 22.3
Refractive
index,...ccee 1.3422 1.3412 1.3409 1.3410 1,3417 1.3420 1.3413
Product yield,
g, /2% B +CO
converted:
Water, . coneea |114,2 124.0 129.8 121.3 122.8 123.9 122.8
Ci0H. e . 0.9 0.8 0.8 1.0 0.8 0.9 0.8
czoal.I.I.... 902 9.2 8-1 9.9 10.6 12.2 8.4
C3DH......... 2.3 2.9 2.6 2.9 2.8 2.6 2.1
C,OH,.....eaaaf 0.1 0.3 0.3 0.4 0.6 0.4 0.4
CeOH,vanvans 0.3 a 0 0.3 0.3 0.2 0.1
CsOB..venvene 0.1 0.3 0.3 0.1 0 0.1 0.1
Acerone......{ 0.5 0.7 0.5 0.4 0.4 0.4 0.3
Merhyl ethyl
ketone...eos 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Acetic aeid., 1.6 1.0 0,5 6.6 0.7 0.7 1.6
- Propionic
acid..cranua 0.3 0.3 0.1 0.1 0 0,1 0.3
Total vyield {129.6 139.6 143 .1 137.1 139.1 151.6 137.0
Products in oil phese, period D
(g./m.” H,+CO converted)
Product, Terninal |Internal {Branched
net grams|Acid [Estex |Ketone olefin | olefin | olefin
FD. - 100° Covivnnen 26.9 }0.,09}0,10] 0.12 13.28 4,25 .87
. 100° - 150° C..vnveace 15.2 07 .10 .36 11.62 244 ok
150° - 200° C....... .s 10.2 07 .10 .26 &6 .47 1.54 35
200° - 250° C..acinsnve 4.6 01 03 .10 2,39 0.83 .15
250° - 300° Coouneevas 5.0 |0 L6 .13 2,22 1.11 .10
> 300% C_.cvnanve 12.3 0 .27 .28 3.01 2.53 65
Total..vevecnacers 74 .2 0.24§ 0,66 | 1.25 35,99 10.30 2,47
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Reactor Temperature

When the reactor temperature was raised from 353° to 390° C, in experi-
ment 11, the yield of gaseous hydrocarbons increased and the heavier hydrocar-
bons decreased, As shown in table 3, the C, plus C, yield increased £rom 30,1
to 48.3 pet., while the gasolime fraction decreased from 46.4 to 42,1 pct,

The fraction boiling over 316° C, decreased from 12,2 to 0,3 pet, Increasing
the reactor temperature had little effect on rhe yields of oxygenates and
olefins. In the oil circulatiom processla more gaseous hydrocarbons and gaso-
1ine are made as the tempexature is increased, However, the temperature range
in the oil circulation unit was 235° to 270° C., and at these lower tempera-
tures the yield of hydrocarboms boiling above the gasoline range is higher.

15Benson, H. E., Field, J. H., Biemstock, D., and Storch, H, H,, 0il Circula-
tion Process for Fischer-Tropsch Synthesis: Ind, Eng. Chem,, vol, 46,
1954, p. 2284,
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H, :CO Ratio of the Fresh Gas

An increase in the Hy:CO ratio of the fresh gas caused a decrease in gaso-
line production. In experiment 16 the Hy:CO ratio was increased from 1.36 to
2,91 and the gasoline fraction decreagsed Irom 35.5 to 23.0 pet, Simultaneously
C, plus C; gases increased from 47.3 to 39,5 pct. As shown in figure 6, the
product distribution shifted to the lighter bydrocarbons, The same result is

also shown in table 1l in periods D and E of experiment 15 where the H,:CO
ratioc was changed from 1,41 to 2.01,

Throughput of Fresh Gas

As shown in table 3, tests 8H and 8K, an increase in the throughput of
the fresh gas had very little effect on the gasoline production or the oxygen-
ate yield, but increased the yield of gaseous olefins, An increase in the
fresh-gas flow from an hourly space velocity of 1,003 to 1,400 increased the
yield of C,-Cg olefinms from 18.1 ro 31,6 g./m.2 of H,+CO converted,

Water Vapor and Carbon Dioxide Content
of the Recycle Gas

An increase in the water vapor or the carbon dioxide content of the recy-
cle gas shifted the product distribution to lighter hydrocarbons with only 2
slight increase in the gasoline yield, An increase in either component
decreases rhe oxygenmate yield but increases the olefin yield,

The carbeon dioxide content of the rotal recycle stream is usually main-
tained at 5 pet, by scrubbing the cold recycle stream with monoethamolamine.
When this serubbing operation was suspended the carbon dioxide content of the
total recycle stream increased from 5.3 <0 29.8 pct. The Cg-C; olefin yield
increased from 39.0 to 74.%4 g./m.® of Hy+CO converted, Although the water
vaper content also increased 2.3 pct. at this time, it is believed that the
large change in olefin content is due primarily to the carbon dioxide increase.
Experiment 7 (table 3) supports this belief, Here the water vapor content of
the total recycle stream changed from 0.2 to 2.5 pct., (the carbon dioxide
decreased from 6.4 to 4.9 pet.); the C5-Cg olefin content of the tail gas only
increased from 28.5 to 34.6 g./m.® of Hy+CO comverted.

Because of possible oxidation of the catalyst at this high concentration
of carbon dioxide, resulting in decreased activity, it is undesirable to opexr-
ate in this manner. A slight increase of the carbom dioxide content from 5 to
10 pet,, shown in table 8§ for periods F and G of experiment 8, increased the
gaseous olefin yield by only 2 g./m.2 of H,4CO converted,

Chloride Deposition on the Catalysct

The catalyst of experiment 13 was presumed to have been exposed to hydro-
gen chloride that was trans ferred by the recycle gas from an alumina-contain-
ing trap. (The purpose of the alumina trap was to convert the terminal ole-
f£ins in the recycle gas to intermal olefins and to decrease the oxXygenate
yield, The effect of the alumina, however, was negligible,) The chlorine

N
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concent of The catalyst was 0,05 pct. afrer discharge, No analysis was made

of the catalyst when charged to the reactor, but an unused catalyst similar to
that used in experiment 13 had 2 chlorine contént of 0,002 pet, The gasoline
fraction increased from 57.7 to 66.2 pct. of the total hydrocarbon yield after
the catalyst was poisoned, This was the largest percentage of gasoline in the

product obtained in any of the experiments. Unfortunately, the chloride
decreased the activity of the catalyst,

The presence of chloride on the catalyst increased the yield of Cz-Cg
olefins from 41.3 to 51.5 g./'m.a and decreased the oxXygenate yield from 9.0 to
2,6 g./m.? The effects of halogen compounds on Fischer-Tropsch catalysts are
described by Davis and Wilson.'® They state that these compounds on unalka-
lized catalysts cause the C,-C, olefinic fraction to increase, the overall con-
version to decrease, and the methane and carbon dioxide yields to decrease.
These experiments corroborate their findings.

Potassium Tmpregnation

The addition of potassium to a catalyst increases the yield of liquid and
solid hydrocarbomns, and the yield of oxygenates and olefins, An increase in
potassium content from 0.04 pet, in experiment 8C to 0.16 pct. in experiment
9C increased the gasoline yield from 39 to 60 pet., as shown in rable 3.
Figure 6 illustrates how the product distriburion was shifted toward higher
boiling compounds. As the percentage of C; plus C, and C3 decrease, the yield
of liquid and solid products increases, This shift is also shown in table 12
in experiment 17, When pctassium.hydroxide dissolved in alcohol was added to
the catalyst in perieds E and F, the yield of 1iquid and solids increased.

As che catalyst ages, the active coating on the surface of the catralyst
flakes off, As a result of chis joss of alkali, the yield of gaseous hydro-
carbons increases with age of catalyst. This effect is illustrated in table
9, experiment 9. After 612 hours of synthesis the percentage of the product
above C, was 75 pct.; after 1,859 hours it was 65 pct,

Table 3 alsc shows that when the potassium oxide content Was increased
from 0,04 to 0,16, the oxygenate and Cy-Cg olefin yield increased, The olefin
yield increased from 16.9 to 44,3 g./m.Sof Hy4CO converted, and the oxygemate
yield from 3.3 to 8.9 ¢./m.® of Hy+CO, The effect of alkali on Fischer-
Tropsch catalyst has been discussed by Anderson and others .2°

In summation, the highest yields of C; plus C, gases were obtained in
experiment 11C (75.4 pccl) operating at a very high temperature of 390° C.,,
and in experiment 16 (61.5 pct.) operating with a very high (2.94) Hy:CO
ratio. The highest yield of gasoline was obtained in experiment 13B (66.2
pct.) after a chloride had been deposited on the catalyst,

*%pavis, H. G., and Wilson, T. P,, U.S. Patent 2,717,259, Sept. 6, 1955,

305 nderson, R. B., Seligman, B., Shultz, J. F., Kelly, R,, Elliocc, M, A,
Fischer-Tropsch Synthesis--Some Important Variables of the Synthesis on
Ixon Catalysts: Ind. Eng. Chem._, vol. 44, 1952, pp. 391~397
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Pressure Dxop

The pressure drop through the catalyst bed is affected by the shape of
the catalyst, the linear velocity, and the density of the gas, A comparison
of steel turnings with 88 pct. voids and steel wool with 97 pet. voids®® shows
rhat the pressure drop is about 50 per. less with steel wool, However, turm-
ings of 88 pct, voids were employed as catalyst because turnings and wool of
greater void volume were less active, both on a weight and a volume basis,

As compression costs are a function of both the recycle flow and pressure
drop across the bed, any reduction in either factor would be desirable, How-
ever, the flow must be sufficient to maipntein stable temperature control. In
experiment 16, shown in table 12, as the rotal recycle-to- fresh feed ratio was
reduced from &4 in period C re 17 in period D, the pressure drop per foot of
catalyst bed height decreased from 46 to 17 in. of water, 2 decrease of 63
pct. The temperature differential increased from 20° to 40° C., but there was
no difficulcy in maintaining control of rhe temperatures,

Further reduction in pressure drop may be achieved by splitting the recy-
cle stream and preportionating the flow along the reactor lemgth. As only
part of the gas traverses the entire length of the bed, a reduction in the
overall pressuxe 4rop across the bed occurs, In experiment 17 (table 12) when
the gas feed was changed from single emntry at the top of the reactor in periecd
A to multiple feed (with the gas flow divided into 3 equal parts) in period B,
the pressure drop decreased from 26 to 19 in. of water although the total recy-
cle flow was constant at about 40 to L. Continuing the multiple feed system
in period C, the recycle ratio was decreased from 40 to Z1 and the pressure
drop decreased to 8 im, of water per foot of catalyst bed., Thus a combination
of lower recycle and mmltiple feed along the length of the reactor bed results
in a very low pressure drop while still maintaining a high gas conversion and
the same product discribution.

Another factor affecting the pressure drop is the gradual accumulation of
fines during synthesis as a result of carbon deposition and the flaking of the
catalyst surface. The fines collect in the lower section of the catalyst bed
and cause an increased pressure drop. This factor is illustrated in figure 7.

The pressure drop increased from 16 in. of water per foot of catalyst bed
ac 300 hours of operation to 70 in. after 330 hours--a fourfold increase in
250 hours. The calculated pressure drop®? acxoss the turnings, (neglecting
the presence of fines) Temained approximately the same, 12 to 15 in,, during
this period, This problem of pressure drop increasing with catalyst aging was
present in almost all of these experiments: The pressure drop in experiment 7
jncreased 55 pct, in 682 hours of operation, in experiment 9, 36 pet. im 1,007
hours, and in experiment 16, 120 per, in 416 hours, The comparisons of pres-
sure drop are made at sjmilar conditions of recycle and fresh feed flows,

21yimeson, R, M., and Decker, W. A., Pressure-Drop Measurements Through Beds
of Cranular Iron, Lathe Turnings, Steel Wool, and Parallel-Plate Assenr
plies: Bureau of Mines Rept. of Investigatioms 5541, 1959, 51 pp.
22york cited in foornote 20,
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FIGURE 7. - Pressure Drop Across a Bed of Steel Lathe Turnings, Experiment 15.

Although there is sufficient evidence to indicate that the pressure drop
increase is due to carbon deposition and catalyst flaking, this difficulty
could not be avoided during these experiments, In later experiments, particu-
larly experiment 21, high water Vapor concentration in the recycle gas was
found to prevent this condition.®®

Howevex, with cthe use of turnings, recycle-to- fresh feed flows of 20 to 1
and muitiple gas entry to the reactor, a pressure drop of less tham 0.5 p.S.i./
fr. of catalyst height has been obtained, This is sufficiently low so thar it
contributes a minor percemtage to the cost of gesoline made by this process.

Catalysc Activity

A method of indicating catalyst activity is to calculate activity coeffi-
cients Ay in terms of volumes of feed gas (H,+CO) converted per hour pexr val-
ume of catalys: referred to a standard reference temperature .24 These coeffi-
cients Ay (acrivity per unit volume of catalyst) and Ap, (activity per gram of
iron) are shown in table 4, Another method of assessing activity at the

#3gienstock, D., Field, J. H., Formey,-A. J., and.Demski, R. J., Pilot Plant
Development of the Hot-Gas-Recycle Process for the Synthesis of High-B.,c.u.
Gas: Bureau of Mines Rept, of Investigations 5841, 1961, 27 pp.

Bayork cited in footnote 19, ». 17.
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conditions used in these experiments is to consider the conversions that can
be achieved when operating with maximum space velocity at the same temperature.
By either of these merhods the most active catalysts were those of experiments
8, 9, 15, 16, and 17, These five experiments had values of A, greater than
140, and Ape values greater thar 154, and had conversions of feed gas greater
than 90 per, when operating at am hourly space velocity of 1,000 at an average
temperature of 319° G. or lower., The catalysts of the other experiments had

Ay values less than 87, and none could be operated at am hourly space velocity
of 1,000 wich 90 pct,. conversions,

The more active catalysts on both Ape and Ay bases Were those which had
reactor charges of 15 and 16 1lb. compared with & to 5 1b, used in experiments
10, 11, and 12, The caralysts used in experiments 13 and 14 exhibited Jow
activity because of poisoning by chiorides. No reason for the low activity of
the catalyst in experiment 7 is known. While sulfur poisoning was originally
suspected, the possibility was discounted because the yield of C,-Cg olefins
was high, 29 to 50 g./ng_._ar_naviszs stares the effect of sulfur on iron-based
catalysts is to decrease formation on unsaturated gaseous hydrocarbons, so it
may be concluded that in this experiment sulfur poisoning was mot & factor.

The effect of alkali impregnation in the Tange from 0.04 to 0.36 pct. as
potassium oxide upon catalyst activity is not significant in the temperature
range used in these experiments, The catalyst in experiment 8 with a potas-
sium oxide content of 0.04 pct., had as high an activity as the catalyst in
experiment 9 with 6.16 pct. In experiment 17 (table 12) potassium as KOH was
added to the catalyst during periods E and F. The H,+CO conversion was about
che same (91.9 pet. compared with 91.2 pct.) before and after this addition,
but at chese high conversiomns little increase can be expected,

In most of these experiments an induction period was used after the reduc-
tion to get the system on stream, The temperature of the reaction was raised
gradually to 270° C, and majintained at that level for 10 days, then increased
ro the desired operating temperature. The feed gas during the induction
period was usually 1H,+1CO. In experiment 15 the feed gas used during the
induction pericd was 1.4H,+1C0, the gas used during the main part of the exper=
iments, In experiment 16 the hydrogen-rich gas was again used and the tempera-
rures were raised as fast as practical to the desired operating range. The
catalysts used in these two experiments had activities (Ay) greater than 140,

indicating that the method of induction of the catalyst has little effect on
its activity. -

Higg Fe,C was the major form of ixon om the surface of the catalysts
shown in table &, The differeace in activity observed in these tests was not
related to the carbide content of the catalyst.

28pavis, H. G., and Wilson, T. P., U.S. Patent 2,717,260, Sept. 6, 1955.
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Chlorides reduce catalyst activity. The catalyst used in experiment 13
was poisoned during period B by chlorides present in the alymina used for
treating the recycle gas stream, Table 10 shows the H,+CO conversion
decreased from 85.3 pct, before treating the recycle gas in period A to 76.0
pet, after contamination with the chloride (presumably hydrogen chloride).
This poisoning effect of halides has been discussed by Davis and Wilson.=®

Gasoline Processing

A finished gasoline was prepared from period P of experiment 9 in the man~
per depicted in figure 8. Operating conditions for this expeviment are shown

PRIMARY PRODUCTS FINAL PROQDUGTS

o . (300-600°F Dieseloil 31%
Lignt oil 353% [ - 600-842°F Fuelol  1L.5%

o
tion! L 4
\Distillanon; Wox 08%
Heavy ol Q6%
<

Charcoal
spirits 349 O >
Alcohol from

oqueous phase 4.3% O

gus';l'}n
P—— _
C5%. Ca* 135% ..'."l'!i“fi“.f’.'.”;".;o Finished 546%
I 3
Cs— Ce 15% O— >

Liquefiad
patroloum ! 1.8%,
oqs

Propane 95%

Butane 32% ( )"

Y

¢, —-Ca 277% Fuel gas 26.2%

FIGURE 8. - Processing of Synthesis Products to Produce Gasoline, Experiment 9.

in table 9. The heavy and light oil streams were combined and distilled, ini-
tially at atmospheric pressure and finally at a reduced pressure of 5 mm. of
mercury to prevent cracking of the heavier oil. The fractiom beiling below
204° C, was combined with the charcoal spirits (a fractiom ¢ollected by pass-
ing the tail gas from the reactor through activated carbon and recovering the
hydrocarbons by regenerating the carbon with steam) stabilized at room tempera=
ture, and then reformed over bauxite,

28york cited in footrmote 18, p. 14,
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The purpose of the bauxite treatment is to upgrade the product by dehy-
drating the oxygenated hydrocarbons and shifting the double bond in rhe tex-
minal olefins to an internal position. The conditions for bauxite rreatment
were as follows: A temperature of 353° C., a pressure of 25 p.s.i.g., and a
liquid hourly space velocity of 1,5 vol, of liquid per volume of catalyst per
hour., The catalyst used in this treatment was activated bauxite from 4% to
12-mesh. Industrially the C, and C, olefins would be sent to a polymerization
unit for further processing. To simplify the blending procedure, a polymer
gasoline, obtained commercially, was added to the reformed gasoline in an
amount equivalent to that which would be obtained by polymerizing the Cy and
C, olefins. The finished gasoline contained the reformed and polymer gasoline
and sufficient butane to adjust the Reid vapor pressure to about 10 p.s.i.

To another gasoline sample, prepared in the same manner, the water-soluble
alcohols, methyl, ethyl amd n-propyl, were added in the amounts produced in
the product water, The research octane number of these gasolines was deter-

mined as such, and after cthe addition of 1 and 3 cc. of tetraethyl lead., The
results of these tests are shown in table 3.

IA‘BIE".S. - Octane number of the finished gasoline, experiment 9

Reid vapor
pressure, Research octane numbexr
p.s.i. |Clear|l cc. T.E.L.T |3 cc. T.E.L.
P'OI.ymer gasC)li'n-E...aa-..-.oo.a - 95.1 - -
Reformed + polymer + butame... 9.9 77.1 85.3 90,2

Reformed + polymer + alcohol®
-‘rbutane’.l‘-III-....I.I'I.... 10.6 81-2 88.5 92.4

}Tetraethyl lead,
2plcohol, 8.3 pct. of total blend,

The addition of alcohol, equivalent to 8.3 pct. of the total blend raised
the octane number from 77 to 8l. Addition of 3 cc. of tetraethyl lead further
increased th octane rating to 92. As the use of alkylate is supplanting poly-
mer for upgrading gasoline, the gasoline from experiment 15 was blended with
both alkylate and polymer gasoline, As shown in table 6, the blend contaicing
alkylate gasoline imparted a higher octane number than the one with polymer.
The alkylate gasoline with 3 cc. of tetraethyl lead bad am octane number. of 96.

CORCLUSIONS

The hot-gas-recycle pilot plaat has been operated successfully with
carbon-steel lathe turnings as catalyst. Turnings packed wich 88 to 90 pct,
voids were the most effective, being of high activity and low pressure drop.
Turnings with higher void volumes and steel wool had lower activity.

Good temperature control was achieved operating with a recycle-to-fresh
feed xatio as laow as 20, At this recycle flow snd wirh use of mulriple injec-
tion of the gas into the catalyst bed a pressure drop of less than 0.5

g e o T e
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p.s.i./ft, of catalyst bed was obtained, The cost of recompression of the

recycle gas therefore is swmall, amounting to 2 few tenths of a cent per gallon
in a commercial sized reactor,

Hourly space velocities of fresh gas as high as 1, 500 and conversions as
high as 95 pct. were achieved, Successful pilot plant operations of 2,265
hours (over 3 months) duration were obtained. The optimm hydrocarbon produc~
tion consisted of 66 pct. gasoline, 10 pct, diesel oil, 2 pct, fuel oil and
wax, and the balance of 22 pct. gases., This was achieved when operating with
a reactor temperature of 310°-330° C. The gasoline containing alkylate had a

research octane number of 86; with addition of 3 cc. of tetraethyl lead the
octane number was raised to 96,

TABIE 6, - Octane numbers of the finished gasoline,
experiment 15, period D

Reid vapor
pressure, Research octane number
p.S.1i. Clear |1 cc, T.EL. |3 cc, T.E.L.
Pol}'mer Saso‘iine.-.-.-q-....---- - . 96.8 - 101.1
Alkylace 34901ine-.-...--oo.---. - 9"’.2 - 103-8
Reformed + polymer + butane..... 8.9 84.5 91.4 94,1
. Reformed + alkylate + butame,... 8.4 8§5.6 93.5 96.4%

Gases containing traces of hydrogen chloride reduced the activity of cara-
lysts; however, the product contained a greater percentage of gasolinme, 4n
alkali promoter, K50, on the catalyst caused a shift im the product distTibu-
tion, meking more gasoline and less gaseous products. The recommended quan-
tity of Kg0 to produce the maximum gasoline yield is from 0.13 to 0.18 pct.

The only operating difficulty encountered was the teandency of the cata-
lyst to spall after prolonged synthesis. The fines produced by spalling
tended to collect in the lower section of the bed together with carbon formed
in the reaction, These deposits decressed the void volume and caused an
increased pressure drop. After 2 to 3 months of synthesis the catalyst activ-
jty declined due to the spalling of the active layer. As a result of the loss
of alkali the producrion of C; plus Cp gases increased,

Future cbjectives for the pilot plant are the development of a durable-
catalyst that will be active for 6 months with little or no change in the
product yield or the pressure drop,

9  GEDATA, 1976%:
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Water vapur in recycle ) ) ] "
BES,enansvanssvolompen,| J8f &30 S &30 e, - - . . -
Cold rempmeles pet. “_?*‘ & s| s.7 6.3 6,9 e.1] eA] 5.9 e.8) 6.5] 64l 36| L35
-1 b N 1 2 2 L2 &4 A 4 i 4 [ & 4 [ [ 4 4 &
By tEQ rucigs: .
Frovh 538 .. cvvveovrnn Jd ooeet 131l 1.33) 1.3 roaxl 1.3 1.3 1.36) L35 1-33* 137 1.37] 1.7 %
. 1.3% | 1.3 1.3 1.30
Roeyele gad. vne=af LJOB] 24 a.87] 3.73/ 19,85 e.79) £.35{12.8713,.53{18 57| 20,04 12 4711067 | 9.07 ) 2.76| S| 6,23
Ul e nmmammmm v .. 0 o_ssl 1.zof 1.18] 1.1%) 1.2 1.37 1.3 122! 1oz r.zel 1.22) 1.33) 1.2 L.2L 1,221 1.2} 1.1s
Reacbor preditre
teeermsanavnine-Pudotog] =0 &0 &02 wobl =01l eo3| a0 03] 403} LOW L0B| 4AD7] LOB L9 &04 Lle &07
Prewsvre dilferential
2CTOuy Laldlysr 1
P (3. RO/t & 7 8 7 8 1 s 17 27 28 31 L ar 39 &3 43 18
f:;l.l.ys: TemprTARUTE,
Top (LNLeEY.uen.unva.--} 270§ 209 310( 303 210 a210] 31s| 320 320f 310 30| D1y 310 a9 310 310 0
tom {ouzlet)...... ..] TBAI] A 32 23 334} 330; 335 30| 30f 2330 330 30 313 o 3] 330 3o
difierenzial ‘

TEOPETACUTY v v n bt nm 11 1t = 20 o1 20 20 0 0 20 2a 0 w0 11 20 0 0
AVRFAEE .o prmanne TUUTTF oagst 1] | 3wy azo| acof d25) 30| a30f sy 8| 319 319! 31| 31wy 28| 316

Hy converilon.......-pE- o7.8} se.9) 32.0] 809 92.2] B7.7 &L.0 as.5f 90,2t s 6| 88.2) BBL| BN 890l s9.5| 8s.0f 859
CO COMerS i, neau..pot. ] 76.8] 95,3 6.1 ey, 3| 99,8l «7.7] 9a. 1} 98.7| 98.9] 94.9 g9 21 98 8l 9.6 | B L | 98.5| 9B.2 6.9
Ho =G0 ¢onvelilon. ... E. r2.2] s0.2f &7.7% 86.3) 95.3 92.0] Bb.6 gz 5| 939} 93,6 9I.8] 92.8] 83.5| 93.1 1.3 2481 506
Exic gas analysis {dry¥

bamis, wvol.=peZ.:

............ wammamaes] =03 51.5( s1.1] s1.1] a1.a] «2.8] 53.3] se.9f &0.2) w03 Lb.1) 4302 ag. 2! 3w 8| 38.7] %33} La6
|~ I s8] tr.5| 1.8 L7 2.3 .0 12,8 3.9 i) zael 2.3 3.3 &L [ i.a 5.1 7.7
Ny emrene- e o2l 1.1 1.9 1. 2l 12 o] 1.0 om 1.4 00 06 LB 1.4 1.8 1.1l 1.0

amarakteimnE - L wel st 5330 4 55 321 s.0f 5.3f 5.6 5.4 3.3 5.8 w.2| w2} w2| 103 9.9
[ - cnaens cal] ast 1wel 10 1407 0.9) 18] 184 223 2s_s| 28.4] 25.4) 26,5 22,2 2L 385 0.7 1.5
€y cvvmrmemmmmnns UL oo.s) 18] 1.8 Lost 1.0 1.9 Lo 1.2} o.sl 0.y o0.8] 0.6 0.7 0.5 a.6 Q.6 a.5
Crane d.uf 2.6 3.6 3.8 7.1 5.8 4.3 1.2l 9.2 w.3 9.7 9.3 2.0 8.8 5.8 7.5 a0
Cyan o3 a.x | =y w7 58 3.6 w8 8.3l &3y 2.8 33 4.2 &1 3.2 2.2 3D
Cgmvaarcamamn . g0f 1.0 1.2j 1.4y 3.3 =2 1.5) 3. &4 4.5 ¢ 5.1 & &2 L1 3,7 b I
G b urenmurmansnans-nans o8] 2.3 22| 1.4 &5 2.6 L% 2.3 2.H 2. 2.1 2.0 2.3 2.1 2.1 .z 1.9
T L ool @l 003 04 DU 1.2f o.7| 0.4 1.@p l.af 1.2 1.1 L. L9 1.1 1.} 1,1 1.0
smmmnmmran veesmmnee| .21 0,91 03 o8] 1.5 0.8) ol o.°? o8 ©.7] 0.3 08 0.2 O.e .o 0.7 9.5
Cgannnnancostarsaorsann - a3l ol 0.1 8.3 0.3 0.6 g.al 0.2l 9.2} e.if 0.3 b2 0.2 0.3 0.3 0.2
- L LI ¢y o.3 0.2 O.] Q.4 o3l eo,1 o2] o.1f 0.3 9.1 9.1 0.1 0.2 o2 Q.2 0.1
= T T 0.0l 6.0 o.0f 0.0 O 6.0 o0 0.0 0.0 0.1 o.0f 0.1 0.0 o.0 0.1 0.0 0o
Produ<c ylelé, z./a.”
He o0 comverted:
Grucntrarsmmssnsosnazen 8.5t 9.0l 17.7] 2a.50 16.9] 20.0 21.6| 22.5) 26.3| 27.1 8.6 gl 5.1 26| 2831 235 3.6
Cgrunens weal 300 .8 5.7 0.2 1.8 &0 2l ozal 17l 1.8l 3 3 1.3 1.1 1.0 1.3 1.3
Cpismvtnarsnmannnsssnes 2.3 e.zl 11.3) L2.8] 12.1] 13.3 13.8] 13.2f 19.8} 0.9 1.2 a1 7 o] 2W.7F A1) 17.01 15.6

G veressunaememnmasal 8.8 L0 9.8} 20.0] 19.6f 17.5] 6.3 13.6] 15.00 13.7] 1L.6] 10 v, 13.7] 1=.%] 10.1] W.7
Coyrremveonsssmssuaanms J e.ef a7l 5.9 5.4 7.5l Tl 7.2 9.91 13.3] A 9. 17,8 w0 1&,5] 15.2 1.6 X4
L S L L] 6,5 9.8| i1.7] 1e.9 1.7 10.4| a.6] 8.8] 10.3] 9.7 6. 8.8 9.3 5.2 9.4 8.5 8.9
L S L L L L L L] aal .2 3.5 &3] T3 &2 “.al s5.3] s.of 5.6 6.1 5.8 &5 5.3 5.7 5.5 b
Cp=snarmmnmen wemeenmsra) J.7| &5 scl | 5.2 4.0 2.8 3% 3.7 3.7 18] 3.4 3D h 2.5 D 3.1
Cpovnnvonnann vesmessase] Q0] 0.8 1.6 0.8} 1.¢] 1.l 1.2 1.3 1.5] 1r.sf 0.9 1.9 1.1 1.5 L.1 L9 L obe

.2l a0l 1,8f 1.3 1.7 1.9 o2 os| o8t 1.3 o) O 0.9 1.3 0.6 1.1 1.2
ol 9.0 o.o o o.0] c.0l 0.0 0.2 o0} 0.5 @.,00 0O, 0.0 0.1 a0 0.1 0.6
se.sf §T.90 70,34 8.9 71.9) 819 78.3| 72.0| 75.8| B1.2| 72| 78.7| 7i.0 10.6] 65.2] 58.5
Aguecudr PhARF., recsnses Lo 31 167,7| 1073 111.2 134.8]131.0 136 8} 136 .71 130.6] 1289 136, 13,51 128.9 | 126.9 | 3.4} 97,1
& -G OH oy oammeoruenars] LOF T3 6.7 7.2 7.4 o.9 7.1 e.ol s.sf 6.3 5.3 S| 6377 4.8 5.7! 5,1
Other or,.rgm:e-"...... 1.3l 2y =l o2sp 3.6 2.4 20| 1.7} 1. 1.1} L. 1,2 1.3 Q.9 1.2 Q.9
| 7N . ecmsmniemmmmas]| 8.5 982 9d.3]w01.5]124.6 1217 137.7]127.0]123,7j 121,6 119, 127 &1 120,99 ] 121,21 1065 91.1
CO4ron - nnanceresnmunnns| 3008200 8] I35 126-2| 292 8] 3158} 326.7] 298,7| 290.% 300_3{ 302,2| 305.6] 28,5 297.3 | 297.2| 303.5| 3018
Tarat hydrocarbon
PEEOVETY s mmmnrraavss s £17.0[ 126.8} 1018} 177 & 173.6]182.5 168,91 177.4[ 1831 L79.8 175,21 128,61 177.9 | L¥&.2| 155.2 1477
Theoretival ToCOVETYauvs- a06 ) 206 0] 203,71 202,9} 03¢ *03_3| 202,68} 202 &) 201,3] 200.7 2009|200 8} 201.7 | 201.4 | 1000 1.7 202.0
verall weighs belancs
assrmrmmezstvessvanpels 7e.0] 86.3 93.5] 97.0f ¥7.% 1001 91.% g7.8]100.3 99,0] 99.3] 98,2 7.8 97.9| 92.3] 87.2
Hydrocarbon Fofovery.
ib, /L. 080 Ze. dresk gas| 5.3 7. 8.8] 9.3 10.}] 10.% 5.71 10.3} 10.6] 10.3| 10,3 10,4y 10.1] 10,0 8.5 8.3
Yeight=purecnt of
hydrocarbons @
g rssmnranman ceereel 1620] 15,8 Z1.4 13,45 1:.8f 20.9 a3 6t 2.8 27,2| 9.0 3B, 1%.0f 28,0 =a.9] 6.3 27.%
S esvramasmnannaan-aez| 0.8 2.9 3l 3o 4.1 &1 ool Trosb Talai 5.2l eel 7e] ssp o oaur] 250 7.7
Chioline one 208° €3] «2.9) 2.5 603} 58.00 #5.9 59.:1 sg-7] se.a| seool s5.2] saE) ss.af sa.7) BALF] 38131 575
plesel fuwl

(202%=316" C)emeonsns 1260 11.3] 10.£] 11.3 .87 12,0 g.ol 8.3 9.6 96| 7 9.7 %.0 7.0 7.1 6.3
Fual atl {314%=£30" €.3) 116 1.3 1.of 1.3 oO.& 0.9 o.2l o1 o.2| 0.2 O 0.3 58 ) Q.1 0.2 o2
Tax O 6507 C.Yuoe-wswn] W6.1] &2 3.8 3.1 20l 2.sf 1.5 o6.&] o.7\ o8] 0 0.8 ©.7] o.6] 0.8 10




TABIE 10, - rat i rtiony and vemulcn, ex ca 11, 12, and
Esper i~
Exper 1l TenC 12 Ex r 13

Period, ,uooyrissesnsnsssant * .3 ¢ A A 2 | ¢ o £ ¥ < w

HOGES OF ¥ynEMBLN v nnaeon | 168210 236= 205} 330-I66) 185-258] I92-4o% |526~357 £19-691) 747-81 373-055] 969-1,017 3,061~ 1,089) 1,113,145

Fresh gas apace

velocicy. ... vol fuol . ~he. 265 2hte 2] 300

%ecycle:iresh gas raziost 798 | ®oz) M €01 | 600 s0F 501 600
Tothl . aiaoa- veroeas 162 8L a2 56 s az &3 1% 3s 31 A
g::»ﬂ:;;;;;;a----........ i: E.: i.g i; 1.2 2.2 2.1 1.5 1.0 a7 0.: 0}:

aesmmmmmaan - R 2, . - 2.2 2,2 - . . -

Cotd ; reate i 2.1 1.5 1.0 0.7 0.6 0.6
tosalaa.. ensremsssmmen 2 3 3 &

Wy :C0 ratios: 5 ¢ s ‘ 3 2 2 “
Presh S8%.cecanrnacnaeea| LAL 1.23 1.32 1.33 L.50 1.LE& 1.3 L.40 L.67 1,35 1.33 1.53
RecyCle BBS . uucurcanaaaa | @32 3.58 2.65 b2z 8.31 [ ). 1,45 L.65 1.43 1.7% 1.3% 1.2%
[ - ey [ — . 0.96 102 1,32 1.11 LIS .13 1.3% L,36 149 1.43 1.3L 1.85

EwacCor pressure..p.s.l.g. W0 “00 Q1 &LD0 199 4ol LOG 400 07 &0l L2 [ ]

Cacalyst peesaure drop
in, W ,0/it. catalyst..... 8 2 1 e} 1 28 Fi3 49 36 &3 19

Catalyst tcwpeTatuie, ® €.:

Top (LOlEE) cmcanunuannen 39 380 3 bl ] 10 o 30 a0 310 il i n
BoLEom (QUCIeC)eusnceras 359 9 401 a3 330 30 330 30 130 330 130 329
PLE(erencial temperatUTE 18 19 2 ] 20 20 0 20 20 19 19 18
AVETEEL . susannctasnusana 3 0 50 na 39 s 318 ne a1s 318 YL 18

Hy CONVETSiOD..r,ou...pet.| 60.2 75.9 868 802 77.6 a1.2 8.6 8.7 70,9 63.7 7.4 6,9

€O conVErILloN. o uuana s, | 873 2.0 93,7 95.9 96.2 6l .6 85.7 84 .% 70.1 0.3 58.3 45 4

Hy+C0 conversion......pck. 1.5 83.1 .7 a7.0 8.3 7.0 85.1 2.8 10,6 623 s7.8 51.1

Wacer vapor in Cecytle

Y TN BU 2 3.z 1.5 1A [ 3.1 1.3 [ e ] 7.6 8.2 9.5 3.0 10.0

#xit gas analysis (dry
basls, wol.~per.):

Bavevemmmausamanensesssn| S31 L8,y 2.8 57.2 .2 384 .9 43.1 5.8 46,2 5.9 0.1
COunenennmuannresasasess| Lob 1.5 12,4 9.2 1.0 4£3.% 27.3 6.2 2.7 376 359 .7
. T 0.5 1.1 2k 1.6 0,5 | . 0.4 0.1 0.1 0.9 8.5 0.3 0.6
COyruamammarsrenmnnsn caun boB 5.0 ~,9 5.0 5.3 1.6 3.7 5.0 &, &y 4.9 1.3
R —— . - N 9.0 0.2 16,7 5.9 6.6 5.8 . 7.3 5.6 &7 3.1
- 1.8 1.0 2.3 2.2 1.4 a.9 0.8 0.9 0.5 Q.7 0.5

2.5 5.1 &1 3.8 2,6 2.0 &7 &1 2.0 Lok 1.2 0.9

1.7 - Q.7 3.% 3.8 3,2 3.3 3.0 2.2 1.7 1.5 1.3

B8 1.5 1.2 1.0 1.1 0.6 2.1 1.8 8.7 o3 0.5 0.3

c“'.-.l.---tnl.c.v-tt.- o-s 0.6 o-: 1-1 1.5 1.‘ 1.7 1-ﬁ 1-1 o-s ﬂ.ﬁ aa"
Coneesasrossnsraanananss 6.2 0.2 0.1 a3 0.4 0.2 0.5 0.& 0.2 Q.1 0.2 0,1
- 2 T LLELTL I 0.1 o.1 o.a 0.3 0. 0.2 [+ -] 0.4 0.3 .1 - 8 ] 9.1
Cprnmmanndovasevesnanunn 0.0 0.0 0.0 0.2 0.1 0.0 a,I 0.1 Q.1 0.0 d.1 0.0
et 2.0 0.0 0.9 0.1 2.0 g.1 o.0 0.0 2.0 0.0 [ 5%} 0.0
G ....-.l'--..tt.-s..lt. 0.0 0.0 c-o 0.0 0.,0 o'o o'o ﬂ.o 9.0 ﬂ.o °‘° 0.9

b 5 yicld, 5.l
Hy+C0 totverted:

G ecernramsmmmassssssens| 0¥ 2,7 7210 20.8) 22.2| 74| 27.2| 203 5.6 27.0 %.7 =3

Cyrisananssuanmsscsarnen 8.7 77 N ) T2 1.7 7.2 3l 3.2 6.2 7.6 7.a 1n.4

Cojsasemsrsnonsoamanarsen 188 36,32 1r.3 =0 .5 18.7 7.1 17.1 1.5 1%.0 1.3 3.0

o eesssassasamnsmassnn] M 5.5 53 18.3 19.9 24,9 183 185 23.2 25.5 27.5 27.6

Coramaassssanmansnnanansn 8.9 10.6 9.6 5.1 6.2 L6 1Lk 1.1 7.7 7.5 2.9 6.5

DI I | 0.7 3.5 a8 10.3 16,5 12.5 1.0 1%.0 16.8 0.3 17.5

etmirmernyman 7.8 5.& 3.2 5.0 4,2 3.1 &5 a8 3.3 2.6 5.1 3.2

3.8 26 Q.6 3.7 < 5 4,7 4.6 .0 3.2 9.0 &3

1.3 1.8 2.0 2.4 5] t.4 L. 1.0 2.0 0.0 3.2 .0

0.0 o0 0.0 0.6 0.0 1.4 0.0 a.90 0.0 0.0 3a 0.0

R Q. 0.0 ad 9.0 0.0 0.0 0.0 a,0 0.0 0,0 Q.0 0.0

eamagmetb T amm A 5.4 30,3 6.3 23.% B86.3 57.0 15.9 71.2 7.9 7L1.0 3.7 a1.0

AQUeOuUs PhAsE. ceraunnens 1081 7.2 67.71 121.3 | 1284 208.2 | 157.0 | 1487 168.1 147.1 168.1 186 .4

[ .2 5.2 1.0 7.3 7.2 2.3 35 3.1 2.0 2.5 2.5 1%

Othur OKyETALLE” 4 spara-]| 2.6 2.3 0.7 2.4 1.8 0.k 2,3 0.L a7 0.6 10 .1

HgOuvvsnavammmsssrasrnnn 100.5 6%.7 66,0| 116 | 119.4 1 205.6 153,2 ; 165.2 ] 165,06 164.0 1645 1924

riereecussmvmusaunces| 3768 377.5% | 353.3) 3o0a. 8l J1B.E 100:6 ) 215.8 | 225.9 | 18L.0 185.2 150.2 1012

Total hydrocarbon TecIvEry "al 1se.m ] 1234 1YR.T| 1865 z37.3| 1921 175.2] 102.1 178.3 18%. 191.4
Theoretical hydrocarbon

EOCOVETY . svsrsavnammnassu| 1999 198.3 | 19&.2} 2020 02,1 | 204.2 201,54 | 201.5 | 202.1 202,2 2020 202.9

Dvarall wveight Walance
emspeparranunasevsansPrla 101.2 2.1 %0,3 9.5 98.9 97.2 95,9 T 98.9 96.3 95,8 99.6

lydrocarbon Tecavazed,
1b./1,000 fr.2 fresh gas. .3 5.3 6.9 2.8 10.0 8.9 9.5 5.0 B0 6.9 6.8 6,1

Yaight-percent of hydros

cathons recovered:

Coallgoaavennann eemwe] AT £33 75.4 2.9 25.6 188 264 i 5.4 27,2 287 269
Caurmecemmmenrvmsnearmen| &2 .3 7.8 2. 3.3 2.5 6.7 6.4 @3 4.2 %.7 3.6
Casoline (Cy» = mar c) 6 & 2.l 2.0 569 57.7 66,2 0.3 5.5 1.0 59 8 6l.2 61,7
piasel oLl (20L°-316%C.D) 7.1 z5 2.9 1l1.4 6.7 1.7 &8 5.7 5.1 6,1 5.9 6.9
Fuel sil {I16°-1507 T.). 5.2 [ ] 39 6.3 3.9 3.5 2.1 1.4 2.8 z1 1.8 1.3
Uax 650" C)vavmmcna 6.0 0.0 2.0 1.6 2.8 1.2 1.2 0.3 1.4 0.6 a.? 2.3

I lamint Teformer in service
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TABLE 1}, - rating condicions agd resulcs, = cs 14 and

Experiment 14 Egg%?tﬁ

L1 13 1. PP PP R ST SRS S TS TR TR R B A

HOUTS OF SYNLOEII¥..eeccusvarssensrsrmannnnmntennanacs | 133-235 369-3093] 108- 180
Tresh gas space vAloGit¥,eeecemnesomvera-Vol /vol.-hr. 68 1,000 250
Reeyelerfresh gos racios:

Tothliu,ssnensenmnmana T Y Y TR T L LI

CO, sorubbed, . ceuvrrsvisrrmcennrncennnimnansssuenss
Cold racycle, peL, of COTBl. .o nuonuccanscavoaracnnsasn
Hp iCO ratios:

3 17 T L PR

Recycle gas._ .. i eues-vsssstsressarnsvorswmrrsmannaan

USalen meascmsrsusarsttbosntmrssrssansrmonnanananse

REACLOT PressULE..ceesassasrncanmnnnnnaanansePeodl B

e

AS2=-564] 5712-hah 1 GOB~JLD
1,002 956 | 1,000

s 8

#
&~
%]
)
-y

P Y R L R L A T R R L L L L

| ad =
L]
L-R -
o
»
o
"
Ll
[
P
L]

e
-
B2 .
o
sE82E o

-0

L] "

[-]

w

H

.

S

* »

Y-

[

Ho M
»

&00 o1 &0 &0 400 359
Catalysc prossuze drop, in. HeO/ffe. cacalysC.....ec... 6 ¥ 7 66+ &b~ 66+
CatalysC Cemperacure, ™ G.:

Top (101et) cuuccnarcusenrvessvaossrunvenormancnssanrn 20 310 265 na 310 3w 310
Borrom (OUELEL) cuuuecrosvueservrananasrromsacensnanr 280 320 275 330 329 330 330
Diffcrential LCMPEIAtUIG. snevmvantrsarrotencanmernss 10 20 10 20 19 RO 20
AVETOE®  vusnneascversosssnmmmusmnsnrrovresassnonens 27 kb 270 318 51 3z 321
Hy COMETSLON, sy sannssnmmmsranntnssrnottvsnrrass=aPiba 79.7 74,3 73.9 3 92.1 50_6 87,6
co “m“‘imooo-.o.------.--.--.o'o-lu-o.n-------P“. - 989 gs.s DB-“‘

N
£
L
]
|
.
[ ]
o
=
H
~

By~CO ConVersion,ieeer-saaaaaransssvaarasasnanssasPils, 1.9 79.9 4,0
Water vapor In Tecycle §RS.....cccevsssaran=VOLmPeL, 4
Exit gas apalysis (dry basis, vel.-pet.):
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PP T PR T EREE L RS el i P e L T N L L

13
-ETELE R N

D.ﬂﬂﬂ
(RN -

4
T Py

CpFrrnsracmmuncssmasrmsssnsmmmamaetasasvesansatsses

3 5
5 &2 a 34 8
€0, enmcvacscsessassarsnasemomantaansansassasananaon 2 0 &1 2. 3 1.9
Ny eammmnn evereveeessEEATEmRdmmbePeanmTtTEA N STt Q. 1.2 9. 1. 1.4 - 2.1
CO, ..... e L T R T L L L L R Ll R 5, L 3 5.1 &, &7 - & 8
B iedvssssnrstonccmsmronnaaessmrtraommananasessntany 3.1 113 3.3 4, 52,6 412 38.3
] 02 1.0 0. o, 0.4 0.2 "
SOOI ONRIPIRRSNPRS I 3T 38 1.7 9. | 1.0 8.
ca’o---------o----¢--.o------n-----o.-c:-to-----—o-- 1." 3.5 1.0 1. L 1—3 0.
c;..c-ooc---------n..-v--oc----------.-o..co--o.---- log 1.4 ! 6 .2 6 5
[
6 5
&
5

cs..c-.--.----.--a‘a.--..-.--------ocq.ooo-n-------a

1] L]
Qe

]

L]

1

4

'..------...ll-..-'..-----...-a-.--.a ------ YRR N

aoococo
L

DQOIONH
OGOPNH

Pl
(-T2 ]
QQOPHO

orbhw
[=]
1 ]
[ )
[-N BT

n---.--.-.-.-----.---oo-.p--o-'..-.----.-‘qu.-q--a

Produst yield, g./m By-CD converced:

C—_............-........-...-.-...--.u.u--..-..-..-
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Theoretical bydrecarbon TCCOVETY.uasessss-nmsaomsnants
Ovcrall welight BMLANCE e nnennararasnmzonmnnassss=sPale
Hydrocarbons recovered, 1b./1,000 fr.* fresh gas,.o...
Weight pevcent of hydrocarbens recaverad:

ol‘cannnnona-ano-----aoan-.o-------a--coclq----a---o

wo
\-I--I:-IG"VI

ol
G
L ]
[N -

33

weo

Lrnh
|
2
[
>

ol
-

)
- W A
\DU‘}JN

-

& 13 12
Cg™essrrrsmavanmrm== ermierraeemman— U -1 7. 5 .7 3. o 3.
Cpurorcormmmmusncsssssrmrrmsssanasrasrsenmmtnornanes - 1.2 2. 3.5 3.4 a7 5.3
ca.'to--------o.'--'o------.-.---a.to-o-------..----- 1-‘. 1.5 1.6 0.8 1.5 0-9 1-°

-----.-ov-o-------oo¢-.c-booo-------.o--o.so- ----- ) a-o 'o-o a-o 0.0 b 0.3 O.ﬁ ] 0.&
[+ S edammesmmmmmmmmsarReEtmasmmmn - 62,1 70,0 °1.9 24,2 26.1 23.9 18,3
AGUECUS PRASE. . cevavressr-osmmmsaerraTsiaSRasrinnne 231.9 185.6 95.5 92.9 102.5 98,1 151.9
B LTt DET LRI L L L R bbb 7.7 4.1 6.8 3.0 1.8 1.7 1.8
OLhET OXFEENBERIT . \ovnmasrasevassennsmnasesansssnsn 1.7 0.7 1.7 0.2 0.2 0.2 0.3
HaOevesumnrrasamsrosssssisasnaatammzrbradnasarannans 8.5 | 1508 87.0 | 89.7 100.5 92.2 149 .8
GOy uvuermrenssmmmn= JE eeesswenesmm=sanes | 303.6 118.2 337.8 310.1 258 307.7 172.0
Total bydrocarhon TCCOVOrY,.ccv-vassrosnrremorsmsanteas 154.5 153, 1. 1724 180_6
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Caspline (Cayx = 205° Cl).crammcusevssumnan-cuasaene
Diestl Zuel (206=-316% C_}.sscumsammnnn tewaenmtavaen
Fuel oil (316*-550% C)oiciaevavrammaressavsonnnnnn R
Hax Cr @50° C.)eucenrscvssmanvsvasnwesnszoosrsan s

Salumina Teformer in service.
Caleulactad 35 hydrocarbons.
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GLOSSARY OF IERMS

FreSh gas tatia..'Q.....‘.l..l...'.

Usage ratiotﬂuttcol.‘l...‘I....l...

Hourly space velocity of gas,
S.VQH. (in tables)-!cnlonttntuoooi

COIIVEI’SiOD., Percent'..-..'-....tilo

Synthesis gas composed essentlally of
hydrogen aad carbon monoxide,

Volumetrric Tatio of hydrogen-to-carbon
monoxide, dimensiomless.

Volumetric ratio of hydrogen consumed-to-
carbon monoxide consumed during synthe-
sis, dimensionless,

Volumes (S.I.P.) of gas per hour per vol-
ume of catalyst, Cubic feet per hour
per cubic foot of catalyst, (S.I.P.)
refers to 0° C. and 760 mm., Hg pressure,

Extent of comversion of raw materials
such as Bg+CO:

(8,+C0) in - (B,+C0) out x 100,

(E,+C0) in

Yield..-....l.l...“.....D..l"".‘

SPECific Yieldccnoc sameesnaARBsIROINERS

spacMEight Yield..c.. s assamesadba

Ca.ta.lyst aCtivitY.....t--......I.t.

Activircy coefficient...csasececsss

dimensionless,

Weight of any component oX components per
unit volume of feed or converted gas,
pound component pex cubic foot of gas
gram component per cubic meter of gas.

or

vield of given product per cubic meter of
converted synthesis gas, gram per cubic
meter converted (Hg+CO).

Volume of gas converted per hour pex
weight of catalyst, cubic foot (S5.T.P.)
per hour per pound of catalyst.

Quantitative relarionship between extent
“of conversion and operating temperature
at any time duxring synthesis, usually
 judged by temperature required for a
certain conversion at & given space

wvelocity.

Indication of catalyst activity-- the

larger the coefficient, the more active
the catalyst,
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hourly space velocity

O " 0 ‘?
I

= conversion

=1.241 x10°% x5 x 10%230/T y 1og 10 (1/1-¢) where?”

= absolute temperature, ° K.

Age = Ay divided by catalyst demsity (gram per cubic centimeter)

mductionaaodtnlinnocaqll‘ [E N RN NN

mst\l’e irm utaIYSts..II.-I.'....

Classification of preducts:

Gasoline,..cecescssevtrcccnsnes
Diesel o0ll,ceaevevsscsansenres
Heavy distillate,,..ccuncecres
WAK. oo vcocsasuvssssoncasscnonsy

cl plns 6200050.'..&...--...‘.

cao-ooa-n-tog.a.n---..o.no--o-

Pretreatment of catalyst usually with 2
feed gas of 1Hy+1CO at a low temperature
of 260°-270° C,

Catalysts made from steel in the form of
turnings, shevings, wool, and plates as
opposed to fused iron orx precipitated
catalysts,

Boiling Tange at atmospheric tempera-
ture, ® C,:

Cy to 204
204 - 316
316 - 430
> 450
Includes methane, ethane, ethylene

Propane.

27ppderson, R, B., Seligwan, B., Shultz, J. F., Relly, R., Ellioct, M, A,
Fischer-Tropsch Synthesis--Some Important Variables of the Synthesis on
Jiron Catalysts: Ind, Eng. Chem., vol. 44, 1952, pp. 391-397,

INT. ABY+GF MINES.F Gy o Fas Iz



