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INTRODUCTION

The gas industry has been studylng methods for the production
of natural gas substitutes from coal and petroleum oils. Processes
for direct conversion of these fossil fuels to high heating value
gases consisting largely of methane are in an advanced stage of
development (6,7). In the case of oil shale, exlsting technology
would involve a preliminary retorting step to produce crude shale oil,
and refining to prepare a sultable feed for contimuous destructive
hydrogenation (hydrogasification). It was reasoned that a direct oil
shale hydrogasification process might be preferable because of
potentlally higher conversion of the organic matter to gas, and
elimination of a mumber of process steps.

Feasibllity was shown for direct hydrogasification- of the
organic matter in Green River oll shale. High heatlng value gases
were produced (1,9,13) in batch reactor tests at 1300°F. at 1200 to
5500 p.s.i.g.,and with 100% of the stoichiometric hydrogen requlirement
for complete conversion of the organic matter to methene. About 90%
or more of the organic carbon plus hydrogen content of the oill shale
was converted to methane and ethane.

In these tests, the path of the hydrogenolysis of kerogen
was only partially indicated at the long heatup times and long gas
residence times encountered in the batch reactor. Only the slower
final breakdown of higher gaseous paraffins to methane and ethane
could be observed. It was also not possible to measure overall re-
action rates and precisely determine the effects of temperature.
Preasure effects were obscured by changes with tempsrature and degree
of conversion.

The present work was conducted in a reactor system in
which o1l shale heatup times and exlt gas holdup times in the heated
portion of the reactor were of the order of a few seconds. After
leaving the reactor, the reaction products were cooled rapidly to
minimize further reactions. '

Three separate test series were conducted. The first
test series consisted of semiflow tests with short gas resldence
times. The purpose of these tests was to measure the rate of kerogen
conversion to gaseous products and the rate of mineral carhonate de-
composition. The second test series was conducted with a bed of
inerts downstream of the oil shale charge , to simulate hot-spent
0ll shale in a cocurrent flow reactor and to provide time for
secondary vapor-pnase hydrogenolysls reactions. Here, the overall
space veloclty which gave methane and ethane as the major products
was determined. The third test seriles consisted of simulated contimous
feeding tests to measure the average lnstantaneous rates of productlon
of gaseous hydrocarbons at controlled hydrogen-to-oll-shale feed ratios.

EXPERIMENTAL
Apparstus

A schematic disgrem of the semiflow reactor system is shown
in Figare 1. The reactor contained a self-sealing, modified Bridgman.
closure at each end and was 2 inches in inside diemeter, 4 inches in
outside diameter,and 60 inches in inside length. The reactor barrel,
constructed of Unlloy N-155 super alloy, was rated for operation at a
meximim temperature of 1700°F. at 1500 p.s.il.g. The closures were
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rated for a maximum temperature of 1400°F. at 1500 p.s.l.g. Satis-
factory closure operation was obtained with both 16-25-6 and Inconel-X
seal rings. A boundary lubricant of molybderum disulfide, applied in
aerosol form, was used on all closure threads and on the seal rings to
prevent galling. This reactor has been completely described elsewhere(1l)
along with design details which describe the use of externally heated
regctors at combined high temperatures and high pressures.

An Inconel-X thermowell of 3/8-inch outside diameter, with a
12-gage wall thickness and 58 inches long, was mounted axially in the
bottom closure. The thermowell could contain up to five 0.040-inch
outside dlameter thermocouples. Thermocouples wére chromel-alumel,
magnesium oxide Insulated, and enclosed in a swaged Inconel sheath.

To provide for complete containment and recovery of the oil shale
residue, the reactor was provided with a removable stalnless steel in-
sert, 1-5/8 inches in inside diameter by 1.990 inches in outside dia-
meter and containing a 1/2-inch outside diameter thermowell sleeve.

‘fne reactor was heated by means of an electric resistance .
furnace containing four separately controlled heating zones, consisting
of four rectangular heating elements, 7 inches wide and 12 inches long.
Temperatures were controlled manually during tests but were controlled
by pyrometric controllers during reactor heatup. Each temperature
was recorded at approximately 3-second intervals by means of a high-
speed potentiometric temperature recorder during the test period.

A feed hopper was mounted directly above the reactor and was
provided with a vibrator to aid oil shale feeding. A full-opening,
eir-operated ball valve was installed between the hopper and the
reactor. A second hopper contained a rotating-drum type feeder,which
was driven by a variable speed drive, for continuous oil shale feeding.

Feed hydrogen flow rates were controlled mamially and were
measured by means of an orifice meter. The orifice pressure and the
reactor pressure were recorded contlinuously. The feed hydrogen was
preheated to reaction temperature within the reactor. EXxit gases
passed through a water-cooled coll, a liquids knockout pot, & high- -
pressure filter and a pressure-reducing back-pressure regulator, before
belng sampled, metered and monlitored. A sampling manifold was in-
stalled upstream of the metering and monitoring system. The exlt gas
specific gravity was monlitored by means of a recording gravitometer.

Materlals

In all tests, the feed hydrogen contained an accurately
measured small amount of helium, usually 1-2 mole %, as a tracer for
exit gas flow rate measurement. The gases were mixed during compress-
ion and stored 1n high-pressure cylinders at pressures up to 3000

Commercially available grades of electrolytic hydrogen
%99 8% pure) and helium (99.99% pure) were used. The oil shale used
in all semiflow *tests was supplied by the Union 0il Company An
analysis of the oll shale is given in Table I.

Procedure

The semiflow experimental technlque employed in the majority
of the tests followed closely that employed in coal hydrogenolysis
studies described recently (2,11). Most tests were of 15-minmite
duration or less. After the reactor was heated to the desired -
operating temperature, the unit was pressurized and gas flow was
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started. Heat inputs were then adjusted until all recorded reactor
temperatures remained constant. When flow rates, temperatures, and
pressures had been stabilized completely, the feed gas was sampled.
Tests were initiated by opening the quick-opening ball valve connecting
the hopper and the reactor. The vibrator mounted on the hopper was
started only a few seconds before the start of the run to avoid
compacting the oll shale charge.

The feed gas orifice callbration was checked before each run
with a wet test meter. Exit gases were also metered with the wet test
meter during each test, as a check on the flow rates calculated using
the helium tracer. The exlt gas specific gravity record was used as

.an ald in selecting times for exit gas sampling; in tests conducted

to similate contiruous operation, it was also used to check the length
of the o0il shale feedling period, since it was not always possible to
obtain positive proof of the initiation of solids feeding.. Gas
analyses were performed by mass spectrometer. Except for the last
three tests conducted in the series to simlate contimuous operation,
combined values for nitrogen plus carbon monoxide are reported, because
of the 1nability toc distingulsh precisely between these two gases by
the mass spectrometer. In the last three tests, carbon monoxide was
also determinéd by infrared spectrophotometer and nitrogen was obtained
by difference. )

In the first series of tests, single charges of oil shale
welghing from 10 to 200 grams were fed. These charges were allowed to
fall freely from the hopper,which resulted 1n a charging rate of about
7 grams per second. Small amounts of high-purity alumins inerts,up
to 4 inches in depth, were placed in the reactor before the run to
support the shale charge and to position it in the center of the third
reactor heating zone. Temperatures were recorded for thermocouples
located at the center of the oil shale charge and at a point 6 inches
above the charge to show whether the feed hydrogen was being preheated
completely before reaching the charge.

Table I.-ANALYSIS OF COIORADO OTL, SHAIE

Sample Designation h770
- Type Colorado, Mahogany Zone
Source Union 0il Company
Particle Size,
U.S. Standard Sieve -0;+20
Analyais, wt. %
(dry basis) d
Moisture a 0.3
Organic Carbony lK.4E
Mineral Carbon .8
Hydroge 2.36
Organic C/H Wt. Ratio c 7.4
Fischer Assay 0il, gal./ton
dry shale 35.9

a. ASTM method D271-58 adapted in accordance
~with technique of Grace and Gauger (3).

b. Method A-3, U. S. Bureau of Mines. _
¢. Modified method of Stanfield and Frost (14).

d. 0On oven-dry basis (dried for 1 hr. at 105°-
1310°C.).
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Since the void volume in the bed of inerts was smsgll, exlt
gas holdup times in the system downstream of the reaction zone were
small. At typlcal operating conditions of 1300°F., 1000 p.s.i.g.,end
100 SCF per hr. feed hydrogen flow rate, the total exit gas holdup.
time was only about 10 seconds, based on the appearance of the first

-hydrogasification products in the exit gas sample. Gas residence

times in the reactor proper at these conditions were less than 5 ° :
seconds. During the initial period of high rate of hydrogasification,
gas samples were taken at intervals as short as 5 seconds and there-
after at time intervals sufficiently small to delineate the entire
course of the reaction. The last gas sample was usually taken at 480
seconds, at which time its methan? content was less than 0.1 mole #%.

The second serlies of tests was conducted with larger amounts
of alumina inerts below the o0il shale bed to provide sufficlent
residence time for the primary reaction products to undergo further
hydrogasification after leaving the reaction zone. Sufficient alumina
inerts, to similate spent shale, were placed in the reactor prior to
each test to give a total bed volume (oil shale plus inerts) of
0.02 cu. ft. 8Since gas flow rates were varled from 10 to 200 3CF per
hr.,the feed hydrogen space velo¢ity varied from 500 to 10,000 SCF
per cu. ft. bed-hr., and exit gas holdup times ranged from about 200
to about 10 seconds, respectively. Temperatures of the center of the
inerts and of the bottom of theoll shale charge were recorded. Herse, as
in earller tests, gas samples were taken at those time intervals re-
quired to delineate the entire course of the reaction.

In the third series of tests, contimous operation was
simulated by semlcontirmious feeding of oll shale. In the first few
tests, olil shale was fed by opening the ball valve,connecting the
reactor and feed hopper, eve 15 or 20 seconds for 1 second and for
total charging times of from 465 to 840 seconds. In later tests, con-
ducted with a rotating drum-type feeder, oil shale feed rates were
about 5.5 pounds per hour. Approximately 0.0l cu. ft. of alumina
inerts was placed in the reactor prior to each of these tests to
minimize changes in feed hydrogen space velocity accompanylng bed
volume changes, and to provide a zone simlating a bed of spent oil
shale whereln primary reaction products could be further reacted. This
resulted in a total bed volume {oil shale plus inerts) which increased
to a final value averaging about 0.02 cu. ft. Since, in these tests,
the inlet hydrogen-to-oil-shale ratio was varied by varying gas
flow rates, the exit gas holdup times also varied. Temperatures of
thebottom of the oll shale bed, of the bottom of the inerts,and of the
center of the final oil shale bed were recorded. Gas samples were
taken during and after the feeding period.

BExploratory Tests

Exploratory tests to select the proper combinations of oil
shale sample weights and feed hydrogen flow rates were made at 1300°F.
and 1000 p.s.i.g.

To approach isothermal as well as differential reactor
conditions, 1t was necessary that the smallest oil shale sample
weights be used for a given feed gas flow rate which still permitted
accurate product analysis. However, it was also necessary to maintain
a sufficient sample size so that representative samples of the highly
heterogenous feed could be prepared by riffling of larger batches.
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Feed gas flow rates were set as high as possible to keep the
residence time of the reaction products in the exit gas system small
so ag to minimize secondary vapor phase reactions. This also minimized
backmixing of reaction products in the exit gas system and oil shale
particle heatup times. A feed hydrogen flow rate of 100 SCF per hour
was calculated to be the minimim gas flow rate which could be used,
agssuming complete mixdng in the exdt gas system, without distorting the
true relationship between reaction rate and time. : ’

With 50- and 25-gram samples,the maximum exit. gas hydrocarbon
concentration was too high at this hydrogen feed rate, and temperatures
changed toa greatly to allow the assumption of differential and
lsothermal reaction conditions. In tests with 10-gram samples, exit
gas hydrocarbon concentratlons and reaction zone temperature changes
approached practical ldmiting values. With such small semples, how-
ever, quantitative recovery of liquids was not possible.

The observed rates of conversion may have been largely a
function of heat transfer. The lack of accurate thermophysical data
for oil shales makes calculation of particle temperatures difficult.
However, heat transfer calculatlions indicated that the -8, +20 U.S.S.
size oll shale particles would be preheated to at least 1100°F. in
falling from the hopper through the top two reactor heating zones.

As shown in Figure 2, there were large increases in the
specific rate of conversion, expressed as pounds of carbon as gaseous
aliphatic hydrocarbons formed per pound of organic ¢arbon fed per hour,
wlth decreases in sample weight. Therefore, to obtain differential
rates of reaction, i1t was necessary to prepare a cross-plot of reaction
rates versus sample welght at selected levels of organic carbon con-
version. By plotting on semilogarithmic coordinates (logarithm of
reaction rate versus sample weight) a family of curves was obtained
for the parsmeter, percent conversion. These curves approached
straight lines as sample welghts approached zero so that reasonably
good rate values for zero sample weight could be obtained by linear
extrapolation. Reaction rates obtained by this cross-plotting technique
are shown in Figure 3, as a function of conversion. ’

RESULT'S
Single-Charge Tests at Short Gaseous Product Residence Times

A series of tests was conducted at temperatures of 1100°,
1200°, 1300° and 1400°F. to measure the effect of temperature and
conversionto gaseous aliphatic hydrocarbons on the rate of con-
verslon of organic carbon (Figure 4). These results show a large
increase in rate with increases in temperature. The effects of
Increases 1n temperature and hydrogen flow rate on gaseous and
total product distribution are shown in Figures 5 and 6. The
gaseous aliphatic hydrocarbon yields, and the percentage of paraffins,
increased with increases in temperature and decreased with increases
in feed hydrogen flow rate. The variation of liquid ylelds was the
opposite of gas yilelds. These results indicate that the major steps
in the hydrogenolysis of kerogen are:

1) Kerogen decompositlionwith initial formation of
intermediates at least partially recoverable as
liquids at very short residence times and/or low
temperatures.
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2) Pyrolysis, hydrogenation and hydrogenolysls reactions
leading to gasecus aliphatic hydrocarbons of decreasing
molecular weight and, finally, ethane and methane, along
wlth some aromatic liquids. : _

A comparison of the gaseous molecular hydrogen consumption
with the elemental gaseocus hydrogen balance 1s given in Figure 7. At
Jow levels of organic carbon conversion to gaseous aliphatic hydro-
carbong, the amount of hydrogen donated by the oll shale is approxi-
mately equal to the amount of feed hydrogen consumed. Thus, pyrolysis
and hydrogenation reactions probably occur similtaneously. At high
conversion levels, no accurate measurement can be made.

Rates of carbonate decompositlion were also measured, although
separate infrared spectrophotometer analyses were not psrformed for
carbon monoxide. Mass spectrometer analyses indicated, however, that
nitrogen was negligible in comparison to carbon oxides. The strong
increase in decomposition rate with increase in temperature 1s shown
graphically in Figure 8. These rates are much higher than those
measured by Jukkola and others (4) in nitrogen or carbon dioxide at 1
atmosphere. This may be due to the more rapid oll shale heatup and
the lower concentration of carbon dioxide 1n these tests. The large
increase in decomposition rate between 1200°F. and 1300°F. is probably
due to the combined decomposition of both magnesium carbonate and
calcium carbonate above 1200°F. Jukkola and others (4) found that
calcite in oill shale begins to-dissociate at 1150° to 1250°F. Since
the molar ratio of calcium carbonate to magnesium carbonate is 2.3 In
thls oll shale any rate differences in a transition from a reglon where
only magnesium carbonate decomposes at & measurable rate to one where
both carbonates decompose measurably fast would be accentuated. It
would -be desirable to minimize mineral carbonate decomposition in large-
scale processing since the decomposition reactions are endothermic and
part of the feed hydrogen 1s consumed by reaction with part of the
carbon dioxide formed. Equilibrium carbon dioxide partial pressures
for magnesium and calcium carbonate breaskdown, shown in Figure 9,
indicate that it might be feasible to inhibit calcium carbonate de-

. composition, but not magnesium carbonate decomposition,by maintaining
. a high carbon dioxide partiel pressure.

M 8ingle-Charge Tests at long Product Resldence Times

4 There weére several shortcomings in the above tests. First,
!  product residence times were short and Iiquid and olefinic gaseous
b, hydrocarbons were major products. Second, product residence times

' 1in the reactor could not be practically controlled since they were

. a function of many other variables (e.g.,temperature, pressure, flow
» rate and oll shale sample size). For process design purposes, 1t is
;  necessary to show the effects of variables under conditions where

» gaseous paraffins are the primary products.

Therefore, the test program was supplemented by tests using
a bed of inerts downstream from the oll shale bed to simlate spent
oll shale in a practical reactor system, which would allow further
1 conversion of higher molecular weight hydrocarbons to gaseous
L paraffins. As can be seen 1n Figure 10, the above obJective was met
in these tests. The fractlion of gaseous hydrocarbon carbon appearing
as methane plus ethane was about 80 % or more over the entire
. range of space velocitles employed. In addition, only about 2% or
b less of the gaseous hydrocarbon carbon was nonparaffinic,

————— -
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The results shown in Figure 10 are conslstent with the . *
reaction sequence described earlier. At the lower feed hydrogen space
velocities, the conversion to gaseous hydrocarbons was reduced by coke
formation due to the lack of sufficlent hydrogen. At the higher feed
hydrogen space velocities, the conversion to gaseous hydrocarbons
reached a nearly constant value. The slight decrease at the highest
feed hydrogen space veloclties was accompanied by an Ilncrease in
Ilquids, which indicates that productas resldence times were insufficlent
for conversion of liquid intermediates to gaseous hydrocarbons. The
apparent increase in the maximum rate of conversion to gaseous hydro-
carbons wlth increases 1n feed hydrogen space veloclty above 5000
SCF/cu. ft.-hr. was primarily the result of increased linear velocity
of the raplidly formed intermediate reaction products. Backmixing
effects were found to be negligible over most of the range of flow

rates studled (5).

Simulated Contimious Tests

In view of the important effect of the hydrogen-to-oil-

shale feed ratio on product distribution, the semiflow techniques

were modified to permit control of this varisble. Initially, small

batches of oll shale were fed at frequent intervals onto a fixed bed

of inerts. Results atill showed an apparent effect of feed ratlio above

100% of the stolchiometric requirements for conversion of the organic

matter to methane, which was unexpected on the basis of oll hydro- ’1

gasification results (8,10,12). However, these tests showed the |

expected negligible effect of an increase in total pressure from i
|
{

1000 to 2000 p.s.li.g.

Further tests at 1200° to 1400°F. and 1000 p.s.l.g. were
then conducted with a contimuous feeding system in which oll shale was
charged at a nearly constant rate for 510 seconds,corresponding to an
average oll shale realdence time of about 5 mimutes. Thms, the
hydrogen flow rate increased linearly with hydrogen-to-oll-shale
ratio. As shown in Figure 11, instantaneous organic carbon gaslifica-
tlion at hydrogen-to-oll-shals feed ratios ranging from about 100 to
22;% of stoichiometric remained nearly constant and averaged 63 to
64%. Total organic carbon gasification measured during the 1000-1100
second run perlod was about 70%. The organic carbon distribution in
the residue and the aromatic liquid products was about 13%
each, at the lowest gas rate. The organic carbon in the residue
decreased with an increase in hydrogen feed rate, as would be expected.
All yleld and organic carbon distribution data are uncorrected for
low carbon balances (92 to 96%).

i Higher converaions to gaseous hydrocarbons could, of course,
be obtained by increasing oll shale resldence times, although the d
maximm would be about 85 to 90% since a minimm yleld of aromatic ‘
ldquids of 10 to 15% would be expected from previcus experlence
in hydrogasificatlon of petroleum hydrocarbons simillar in composition 4
to kerogen (8,10,12).
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Fig. 7.-Gaseous Hydrogen Balances as a Function
of Temperature and Organic Carbon Conversion
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Fig. 8.-Effects of Temperature and Time on
Mineral Carbonate Decomposition
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Fig. 9.-Effect of Temperature on
Equilibrium Carbon Dioxide Partial
Pressures for Magnesium Carbonate
and Calcium Carbonate Decornposition

SHMLE pingeo 003 2 0w

g

38 GAL/TON COLO. SHALE
o MAX TEMP+i400°F
PRESS.¢1000 PSIG

et

ATAN

ORG C FED~HR

*%*
2
C

MAX CONVERSION RATE, LBC/LB

'3
O

2
<

GaHy IN GAS.

HYOROCARBONS, %,

ORG G AS CHy+

<l:|l>

FOR ENTIRE

ORO C GAS!F!CATION

AVG INSTANTANF.JU!
ORG C GASIFICATION
ORG C IN LtQuiD
FOR ENTIRE RUN

ORG C IN SOL'I'D RESIDUE

"
C

CONVERSION OF
HYORGCARSONS, %
~n
O

ORGANIC C DISTRIBUTION IN PRODUCTS,
A

v | |

.

G TO LQUS, %

CONVERSION OF ORG QORG C TO GAS.

2000 4000 LI 8000

KOM FEED Hy SPACE VEL. SCF/CUFT-HR

Fig. 10.-Effect of Feed Hydrogen Space

Velocity on Organic Carbon Converted to

Liquids and Ethane Plus Methane and on
the Maximum Conversion Rate
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