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E

ECUTIVE SUMMARY

031l shale research activines ar the Anvil Poins Facility (APF), located near Rifle, Colorado, began in
the mid-1940's, and Government-sponsored research has been intermittent there since that time, The
Burcau of Mines' gas combustion retorting technology was developed at the facility. In the mid-1960'
the Bureau of Mines (which later became the Fnergy Research and Development Administration
{ERDAJ and the Departinent of Energy [DOE] built two small (10 and 150-ton) batch-type retorts near
Laramie, Wyoming. These facilities were used to research in situ processing variables ol oil shale, Vari-
ables such as active void volume, shale assay and size, and processing parameters have been studied. In
the late 1970's, the U S, Gavernment sponsored four large in situ demonstration projects in Western Oil
Shale: Oceidemal, Geokinetics, Inc. (GKI). Equity, and Talley-Frac.

At the present, approximately 24 major companies are at some level of effort in developing an o1l shale
industry. Major private companics, as well as Government-sponsored projects, are developing western
and castern shales. Some 22 major efforts are invalved with western shales, and 7 are involved with
castern shales

In FY 81, the Oil Shale Program was restructired to understand the oil shale conversion phenomena se
that advanced concepts for the production of Tquids from shale could he developed. The restructuring is
a relocnsing from process developiment to a more fundamental approach 10 research. The principal
participants in the new program ave: Laramie Project Office (LPO), Morgantown Energy Technology
Center (METC), Los Alamos National Laboratory (LANL), Lawrence Berkeley Laboratory (LLBL),
Lawrence Livermore National Laboratory (LN, Pacilic Northwest Laborvatory (PNL), Sandia Na-
tional Laboratory (SNL), Western Research Institute (WR1). and sclected universides and private in-
dustry.

PROGRANM ACCONMPLISHMENTS

Clontral and responsibility tor the AP was transterred to Naval Petrolewm and Ol Shale Reserves
(NPOSRY at the end of Apell DO cantinued as o informel advisor on the APF to NPOSR . through-
aut the remednder of Y 8

GRI conducred the simultineons barn ol two comnerctal-sized retorts for most of FY 84, More than
70,000 barrels of crude shale oil was produced and commercially marketed during that time. This sue-
cesstul demonstration ot commcrcial operation of GRI's TOFRECGO in sttn ail shale retorting provess
wits the final milestone of a long-tevm cooperative agreement with the DOL, and signaled the termina-
1on of the agrecment

O1l shate rescarch at LB has contered on process waters trearment. These effores resulted i the de-
veloprnent ol technigies o dewermine nitrogenons conipounds in wastewaters, Spedifically, the direct
(quantlying of arganic mirogen, and the quuonnitation, idendlcation. and estimation of comples mixiures

of previously nuractable nitrogen compounds found in oil shale process witers was accomplished.

the Los Alimos National Laboriory is comnlucomg rock (ragmentition rescarch e oil shale The
research will b waed to develop the blasting and flaid flow technologies required to prepare a rubble
bed for a modibiea m ostu retore. Work for FY 84 involved cxcavadon and postshot analysis of three 'Y
H3 experimenits. Most inportant ol these excavations and postshot analyses was the archeological mine

back of the confinedsvolime experiment.

SN analvzed the resulis of twao hlast rests i onich shale. Compared with sundar blasts in lean shade con-
ducted by EANL, 10w apparent that lean shale s more brivde than vich shale, and fragments and rub-
Lie aconr easier in feaner shale, Tn single ole blasts, stemming ellects appear to be negligible Resulrs of
these Blast tesrs have heen ased o vpgrede vaoous numerical models thit are used 1o deseribe rubble

properiies,
{
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During the first quarter of FY 84, LLNL continued their investigations on the emissions of NO and
S50, from the con bustion of retorted oil shale.

‘The DOE Oil Shale Program was restructured in FY 84. METC activities were reoriented to investigate
high heating rate retorting at a more generic level, Consequently, FY 84 marks the end of METC’s em-
phasis on cast -n and low-grade oil shales that used fluidized-bed hardware, such as the 2-inch diameter
clectrically heated fluidized-bed retort and the 9-inch diameter twin fluidized-bed retort/combustor.
METC accomplishments ave as follows:

¢ Solid state ¥C nuclear magnetic resonance techniques using crosspolarization and magic-angle

spinning were applied to raw shales,

* Tin -resolved, gated-decoupling pulse sequencing techniques were developed for liquid samples in
the JR-B0 IBM “C nuclear magnetic resonance spectrometer.

. ils from Kentucky and Colorado oil shales retorted in Ny weve separated into class types
(saturate, olefinie, arow atic, and polar) using column chromatography.

* A kinetic rate expression model that is based on a simplified reaction mechanisin was developed. Iy

15 used to heeount for the pyrolysis kinetics of eastern oil shales.

¢ Fourier transform infrared technique (FTIR} was successfully interfaced to Pyroprobe and ther-
mogravimetric analysis (TGA). Tt is used to obtain a faster data acquisition rate in the study of

gases that are evolved during oil shale pyrolysis.
FUTURE YEAR RESEARCH PLAN

In the coming year, the Qil Shale Program will complete the transition to the new structure, which be-
gan in FY 84, The program’s focus is to understand the oil shale conversion phenomena. Advanced con-
cepts to produce liguids from shale can then be developed. The highest prierity in both the technology
base and environmental mitigation elements is to generare data that is needed to understane the conver-
sion phenomena. The technology base elements will generate the data rhat will be used to develop the

predictive capabilities for optitmal environmental control.

The restructured program will be accomplished in two 5-year phases. The first phase is focused on data

accuisiton. The second phase is designed to use the data, through systems analysis and environmental

control rechnology development, 1o design cflicient, cost-effective, and environmentally acceptable con-

VErsion svstens.

TR




1.0 INTRODUCTION

Ligguid fisel has been extracted from il shale in
various parts ol the world since the carly 19th
century. A number of companies were pracessing
oil shale in the United States in the mid- 1800,
but the discovery of petroleum in 1859 virtually
caded the oil shale industry in this country. Dur-
ing the 1920%; the high price of petroleum re-
vived the interest in oil shale. Several pilot plants
were constructed, including two by the U8,

Burcau of NMines. Shortly thevealter, large discov-

eries of petroleum caused the price to decline,
and oil shale activity was again halted.

During World War I1, the huge demand for li-
quid fuels prompted the Government to pass the
Synthetic Liguid Fuels Act of April 5, 1944, Al
ter passage ol that act, the Government inereased
is efforts to develop a feasible oil shale pro-
duction process. After several years of operation,
however, the Government terminated its
demonstration scale activities and hmited its ef-
fores to smaller scale work., When it became ap-
parent in the {970% that the ever-increasing
demands for energy would soon require the de-
velopment of all possible sources to stave off an
energy crisis, interest in oil shale again increased
and continues ta do su,

Ol shale rescarch activities ac APE began in the
mid-1940s, and Governmentsponsored research
hias bren intermittent there since that time. The
Bureau of Mines' gas combustion retorting tech-
nology was developed at that facility and waes re-
fined by subsequent private rescarchers, In the
mid-1960’s the Bureau of Mines (Jater ERDA
and DOE)Y built two small (10- and 150-ton),
batch-type retorts near Laramie, Wyoming. to
rescarch 1 situ processing variables of oil shale.
Vartables such as active void volume, shale assay
and size, and processing parameters have been
studied. In the late 1970% the UN. Government
sponsored four large tn sitw demonsiration
projects in Western Oif Shale: Ocaddental, GKIL
Faquity, and Talley-Frac.

Av the present, approximately 24 major compa
nies are at sowme level of effort in develeping an
oil shale industry. Major privare companies, as
well as Government-sponsored projects, are de-
veloping both western and castern shales, Some
22 major efforts are involved with western shales

and 7 with castern shales,

2.0 PROGRAM DESCRIPTION

2.1 PROGRAM BACKGROUND

Several major events since FY 80 have led to the
need for a major refocusing of the DOE Oil
Shale Program. The events were:

e  Formation ol the Synthetic Fuels Corpora-
tion (SFC).

e  FEmphasis change of the DOE research ef-
fort from commercialization to long-range,
high-risk research.

*  Major reduction in world ~rude oil prices.

o Completon of several major DOE research
and development efforts in IV 81, 82, and
83,

The formation of the SFC removed the need for
DOE's direct support of cemmercialization
projects and associated field demonstration ef-
forts. The change in emphasis of DOE's efforts,
reflecting the SFC role as well as the prospect of
the development of several major commercializa-
tion projects, was initiated in FY 81 and led o
the beginning of a major reassessment of the Oil
Shale Program. This reassessment hardly began
hefore the world cyvude prices fell and several

major commercial oil shale projects were dropped
{to date, only the Uniaon Project has continued
with first DO then SFC support). This event
clouded the issue becaase it exposed the true
weakness of the competitiveness of gl shale-
derived crude in the world market (1.e., even at
$30/bbl 1t apparcutdy cannot compete),

In addition to the events i the commercial mar-
ketplace, several major DOE R&D efforrs begun
w the mid-1970's were completed or brought to a
decision-point stage in FY 82 and I'Y 83, These
efforts have produced a wealth of rechnical data,
exposed the weaknesses of many previous as-
sumptions, and indicated new directions that
must be taken for cerrain types of potential
recovery methods. These research efforts were:
o [he verticul moditied in situ (VMIS)
research efforts e LPO and LILNIL.
®  The Occidental cooperative agreement for
field mals for the VMIS concept.
o  The GKI cooperative agrecment lor ficld
trials of the Overburden Lift/#forizontial
Retorting Concept.




® T'he research associated with true in situ
concepts, including the evatuation of the
Rock Springs experiments.

*  lnvestugation of major environmental conse-
quences of abandoned in situretorts.

¢

Conpletion of the cooperative agreements
with he Paraho and Superior Companies

to design commerciat-sized surface retorts.

®  Compleuon of the evaluation of the APY
Paraho pilot plant and semi works surface
retorting data, ana the use of these data by
LLNL to develop a retorting maodel for the
direct-heated surface retorts.

2 FY 84 PROGRAM

In FY 84, the Ol Shale Program was restrue
tured. Its goal was to undersiand the oil shale
canversion phenomena so that advanced concepts
could be developed w produce liquids [rom shale
1 the Oi Shale Program, research that gener-
ates pedigree data essential 1o understanding the
conversion phenomena is given the highest priori
ty. The pedigree data {or converston phenomena
will constitute the input to the private sector's
decision-making processes leading (o implementa-
tion of commercial processes. This rescarch in-
cludes appropriate technology and envivronmental
eltorts 1o establish the data bases and predictive
capability required 1o tdentity and mitgace
potential problems.

Uhe restructuning of the (i Shale Program was
a refoensing from process deveiopiment o a more
fundamenial approach to reseacch. The principal
participants in the new progriom are the LPO,
NMETC, LANL, LB, LLNIL. PNL, SNL. WKi,

and selected universities and private industy,
3.0 PROGRAM ACCOMPLISHMENTS
3.1 ANVIL POINTS FACILITY

Ohjectioe

T'he goal of the program was to pros ile manosue

mient support for oil shale research ar the APT
Disiussion

DOY, developed detailed plans for the deconnmiy
stoning of the APF. On April 13, 1984, the non-

permanent shutdown of the APLE was completed

Control and responsibility for the API was trans-
ferred te the NPOSR at the end of April. DO

tontinued 1o perform as an informal advisor on
the APE o NPOSR throughout the remainder of
Y 84.

GEOKINETICS, INC.

Qdpecitve

The program was focused on researching the
GKI LOFRECO in stta retorting concept for
recovering shale oll using a fire front moving in
a hovizontal direction.

Background

The GKI In Situ Qil Shale Project is a conpera-
tive venture between GKIE and the U8, DOE.
The project is being conducted at a field site,
Kamp Kerogen, located 70 miles south of Ver
nal, Utah, on Section 2, Range 22 East, Town-
ship 14 South, Unniah County,

The process 15 a irue in sitn method for extract-
g oil from oil shale, The oil shale s fractured
by explesives placed n bliastholes that tiave been
drilled from the surface. Alter a specific area has
been fractured to creare an in situ retort, air in-
pection (atr-in) wells wee dreilled ar one end and
olfgas recovery (air-out) wells are drilled ar the
other, The il shale is 1gnied at the air injection
wells and aiv is continually injecter] to establish
and mamtam a buwrnme irone, The front is
moved in a horizontal direction through the Jrac-
tured rock, This heats the shade and drives oot
the shale o1l which drains to the bhottang of the
retort wheve 1 1s recovered through oil pro
duction wells. As retorting progresses from the
air-in to the ar-our wells, the residual coke
serves as the primary tuel sonree to sustain the
moving bure lront. The combastion gases from

the oftgas wells are mreated and Hared.,
Discussion

During the thind week of June, daily praduciion
trom Retort 27 dropped w an average of 251
harrels, and continued to gradually decrease
through the rest of the month. On June 29, the

burn was ternnmated lor Retore 27,

By tbe cad of the year, Retort 27 was campletels
shut in and produchon operation had ceased, Tt
had produced 32.56% bharels of drade shale oill
See Figurr 1 lor a production history of Retort

ek,
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FIGURE 1.

1G83, us-

ing the diesel ignition technique. Several advan-

Retort 28 was wgnited en Oetober 18,

tages were realized, such as faster lighting tunes
and wider wpnition bants, The st oll-water

cinulsion was seen at Production Well 5 on Oe-
taber 31, 1983.

praduce simultancously with

Ketort 28 cortinued 1o bhurn and
stort 27 through
June 1984, The burn was terminated for Retort
28 on August 24, 1984, It had produced more
than 28,750 harrels of cyude shale oil by that
tme The shale oil production history of Retort
28 15 shown in Fignre 2

On January 235, 1984, preparations were ade to
begin the start-up of the otfgas processimg facili-
(v, The anmmnnia plant was stavted lirst. Ao
nia s removed from the rerort offgas e a simple
absorpuon-stripping unit as it passes upwanrd and
counter-current to downward {lowing water. The
avmonia-tree gas proceeds out the top of the ab-
sorber 1o either the atterburner or the ARD ech
nologies, Ine. Lo-Cat sultur removal plont.

Start-up of the Lo-Cat Technologies, Ine., plam
began January 29, 1984, and continued o
February. Because of the low concentration of
11,8 i the offgas streans, 10 was estimared that as
many as 2 or 3 weeks would be required belore
sizeable quantities of elemental sullur woudd he

removed from the systene During this period,

o]

OIL PRODUCTION OF GKI RETORT NO. 27

the sullue melter cireuit was remodeled, By the
third week of February, the melter circuit had
been tested and commissioned.

An engiueering study of the ART hydrogen sul-
lide plant and the ammonia plant began during
start-up in carly February and continued through
March. The main objective of this continuing
study was to maximize the removal efficiency of
both units. The procedure included performing
material and energy balances around the major
picces of equipment to determine the HyS and

NH, removal rates.

On March 29, 1984, the pressure drop on the
was side across the absorber tower in the ARI
plant became so high that the gas ceased to flow
An inspection of the two packing beds in the ab-
sarber revealed that the lower bed was plugped

with elemental sulfur,

The confipuration of the plug in the bortom of
the lawer bed indicaved the plugging occurred
when the HyS-rich gas entered the tower just bee
tow the lower packing bed and proceeded up-
ward, The first significant contact between the
11,8 in the oftgas and the AR solutions was in
the bottom of the lower packing bed, The sulfide
ions from the HyS5 were instandy oxidized to

clemental sulfur and began to fall, However, in

T e m—
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stead of falling through the packing and into the
bottom of the tower, the sultur was trapped by
the pall rings and packing support trays, and
eventually formed a plug. Repairs and cleanup
were underway by the end ol March.

Following tests in carly May, a venturi serubber
was installed in the gas line between the ammo-
nia and H,yS absorbers. The purpose of the
serubber (also called a precontactor) was 1o pre-
mix the offgas and Lo-Cat solurion. This would
remove as much sulfur as possible before the gas
contacted the solution again in the absorber
volumn packing.

Qher methods for increasing gas low through
the plant incluasd determining the maximum
sate operating liaits of the offgas blowers, and
replacing valves in the gas system to decrease
leakage to the bypass lines. By the end of June,
gas llow through the plant had increased by 50

percent,

The ARI Lo-Ciat process and solution were

lound to be very effecuve in removing H,S [rom
the retorr offgas stream. Removal efficiencies of
greater than 90 per cent weee reported for HoS.

Removal cefficiencies on the ather sullur species

were not determined due to their very low cone
centrations in the LOFRECO process ollgas.
Low concentratons of these minor sulfur species
should be typteal of in stow direct combustion
process offgases.

The Experimental and Range Division ol the
U.S. Forest Service began their (all reclamation
tests on Retorts 24, 25, and 26 during Qctober
1983, These tests included the planting of au-
tumn vegetation to determine the optimum recla-
marion procedures on future retorts.

Shipments to the Crysen Relinery at Woodscross,
Utah, were made throughout most ol the year.
The shale oil was blended with the refinery’'s No.
6 fuel ol cut without upgrading.

During March, GKI authorized North American
W. ather Cionsulrants (NAWC) of Salt Lake City,
Utah to conduct an assessment of fugitive gase-
ous emissions that occur during the simultaneous

operation of two i1 situ retorts.

The basic objzetive of this study was to use sul-
fur hexafluoride (SFg), an inert gas, to “tag” the
fugitive gascous emissions in order to evaluate
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lugitive hydrocarbon (HC) and carbon monnxide
{(CO) emissions. Known quantities of SFg were
released from a level near the retort surface (fugi-
tive emissions source) and ambient air samplers
were located at selected sites, both upwind and
downwind of the tracer release point. The up-
wind samplers provided data on narural bark-
ground concentrations, and the eight downwind
samplers measured the combined effeets of the
background and source-related unpacts.

A groundwater tracer study was initiated in
March. A contract was awarded to James L.
Grant and Associates in Denver, Colorado, for

the final study design and data analysis.

The purpose of the tracer study was to provide
more definable data for permit compliance on the
horizontal movement of groundwater, away {rom
a rubblized retort. The study should better define
groundwater behavior in the jointdracture media
existing at the LOFRECQO research site.

T'he comnpliance test for the Utah State Bureau of
Atr Quality approval order was begun on May
10, 1984, The preliminary results indicated that
GKI was in compliance with the emissions limi-
tations and vemoval efficiencies specified by the

SLatfe.

During the second week of June, the York
Research Consultants finished gathering data for
the Utah Burean of Alr Quality comphance test.

5.5 LOS ALAMOS NATIONAL
LABORATORY

Objectives

The program was intiated to (1) determine rock
fragmentition characteristics ar the AFP mine
and perform blasting agent characternzation, (2)
provide mathematical simulation of retorting
parameters to better understand the vetorting
procusses and assoctated environmental concerns,
and (3) characterize oil shale process effluents
and possible environmental consequences of vart

ous oil shale processes.
Buckground

LLANI. is conducting rock [ragimentation research
in oil shale, This will help to develop the blasting
and fluid flow technologies required to prepare a
rubble bed lor a modificd in situ retort. This
report details progress in the DOE/SNL/LANL

Rock Fragmentation Program.

Wark for FY 84 involved excavation and postshot
analysis of three FY 83 experiments. See Table 1
and Figure 3 for descriptions and locations ol
these experiments. The most important of these
was the archeological mineback of the conlined-
volume experiment, CV-1 (See Figure 4),

Rock fragmentation research at LANL is
designed to provide the predictive capability re-
quired for developing a blasting scheme for a
modified in situ (MIS) retort, and for evaluating
the resulting rubble pile and s performance dur-
ing retorting. This research is a combined pro-
gram of laboratory and field experiments, and
nurerical simulations of fragmentation, tracer
flow, and retorting.

About one-third of LANL's FY 84 funding went
for completing the work at APF and removing
cquipment. About one-third was used for fracture
and fluid flow model develop.uent and caleula-
tions, and the remainder for laboratory experi-
ments in rock fracture and explosive
characterization. These projected activities effec-
tively moved the rock fragmentation effort from
the field to the laboratory, and preduced basic
data needed for model development.

Discussion

[n fracture modeling, the oil shale arbitrary
lograngian-Yulerian (SHALE) code development
continued. This development included the run:
ning of threedimensional problems and inceor- .
porating the effects of explosive gases on fracture

and particle motion, This work was done in

cooperation with the University of Minnesota. As

a follow up to the First International Symposium

of Rock Fragmentation by Blasting, in Lulea,

Sweden, collaborative efforts have begun with the

Changsha and Maanshan Research Institutes of

Mining, Peoples Republic of China, with the ex

change of technical reports on LANL fracture

models and blasting data. "This was the first step

In an international cooperative effort 1o siudy the

phenomena of the fragmentation process.

Retort calculations using the WAFEOS (wo-
dimensional retorting model have shown good
agreement with the experimental data obtained
by the SNL laboratory retort experiment. The
agreement of the caleulations with observed ten

peratures and char zones was encouraging.




TABLE 1. DESCRIPTION AND LOCATIONS OF FY 83 EXPERIMENTS

Experiment Purpose Confignration Results Postshot Analysis
83-A Stemming Performance 2.5 m of 1175U  Stemming and None
for SB-1 Explosive
Performed as
Expected
83-B Stemming Performance 2.5 m ol 1175U  Sremming and None
Similar to Test 83-A Explosive ‘
Performed as
Expected
83-C Stemming Performance 1.5 mof 1175U  Stemming and Crater 10 be Excavated

for Confined-Volume
Test OV}

83-D Unstemmed Borchole 2.5 mof 1175U

in Lean Shale to
Compare SB-1 and
SK-2 o 83-C

CV-1 Confined Volume to 1.1 mof 1175U

Keep Oil Shale in
Place During Frac-

ture Process

Explosive and Profiled, Rubble

Ferformed as Sereened, and Major

Expected Joints Mapped
Explosive Crater to be Excavated,

Performed as Screened, and Major

Expected Joints Mapped

Blasting Mat
Held Except
in Central

Crater 10 be Excavated,
1/2 Rubble Scre ened,
Three Cores Obtained,
3-m Diameler and Crater Mapped
Section

Cooperative analysis of APF data with the
University of Maryland continued, as well as the
study of fracture propagation using plexiglas
models and high-speed photography. This work
inchuded the study of crack propagation under
confining in situ stresses, fracture pressurization
as a result of explosive detonation, and the inter-
action ol stress waves and crack propagation

resulting from the adjacent detonations.

Excavation of the two stemiming tests and the
blasting mat experiment at APF was accom-
plished. Sereening of the sternmed and un-
sternmed blasting experiments at the APF was
completed 1n March.

Nine cratering tests were conducted at APYF dur-

ing 1983, four by SNL ane five by LANL. Their

purpose was first to study the performance ol the
stemning and its effect on rock breakage, and sc
cond, to in\"'(:xtig;m- the role of the highpressure

explosive product gases in blasung. All nine tests

produced rubblefilled craters, but only five of the

craters were excavated. The results of the tests
with excavated craters are summarized in Table
2: the four tests not excavated are suminarized in

Table 3.

The SNL tests were performed in medium-grade
shale. From the matched stemmed and un-
stemmed tests, SB:1 and SB-2, which produced
nearly identical craters, 1t was concluded that the
high-pressure explosive product gas plays no role
in single-borehole tests in moderate-grade shale.
These shallow craters look as if they resulted en-
tirely from spall. The gas may have been impor-
tant in throwing the broken rock, bur apparently
did not cause new fracturing.

The parts of the borehole where the explosive
had been were easily accessible in the SB-1 and
SB-2 craters, since the craters extend down to
just above the top of the charge. The borehole
walls there were highly fractured; pieces pulled
from it crumbled under light pressure. The ap-

parent enlargement ol the boreholes resulted
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{from “scouring” of the Tractured rock from the
walls, rather than plastic deformation. The bore-
hole was widest at the bottom where the booster
was located

Comparison of SNI. tests with the LANL un-
sternmed test (lean shale) showed the unstemmed
test an lean shale, 85-1), produced a eylindrical
crater that pulled 10 the bottam of the charge.
This is much deeper than the SB-1 and SB-2
craters in mediume-grade shale. The pre-shot trac
ture calculations for these tests predicted vack
breakage w just below the bottom of the charge
Theretore, among these expertments, the fractore
caleulations matched the 853-1 crater. Experiment

TABLE 2. EXCAVATED

R N

a8,

3

83-D differed [rom SE-2 only in its location in
Adit 3 where the oil shale is very lean. T he
difference between 83-D and 8B-2 is elear evi-
dence for a major grade cilect in oil shale
blasting.

Lean shale is different in two significant ways.
First, 1t is more brittle than richer shale, Second,
at least at the 83-D siie, the rock has many
prominent herizontal planes of weakness, It has
been argued in the past that fragmentation oe-
curs in (wo steps, where the stress wave causes
tracture (crack growth), and then the gas causes
the pieces to move, completing the fragmentation
process. SHALE caleulations, which currently

1983 APY TESTS

Test Lab Purpios Resuli
SK- 1 SNI Stemmed Test (Moderate-Grade Shallow Crater to
Shaley Near Top of Charge
SR SN Unstemined Test (Natchied Pair Shallow Cirater 1o
with SB-1) Near Top of Charge
A3:C LA N L Stewnned Test (ke 0OV 1, Bagt Peep Cylindrical
im Lean Shale, aod SWithiowr Crater to Bottam
Rubble Pack) of Charge
43-D LANI U nsternnued Tost (Dike SB O Deep Cyhindrical
Bt Tean Shale, Aatched wirh Crater (o Bottom
By-A. BI-B) ul Charge
Gyl LN L “Cantined Nohune™ (Steraed, Ranghly Conieal
MModerate Guade Shale, with Crater 1o Below
Rubble Pack an fop) Battom of Charg
I\-
TABLE 3. UNEXCAVATED 1985 APF TESTS }
st Lo Puipios Kesult
ST-i SNE Svarern lest Only Rubible-Filled Crate
§T-2 SNI Suatenn Lest Ouly Lubble Filled Cranes
H4A P ANI Stemrped Pese (like SB jul Rubble-Filled Craem
[edn Shale, Fine Siemmine)
H3-13 LANL Stemmed Test (Like SBaL, P Rubble-Filted Crater
Lean Shale, Coarse Stemintous
|




treat only britde failure, should be more directly
applicable in the lean shale. Taese caleulations
show fracture that extends at least as deep as the
S3-D) crater, The horizontal planes of weakness,
some of which may have been open belore the
test, might then allow the gas 10 move quickly
mio the mass of fractured rock to produce tum-
bled rulade.

At SB-1 and SB-2, the richness of the shale ap-
parently caused a ductile rather than briule
farJure to oceur near the charge, except along the
horchofe walls. Assuming the gas played a role
d33-D), the lack of brittle eracks near the charge in
SB-1 and SB-2 prevented the gas from getting
mto the formation helore 1t was vented out
through the forming spall center, The ducale
behavior of moderates and high-grade oil shale
under intense compressive loading must be taken
uito account in future calculations.

The stemmning in the confined-volume test,
CV-1, was cllective enough ta let gas enter frac
tures at teast 0.3 m below the bottom of the
charge, as indicated by the presence of soot
stains when the broken rock was pulled aparnt
Soot stains could he lound within about 1 m ol
the bottom of the charge, but not further out.
The rubble pack cmplaced above this test was in
tended to hold all the broken vock in place for
detatled examination. It was successhul, except in
the center where the confinement was insuffi-
cient, Broken rock was observed lying in place,
Fhis required the removal of the rubble pack and

considerable hand excavation and cleaning,

Uhe broken roce mm GV clearly showed the ef
fect ol a pre-exisung macroscopic Jomt structire
While there was a general merease i the frag-
ment size with distance from the charge, signifi-
cant local variations related (o the joints were
evident. Within abawt o of the charge, there
were large blocks that were essentially unbroken,
while near the edue of the crater. there were
blocks that had been shattered into stall preces,
The joints varied widely in stze and meian spas
g through the test bhed. The use of the term
“jomnt” i this context may be nusleading, the fea
tures bheing described are perhaps mare properly
called “mncroscopic planes of weakness.” A com
plete description of tragrmentation will have 1o i
clude these planes of weakness, inchuding theit
influcnce in reflecting or scattering the stress
waves generated by the explosive, Soine of the
fragmentation may not ocear until the late stapes
oif the blasting process, when the farge hlocks are

setinto moton and hie cach other,

Solids charactenzation 1s vital to the assessment
of health and environment consequences ol oil
shale processing. LANL is using several in

Lation.
This work focuses on determining (1) the trace

serumental technigues for this character

element chemistry that occurs during shale oil ex-
traction as a function of the fundamenial process
variables and (2) the environment of the material
in the original matrix, This information is essen-
tial to understanding the environmental behavior
of products, effluents, emissions and solid wastes
from oil shale processing, and the potential for
contaminant mobility and transport.

A set of carefully controlled heating experiments
was conducted on a composite raw shale mineral
material from Federal lease tract C-a shale core
CE-709. This material was chosen for study be-
cause of its high pyrite content compared to
other shales that have been characterized, These
experiments were carried out to determine the in-
fluence of temperature and gas composition on
product nineral assemblages, and major and
trace element mobility behavior.

Anather set of controlled heating experiments
wis carried out on o composite raw shale materi-
al from Federal lease tract Ceb core 22x-1,

Mineralogical chacacterization of the spent

materials and standard leaching experiments were

accomplished, Major elemens (alkali and alka-
fine earth elements) behave similarly mall the
riaterials that have been studied o date. The
alkaline carths gencrally go through a region of
maximum sofubiity from macerials that have ex
pertenced temperatures i the viciniey of 825aC
In GO, atnospheres, this maximum solubility
moves to higher temperatures, as would be ex-
pected, be canscol the mhibiton of carbonae
decomposinions. Alkah metals show sl
trends, except potassuun, which shows mcreased
solubility with increasing temperature i an air
atmosphere, Several trace elements, including bo
von, molvbdenum, and vanadium, exhibie i
creased mobilities rom materials that have
expertenced temperatures inoexcess of 82570, On
the other hand, some wace constituents, nehud
i {honde, show an inverse solubiliey orend
with allialine earths, sugpesting that these experi-
ments ave addresang mobility and solunon

chemiar concerns,

Leaching experiments with spent shales and high
totdl dhssalved sobids CTDSY leaching medin have
been completed. NMultistaged counterfiow teach

g of spent Colorado oil shade was conducted




under anaerobic conditions. Dissolutien of select-
ed major and trace elements as well as several
anionic species was analytically determined afier
cach stage of 10 counterflow sets of experiments.
The results indicate that the [-week contact time
for each stage achieved a remarkable degree of
solution equilibrium. as determined by such key
elements as molybdenum and lichwm. Greater
amounts of these and other trace elements were
dissolved with cach additional contact of “dirty”
water with spent shale.

Aavanced analyrical wechnigues for characteriza-
non of oil shale solids continue to be investigat
ed. Further evaluation of the electron
microprobeautomated imaging analysis (EMX
ALA) continues to suggest the porential usefulness
of this techaique to characterize the oil shale
matrix, Analysis of two mounted and polished
portions of raw oil shale from the Federal lease
tract C-a, operated by Rio Blanco Oil Shale Ca.,
were analyzed wsing racor Northern's coal
mineral analysis software on the Cameca electron
microprobe. Better definition ol the mineral
phases present in the samples and better differen-
tiation of agglomerates should be possible with
application ol these technigques. The combination
of the EMX-ATA with data analysis by pattern
recognition techniques 1s leading the characteriza
tion ¢f these very complex mineral assemblages
from semi-guantitative twards quantitative me-
ans. The LANL nuclear microprobe s being
used to characterize the oil shale maix, Other
geologic samples intluence the mobility and frans

portattenuation ol environmental contaminants.

A series ol expernnents has been conducted 1o
test the usefulness of particlemduced Noray emis-
sion (PINLE) 1o mvesngate tace element resi
dences i the ol shale mineral assemblaee.
Flemental concentrations and detection funits {o
30 elements were analyzed tor raw and speie
shale samples. On cach shale sample o dark
bonaceous area and a light colored arci wore
analvzed . Detection hmits for the majorny ol cle-
ments range from 2 to 30 pgre. This shows that
the PINE rechnique s a suntable method for a
broad-spectrum trace elcment analvsis i geologi

saniples.

Stiches mto shale/water interactions continued to
prabe the eftects of process waters as o leaching
medium. These stuches focnsed on the effece that
the shate tvpe has on the composition of the

water after contact o rade with the sludes

Codisposal of solid wastes and low-quality aque-

ous effluents from oil shale operations is a dis-

pasal method being considered for these wastes

A preliminary experimental evaluation of this
practice focused on the validation of analytical
techniques for studying the chemistey that oceuss
when these wastes are mixed. Three shale types
were contacted with a singe vetort water, This
helped to evaluate the effeci: :f shale type and
surface area on the behavior of organics when in
contact with solid shales, and the muhilization of
morganics within solid shales. Distilled water
leachates trom these shules were used as the base
line case. The inorganic compositions ol distilled
water and retort water leachates were compared.
The pH and conductivities of these leachates sug-
gest that the ultimate composition of leachates
from codisposal are dependent an borh the shale
type and the leaching medium. The concenira-
tions of the trace elements suggest that they are
mobilized by the retort water leaching medium.
This mohilizauon probably is due o complexa-
tion by organic ligands or by increased solubility
caused by the onic strengeh of the leaching
medium, The organic compositions of these
leachates are dependent on the shale type. Be-
cause of the nature of the analvtical methods,
only about 5 percent by weight rather than by
volume of the solvent extractable matertal was
analyzed, However, previous work suggests that
the material being analyzed contains the majority

ol the mutagenic compounds.
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I'he progrinu's locus was 1o develop various
methods for biological teatment of process
waters, and o detenmne volatilvanon during
compaction rom codisposed oil shale process

WSS,
Backprisond

A commercal-scale oil shale conversion industry
will requite trernendous Gquantines of water
Cabout 2 1o 4 baarels per barrel of oil) and will
produce volimineus quantities ot highly contami-
vated wostewaters (from 00 ta 20 barrels Pt
barrel of oily and spent shale (about 14 rons pect
Biurel ot vy, Disposal of spent shale and the 1

vse and ultimate dispasal of the wastewato




streans may present technical and economic bar-
rices to the developrient of a commercial oil
shale industry. 1t is imperarive that water
management and solid waste disposal strategies
evolve concurrently with retorting technology and
commercial development,

Diseussion

Stearn stripping is the most often proposed means
of removing armmonia and carbon choxide from
ail shale wastewaters; the removal of organic car-
bow generally is nat an objective. Engineers rely
on cimpirical correlavons and research data o
provide a rational basis for the design of pollu-
ton control equipment. Results from the steam
stripping of both Oxy-6 gas condensate and a
composite oil shale wastewater indicate that the
steamn stripping theory may not be appheable to
the wide spectrum ‘ol oil shale wastewaters. For
exataple, theary predicts that a0 20440 column at
110°C should be sutficient to remove 99 percent
ol ammont from most ail shale wastewaters.

Phe results of studies indicate that a column of
greater length s requited 1o remove 99 pereent
of smmonia frong most ef these wastewaters, In
contrast. these smdies have shown that removal

ol carbon dioxide can casily be accomplished.

Experunents were condacted on Oxy-6 retort
water at a G/L ratio of 0.20 and a temperature
of 111.57C Under these conditions, the stripper
removed 998 percent of the anumonta, 82,9 pes-
cent of the dissolved inorganic Gubon (DICH, and
177 percent of the dissolved organic carbon
(DO

Ulie recovery of niirogen from 17 organic com-
pounds by the total Kjeldahl witrogen (TKN)
tnethod was investigated, The compounds were
chosen cither because of (1) reported incomplere
revovery by the TRN methad, £2) Jess than fall
recovery by the combustion/chemiluminescence
(C/C Ty methad, or (31 strnctarad similaviey to the
resistant cotpounds, In contrast to the veported
reststanc e af micotinge acted 1o ]{il‘lr[,llll (lll{('ili()n
9 percent af the theoreaeal nitrogen was reco-
vercd from this compound. Sholarlv, pyridicain:
and evanuric acid vielded greater than 90 pereent
of thew theoretical mrogen values, Compouneds
contuning the pyrazole nueleus and tetrazole,

liowever, vielded 15w

79 percent of their theo-
retical nitroven values: the recoveries by C/CTL
for these u.\ln[n\lm-h were 1 the sane range as
the TN rccoveres  rdazole aaud

' edimethiy lhtadiasole vielded 100 percent of

thet theoretical nuvogen by rthe C/CT meihod,

yet only 5 to 25 percent of their thearetical nitro-
gen was recovered by the TKN method. From
these results, it is apparent that only a subset af
the compounds refracory to acid Kjeldahl diges-
tion is net amenable to combustion and
chemiluminescent detection. This would indicate
that the C/CL method wenld be the preferved
method to quantify nitrogen in aqueous waste
streams, such as oil shale wastewaters, that con-

tain these refractory classes ol compounds.

The evaluation of the TKN method for determin-
ing nitrogen i oil shale process waters was com-
pleted. The preliminary report is available as:
Jones, B. M., G. J. Harris, and C. G. Daugh-
to the
ation of ( )r_[,r.'m'i(' Nitrog n in Oil Shale
> BIDg56,

ton. “Applicability of Kjeldahl Analysi
Quantifi

Wastewate

A simple and rapid method has been developed
and deseribed lor physically separating dissolved
aninonia [rom organic nitrogen in comples
wastewater samples, in parcticular oil shale
process waters, This separation method has urili-
ty in directly quantlying organic nitrogen by
nonspecific methods that ordinarilly can only de-
teet total nitrogen. The sample s buffered with a
sodium carbonate solution to a pH of 105, This
deprotonates the ammonium ion to dissolved am-
monia gas. Many nitrogen heterocycles and aro
matic and aliphatic A mines remain nonvoladle,
however, because they either have vapor pres-
sures lower than ammonia, high solubilities in
the agqueous phases, or remain protonated. The
sample is introduced tnrto a tubular microporous
polytetrafluorovthylene (Teflon) membrane. The
ends of the rubing are sealed, and the membrane
is immersed oo IN sulturie acid bath. The
tubuli membrane is extrenely permeable to
gases, but since it s hvdrophobie, liguid watet
and associated nonvolatile solutes cannot perme-
are 1t The dilfuston of anvmonia is driven by the
concentration gradient that is maintained across
b wmembrane by absorbing the permeated am-
monia into the acid solution, where 1t is pro-
tonated to give wmmonium ion, The method s
analogous to dialvses, bhue differs in that osmosis
of ligquid water does not oceur, The method 1s
called Unosmotic Dissolved-Gias Dialysis, The di-
alyzed sample can then be analyzed for total
mitrogen by a nonselective, rapid method such as
C/CLL The resndt as a divect measwre of nonvola-
tile nitrogen, which is an estinate of organic
nitrogen i the somple contains sufficiently low
concentrations of nonvolatile norgneic nitragen

and of volattle arganic nitrogen.,




Fhree Oxed-fibm biological teanment (FFBT)Y

columns, packed with glass beads, raw shale, or
granular activated carbon (GACH, were cach used
to trear 40 liters of 50 percent Oxy-6 retort watel
medium during 8 menths of operation, These
colutns removed 60 to 63 pereent ol the DOC
when operated on an Li-day reeyele mode at a
hydrauhic loading rate of 0,067 mL/min-cm? for a
bed depth of 21 cm. These removals indicare that
FERT reactors can remove more DOC from

vt retort water than can batch cultares.

Mier 176 days ol contnnous operation, a FFBT
cohumn packed with GAC weated 76 hiters of
amended, spent Oxy-G vetort water. Of the 46.2
g of DOC apphied o this column, 18.5 g were
removed. Previous calealatgons indiciued that the
sorptive capacity of the GAC would be exceeded
by the sddition of 15,2 ¢ of DOQC . The amount
ol DOC removal exceeding the sorpiive-
saturation value can be avtmbuied to bhiodegri-

clation

Ihe remaval of DOC trom raw Oxyeb retort
water during -day batch biotreatiment swas
\!llll[);ll'(‘(l with DO removals Trom three FITD I
colimns operated on L day recvele mode with
hvdraulic loadimg rates ol 0.061 mL/Zimm/cin?.
Mean vatues for DOC vemovals were bateh cul-
ture, 50 percent; glass heads columi, 59 pereent:
vaw shale colummn, 62 percents and GAC colwmn.

e percent,

FOSCO Corparation hot solids process (FIS]P)
ane Bargn spent shiades e mnch lower sorpove
capacities for the N-hetcrnoveles, No oreduaction i
concentraiion was detected when 2% ¢ of Lurgi
spent shiale was shaken with 35 b of aqueons
sobution, or when 35 g of ISP spent shale was
didhen s 40l ot dqueous soluton. To de
tevimine b the dicee FEB T colimns were capable
of removing sienthweants more ol the organic so-
lites of veront water than barch shake-tlask cul
tves (vpeally o s of 33 pereent of the
DIOC b mneraliced by owtorown culoaaesy, the
data swere analveed By onesway anads s af vare
ance {anova), Resolts of the anova showed o
[uehdy stenilicant difference sunong the Tour bio
fowreal ceatments (P <0 0001, Au a prior sig
nibicance test showed thor the FIFBE colunimes
rernoved stambicantly greater proportiions ol DO
than the batch enlivres. Farether signihicisnee test
e (o posterion) demonseeated that cach PERE
ol (alass beads, GACL ad raw shale) e
mosed o sigmdicantly ereater mmount ot DOC

i the basch caltare (17 < 00y, T addinon,

the GAC column removed significantly greater
armounts of DOC than the glass-bead column

(P < 0.05). Removals by the vaw shale coluinn
were not statistically ditferent from the removals
by ecither the glass beads or GAC columns.

The above statistical analysis verifies that the bi-
ooxidation of organic solutes in Oxy-b retort
water can be enhanced by using a fixed-lilm of
microorganisms mstead ol a homaogeneous, acrat-
od suspension (e.g., glass-bead column versus
barch culture). In addition, DOC removals can
be further enhanced when FEBT is combined
with the physiochemical properties of a sorptive
solid support (GAC column versus glass-bead
column),

Successtul hiological treatment of o1l shale
wastewaters depends upon the biooxidation ol
aromatic nitrogen-containing compounds. To in-
vestigate possible causes ol recaleitrance, the fate
of selected nitrogenous heterocyeles in bath
single- and mixed-substrate systems was followed;
the later was evaluated as a model ol the more
complex misture in retort waters. The

blodegradability of each of 26 N-heterocycles was
evaluated in batch cultures with a defined medi-
win containing the heterocyele as the sole source
ol carbon, nitrogen, and energy at a concentri-
tion of 100 mg/l., Of these N-heteroeyeles, 12
were biodegradable as determined by decreases in
dissolved organic carbon and UV absorbance.
After 3 months ol incubation in individual en-

vichment cultures, the other 14 N heterocyeles

were not biodegraded. A mixture of the 12 bio- ;
degra able compounds totaling 100 mg/L. ol sub- :l.
strate was mineralized in 1 week by pooled 11,"
enrichment cultures, This mixture appeared 1o be ?I_
significandy more resistant 1o biooxidation, :f
however, when added 1o Qxy-06 retornr water at i

300 e/l This mixture may be suitable for fur-
cher investgation of the mechanisins causing the
recalcitrance of aromatic nitrogen=contuning,

compounds in ol shale wastewaters

Cleavage ol the heteroevelie and aromatic rings
wirs tdicated by o decrease in U absorbance,
Only 2 to 6 days were required Tor cultines to
acelimate 1o quinohne, pyridine.
Zemethylpyridine. S-methylpyridime,
2-cthylpyridine, S-cthylpyridine,
2-hvdvosvpyridine, and 3 hvdroxypyrindine

Each ol these compounids was biodegraded in less
than 2 weeks, Pyridine compounds substitated in
the i-position. or those that contained more than

one ring substitunon, were signtficantly more



refractory than those substituted in either the 2-
or 3-positions,

Even theugh acclimation times for

2 ddimethylpyridine and 2,6-dimethylpyridine
were abour | week, 5 weeks were needed by the
cultures to biodegrade the initial 100 mg/L of
subsirate. After 3 weeks ol acclimation, enrich-
nient cultures required an additional 3 weeks o
biodegrade 2.4, 6-trimethylpyridine and
L-methylpyrazine. After 3 wmenths of incubation,
none of the other 14 N-heterocycles was found to
be hiodegradable.

These vesults agreed with those reported in the
hterature. With the exceptions ol

2.3, 6-trimethylpyridine, eyvanurie acid, and
+-methylpvridine, N heterocyeles previously
reported ta be biodegradable were also mineral-
tzed in the defined medium of this project. In ad-
ditian, 1t s thougit that this is the first report of
the biodegradability of 3-methylpyriding,
S-cthylpyridine. and 2-methylpyrazine

One of LBLS primary goals in the analysis of
retort water headspace is o identify, and eventu-
ally quantitate, volatile components in retort
water (hat may contribute to air ennssion
problems in the codisposal of the water with
spent shale. Aromaric mines and heterocvehe
nitrogen cotpounds are of primary interest be-
cause of thetr maladoraus aed probably

hasardous naire

Volaulization of compounds from codisposed oil
shiale wastes is sttongly influenced by partitioning
ol sohites wnong the solil, hoguid, and gas
phases. Experiments are i progress to determipe
the sorption of live nitrogen heterocyeles on vari
ous spent shales ot umbient and elevated temper-
atutres. The compomands are pyridine,
2-ethvlpyridine, d-cthvb2mwethvipyridine, 4-ethyl-
Fethvlpyricdine, and quunoline. Fxperituents
have been done at ambient wenperature with
IFOSCO HISP spent shale, Lurgi eyelone-
collected spent shole, and L-60 spent shale from
LLLNL. The shale from LLNIL was black and
had nat been burned to remove char, while the
other two shales were grav and had been burned
to remove char, 160 spent shale had a high
When 24 g
of this speut shale (<121 20 mesh) was shaken

sorptive capaciy for Noheterocyeles

AU ambient temperaiure with 20wl of agueous
solution thar intdally contained 250 mg/l. wial
heteroevele concentration, all N-heterocvele con-
centrations were reduaced o below the detecuon
limit of 2 gas chromatograph with a (lame woniza-

rion derector (GC-FITY
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NATIONAL LLABORATORY

Objective

This program seeked to provide laboratory
studies of gus species, retorting parameters, and
bed prepararion needs for various retorting

processes.
Background
LLNL has been working on oil shale retorting

technology for approximately 10 years. "The effort
arch on chemical

has included laboratory rese
reactions and kinetics, operation of retorts and
retort components, and mathematical modeling of
retorting processes and related phenomena. In

the last several years, attention has been concen-
wrated on surface retorting. The models deve-
joped have been very successful in evaluating
retorting processes, in identifying and solving
problems, and in the computer-aided design of
process components and experiments.

Diveusston

Qil is prochiced by heating oil shale in the ab-
sence ol air. The material remaining, called
retorted on shale, is black and retains some car
bon as char. The fuel value of the char amounts

to approximately 20 percent of the fuel vatue of
the oil. Because the char is remarkably reactive,
various processes have been considered o atilize
the heat [rom char combustion in retorted shale,
and thereby improve the overall etficiency ol oil
production.

Retorted oil shale contains an exceptionally high

concentrativn of nitregen and also some sulfur,
During the tirst quarter of I'Y 84, LLNL con- K
unued to investigate the emissions of NO ana
SO, from the combustion of retorted ol shale.

LLNL measured the amount and rate of NO
release from the combustion ol three retorted
Green River oil shales. The cmissions are of con
cern because they are equad o the Timits allowed
for coal combustion when compared on an
cquivalentenergy basis. Results suggest that the
NO yield decreases with decreasing nitrogen and

('hill' concentrations.

The release of NO oecurs after char combustion.,
Observation indizates that an 80 percent redue
tion in NO cmissions can be accomplishied by
leaving 20 percent ol the organic carboun -

burned
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At temperatures above approximately 550°C, the
reactions between SO, and carbon ate minerals
1o produce sulfates are fast compared to the oxi-
dation reactions that produce SO, This fact is of
mterest in the use of oil shale to reduce SO,
ciissions trom the fluidized-bed combustion of
high-sulfur couls.

The combustion of retorted shale does not release

SO, f the combustion temperature is sufliciently

high (> 525°CY) so that the reaction between
SO, and dolomite is rapid. The net reaction may
he a combination of the following two reactions:

20eS 4+ 3.50; = Fe,0Op + 2850, (1) sulfide ox-

idation

250); + O, + CaMyg (CO;) = CaSO, +
2C0); (2) SO, capture

The rate of SO, capture by oxidized oil shale,
and the relation between the fraction of car-
bonate reacted (sulfated) and the rate of reaction
have been studied. Measurements were made of
the decrease i SO, concentration in a gas (2
percent O, QL1 percent SO, balance Nj) as u
passed through a heated bed of granular oxidized
oil shale. The rate s a complex function of bed
temperature ml the length of an experiment,
suguesting that more than one reaction is taking
place that removes O, This 1s coufirmed by the
tact that the rate of CO); release was less than the
rate of constunpuon of SO,

It appears tha iwon oxide (Fe,O3) in the oxidized
shale is also removing SO, and the reaction is:

Fes€y + 880, + 3/20, = Fe, (80.):8.

Ol shale nitrogen is distributed in solid, liquid,
and gaseous products of retorting. Increasing
retorting temperatures or time increases the
concentration of gascous nitrogen species, proba-
bly ammonia, af the expense of nitrogen in the
<olidd retorted shale. Under the same range of
conditions, the nittogen content of the o1l ve-
mains nearly unchanged. Oxidation of retorted
shale results in the release of NO. These NO
crnissions can be sigmlicanty reduced by stop-
ping the oxidation of retorted shale before all the

char 1s consuned.

The triple quadrupole mass spectrometer
(TONS) was used 1o analyze grab samples from
the pyrolysis secnon of the solids-recyele retort

system during retort runs R-2 and R-3. These

grab samples were analyzed for HS, mercaptans,

thiophenes, sulfides. disulfides, and carbonyl sul-
fide (COS).

In retort run R-2, H,S was reduced from an ex-
pected 20,000 ppm (lor Fischer Assay) 1o a few
ppm, and methanethiol was reduced (rom 130
ppm to 5 ppm. In retort run R-3, the H,S was
roughly 25 times greater @ 50 ppm than in R-2,
but still represented a significant reduction in ex-
pected amounts of FLS.

The conditions of the recyele retort runs allowed
a much more complete mixing of sohids and gases
than did the lab experimenis. There was, conse-
quently, a more complete removal of the sulfur
gases than was experienced in the laboratory-
scale pyrolysis experiments; the trends predicted
by the on-line, Fischer Assay-like apparatus held
true, however. It had been predicted that the
iron oxides found in the burned shale would
react with H,S and most wrace sutfur containing
gases, with the exception of the thiophenes, This
1s exactly what was seen from the vetort pyrolysis
gas samples run on TQOMS.

Relatively simple, effective kinetie expressions
have been derived for oil evolution during pyrol-
vsis of Green River oil shale: single Iiest-order
for slow and moderate heating vates, and double
first-order or single pseudo-nthorder for rapid
isothermal pyrolysis. A number of workers have
mvestigated how secondary reactions (as in:
fluenced Ly pyrolysis heating rates, temperatures,
residence times, and pressure) can modify oil
yield from that obtained for Fischer Assay condi-
tiens. They have found that the secondary reac-
fions are very important, demonstrating that slow
heating rates vanse hetero-avomatic compounds in
the o1l to be cenverted to coke, and that exces-
sively high tempevatures cause aliphatic stru

tures to crack to Ases,

While the qualitative aspects of oll-yvield loss and
quantitative relationships for some circumstances
have been established, there has been no mathe-
matical lormulation that can satisfactorily caleu-
late the oif vield for any given oil shale heated
under an arbitrary (cmperature-pressure-gas en-
vironment history

LLNL developed a mathematical model for
pyrolysis of Green Raver oil shale from previous
experiments on oil, water, and gas evolution, and
oil cracking over a wide range ol pyrolysis condi-
tions. The model caleulates the oil and gas prod-

uct yields and the remaining shale compaosition as
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a tfunction of e lor a specified history ol tem-
perature, pressure, and gas ecovironment, Reac-
tions inchuded are evolution ol five gas species,
oil, and water from kerogen, clay dehvdraton,
oil coking, and eracking, and evoiution of H,
and CH, trom char, Ol is treated in 11 hoiling
point [rictions to trear the competition between
ail coking and evaporation, and to evaluate the
cffect of oil cracking on the hoiling pomt distri-
bution of the oil.

When compared with experimental results, the
vields agree very well, with a standard deviation
of less than 2 percent of Fischer Assay. In agree-
ment with previous observations, most of the
vield loss at atmospheric pressure is due to oil
coking. Both coking and eracking become greater
al 27 atm because of longer liguid and gas resi-
cdence tes. Both oil gaid and oil vapor were
allowed o erack, but most ol the cracking was
calenlated 1o oceur in the liquid, perhaps due to
the greater mass concenration of the liquid oil

compared with the oil vapor,

An apparent weakness of the model s the ealeu-
lation of hydrogen evolution, particularly for
rapid pyrolysis conditions. For isothermal
fluidized-bed pyvolysis, it has been experimental-
Iy determined that hydrogen does not reach its
nuaxinium rate of release until most of the oil is
evolved, suggesting that it is formed by a reac-
tion intermediate. In convast, the model calen-
lates that (he masimum rate of hydrogen
evolution oeenrs durtng the initial stages of kero-
gen pyrolysis, even though a major source of
hydrogen is oil coking. The problem crnphasizes
the mmiportance of nnderstanding the reactions of
hydrogen for developing an improved general

pyirolysis model,

A velated problem is that the maximum possible
oil vield s fess than that atainable in high-
pressure hvdrogen, In the present model, the
only way hvdrogen can increase oil vield is by in-
hibiting nil coking. It appears necessary (o in-
clude another mechanism in order o obtain
higher yields i hydrogen than for ash pyrolysis,
ITigh-pressure hvdrogen appears o inhibu the
tormarion of addirion:d aromate carbon during
pyrolysis. Under a wide range of other condi-
tions, the oral amount of aromatic carbon in the
oil and carbonaceous residue is roughly constant
and nearly twice that present in the raw shale,
These measurements wre miportant becanse the
present model assumes that only paet of the oil,
roughly corresponding to the aromatic compo-

nents, iy suscepuble 1o coking.

The computer model for the LENT cascading:
bed retort system was modified o include a surge
bin for the shale passing from the pyrolyzer to
the Hilt pipe. A major modification was also ac-
complished n the pyrolyzer model to allow
particlessize-dependent velocities through the
redctor. Tlis ts pardcularly important in simulat-
g the LLNI two-stege luidized-bed retort,
which the fines move more than a factor of two
faster than the coarsest particles. Changes were
also made in the lift-pipe model to allow certain
parameters to be fixed for a given caleulation
(¢.g.. bft-pipe diameter, air flow rate). Previous-
ly. for exploratory studies, the model was allowed
1o deterniine optimum values of these
parameters, rather than o use speciiied values,
By March 1984, the complete maodel for the
cascading-bed retort svsiem was ready for appli-
cation to the specilic conditions of the LENIL ex-

perimental setup.

The LLNL moving-bed retort model was used w
investigate the elfeais of changes in the hot-gas
mpur rate for a hot-gas retort using external
combustion. The Uniton B retort is one of this
type. A base mnlet-gas flow rate at 48290 was es-
tablished, such that only 1 percent of the keragen
was unpyvolyzed in the outlet shale wt 47790 A
10 percent decrease i the gas {low rate canscd
the unpyrolyzed kerogen in the ouder shale 1o in-
crease to 14 percent, a 20 pervent decrease
caused a 27 pereent decrease, Furthermore, the
outlee shiale tcmperature deereased to 4687 and
40470, vespecuively, Thas, minor nonunitormitics
of the inler-gas Hux across the top of the shale
could have pronounced effecrs on the degree ol
pyrolysis of the oudet shale, on (he physical
properties of the ail generated, and oo die physi-
cal properties {especially cohesion) of (he shale at
the top of the roort, The calculadons also illus-
trate thar, even with a high inlet-gas low rate,
these same undesirable effeets e necessariiy
present during start-up of the retorr, if the hot-
ans flow and the bed movement are sunnltane
ously started in a retor loaded with vave shale at
ambient tempera tures (e, no preheating of the
shale bed betore upward wovernent is startedy, It
the shiade bed s preheated (even for as short a
pervind as T mwinures) hefore upward movement
s staried, the owtlet shale is fully retarted Dniial-
v and decreases gradually o the steady-state
value,

It would be advantageous 1o be able o use o
higher inlet termperature, since the recpadred [losw

vate of inler gas would then be less, aned the




resulting pressure drop in the retort wonld also
be less. The feasibitity of deing this depends
predominantly on the severity of oil eracking that
would accompany the use of a higher inlet tem-
perature,

LLNL analyzed the eracking of relatively low
moleenlar weight oil vapor that might oceur in
the recycle gas trom the time it is heated in the
external combustor until it is again coaled by
contacting shale (a total residence time of ap-
proximately 10 seconds including the time in the
pressurized dome at the top of the retort).

L was shown thai Jess than 10 percent of the oil
vapor in the recyele gas will be eracked in 10 se-
conds, if the temperature of the recycle gas is
kept below 5507°C. This is probably acceptable,
stiee it cort

sponds to a loss in total oil yvield ol
only 1 percent of Fischer Assay. Allowing a drop
in temperature ol 25°C due to wall heat loss
lrom the gas piping and retort ll()ll](", the maxi-
inum temperature of the inler gas thae {inally
contacts the top ol the shale could then be 525°C
without excessive loss from oil eracking,

The solids recvele rerort system was assembled
and start-up testing was begun in the firse quart-
er of FY 84 The retort system is designed so
that cach component operates adiabatcally, Elec-
trical heaters on the surlices of the vessels com-
pensate for flow of heat through the insulation,
The heaters are computer controlled so that the
low throngh the insulaton and the hear provided

are closely matched at ecach location,

In the soluds recyele system, hot, burned shile
serves as the heat source [or pyrolysis of raw
shale In the LLNL equipment, mixing of the
burned shale with the vaw shale, and pyrolvsis of
the raw shale 1s accomplished 1 a densephase
Huidized bed. Prancipal components in the reey-
cle loop are the mixerpyrolyzer, surge tank, lil
pipe. and combustor. All ol these components
and the intervonnecting pipes are fabricared of
stainless steel, are insulated, and have eleetrical
heaters attached o the outer steel surface under

the msulanon.

In the first operavion of the equipment. designat-
ed run R-1, the pyrolvzer was [luidized by pre-
heated nitrogen. Lifi gas and combustion gas
were preheated o, Raw shale teed rare was 960
oni/min. The ratio of burned wo-raw shale enter

ing the pyvrolvzer was 3.8,
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In subsequent runs, the Huidization gas was the

pyrolysis gas from the discharge of the oil con-
densers. Since this gas has substantially lower
viseosity than mirogen, a high flow rate was

ustd.

3.6 MORGANTOWN ENERGY
TECHNOLOGY CENTER

Objectives

With vestrncturing of the (il Shale Program dur-
ing FY 81, the objective changed from develop-
ing a comprehensive data base for elfective and
efticient utilization of castern and low-grade il
shale i an environmentally and cconomicaliy ac-
ceptable manner, to performing focused research
on il shale, including shale properties and be-
havier under tast heat-up rate conditions, and

characterization ol process pollutants
Background

In FY 84, the O1] Shale Program was restruc-
tured to focus the research on a fundamental un:
derstanding of the chemistry and physics of Ll
shale conversion. The resiructured program re-
quired METC to reorient its activities {rom
developing hardware to investigating high heating
rate pyrolvsis at a more generie level, Floidized-
bed retorting, by vivtue of complex mass and
heat transler phenomena, does not lend itsell eas-
iy to the elucidation of the chemical and physical
phenomena involved in high heating rate pyroly
sis. Conseguently, Huidized-bed retorting
research has been suspended in Yavor of develop-
ing new oil shale pyrotysis systems that lend
themselves (o more repeatable chemnical and
physical high heating rate phenomena elueida-
ton, and are more readily supported by accom-

panying mechanstic models.
Discussiom

The chemisiry and phystes of ol shale vetorting
do not permit the complete conversion ol organi
carbon to shale oil. A considerable amount ol or-
ganic carbon is converted to carbon deposits thit
remain in the spent shale, Failure 1o use the
spent shale carhon o provide energy represents a

substantial Toss in process cconomics.

To minimze thermal energy losses, i ady

geous to hurn the spent shale promptly. One way

10 do this is to keep the combustion operation as

close to the ratortmg operation as possible.




By virtue of the vigorous mixing inswle a flui-
dized bed, there is excellent heat transler be-
tween solid pacticles. The solid-to-wall heat
transter coetficient is also very hieh, abaut five 1o
seven times that of a conventional steam

pencration boiler,

A simple reactor was pastutated that can bur
the hot recortesd spent shale and blend it with
vold raw shale tor efficient heat ransfer, The
gascous products [rom combusiion and retorting
could be separated by a parctitioning wall in the
freeboard to prevent mntual contarmmation. Most
solid handling problems would be eliminaeed ot
reduced if the solids transfer (rom retort to com-
bustor could be achneved withow an elaborate

transportation scheme,

I'he twin thiidized-bed retort/combustor
(FFBR/C) s suck o reactor. The TFRR/C is
divided into retorting and combustion sections by
a partition with (wo interconnecting openings.
These vpenings between the retorting asd comn-
bustion cliunbers allow the spent shale to flow
[rom retor! to combustor, and the hot burned
speni shaie to flow tfrom the combustor 1o the
retort to mix with and retort the raw shale feed.

The TIFBR/C is composed of three major parts:
plenuin chamber, bed region, and frechoard
region. The mterior of the twin bed, including
the bottom of the plenum chamber, is covered
with a layver of 2-inch thick castable refractory.
The exterior of the twin bed is msulated o
minimize heat loss. The interior of the twin bed
s divided mto two beds, the combustion and
retort beds, by a partition plate,

To facilitate the supplying of different gases 1o

cach bed, the plenum churmber s also divided
inte owvo compartments. The plenum chanber
under the combustor also serves as a precombus
tion mixer {or ar snd propane, The combustion
of propane will generate enough heat 1o prehea
the twin bed. At the carly stage of the test pro-
gram, no attempt was made o delete the pro-
pane because the emphasis was divected toward
oil yvield improvement. At a later stage of the
program, propanc was used only for start-up un-
(il self-sustained combustion/ retort operation was

achueved

Product wil vields ranged from 60 ro 70 percent
of Fischier Assay. Selfsustained combustion/retort
operation without the use of propane was demon-

strated 1. live separate cxpevimental rans with
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raw shale feed rates as low as 75 gm/min. 'This

was also true when a binary mixture of nitrogen
and steam was used as the fluidizing gas in the
retort section. All the runs were conducted with a
20 x 42-mesh Colorado o1l shale with feed rates
from 75 to 112 gm/in.

Calculations show that the TYBR/C can be oper-
ated to achieve maximum use of combustion heat
without depending on the hear transfer from
direct solid-tosolid mixing. Apparently, for a
small TFBR/C, the area for heat transmission
between the combustion and retorting sections is
sutficient to allow enough heat to be transferred
from the combustion bed to the retort bed for
retorting. Tor large bed operation, a special bed-
to-bed heat transfer arrangement, such as heat
pipes, may ofter an ideal solution.

The ASPEN tluidized-bed retort (FBR) model for
western shale consists of a retort section and a
combustor section, The retort section has the
kerogen pyrolysis reaction cceurring in a stoichio-
metric reactor. The combustor section of the
model consists of a heater block, two stoichiomet-
ric reactor models, and a chemical equilibrium
reactor model.

This ASPEN model was exercised to duplicate
studies on western shale. The western shale base
case simulation calculated the solids recycle ratio
(SRR) necessary to achieve a desired retort tem-
perature of 950°F. The simulation predicts an
SRR of 1.5, which was somewhat less than the
originally published result, but nevertheless, a
reasonable esumate.

I'he ASPEN FBR model was then modified for
application to eastern shale by replacing the
western shale properties with those for eastern
shale. Major differences hetween eastern and
western shale reside in the kerogen and mineral
compositions. Fastern shale kerogen has a lower
hydrogen-to-carbon rato than wesiern shale and
also has more sulfur and oxygen. Eastern shale
has little calcite or dolomite, while western shale
has significant quantities of both of these
minerals.

Ax a result of these differences, the eastern simu-
lation produced different results. The eastern
shale produced about 38 percent less light
hydrocarbon gases. Since castern shale has very
few carbonate minerals, which decompose en-
dothernially, the combustor reaches a higher tem-

perature, The eastern shale combuastor reaches a




temperature of ubout 1,660°F compared 1o nbout
LA009F for western shale. Accordingly, the solids
recyele ratio for the eastern shale case is reduced

to around 0.8,

The following pyrolysis mechanism was postulat-
cdd for kerogen and natural bitumen decomposi-

tiaon i castern oil shales:

A
Nawal Buuen = O+ Gas + Carbon

Resicdue

h'.!
Kerogen — Pyrolytic Bitnnen + Gas + Ol
h.
y i g y | L
Pyviolytic Bitumen — Gas + Ol + Carbon
Residue

Comparisons between the model prediction and
the experimental data tor weight loss versus teni-
perature lor Kentucky sunbury shale were made

and activanon energies were determined.

In addition o the TGAL a pyroprobe was uscd
to stiely higher heating rate phenomena. The

pyroprobe achieves rapid heating vates over the
range of 100 w i reported 20,000 K/S. The rest

dence tmes can be varied from 2 1o 20 seconds.

Fhe TGN and the pyroprobe provide only the
welght of the sample as o function ol time or
temperature and no miormation avout the
product gas composiion, The FTIR rechnique
crves a o way ol idenalving the thermal decompost
tion products. Combinmg TGA or pyroprobe
with FHIR provides information on the com-
position ol pases evolved dunng ol shale pyroly-
sis and, consequently, kineoe daa for the gises

evulved.

For the casiern o1l shales stadied. the DTG pealk
areas over the 3007 ta 6007CE temperature range
were plotted agatnst ol vield, The correlation ob
served between the difierenoal theral gras e
tey (D1 peak areas and Fischier Assay oil vield
values are reasonably good, with o corrention
coctbictent of 0.9 Mincrals such as pyene

riarvcasite (Fesgi, and analcue

(e,
(NaAISHOe LY show some thermal effect
this temperature range. Fhe same Is e for elay

minerals such as kaolivire, The absence of the

characteristie carbonate decompostiion 131G peak

in the castern ol shales ar the 7000 @ 60070

temperature regton s tidwative ol the absenee o

very nunor presence of carbonate merals Tlins
o

has been conlirmed b Xervay dilfraction

Several heating rates were run for TGA decom-
position kinetics. The extent of conversion versus
temperature at various heating rates for Ken-
tucky Sunbury shale was determined. With a
heating rate of 5°C/min, a 20 percent conversion
was affected at 407°C; with 20°C/min, a temper-
ature of 433°9C was required w achieve 20 per-
cent conversion, This plienomenon is due to the
ficr that as heating rate s icreased, the sample
is exposed for a shorter time o a particular tem:
perature. The rate maximum is also shilted
toward higher temperature as heating rate is in-

creased.

I he oil shale samples (100/120 US mesh) were
heated 1o 6207C Iin a4 continuous nitrogen gas
flow at D07, 200°, 5007, and 1,000°C/sec. The
data indicate that percent decomposition in-
creases with an increase in heating rate. These
results suggest that higher heating rates may
reduce the amount of coking of organic matter

and. thus, significantly inerease the oil shale

devolatilization yields., Percent weight loss of
Colorado shale is lower than that of Sunbury
shale, even though Colorado shale provides great-
er yield in Fischer Assay.

Percent decornposition has also been studied as a
tuncuon ol residence time. Residence times for
the runs were 2, 05, 10, and 20 seconds at
1.0007Ci/sec heating rate with 620°C final tem-
oevature, The results for 2, 5, and 10 seconds
shiow that longer residence time is needed for
devoladlizing Colorado shale than Kentucky
shale. It is possible that Colorado shale, with
large amounts of carbonate minerals, may re-
cpire more hear for carbonate decompaosition,

thereby delayving organic decomposition,

Ihe efficient extraction of shale oil involves effec-
tive retarting methods and oil collection tech-
niques. Both ol these distiiet steps must be
adidressed by any well-coneeived process tor ool

leeting o1l from rewrung,

Droplets tormed after shate pyrolysis mav he ool
lecred by o number of standard technicues, such
as serubbers. electrostatic precipitators, filters,

et However, the efficiency of any collection

technique depends on the size and concentration
ot the acrasol. Nucleaaon ol the vapor phase o
toretgn particles and homogencous nus leation are

the cwo mechianisms of droplet growth

A shade ol droplet generator was [abricated. The

neh inver diameter unit has a length of 2%




inches. An extended lengeh for the retore abave

the bed assists in decreasing entrainment of fines
coming out of the unit. The bed material is com-
posed of spent shale and has a stadic depth of -

U inches, and a weight of = 200 grams

Fhe measurement of droplet size and concentra-
tion are accomphshed with novel laser-based opti-
cal particle monitors. Light scattering by
entrained acrosols bas an angular dependence
with dreplet size, and an intensity dependence
with concentration. The process stream in the
test region s o cateulared velocivs of 20 cmdsec
at a volumeime flow rate of 6 stpr, and will pro
vide o proper residence time for dvopler forma-
tion and growth of ~ 1 see, based on plug tow
of nttvogen at standard temperatire and pres-
sure, This rest region can be moditied so that

several dillerent residence times can e stadied.

Shude otd is fandamentabiy ditferem from petrale-
Cuin because it contains saturate, olefin, and aro-
tatic hvidrocarbon compound tvpes. while
petraleun contains saturates and aromatics,
Oletins. because they can polyimerize, canse
problems with the processing of shade oil. Olefing
are also of nterest beeause the amoont, and
pevhaps the type, of oletins e shale oil is relned
to reworting conditions and, oo, o the

mechantsm of deconiposition

Kentucky and Colorade shale oils were obained
trom METCS 2-inch elecomeally heated tlaidized-
bed oil shale retort system. Aluanima, activaed
sthica, and silica coated with silver nitrare were
used as the adsothent marenad i the columns.
Cyelohesans, toluene, chlorolorm, methanol, and
heptanc/toluene were used s solvents, Protan
and carbon nuclenr magnetc resonanee (NNMR),
IR, and was chromatography/imass spectrome-
try (GO/MS) were used 1o analvze the composi-

ton of the franctions,

I'bie results of the class separation of Kentieky
awnad Clolorado shale s ndicate thar the separa
nen mediod developed s effeenive i separating
whole shade otls into then component satorate,
olefitne, aromatic, and polar fractions, Good
reproducibihey was abtained for the duplicate
vuns. The recovery ot at least 90 pereene of the
starting material indicies that fosses due o ad
~arbent retentio n and solvent removal are
fuinimal, allowing this dlass separaticn w be nsed
far the quantitatve analvas of shale oils. Proton
aned carbon NMR daca, adong with FTIR analy -
st of dhe fractous, wdicate thae (1) the oloss

overlap within vach fraction s ronunal and (2)

T

valnable compositional parameters (i.e., aroraatic
alkvl chain length, olelinic and aromatic content)
can be obtained and uscd to determine the ‘chem-

icad ¢« position of the fractons.

Analysis of the mass balance data indicates that
there exists a variabilicy in shale oil composition
with respect to the retorting eonditions. The
olefin concentrations appear to show the greatest
vartability with respect to the fluidizing gas com-
positton. Both wil shales show a greater olelin
concentration for ails retorted in 100 percent
nitrogen, with the conceutration decreasing when
water is added o the fuidizing gas of the Ken-
tucky shale,

Analysi of the Kenwcky and Colorado shale oil
cliss fractions by proton NMR revealed several
tends in the chemical composition of the oils, ir-
tespective ol 1the fluidizing gas composition. The
Colorado shale oils contained a greater propor-
nenr of hvdrogen in polvinethylene structures, ap-
proximately 39 pereent as compared 1o~ 30
percent ler te Keptucky shale oil, This finding
is supported by the carbon NMR data for the
whole oils, which show the Colorado shale oils te
be more aliphatic { ~ 71 pereent) than the Ken-
tucky shale oils (~ 53 pereent). This agrees with
the accepted views that western shales are more
hiehly aliphatic m character than castern shales,
The Kenrtucky shate ol had a higher concentra-
tion ol aromatc hydrogen, approximately 13 per-
cent, compared to ~ 7 percent lor the Colorado

shade ol

Pune-resolved gated deconpling NMR tech-
niques, such as wated spin ccho decoupling
(GASPE), are being refined and used to differen
tiate beoween the protonated and nonprotonated
carbon species in shale oils. Coupled with con-
ventionasl NMR informanion on aromaricity, the
added mlormacon can be used o mcasure aro-
matic ring candensadon. methy | substiruent con
densation, and the degree of atkali and functional

group substitinon on aromare structure.

The carbon NMR spectra of shale olls consists ol
broad resonance bhands due 1o the vareny of or-
ganic compounds present, Nepiration ot the ol
it class fractions improves the resolution;
however, hrawd vesanance bands are still present.
Proevionshy, the ouly information thar could bhe
derivied was the ahphaticZaromaic ratio ol the
carhon atomes, Time-resolved gared decoupling
NAR < be used o break down complex car-
hon spectra iito snbhspecira cottaining resonances
due 1o only one of the bye following groups: (1)

aromatie nenprotouated carbons, (23 aronatic
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methane carbons (CHY, (3) aliphatic non-
protonated carbons, (1) aliphatic methylene car-
bons, and (5) aliphatic methare and methyl
carbons (CH and CHy).

Initial application of this technique 10 a Colorado
light oil has shown the ability of the method o
distinguish between protonated and nonprotonar-
ed carbons. Analvsis of the nonprotonated carbon
i the GASPE spectrum indicates that the non-
protonated carbons e~ 70 percent aromatic.
In contrast, the conventiona! proton-decoupled
1 NMR specirum of the same oil had ~ 23
prrcent aromatic carbon as a fraction of the toal
carbon. Consequently, it can be concluded that
the aromatie structures in this shale oil are poly-
cyclic in nature and/or highly substituted. Since
there 1s o considerable contribution of aliphatic
material in the GASPE spectrum for unprotonat-
ed carbon, it ts evicent that sorae quarternary
aliphatic carbon is present in shale oils from
branching and evclization ot the aliphatie materi-
al. This accurate compositional information
promises to provide correlatons based on a tun
damental understanding of the shale and us
pyratysis products.

‘The characieristics of rapid heat wansfer and
untfornt temperature in a Huoidized bed have been
cansidered to be due primarily to the vigorous
mixing of the solid particles. Data reported in the
literature indicates that perfect or near-perfect
mixing of solids takes place in fluidized heds
when the solid 1s one ol the reactants. However,
good solid mixing mught become a disadvantage
because of the spread of the solid residence time
distribution (SRTD). i.¢., nonunitornm solid resi-
dence time, To provide more unifornn residence
thne, various incchanical deviees have been in-
vestigated (o chtain a baftle corfiguration that
would be suitable {or an o1l shale retorting

pl‘()('(‘)’ﬂ.

Lxperiments on a Nuidized-bed cold module
were conducted in a 4-inch diameter cylimliical
vessel which is 33 inches high and made of Lu-
cite plastic material, Air was the fluidizing gas.
Sand was used as fluidized solid, with a density
of 2.7 g/em® and a size range of 20 to 50 mesh.
The tracer used in the experiments was potassi-
Wi permanganate crystals (°p = 2.6 g/em®),
sieved to the same size {raction as the sand.,

Alter a steady-state flow of solids and gas had
Leen established, the step input signal tracer (the
concentration of tracer was about 0.5 percent)

P

was added and, simultaneously, the solids leaving

the bed were collected into sample hottles over
timed intervals. The tracer concentration in the
effluent was found by extracting the color.

Based on the experimental results, the following
prehiminary conclusions can he drawn:

e Comparison of SRTD data in a free-bubbling
bed and in the compartmented beds with differ-
ent types of baffles indicated that a tube tray
with about 10 percent tree area can be used to
improve the pattern of solid mixing.

® An increase in solid-feed rate will make the baf-
fles effective. However, the average residence
time of solids in the bed would decrease with
the increased solid-feed rate. To keep the mini-
mum residence time necessary for oil shale
retorting, the height of the bed can be in-
creased, which also helps to achieve plug flow.
However, the proper ranges of these
paramerers, including gas and solids flow rates
as well as the bed height, have not yet been ex-
plored. Experiments on the effects of these
parameters on solid mixing are currently be-
ing conducted in the 4-inch diameter cold
module.

3.7 PACIFIC NORTHWEST
LABORATORY

Objectives

This program was focused to determine the dis-
tribution of arsenic (As), cadmium (Cd), mercury
(Hg), and selenium (Se) among product streams
during oil shale retorting and to identify the
chemical forms presene, as well as the mechan-
isms responsible for their formation.

Background

Because of their volatile nature, a significant
fraction of these elements is released {rom the
raw oll shale matrix during retorting, and subse-
quently migrates to the product shale oil, retort
water, or offgas streams. Thus, depending on the
formi(s) of the chemicals in each praduct stream,
these elements may be mobihized into the en-
vironment unless removed from the streams be-
tore disposal.

For each of the aforementioned elements, the ob-
jectives of this study are to (1) determine the dis-
tribution coeflicients for cach product stream; (2)
identify the chemical forms in retort water, off-

gas, and shale ol with particular emphasis on in-
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organic or organometallic species known or
suspected of being carcinogenic or roxic; (3) in-
vestigate the mechanism(s) responsible 1oy
mobilizing to-.c, or labile chemical forms identi-
fied in Treys 2} into each product stream; and
(4) determine the effect of reforing rate, maxi-
muimn retorting wmperature, and retorting at-
mosphere on Ttems (1) and (3) above.

Discussion

This work required fabricating and testing a
retort furnace assembly to generate product
streams for analysis. Teclmiques and procedures
were adapted or developed for the exuuaction and
detevimnation of the mewals of interest and/or
their compounids,

Uhe (st suceesstul full-scale retort run was car
ried out during the carly pan of January, Fhe
test involved tetorting O kg ol oil shale to a maxi-
mutn temperature of 50070 using a 1°C/min
heanng rate, Theee ol fractions were collected
corresponding to the heavy, mediung, and hght
distillates. Tiportant operational parameters (in-
prat Ny gas flow; total outler gas flow: shale be i
temperatures at the top, ntiddle, and base of che
tetort vessel; and outlet gas temperatures) were
monitored thronghout this retort run wath the

data colleetion system

The sensitivity af the proposed analytical tech
nitges was tested 1o determine their sutability
on oil shale retort samples. This work included
the determination of cacdimium by prompt gamima
neutron activition analysis, mercary and seleni-
urn by instrumental neatron activation analysis,
and arsenic by Xeray Huorescence in the raw

shale, spent shale, retort water, and shale oil,

Preliminiry “micro retort” experunents were ca-
ried out noan inert Ny atmosphere using 2 o 10
urarns of shade, o shale heating rate ol approxi-
mately 2007C/nun to o maximm temperature of
1O002C and a Ny sweep gas flow rate ot 0.4
L/min. The objecnves of these experiments were
to (1) vvaluate the performance ol the Zeerman
Atomie Absorption syverem (ZAA) for on-line
mensurement ol total As in the offgas stream
during retort tuns, and (2) obtam a inital esa
mate of the As volailizanon profile as a lunction
of retorting teraperature, Prior knowledge of this
As volatilization profile will allow optimization ol
toral As mehsurements, using ZAA, and As
speeiation measurements using GC-Microwave
Plasma Detecror (GCMPDY) duiing futare high-
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temperature (1,000°C) retort runs, using the &
kg PNL retort.,

Spent shale samples fron retant run PNL-1T (N,
sweep gas, 19C/min heating rate, and maximum
temperature of 5007) were heated in the “mini-
retort.” This apparatus consisted of a 6-nu 11
uaartz tube or a 12-mm 305 stainless steel tube
heated with nichrome wire. Nitrogen gas flower)
through the shale as the shale was heated from
257 o 1,100°C/min - The nitrogen sweep gas
laden with arvsenic then passed directly into the
ZAA (. vbon tube atomization furnace {2,800°C),
The As temperature profile was obtained for 10
runs with PNL-{ spent shale, and 1wo runs with
LBL-3 spent shale. LEL retort run 3 was con-
ducted under identical retort congitions as PNL
retort mn 1, except that Colony shale was used
rather than APIE shale. All runs showed bimodal
As emission profiles that peaked at H00° to
HOOC and 9507 1o 1,060°C:, 'he mashnuwm con-
centrations observed at the lows and high-
temperature peaks were approximately 8 and 6
ppm, respectively. These results suggest the pos-
sibility of two forms ol As in the shale, A second
nteresting result was that As began o evolve
nto the carrier gas stream at 20070 However,
the appatent volatilization ol As wt this low tem-
peraduic may be an artfact of the slow response
tine ol the thermocouple thar was used 10 meas-
ure the shale temperature.

The second run of the PNIL 6-kg retort was sue-
cesstully completed during June 1984, The objec-
ves of retort run PNL-2 were to measure ihe
cancentraton of Hy in the olfgas by ZAA, to de-
termine the composition ol the oflgas, aned o
identify and quantfy which organomercury spe-

cies were present in the offgas. The oil shale was

heated ot 19C/min 1o a maximum temperamre of

H007C with a Ny sweep gas flowing at 1.8
L/min, During peak tacrcury emission in the alf-
gas, as indicated by the ZAA, numerons samples
were taken to determine the organomercury spe-
cies in the olfgas. This included using Tenax and
Carbosieve-Goas an absorptiion media, and
cryotrapping followed by silver and gold traps as
hackups to the cryotraps. All nuportant retorting
parameters (e, low rates, shale temperatares,
Zeeman signal, etc.) were monitored by the data
acquisttion system throughout the retort vun.
Preliminary review ol the data collected indicated
that vetort run PNL-2 et all the intended objec-
nves. The Zeeman funcrioned was destgned to
indicate mercury cancentratwon in the offvas, All
problems initially obsevved in retort run PN1- 1

were corrected. The ost impressive result from
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retort run PNL-2 was the identification of
dimethyl-, diethyl-, and di-n-propyl-mercury, and
the tentative identification of methylethyl-
mercury in the offgas.

3.8 SANDIA NATIONAL
LABORATORY

Chjectives

This program was initiated to (1} test various
parameters of oil shale retorting processes; (2) de-
termine rock fragmerntation characteristics, and
(3) perform blasting agent characterizations.

Background

During 9 vears of involvement in the DOY pro-
graum, SNL has been pursuing a goal of develop-
g the technology to iimprove the overall
etliciency of shale oil recovery processes. In par-
ticular, SN1. activities have focused on i situ
shale ol recovery processes, The objective of
these activities has been to acquire the ability to
preseribe an efficient process for in situ recovery

of a given oil shale resource.

Recent field experiments have demonstrated that
the yield from an in situ retort s largely con-
trolled by the charactenstics of the rubble bed
produced during the bed preparaton step. This
vealization has shown that there is a need 1o de-
velop a predictive capability lor the fragmenta-
tion step in the process al constructing an in sitn
retort. In addition, ¢ is nuportant that criteria
tor the blast results be developed that are based
on a thorough wnderstanding of retort viekd as a
tunction of bed characteristies, The influecee of
penneability struciare on retort yield must be
clearly delined

At the present thme, the SNL program addresses
the two tterrelated aveas of bed preparation and

characterization mil 1etort processing.

A ot DOE/LETC, LANT, SNL Rock Prag-
mentation Working Group was formed in
nid-1981 10 coordinate DOE-sponsored bed
preparation studies. In mid-1982, following
reviews of previous and ongoing work in VMIS
rock fragmentation, a joint LANL, SNI. Rock
Fragmentation Experimental Program Plan was
generated, Emphasis of this plan was placed on
experiments to specifically address questions
related 1o the accomplishment of a preseripuive
design capabihty, i.e., that the field program en-
COMPass both ]nxu;ln;nlit’ and theoretical aspects

of VMIS blast design. Further. the experiments

would be conducted primarily for data acquisi-
uon for correlation with numerical modeling,
The field experiments were conducted at the APF
mine 1o maintain continuity between past work
and possible luture mini-retort fracturing and
reforting experiments.

The experimental program was initiated in early
1983. Stemming tests and one conlined test were
conducted by LANL during June 1983, Stemmed
and unstemmed single borehole cratering tesis
were conducted by SNL durtog June 1983 Two
additional tests were also canducted by SNL.
They provided twa complete performances of the
field 1est firing and data acquisition systems prior
to the execution of the heavily instrumented
crateving tests.

1) cusston

Excavation of tubble from the cratering tests that
were perforined during the summer of 1983 he-
gann on December 12, 1983 Excavaton of rubble
from the two mstrmmented tests, SB-1 and 5B-2,
was completed on December 23, Excavation of
rubble from two stemming tests conducted by
LANL, 83-C and 83-D, was completed on Janu-
ary 11, Sereening of the rubble began January 30
and was completed on February 29,

Both SB-1 and §SB 2 craters were shallower than
expected. Neither crater was more than 2 meters
deep; the craters did not reach the wp of the ea
plosive column. Formation of the erater walls ap
pears 1o have been dominated by bedding planes
and vertcal joines. As a result, both craters are

asymmetric,

The povosity of the post-test rubble piles was cal-
culated from the clevation surveys conducter] be-
fore and atter excavation. The volune of the
SB-t oerater was 43.4 cubte meters, the volnme ol
the SB-1 rubble was 75,1 cubic meters, and 1h
porosity was 0.0 percent. The volume of the
SB-2 crater was 40,8 cabie meters, the volimne of
the 3B-2 rubble was 66,2 cubte meters, and the
porosity was 8.4 pereent. On this basis, both
the stemned and the unsiemmed tests seem sini
lar despite the asymmerry that each displayed.
The volume of rock involved i the SB-2 est,
however, was slightly less than the volume of
rock mvolved i the SB-1 test, Sinee the differ
ence s less than 10 pereent, 1t does not necessari
ly mdicate any difference in cratering
elfectiveness of the two tests. This amount of
difference could be due simply to a shight differ-

ence noocal geology,



Another way ol comparing SB-1 and SB-2 is 10
compare profiles obtained from the elevation sur-
veva, These profiles were obtained by averaging
all of the clevauon veadings at various radial dis
tanrces. Despite apparent differences, the two tests
show similar average profiies of craver depth.

It had been expected thar the stemmed and the
unstenmed tests would be ditferent because of
the veduced gas pressure effect, but the results
demonstrated that the reduction of gas pressure
had litde or no effect on these single barehole

LesEs,

As noted above, LANTL tests 83-C, stemmed,
and 83-D, unstemmicd. were also exeavated. Test
83-C had 1.5 m of explosive and 1.5 m of stem-
nting, compared to the 2.5 m of explosive and
2.0 of stemming in test SB-1; test 83-D had es-
sentially the sarae geometry as test 3B-2, 2.5 m
of explosive and 2.5 m of burden. These (ests
were conducted i lean shale in the floor ol Adin
3. Test 83-C was between tests 3-8 and 83-1;

blastwell spacing for the test series was 6.7 m.

The craters are significantly deeper than thase for
rests SB-L andd SB-2, The 83-C erater depth was

1o the bottomn of the 3 m blastwell; the 83-1D

crater depth was approximaely 3.8 .

Ihe greater “pull” of tests 83-C and 83D can be
attributed o twao tactors, First, these tests were
two of a series of four blasts at b7 m =pacing.

“

Some “preconditioning * of the rock due 1o the
priot tests may have occurred, Second. shale
grade i the Fred (analcumized ath) bed benearh
the Noor of Adit 3 i about 5 to 10 gpt, com-
pared to the 20 1o 30 gpt in the C and D beds

where tests SB-1 and SB-2 were conducted.

I'he crater excavation and rubble sereening clear-
Iv showed (1) only nedligible differences i frag-
mentation extent or particle size distribution
between stemnied and unstemmed tests i the
saine shale grade, and (2) substantial ditferences
i hoth fragmentation extent and partcle stze
distribution between a brivde lean (5 gpt) shale

and a moderate (25 gpt) shale

The numerical modeling effort ar SN has been
divccred toward developing o maodel thae will cor
rectiy descrthe rubhle properties when given a set
lasting conditions. This depends on the de-
velopment of the late time motion codes
BLOCKS and BUNP. These cades require as
then imitial input a speciheanon ol the rock as 1

s constitated after the ractucng s complete
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from the explosive detonation. Specifically, it is
necessary to describe the extent of fracturing and
the fragment size distribution. SNL has begun to
nse an explicit, two-dimensional finite-element
code, DYNAZ2D, to provide this deseription,

In February, DYNA2D was used to model the
SB-1 test configuration. The explosive behavior
was approximated using the measured detonation
velocity and density to estimate detonation pres-
sure. Properties used were otherwise those of
amonium nitrate fuel oil (ANFO) to substitute
for the real explosive. IRECO 1175U, which is
presently only crudely characterized. The simula-
rions were perlormed using two ditferent
representations of the rock. In the first case, the
rock was assumed to be homogeneous and
isotropic with respect to properties. The layers
were chosen to correspond to grade vartations
hased on the analysis of a core taken near the
test arcit. These layered caleulations are not en-
tirely rigorous since only density, Poisson's ratio,
and Young's modulus were varied for the differ-
ent grade regions, Other parameters inherent in
the damage model, such as the relationship be-
tween fracture stress and strain rate, were held
constant at values for 20 gpt shale. Nevertheless,
the layered calculations provide a better approxi-
mation of the actual media. DYNA2D was used
o predict the extent of damaged rock for both of

these cases.

I'he region of damaged rock in the layered model
velates to the layering, In the low grade regions,
damage is more extensive  Also, a larger region
of rock 1s damaged in the homogeneous model,
I'his indicates that there s less rockbreaking
energy in the layered model. This apparent loss
ol energy is due to digspersion of the explosive
shock waves at layer boundaries. In the actaal
blitse, there are many more lavers and the layer
interlaces are less distinet. This would cause a
contunucus dispersion of the energy that could
not he modeled with DYNA2D.

Recently, The BUMP computer code has sus-
tained 1 pumber of modifications designed (o in-
crease stability and decrease running time. In
addition, practical modifications, such as addition
of a restart option, have been added and maodel-

ing ol the SB-1 experiment has begun,

'wo changes in BUMD have made the caleula
non of the collision sequence more accurate, and

have produced i stable e step for an intially
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pached body of fragments that is blown apart by
large forces (as during an explosion), These
chianges are mn the integration algorithm and in
the functional torm of acceleration allowed 1o sn-
perpose smooth linear functions in tine.

BUMP can madel the exwemely short-term,
high-acceleration phase of the blast and the long-
termn setding of the rock fragments in a single
stuble caleulation. 1t is currently the only motion
code that can be used to model the complete
blasting process within a reasonable computer
running time, and is thus the only code that can
be used tor parameter studies. However, some
problems remain to be solved betore BUMP will
yield casily interpreted and meaningful vesults,

Eleven cores were extracted at APF during
March for nse in assessing the cratering tests that
were condacted m othe sumuer of FY 83, Three
slant (45°) cores were obtatnesd beneath the
craters of cach of the two mstrumented cratering
tests. One vertical core was extracted at a 9 1w
vading tar fracturing assessment sl for material
property tests

Three verueal cores were obtained for LANL wi-
thin the crater of ther blasimat test; one adda
tonal core was also obtained at a 9w radius
from this test. This work completed SN1. {ield
experimental activities at APY,

Fxamnnaton ol the cores from these holes has
shown that the damage caused by the blast ex-
tends bevond the rock that is included i the
crater region. Also, it is obyvious {frowm first in
spection that the degree of damage depends upon
the lavering: a damaged layer might Le between

two mtact favers

The core was logged with speaial emiphasis on
deseribiag the extent aof damage observed along
the core fength, The fayers of damage can be
traced from one hole 10 another, The exrent of
damage was quantihied by counting the mumber
of complete fractures, Por additional docamenta-
ton, the rore was photographed to show each

pottion of the core in detal.

Several recent held experiments have shown local
yield losses well in excess ol that predicted by
state-of-the-art, ane-dimensional reiort models.
xamimation of data from those retons, particu
larly thermal data showing nonumform progress
of the retorting tront, has lead us to believe that
rubble-bed nonunitormities (permeability con-

tracts) were causing not only the expected sweep
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inefficiencies, but also much higher-than-expected

local yield Josses.

Previous one-ditnensional modeling and pilot
retorting studies are not adequate to predict these
phenomena because the permeability contrast el
fects arc inherently multi-dimensional, Even un-
coupled, parallel one-dimensional simulations are
mazlequate, since the observed yield losses result
from the coupled transport of mass and energy
bewween regions of differing permeabilities,
Hence, SNL imtiated multi-cimensional pilot
retorting and modeling programs o 1sclate and
quantily these elfects.

Several 100-kg retorting experiments, with varia-
tioas i permeability contrast from run to run,
have demonstrated conclusively that local oil
yield losses can be introduced or worsened solely
by rubble bed nonuniformities and resulting
nonunitorm How thirongh the retort, The primary
mechanisms causing this increased yield loss are
(1) overlap of retorting and combustion frouts in
the vicinity of the permeability contrasts (causing
product migration to hot, oxygen-rich environ-
ments, with vesulting oil cracking and combus-
tion);, aucd (2) slow heating rates in
lew-permeability zones, resulting in increased ol
coking.

These mechanisms are very similar to those caus-
ing low yield in large oil shale blocks. In fact, to
the extent that a block is simiply a region of very
low permeability (or vice versa), the two process-

es are the saue.

Resnlis from the two-dimensional vetort model
that was developed to simulate these conditions
have heen compared to the expermmental results

to isolate the various mechanizsins cansing the in-

creased losses, and to validate the model. Agree-
aent between model calcalations and
experimental observatians has been cacellent.
Model ealeulations of tull-scale i sun retorts will

be dene in the tuiare.

Based on these studies, it appeared reasanable 1o
atribute much of the vield foss observed in re-
cent fiekd experiments (beyond those losses
predicted by one-dimensional stadies) 1o thi.
permeability contrast mechanism, Reductions in
pertreability contrasts in lield retorts can then be
expected to improve local ail yield as well as

sweep efficiency.

SNL also examined a number of control sirate-

gies to try to Hmit Josses caused by permeability
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condrasts. However, the unlikely (or at best un-
certain) effeetiveness of varutions in process con
trol parameters (gas flow rate and composi tion,
and Iocation of gas injection and withdrawal
points) limits the likelihood of significant in-
provements in this ares

The primary means of improving local yield (as
well as sweep vificiency) within in situ retorts is,
then, improvement in initial bed unitormity.
Research in bed preparation and blasting tech-
niques is necessary to unprove the fundamenial
understanding of rock fragmentation and rock
mation phenomena, This understanding will Tead
1o a preseripuve capability for creating unilormiy
permeable retons 1o maxinze oil vield,

3.9 VIRGINIA POLYTECHNIC
INSTITUTE AND STATE
UNIVERSITY

Objective

The progriun'’s ohjective 15w provide a data base
on the sarption-desorption capacity of ml shale
macerials for selected organic and inorganic spe

cies i aqueons medii
Background

In solid waste management, sorption and desarp
ton of vrganic and inorganic species on spent
shale and soil are important w the identification
and mitiganon of oo onmental tmpacts. Factors
atfectmyg adsorption tilude physical characieris
tics, particle size, temperature, hydrogen won con
centration, diluttion, synergism, and molecular

weight of adsorbate
Discussion

Larly m FY 84, sorption experimients with ot
wantc tons were performed by shaking aw API
shale with distilied warer for 168 hours Teowas
found that pH decreased, and the followng
values increased: conducivity; redox porential,
and concentrations of flaoctde, sulfare and potas
sium. Cloncentrattons of arsente, cadmium, and

iou tended to remmna constand

To beter simulate aaual ficlkd ruations, a ser-
wes al continuous-llow enlumns were buile, The
continuoas-low systems work very well and the
results being obtained are reproducible. Lach elu
ton experiment is replicated thiee tmes, cand s

performed by punping abhour 70 @ 80 pore

volumes of DI water through a column ol shale
The 8 to 30-muesh partcles of four different shales
are heing used in the column irials,

To standardize daa, three utility computer pro-
prams have been develaped: Interpolate
(INTER)Y, Convert (CONVRTY, and Extinction
Caleulavion (ESCAT.CH INTER interpolates
evenly spaced points from data diat may be un-
evenly spaced. Curvently, this is being used 1o
interpolate the digitized UV spectrophotometric
scans in the 184 ta 360 nm range at | nm inter-
vals. This results in standard lormar data of one
transmittance or absorbance value at every whole
number wavelength from 184 o 360 nm, a towal
of 177 points per curve. The interpolation is very
fatthiul to the actual digitized points and
reproduces the digitized curve accurately.

CONVRT is used ta convert the 177-point
curves obtained either frony the INTER program
or generated oterwise, The canversion can be

lrom transmittance to absorbance or vise versa,

ESCALC calewdates the extinction coellicients
given the molecular weight of a compound, and
cither transmittance or absorbauce values, [t also
averages the extinction cocfficients for up to five
crryee extinction eoeflicients for the pure com

pound solntions.

300 WESTERN RESEARCH
INSTITUTE

hjectivo

Wark on this propram was conducted 1o (1)
charactertze the chemical and physical propertics
of raw and spent shales, (2) characterice ol shale
process waters, and (3) charactevize raw oil shade
properties to better understand rock fragmenta

11011 PFOCEsses,
Bk prannd

On Mareh 19, 1983, the U8, DOE and 1l
University of Wyaming erneered into a coopera
tive agrecment, cifectve April 1, 1983, The
University of Wyoming, throngh the formation of
« nonprofit corporation known as the University
of Wyoming Research Corporation (UWYRO),
taok responsibility for operaton of what was
previcusly LETC, atederally owned and opera
od Taciluy, WRIL was subsequently formed as an
Whliare of UWYRC 1o conduet the research wi
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thin the cooperative agreement and 1o pursue

related research with other organizations.

To address the objectives of the DOE Qil Shale
Program, WRI has divided its recearch inco four
activities: physical/chemical properties, in situ
processes and rock fragmentation, novel concepts,
and environmental reseacch. The physical/chemi-
cal properties activity provides a basic under-
standing of the reacidon chemistry and transport

processes i retorting systems, In situ processes
and rock fragmentation focus on the developroent
of analytical methods for predicting ol yield loss-
es i rubble beds, The novel concept activity ad-
dresses innovaung ideas rhat have not been
explored but may lead to improvements in oil
shale canversion, product recovery, or nmtigation

ol environmental impact. Environmental vesearch

1= ahmed at wdennfying and understanding the
ongin of possible pollutans. From this under
standing, methods will be tested and evaduared o

cantral polluton o within acceplable levels.
Discussion

Modifications o the LLNIL one-dimensional
reiorting model are improving the predictive
capabilities 10 comparison to luboratory retorting
tests. A change to the code for calculating term-
perature distribution and shrinking core behavior
ui rectangular shale particles predicts about 5
percent less ail producnion than corresponding
predictions for sphertcal particles. This new code
is intended 1o help evaluate the experimental

results from low void retorting rests,

A new experimental configuradon his been de-
vised 1o extend the range of temperarares for
measuring the kinetics ol kerogen decomposition
at wsather maleonditions, The new experimental
configuration s based on using a fluid-bed bath
6 heat the ol shale sample. which is enclosed in

a small diamerer, dunewalled tube.

A new apparatus has been assembled o measure
the conling and cracking raves at isothermal con-
citions over a temperature rauge of 5007 o

1 100Y . In this experimental procedure, cold
shale oil is injected ino g hot rahble bed where
the volatile fraction evaporates and is swepi out
the top of the rabble hed, while the 1emaming
quid drains through the rubble. The residence
time for cracking of the shale off vapor is con-
trolled by the sweep yas rate, and the residence
tirae for coking ol the nonvolatile liguid s varted

by adjusting the shale oil mjection rate.

IS i ey o

Ol yvields in five previous 10-ton retorting tests
with nonuniforin flow distributions correlate well
with the degree of flow nonunilormities. T he
Blake-Kozeny equation has been used to
represent the relative variations in flow velocities
for the different bed geometries. The highest oil
yields are obtained with the most uniform rubble

beds.

Work was undertaken to define the trace element
horizons over the uil shale resource areas and to
correlate these data with existing information on
Fischer Assay oil yield and mineralogical profiles
The selection of three cores {rom Wyoming com-
pleted the effort to identify the samples necessary
for this task.

Work on characterization of the organic material
in raw process waters was accomplished. A

method for profiling the amphoteric compounds
in synfuels process waters that have been fractio-
nated by an environmentally mimetic procedure

was completed.

Approaches (o treat oil shale rerort waters include
(1) alternative pretreatment methods for various
retort waters, (2) development of activated car-
bon adsorption paramelers in batch and continu
ous tlow modes for raw and pretreated water,
ana (3) the preliminary sereening of reverse os-
maosis operating conditions for ultimate retort
water disposal.

A project was completed to determine il pretrea
ment of select oil shale retort waters by comact
with spent shale enhanced activated carbon ad-
sorption. The results indicate that the spent shale
not adsorh any organic materials extracted by

wethylene chloride.

Samples of raw and moderate temperature retort
ed Green River oil shale were analyzed by X-ray
chiffracuon. Raw samples were composed of the
normal Green River minervals suite (western oil
shale) listed 1in decreasing order of abundance:
dolomite (Ca, Mg Fe) (CO,),, quartz (810),), al-
bite (NaAlS1;04), orthoclase (KA 1S1;0,), calcite
(CaCOly), analcine (Na,Ca)AISL O, with trace
amounts < I percem of pyrte (FeS;) and clay
minerals. ‘The heat-altered samples were Green
River samples that had been subjected ti temper
atures sufficient to mostly decompose the car-
bonate minerals and produce silicates. Minerals

wWentilied were raw western o1l shale minerals




plus peraclase (Mg, Fe)O, augite

(Ca, Mg, Fe ADSi,O4, akermanite — gehlentie
Ca, (Mg, Fe)Si, 0 — Mg,(Ca, FeSi; D7) and
maonticellite — merwinite (CaMgSiQ, —CasMg
(Si0,)z). The silicification products are the nor-
mitl products that are predicted by the high-
temperature (e, > 550°C)H retorting of Green
River oil shale.

Samples examined for the Total Resource Energy

Extraction (TREE™) project produced some very
interesting results. TREE™ low void experiments
were run under conditions that are not normally
encountercd in nature; hence, somie of the miner
al products were unusual, Oil shale was retorted
along with the injection of a sulfur product gas.
The resultant mineral assemblage rveflected this
sulfur in the formation of previously nonexisting
sulfur mineral forms. Most significan of these
were pyrrhotite (Fe,o 8). Several family species
altcrations of FELLS were encountered, including
greigite (FepSq) anhydrite (CaSO,, Ha0) and old-
hamite (CaS). Oldhamite is nor a characteristic
carth mineval, bur has previously been found
only i mercoric matter.

3010 UL'TRASYSTEMS, INC,
Objective

I'his program secked to investigare the acid

drainage potential of castern oil shales.
Discusston

Late i the second quarter ol FY 84, the invest-
gauon of the leaching behavior of a spent shale
from the Institute of Gas Technology (IGT, New
Albany shale) was terminated. No net acid

production was abserved after 223 days exposure,

which is not surprising i view of the carbonate
and potenaal ferrous sullide contents ol the

sample

l.eaching studies carred out on a mixture (1:1)
of raw and spent New Albany shale samples (1o
simulate the redeposition of spent shales with
low-grade raw shale) failed to result in acid

procduction after over 237 days exposure,

NIVERSITY OF CALIFORNIA,
BERKELLY

Qbjective

This prograr was implemented to obtain rate ex-
pressiens for the interdependent physical process-
es ol shale oil misi formation, deposition, and
drainage that can be incorporated into compre-
hensive models o improve oil shale retort design,

operation. and control,
Discussion

A final report tor this work, perforied under
DO Contract No. AS20-801.C-10350, was
received. Some of the major technical findings

are sumumarized heve,

Mist depuosition and pressure drops were meas-
ured from oll-loaded granular beds covering a
wide range of experimental conditions. Mist drop
size varied from 045 (0 4.7 pm. Gas veloaty
varied from 2 to 100 mm/see, and the percentage
ol voids oceupied by oil vaned from 0 percent 10
76 percent. Decreases in efficiency were most
pronounced where large drops were combined
with low velocities. Here, sedimentation is the
dommant capture mechanisin. Decreases of as
mugh as four-fold have been measured, Measure-
ments have been successfully corvelated to permir
prediction of deposition cfficienicy under sinndar
circumstances, Stze distribution was measured of
shale oif mists that have been formed from
vapors during flow ihrough an mually cold bed
of shale rock. The oil used was rerorted by GKI
on December 2, 1978, The average drop size
decreases from abont 1.3 pm at a cooling rate of
87" K/sec 1o about 0.3 . These sizes are sig-
nificantly smaller than weasurements made using
a straight tube condenser, but they showed the
same tends with cooling rates and vapor concen-
ation. Loss of larger dioplets by sedimentation
oo the rock surface appears to account for these

ditferences




303 UNIVERSITY OF WYOMING
Ohjective

This program’s goal was to determine the techni
val feasibility of radio frequency (RF) retorting ol
oil shale through an investigation of the basic
principles involved in RE retorting.

Backgronnd

Thermal conversion of oil shales in st require
rubibling of the shale 1o allow efficient heat con-
doction and convection and flow paths for the
shale oil. Experimental work indicates the possi-
hility of umrubbled oil shale conversion through
the use of RF heating. As the shale heats the
porosity increases, permitting recovery of the
shale ol This study is designed to investigate the
basic principles of R vetorting of oil shale.

The University of Wyoming is actively engaged
e the third year of a 3-year contract for theoreti-
cal and experimental studies related 1o the phys:
ey of oil shales. To achieve the stated objective,
it s necessary to investigate the basic principles
involved in RI retorting, specitically:

e The nature of propagation of electromagnetic

waves in oil shales.

* The absorption properties of cleciromagnetic

waves ool shude materials.

e ‘The heating rates that can be achieved by RT

miethods.

o The clectromagnetic power vequirenicnts as a

functton ol time, wmperature, and volume ol

oil shale smnples.

e The mechanisms tor oil flow as the oil shales

are heated by R methods.

This work involves theoretical and experimental
studics converning the thermal and elecunical
properies of oil shales. The comract has three

phases:

Phave I = Evaluation of physical properties such
as shale strucire (rl'linvl‘;x]ng;‘y, ete.), reaction
rates (kerogen and mineral decomposition), and
mechanical, thermal, and electrical properties.
Frota these physical properties, models will be
developed for heat flow i the heterogencous oil
shales, and for inclusion of diclectric constant

elfect,

31

Phuse 2 — Experiments suggested from Phase 1

will be performed.

Phase 3 — A basic understanding will be attained
of physical mechanisms based on properties of oil
shales. Recommendations will be made concern-
g technical feasibility of R¥ retorting ol oil
shales,

As a follow-up 1o the theoretical (modeling) effort
at the Umversity of Wyoming, WRI will design
a laboratory experiment for testing RF heating of
large blocks of oil shale. These tests are needed
to measure the oil coking losses, and to evaloate
alternative antenna configurations for REF
retorung.

Discussion

The problem of volumetric heating of oil shales
by electromagnetic methods has been studied the-
oencally. This study included both a detailed ex-
amination of heat conduction in composite
meeia, and the development of a numerical
model to describe the heating process.

The effeets of layering on heat conduction i oil
shale matcertals was studied theoretically. A new
solution to a heat conduction equation in heter-

ogeneous materiais was developed that included

both the effects of inclusions and contacy :
resistance. The solution was presented in terms I}
of the associated Green function and namerical ¥
results were obtained. In addition, a new solution I
to the heat conduction equation was presented i

for materials thar consist of constituents whose
thermal properties vary in a discontinuous man-
ner. This solation was also presented in tenns of
a Green [huction. An interaction technique was
developed to solve the related eigenfunchon
problem. Numerical resulits were exhibited for
heat ow in tayered rocerials, \

A two-dimensional nuwmerical model that
describes electromagnetic heating ol o1l shales
was developed, The model includes equations for
ternperatare, pressure, saturations, chemical reace
fions, mass conservation, and source terrns. The
gases are all assumed to form one bulk species
and the ol is assnmed to remain in lguid torm.
The chemical reactions include pyrolysis of kera
gen and char, velease of bound water, coking,
and decomposttion of carbonates. Porosivy and
permeabitity are dynamie functions of the croganis

materials, Calibration of the model was accom

plished by comparing the model results with ex-
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perimental data obtained by the Hlinois Institute
of Technology Research Instinute ([I'TRI). Non-
ltnear relationships for viscosity, thernal proper-
ties, and source terms were used as inputs to the
model. A innte difference approximation to the

differential equations was derived and solved us-
ing Newton's iteration technique. For the cases

studied, the solutions are guite stable,

Objectives

The abjectives of this program were to (1) de-
velap theoretical fracture mechanics tools that are
applicable to transversely isotropic materials such
a8 sedimentary rock (more particularly oil shale);
and (2) develop a fracture mechanics test proce-
dure thar can be convenicntly used for rock
specunens,

Background

Basic to the understanding and planaing of in
situ fragmentation and ex-situ mir g of oil shale
are the mechanical properties of be shale, This
rescarch is an extension of a research project en-
titled “Mechanical Properties of O1] Shale,” ongi-
nally funded i February 1977, by the ERDA
Fassit Energy Program, through its Division of
Wil, Gas. and Shale Technology, under Contract
No, EF-77-8-04-3954. Later, the project was ex-
tended to 1983 1o include physical chavacteriza-
tion of selected oil shale, During the past o
years, a program was esiablished that developed
an efficient methodology for standardized and
stmplified tneclanical testing of western oil shale.
The experiments include precise. representanive,
anel duplicable sample preparation; uniaxial static
compression testing: “modified” sphit eylinder test-
ing; uninxial creep and relaxation testing under
extended periods of time; dynawmic testing with
varying strain rates; latigue resistance; and thvee-
dimensional constitutive relationships. The varia-
bles nvestigated include vrganic volume, mineral
contents, stratigraphy, strain rates, and stress
levels.

Numcrical modeling and rubblization experi-
ments have been performed by varions mvestiga
tors. Surface uplift blasting has been successlul
tor shadlow formations; it also provides opportu-
nities to invesugate high stratn-rate rock mechan-
ics. Rock vubblization experiments. including the
propagation of stress waves, were describerd.
Time-explicit, Rnite-difference numervical analyses
were applied (o evaluate the stimulation freat-

ment in the muluple fracturmg of well bore, and

to study explosively induced fractures in void
generation,

Henwever, as far as the fracture mechanies are
concerned, the fundamental explosive rock brean
age mechanisins are still net understood, which
has necessitated extensive reliance on very costly
empirical approaches, Fracture mechanics of oil
shale have been based on conventional fracture
niechanics that nse notched samples and assune
the material 1o be isowropic and clastic. Oil shale
is a layer material that is more accurately charac-
terized as transversely isotropie; w behaves non-
linearly due to stress dependency. Furthermore,
the notches upon which cracks inttae are ex-
tremely sensitive to the location of the hedding
planes (layers). Consequently, @ more promising
fracture mechanism should involve the ayverage
behavior of a section of oil shale (for example a
2-inch thick specimen sampled by oil yield), in-
stead of the breaking strength of a particular

layer,
Disiussion

A critical veview ol the state-of-the-art of fracture
mechanics on layered rocks has been completed.
Reconmmendations are made {or mmnovative and
promising methods for oil shale fracture mechan-
ics.. Numerical and analytical studies of mixed-
mode fracture mechanies of oil shale are being
investigated. Transversely isotropic propernes of
oil shale are ipput using isoparametric finite ele-
ments with singular clements at the crack np.
The model is a plate with a centev edge evack,
whase angle with the edge varies 1o stugly the ef-
feet of mixed-mode fracture under various condi-
uons. The cracked body is represented
geometrically by four finite element grids with
the notch at 30, 45, (S(),“;mrl S

Once a numerical solution 1 found using the
finite clement merhod, 1t is necessary to be able
to estimate the cvack tp stress intensity factors
ustng the established crack np relations, This
study uses a direct method in which the displace-
ment ficld is used o find the steess intensity

factors.

The conte-section stinulation analysis is a method
to determine steess intensity factors when using
the finite element analysis, The method involves
the mapping of the nadal displacements into a
single elhiptical function. It has been shown tha
a relatively coarse mesh could be used 1o obin

reasonably accurate resuls,




The conic-section method was checked using the
displacement method and an isotropic material
since solutions are available for comparison. Four
transversely sowopic materials were analyzed,
and the eftect of the angle change on the stress
intensity factors was studied. The materials anu-
lyzed include Green River Formadon oil shale
with an organic volume ol 30 percent and a
stress level of 21 percent.

Verification runs on steel were made o check the
vahdity ol the wnalysis in this siudy using the 45°
and 907 meshes, The values obrained check
tavaralily with results published by the Society
tor Expertmental Stress Analysis (SESA)Y. Com-
parison between the displacement method and
the conic-sevtion simulation method vields results
for all augles ol cracks agreeing closely in both
methods,

Precracked disks of oil shale coved perpendicula
to bedding planes are being analysed numerical-
Iv. Fraciare tosghnesses are determined by (1)
strain encrgy method, and (2§ ellipric stmubation
taethod.

3.0 BATTELLE-COLUMBUS
LABORATORILES

(M',.'rt ftee

The pragram was locused to develop the nnsli-
solids, huidized bed combusuon (NSTRCH oil

shale retort concept.
Buackeround

In 1974, Bivtelle tmtiaced an miterpally fanded
prrogrann o develop mnovative technotogy 1o
satisly the need {or @ high-pertormance combus-
ton svstem that would enable expanded use of
sohid fucls of all types, while meeting emission
stunclareds, The MSFBC process resulied rom
this development eftort, This process features an
entrained bed of small or light particles (rypioally
sand or lmeone) and o permanentdy {luidized
dense bed, both o the combustor. The entramed
bed acts as the hear carmier, in addition to con-
tributing o the excellent quadity of Hutdization
achieved in (he MSFRC The NMSEFBC has
demonstraced high-combustion etficiencies, wide
Hexibility o tuel leed rare, and an ability 1o
process a wide range ob fuel types and parudle

sizes. The tugh degree of mixing and heat trans

lev, fast heat-up rate, and high throughputs were

thoaught 1o be benelicial for the retorting of ol
shale.

Discussion

In this concept (see Figure 3) oil shale i fed 1o a
MSUB retort where kerogen is pyrolized to
produce gas and oil vapor. A recirculating stream
of spent shale is the entrained phase and supplies
the heat required for retorting, The retorted
shale 1s clutriated fram the retort column, cap-
tred o a cyclone, and fed o a fluidized-bed
combustor where the residual carbon in the
vetorted shale is burned o rehear the recireulat
ing entrained phase. Mixtures of steam and
nitrtogen were the fludizing media, Key operat-
ing parameters of retorting temperature, shale
particle size, vesidence time, throughput, and use
of steam on ol yield of eastern oil shales were
deterniined.

The system's ability o process large shale parti-
cles was demonstrated in a preliminary cold
model investugation funded by Bateelle, In the
tirst series of tests, the ability 1o operate a con-
ventional fuidized bed was compared to that of @
MSEFB retort. Operation of the 6-inch diameter
cold model was Himited w particle sizes of less
than's inch in disuneter when operated in a
conventional Bwdized-bed mode, even while su-
perimpuosing an entraied phase sinnlar 1o tha
obtained in a “fast-fluidized bed” However, with
the addition of o third matevial acting as the
dense-phase mediim, shale particdes as large as
40 inches in dinmeter could be fluidized mn oa
well-mixed, stable system,

Vo achieve this condinon, both the dense bed
and the entrained phase had o be present, This
synergistic eflect bherween dense-phase material
and entrained phase permiars the MSEB 10
achiceve stable operations over a wide range of
conditions.

T'he prelimmary cold model experiments demon-
strated that stable conditions could be achieved
with o superficial gas velocity as low as 16 {t/sec
and an eutrained phase recirculation rate as low
as 3,800 Ib/hr-f12, based on the cross-sectional
aveic of the veactor, The maximum value for ve-
locity was 24 fi/see. The maximum value tor
entrained- phase recireulation rate was 12,000
Ib/he-fr These limits resulied from phivsical con
straints of the madel,

e
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Fine particles are typreally easily processed in
fuidized bed, as fong as they have sufficient resi-
dence tme o complete the desired conversion
before being elutriated from the bed. One might
expect that the residence time of fines would be
extremely short i a fluidized beel that s operat
cd with a superficial gas velocity of 20 {t/sec o
more. However, the presence of the dense bed in
the MSFEFB inhibits fines clutriation and substan
tially increases residence time, as illusoated 1o
Figure 6. This increased residence tme, along
with the extremely high heat and mass wansfer
rates obtained in the turbulent fluidized bed, was

sutficient to obtain a hish conversion efficiency.

l'o minimize cquipment costs associated swith dhis
program, the experiments were condueted m oa
process research unit (PR} origimally designed
and carrendy aperated to develop a forest residue
vasitier (FRG) similar to the MSEB oil shade

COMBUSTOR

BATTELLE MULTI-SOLID FLUIDIZED-BED OIL SHALE

retort. The PRU was designed as a exible sys-
tem capable of imegrated operation of the
retort/cambustar svstent. For all but the last test.
the systenr cansisted of a b-inch LD, retort cou-
pled to a 4-inch 11D, combustor. The last test
was corndhincted with a 10-inch 1. retort, The
vetart ancd all connecting piping are constructetd
withowt relractory hinings o reduce costs and
titne required o reach steady-state operation,
The PRU combustor is refractory-lined and is
oversized 1o ensure that the retory, which receives
all its heat from the cireulating entrained-solids
phase, can be maintained a a solficient tempera-
ture. Naturial gas 5 added 10 the combusior as
necded to help balance the large heat losses -

hievent in a siall-seale system.

The retart can be operated ar temperatures o
E.O000F and pressures 1o 5 psig. A hnear gas ve-
lociiy of 20 fi/see was selected for the desion

bases, giving a gas residence tune of abon | se-

T
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cond in the 20-foot Jong reactor. Entrained sand,
retorted shale, and spont shale were separated

and were retirned 1o the combustor, The retort-

sand and spent shale, which was recireulated to
the retort ta supply heat. The combuseor is o
conventienal fladized bed designed (o operate at
temperatures to 1L 9004F,

Due o the ditficultics encountered in operating a
sattstactory product condenser/collecrion systern,
all ol yield data were obuained from analysis of
the product gas and vapor stream. Product col-

from the product gas and vapors in a disengager.

vl shale was burned in the combustor 1o heat the

lection by a total product condenser was not
sufficient due to the low concentration of
hydrecarbon vapors in the product vapor and gas
stream, Since nitrogen was used to sirmulate recy-
cle product gas, the product vapor was signifi-
cantly diluted by a noncondensible gas. As a
result, the dew point for the hydrocarbon vapors
was unusually low.

The experimental results indicating enhanced
vields by the use of steam to [luidize the retort
are lairty counsistent with results obtained by
others working in fluidized-bed oil shale retort-

SOLIDS: 20 x 70 MESH SAND (80 PERCENT)
20 x 50 MESH CDKE (10 PERCENT)
20 x 50 MESH LIMESTONE {10 PERCENT)
DENSE BED: %INCH ALUMINA BEADS
W (6 INCHES OF SETTLED HEIGHT)
_____,__-O
O 15 FTISEC
o A 20 FT/SEC
9
5 V25 FTISEC
=
x
ug.‘ /
&
0w
- o)
a
3
\ WITH DENSE BED
5 e
WITHOUT DENSE BED
v
W, / i/
VW
A L
: 0 5,000 10,000 15.000

ENTRAINED BED RECYCLE RATE, LB/HR FT!

FIGURE 6. EFFECT OF ENTRAINED-BED RECYCLE RATE AND DENSE BED
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ing. YVield, to 162 percent of Fischer Assay (54.6
pereent carbon conversion to oil) were abtained
with steam, while yields were at or below Fischer
Assay when nitragen was used to HQuidize the
retort. The low oil yield obtained with nitrogen
was surprising since other investigators have
found moaderate yield enhancement in finidized-
bed vetorting due to the rapid heating rate ob-
taned, :

A limited number of tests were run to determine
the eflect of shale particle size. In these tests,
three different size distributions of the Jeed were
used. These swze disuibutions were 100 pereent
minusty inch, % inch x /4 inch, and 100 per-
cent minus ¥ inch 12e the mamer i which the
shale fractures, the larger pieces (up to about 10
pereent of the feed in the latter case), had one
dimension equal to or shightly grearer than {
inch, Again, no discernible dilference in yields or
the system's ability o handle the feedsiock vere

observed.

Cold model expernuents indicated that the
NISFB retort can process shale particles up 1o 2.5

mches in diameter. The synergistie effect of the
dense bed and the superimposed entrained phase
results tna stoble luidized bed, even with the
presence of these very large shale particles. For
comparison, a few cold model tests were conduct
cd withon the dense bed. Under these condr
vons, the maximum shale particle size that could
bhe used, even with a recivenlating entrained

plutse, was lunted 1o abour % inch,

Fhroughputs in excess of 3,300 b/he £t were
achieved. The relative insensiivity of feed rate
on retort performance indicates that shale resi-
dence time does not significanty cary as a direct
function at thronghput. In the MSFB 1etort,
shale residence time is more a function of particle
size than throughput. Small pacticles alwavs have
a tairly short residence time becanse they are en-
trained - the Huidizing gas. Fortunately, these
simall particles pyrolyze rapidly. Large particles
that cannot be enrained remain i the dense bed
region until they are retorted, by which tine they
break down sulliciently to be clutriated. Tests in-
dicate thae the larger particles remann in the bed
for as long s 20 minutes; however, at no ume
cied the sohds inventory cause an operational

uprsed,

An eeonomic analysis indicated the cost ol orude
shale oil wounld be approximately $37.00/bbl coni-
piaved 10 a0 cost of £50.00/bbl for a similar-sized
Paraho plant (1983 dollars).

GULF RESFEARCH AND
DEVELOPMENT COMPANY

Objective

This program’s objective was (o develop an un-
derstanding of the fundamentals of a solvent
hydrogen donor process. The process would be
used to convert kerogen in castern U.S. shales to
usetul products. Other program objectives were
to determine the eftect of donar content on con-
version, changes in kerogen ane products with
conversion conditions, and the tate of the donor
solvent including material balances with losses
through isomerization, adduction reaction, and

pliysical retention in the rock matrix,
=2y -
Discussion

Two specific satnples of shale were suggested for

use in this project, The first sample was supplhied
by the Kentucky Uenter lor Fnergy Rescarch.
This shale sample is designated “Hilpat shale.” It
was obtained from a freshly mined 25-foou (verti-
cal) face 1 Flemmg County, Kentucky, and 1s
part of the Clevelund member of Ohio shale.

The second sample of castern U.S  shale was ob- y
tained fromn Battelle-Clolumbus Laboratories [t is
designated “Indiana shade,” and was wmined and

orginally obuaned from Phillips Petroleum. 2

Available analyses of the shale samples are given
i Table 4.

Two samples of the Hilpat shale, one being un-

treated 150 om x O material and the other being J“
miaterial that bad heen subjected o prior chemi- ;
cal demineralization treatiment, were beneficiated ¢
by froth flotation in o Denver cell. Concentrates b

cantatning 60 percent organic carbon were
produced  The heneficiation results are shown in
Figure 7. The froth/floated fraction was further
concentrated by hydrollnoric acd/hydrochloric
acid (HEF/HCL creatment.

Complete elemental analyses for various samples
of treated Hilpar shale ave shown in Table 5.
Elemental analyses are shown tor the “as-
received,” acid demineralized, froth/Roated, and
iroth/Noated phus acid demineralized ssmples ol
Hilpat shale.

enlated atomie MO vatios tor the varions

Also shown i Table 5 are the caf-

samples.




TABLE 4. SHALE SAMPLES:

Eastern
) U.S. Shale Eastern
(Hilpat Sample) U Shale
Cleyeland Member (i;\d_i—a;l_l's -
Ohio Shale Phillips Petroleum
Shale Designation Fleming Gty KY Sample
Analysis, Wit e
Moiste 2.6-2.9 1.
Carbon (111 Basis) 2.2 i
Hyvdregen 1.3 —
Nirogen 0.4
Sulfar 2.2 =
Fischier Assay
Ot Yield (git) )L 11.87
A Yield (g/0) 100 6.9
Ol Gras iy HO/00 09448 00,9504

Gas from

Fischer Asuay Mol To Wt % Mol To WU Yo

Hydyogen 30.4 7.8 L5 2.0
O REE +.3 L .l
Q) (.t iy (EL 19.7
s Bl 384 >l 1.9
ol paRs| 5.0 thb G.3
(&1 1.7 2.3 A ]
Ok I 10,45 6.t
[ U.5 .5 D7
v R 1% 24 1.1
(e 2.4 L. 2.8 0.3
Ci's (.6 1.8 0.7 1.9
1000 1000 1000 100.0
N iehd
(u/ 10t g Shaled 1.6} — 3,46

Nritens

Vi his spet i stiale s nuple comtained 11,87 perce e to
il carbon and 011 pereent crhonate carbon The
{rra her Assay residue contained 7.7¢ pereent 1otal
carbon

phis shale sanple contained 1204 pert ent total cars
Hiin and TR plreeris Cathonate carbon. The I'A

restdny Contained 852 e reent total carhon

| hese Lesults demons yate the relative merits ol
(he dtferent methodds 1o concentrit g the ot
ganiis |n BAsen oil shade. Acid denineralizing
alome results i a 20 prreent (absotute] decrease
o mineral matter with no apparent inclusion ol
Ahlorine or hiotine leon e mineral Pds usedd
A swmple ot more coneentrated organic yaterial

can be fg‘t"nr'x;m'\\ by froth/flotation Froth/ otas

tion resulred ina decrease of the mineral matter
(o nearly 52 weight percent. Interestingly, sulfur-
heanng material seems 10 be lost by froth/ flota-
ton, but not by acid deminerahizing. Pyrites with
speeific gravities of about five are liberated,

pre sinnably, and sink during the {roth/flotation.
The HF and HLCI used in the acid demineraliz-
ing would not be expeced Lo dissolve pyrites.

The most concentrated nrg;mic—mnluin'mg kero-
gen wis obtamed by fira feoth/ floating the Hil-
pat shale and then acid demineralizing the
recovered Hoated material, Bitumen that might
have coated some mineral matter of the troth/
floated shale was removed by Soxhlet extraction
prior to treatmeint with mineral acids. The result-
ing kevogen concentrate from the combined treats
ment contained about 55 percent organic matier.
Despite etforts Lo remove metastable fluoro-
silicates, the combined-treatment concentrate cons

rained about 7 weight percent fluorine.

The results shown in Table 5 also confirm prior
literature findings that the orginic material n
eastern oil shale s more coal-like than the kero-
gen found i Green River oil shale. Typical
castern kerogen H/C values {(Table 5) ar¢ about
{ 1. Green River kerogen H/C values are rypical-
Iy 1.4 to 1.6. Hence, vastein kerogen containg
much less hydrogen per organic carbon atom.
The elemental analysis data and previously ob-
rained solid carbon-NMR data (along with
gimitar data in the literature supports the con-
tention that castern oil shole kerogen is much

more armmnatit than Green River kerogen.

S.\pmnl‘u'nli()n of the acta wreated coneenuratt led
to the conelusion (hat less i 1 pereent of the
organic matter in this keroge gamnple eaists as

\;\pnnili;\l)lv Cstet .

‘l‘;'\\lum'nmvm_\\:'rt-lit Auteh CTEPAL oxidation ol
the froth/floated acid demineratized coneentrate
wits used to retain alkyl aroups ancd b awiay
arotaticas Producls are pn-svmly heing identitied

and (pl:nm\iul by GO/MS rechniques.

Reductive alkylation of HCVHT extracted Hilpat
shale usng ht'.\:mu'd'xyh)h()\phuri(:ll'i;lmi(h'
(FINPA) dowed that this kerogen is more ke
coal than western oit shale kerogen, and that
roluene solubility was mereased 1S Pt by
weight ol he orginic mnalter, This was an oraet
of magnitude higher conversion than was ol
wrsed with Green River kerogen. JHENMR
analysis of these Hilpat toluenc solubles reveals

the estract o be primarily aliphatic.
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Hydrogen donor runs have been made i a With Hilpat shale, donor solvents f2)] in the tol- P
microreactor with Hilpar, Indiana, and western lowing decreastng order ol effecuveness, hased on b
shales 1o observe the unportance of using donot carbon conversion: ]

solvents in achieving neh conversion levels. -
pertments were also done to obiserve changes in o Ocrahydrophenmnhrene

the donor solvent. These experiments were used

L Y e Dinethyltetralin

to observe the extent of solvent eracking and
isomerizaiion, and to measure the extent of o Jetralin
chenrical anachiment (adducuon) of the solvent - : ‘

i - ; e Tetrabivdrocuanatine (THO)
with itself aned shalederived products. ; =

s Decaline

I'he experiments were perlo ned at temperatures ,

P ! f i e Mesitylene
to 450°C and reacuon times *oooween O (allowmg Y -
2.0 minutes for heating) and 50 minates, The ex
periments were carried out with equal weights of AU reaction conditions af 450°C (842 F) aid
shale and solvent. Unless specified, the expert Hminute residence trae, up ta 70 percent ol the
ments were canducted using a nitrogen at Hhitpar shale was converted o houd and gasvous
mosphere at 0.3 MPa(50 psig) pressare, products using octabydrophenanthrene. On a cw
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TABLE 5.

ELEMENTAL ANALYSES OF VARIOUSLY TREATED HILPAT SHALE

SAMPLES
A LGl B i ) Elemental Analysis, Wt %*
.Simphz___ I C *H N _{3 0" CL F Ash H/C
Hilpar Shade, [1.61 1.59 (42 2,23 4.66 0.05 G.72 BO.18 1.41
As Received
I lil[);l! Shale, 27.51 2.4 (.83 1.88 5.03 -1} L 63.09 1.0%5
Acid Demineralized
['roth/Uloated 34.75 348 1.0l 2.95 4.89 000 0.75 52.64 1.17
Fhilpas Shade
Froth/Floated 37.89 3.48 1.08 2.85 7.38 0.00 7.07 45,17 1.08

and Acid Demineralized
Hilpat Shale

Elemenial analyies were performed by either Galbraith Laboraories,

o, Delawane

bon basis, this is equivalent (o 2.0 tunes Fischer
Assay. At the same reaction conditions, an 83.7
percent carbon comversion level was ohserved for
the Indiane shade. This s 2.4 tmes the Fischer

Assay conversion Jevel

Fowr extracdon rans withe Hilpat shale were
made using a cascade reactor system, {o this svs-
tem, o solvent/shale slurry wis injectesd iato a
preheated reactor. Widh the solvent tetralin a
teaction conditions ol AO0YC and 30 minures,
this shale underwent a carbon conversion ol
HY pereentt (1.2 x FA). With increased condinons
o 1020 and 60 minutes. carbon conversions ol
28 pervent (L0 5 FAJ were observed, Feen in
the latter case, low hvdrocarhon gas yields o
curred (004 e/ 100 gz shale).

Initial experiments with an Indiana shale m both
the cascade and nuaoeautocdave reactors have
resulted e high conversion levela, At 45070
retrabing carbon conversion (toluene solubles) ey
els 1o 73 percent were observed. With the now-
donor solvent decaling, conversion levels
approached 50 percent. This s in contast to a
Fischer Asvay carbon conversion level ol 34 per-

cont for this shale

Fo provide a comparison swith the above experis
ments with eastern shale, a series ol tans were
made ar 40070 using western shale and the sol

verds tetralin or mesitviene. From the resulis, u

Diready deternuned oxygen by a modibed Unterzarcher Method
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Kaoxvilte, Tennessee, or Microanalysis, fnc., Wilming:

appears that the solvent is playing a ditlerent role

in the conversion of the two shales.

Specifically, mesitylene (MS'T) was a hetter sal-
vent at 400°C for the western shale, or, perhaps,
some tetralin was depositing on the shale in the
lorm ofcoke, thereby residting in a decrease of

APPATCIIE CONVEFSION,

[t has been demonsoaced that the extent of shale
conversion is strangly dependent upon donor ca-
pacity; solvent losses through adduction are ac
veptable lor hydrocarbon solvents bhut excessive
for nitrogen containing solvents; hydroaromati
solvent losses through isomerization and cracking
e reasonable e about ¥ percent per pass. Ini-
tiaf resudts of the analysts of the oils rem shales
indicate i compositon about equally distributed
between aramatics, hvdroaromatics, and com
Lined alkenes and alkanes. Detailed product

charcterization is underway,

300 ROCKWELL INTERNATIONAL
Objrctiives

The goals of this program are 1o (1) conduct the
testing, dati veduction, and chemcad analy s
necessary 1o determine the performance ol

cistern ail shade o lash hvdvopyrolvsis (FEL




reactor; (2) select operating conditions suited 1o
high yi=lds of shale oil; and (%) perfortn a con-

ceptual analysts and economic assessment of the
process.

Background

The Energy Systems Group of Rockwell Interna-
tional is investigating the application of its FHP
technology to the hydro-retorting of eastern oil
shale. This technology can maximize the produc-
tion of high-value liquid and gaseous products
fram eastern oil shale by reacting pulverized
shale with hot hydrogen in the reactor. Since
1975, Rockwell International has been develop:
ing, under U.S. Department of Energy sponsor
ship, FHP of carbonaceous feedsiocks.

In FHP, the oil shale is reacted with heated
hydrogen at moderately elevated pressures (500
to 1,000 psig) in a compict, entrained-tflow reac-
wr to produce a selected high-quality product
slate. Very short residence times and low reactor
temperatures (i.e., high severity) favor
hydracracking of liquids and masimum produc
don of gaseous procduets. Shale particle heat-up
rates are extremely rapid (= 50,000°F/s), and
devolatilization of the kerogen ocenrs in rml-

hseconds.

The residue (spent shale) retains all of the shale’s
ash content and any unreacted carbon, 1t is sepa-
rated from the hydrocarbon produrts while they
are stll in the vapor phase and is recovered as a
dry, free-flowing granulur selid for disposal or
further processing.

Divensvion

The feedstock used during the reactor testing wasy
a Cleveland Member of the Ohio shale obtained
trom the University of Kentucky's Institute fos
Mining and Mincrals Research (IMMR), Lex-
ington, Kentucky. The raw shale was pulverized
to approxumately 70 percent throush 206 mesh,

Selection of the planned reactor st conditions
was based primarily on analyses that use Rock-
well's generalized kinetic analvsis program, in
conjunciien with supporting experimental dati
from FHP testing with coal, heavy residual oils,
and shale oil ar Rockwell, The work of other in-
vestigators in the field of eastern oil shale conver
sion was also reviewed. Results of the test

candition selection analysis indicared that
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¢ ‘[he reactor temperature range of interest

was approximately 1,000 to 1,4007 F.

® The residence time range of interest was 30 to
500 ms.

® The sensitivity 1o reactor pressure was low,

A minimum reactor temperature of about
1,0000F is required to ebtain significant
devoiatilization of the oil shale, while tempera-
tures much above 1,400°T will probably produce
excessive liquid fragmentation and, hence, result
in high gas production. A minimum residence
time of = 30 wms was calculated to be necessary
for heat-up and devolatilization of the ol shale.
It was also estimated that residence times of >
500 ms would result in excessive liguid fragmen-
tation.

All six of the tests were conducted at a novinal
reactor pressure of 1,000 psig and a nominal oil
shale flow rate of % ton/h. The reactor used for
the first three tests provided a neminal residence
time of 200 ms: the reactor used for the jast
three tests provided 75 ms.

Increasing the reactor temperature fror approxi-
mately 1,100 to 1,400"T increases overall carbon
conversion and conversion to gas, and decreases
conversion 1o liquids. The overall conversion
varies Irom 61.4 percent to 70.0 percent, and ap-
pears to reach a platean at ~ 70 pereent. Car-
bon conversion 1o gas varies from 7.1 10 28.6
percent. while conversion to liquids varies from
05.5 to 41.2 percent. The effect of residence time
on reactor performance is less significant than
that of temperature in the residence time range
that was mvestigated. Overall, carbon conver-
sions to gas nerease at longer residence times,
while the corresponding carbon conversion to li-
quid decreases. Shale oil prodection decreases
with Increasing reactor severity, ranging in guan-
tity Irom approximately 19.0 1o 13.5 gallons of
raw liquid produced per ton of oil shale.

Along with the hydrocarbon liquids, carbona
cepus gases are formed in the reactor, The
micthane concentration in the gas ranges hrom
about 35 to 50 mole pereent and decreases wih
increasing reactor severity, The total Gy, €y, and
Cq hydrocarbons account tor about 50 mole per-

cent of the gas aver the enre range studied.,

In general, hyvdrogen consumption inereases
Jinearly with reactor severity, a trend that is cons
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sistent with previously observed Rockwell coal 1i-
quefacuon test data.

Analysis of the data obtained during the test ser-
tes resulted in the selection of ar operating point
that is suitable for producing high vyields of shale
oil, high-value olefin by-products, and a portioa
of the plant fuel gas requirements.

Based on the selected operating point, a commer-
cial plant conceptual design was developed. This
plant was designed to produce 50,000 bbl/day of
partially hydrotreated shale oil thar was suitable
for use as refinery Ieedstock for final processing.
The plant uses commercially proven processes
and equipment for all plant subsystems, other
than the FHP reactor system.

Nominal reactor conditions are 1,000 psig,
1,200°F, and 75-ms residence time. The yield of
upgraded product oil is approximnately 21-gal/ton
of dry shale.

Approximately 11 percent of the carbon in the
shale is converted into C,-Cy paraffin and olefin
compounds. Although fuel gas is needed for
several plant systems, the high value of olefing os
a plant by-product ( ~ $10/million Btu) makes
them less desirable 10 use as sources of fuel,
Therefore, it was deciderd to recover ethylene and
propylene from the gas as a saleable by-product,
and to incorporate a steam cracking plant into
the process flow sheet to convere Gy-Cy paraffins
to olefins, Hydrogen produced during the crack-
mg process also helps to reduce plant require-
ments {or makeup hydrogen. Plant fuel
requirements are met by supplementing internal-
ly produced fuel gases with purchased methane,
as required.

The plant is designed to process ~ 4,150 ton/h
of dry eastern oil shale inte a high-quality oil
feedstock for a petroleum refinery. The plant
produces 50,000 bbl/day of hydrotreated oil.
Saleable by-products include ethylene (857
tons/day), propylepe (460 tons/day), anhydrous
arrimonia (187 tons/day), and sulfur (1,016
tons/day).

The shale 1s dried o 2 percent maximum
moisture content, and is conveyed to crushers
that reduce the size to%% inch maximum. The
crushed shale 1s then sent to ball mills te further
reduce the size to 70 percent through 200 mesh
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Shale is continuously dense-phase fed with a

small amount of hydrogen at ~ 1,000 psig into
the reactor, where it is uniforinly mixed with
1,500°F hydrogen. The heat content of the
hydrogen is sufficient to pyrolyze the oil shale
and raise the products 10 a 1,200°F reactor exit
temperature. Residence time in the reactor is 75
ms, during which ~ 67 percent of the carbon in
the shale is converted to liquid and gaseous
products.

The total plant ipvestment was estimated at
$1,994 million in first quarter 1983 dollars. This
figure includes project contingency. The total
capital requirement, including allowance for
funds used during construction, start-up costs,
working capital, etc., is $2,515 million. Net an-
nual operating cost is $275 million after inclusion
of by-product credits. The calculated average
product selling price is $35.20 per barrel.

4.0 FUTURE YEAR RESEARCH
PLANS

The FY 85 O1l Shale Program will complete the
rransition te the new structure that began in FY
84. The program is structured to derive the un-
derstanding of the oil shale conversion phenome-
na so that advanced coneepts to produce liquids
from shale can be developed. The highest priority
in both the technology base and envirommental
mitigation elements is to generate the data essen-
tial to understand the conversion phenomena.
The technology base element will generate the
data and develop the predictive capabilities of op-
timal environmental control.

The restructured program will be accomplished
in 10 years, and will be performed in two 5-year
phases. The first phase 1s designed to acguire the
best possible data. The second phase is designed
to utilize the data through systems analysis and
cnvironmental control technology development to
result in design of efficient, cost-effective, and en-
vironmentally acceptable conversion systems. The
major activities to be inttiated in FY 85 are as
follows.

e The detailed b-year plan for the chemi:
cal/physical properties and behavior of oil
shales activity will be completed in carly
FY 85. Implementation of the plan will be
gin. WRI has beeu assigned the lead role
in developing the plan. LPO/METC will
establish a reference “Shale Bank” for use
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by all the participants. A contract will he
awarded for the acquisition, preparation,
and storage (in 5- and 55-gallon contain-
ers), of at least 10 veference shales. The
reference shale will consist of at least five
castern and at least five western shaies, By
the end of FY 85 the bank will be estab:
lished. Preparation af che first pair of refer-
ence shales for use in FY 86 will be
underway,

The detailed 5-year research plan for the
surface proces

es ~ fast heat-up rate activi-
ty will be completed by METC in carly FY
85. METC will design, construct, and be-
gin aperation ol reference retorts needed to
understand the chemistry and physics of the
conversion phenonena at fast heating rates.
METC will inittte development of a
mechanistic model for fast heat-up rate con-

verston of oil shale.

The detailed 5 year rescarch plan toyv the
surface processes — slow heat-up rate ac-
tivity will be completed by LLNIL, in carly
FY 85, LLNL will design. construct, and
begin operiton of reference retorts that are
needed to undersiand the chemisiry and
physics of the conversion phencmena at
slow heating rates. LLNI, will use its exist-
ing madels as predictive wols tor the
laboratory experiments. Considerable
experimental data exists for various slow
hear-up rate processes, These data, albeir of
various quality, represent a large data base.
LLNL will complete a reference data hock
incorporating all the knowledge existing

tor slow heat-up rate processes hased on
the existing experimental data. LLNL will
also complete a modeling and evaluation of
the hydraretorting process.

The detailed S-year research plan for the in
sitw effort m the in situ processes and rock
[ragmentation actuvity will be completed by
WRI in carly FY 85, WRI will continue its
efforts to understund the phenomena in
volved i iy st conversion through ase ol
its facilities, especially the low volid retort
and the recently installed large block retort,
The large block retort, capable of retorting
a single block of shale with dimensions of 2
X 2 x 6 feer, can be used to simulate

horizontal 1 situ conversion processes.

The detailed Seyear rescarch plan for the
rock Tragmentation ctlfoet in the i sitn

processes and rock fragmentation activity
will be comrpleted by SNL in early FY 85.
LANL will complete its evaluation of the
consortium tests, and SNL and LANL will
complete their evaluations of the APF tests.

SNL will negotiate fer acquisition of a new
field site and will begin site development
lor tests in FY 86, Site development is con-
tingent upon acquisition of the site in FY

85. Exxon is interested in DOE use of the
Colony mine, and will make its decision on
the maintenance of the mine in carly FY
85. It Exxon decides to keep the mine
open, SNL could complete negotiations and
begin site development in mid-FY 85,

In the technology data base activity,
METC will minate the data inventory in
FY 85. METC will identify the data sets
and format required to computerize the oil
shale technology data base. All program
participants will begin transter of the data
to METC for compilation and analysis.
METC/LPO will contract WRI o provide
the LETC data base,

METC/LPO will co-sponsor the 18th Oil
Shale Symposinm/First Western Synfuels
Conference as an example of technology
transfer to the private sector.

METC, with the support of LANL, will in-
inate development of process evaluation in
the systems analysis activity. The ASPEN

I
code will he the primary (ool for descrip- ,;
fion and analysis of complete oil shale sys- ﬁ
temis from extraction to production. As the !
activity progresses, ASPEN will be used to L
identify research needs and data gaps, and
will be nsed ) direct the research within
the program.

In the novel concepts activity, METC/LEO
will solicit research from private industry,
A novel coneept is one with potential for
significantly improving resource recovery
through process efticiency, economics, or
environmental acceptability. An example
would be development of a high through-
put, hydroretorting process for eastern
shale. The awards, targeted for late FY 85,
will allow for process development, rather
than fundamental studies.

METC/LPO will award a contract for i
maodeling and laboratory experimental work |
urilizing volumetric heating by RIF. 1TTR]
and Texaco have completed RF fickd tests,
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but no predictive modeling capability was
available, This $-yeur contract will result in
a predictive model for furure laboratory
and field resting ol the concept.

The detailed 5-year research plan for the
siing methodology activity will be complet-
cd by LANL in FY 853, LANL will initiate
modeling and laboratory efforts. The initial
focus will be on air dispersion and trans-
port modeling on a regional basis (e.g., the
Piceance Basin), and on dhe correlation of
resources and existing processes for plant
siting in the Piccance Basin. The new ac-
tvity is designed to provide a system of
models thit deseribes the regional impacts
of varions schemes tor siting caominerciai
plants. The models and data generated will
result in the capability to prediet 1ech-
uological environmental effects and identifi-
cation of the type and amouat ol control
technology reguired at a specific site for a
specific process. Such capability will be use-
ful to govermment, mdustry, and regolatory
agencies m future decisions and policies.

I the environmental data base activity,
METC will imitiate the data inventory in
FY 85, METC will identify the data scts
and lormat required lor computerization of
the oil shale environmental datia base.
LANL, LBl.. LLNL, PNL. and WRI
throngh @ METC/LPO contract, will begin
transfer of the data to METC for compila-
tion and analysis.

The detaited 3-year research plan for the
epvironmentil rescarch — process gas/air
will be coniplered m carly FY 85 by WRL
In mud 1Y 85, when vear 3 of the DO
WRI cooperative agreemenr beginsg, WRI
will refocus tts efforts to characterization of
gaseous clfluent streams, METC and
LLNL will characterize the gaseous ei-
Huents from their respective reference
retorts. LBL will complete the characteriza-

ton of gascous effluents relanng 1o
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codisposal, and PNL will complete the
speciation studies of gascous effluents. The
LANL effort will relate dircetly to siting
methodology.

The detailed 5-year research plan for the
environmental vesearch — water activity
will be completed by WRI in early FY 85.
In mid-FY 35, when year 3 of the DOE-
WRI cooperative agreement begins, WRI
will refocus its efforts to characterization of
aqueous clfluent streams. METC and
LLNL will characterize the agueous ef-
fluents from their respective reference
retorts, .BL will complete the wastewater
weatment study, PNL will complete the
speciation studies of aqueous effluents.

The detailed, 5-yecar, laboratory-scale
research plan for the environmental
rescarch — solid waste activity will be com-
pleted by WRI in carly FY 85. In mid-FY
85, when year 3 of the DOE-WRI coopera-
tive agreement begins, WRI will refocus irs
effores o characterization of salid effluent
streams. METC and LLNL will character-
1ze the solid effluents from their respective
retorts. PNL will complete the speciarion
studies of sohd effluents. In late FY 85, As-
sociated Western Universities (AWU) and
Waterways Experimental Station (WES)
will complete the detailed engineering-scale
research plan for solid waste disposal.

The detailed 3-year research plan for the
environmental rescarch - retort abandon-
ment activity will be completed by WRI in
carly I'Y 85. In nud-FY 83, when year 3 ol
the DOE-WRI cooperative agreement be-
gins, WRI will refocus its efforts to address
the retort abandonment issues identified in
the research plan,

METC/LPO will co-sponsor the Fifth In-
ternational Conference “Chemistry for Pro-
tection of Fovironment.” This transler of
technology will be for the international
community and the private sector.
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5.0 LIST OF ACRONYMS

APF Anvil Points Facilicy

AWLU Associated Western Universities
C/CL combustion/chemiluminescence
COS carbonyl sulfide

DI deiomzed water

DIC dissolved inorganic carbon
DOC dissolved organic carbon

DOE Deparunent of Encrgy

DTG differential thermal pravimetry
ERDA Faergy Research and Developrent Adimimstration
FBR luichzed-bed retore

FFBT tixed (ihm biological teatment
FHP flash hvdropyrolysis

FRG forest residue gasifrer

FIIR Founer vanstorm infrared
GAC sranulin activated carban

GASPF gated spin echo decoupling

GC/F1D gas chiromatagiaph wilh a lame onization detector
FC/MPD  gas chromaographi/miceowave plasma detector
GKI Geokineties, Tne

HE/HC1 hividvolluorie acidihvdrochlorie acid

HMPA hexamethvlphoricoriamide

HSP bot solids process '
i

IGT Institure of Gas Technology !

IITRI [linots Tnstinue of Technology Research Instinate

IMMR Instiivee tor Mg and Minerals Research




e Pt B ¢ . ’

v Rl e T i ool o it it
LANL Los Alarnos National Laboratory
LBL Lawrence Berkeley Laboratory
LETC Laramie Encrgy Technology Center
LLNL Lawrence Livermore National Laboratory
LPO Laramic Project Office
METC Morgantown Energy Technology Center
MIiS moditied in situ
MSFB multi-solids Ruidized-bed
MST mesitylene
NAWC North American Weather Consultants

NPOSR Naval Petroleuin and O1l Shale Reserves

PIXE particle-induced X-rav emission

PNL Pacific Northwest Labaratory

PRU Process rescarch unit

RF radio frequency

SESA Sociery for Experimental Stress Analysis
SFC Synthete Fuels Corporation

SHALE ot} shale arbiwrary lograngian-Eulerian

SNL Sandia National Laborawory

SRR solids recycle ratio ¢
SRTD solid residence e distribution

TDS tatal dissolved solids

TFBR/C twin fluidized-bed retort/combustor

TFPA niflubroperosyacetic acid

TGA thermogravinetric analyzer

TKN total Kjeldahl nurogen

TOMS triple quadrupole mass spectrorneter
TREE total reseurce caergy extraction
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UWYRC

VMIS

VPI

WES

WRI

ZAA

University of Wyoming Research Corporation

vertical modilied in situ
Virginia Polytechnic Institute
Waterways Experiment Station
Western Research Institute

Zeeman atomic absorption
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