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EXECUTIVE SUMMARY 

Oil shal<: research ac tivities at the Anvil Points Facility (APF), located near Rifle, Colorado, began in 
the mid -194'O's, and Government-sponsored research has been intermittent there since that time . The 
Bureau of Mines' gas combuiotion l'etorting technology was developed at the facility. In the mid-1960's 
th e Bureau of Mines (which later became the Energy Research and Dtve!opment Administration 
IERDA] and the Department of Energy IDOE] built two small (10- and 150-ton) batch-type retorts near 
Laramie, Wyoming. These facilities were used to research in situ processing variables of oil shale. Vari­
ables such as act ive void volume, shale assay and size, and processing parameters have been studied. In 
the late 1970's, the U.S. Government sponsored four large in situ demonstration projects in ""estern Oil 
Shale: Occidental, Geokinetic.s, Inc. (G KI) , Equity, and Talley-Frac. 

At the present, approxima tely 24 major companies are at some level of effort in developing an oil shaJe 
illdustr>. Major private companies, as well as Govcrnment-sponsored projects, arc developing western 
an d eastern shales. Some 22 major efforts are involved with western shales, and 7 are involved with 
eastern shales. 

[n FY 81, the Oil Shale Program was restructuled to undel's tand the oil shale conversion phenomena S0 

that advanced cOllcep ts for the prudurtion of liquids from shale cO'lld be developed. The restructuring is 
a refocusing from process development to a mure fundamental approach to research . The principal 
participants in the new program a re: Laramie Project Office (LPO), Morgantown Energy Technology 
Ccnter (METC), Los Alamos a tional Laboratory (LANL), Lawrence Betkeley Laboratory (LBL), 
Lawrence Liverlllore National Laboratory (L LNL), Pacific Northwest Laboratory (PN L) , Sandia Na­
tional Laboratory (SNL), Western R esearch Institute (WRI), and selected universities and private in­
dustry. 

PROGRAM ACCOMPLISHMENTS 

COlltrol and responsibility for the APF was transferred to Naval P 't roleum and Oil Shale Reserves 
( POSR) a t the end of Ap .. il DOE continued as an inform~ l adv isor on the APF to NPOSR through­
(Jut the remainder of FY 84 . 

GKI cund ucted the simultaneous burn of two cummercial-sized retorts for most of FY 84. More than 
50,000 barrels o r (Tude shale o il was produccd and commerc iall y marketed during that time. This suc­
cessful dell10nst rat ion of cOllll1le lcia l operation of GKl's LOFRECO in situ oil shale retorting process 
""<IS the fill al lIlill' stone or it long-tnm cooperat ive agreement with the DOE, and signaled the tennina ­
t ion of' the agJ'l'l'IIH'nt. 

Oil shale Icsc:trch at LBL has centered on process waters treatment. These effort s resulted in the de­
velopmcnt of H'chniques to determine Ilitrogenous compounds in wastcwaters. Specifically, the direct 
quantifying (11' organic nitrogen, and the quantitation, identification, and estimation of complex mixtures 
of pl'('viously intractable nitrogen ~ull1pounds found in oil shale process watcrs was accom plished. 

The Los Alall10s at ional I ,aboratory is ronriuC'l ing rock fragmentation research in oil shale. The 
research will be Llsed to develop the blasting and fluid flow technologies required to prepare a rubble 
bed {(lr a ll10dificlI in situ retort. Work {()r FY 84 involved Lxcavation and postshot analysis of three FY 
!l:l expc ri ments. Most important of these ('xc:tvations and postshot analyses was the archeologica l mine­
back of the (on fln('d-volu lI1e experilllent. 

S ' L analyzed the results of two blast tests ill rich shale . Compared with simi lar blasts in lean shale con­
duC'ted by I,t\ L, it is apparcr.t that lean shale is more brittle than riC'h shak, and fragments and rub­
bit· occllr cas in in leaner shale . In sillgh- hole blasts, stemming effects appear to be negligible. Resu lt s of 
these blast tests have beell used to upgrade various IIUI11( rical models that are used to describe rubble 
properties . 



During the first quarter of FY 84, LLNL continued their investigations on the emissions of NO and 
S02 from the COlT bust ion 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 cas' -n and low-gr~de oil shales that used fluidized-bed hardware, such as the 2-inch diameter 
electrically heated fluidized-bed retort and the 9-inch diameter twin fluidized-bed retort/combustor. 
METC accomplishments are as follows: 

• Solid state 13C nuclear magnetic resonance techniques using crosspolarization and r.1agic-angle 
spinning were applied to raw shales. 

• Tin ·resolved, gi:lted-decoupling pulse sequencing techniques were developed for liquid samples in 
thf ~R-80 IBM He nuclear magnetic resonance spectrometer. 

• ,Jis from Ke!1tucl-y and Colorado oil shales retorted in N2 were separated into class types 
(saturate , olefinic, aror!" atic, and polar) using column chromatogl·aphy. 

A kinetic rate expression model that is based on a simplified reaction mechanism was developed. II 
is used to account for the pyrolysis kinetics of eastern oil shales. 

• Fourier transform infrared technique (FTIR) was successfully interfaced to Pyroprobe and ther­
mogravimetric analysis (TCA). It is used t() 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 Oil 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
c~pts to produce liquids from shale can then be developed. The highest priority in both the technology 
base and environmental mitigation elements is to generate data that is needed to understanri the conver­
sion phenomena. The technology base elements will generate the data that will be used to develop the 
predictive capabilities for optimal environmental control. 

The restructured program will be accomplished in two 5-year phases . The first phase is focused on data 
acquisition. The second phase is designed to use the data , through systems analysis and environmental 
control technology development , to design efficient, cost-effective, and environmentally acceptable con­
version systems. 
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1.0 INTRODUCTION 

Liquid fuel has been extracted from oil shale in 
various parts of the world since the early 19th 
century. A number of compan ies were processing 
oil shale in the United States in the mid-1800's, 
but the discovery of petroleum in 1859 virtually 
ended the oil shale industry in this country. Dur­
ing the 1920's, the high price of petroleum re­
vived the interest in oil shale. Severai pilot plants 
were constructed, including two by the U.S. 
Bureau of Mines . Shortly thereafter, large discov­
el'ies of petroleum caused the price to decline, 
and oil shale activity was again halted. 

During World Wal- II, the huge demand for li ­
quid fuels prompted the Government to pass the 
Synthetic Liquid Fuels Act of April 5, 1944. Af­
ter passage of that act, the Government increased 
its efforts to develop a feasible oil shale pro­
duction process. After several years of operation, 
however, the Government terminated its 
demonstration-scale activities and limited its er 
forts to smaller scale work. ""hen it became ap­
parent in the 1970's that the ever- increasing 
demands fOI- energy would soon require the de­
vclopment of all possible SOurces to stave off an 
energy crisis, intercst in oi l shale again increased 
and continues to do so. 

Oil shale research activities at APF began in the 
mid-1940's, and Govcrnmentsponsored research 
has been intermitt~nt there since that time. The 
Bureau of Mines' gas combustion retorting tech­
nology was developed at that facility and was re­
finer! by subsequent private researchers. In the 
mid -1960's the Bureau of Mines (later ERDA 
and DOE) built two small (10- and 150-ton), 
batch-type retorts near Laramie, Wyoming, to 
research in situ processing variables of oil shale. 
Variables such as active void volume, shale assay 
and size, and processing parameters have been 
studied. In the late 1970's the U .S . Government 
sl·JOnsored four large in situ demonstration 
projects in Westcrn Oil Shale: OCCidental , GKI, 
Equity, and Talley-Frac. 

At the present, approximately 24 major compa­
I.ies are at some level of effort in developing an 
oil shale industry. Major private companies, as 
well as Government-sponsored projects, are de­
veloping both western and eastern shales. Some 
22 majOI- efforts are involved with western shales 
and 7 with castern shales. 
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2.0 PROGRAM DESCRIPTION 

2.1 PROGRAM BACKGROUND 

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

• Formation of the Synthetic Fuels Corpora­
tion (SFC) . 

• Emphasis change of the DOE reseal-ch ef­
fort from commercialization to long-range, 
high-risk research. 

• Major reduction in world ~rude oil prices. 

• Completion of several major DOE research 
and development efforts in F,/ 81, 82, and 
83. 

The formation of the SFC removed the need for 
DOE's direct suppOrt of commercialization 
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 to 
the beginning of a m;>jor reassessment of the Oil 
Shale Program. This reassessment hardly began 
before the wodd crude prices tell and several 
major commercial oil" shale projects were dropped 
(to date , only the Union Project has continued 
with first DOE then SFC Support). This event 
clouded the issue because it exposed the true 
weakness of the competitiveness of oil shale­
derived crude in the world market (i.e ., even ill 

$30/bbl it apparently cannot compf'te). 

In addition to tht'" events in the commercial mar­
ketplace, several major DOE R&D efforts begun 
in the mid-1970's were completed or brought to a 
decision-point stage in FY 82 and FY 83. These 
efforts have produced a wealth of technical data, 
exposed the weaknesses of many previous as­
sumptions, and indicated new directions that 
must be taken for .:ertain types of potential 
recovf'ry methor!s . These research efforts were: 

• The vertical modified ill situ (VMIS) 
resp-arch efforts at LPO and LLN L. 

• The Occidental cooperative agreement for 
field trials lor the VM IS concept. 

• The GKI cooperative agreement for field 
trials of the Overburden Lift/Horizontal 
Retorting Concept. 



• The research associated with true in situ 
concepts, including the evaluation of the 
Rock Springs experiments. 

• Investigation of major environmental conse­
quences of abandoned in situ retorts. 

~ Completion of the cooperative agreements 
with the Paraho and Superior Companies 
to design commercial-sized ~urface retorts. 

• Completion of the evaluation of the APF 
Paraho pilot plant and semi-works surface 
retortir,g data, and the use of these data by 
LLNL to develop a retorting model for the 
direct-heated surface retorts. 

2.2 FY 84 PROGRAM 

In FY 84, the Oil Shale Program was restruc­
tured. Its goal was to understand the oil shale 
conversion phenomena so that advanced concepts 
could be developed 10 produce liquids from shale . 
In the Oil Shale Program, research that gener­
ates pedigree data essential to understanding the 
conversion phenomena is given the highest priori­
ty. The pedigree data for conversion phenomena 
will consti tute the input to the private sector's 
decision-making proce5ses leading to implementa­
tion of commercial processes. This research in­
cludes appropriate technology and environmenta l 
efforts to establish the data bases and predictive 
('apability requiret! to identify and mitigate 
potential problems. 

The restructuring of the Oil Shale Program was 
a refocusing fi'om process development to a more 
fundanwntal approach to research . The principal 
participants in the new program arc the LPO, 
METC, LANL, T.BL, LLNL, PNL, SNL, WJU, 
and selected universities and private industry . 

,3.0 PROGRAM ACCOMPLISHMENTS 

3.1 ANVIL POINTS FACILITY 

Objective' 

The goal of the program was to provide mallage ­
ment support fcr oil 5halc research at the APF . 

Di,,-cllJsion 

DOE developed detailed plans for the de(Qmmi~­
sioning of the APF. On April 13, 1984, the non­
permanent shutdnwn of the APF was completed 

Control and responsibility fc)r tht' APF was trans­
f'crred to the NPOSR at the end of April. DOE 
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continued to per/()rm a~ fin informal advisor on 
the APF to NPOSR throughout the remainder of 
?Y 84. 

3.2 GEOKINETICS, INC. 

UvjectiL't 

The program was focused on researching the 
GKI LOFRECO in situ retorting concept for 
recovering shale oil using a fire front moving in 
a horizontal direction. 

Background 

The GKI In Situ Oil !:lhale Project is a coopera­
tive venture between GKI and the U .S. DOE. 
The projel't is being conductet! at a field site, 
Kamp Kerogen, located 70 miies south of Ver­
nal, Utah, on Section 2, Range 22 East, Town­
ship 14 South, Ui!1tah County. 

The process is a true in situ method for extract­
ing oil froll1 oi l shale. The oil shale is fractured 
by explosives placed in blast holes that have been 
drilled from the slIl'face. Aftel' a specific area has 
been fi'ac!t1red to (Teate an in situ rNort, air in­
jection (air-in) wells arc drilled at one end and 
offgas recovery (air-out) wells arc drilled at the 
other. The oil shale is ignited at the air injection 
wells and ail' is continually injected to establi sh 
and maintain a burning front. The front is 
moved in a horizontal direction through the frac­
tured rock. This heats the shale and drives out ' 
the shale oil , which drains to the bottom of the 
retort where it is recovel cd through oil pro­
duction wel ls. As retorting progresses from the 
air-in to the air-out wells, the residual coke 
serves as the primary fuel source to sustain the 
movinf! burn front. The combustion gases from 
the offgas wells are treated and flared. 

Dircussion 

During the third week of.J une , daily productioll 
li'om Retort 27 dropped to an average 01 25.4 
barrels, and contillued to graduall y decrease 
through the rest of the month . On June 29, the 
burn was terminated for Retort 27. 

By t1'e (,lid of the year, Retort 27 was compktely 
shut in and production operation had ('cased. It 
hat! produced 32,563 bal rels of erucic shale oil. 
Sec Figure t for a product ion history of Retort 
27. 
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FIGURE 1. OIL PRODUCTION OF GKI RETORT NO. 27 

Retort 28 was ignited on October 18, 1983 , us­
ing the diesel ignition technique . Sevel'al advan­
tages were l'eali zed, such as faster lighting times 
and wider ignition ban-Is. The first oil-water 
t'mulsion was seen at Production Well 5 on Oc­
tober 31, 1983. Retort 28 cOP'; nucd to burn and 
pmduce simultaneously with _~ tort 27 through 
June 1984. The burn was terminated for Retort 
28 on August 24·, 1984. It had produced more 
than 28,750 barrels of crude shale oil by that 
time. The shale oil production history of Retort 
28 is shown in Figure 2. 

On J anuary 23, 1984·, preparations were made [0 

begi n the start-up of' the offgas processing fac ili ­
ty. The ammonia plant was started first. Ammo­
nia is remowd from the retort offgas in a simple 
absorption-stripping unit as it passes upward and 
(,OU lIter-culTent to downward flowing water. The 
ammonia-free gas proceeds out the top of the ab­
sorber to either the afterburner or the ARI Tech­
nologies, Inc. , Lo-Cat sulfur removal plant. 

Start-up of the Lo-Cat Technologies, Inc., plant 
began January 29, 1984, and continued into 
February. Because of the low concentration of 
H 2 S in the ofTgas stream, it was estimated that as 
Illany as 2 01' 3 weeks would be required before 
sizeable quantities of elemental sulfur would be 
removed from the system. During this period, 
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the sulfur melter circuit was remodeled. By the 
third week of February, the melter circuit had 
been tested and commissioned. 

An engineering study of the ARI hydrogen sul­
fide plant and the ammonia plant began during 
start-up in early February and Continued thl'Ough 
March . The main objective of this continuing 
study was to maximize the removal efficiency of 
both units. The procedure included performing 
matel'ial and energy balances around the major 
pieces of equipment to determine the H

2
S and 

NH2 removal rates. 

On March 29, 1984, the pressure drop on the 
gas ~ide across the absorber tower in the ARI 
plant became so high that the gas ceased to now. 
An inspection of the two packing beds in the au­
sorber revealed that the lower bed was plugged 
with elemental sulfur. 

The configuration of the plug in the bottom of 
the lower bed inuiealed the plugging Occurred 
when the H 2S-rich gas entered the tower just be­
low the lower packing bed and proceeded up­
ward. The first significant contact between the 
H 2S in th e offgas and the ARI solutions was in 
the bottom of the lower packing bed. The suI/ide 
ions from the H 2S were instantly oxidized to 
elemental sulfur and began to fall. However, ill -
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stead of falling through the packing and into the 
bottom of the tower, the sulfur was trapped by 
the pall rings and packing support trays, and 
eventually formed a plug. Repairs and cleanup 
were underway by the end of l\t!al·ch. 

Following test~ in early May, a venturi scrubber 
was installed in the g~s line between the ammo­
nia and H 2S absorbers. The purpose of the 
scrubber (also called a precontactor) was to pre­
mix the offgas and La-Cat solution. This would 
remove as much sulfur as possible before the gas 
contacted lhe solution again in the absorber 
column packing. 

Other method~ for increasing gas flow through 
the plant incluQ('d determining the maximum 
safi~ operating limits of the offgas blowers, and 
replacing valves in the giiS system to decrease 
leakage to the bypass lines. By the end of June, 
gas flow through the plant had increased by 50 

__ percent. 

Thc ARI Lo-Cat process and solution were 
found to be very effective in removing H

2
S from 

the retort of/gas stream . Removal efficiencies of 
greater than 90 pCI' cent were reported for H

2
S. 

Removal efficiencies on the other sulfur species 
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wpre not determined due to their very low con. 
centrations in the LOFRECO process offgas. 
Low concentrations of these minor sulfur species 
should be typical of in si.u direct combustion 
process offgases. 

The Experimental and Range Division of'the 
U.S. Forest Service began their fall reclamation 
tests on Retorts 24, 25, and 26 during Octobt:r 
1983. These tests included the planting of aq­
tumn vegetatinn to determine the optimum recla­
mation procedures on future retorts. 

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

During March, GKI authorized North American 
W,:athcr Consultants (NAWC) of Salt Lake City, 
Utah , to conduct an il.ssessment of fugitive gase­
ous emis~ions that occur during the simultaneous 
operation of two in situ retorts. 

The basic objective of this study was to use sul­
fur hexafluoride (Sf'6), an inert gas, to "tag" the 
fugitive gaseou~ emissions in order to evaluate 

~~~~~~~~~ 
N(T)'flflUJI'(DCJlIS) 
..... f""'4 ro4........... ..... ..... N 
Elapsed Day 

FIGURE 2. OIL PRODUCTION OF GKI RETORT NO. 28 
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fugitive hydrocarbon (HC) and carbon monoxide 
(CO) emissions. Known quantities of SFa were 
released from a level near the retort surface (fugi­
tivt' emissiO(ls source) and ambient air samplers 
were located at selected sites, both upwind and 
downy, ind of the tracer release point. The up­
wind 5amplers provided data on natural bar.k­
grouncl concentrations, and the eight downwind 
samplers measured the combined effects of the 
background and source-related impacts . 

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 analys;s. 

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

The compliance test for the Utah State Bureau of 
Air Quality approval order was begun on May 
10, t984. The preliminary results indicated that 
GKI was in compliance with the emissions limi­
tations and removal efliciencies specified by the 
state. 

During the second week of June, the York 
Research Consultants finished gathering data for 
the Utah Burt'au of Air Quality compliance test. 

3.3 LOS ALAMOS NATIONAL 
L ..... BORATORY 

Objectives 

The program was initiated to (1) determine rock 
fragmentation characteristics at the AFP mine 
and perform blasting agent characterization, (2) 
provide mathematical simulation of retorting 
parameters to better understand the retorting 
processes and associated environmental concerns, 
2nd (3) characterize oil shale process effluents 
and possible environmental consequences of vari­
ous oil shale processes . 

Backgrowld 

LANL is conducting rock fragmentation research 
in oil shale. This will help to develop the blasting 
and fluid flow technologies required to prepare a 
rubble bed for a modified in situ '"etort. This 
report details progress in the DOE/SNLlLANL 
Rock Fragmentation Program. 
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Work for FY 84 involved excavation and postshot 
analysis of three FY 83 t!xperiments. See Table I 
and Figure 3 for descriptions and locations of 
these experiments. The most important of these 
was the arr.heological mineback of the confined­
volume experiment., CV-l (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 evabating 
the resulting rubble pile and its performance dur­
ing retorting. This research is a combined pro­
gram of laboratory and field experiments, and 
nunerical simulationR of fragmentation, tra.:cr 
flow, and retorting. 

Ab,)ut one-third of LANL's FY 84 funding went 
for completing the work at APF and removing 
equipment. About one-t'lird was used for fracture 
and fluid flow model develop •• lent and calcula­
tions, and the remainder for laboratory experi­
ments in rock fracture and explosive 
characterization. These projected activities effec­
tively moved the rock fragment'ltion effort from 
the field to the laboratory, and produced basic 
data needed for model development. 

Discussion 

In fracture modeling, the oil shale arbitrary 
lograngian-~ulerian (SHALE) code development 
continued. This development included the run­
ning of threedimensional problems and incor­
porating the effects of explosive gases on fracturt' 
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 Fragmenla:tion 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 to study the 
phenomena of the fragmentation process. 

Retort calculations using the WAFEOS two­
dimensional retorting model have shown good 
agreement with the experimental data obtained 
by the SNL laboratory retort experiment. The 
agreement of the calculations with observed tem­
peratures and char zones was encouraging. 
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TABLE 1. DESCRIPTION AND LOCATIONS OF FY 83 EXPERIMENTS 

Experimer.t ---- Purpose Configuration 

83-A Stemming Performance 2.5 m of 1175U 
for SB-I 

83-B Stemming Perfornlance 2.5 m of 1175U 
Similar to Test 83-A 

83-C Stemming Performance 1.5 m of 1175U 
for Confined-Volume 
Test CV-l 

83-D U nstemmed Borehole 2.5 m of 1175U 
in Lean Shale to 
Compare SB-I and 
SB-2 to 83-C 

CV-l Confined Volume to 1.1 m of 1175U 
Keep Oil Shale in 
Place During Frac-
ture Process 

Cooperative annlysis of APF data with the 
University of Maryland continued, as well as the 
study of fracture propagation using plexiglas 
models and hlgh -spped photography. This work 
included the study of crack propagation under 
confining in situ stresses, fracture pressurization 
as a result of explosive detonation, and the inter­
action of stress waves and crack propagation 
resulting from the adjacent detonations. 

Excavation of the two stemming tests and the 
blasting mat ex periment at APF was accom­
plished. Screening of the stemmed and un­
stemmed blasting experiments at the APF was 
completed in March. 

Nine cratering tests were conducted at APF dur­
ing 1983, four by SNL and five by LANL. Their 
purpose was first to st udy the performance of the 
stemming and its effect on rock breakage , and se­
cond, to in~estigate the role of the highpressure 
explosive product gases in blasting. All nine tests 
produced rubblefilled craters, but only five of the 
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Results Post.hot Analysis 

Stemming and None 
Explosive 
Performed as 
Expected 

Stemming and None 
Explosive 
Performed a~ 
Expected 

Stemming and Crater to be Excavated 
Explosive and Profiled, Rubble 
Performed as Screened, and Major 
EXj.lected Joints Mapped 

Explosive Crater to be Excavated, 
Performed as Screened, and Major 
Expected Joints Mapped 

Blasting Mat Crater to be Excavated, 
Held Except 112 Rubble Scre ened, 
in Central Three Cores Obtained, 
3-rn Diameter and Crater Mapped 
Section 

craters were excavated. The results of the tests 
with excavated craters are summarized in Table 
2; the four tests not excavated are summarized in 
Table 3. 

The SNL tests were performed in medium-grade 
shale. From the matched stemmed and un­
stemmed tests, S8 ·1 and SB-2, which produced 
nearly identical craters, it 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, but apparently 
did not cause new fracturing . 

The parts of the borehole whel'e the explosive 
had been were easily accessible in the SB-I and 
3B-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 j.lressure. The ap­
parent enlargement of the boreholes resulted 



L 

OEMONS rRATlq~ MINE 

o 
I 

METERS 

50 

I 

) 

\ , 

------- ANVIL POiNTS MIfJE 
MINE ROAD 

FIGURE 3. LOCATION OF LOS ALAMOS FIELD SITES 



c 

, • ","EA 
" , ,s TI'4G 

MAT Oil SHALE FINES 

UNlSTA\IT '0'. '0' '12- •• ' ••. 
SANO 8AGS STEEL PlA TE 

3"0" 
GRAVEL 

--STEMMINQ 

'3.LT·7 ... . ~ 
1..!:::'---"I Cl A Y 

7' 21/2" , Sr 
~ 

, T7SU 

--TNT 

BOOSTER 

EXPlOSIV! 

2~ 800STER 
••• ,~ TNT 

••.• ,.- IREGF'l 'I ;"; 

FIGURE 4. LOS ALAMOS CONFINED-VOLUME (BLASTING MAT) EXPERIMENT AT APF 



L 

from "~collring" of the fran ureo rock from the 
walls, rather than plastic deformation. The bore­
hole was widest a t the bottom where the booster 
was located. 

83-D diffen'd from SB-2 only in its location in 
Adit 3 where the oil shale is very lean . "1 he 
difference hetween 83-D and SB-2 is clear evi­
d ence for a major grade effect in oil shale 
blasting. 

Comparison of SNL test s with tho> LANL lIn ­
stemmed test (lean sha le) showed the unstemmed 
tes t in lean silale , R3-D, produced a cylindrical 
crater that pulled to th( ' bottom of the charge. 
This is much deepcl' th a n the SB-J and SB-2 
craters in medium-wade sha le . The pre-shot frac 
ture calcu lations f()r Ihl'f~' tests predicted rock 

breakage to just below the bottom of the charge. 
Therefore, among these ex periments, the fracture 
calculations matched tht' 83-D crater. Experiment 

Lean shale is different in two significant ways . 
Fir's l , it is mort' brittle than richer shale. Second, 
at least al tht 83-D silt', the rock has many 
prominent horizontal planes of weakness. It has 
been argued in the past that fragmelltation oc­
cu rs in two steps, where the stress wave causes 
fracture (crack growth), and then the gas causes 
the pieces to lIlove, completing thc fragmentati(ln 
process. SHALE ralrulations, whll'h currently 

'1\'sl I.rtb 

SH-J S L 

S13 -2 SN L 

8:i-C LAN!. 

83 -0 LANL 

CV I LA I L 

I t"1 1.,1i> 

ST- J S L 

ST-2 SN I. 

H:l-.\ LAN/, 

H'i- B 1..\ L 

TABLE 2. EXCAVATED 1983 APF TESTS 

PurpOM' 

StelTIllIed Test (Moderate-Grade 
Shale) 

Unst('llllllcd Test (Ma tclIl'd Pair 
wit h SB J) 

S temmed Tcst ( Likt· CV- J , But 
in Leiln Shale , an d ' Yi th out 
Rubhll ' Park) 

UnstCl11ll1cd Test (Like 5 B-2, 
But Lean Shale, 1atrhed with 
8:l-A, 8:1-B) 

"ConJiIll"<1 Volume" (Stemllled, 
Moderatc · C; rafie Shale , with 
R u bl)le Pat k Oil Top) 

Shallow Crater to 

ca r Top of Ch<'rge 

Shallow Crater to 

Ncar Top of Charge 

DCI'p Cylindrical 
C ratn to BOIIOI11 

of Charge 

Deep Cylindrica l 
Crater to Bott(lm 
of Charge 

Rou gh ly COlli cal 
C rater to Below 
Hot!IHll of Charge 

TABLE :L UNEXCAVATED 1983 APF TESTS 

Sy:-.telll Test Onl y 

System Tesl Onl y 

Stemllled Tesl ( Like SB - I , But 
Lea ll Shale , Fine Stl'llIl1ling) 

SIL' lIll1l l'd Tl,1 ( I ike Sll J, But 
LI':J1l Shdle, (;o.ll'se Sll'lllmi.1g) 

J I 

Rubble -Filled Cra ter 

Rubble Filled Cratl r 

Rubble -Fi ll l'd Craler 

Rubble -Filll'd CraIn 
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treat only brittle failure, should be more dirt'ctly 
applicable in the lean shale. These calculations 
show fracture that e tends at least as deep as the 
8:~-D crater. The horizontal planes of weakness, 
some of which may have been open before the 
test, might then allow the gas to move quickly 
into the nta~s of fractured rock to produce tum­
bled rut-GIl'. 

At SB-l and S B-2, the richness of the shale ap­
parently caused a du-.:tile rather ,han brittle 
faIlure to occur ncar the charge, except along the 
borehole walls. Assuming the gas played a role at 
83-D, the lack of brittle cracks near the charge m 
SR-I and S8-2 prevented the gas from getting 
into the formation before it was vented out 
through the forming spall center. The ductile 
behavior of moderate- and high-grade oil shall' 
under intense compressive loading mu~t be taken 
into account in future calculations. 

The stcmming in the confined-volume test, 
CY -I, was effective enough to let gas entcr frac 
tures at least 0 .3 m below the bottom of the 
charge, as indicated by the presence of soot 
stains when the broken rock was pulled apart. 
Soot stains could be found within about 1 m of 
the bottom of the rharg(', but not [urtll(~r out. 
The rubble pack emplaced above this test was in ­
tended to hold all the broken rock in place for 
detailed examination. It was succcssful, except in 
the center where the confinement was insuffi­
cient. Broken rock was observed lying in place. 
This required the removal of the rubble pack and 
ronsidcrablt: hand excavation and r1eaning. 

The broken roc .. in CV- I clearly showed the d­
feet of a pIc-ex isting macroscopic joint structure. 
VVhile there was a general increase in the frag­
mcnt size with distance from the charge, signili­
cant local variat ions related to the joints were 
evident. Within about 1 m of the charge, there 
were lal ge blocks that were essent ially unbroken , 
while ncar the edge of the cratcr, there were 
blocks that had been shattered into small pieces . 
The joints varied widdy in size and mean spac­
ing through the tt'st bed . The usc of the term 
"joim" in this contcxt may be misleading; the fca 
tures being described arc perhaps more properly 
called "macroscopic planes of weakness." A com­
plett' description of fragmentation will havc to in ­
cluck these planes of weakness, induding their 
in(\uence in rel1eCling or scattering the stress 

,waves generated by the explosive. Some of the 
fragnll'ntatiun may not UCCUI until the late stages 
of t he blasting process , when thc iargl' blocks arc 
set into motion and hit each other. 
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Solids characterization is vital to the assessment 
of health and environment l'onsequcnces of oil 
shale prOl_-:ssing. LANL is using several in 
strumental techniqul's for this characterization. 
This work focuses on detennining (1) the trace 
dement chemistry that occurs during shale oil ex­
traction as a function of the fundamental prOCI;SS 
variables and (2) the environment of the material 
in the original matrix. This information i~ ess('n­
tial to underslanding the environml'ntal b~havior 
of products, cfnuent~, emissions and solid wastt's 
from oil shale processing, and the potential for 
contaminant mobility and transport. 

A set of carefully controlled heating experilllents 
was conducted on a composite raw shale mineral 
material from Federal lease tract C-a shale core 
CE-709 . This material was choscn [or study be· 
cause of its high pyrite content compared to 

other shales that have been characterized. These 
experiments were carried out to det!'fmine the in­
!luenc!' of temperature and gas composition on 
product mineral assemblages, and major and 
trace clement mobility behavior. 

Another set of cOlltrolled heating experiments 
was carried out on a composite raw shale materi­
al from Federal lease tract Cob core 22x-1. 
Mineralogical characterization of the spent 
materials and standard leaching experiments were 
accomplished. Major elements (alkali and alka­
line earth elements) behave similarly in all the 
materials that have been studied to date. The 
alkaline earths genaally go through a region of 
maximum solubility from materials that have ex 
perienced temperatures in the vicinity of' 8250C . 
In CO2 atmospheres, this maxilllum solubIlity 
1ll0\ es to higher temperat ures , as would be ex­
pected, be causeof tht' inhibition of carbonate 
decolllj1ositions. Alkali metals show similar 
trends , except potassium, which shows increased 
solubility with increasing temperat ure ill an air 
atlllosphere. Several trace clements, including bo· 
ron, lllolybdenum , and vanadiulll, exhibit in­
creased lTlobilities from materials tltat have 
expcrienced temperatul es in excess of 825°(;. On 
the other hand, somc trace constitucnts, induct­
ing fluoride, show an inverse solubility trcnd 
with alkaline ,'arths, sllgg"sting thaI. these t'xpni­
Illl'nts are addrcs:_ing llIobilit y and solution 
chcmistry rOIl('('I"ns. 

Leaching l'x]lcrilll('nts with spent shall'S ancl hi gh 
tOlal lhssolvl'd solids (T DS) kaching ll1cdia ha\ (' 
b(,(,11 l'Olllpklt,cI. l\l11ltistagcd coun(('rliO\\ Il'ilth 
ing of \lll'nt ( :nlorac\o oil shall was condur'tl'd 
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under anaerobic conditions . Dissolution of select­
ed major and tract' elements as well as several 
anionic species was analytically determined after 
each stage of 10 counterflow sets of experiments. 
T!le results indicate that the I-week contact time 
fOf each stage achieved a remarkable degree of 
solution equilibrium, as determined by such key 

'e1ements as molybdenum and lithium . Greater 
amounts of these and other trace elements were 
dissolved with each additional contact of "dirty" 
water with spent shale. 

Aa"anced analytical techniques for characteriza­
tion of oil shale solids continue to be.. investigat­
ed. Further evaluation of the electron 

microprobeautomatcod imaging analy~is (EMX­
AlA) continues to suggest the potential usefulness 
of this technique to characterize the oil shale 
matrix. Analysis of two mounted and polished 
portions of raw oil shale fl"Om the Federal lease 
tract C-a, operated by Rio Blanco Oil Shale Co., 
were analyzed using Tracor Northern's coal 
mineral analysis software on the Cameca ele("{l"On 
microprobe. Beller definition of thc mineral 
phases jJfesent in the samples and better differen­
tiation of agglomerates shou ld be possible with 
application of these techniques. The combination 
of the EMX-AIA with data analysis by pattern 
recognition techniques is leading the characteriza­
tion of these very complex mineral assemblages 
from semi-quantitative towards quantitative me­
ans. The LANL nuclear microprobe is being 
used to characterize the oil shale matrix. Other 
geologic samples influence the mobility and trans­
port/attenuation of environmental contaminants. 

A series of experiments has been conducted to 
test the usefulness of panicleinduced X -ray emis­
sion (PIXE) to investigate trace element resi ­
dences in the oil shale mineral assemblage. 
Elemental concentrat ions and detection limits for 
36 clements wel'(' analyzerl for raw and spent 

shale samples . On each shale sample a dark car­
bonaceous area alld a light colored area were 
analyzed . Detection hmits fOI' the majOJ ity of de­
ments range flOm 2 to :30 Jl-gig. This shows that 
the PIXE lcchnique is a suitable method for a 
broad-spectrum trace eh'lTIcnt allalysis in geologic 
samples. 

Studies into shale/watel' interactions continuc'd to 
probe the cffeC'lS of proccss waters as a leaching 
medium . These studi(;s focuscd on the effecl that 
the shale type hds on the composition of the 
water after contact is made with the shales. 

Codisposal of solid wastes and low-quality aque­
OliS efflucnts from oil shalc operations is a dis­
posal method being considered for thcse wastes. 
A preliminary experimental evaluation of this 
pranice focused on the validation of analytical 
techniques for studying the chemistry that Occurs 
when these wastes are mixed . Three shale types 
were contacted with a singH' retort water. This 
helped to evaluate the effect.: ~f shale type and 
surface area on the behavior of organics when in 
contact with solid shales, and the IlllJbilization of 
inorganics within solid shales. Distilkd water 
leachates from these shales were used as the base 
line case. The inorganic com positions of distilled 
water and retort water leachates werc compared. 
The pH and co nductivifies of these leachates sug­
gest that the ultimate composition of leachates 
from codisposal arc dependent on both the shale 
type and the leaching medium. The concentra­
tions of the trace elements suggest that they are 
mobilized by the retort water leaching medium. 
This mobilization probably is due to complexa­
tion by organic ligands or by increased solubility 
caused by the ionic strength of the leaching 
medium. The organic compositions of these 
lcachates arc dependent on the shale type. Bf'­
caLise of the nature of the analytical methods, 
only about 5 percent by weight rather than by 
volume of the solve nt ext ractable material was 
analyzed. However, previous work suggests that 
the material being analyzed co ntains the majority 
of the mutagenic compounds. 

3.4 LAWRENCE BERKELEY 
LABORATORY 

Objective 

The prograllJ's f(Jelis was to develop variOLis 
lI1l'thods for biologIcal treatment of process 
waters, and to determinc volatilization during 
compaction Irom (odisposed oil shale rro('es~ 
wastes. 

Background 

A coml1Jercial-scale oil shale convcrsion industry 
will require tremendous qllantitie~ of water 
(about 2 tf) 1- barrels per barrel of oil) and wi ll 

product' voluminous quantities of highly contami­
nated wastewaters (fronl O. j to 2 .0 bands jll'!' 

barrel of oil) and spellt shale (about I 4 tons per 
barrel of oil). Di'posal of spent shale and the le­
lise and ult illlatc disposal of the wa~t\'\vat('J" 
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Sfreams may present technic;t! and economic b'lr' 
riers to the development of a commercial oil 
shale indu~try . It is imperative that water 

management and solid waste disposal strategies 
evolve concurrently with retorting technology and 
com m ercial development. 

DiS(UfSiOTI 

Steam strippin g is the rnost often proposed means 
of removing am monia and carbon dioxide from 
oil sha le wastewaters; fh e removal of organic car­
bon generally is not an objective. Engineers rely 
on empirical correlations and researrh data to 

provide a rational bdsis for the des ign of pollu ­
tion control eq uipm ent. R esults from the steam 
strippin g of both Oxy-6 gas condensate and a 
co mposit e oil shal e wastewater indicate that the 
sleam stripping theory may not be applicable to 
the wide spcct rum 'of oil shale wastewaters. For 
('xample, theory predicts that a 2 .04-m column at 
110°C shou ld be suf1icicn t fO remove 99 percent 
of a ml110fl ia from most o il ~hale wastewaters. 
The results of studies indicate that a column of 
!-\Tearer length is required 10 remove 99 percent 
or ammonia frOI11 most o f th ese wastewaters. In 
('onl raS I, these ~tudie s have shown that removal 
of carbon dioxide can cas il y be accomplished. 

Exp'crimcnts we,'c co ndllrl ed on Oxy-6 retort 
wa leI' at a G/L ralio of 0.20 a nd a temperature 
of 1 11. 5°C U ndc:r these conditions, the stripper 
rcmovcd 99.8 perccnt of th e ammon ia, 82 .2 per­
cent of th(' dissolved inorganic carbon (DIC), a nd 
'27.7 pl'l"cent of the dissolved organ ic carbon 
( DOC). 

The recovery of nitrogen frolJ1 17 organic com ­
pounds by the total Kjclrlahl nitroge n (TKN) 
method was in ves tigated. Tlie compounds were 
l hos(' n ei ther beca use of ( I ) reported incomplete 
recovery by the TK N Illl'thod, (2) less than full 
r,'l'overy by the com bust ion/('hem iluminesce nce 
(e/CL) method , or (:l) ,tructmal similari ty to the 
resista nt cOll1pounds. III contrast to the reported 
rl',istance of nicotinic a( id to Kjeldahl digestion, 
99 percent of thl' theor(,tica l nitrogen was reeo­
Vl'red from this compound . S imilarl y, pyridazine 
il nd cyanuric ac id yie lded greale r th an 90 perce nt 
of" their th eore tical nitrogell values. Compounds 
('oll laini ng th(' pyrazo!e nucl eus a nd te trazole, 
however, yie lded 15 to 79 pt'ITent of their theo­
Ivtical nitrogen va lues; th e recoveries by CICL 
lor these compounds were in th(' same range as 
the TK re('overil's. Imidazole and 

2,'i-dillll'lhylthi adiaLOlc ridded 100 p('fCl'nt of 
Ihl'ir Iheoretical IlItrog('n by the C/C L method , 
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yet only 5 to 25 percent of their theoretical nitro­
gen was recovt!red by the TKN method. From 
these results, it is apparent that only a subset of 
the compounds refractory to acid Kjeldahl diges­
tion is not amenable to combustion and 
chemiluminescent detection. This would indicate 
that the C/CL method would be the preferred 
methocl to quantify nitrogen in aqueous waste 
streams, such as oil shale wastewaters, that con­
tain these refractory c1as es of compounds. 

The evaluation of the TKN method for determin­
ing nitrogen in oil shale process waters was com­
pleted. The preliminary report is available as: 
Jones, B, M ., G. J, Harris, and C , G . Daugh­
ton . "Applical)ility 9! Kjeldahl ~nalysis !~ the 
Quantification ~ Organic Nitrogen iI2 2~ §hale 
W astewaters." LHID-856 . 

A simple and rapid method has been developed 
and described for physically separating dissolver! 
ammonia from organic nitrogen in complex 
wastewater samples, in particular oil shale 
process waters. This separation method has utili­
ty in directly quantifying organic nitrogen hy 
non specific methods that ordinarily can only dl' ­
tect total nitrogen . The sample is buffered with a 
sndium carbonate solution to a pH of 10 ,5. This 
d eprotonate Ihe ammonium ion to dissolved am­
monia gas. M a ny nitrogen heterocycles and aro­
matic a nd aliphatic A nlines remain nonvolat ile , 
howeve r , because they either have vapor pres­
SUrt'S Illwe r than ammonia, high solubilities in 
the aqueous phases, or remain protonated . The 
sample is introduced into a tubular microporous 
polytetrafluoroethylen e (Teflon) m embrane . The 
('nel s of the 'ubing a re scaled, a nd the membranc 
is immersed in a 1 N suI fll ri c acid ba th . The 
tubular membrane is extrem ely perm eable to 
gases, but since it is hydrophobic, Iiqu;d water 
a nd associated no nvola til e solut es cannot perme­
ate it. The diffu sion of am m onia is driven by th c 
concentrat ion grad ient that is maintained across 
ti' me mbrane by absorbin g the permeated am ­
moni a into the acid solu tio n , wherc it is pru­
ton ated to givc ammonium ion . The m ethod is 
analogous fo di aly~s, but differs in th at osmosis 
of liquid water c10es not occur. The method is 
("ailed U nosmoti c Dissolved -Gas Dial ys is. Thc di­
alyzed sample can then be a nalyzed for total 

nitrogen by a nonselectivc , rapid mcthod such ah 
C/CL. The resill t is a direc t measure of nonvola ­
tile nitrogen, which is an ('stimate of organ ic 
nitrogen if the sam ple contains su ffi c iently low 
concent rat ions of nonvolatile inorganic nitrogen 
and of volat ile organic nitrogen. 
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Thre(' fixed-fill1l biological treatment (FFBT) 
columns, packed with glass beads, raw shale, or 
granular activated carbon (GAC), were each used 
to treat 40 liters of 50 percellt Oxy-6 retort water 
lllediulll during 8 mOllths of opC"ration. These 
mlulnns rell1ovl'd 60 to 65 pel'cent of the DOC 
when opt'I"1tecl on an II-day recycle mode at 11 

hydraulic loading rate of 0.067 mL/min-cm 2 for a 
bed depth of 21 CI11. These removals indicate that 
FFBT reactnrs can ITmove more DOC from 
Oxy-6 retort water than can batch cultures. 

After 176 days of continuous operation, a FFBT 
column parked with CAe treatcd 76 liters of 
anwnded, spent Oxy-6 retort water. Of tht' 46.2 
g of DOC applied to this Clllumn, 18.5 g were 
removed. Prcvious calculations indicated that thc 
sorptivc capacity of the GAC would be exceeded 
by thc addition of 13.2 g of DOC. The amount 
of DOC relllont! exceeding the sorptive­
saturation value can be attributed to biodegra­
dation . 

The removal of DOC from raw Oxy-6 l'etrJrt 
water during II-day batch biotreatlllent was 
l'oI1lpared with DOC removals from three FFBT 
colulllns operated 011 II -cL)' fccYCIe moc\{> with 
hydraulic loading ratl's of 0.061 I1IL/l1lin/cm 2

. 

Mean values I'llI' DOC rl'lllovals were batch cul­
tUfe, 55 perccnt; glass beads column, 59 percent; 
raw shale column, (i2 ptTcent; and GAC column, 
bh pell'enl. 

TO:-,CO Corporation hot solids process (HSP) 
and Lurgi spellt shales had JIluch lower sorptive 
capacities for the N-hetlroC\Tles. No reduction ill 
conn'ntration was «(,lel'ted when 2:5 g of Lurgi 
spent shale was shakcn with :33 mL of aqueous 
solution, or \\hl'n :15 g of I lSI' spent shale was 
';}lak('n \\ ith 45 lUI. of aqueous solution. To de­
tl'l"lllinc if 111(' three FFBT columns wer<' capable 
of l'l'Ill,)ving significantly mort' of thc organic so­
lutes of rctort \\att'r than batch shake-flask cul­
tUIl'S (t) picalh a Illaximulll of 53 percent of thl' 
DUC is Illineralized b) outgrown cultures), the 
data \>\o('J'I' analyzed by one-way analysis of vari ­
ann' (,lJlO\ d). Results of the ano\ a showed a 

highly significant differellCT alllong th(' four bIO­
logical treatllH"llts (p < D.OOI). An a priori sig­
nificanc(' t \~ st showed that the FFB'1 clllumlls 
J( 'nlO\Td significantly grt'atel proportiolls of DOC 
than the halth cultures. Further significann' test­
ing (it post e riori) dt' IllClnstratt'd that ('ach FFBT 
(olU11ln (gl'lss b( ',l(h" (;AC , alld raw shale) IT -

1ll0\'('d it significantly gr('iller alllOUIll of DOC 
than the balth cultur(' (P < (l.05). In adclition , 
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the GAG column removed significantly greater 
amounts of DOG than the glass-bead column 
(P < 0.05). Removals by the raw shale coluron 
were not statistically different from the removals 
by either the glass beads or GAG columns. 

The above stafis t ical analY5is verifies that the bi­
ooxidation of organic solutes in Oxy-6 retort 
water can be c'nhanced by using a fixed-film of 
microorganisms instead of a homogeneous, aerat­
ed suspension (e.g., glass-bead column versus 
batch culture). In addition, DOC removals can 

be rurther enhanced when FFBT is combined 
witb the physiochemical properties or a sorptive 
solid support (GAG column versus glass-bead 
column). 

Successful biological treatment or oil shale 
was tewaters depends upon thc biooxidation of 
aromatic nitro~en-co1Haining compounds. To in­
vestigate possible causes of recalcitrance, the fate 
of selected nitrogenous heterocycles in both 
single- and mixed-substrate systems was followed; 
the latter was evaluatet.l as a model of the more 
complcx mixture in retort waters. The 
biodegr&dability of each of 26 N-heterocycles W2S 

evaluated ill batch cultures with a defined medi­
um containing the heterocycle as thc sole source 
of carbon, nitrogen, and energy at a concentra­
tion of 100 mg-/L. Of these N-heterocycles, 12 
wefe biodegradable as determined by decreases 111 

dissolved orgallic carbon and UV absorbance. 
After 3 months of incubation in individual en­
richment cultures, thc other 14 N heterocycles 
wcre not biodegraded. A mixture of the 12 bin­
dt'gra table compounds totaling 100 mg/L of sub­
strate was mineralized in 1 week by pooled 
enrichment cultures. This mixture appeared to be 
sign ifi cantly I11nre resistant to uiooxiciation, 
however, when added to Oxy-6 retort watcr at 
:500 mg/L. This mixture may be suitable for fur­
ther investigation of the mechanisms causing the 
recalcitrance uf aromatic nitrogen-containing 
compounds in oil shale wastewaters. 

CJt-avage or the heterocyclic and aromatic rings 
was indicated by a decrease in UV absorbance. 
Only 2 to 6 days were required for cultures to 
acclimate to quinoline, pyridine, 
2-methylpyridine. :5-methyl pyrit.linc, 
2-ethyl pyridine, :5-(,thylpyridinl', 
2-hydroxypyridine, and 3-hydroxypyrindine. 
Each of these compounds was biodegraded in less 

than 2 wet'ks. Pyridil1" compounds substituted in 
the ~-pusitiol1, or those that contained mOfe thall 
one ring substitution, Wl'1'l' significantly more 
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refractory than those substituted in either the 2-
or 3-positions. 

Even though acclimation times for 
2,4-dimethylpyridine and 2,6-dimethylpyridine 
were about J week, 5 weeks were needed by the 
cultures to biodegrade the initial 100 mg/L of 
substrate. After 3 weeks of acclimation, enrich­
ment cultures required an additiol.al 3 weeks to 
biodegrade 2,4,6-trimethylpyddine and 
2-meth ylpyrazine. After 3 months of incubation, 
none of the other 14 N-heterocycles was found to 
be biodegradable. 

These results agreed with those reported in the 
liter'l ture . With the exceptions of 
2,:{,6- trimeth ylpyridine , cyanuric acid, and 
4-methy I pyrid ine, N -heterocycles previou sl y 
reported to be biodegradable were also mineral­
ized in the defin ed 'medium of this project. In ad­
dition, it is thought that this is the first report of 
the biodegradability of 3-methylpyridine, 
3-ethylpyridine , and 2-methylpyrazine . 

One of LBL's primary goa ls in the analysis of 
retort water headspace is to identify, and eventu­
ally quantitate, volatile components in retort 
water that may contribute to air emission 
problems in the rodisposal of the water with 
Spell'! ~hale. Aromatic llIines and heterocyclic 
nitroge n cOlllpound~ are of primary interest be­
cause of the ir malodorous and probably 
hazardous natu re . 

\ 'olati li zat ion of compounds from codi sposed oil 
shale wastes is strongly influenced by partitioning 
of solutes amon g the solid , liquid , and gas 
phases . Experiments are in progress to determine 
the so rption of five nitrogen heterocycles on vari­
ous spent sha les a t ambient and elevated temper­
a tures . The compounds are pyridine, 
2-eth ylpyridinc, 5-eth yl-2- methylpyridine, 4-ethyl-
3- rneth ylpyridine, and quinoline. Exper-in,ents 
hav.e been done at ambient temperature with 
TOSCO II SP spent shale, Lurgi cyclone­
eo lkcted spent sh<Jle, and L-60 spent shale from 
LLNL. The shale from LLNL was black and 
had not been burned to remove char, while the 
other two shales were gray and had been burned 
to remove char . L-60 spent shale hacl a high 
sorptive capaci ty for ' -heterocycles. When 24 g 
of this spent shale (- J2 + 20 mesh) was shaken 
at ambient temperature with 20 mL of aq ueous 
solu ti on that initia ll y contained 250 mg/L total 
heterocycle concentra tion , all N-heterocycle con ­
celltrations wert' reduced to below the detection 
limit of a gas chromato'{rap h with a fl ame ioniza­
tion detector (GC-FID). 

16 

3.5 LAWRENCE LIVERMORE 
NATIONAL LABORATORY 

Objective 

This program seeked to provide laboratory 
studies of gas species, retorting parameters, and 
bed preparation needs for various retorting 
processes. 

Background 

LLNL has been working on oil shale retorting 
technology for approximately 10 years. The effort 
has included laboratory research on chemical 
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
trated on surface retorting. The models deve­
loped have been very successful in evaluating 
retorting processes , in identifying and solving 
problems, and in the computer-aided design of 
process components and experiments. 

Discussion 

Oil is prodllced by heating oil shale in the ab­
sence of ail'. The mate rial remaining, called 
retorted oii shale , is black and retains some car­
bon as char. The fuel value of the char amounts 
to appl"Oximately 20 percent of the fuel value of 
the oil. Because the char is remarkably reactive, 
various processes have been considered to utilize 
the heat from char combustir:>n in retorted shale, 
and thereby improve the overall effici ency of oil 
production. 

Retorted oil shale contains an exceptionally high 
concentration of nitrogen and also some sulfur . 
During the first quarter of FY 84, LLNL con­
tinu ed to investigate the emissions of NO and 
S02 from the combustion of retorted oil shale. 

LLNL measured the amount and rate of 0 
release from th e combustion of three retorted 
Green River oil shales. The emissions a re of con­
cern because they are equal to the limits allowed 
for coal combustion when compared on an 
equivalentenergy basis . Result s suggest th a t the 
NO yield decreases with decrcasing nitrugen and 
char concentrations. 

The release of NO o(,curs after char combusti on. 
Observation indi : a tes that an 80 percent reduc­
tion in NO emissions can be accompli shed by 
leaving 20 percent of the organic carbon un­
burned. 
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At temperatures above approximately 550°C, the 
reactions between S02 and carbon ate minerals 
to produce sulfates are fast compared to the oxi­
dation reactiom that produce S02 This fact is of 
interest in the use of oil shale to reduce S02 
emissions from the fluidized-bed combustion of 
high-sulfur coals. 

The combustion of retorted shale does not release 
S02 if the combustion temperature is sufficiently 
high (> 525°C) so that the reaction between 
S02 and dolomite is rapid. The net reaction may 
be a combination of the following two reactions: 

2FeS + 3.502 = Fe203 + 2S02 (1) sulfide ox­
idation 

2S02 + O 2 + CaMg (C03) 
2C02 (2) S02 capture 

CaSO. + 

The rate of S02 capture by oxidized oil shale, 
and the relation between the fraction· of car­
honate reacted (sulfated) and the rate of reaction 
have been studied. Measurements were made of 
the decrease in S02 concentration in a gas (2 
percent O 2, 0.1 percent S02, balance N2) as it 
passed through a heated bed of granular oxidized 
oil shale. The rate is a complex function of bed 
tcmperature and the length of an experiment, 
suggesting that more than one reaction is taking 
place that rei110VeS O 2. This is confirmed by the 
fact that the rate of CO2 release was less than the 
ratc of consumption of S02. 

It appears that iron oxide (Fe203) in the oxidized 
shale is also removing S02 and the reaction IS: 

Oil shale nitrogen is distributed in solid, liquid, 
and gaseous products of retorting. Increasing 
retorting temperatures or time increases the 
concentration of gaseous nitrogen species, proba­
bly ammonia, at the expense of nitrogen in the 
solid retorted shale. Under the same range of 
conditions, the nitrogen content of the oil re­
mains nearly unchanged. Oxidation of retorted 
shale results in the release of NO. These NO 
emissions can be significantly reduced by stop­
ping t he oxidation of retorted shale before all the 
char is consumed. 

The triple quadrupole mass spectrometer 
(TQMS) was used to analyze grab samples from 
the pyrolysis section of the solids-recycle retort 
system during retort runs R-2 and R-3 . These 
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grab samples were analyzed for H 2S, mercaptans, 
thiophenes, sulfides, disulfides, and carbonyl slll­
fide (COS). 

In retort run R-2, H 2S was reduced from an ex­
pected 20,000 ppm (for Fischer Assay) to a few 
ppm, and methanethiol was reduced from 130 
ppm to 5 ppm. In retort run R-3, the H2S was 
roughly 25 times greater at 50 ppm than in R-2, 
but still represented a significant reduction in ex­
pected amounts of H 2S. 

The condi~ions of the recycle retort runs allowed 
a much more complete mixing. of solids and gases 
than did the lab experiments. There was, conse­
quently, a more complet..:: 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 1S and most trace sulfur containing 
gases, with the exception of the thiophenes. This 
is exactly what was seen from the retort pyrolysis 
gas samples run on TQMS. 

Relatively :imple, effective kinetic expressions 
have been derived for oil evolution during pyrol­
ysis of Green River oil shale: single first-order 
for slow and moderate heating rates, and double 
first-order or single pseudo-nthorder for rapid 
isothermal pyrolysis. A number of workers have 
investigated how secondary reactions (as in­
fluenced by pyrolysis heating rates, temperatures, 
residence times, and pressure) can modify oil 
yield from that obtained for Fischer Assay condi­
tions. They have found that the secondary reac­
tions are very important, demonstrating that slow 
heating rates cause hetero-aromatic compounds in 
the oil to be converted to coke, and that exces­
sively high temperatures cause aliphatic struc­
tures to crack to gases. 

While the qualitative aspects of oil-yield los~ and 
quantitative relationships for some circumstances 
have been established, there has been no mathe­
matical formulation that can satisfactorily calcu­
late the od yield for any given oil shale heated 
under an arbitrary temperaturf'-pressure-gas en­
vironment history . 

LLNL developed a mathematical model for 
pyrolysis of Green River oil shale from previous 
experiments on oil, water, and gas evolution, and 
oil cracking over a wide range of pyrolysis condi­
tions. The model calculates the oil and gas prod­
uct yields and the remaining shale composition as 
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a function of time for a specified history of tem­
perature, pressure, and gas environment. Reac­
tions included arc evolution of five gas species, 
oil, and water from kerogen, clay dehydration, 
oil coking, and cracking, and evolution of H2 
and CH. from char. Oil is treated in 11 boiling 
point fractions to treat the competition between 
oil coking and evaporation, and to ('valuate the 
crfect of oil cracking on the boiling point distri­
bution of the oil. 

'vVhen compared with experimental results, the 
yields agree very well, with a standard deviation 
of less than 2 percent of Fischer Assay. In agree­
ment with previous observations, most of the 
yield loss at atmospheric pressure is due to oil 
coking. Both coking and cracking become greater 
at 27 atm because of longer liquid and gas resi­
dence tir.les . Both oil liljwid and oil vapor were 
allowed to crack, but most of the cracking was 
calculated to occur in the liquid, perhaps due to 

the greater mass concentration of the liquid oil 
compared with the oil vapor. 

An apparent weaknl'SS of the model is the calcu­
lation of hydrogen evolution, pa~ticularly for 
rapid pyrolysis conditions. For isothermal 
l1uidized-bed pyrolysis, it has been experimental­
ly determined that hydrogen docs not reach its 
maxill1um rate of release unt il most of the oil is 
evolved, suggesting that it i~ formed by a reac­
tion intermediate. [n contrast , the model calcu­
lates that the maximum rate of hydrogen 
evolution occurs during the initial stages of kero­
gen pyrolysis, evell though a major sour(,e of 
hydrogen is oil coking. The problem emphasizes 
the importance of understanding the reactions of 
hydrogen for developing an improved general 
pyrolysis model. 

A related problem is that the maXlll1um possible 
oil yield is less than that attainable in high­
pressure hydrogen. In the present model, thc 
onl y way hydrogl'n can increase oil yield is by 111-

hibiting oil coking. It appears necessary to in ­
clude another mechanism in order to obtain 
higher Yields in hydrogen than for nash pyrolysis. 
High-press\lre hydrogen appears to inhibit the 
formation of additional aromatic carbon during 
pyrolysis . Under a wide range of other condi ­
tions , the total anlOunt of aromatic carbon in lhe 
oil and carbonaceous residue is roughly constant 
and nearly twice that present in the raw shale. 
These measurements are important because the 
present model assumes that only part of the oil, 
roughly corresponding to the aromatic compo­
nents, is susceptible to coking. 

I) 
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The computer mod'i for the LLNL cascading­
bed reLOn systcm was modified to include a surge 
bin for the shall' passing from the pywlyzt'r to 
the lift pipe. A major Jl1odilication was also ac­
complished in the pyrolyzer model to allow 
particle-size-dependent velocities through the 
rea(tor. This is particularly irnpol·tant in simulat­
ing the LLNL two-swge fluidizcd-bed retort, in 
which the filles move more than a factol' of two 
faster than the coarsest particles . Changes were 
also made in the lift-pipe modcl to allow c'>rfain 
parameters to be fixed for a given calculation 
(e.g., lift-pipe diameter, ail' flow rate). Previous­
ly, for exploratory studies, the model was allowed 
to determine optimum values of these 
parameters, rather than to use speciiied values. 
By March 1984, the complete model for the 
cascading-bed retort systel1J was ready for appli­
cation to the specific conditions of the LLNL ex­
perimental setup. 

The LLNL moving-bed retort model was used to 
investigate the effeCls of changes in the hot-gas 
input rate for it hot-gas retort using external 
combustion. The Union B retort is one of this 
type. A base inlet-gas now rate at 482°C was es .. 
tablished, such that only 1 'percent of the kerogen 
was unpyrolyzed in the outlet shale at 477°C. A 
10 percent decrease in the gas now rate caused 
the unpyrolyzt'd kerogen in the outlet shale to in­
crease to 14 percent, a 20 percent decrease 
caused a 27 percent decrease. Furthermore, the 
outlet shale temperature decreased to 468° and 
464°C, respectively. Thus, minor nonuniforrmties 
of the inlet-gas nux across the top or th(' shale 
could have pronollnced dIeefs on the degree of 
pyrolysis of the outlet shale, on the physical 
properties of the oil generated, and 011 the physi­
cal properties (especially cohesion) of the shale at 
the top of the retort. The calculations also illus­
trate that , even with a high inlet-gas flow rate, 
these same undesirable effects are necessarily 
present durinf{ start-up of tlw retort, if the hqt­
gas now and till' bed 11100'{'ment arc simultane­
ously started in a reton loaded with raw shale at 
ambient tempera tures (i.e. , no preheating of the 
shale bed before upward movement is started) . If 
thc shale bed is preh'catrd (even for a~ short a 
peri(ld as 14 minutes) before upward movelllent 
is started, the ouliet shale is fully retnrfed initial­
ly and clecrease~ graduall y to tl1<' steady-state 
value . 

I t would be ad\'antageous to be able to lise d 

higher inlet temperatllre , since the I(,<{llired l10w 
ratl: of inlet gas wO\lld then be less , and the 
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resulting pressure drop in the retort would also 
be less. The feasibility of doing this depends 
predominantly on the severity of oil cracking that 
would accompany the use of a higher inlet tem­
perature. 

LLNL analyzed the cracking of relatively low 
molecular weight oil vapor that might occur in 
the recycle gas from the time it is heated in the 
external combustor until it is again c'ooled by 
contacting shale (a totai residence time of ap­
proximately 10 seconds including the time in the 
pressurized dome at the top of the retort). 

It was shown that less than 10 percent of the oil 
vapor in the recycle gas will be cracked in 10 se­
conds, if the temperature of the recycle gas is 
kept below 550°C. This is probably acceptable, 
since it corresponds to a loss in total oil yield of 
only 1 percent of Fischer Assay. Allowing a drop 
in temperature of 25°C due to wall heat loss 
from the gas piping and retort dome', the maxi­
mum temperature of the inlet gas that finally 
contacts the top of the shale could then be 525 °C 
without excessive loss from oil cracking. 

The solids recycle retort system was as~embled 
and start-up testing was begun in the first quart­
cr of FY 84 . Thc r<'tort system is designed so 
that each component operates adiabatically. Elec­
trical heaters on thc surfrtces of the vessels COI11-

pensate for flow of heat through the insulation . 
The heaters are computer controlled so that thc 
now through the insulation and the hcat provided 
are closely matched at each location. 

In the solids recycle system, hot, burned shale 
serves as the heat source for pyrolysis of raw 
shale . In the LLNL equipment , mixing of the 
burned shale with thc raw shale, and pyrolysis of 
the raw shale is accomplished in a densephase 
fluidized beel. Principal components in the recy­
cle loop are the mixerpyrolyzer , surge tank , lift 
pipe, and combustor. All of these componf'nts 
and the interconnecting pipes arc fabricated of 
stainless stecl, af'~ insulated , and have electrical 
hUllers attached to the outer steel surfac\' under 
the insulation. 

In thc first operation of the equipment, designat­
ed run R-\, the pyrolyzcr was fluidized by pre­
heated nitl'Ogen. Lift gas and combustion gas 
were preheated air. Raw shale feed rate was 960 
gm/ min. The ratio of burned-to-raw shale enter­
ing the pyrolyzer was 3 .8. 
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In &ubsequent runs, the Iluidi.lation gas was the 
pyrolysis gas from the discharge of the oil con­
densers. Since this gas has substantially lower 
viscosity than nitrogen, a high flow rate was 
used. 

3.6 MORGANTOWN ENERGY 
TECHNOLOGY CENTER 

Objectives 

With restructuring of the Oil Shale Program dur­
ing FY !H, the objective changed from develop­
ing a comprehensive data base for effective and 
efficient utilization of eastern and low-grade nil 
shale in an environmentall y and ecol1umicaliy HC­

ceptable manner, to performing focused research 
on oil shale, including shale properties and bl'­
havior under fast heat-up rate condit ions, and 
characterization of process pollutants. 

Rackgroulld 

In FY 84, the Oil Shale Program was restruc­
tured to focus the research on a fundamental Ull­

derstandin~ of the chemistry and physics of ,,·il 
shale conversion. The restructured program re­
quired METC to reorient its activities from 
developing hardware to investigating high heating 
rate pyrolysis at a more generic level. Fluidized­
bed retorting, by virtue of complex mass and 
heat transfCr phenomena, does not lend itsclf eas­
ily to the elucidation of the chemical and physical 
phenomena involved in high heating rate pyroly­
sis. Consequently, nuidized-bed retorting 
research has bcen suspended in favor of develop­
ing new oil shale pyrolysis systems that lend 
themselves to more repeatable chemical and 
physical high heating rate phenomena elucida­
tion, and arc more readily supported by accom­
panying mcchanistic models. 

DiJeuSJiOIl 

The chemistry and phy&ics of oil shale retorting 
do not pcrmit the complcte conversion of organic 
carbon to shale oil. A considerable amount of or­
ganic carbon is conV<'rtcd to carbon deposits that 
remain in thc spellt shale. Failure to lise the 
spcnt shale carbon to provide energy represents a 
substant ial loss in jJrocess economics . 

To minimize thermal energy losses , it is advanta­
geous to burn the spent shale promptly . One way 
to do this is to keep the corn bust ion operation as 
close to the retorting operation as possible . 
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By virtue of the vigl)rous mixing inside a Ilu i­
c1izl'c1 bed, th!'re is excellent heat transfer be­
tween solid particles. Tht' solid-to-wall heat 
transfer coefficient is also very high, about fivc to 

seven times that of a conventional steam­
generation boiler. 

A simple reactor was postulated that can burn 
the hot retorted spent shille and blend it with 
cold raw shale l'or efficient heat transfer. The 
gaseous products from combustion and retorting 
could be separated by a partitioning wall in the 
freeboard to prevent mutual contaminat ion. Most 
solid handling problems would be eliminated or 
reduced if the solids transfer from retort to com­
bustor could be achieved without an elaborate 
transportation scheme. 

Thc twin fluidizcd-bcd retort/combustor 
(TFBR/C) is such a reactor. Thc TFBR/C is 
dividcd into retorting and combustion sections by 
a partition with two interconnecting openings. 
These opcnings bctween the retorting and com­
bustion chambers allow the spent shale to flow 
from retort to combustor, and the hot burned 
spent shale to flow from the combllstor to the 
retort to mix with and retort the raw shale feed. 

The TFBR/C is composed of three major parts: 
plenum chamber, bed region, and freeboard 
region. The interior of the twin bed, including 
the bottom of the plenum chamber, is covered 
with a layer of 2-inch thick cast able refractory. 
The exterior of the twin beel is insulated to 
minimize heat loss. The interior of the twin bed 
is divided into two beds , the combustion and 
retort beds , by a partition plate. 

To facilitate the supplying of different gases to 
each bcd, the plenum chamber is also divided 
into two compartments. The plenum chamber 
under thl' combustor also serves as a precombus­
tion mixer for air hlld propane. The combustion 
of propa\le will generate enough heat to preheat 
the twin bed. At the early stage of the test pro­
gram, no attempt was made to delete the pro­
pane because the emphasis was directed toward 
oil yield improvement. At a later stage of the 
program, propane was used only for start-up un­
til self-sustained combustion/ retort operation was 

achieved . 

Product oil yields ranged from 60 to 70 percent 
of Fischer Assay . Selfsustained combustionlretort 
operation without the use of propane was demon­
strated ill five separate exper:mental runs 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 oil shale with feed rates 
from 75 to 112 gm/min. 

Calculations show that the TFBR/C can be oper­
ated to achieve maximum use of combustion heat 
without depending 011 the heat transfer from 
direct solid-tosolid mixing. Apparently, for a 
small TFBR/C, the area for heat transmission 
between the combustion and retorting sections is 
sufficient to allow enough heal. to be transferred 
from the combustioil bed to the retort bed for 
retorting. For large bed operation, a special bed­
to-bed heat transfer arrangement, such as heat 
pipes, may offer an ideal solution. 

The ASPEN fluidized-bed retort (FBR) model for 
western shale consists of a retort section and a 
combustor section. The retort section has the 
kerogen pyrolysis reaction occurring 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. 

T hi s 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 
originall y published result, but nevertheless, a 
reasonable estimat e. 

The ASPEN FBR model was then modified for 
application 10 eastern shale by replacing the 
western shale properties with those for eastern 
shale. Major differences between eastern and 
western shale reside in the kerogen and mineral 
compos itions. Eastern shale kerogen has a lo~er 
hydrogen-to-carbon rat io than western 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. 

As a result of these differences, the eastern lIimu­
lation produced different results. The eastern 
shale produced about 38 percent less li ght 
hydrocarbon gases. Since eastern shale has very 
few carbonate minerals, which decompose en­
dothermally, the combustor reaches a higher tem­
perature. The eastern shale combustor reaches a 
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temperature of about 1 ,660°F compared to about 
1,5000r for western shalt'. Accordingly, the solids 
recycle ratio for the eastern shale case is reduced 
to around 0.13. 

The following pyrolysis mechanism was postulat­
I'd for kerogen and natural bitumen decomposi­
tiOll in eastern oil shales: 

K 

Natural Bitumen..l Oil + Gas + Carbon 
Residue 

K 
2 

Kerogen - PYl'Olytic Bitumen + Gas + Oil 

K 
3 

Pyrolytie Bitumen - Gas + Oil + Carbon 
I:{esidue 

Comparisons between the model prediction and 
the experimental data for weight loss versus tem­
perature for Kentucky Sunhury shalt' were made 
;\nd activation energies were determined. 

[n addition 10 the TGA, a pyroprobc was used 
to study higher heat ing rate phenomena. The 
pyroprobe achieves rapid heat ing rates over th e 
range of 100 to a reported 20,000 K/S . The rcsi­
dence times can be varied from :2 to 20 seconds. 

The TGA and the pyroprohc provide only the 
weight of the sam pit> as a function or' time or 
telllpcrature and no inf()rmation a;)()ut the 
product gas composition. The FT[R technique 
gives a way of irkntif\ ing the thermal decomposi ­
tion products . Combining TCA or p)'roprobe 
with FTIR provide~ information on the com­
positioll l.f gases evolved during oil shale pyroly­
~is and. const'qu('ntly, kinl'lic data for the gase' 
evolved. 

For the eastel'll oil shales ~tuclied, the DTG peak 
area~ ()\ er the 300° to 600 0 e temperature range 
wert· plotted against oil yil>ld. The ('()rrelatioll ob­
sl'ned betwe,'n the c1ifTl'r('ntial thcrmal gra\'ime­
try ([)TG) peak areas and Fischer Assay oil yield 
"alues arc reasonably good, with a correlation 
roC/IiI'ient of 0.9+ . Minerals such as pyrite 
(FcS,). Llarca~itl' (FeS,). and analcite 
(NaAISi,Os.lI ,O) show some thermal effcn in 
thi~ temperature range. The same is true for clay 
minerals sllch as kaolinite. The absence of the 
rharactel istic carbonate decomposition DTG peak 
in the Cilfil('l'1l oil shales at the 70OC' to 800 0 e 
tcmpl'laturl' region is indicative of the absenn' or 
very minor pn'senre of carbonate minerals. This 
has bt'en conlirn.l'd b~ X ray diffIaction. 

2 1 

Several heating rates were run for TGA decom­
position kinf'tics . The extent of conversion versus 
tcmperaturt: at \'arious heating ratcs for Ken-
t llcky Sunbury shale was determined. With a 
heating rate of 5°C/min, a 20 percent conversion 
was affccted at 407 °C; with 2()OC/min, a temper­
aturc of 433 °C was required to achieve 20 per­
cent conversion. This phenomenon is due to the 
fact that as heating rate is increased. the sample 
is exposed for a shorter time to a particular tem­
perature. The rate maximum is also shifted 
toward higher tcmpcrature as heating rate is in­
creased. 

The oil shale samples (100/120 US mesh) were 
heat~d to 620°C in a continuous nitrogen gas 
now at 100°, 200°, 500°, and l,OOO°C/sec. The 
data indicate that percent dccomposition 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 increase the oil shale 
devolatilization yields. Perccnt weight loss of 
Colorado shale is lower than that of Sunbury 
shale , even though Colorado shale provides great­
er yield in Fischer Assay. 

Percent decomposition has also been studied as a 
function of residence time. Residence times for 
the runs were 2, 5, 10, and 20 seconds at 
1,0000e/sec h" ati ng rate with 620°C linal tem­
perature. The results for 2, 5, and 10 seconds 
show that longer residence time is needed for 
devolatilizing Colorado shale than Kentucky 
shale . It is possible that Colorado shale, with 
large amounts of carbonate minerals, may re­
quire more heat for carbonate decomposition, 
thereby delaying organic decomposition. 

The efficient extral'l ion of shale oil involves effcc­
tive retorting methods and oil collect ion tech­
niqucs. Both of thesc distinct steps must bf' 
addressed by any well-conceived process for col 
lecting oil from rctoning. 

Droplets formed after shale pyrolysis may be (01 

kneel by a number of standard techniqucs. such 
as ,crubbers, electrostatic prccipitators, filters, 
etC'. However, the efficiency of any collection 
tcehnique depends on the size and concentration 
of the aerosol. Nu('leation of the vapor phast· Oil 

foreign particles and homogeneous nucleation arc 
the two mechanisms of droplet growth. 

A shale oil droplt't generator was fabricated. The 
2-inch inner diaml'l<>r unit has a lengt h of 23 
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inches. An extended length for the relOrt above 
the bed assists in decreasing entrainment or lines 
coming out of the unit. The bed material is com­
posed of spent shale and has a static depth of _ 
4 inches, and a weight of - 200 grams. 

The measuremcnt or droplet size and concentra­
tion are accomplished' with novel laser·based opti ­
cal panick monitors. Light scattering by 
entrained aerosols has an mglliar dependence 
with droplet size, and an intensit y dependence 
with concentration. The proCI'SS stream in the 
test region has a caiculat<'d velocit y of 20 cm/sec 
at a volumetric flow rate of 6 slpHl, and will pro­
vide a proper residence time for droplet forma-
t ion and growth of - I sec, based on plug flow 
of nitrllgen at standard temperature and pres­
sure. This test region can be modified so that 
sl'veral differcnt residence tillles can be studied. 

Shale oil is fundamentally different from petrolc-
. um because it contains saturate, olefin. and aru­

matic hydrocarbon compound types. whilc 
petroleum contains saturates and aro.natics. 
Olcfins. because they can polymerize . cause 
problems with the plOcessing of shale oil. Olefins 
arc al~o of interest because the amount. and 
p('l'haps thc type, of oldins ill shale oil is related 
to retorting conditions and. in turn. to the 
IlIl'chanism uf decolllposition . 

Kentucky and Colorado shale oils were obtaint'C1 
from METe's 2-inch electrically heated fluidized ­
b('d oil shale retort system. Alumina. activated 
silica, and silica coated with silver nitrate were 
lIsed as the adsorbent material in the columns. 

Cycloho .. anc. toluene . chloroform. m!'thanol . and 
heptiineltoluenc wl're uscd as solv('nts. Proton 
and carbon nuclear magnetic resonance (NMR). 
FTIR, and gas chromatographY/llIass spectrome­
try (GC/M, ) wl're used to analyze the composi­
tion of the fractions . 

The result s of the class separation of Kent ' l('ky 
alld Colorado shale oils inc/tcatc that the sc( 'ara­
tion met hod developed is effective in scpari';ing 
whole shale oil~ into their tomponent saturate, 
olefinic. aromatic. and polar fractions. Good 
re producibility was obtained for the dupli(,ate 
runs. The re('()very of at least 90 perCl:nt of the 
starting material indicates that losscs clue to ad­
~orbcn t retenti, n and solvent removal arc 

llIinimal. allowing this class separation to be used 
I()r the quantitative analysis of shale oils. Protoll 

and carbon NMR data . along with FTIR analy­
sis of the fractions. indicat(' that (1) the class 
overlap within each fraction is I'linimal and (2) 
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\alllable compositional parameters (i.e .• aromatic 
alkyl chain length, olefini( and ammatic content) 
can be obtained and lls(d to determinc the 'chem­
ical ( 'Iposition of the fractions. 

Analysis of the mass balance data indicates that 
there l:xists a \ 'a riabililY in shale oil composition 
with respect to , he retorting cf ll1ditlons. The 
olefin concentrations appear to show the greatest 
variability with respect to the fluidizing gas com­
position. Both oil shales show a greatcr olefin 
concentration 1'01: oils l"elOned in 100 percent 
nitrogen. with the concentration decreasing when 
water is added to the fluidizing gas of the Ken­
tllcky shale. 

Analysis of the Kentucky and Colorado shale oil 
class fractions by proton NMR revealed several 
trends in thc chemical composition of the oils, ir­
rt'spectivc of the fluidizing gas composition. The 
Colorado shale oils contained a greater propor­
tion of hydrogen in polymethylt'ne structures, ap­
proximately 39 percent as compared to - 30 

percent for the Kentucky shdle oil. This finding 
is supported by the carbon NMR data for the 
wholt, oils, which show the Colorado shale oils to 
be more aliphatic (- 71 percent) than the Ken-
t ucky shale oils (- 53 percent). This agrees with 
the accepted views that western shales arc more 
highly aliphatic in character than castern shales. 
The Kentucky shale oil had a hi~her concentra­
tion of aromatic hydrogen. approximately 13 per­
cent. compared to - 7 pel'CI'nt I'm" the Colorado 
shale oil. 

Time-resoIVl'c1 gated decoupling NMR tech­

niques. such as gated spin echo decoupling 
(GASPE). are bcing refincd and used to differen­
t iate between the protonated and nonprotonated 
carbon species in shale oils. Coupled with con­
ventional NMR information nn aroll1aticity. the 
added informat ion can be used to mEasure aro­
matic rin g condemation, meth)1 substituent con­
dcnsation. a nd the degree of alkali and functional 
group substitution on aromatic structure. 

The carbon M R spectra of shale oils consist~ of 
broad rcsonance bands due to the variet)' of or­
ga nic ('oml·JOunds present. Separation of th(' oil 
into class fractions improves the resolution; 
howevcr, broad resollance bands arc still present . 
Plcviousl y, tht' only information tllat could be 
cierivt'd was the aliphatic/aromatic ratio of the 
carbon atvms. Tilllc-resolved gated decoupling 
NM R can be uscd 10 break clown complex car­
bon spectra into subsp('ctra containing resonances 
duc to only ont' of the five following groups: (1) 
aromatic nonprotonatccl carbolls, (2) aromatic 

_J 
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methane carbons (CH), (3) aliphatic nOIl­
protonated carbons, (4) aliphatic methykne car­
bons, and (5) aliphatic methane and methyl 
carbons (CH and CH,). 

Initial application of this technique to a Colorado 
light oil has shown the ability of the method to 
distinguish between protonated and nonprotonat­
cd carbons. Analysis of the nonprotonated carbon 
in the GASPE spectrum indicates that the non­
protonated carbons aI'';! - 70 percent aromatic. 
In contrast, the conventional proton-decoupled 
1JC NMR spectrum of the same oil had - 25 
percent aromatic carbon as a fraction of the total 
carbon. Consequently, it can be concluded that 
the aromatic structures in this shale oil are poly­
cyclic in nature and/or highly substituted. Since 
there is " considerable contribution of aliphatic 
material in the GASPE spectrum for unprotonat­
ed carbon, it is evic ent that some quarternary 
aliphatic carbon is present in shale oils from 
branching and cyclization of the aliphatic materi­
al. This accurate compositional information 
promises to provide correlations based on a fun " 
damental understanding of the shale and its 

pyrolysis products. 

The characteristics of rapid heat transfer and 
uniform temperature in a fluidized bed have been 
considered 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 beds 
when the solid is one of the reactants . However, 
good solid mixing might become a disadvantage 
because of the spread of the solid residence time 
distribution (SRTD) , i.e., nonuniform solid resi­
dence time. To provide more uniform residence 
time, various mechanical devices have been in­
vestigated to obtain a baffle configuration that 
would be suitable for an oil shale retorting 

process. 

Experiments on a fluidized-bed cold module 
were conducted in a 4-inch diameter cylindrical 
vessel which is 33 inches high and made of Lu­
cite plastic material. Air was the fluidizing gas. 
Sand was used as fluidizcd solid, with a density 
of 2.7 g/cm' and a size range of 20 to 50 mesh. 
The tracer used in the experiments was potassi ­
um pcrmanganate crystals (Pp = 2.6 g/cm') , 
sieved to the same size fraction as the sand. 

After a steady-state flow of solids and gas had 
been established, the step input signal tracer (the 
concentration of tracer was about 0 .5 percent) 
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was added and, simultaneously, the solids leaving 
the bed were collected into sample bottles over 
timed intervals. The tracer concentration in the 
effluent was found by extracting the color. 

Based on the experimental results, the following 
rreliminary conclusior.s can be drawn: 

• 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 free 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 
parameters, 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 present, as well as the mechan­
isms responsible for their formation. 

Background 

Because of their volatile nature, a significant 
fraction of these elements is released from the 
raw oil shale matrix during retorting, and subse­
quently migrates to the product shale oil, retort 
water, or offgas streams. Thus, depending on the 
formes) of the chemicals in each product stream, 
these elements may be mobilized into the en­
vironment unless removed from the streams be­

fore disposal. 

For each of the aforementioned elements, the ob­
jectives of this study are to (1) determine the dis­
tribution coefficients for each product stream; (2) 
identify the chemical forms in retort water, off­
gas, and shale oil with particular emphasis on in-
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organic 01' organometallic species known or 
sus;>ected of being carcinogenic 01' toxic; (3) in­
vestigate the mechanism(s) responsible for 
mobilizing t(y· •• c, or labile chemical forms identi­
fied in leer" (2) into each product stream; and 
(4) det .rmine the effect of retorting rate, maxi­
mum retorting temperature , and retorting at­
mosphere on Items (i) and (3) above. 

Discussion 

This work requ ired fabricating and testing a 
retort furnace assembly to generate product 
streams for anal ys is. T echniques and procedures 
were adapted or developed for the extrac tion and 
determination of the metals of interest and/or 
th-: ir compoulld~. 

The first sliccess ful full -scale retort run was car­
ried ou t durin g the earl y part of January. The 
tt'st in volv('d retortin g 6 kg of oil shale to a maxi­
mum temperature of 500°C using a 1°C/min 
heating rate. Three oil frac tions were collec ted 
corresponding to the heavy, medium , and light 
distillates . Important operat ional parameters (in­
put N2 gas now ; total outlet gas flow; shale be 1 

lemperaturl'S at the top, middle, and base of (he 
reto rt vessel; and outlr t gas t('mperatures) were 
monitored throughout thi s retort run with Ihe 

data collection system . 

The sensitiv ity of the proposed analytical tech­
niques was tested to detnmine their suitability 
on oi l sha le retort samples. This wo rk included 
the determin at ion of cadmium by prompt gamma 
neutron Glct ivation analysis, mercury and seleni­
um by instrumental ne'.!1 ron activation analysis, 
and a rsenic by X-ray fl uoresce nce in the raw 
shale, spent shale, retort water , , \ld shale oil. 

Prelil1linary "micro-retort" ex periments were car­
ned out in an inert N2 atmosphere using 2 to 10 
grams of shale , a shale hea ting rate of approxi­
mately 200°C/min to a max imum temperature of 
I ,OOOoe, and a N2 swee p gas flow rate of 0 .4 
Lllllin. The object ives of these experimen ts were 
to (I) ~valuate the perfo rmance of the Zeeman 
Atomic Absorption system (ZAA) for on-line 
11leaSUrement of total As in the offgas stream 
durin g retort runs , and (2) obtain an initi al esti­
male of the As volatili zat ion profile as a fun ction 
of reto rtin g tem perature. Prior knowledge of this 
As volal ilization profile wi ll allow optimization of 
total As mehsurements, using ZAA, and As 
special ion l1leasuremcnts usin~ GC -Mierowave 
Plasma Detector (GC-MPD) du ring future hi gh-
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temperature (I,OOO°C) retort runs, using the 6 
kg PNL retort. 

Spent shale samples [mill retort run PNL-l (N2 
swee p gas, l OG/min heating rate, and maximum 
temperature of 500 0

) were heated in the "mini­
retort." This apparatus consisted of a 6-mm ID 
c,uartz tube or a 12-mm 305 stainless ;teel tube 
heated with nichrome wire. Nitrogen gas flowed 
through the shale as the shale was heated from 
25 0 to 1, !OO°C/min . The nitrogen swp.ep gas 
laden with a rsenic then passed directly into the 
ZAA r ;.. rbon tube atomization furnace (2,800°C). 
The As temperature profile was obtained for 10 
runs with PNL-l spent shale , and two runs with 
LBL-3 spent shale . LBL retort run 3 was con­
ducted under identical retort conditions as PNL 
retort run 1, except that Colony shale was used 
rather than APF shale . All runs showed bimodal 
As emiss ion profiles that peaked at 500 0 to 
600 0 C and 9500 to l ,050°C. i'l-je maximum con­
centrations observed at the low- and high­
temperature peaks were approxi mately 8 and 6 
ppm, respectively . These results suggest the pos­
sibility of two fo rms of As in the shale. A second 
interesting result was that As began to evolve 
in to the carrier gas stream at 200 0 C. However , 
the apparent volatilization of As at thi s low tem­
perc.~<.lr" may be an artifact of the slow response 
till1e of tl-j e thermocouple tha t was used to meas­
ure the shale temperature. 

The second run of the PNL 6-kg retorl was suc­
cess fully com pleted durin g June 1984. The objec­
tives of retort run PNL-2 were to measure the 
concentration of H g in the offgas by ZAA, to de­
termine the composition of the offgas , and to 
identify and quantify which organomercury spe­
cies were present in the offgas . The oil shale was 
heated at 1 DC/min to a maximum tem perature of 
SOO°C with a N2 swee p gas fl owing at 1.8 
Llmin . During peak mercury emission in the off­
gas, as indicated by the ZAA, numerous samples 
were taken to determine the organomercury spe­
cies in the offgas. This included using Tenax and 
Carbo:iieve-G as an absorption med ia , and 
cryotr;)pping foll owed by sil ver and gold traps as 
backups to the cryotraps. All importan t retorting 
parameters (i.e., fl ow rates, shale temperatures, 
Zeeman signal , etc.) were monitored by the data 
acquisition system throu ghout the retort run . 
Preliminary review or the data collected indicated 
th at retort run PNL-2 met all the intended objec­
tives. The Zeeman functioned was designed to 
indicate mercury co ncentrat ion in the offgas. All 
problems initi ally observed in retort run PNL-l 
were corrected. The most impressive result from 
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retort run PNL-2 was the identification of 
dimethyl-, diethyl-, and di-n-propyl-mereury, and 
th/! tentative identification of methylethyl­

mercury in the offgas. 

3.8 SANDIA NATIONAL 
LABORATORY 

Objectives 

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

Background 

During 9 years of involvement in the DOE pro­
gram, SNL has been pursuing a goal of develop­
ing the technology to impro\'e the overall 
efficiency of shale oil recavny processes. In par­
ticular, SNL activities have focused on in situ 
shale oil recovery processes. The objective of 
these activities has been to acquire the ability to 
prescribe an eflkit'nt p1."Ocess for in situ recovery 

of a given oil ~hale resource. 

Recent field experiments have demonstrated that 
the yield from an in situ retort is largely con­
trolled by the characteristi;:s of the rubble bed 
produced during the bed preparation step. This 
realization has shown that there is a neecl to de­
velop a predictive capability for the fragmenta­
tion step in the process of constructing an in situ 
retort. In addition, it is important that criteria 
for the blast results be developed that are based 
on a thorough understanding of retort yield as a 
function of bed charactl'l'isti s. The influe.:ce of 
permeability structure on retort yield must be 

elearly defined. 

At the present time, the SNL program addresses 
the twO interr 'lated area~ of bed preparation and 
characterizat ion and retort processing. 

A joint DOE/LETC, LANL, SNL Rf)ck Frag­
mentation Working Group was formed in 
mid-19Bl to coordinate DOE-sponsored bed 
preparation studies. In mid-1982, following 
reviews of previous and ongoing work in YMIS 
rock fragmentation, a joint LANL, SNL Rock 
Fragmentation Experimental Program Plan was 
generated . Emphasis of this plan was placed on 
experiments to specifically address questions 
related to the accomplishment of a prescriptive 
design capability. i.e., that the field program en­
compass both pragmatic and theoretical aspects 

of YMIS blast design. Further, tl,e experiments 
would be conducted primarily for data acquisi­
tion for correlation with numerical modeling. 
The field experiments were conducted at the APF 
mine to maintain continuity between past work 
and possible future mini-retort fracturing and 

retorting experiments. 

The experime~tal program was initiated in early 
1983. Stemming tests and ope confined test were 
conducted by LANL during June 1983. Stemmed 
and un stemmed single borehole cratering tests 
were conducted by SNL during June 1983 Two 
additional tests were also conducted by SNL. 
They provided twO complete performances of the 
lield test firing and data acquisition systems prior 
to the execution of the heavily instrumented 
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cratering tests. 

Dc' -cussion 

Excavation of rubble from the cratering tests that 
were performed during the summer of 1983 be­
gan on December 12, 1983. Excavation of rubble 
from the two instrumented tests, SB-l and SB-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. Screening of the rubble began January 30 
and was completed on February 29. 

Both SB-l and S8 -2 craters were shallower thar. 
expected. Neither crater was more than 2 meters 
deep; the craters did not reach the top of the e>..­
plosive column . Formation of the crater walls ap­
pears to have been dominated by bedding planes 
and vertical joints . As a result, both craters are 

asymmetric. 

The porosity of the post-test rubble piles was cal­
culated from the elevation surveys conducted be­
fore and after excavation. The volume of the 
SB-l crater was 43.4 cubic meters, the vulume of 
the SB-l rubble was 73.1 cubic meters, and the 
porosity was 40.6 perrent. The volume of the 
SB-2 crater was 40.8 cubic meters, the volume of 
the SB-2 rubble was 66.2 cubic meters, and the 
porosity was 38.4 percent. On this basis, both 
the stemmed and the unstemmed tests seem simi­
lar despite the asymmetry that each displayed. 
The volume of rock involved in the SB-2 test. 
however, was slightly less than the volume of 
rock involved in the SB-l test. Since the differ­
ence is less than 10 percent, it doe~ not necessari­
ly indicate any difference in cratering 
effectiveness of the two tests. This amount of 
difference could be due simply to a slight differ-

ence in local geology. 
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Another way or comparing S8-1 and SB-2 is to 
compare profiles obtained from the elevation sur­
veys. These profiles were obtained by averaging 
all of the elevation readings at various radial dis­
tances. Despite apparent differences, the two tests 
show similar average profiles or crater df'pth. 

I t had been expected thaI the stemmed and the 
unstemmed tests would be difrerent because of 
thc reduccd gas pressure effect, but the results 
demonstrat('d that thc reduction of gas pressure 
had littlc or no effect on these single borehole 
tests . 

As noted above, LANL tests 83 -C, stemmed, 
and 83-D, unstemmed, were also excavated. Test 
83-C had 1.5 m of explosive and 1.5 m or stem­
ming, compared to the 2.5 m or explosive and 
2.5 or stemming in test S8-1; test 83-D had es­
sentially the sar .. e geometry as test <;B-2, 2.5 III 

of explosive and 2.5 m of burden. [hese tests 
were conducted in lean shale in the floor of Adit 
3. Test 83-C was between tests 83-"8 and 83-D; 
blastwell spacing for the test series was 0.7 m. 

The craters arc significantly deeper th em those ror 
tests SB-l and SB-2. The 83-C crater depth was 
to the bottom of the 3 m blastwell; the 83-D 
crater depth was approximately 3.8 m. 

The greater "pull" of tests 83-C and 83 -1) can be 
attributed to two ractors. First, these tests were 
two or a series of four blasts at 6.7 m .pacing. 
Some "preconditioning" of the rock due to the 
prior tests may have occllrred. Second, shall' 
grade in th ' Fred (analt imized tuff) bed lJt'lll'ath 
the floor or Ad;t :-I is about 5 to 10 gpt, com­
pared to the 20 to 30 gpt in the C and D beds 
where tests SR-l and SB-2 wt'n' conducted. 

The crater excavation and rubble scrl'cning clear­
ly showed (I) only nl'l{ligible differences in frag­
Illentation extent or particle size distribution 
between stemmed and unstemmec! tests in the 
same shalc grade , and (2) substantial dirrerences 
in both fragmentation extent and particle size 
distribution between a brittle lean (5 gpt) shale 
,mel a moderate (25 gJlt) shale . 

The numerical modeling effort i1t SNL has been 
ciirectnl toward developing a model that will ('01' ­

I ... { t1y describe rubble propert ies when given a set 
, -lasting tonditions . This depends on the de-

I elojlllH'llt of the late time Illotion codes 
BLOCKS and B MP . These rodes require as 
their initial input a specification of the rock as it 
I' {omtitUlnl after the Ir;lcturing is complete 
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rrom the explosive detonation. Specifically, it is 
necessarr to describe the extent of fracturing and 
the rragment size distribution. SNL has begun to 

use an explicit, two-dimcnsional finite-element 
code, DYNA2D, to provide this description. 

In February, DYNA2D was used to model the 
SB-l test cOllfiguration. 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 1175 U, which is 
presently only crudely characterized. The simula­
tions were performed using two different 
representations of the rock. In the first case, the 
rock was assumcd to be homogeneous and 
isotropic with respect to properties. The layers 
w re chosen to correspond to grade variations 
based on the analysis or a core taken near the 
test area. These layered calculations arc 'lot en­
tirely rigorous since only density, Poisson's ratio, 
and Young's modulus were varied for the dirfer­
cnt grade regions. Other parameters inherent in 
the damage model, such as the relationship be­
tween rracture stress and strain rate, were held 
constant at values ror 20 gpt shale. Nevertheless, 
the layered calculations provide a oetter approxi­
mation or the actual media. DYNA2D was used 
to predict the extent of damaged rock ror both of 
these cases. 

The region of damaged rock in the layered model 
relates to the layering. In the low grade regions, 
damage is more extensiv( Also, a larger region 
of rock is damaged in the homogeneous model. 
This indicates that there is less rockbreaking 
l'nergy in the layered model. This apparent Joss 
or energy is due to dispersion or the explosive 
shock waves at layer boundaries. In the actual 
blast, there arc lIlany more layers and the layer 
interraces arc less distinct. This would cause a 
contmuous dispersion or the energy that could 
not be modeled with 1)YNA2D. 

Recently, The BUMP computer code has sus­
tained a number of modifications designed to in­
crease stability and decrease running time . In 
<Jddition, practical modifkations , sllch as addition 
or a restart option, have been added and mot\d­
in~ or thc SB-l experiment has begun. 

-I wo changes in BUMP have made the calcula ­
tion of the collision sequence more accurate, and 
have produceri a stable time step for an initially 
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packed body of fragments that is blown apart by 
large forces (as during an explosion). These 
changes are in the integration algorithm and in 
the functional form of acceleration allowed to su­
perpose smooth linear functions in time. 

BUMP can model the extremely short-term, 
high-acceleration phase of the blast and the long­
term settling of the rock fragments in a single 
stable calculation. It is currently the only motion 
code th"t can be used to model the complete 
blasting process within a reasonable computer 
running time, and is thus the only code that can 
be u~ed for parameter studies. However, some 
problems remain to be solved before BUMP will 
yield easily interpreted and meaningful results. 

Eleven cores were extracted at APF during 
March for usc in assessing the cratering tests that 
were conducted in the summer of FY 8:;. Three 
slant (45°) cores were obtainerJ beneath the 
craters of each of the twO instrumented cratering 
tests. One vertical core was extracted at ~ 9 m 
radius for fracturing assessment and for material 

property tests . 

Three vertical cores were obtained for LANL wi­
thin the crat-:r of their blastmat test; one addi­
tional corp was also obtained at a 9 m radius 
from this test. This work completed SNL field 

experinlental activities at APF. 

Examination of the cores from these holes has 
shown that the damage caused by the blast ex­
tends l,cyond the rock that is included in the 
crater n'gion. Also, it is obvious from first in­
spection that the degree of damage dl pends upon 
the layering; a damaged layer might lie between 

twO intact layl'l's. 

The core was logged with special emphasis on 
describing the extent of damage observed along 
the core length. The layers of damage can be 
traced from one hole to another. The extent of 
damage ".as quantified by counting the number 
of complete fractures. For additional documenta­
t ion, the core was photographed to show each 

portion of the core in detail. 

Several recent field experiments have shown local 
yield losses well in excess of that predicted by 
state-of-the-art, one-dimensional retOrt models . 
Examination of data from those retorts, particu­
larly thermal data showing nonuniform progress 
of the retorting front, has lead us to believe that 
rubble-bed nonuniformities (permeability con­
tracts) were causing not only the expected sweep 

inefliciencies, but also much higher-than-expected 

local yield losses. 

Previous one-dimensional modeling and pilot 
retorting studies are not .:.dequate to predict these 
phenomena because the permeability contrast ef­
fects are inherently multi-dimensional. Even un­
coupled, parallel one-dimemional simulations are 
inadequate , si~ee the observed yield losses result 
from the coupled transport ci Mass and energy 
between regions of differing permeabilities. 
Hence, SNL initiated multi-dimensional pilot 
retorting and modeling programs to isolate and 

quantify these effects. 

Several lOG-kg retorting experiments, with varia­
tions in 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 
nonuniform flow through the retort. The primary 
mechanisms causing this increased yield loss arc 
(1) overlap of retorting and combustion fronts in 
the vicinity of the permeability contrasts (causing 
product migration to hot, oxygen-rich environ· 
ments, with resulting oil cracking and combus­

tion); and (2) slow heating rates in 
low-permeability zones, resulting in increased oil 
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coking. 

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

es are the same. 

Results from the two-dimensional retort model 
that was developed to simulate these conditions 
have been compared to the experimental results 
to isolate the various mechan;:;,ns causing the in­
creased losses, and to validate the model. Agree­
ment between model calculations and 
experimental observations has been excellent. 
Model calculations of full-scale iY\ situ retorts will 

be done in the future. 

Based on these studies, it appeared reasonable to 
attribute much of the yield loss observed in re­
cent field experiments (beyond those losses 
predicted by one-dimensional studies) to this 
permeability contrast mechanism. Reductions in 
permeability contrasts in field retorts can then be 
expected to improve local oil yield as well as 

sweep efficiency. 

SNL also examined a number of control strate­
gies to try to limit losses caused by permeability 



contrasts. However, the unlikely (or at best un­
certain) effectiveness of variations in process con­
trol parameters (gas no.w rate and composi lion, 
and location of gas injection and withdrawal 
pnints) limits the likelihood of signiftcant Im­

provements in this area. 

The primary means of improving local yield (as 
well as sweep efiiciency) within in situ retorts is , 
then, improvpment in initial bed uniformity . 
Research in bed preparat ion and blasting tech ­
niques is necessary to improve the fundamental 
understanding of rock fragmentation and rock 
motion phenomena. This understanding will lead 
to a prescnptive capability for crrating uniformly 

permeable retorts to maximize oil yield. 

3.9 VIRGINIA POLYTECHNIC 
iNSTITUTE AND STATE 
UNIVERSITY 

Objective 

The program's objective is to provide a data base 
on the sorption-desorption capacity of oil shale 
materials for selected organic and inorganic spe-

cies in aqueous media . 

JJackground 

In solid waste managellll'nt, sorption and desorp­
tion of organic .md inorganic species on spent 
~hale and soil are important to the iclent ification 
and mitigation of e\1 \ lIImental impacts. F anors 
affl.'cting adsorption 1ndurle physical characteris­
tics, particle size, tl'mperature, hydrogen ion con­
centration, dilution , synergism, and molecular 

weight of adsorbate. 

DisCUJSIOII 

Early in FY 84, sorption C'xperiments with inor 
gallic ion s wt'l'e performcd by shaking raw APF 
shale with distilled waler for l68 hours . It was 
found that pH decreased, and the following 
values increased : conclunivity; redox potential; 
and concentrations of nuoride, sulfate , and potas­
sium . Concentrations of arsen ic, cadm ium , and 

iron tcnded to remain ['on stant. 

To better simulate act ual field situations, a ser­
ies of continuous-now columns were buil:. The 
continuuus-now systems work vt:ry well and the 
results \)l·ing obtained are n:producible. Each elu ­
tion experiment is replicated three times, and is 
ptrformed by pumping about 70 to 80 pon' 

volumes of 01 water through a column of shale. 
The 8 to 30-mesh particles of four different shah's 

are being used in the colul1ln trials. 

To standardize data, three utility con,puter pro­
grams have been developed: Interpolate 
(INTER), Convert (CONVRT), and Extinction 
Calculation (ESCALC). INTER interpolates 
evellly spaced points from data that may be un­
evenly spaced. Currently, this is being used to 
interpolate the digitized UV spectrophotOmetric 
scans in the 184 LO 360 nm range at I nm inter­
va.ls. This results in standard format data of one 
transmittance or absorbance value at every whole 
number wavelength from 184 to 360 nm, a total 
of 177 points pel' curve. The interpolation is very 

faithful to the actual digitized points and 
reproduces the digitized curve accurately. 
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CONVRT is used to convert the 177-point 
curvef obtained either from the INTER program 
or generated otherwise. The conversion can be 
from transmittance to absorbance or vise versa. 

ESCALC calculates the extinction coefficients 
given the molecular weight of a compound, and 
e ither transmittance or absorbance values. It also 
averages the extir.::tion coefftcients for up to five 
cllr'v('< extinction coefficients for the pure CO\11" 

pound solutions. 

3.10 WESTERN RESEARCH 
INSTITUTE 

Objectives 

Work on thi s program was conducted to (1) 
tharacterize the chemical and physical properties 
of raw and spent shales, (2) characteri ze oil shall' 
process waters, and (3) characterize raw oil shale 
properties to better understand rock fragmenta-

tion processes. 

Backgrollnd 

On March 19 , 1983 , the U.S. DOE and the 
University of Wyoming entered into a coopera­
tive agreement, effective April 1, 1983 . Thl' 
University of Wyomin~, through the formation o( 
a nonproftt corporation known as the University 
of Wyoming Research Corporation (UWYRC), 
lOok responsibility for operation of whOlt was 
previollsly LETC, a federally owned and operat ­
ed facility. WRI was sulJsequently formed as an 
afii liate of UWYRC to conduct the research wi 



thin the cooperative agreement and to pursue 
related research with other organizations. 

To address the objectives of the DOE Oil Shale 
Program, WRI has divided its research into four 
activities: physical/chemical properties, in si tu 
processes and rock fragmentation, novel concepts, 
and environmental research. The physical/chemi­
cal properties activity provides a basic under­
standing of the reac~ion chemistry and transport 
processes in retorting systems. In situ proces~es 
and rock fragmentation focus on the development 
of analyti"al methods for predicting oil yield loss­
es in rubble beds. The novel concept activity ad­
dresses innovating ideas that have not been 
explored but may lead to improvements in oil 
shale conversion, product recovery, or mitigation 
of environmental impact. Environmental research 
is aimed at identifying and understanding the 
origin of possible pollutants. From this under­
~tanding, methOds will be tested and evaluated to 
control pollution to within acceptable levels. 

DIscussion 

Modifications to the LLNL one··dimensional 
retorting model are improving the predictive 
capabilities in comp<'rison to laboratory retorting 
testS. A change to the code for calculating tem­
perature distribution and shrinking core behavior 
in rectangular shale particles predicts about .) 
percent less oil production than corresponding 
predictions for spherical particles. This new code 
is intended to help evaluate the experimental 
results from low void retorting tests. 

A new experimel1tal configurat ion has been de­
vised to extend the range of temperatures for 
measuring the kinetics of kerogen decomposition 
at isothcr malconditions. The new experimental 
configuration is based on using a fluid-bed bath 
\0 heat the oil shale sample, which is enclosed in 

a small diameter, thin-walled tube . 

A ncw apparatus has been assembled to measure 
the cooling and cracking rates at isothermal con­
ditions over a temperature range of 300

0 

to 
1,1000F. In this experimental procedure, cold 
shale oil is injected into a hot rubble bed where 
the volatilc fraction evaporates and is swept out 
the top of the rubble bed, while the remaming Ii­
quiJ drains through the rubble. The residence 
tinle for cracking of the shale oil vapor is con­
trolled by the sweep ~as rate, and the residence 
time fur coking of the nonvolatile liquid is varied 

by adjusting the shale oil injection rate. 

Oil yields in five previous 10-ton retorting tests 
with nonuniform flow distributions correlate well 
with the degree of now nonuniformities. The 
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 oil shale resource areas and to 
correlate these data with existing information on 
Fischer Assay oil yield and mineralogical profiles. 
The selection of three cores from Wyoming com­
pleted the effort to identify the samples necessary 

for this task. 
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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 to treat oil shale retort waters include 
(1) alternative pretreatment methods for various 
retort waters, (2) development of activated car­
bon adsorption parameters in batch and continu­
ous now modes for raw and pretreated water, . 
am; (3) the preliminary screening of reverse os­
mosis operating conditions for ultimate retort 

water disposal. 

A project was completed to determine if pretreat­
ment of select oil shale retort watel s by contact 
with spent shale enhanced activated carbon ad­
sorption. The results indicate that the spent shale 
cl I not adsorb any organic materials extracted by 

methylene chloride. 

Samples of raw and moderate temperature retort­
ed Green River oil shale were analyzed by X-ray 
diffraction. Raw samples were composed of the 
normal Green River minerals suite (western oil 
shale) listed in decreasing order of abundance: 
dolomite (Ca,Mg,Fe) (C03)2, quartz (Si02), al­
bite (NaAISi30 a), orthoclase (KA1Si30a), calcite 
(CaC03), analcime (Na,Ca)AISi202~ with trace 
amounts < 1 percent of pyrite (FeS2) and clay 
minerals. The heat-altered samples were Green 
River samples that had been subjected to temper­
atures sufficient to mostly decompose the car­
bonate minerals and produce silicates. Minerals 
identified were raw western oil shale minerals 



plus peraclase (Mg,Fe)O, augite 
(Ca,Mg,Fe,AI)Si20 e, akerrnanite - gehlentie 
Ca2(Mg, Fe )Si20 7 - Mg2(Ca, FeSi28 7 ) and 
monticellite- merwinite (CaMgSi04 - C a3Mg 
(SiO.)2). The si li cilicatipn products are the nor­
mal products that arc predicted by the high­
temperature (i.e., > ~}50°C) retorting of Green 
River oil shale. 

Samples examined for the Total Resource Energy 
Extraction (TREE"") project produced some very 
intere£ting results . TREE'" low void experiments 
were run under conditions that are not normally 
encountered in nature; hence, some of the miner­
al products were unusual. Oil shale was retorted 
along with the injection of a su lfur product gas. 
The resultant mineral assemblage reflected this 
sulfur in the formation of previously nonexisting' 
sulfur minel'al forms. Most sign ificall' of these 
were pyrrhotite (Fe,_.S). Sev'ral family species 
alt!'ralion3 of FE,_.S were encountered, including 
greigite (Fe7Sa) anhydrite (CaSO.,H20) and old­
hamite (CaS). Oldhamite is not a characteristic 
earth mineral, but has previously been found 
only in meteoric matter. 

3.11 ULTRASYSTEMS, INC. 

O~iective 

This program see ked to investigate the acid 
drainage potential of eastern oil shales. 

DiscussiOll 

Late in the second quarter of FY 84, the investi­
gation of the leaching behavior of a spent shale 
fronl the Institute of Gas Technology (IGT, New 
Albany shale) was terminated . No net acid 
production wa~ observed after 223 days exposure, 
which is not surprising in view of the carbonate 
and potential ferrous sulfide contents of the 
sample . 

Leaching studies carried OUt on a mixture (I: I) 
of raw and spent New Albany shale samples (to 
simulate the redeposition of spent shales with 
low-grade raw shall') failed to result in acid 
production after over 237 days exposure. 
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3.12 UNIVERSITY OF CALIFORNIA, 
BERKELEY 

Objective 

This prograf!l was implemented to obtain ratt~ ex­
pressions for the interdependent physical proress­
es of shale oil mist formation, dt;position, and 
drainage that ran be incorporated into compre­
hensive models to improve oil shale retort design, 
operation, and control. 

DiscussiOll 

A final report for this work, performed under 
DOE Contract No. AS20-80LC-I0350, was 
received. Some of the major technical findings 
are summarized here. 

Mist deposition and pressure drops were meas­
ured from oil-loaded granular beds rovering a 
wide range of experimental conditions. Mist drop 
size varied from 0.15 to 4.7 /lm. Gas velocity 
varied from 2 to 100 mm/sec, and the percentage 
of voids occupied by oil varied from 0 percent to 
76 percent. Decreases in efficiency were most 
pronounced where large drops were combined 
with low velocities. Here, sedimentation is the 
dominant capture merhanis1l1. Decreases of as 
mUJ:h as four-fold have been measured. Measure­
ments have been successfully correlated to permit 
prediction of deposition efficiency undrr similar 
circumstances .. Size distribution was measured of 
shale oil mists that have been formed from 
vapors during flow through an initially cold bed 
of shale rock. The oil used was retorted by GKI 
on December 2, 1978. The average drop size 
decreases fr01l1 about 1.3 I~ITI at a cooling rate of 
87°K/sec to about 0.3 /tm. These sizes are sig­
nificantly smaller than 1'11easurements made using 
a straight tube condenser, but they showed the 
samr trends with cooling rates aild vapor concen­
tration. Loss of larger dlOplets by sedimentation 
onto the rock surface appears to account for these 
differences. 
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3.13 UNIVERSITY OF WYOMING 

Objediue 

This program's goal was to determine the techni­
cal feasibility of radio frequency (RF) retorting of 
nil shale through an investigation of the basic 
principles involved in RF retorting. 

Back!;round 

Thermal conversion of oil shales in situ require 
rubbling of the shale to allow efficient heat con­
duction and convection and flow paths for the 
shale oil. Experimental work indicates the possi­
bility of' unrubbled oil shale conversion through 
the use of RF heatmg. As the shale heats the 
porosity increases, permitting recovery of the 
shale oil. This study is designed to investigate the 
basic principles of R F retorting of oil shale. 

The University of Wyoming is actively engaged 
in the third year of a 3-ycar contract for theoreti­
cal and experimental studies related to the phys­
ics of oil shales. To achieve the stated objective, 
it ; ~; necessary to investigate the basic principles 
involved in RF retorting, specifically: 

• The nature of propagation of electromagnetic 

waves in oil shales. 

• The absorpt ion properties (Jf electromagnet ic 
waves in oil shale materials . 

• The heating rates that can be achieved by RF 

methods. 

• The electromagnetic power requirements as a 
function of time. temperature, and volume of 

oil shale samples . 

• The mechanisms for oil flow as the oil shales 

are heated by RF methods . 

This work involves theoretical and experimental 
studies concerning the thermal and electrical 
propc'ties of oil shales. The contract has three 

phases: 

Phase 1 _ Evaluation of physical properties such 
as shale structure (mineralogy, etc.), reaction 
rates (kerogen and mineral decomposition), and 
mechanical, thermal, and electrical properties. 
FroIO these physical properties, models will be 
developed for beat flow 10 the heterogeneous oil 
shales, and for inclusion of dielectric constant 

effect. 

Phase 2 - Experiments suggested from Phase 

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
ing technical feasibility of RF retorting of oil 
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shales. 

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

retorting . 

Discussion 

The problem of volumetric heating of oil shales 
by electromagnetic methods has been studied the­
oretically. This study included both a detailed ex­
amination of heat conduction in composite 
media, and the development of a numerical 
model to describe the heating proce~s. 

The effects of layering on heat conduction in oil 
shale materials wa~ studied theoretically. A new 
solution to a heat conduction equation in heter­
ogeneous materials was developed that included 
both the effects of inclusions and contact 
resistance. The solution was presented in terms 
of the associated Green function and numerical 
results were obtained. In addition, a new solution 
to the heat condl.lction equation was presented 
for materials that consist of constituents whose 
thermal properties vary in a discontinuous man­
ner. This solution was also presented in terms of 
a Green function . An interaction technique was 
developed to solve the related eigenfunction 
problem. Numerical result s were exhibited for 
heat flow in layered materials . " 

A two-dimensional numerical model that 
describes electromagnetic heating of oil shales 
was developed . The model includes equations for 
temperature, pressure , saturations, chemical reac­
tions, mass conservation, and source terms. The 
gases arc all assumed to form one bulk species 
and the oil is assumed to remain in liquid form. 
The chemical reactions include pyrolysis of kero­
gen and char, release of bound water, coking, 
and decqmposition of carbonates . Porosity 'and 
'permeability arc dynamic functions of the organic 
n.aterials. Calibration of the model was accom­
plished by comparing the model results with ex-
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perimental data obtained b y the Tllinois Institutc 
of T echnology R esearch Institute (IlTRl). Non­
linear relationships for viscosity, thermal proper­
ties, and source terms were used as inputs to the 
model. A finite difference approximation to the 
differential equations was derived and solved us­
ing Newton's iteration technique. For the cases 
studied , the solutions are quite stable. 

Oh}r'ctiues 

The objectives of this progrmn were to (1) de­
velop theo retical fracture mechanics tools that are 
applicable to transversely isotropic materials such 
as sedimentary rock (more particularly oil shale); 
and (2) develop a fracture mechanics test proce­
dure that can be c.onveniently used for rock 

specimens . 

Background 

Rasic to the und erstanding and plan,ling of in 
situ fragmentation and ex-situ mir ing of oil shale 
are the mechanical properties of ', !">P. shale. This 
research is an extension of a research project en­
titled "M echanical Properties of Oil Shale," origi­
nally fund ed in February 1977 , by the ERDA 
Fossil Energy Program , through its Division of 
Oil, Gas, and Shale T echnology, under Contract 
No. EF-77-S-04-3954. Later , the project was ex­
tended to 1983 to include physical characteriza­
tion of selected oil shale. During the past 6 
yea rs, a program was establi shed that developed 
an efficient methodology for standardized and 
simplified mechan ical testin g of western oil shale. 
The ex periment s indude precise, rep resentative, 
ancl duplicable sample preparation; uniax ial stat ic 
compressiun testin g; "modified" split cylinder test­
ing; .uniax ial creep ancl relaxation testing under 
ex tended periods of time; dynamic testing with 
\'arying strain rates; fati gue resistance; and three­
dimensional consti tu t ive relationships. The varia­
bles in vestigated include organic volume, mineral 
('ontpnts, stratigraphy, stra in rates, and st ress 

le\Tls. 

Numerical modeling and rubblizatiun experi ­
ments have been performed by various invest iga­
tors. Surface uplift blasting h as been successful 
for shallow forma tions; it also provides opportu ­
nities to invest igate hi gh strain-ratc rock mechan­
ics . Rock rubblization experiment s, including thc 
propagation of stress waves, were described. 
Time-explicit , finit e-difference numerical analyses 
were applied to evaluate the stimulation treat­
ment in the multi ple fracturing of well bore, and 

to study explosively induced fractures in void 

generation. 
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However, as far as the fracture mech~nics are 
concerned, the fundam ental explosive rock br",,!..­
age mechanisms are still not understood, which 
has necessitated extensive reliance on very cost.ly 
empirical approaches. Fracture mechanics of oil 
shale have been based on conventional fracture 
mechanics that use notched samples and assume 
the material to be isotropic and elastic. Oil shale 
is a layer material that is more accurately charac­
terized as t;-ansversely isotropic; it behaves non­
linearly due to stress dependency. Furthermore, 
the notches upon which cracks initiate are ex­
tremely sensitive to the location of the bedding 
planes (layers). Consequently, a more promising 
fracture mechanism should involve the average 
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. 

Discussion 

A critical rev iew of the state-of-the-art of fracture 
mechanics on layered rocks has been completed. 
Recommendations a re made for innovative and 
promising methods for oil shale fracture mechan­
ics .. Numerical and analyti cal studies of mixed­
mode fracture mechanics of oil shale are be ing 
in vest igated. Transversely isotropic properties of 
oil shale are iI)put using isoparametric finite ele­
ments with singular elements at the crack tip. 
The model is a plate with a center edge crack, 
whose angle with the edge varies to study the ef­
fect of mixed- mode fracture under variou s condi­
tions. The cracked body is represented 
geometrically by four finite element grid s with 
the notch at 30, 45, 60, >'and 90°. 

Once a numerical solution is found using the 
finite ekment method, it is necessary to be able 
to estimate the crack tip stress intensit y factors 
using the established crack tip relat.ions. This 
study uses a direct method in which thc displace­
ment field is uscd to find thf' strcss intensity 

factors. 

The conic-sec ti on simulation analys is is a method 
to determine stl'CSS intensity factors when using 
the finite clemcnt analysis. The method involves 
the mapping of the nodal displaccments into a 
si ngle elliptical fun ct ion . It has been shown that 
a relatively coarse mesh cou ld be used to obtain 

reasonably accurate result s. 
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The <.:anic-section method was checked using the 
displacement method and an isotropic material 
since solutions are available for comparison. Four 
transversely isotropic materials werc analyzed, 
and the effct:l of the angle changc on thc strcss 
intcnsity factors was studied. The matcrials ana­
lyzed includc Grecn River Formation oil shale 
with an organic volume of 30 percent and a 

stress level of 21 pcrcent. 

Verification runs on stecl were made to check thc 
validity of the analysis in this study using the 45° 
and goo meshes. The values obtained check 
favorably with results published by the Society 
for Experimental St ress Analysis (SES ). Com­
parison between the displacement method and 
the conic-section simulation mcthod yiclds rcsults 
for all angles of narks agreeing closely in both 

methods. 

Precracked disks of oil shale cored perpendicular 
to bedding planes are being analysed numerical­
ly. Frart un' toughnesses are determined by (1) 
strain energy method, and (2) elliptic simulat ion 

method. 

3.14 BATTELLE-COLUMBUS 
LABORATORIES 

Objf(liv(' 

The program was fOCllsed to develop the multi­
solids, fluidized-bed rombustion (MSFBC) oil 

shale retort concept . 

Backgrolllld 

1 n 1974 , Battelle initiated <.In internally funded 
program to develop innovative technology to 
satisfy the need for a high-performance combus­
tion system tha't would enable expanded usc of 
,olid fuels of all types, while meeting emission 
~tandards. The MSFBC process resulted from 
th is developmc'l1t effort. This process features an 
entrained bed of small or light particles (typically 
sand or lime' tone) and a permanently fluidized 
dense bcd, both in the combustor. The entrained 
bed acts as the heat carrier , in addition to con­
tributing to the excellent quality of fluidization 
achieved in the MSFBC. Tht' MSFBC has 
demonstrated high-combustion efficiencies. wide 
flexibility in Iud feed rate, and an ability to 

process a \\ ide range oC fuel types and particle 
sizes. The high degree of mixing and heat trans-

fer, fast heat-up rate, and high throughputs were 
thought to be beneficial for thc retorting of oil 

33 

shale. 

Discussion 

In this concept (see Figure 5) oil shale is fed to a 
MSFB 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 is elutriated from the retort column, cap­
tured in it cyclone, and fed to a fluidized-bed 
combustor where the residual carbon in the 
retorted shale is burncd to reheat the recirculat­
ing entrained phase. Mixtures of steam and 
nitrogen were the fluidizing media. Key operat­
ing parameters of retorting temperature, shale 
particle size, rcsidence time, throughput, and use 
of steam on oil yield of eastern oil shales were 

determined. 

The system's ability to process large shale parti­
cles was demonstrated in a preliminary cold 
model invest igation funded by Battelle. In the 
first series of tests, thc ability to operate a con­
ventional fluidized bed was compared to that of a 
MSFB retort. Operation of the 6-inch diameter 
cold model was limited to particle sizes of less 
than Y2 inch in diameter when operated in a 
conventional fluidized-bed mode, even while su­
perimposing an entrained phase similar to that 
obtained in a "fast-fluidized bed." However, with 
the addition of a third material act ing as the 
dense-phase medium, shale particles as large as 
2.5 inches in diatneter cou ld be fluidized in a 

well -mixed, stable system. 

To achicve this condit ion, both the dense bed 
and the entrained phase had to be present. This 
synergistic t'ffeet between dense-phase material 
and entrained phase permits the MSFB to 

achieve stable operations over a wide range of 

conditions. 

The prcliminary cold model experiments demon­
strated that stable condit ions could be achieved 
with a superficial gas velocity as low as 16 ft/sec 
and an entra ined phase recirculation rate as low 
as 3,800 lb/hr-ft2, based on the cross-sectional 
area of the reactor. The maximum value for ve­
locity was 24 ft/sec. The maximum value for 
entrained-phas!' recirculation ratc was 12,000 
lb/hr-ft2. These limits resulted from physical con-

straints of the model. 
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FlGURE 5. BATTELLE MULTI-SOLID FLUIDIZED-BED OIL SHALE 
RETORTING CONCEPT 

Fillt' particles are typically easily processed in a 
fluidized bed, as long a~ they have sufficient resi ­
dence time to complete the desired conversion 
before being elutriated from the bed. One might 
expect that the residence time of fines would be 
ex tremely short in a fluidized bed that is operat­
ed with a superficial gas velocity of 20 ft/s<'c or 
more. However , the presence of the dense bed in 
the MSFB inhibits fines elutriation and substan­
tially increases residence time, as illustrated in 
figure 6. This increased residence time , along 
wi th the extremely high heat and mass transfer 
rates obtained in the turbulent f1uidi zed bed , was 
su fficient to obtain a high conversion efficienc y. 

To minimize equipment costs associated with this 
program, the ~xperiments were conducted in a 
process research unit (PRU) originally des igned 
and currently upcratl'd to develop a fore st residue 
gasifier (FRG) similar to the MSFB oil shale 
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retort. The PR U was designed as a flexible sys-' 
tem capable of integrated ope rat ion of the 
retort/combustor system. For all but the last test, 
the system consisted of a 6-ineh 1.D. retort cou­
pled to a 40-inch l.D. combustor. The last test 
was conducted wit h a 10-inch 1.D. retort . T he 
retort and all connecting piping are constructed 
without refractory linings to reduce costs and 
time required to reach steady-state operation. 
The PRU combustor is refrac tory-lined and is 
oV('l'sized to ensure that the retort, which receives 
all its heat from the circulatin g entrained-solids 
phase , can be maintained at a suffi cient tempera ­
ture . Natural gas is add~d to the combustor as 
needed to help balance the large heat losses in ­

herent in a small-scale system. 

The retort can be operated at temperatures to 

1,60001' and pressures to 5 psig. A linear gas ve­
locity of 20 ft /see was selected for the design 
bases, giving it g:1S residence time 01 about 1 ~('-
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cond in the 20-foot long reactor . Entrained sand, 
retorted shale, and sp-:nt shale were separated 
from the product gas and vapors in a disengager , 
and were returned to the combustor. The retort­
ed shale was burned in the combustor to heat the 
sand and spent shale, whieh was recirculated to 
the retort to supply heat. The combustor is a 
cunventicnal l1uldized bed designed to operate at 

temperatures to I ,900oF. 

Due to the difficulties encountered in operating a 
satisfactory prodl\ct condenser/collect ion system, 
all oil yield data were obtained fronl analysis of 
the product gas and vapor stream. Product col-

\eclion by a total product cC.'ndenscr was not 
sufficient due to the low concentration of 
hydrocarbon vapors in the product vapor and gas 
stream. Since nitrogen was used to simulate recy­
cle product gas, the product vapor was signifi­
cantly diluted by a noncondensible gas. As a 
result, the dew point for the hydroc:arbon vapors 

was unusually low. 

The experimental results indicating enhanced 
yields by the use of steam to fluidize the retort 
are fairly · consistent with results obtained by 
others working in fluidized-bed oil shale retort-
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ing. Yield. to 162 percent of Fisc:1er Assay (54.6 
percent carbon conversion to oil) were obtained 
with steam, while yields were at or below Fischer 
Assay when nitrogen was used to !1uidize the 
retort. The low oil yield obtained with nitrogen 
was surprising since other investigators have 
found moderate yield enhancement in !1uidized­
bt'd retorting due to the rapid heating rate ob-

tained. 

A limited number of tests were run to determine 
the effect of shale particle size. In these tests, 
three different size distributions of the feed were 
used. These ~\ze distributions were 100 percent 
minusY4 inch, ~ inch x 1/4 inch, and 100 per­
cent rPinus~ inc.h D .... e the manner in which the 
shale fractule5, the larger pieces (up to about 10 
percent of the feed in the latter case), had one 
dimension equal to or slightly greater than 1 
inch. Again, no discernible difference in yields or 
the system's ability to handle the feedstock Nere 

observed. 

Cold model experiments indicated that the 
MSFB retort can process shale particles up to 2.5 
inches in diameter. The synergistic effect of the 
dense bed and the superimposed entrained phase 
results in a sta.ble !1uidized bed, even with the 
presence of these very lar ge shale particles. For 
comparison, a few cold model tests were conduct­
ed without the dense bed. Under these condi­
tions, the maximum shale particle size that could 
be used, even with a recirculating entrained 

phase, was limited to about Y2 inch. 

Throughputs in excess of 3,300 Ib/hr-ft2 were 
,lchiev d. The relative insensitivity of feed rate 
on retort performance indicates that shale resi­
lknce time does not signilicantly vary as a direct 
function 01 throughput. In the MSFB retort, 
shale residence time is more a lunction of particle 
size than throughput. Small particles always have 
a fairly short residence time because they arc en­
trained in the fluidizing gas . Fortunately, these 
slllall particles pyrolyze rapidly. Large particles 
that cannot be entrained remain in the dense bed 
region until they are retorted, by which time they 
break down sufficiently to be elutriated. Tests in­

dicate that the larger particles remain in the bed 
for as long as 20 minutes; however, at no time 
did the solids inventory cause an operational 

upset. 

An economic analysis indicated the cost of crude 
shale oil would be approximately $37.00/bbl com­
pared to a cost of $50.00/bbl for a simila~-sized 
Paraho plant (1983 dollars). 

3.15 GULF RESEARCH AND 
DEVELOPMENT COMPANY 

Objective 

This program's objective was to develop an un­
derstandmg of the fundamentals of a solvent 
hydrogen donor process . The process would be 
used to convert kerogen in eastern U.S. shales to 
useful products. Other program objectives were 
to determine the effect of donor content on con­
version, changes ;n l< .. ro~<:n an" products with 
conversion conditions, and the late of the donor 
solvent including material balances with losses 
through isomerization, adduction reaction , and 

physical retention in the rock matrix. 

Discussio71 

Two specific samples of shale were suggested for 
use in this project. The first sample was supplied 
by the Kentucky Center for Energy Research. 
This shale sample is designated "Hilpat shale." It 
was obtained from a freshly mined 25-foot (verti­
cal) face in Fleming County, Kentucky, and is 
part of the Cleveland member of Ohio shale. 
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The second sample of eastern U.S . shale was ob­
tained from Battelle-Columbus Laboratories It is 
designated "Indiana shale," and was mined and 
originally obtained from Phillips Petroleum. 

Available analyses of the shale samples are given 

in Table 4. 

Two samples of th" Hilpat shale, one being un­
treated 150 J.tm x 0 material and the other being 
material that had been subjected to prior chemi­
cal demineralization treatment, were beneficiated 
by froth !1otation in a Denver cell. Concentrates 

containing 60 percent organic carbon were 
produced. Thc beneficiation results are shown in 
Figure 7. The frothl!1oated fraction was further 
concentrated by hydro!1uoric acirl/hydrochloric 

acid (HF/HCI) treatment. 

Complete elemental analyses for various samples 
of treated Hilpat shale arc shown in Table 5. 
Elemental analyses are shown for the "as­
received," acid demineralized, frothl!1oatcd, and 
froth/!1oated plus acid demineralized samples of 
Hilpat shale. Also shown in Table 5 are thc cal­
culated atomic II/C ratios for the various 

samples. 
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TABLE 4. SHALE SAMPLES· 

Eastern 
U . S. Shale Eastern 

(Hilpat Sampr.;r- U.S . Shale 
Cleveland Member --:"(I:":n:":d'::'ia:":n:":a':;)=---

Ohio Shale Phillips Petroleum 

Shale Designation 
Fleming Cty., KY San'ple 

Analysis, Wt % 

Moisture 
2.6-2.9 1.5 

Carbon (HF Basis) 12.2 12.0 

H yorogcn 
1. 3 
0.4 

Nitrogen 
Sulfur 

2.2 

Fischer Assay 

Oil Yield (g/t) 10 .1' 
1 \.8' 

tl,O YIt!ld (g/t) 10 .0 
6.9 

Oil Gravity: 60/60 0.9443 0.9504 

Gas from 
Fischer AShay Mol % Wt % Mol % Wt 0/0 

H yd rogen 30.4 2.8 25.3 2.0 

CO 
3.4 4.3 2.4- 2.7 

CO, 
6.6 13.2 1\.3 19.7 

H ,S 
21.3 334 :3 \ .1 4 \. 9 

C, 2 \.0 15. :1 14 .6 9 .3 

C,= 
1.7 2.2 \. 8 2.0 

C, 
7.5 10.3 5.4 6.4 

C, ~ 2.3 4·.5 2.2 3.7 

C, 2.8 5.7 2.4 4.1 

C .. \ 
2.4 6.3 2.8 6.3 

C,'s 
0.6 1:8 0.7 1.9 

100.0 100.0 1000 100.0 

Yield 
(g/IOO g Shale) 

1.61 3.46 

Notcs. 
'This spccit"lc shalc sample contained 11 .87 percent 10-

tal carbon and 0.1 1 percent carbonate carbon. The 
Fischer Assay residue contained 7.79 percenl lOtal 

carbon . 
'Thi~ shale "ampk contained 12.).4 percent total <:ar­
bon ancl 0.44 pClccnt carbonate Larbon. The FA 
residlle con tained 8.32 perrcnt total carbon . 

T hcsr rrsults c\e1ll0n,:ratl' the rc\ative merits of 
the diiTerent tnl'tliot\ s ror concentrat ing the or­
~;tnics in cast ern o il sh1\le. Acid demineralizing 
a lone results in a 20 percent (absolute) decrease 
ill mineral matter with no appa rent inclusion of 
chlorine o r l1uorinl' rWtll the mineral ;t(iC\s \.I ,ed . 
A sample of more concentrated organic material 
call be gcncnltcc\ b y froth/l1otation . frothl 110ta-

tion resulted in a decrease of the mineral matter 
co nearly 52 weight percent. Interestingly, sulfur­

bearing m aterial seems to be lost by frothl flota­
tion, but not by acid demineralizing. Pyrites with 

specific gravities of about five are liberated, 
prt-sumably , and sink during the frothlOotation. 
The HI' and HCl used in the acid demineraliz­

ing would not be expec'erl to dissolve pyrites. 

The most concentra ted organic-containing kero-
gen was obtamcd by first frothl floating the Hil­

pat shale and then acid deminerali7.ing the 
recovered 110ated material. Bitumen that might 
have coated some mineral matter of the froth/ 
l10ated shale was removed by Soxhlet extraction 
prior to treatment with mineral acids. The result ­
ing kerogen concentrate from the combined tl'e1\t­
ment contained about 55 percent organic matter. 

Despite effort s to remove metastable Iluoro­
silica tes, the combined-treatment concentrate con­

tained about 7 weight pe rcent nUQl·ine. 

The result s shown in Table 5 also coniirm pno
r 

literature Endings that the organic material in 
eastern o il sh dle is more coal-like than the kero­
gen found in G reen River oil shale. Typical 
e1\stern kerogen H/C values (Table 5) are about 
1. 1. Green River kerogen H/C values are typical ­

ly 1.4 to 1.6. H ence, eastern kerogen contains 
much less h ydroge n per organic carbon atom . 
The elem en tal analysis data anJ previously ob­

tained solid carbon-13N MR data (along with 
similar data in the lite raturL; supports the con ­
tention tha t eastern oil sh ale ke rogen is mut-h 
\11ore a rornat ic than Green River kerogt::n . 
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Saponification "f the acin treated COlKentrat e kd 
to the conclusioll that le ss th 'lI1 1 percent of the 
organic mattcr in this keroge ' l salT' pie exist; as 

saponiEable ester. 

Tril1uornperoxyaCl't i(' ac id (TFP t\) (lxiclat ion of 
the froth/l1oated arid dCIllinel'<l li zed ('onn'ntratc 
was used to retain alkyl groupS and hurn aW<lV 
aromati cs. Proclucts art· presently being ickntilicd 

and quantiEed by GC/MS techniques. 

Reductive alkylat ion of HCI/HF extracted Hilpat 

sh ale using hexarnethylphosphorictrial11 idl' 
(HMPA) showed that this keroge n is more likl' 

coal than western oil sh ale keroge n . and that 
toluene solubility was increased to :3 pere

ent 
b\ 

we ight of the organ ic malter. Thi~ was an ordl'l' 
of magn itude higher conve rsion thall was ob­
s(,1'\('d wi th Grl'en River kl'l'ogen. ,H -;\ ~lR 
analysis of these Hilpdt toluene solubks l'l'\Tab 

the extract to be primarily aliph<lti r. 
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Hydrogen don')r runs have been made in a 
microreactor with Hilpat, Indiana, and western 
shales to observe the importance of u.ing donor 
solvents in achieving high conversion levds. Ex­
periments wen' also done to observe changes in 
the donor solvellt. These experiment s were used 
to observe the extent of solvent crackin g and 
isomerization, and to measure the extent of 
chemical attachment (adduction) of the solvent 
with itself and shale-derived products . 

The experiments were perfo' , ned at temperat ures 
to 450°C and reaCtion times I • tween 0 (allowing 
2.5 minutes I~l r heating) and jO minutes. The ex­
periments were carried out with equal weights of 
shale and solvel'\' Unless spC't ilied. the experi 
ment s were conducted using a I1ltrogen at ­
mo~pherc at 0.3 MPa(50 psig) press1lre. 
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With Hilpat shale, donor solvents fdl in the fol­
lowi ng decreasing ,)rdcr of effectiveness, based on 

carbon conver~ion: 

• OC1ahydrophenanthrenc 

• Dimethyltetralin 

• Tetralin 

• Tetrahydroquinoline (THQ) 

• Uecalinc 

• Mesitylcne 

At reaction conditions of 450°C (842° F) and 
30-minute resilience tillie , up to 70 perccnt of thc 
Hilpat shale was convertcd to liquid and gascolls 
products using octahydrophcnanthrcl1c. On a ral 
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TABLE 5. ELEMENTAL ANALYSES OF VARIOUSLY TREATED HILPAT SHALE 
SAMPLES 

Elemental AnalYlis, Wt %' 

Sample C H N S 0" CL F Ash H/C 

Hilpal Shale, 11.61 1.59 0.42 2.23 4.66 0.05 0.72 80 .18 1.41 

As Received 

Hilpat Shale, 27.5 1 2.41 0.R3 4.88 5.03 -0 .40 63 .09 1.0'i 

Acid D mineralized 

Froth/Floated 34.75 3.43 1.01 2.95 4.89 0.00 0.75 52 .64 1.17 

Hilpat Shale 

Froth/Floated 37.89 3.46 1.08 2.85 7.38 0 .00 7.07 45.17 1.08 

and Acid Demineralized 

Hilpat Shale 

• Elrlllental analys('s wert. pt'rlormed by either Galbraith Laborato ries. Knoxville, Tcnm'sscc, or MicroanalysIs, lnc .. WilminK­

lon , Dda\\are 

Dirt'rtl) dt' Il' lInim'c\ OXYK" n by a modified Untt'rzarchcr Method. 

bon basis , this is equivalent to 2.0 times Fischer 
Assay. At the same reaction conditim-,s. an 83.7 
percent carbon cOllversion level was observed for 
the Indiana shall'. This is 2.4 times the Fischer 

Assay conversion \Pvcl 

Fuur ('xtract ion runs with Hilpat shale were 
made using a cascade reactor system. If' this sys­

t"11I, rt solvent/shale slurry was injected into a 
preheated reactor. With tilt' solvent tetralin at 
I ('action conditions of 400°C and 30 minutes. 
this shale underwent a carbon conversion of -
+0 percent (1.2 x FA) . With in('\'ea~ed conditions 
to HO°C and 60 minutes, carbon conversions of 
_ 53 percent (1.6 x FA) were observed. Even in 

the latter case , low hydrocarbon gas yields oc­

curred (0.4 gm /100 gm sha le). 

Initial experimenl s with an Indiana ~hale in both 

Ihl' ca -calle a nd microautoc\ave reacto rs have 
resulted in hi gh conversion levels. At 45()OC in 
tetralin , carbon cOllversion (toluene solubles) lev­
els to 75 percent w(,rt· observed . With the nOIl ­

donor solvent decalin , ('onver~ion levels 
approached 50 percent . Tl,is is in co ntrast to a 
Fischer Assay carbon cO llvl'1'sion level of 34 pel' ­

(Tnt for this shak. 

To provide a compa ri son with the above experi­

mellts with eastern shalt-. a series of I uns were 
made at 400 0 (; ming western ~hale and thc sol­
vents t('tralin or II1csitylene . From the r(,sults, it 
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appears that the solvent is playing a different role 

in the conversion uf the two shales. 

Specifically , mesitylcne (MST) was a better sol­
vent at 400°C for th~ western shale, or, perhaps, 
some tetralin was depositing on the shale in tht. 
form of coke , thereby resulting in a decrease of 

apparent conversion. 

It ha s been demonstrated that the extent of shale 
conversion is st:'ongly dependent upon donor ca­
pacit y; solvent losses through adduction are ac­
ce ptable for hydrocarbon solvents but excessivl' 
for nitrogen-containillf.{ solvents; hydroarolTlatic 

solvl'llt losses through isol1lerization and cracking 
an' reasonable at about :/ percent per pass. Ini ­
tial results of the analy~is of the oils from shales 
indicate a C() lllposit ion about equally distributed 

between aromatics. hydroaromalics. a.nd com­
bim:d a lkenes and alkanes. Detailed product 

charanerization is ullderway. 

3.16 ROCKWELL INTERNATIONAL 

Objl'(/ it'I' 1 

Thc goals of thi s progra\ll al c to (1) conduct till' 
testing. data rcduction, and chemi(al <lIlah-sis 

nccessary to determine the pnflll'lnann' of 
eastern oil shall' in a nash h\'drop\Tolnis (FliP) 

_J 
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reactor; (2) select operating conditions suited to 
high yi,,:lds of shale oil; and (3) perform a con­
ceptual analysis 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 
from 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 feeci.;t::,,;ks. 

In FHP, the oil shale is reacted with heated 
hydrogen at moderately elevated pressures (500 
to 1,000 psig) in a compact, entrained-flow reac­
tor to produce a selected high-quality product 
slate. Very short residence times and low reactor 
temperatures (i.e., high severity) favor · 
hydrocracking of liquids and maximum produc­
tion of gaseous prorlurts . Shale particle heat-up 
rates are extremely rapid (- 50,000°F/s), and 
devolatilization of the kerogen occurs in mil­

liseconds . 

The residue (spent shale) retains all of the shale's 
ash content and any unreacted carbon. It is sepa­
rated from the hydrocarbon products while they 
are still in the vapor phase and is recovered as a 
dry, free-flowing granular solid for disposal or 

further processing. 

Discussion 

The feedstock Llsed during the reactor testing was 
a Cleveland Member of the Ohio shale obtained 
from the University of Kentucky's Institute for 
Mining and Minerals Research (IMMR), Lex­
ington , Kentucky . The raw shale was pulverized 
to approximately 70 percent through 20G mesh. 

Selection of the planned reactor test conditions 
was based primarily on analyses that use Rock­
~ell's generalized kinetic analysis progra:n, in 
conjunction with supporting experimental data 
from FHP testing with coal, heavy residual oils, 
and shale oil aT Rockwell. The work of other in­
vestigators in the field of eastern oil shale conver­
sion was also reviewed . Results of the test 
condition selection analysis indicated that: 
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• The reactor temperatun: range t)f intf'rest 
was approximately 1,000 to 1,400° F. 

• The residence time range of interest was 30 to 

500 ms. 

• The sensitivity to reactor pressure was low. 

A minimum reactor temperature of about 
1,0000F is required to obtain significant 
devolatilization of the oil shale, while tempera­
[ures much above 1,400°[0 will probably produce 
excessive liquid fragmentation and, hence, result 
in high gas production. A minimum residence 
time of == 30 ms was calculated to be necessary 
for heat-up and devolatilization of the oil shale. 
It was also estimated that residence times of > 
500 ms would result in excessive liquid fragmen-

tation. 

All six of the tests were conducted at a normal 
reactor pressure of 1,000 psig and a nominal oil 
shale flow rate ofY. ton/h. The reactor used for 
the first three tests provided a nominal residence 
time of 200 ms; the reactor used for the last 

three tests provided 75 ms . 

Increasing the reactor temperature from approxi­
mately 1,100 to 1,4000F increases overall carbon 
conversion and conversinn to gas, and decreases 
conversion to liquids. The overall conversion 
varies from 61.4 percent to 70.0 percent, and ap­
pears to reach a plateau at - 70 percent. Car­
bon conversion to gas varies from 7.1 to 28.6 
percent, while conversion to liquids varies from 
55.5 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 investigated . Overall, carbon conver­
sions to gas increase at longer residence times, 
while the corresponding carbon conversion to li­
quid decreases. Shale oil prodl' ':tion decreases 
with increasing rf'actor severity, ranging in quan­
tity from approximately 19 .0 to 13.5 gallons of 
raw liquid produced per ton of oil shale. 

Along with the hydrocarbon liquids, carbona­
ceous gases are formed in the reactor. The 
methane concentration in the gas ranges from 
about 35 to 50 mole percent and decreases with 
increasing reactor severity. The total C 2 , C 3 , and 
C. hydrocarbons account for about 50 mole per­
cent of the gas over the entire range studied. 

In general, hydrogen consumption increases 
linearly with reactor severity, a trend that is con-
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sistent with previously observed Rockwell coal li­
quefaction test data. 

Analysis of the data obtained during the test ser­
ies resulted in the selection of a1'. operating point 
that is suitable for producing high yields of shale 
oil , high-value olefin by-products, and a portion 
of the plant fuel gas requirements. 

Based on the selected operatmg point, a commer­
cial plant conceptual design was developed. This 
plant was designed to produce 50,000 bbl/day of 
partially hydrotreated shale oil thut was suitable 
for use as refbery ff'edstock 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, 
1,2000 F, and 75-ms residence time. The yield of 
upgraded product oil is approximately 21-gal/ton 

of dry shale. 

Approximately 11 percent of the carbon .n the 
shale is converted into Ca-C. paraffin and olefin 
compounds. Although fuel gas is needed for 
several plant systems, the high value of olefins ;!.s 
a plant by-product (- $10/million Btu) makes 
them less desirable to use as sources of fuel. 
Therefore, it was decided to recover ethylene and 
propylene from the gas as a saleable by-product, 
and to incorporate a steam cracking plant into 
the process flow shf'et to convert Ca-C. paraffins 
to olefins. Hydrogen produced during the crack­
ing process also helps to reduce plant require­
ments for makeup hydrogen. Plant fuel 
rf'quirements 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 into 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), propylene (460 tons/day), anhydrous 
ammonia (187 tons/day), and sulfur (1,016 

tons/day). 

The shale is dried to 2 percent maximum 
moisture content, and is conveyed to crushers 
that reduce the size to Y:z ir.ch maximum. The 
crushed shale is then sent to ball mills to 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 tmifonnly mixed with 
1,500oF hydrogen . The heat content of the 
hydrogen is sufficient to pyrolyze the oil shale 
and raise the products to aI, 200°F reactor exit 
temperature. Residence time in the reactor is 75 
ms, during which - 67 pr.rcent of the carbon in 
the shale is cODverted to liquid and gaseous 

products. 

The total plant investment 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 Oil Shale Program will complete the 
transition to 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 concepts to produce liquids 
from shale can be developed. The highest priority 
in both the technology base and environmental 
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 is designed to acquire the 
best possible data. The second phase is designed 
to utilize the data through systems analysis and 
environmental control technology development to 
result in design of efficient, cost-effective, and en­
vironmentally acceptable conversion systems. The 
major activities to be initiated in FY 85 are as 

follows. 

• The detailed 5-year plan for the chemi­
cal/physical properties and behavior of oil 
shales activity will be completed in early 
FY 85. Implementation of the plan will be­
gin. WRI has been 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 be 
awarded for the acquisition, preparation, 
and storage (in 5- and 55-gallon contain­
ers), of at least 10 reference shales. The 
reference shale will consist of at least five 
eastern and at least five western shales. By 
the end of FY 85 the bank will be estab; 
lished. Preparation of the first pair of refer­
ence shales for use in FY 86 will be 
underway. 

• The detailed 5-year research plan for the 
surface processes - fast heat-up rate activi­
ty will be completed by METC in early FY 
85. METC will design, construct, and be­
gin operation of reference retorts needed to 
understand the chemistry and physics of the 
conversion phenomena at fast heating rates . 
METC will initiate development of a 
mechanistic model for fast heat-up rate con­
version of oil shale. 

• The detaikd 5-year research plan for the 
surface processes - slow heat-up rate ac­
tivity will be completed by LLNL in early 
FY 85 . LLNL will design, constfllct, and 
bt'gin operation of reference retorts that arc 
needed to understand the chemistry and 
physics of the conversion phenomena at 

slow heating rates. LLNL will use its exist· 
ing models as predictive tools for the 
laboratory experiments . Considerable 
experimental data exists for various slow 
heat-up rate processes. These data, albeit of 
various quality, represent a large data base. 
LLNL will complete a reference data book 
incorporating all the knowledge existing 
for slow heat-up rate processes based on 
the existing experimf'ntal data. LLNL will 
also complete a modeling and evaluation of 
the hydroretorling process . 

• The detailed 5-year research plan for the in 
situ effort in the in situ processes and rock 
fragmt'ntation activity will be completed by 
WRI in early FY 85 . WRI will continue its 
efforts to ullderstand the phenomena in­
volved in in situ conversion through me of 
its facilities, especially the low void 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 feet , can be used to simulate 
horizontal in situ conversion processes . 

• The detailed 5-year research plan for the 
rock fragmentation effort in the in situ 
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processes dnd rock fragmentation activity 
will be completed 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 
for 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 early FY 
85. If 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 initiate 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 transfer of the data 
to METC for compilation and analysis. 
METC/LPO will contract WRI to provide 
the LETC data base. 

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

• METC, with the support of LANL, will in­
itiate developm~nt of process evaluation in 
the systems analysis activity. The ASPEN 
code will be the primary tool for descrip­
tion and analysis of complete oil shale sys­
tems from extraction to production. As the 
activity progresses, ASPEN will be used to 
identify research needs and data gaps, and 
will be used to direct the research within 
the program. 

• In the novel concepts activity, METC/LPO 
will solicit research from private industry. 
A novel concept is one with potential for 
significantly improving resource recovery 
through process efficipncy, 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 
modeling and laboratory experinlf'ntal work 
utilizing volumetric heating by RF . IITRI 
and Texaco have completed RF field tests , 



but no predictive modeling capability was 
codi~posal, and PNL will complete the 

available. This 3-year contract will result in 
speciation studies of gaseous effiuents. The 

a predictive model for future laboratory 
LANL effort will relate directly to siting 

and field testing of the concept. 
methodology. 

• The derailed 5-year research plan for the • The detailed 5-year research plan for the 

siting methodology activity will be complet-
environmental research - water activity 

ed by LANL in FY 85. LANL will initiate 
will be completed by WRI in early FY 85. 

modeling and laboratory efforts. The initial 
In mid-FY 35, when year 3 of the DOE-

focus will be on air dispersion and trans-
WRI cooperative agreement begins, WRI 

port modeling on a regional basis (e.g .. the 
will refocus its efforts to characterization of 

Piceance Basin), and on the correlation of 
aqueous effiuent streams. METC and 

resources and existing processes for plant 
LLNL will characterize the aqueous er-

siting in the Piceance Basin. The new ac-
l1uents from their respective reference 

tivity is designed to provide a system of 
retorts. LBL will complete the wastewater 

models that describes the regional impacts 
treatment study. PNL will complete the 

of various schemes for siting commercial 
speciation studies of aqueous effiuents. 

plants. The models and data generated will • The detailed, 5-year, laboratory-scale 

result in the capability to predict tech- research plan for the environmental 

nological environmental effects and id-:ntifi- resedrch - solid waste activity will be com-

cation of the type and amount of control pIe ted by WRI in early FY 85. In mid-FY 

technology required at a specific site for a 85, when year 3 of the DOE-WRI coopera-

specific process. Such capability will be use- tive agreement begins, WRI will refocus its 

ful to government, industry, and regulatory efforts to characterization of solid diluent 

agencies in future decisions and policies. streams. METC and LLNL will character-

• In the environmental data base activity, 
ize the solid efl1uents from their respective 

METC will initiate the data inventory in 
retorts . PNL will complete the speciation 

FY 85. METC will identify the data sets 
studies of solid efl1uents. In late FY 85, As-

and format required for computerization of 
sociated Western Universities (AWU) and 

the oil shale environmental data base. 
Waterways Experimental Station (WES) 

LANL, LBL, LLNL, PNL, and WRI 
will complete the detailed engineering-scale 

through a METC/LPO contract , will begin 
research plan for solid waste disposal. 

transfer of the data to METC for compila- • The detailed 5-year research plan for the 

tion and analysis. environmental research - retort abandon-

• The detailed 5-year research plan for the 

ment activity will be completed by WRI in 

environmental research - process gas/air 

early FY 85. In mid-FY 85, when year 3 of 

will be completed in early FY 85 by WRl. 

the DOE-WRI cooperative agreement be-

In micl-FY 85 , when year 3 of the DOE-

gins, WRI will refocus its efforts to address 
the retort abandonment issues identified in 

WRI cooperative agreement begins, WRI the research plan. 
will refocLlS its efforts to characterization of 
gaseous effiuent streams. METC and • METC/LPO will co-sponsor the Fifth In-

LLNL will characterize the gaseoLlS ef-
ternational Conference "Chemistry for Pro-

l1uents from their respective reference 
teet ion of Environment." This transfer of 

r('tort~. LBL will complete the characteriza-
technology will be for the international 

tion of gaseous efl1uents relating to 
community and the private sector. 

43 

L 



5.0 LIST OF ACRONYMS 

APF Anvil Point s Facility 

AWU Associated W estern Universities 

C/CL co mbustion/chemiluminesce nce 

COS carbonyl sullide 

DI deionized water 

DIC dissolved inorganic carbon 

DOC dissolved organic carbon 

DOE Dppartment of Energy 

DTG diffe rential thermal gravimetry 

ERDA Ent'rgy R esearch and Development Administration 

FBR fluidi zed-bed retort 

FFBT fi xed· fillll biological treatment 

FHP fl ash hydro fJyrolys is 

FRG fOl'cst residue gasifier 

FTIR Fourier transform infrared 

GAC granular activated carbon 

GASPE gated spin echo decoupling 

GC/FID gas chromatograph with it fl ame ion izat ion detecto r 

GC/MPD gas chromatograph/microwave plasma detector 

GKI Gcokinetics , In c. 

HF IHCl hydrofluoric acid/hydrochloric ac id 

HM P A hexameth y I phorict ri a III ide 

HSP ho t sr)lid s process 

IGT In stitute of Gas Technology 

I1TRI Illinois Imlitute of Technology Research Imtitut e 

IMMR Institute for Mining and Minerals Research 
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LANL 
Los Alamos National Laboratory 

LBL 
Lawrence Berkeley Laboratory 

LETC 
Laramie Energy Technology Center 

LLNL 
Lawrence Livermore National Laboratory 

LPO Laramie Project Omce 

METC 
Morgantown Energy Technology Center 

MIS modified in situ 

MSFB multi-solids fluidized-bed 

MST mesitylene 

NAWC 
North American Weather Consultants 

NPOSR 
Naval Petroleum and Oil Shale Reserves 

PIXE 
particle-induced X-ray emission 

PNL 
Pacific Northwest Laboratory 

PRU Process research unit 

RF radio frequency 

SESA 
Society for Experimental Stress Analysis 

SFC 
Synthetic Fuels Corporation 

SHALE 
oil shale arbitrary lograngian-Eulerian 

SNL 
Sandia National Laboratory 

SRR solids recycle ratio 
I. 

SRTD 
solid residence time distribution 

TDS total dissolved solids 

TFBR/C 
twin fluidized-bed retort/combustor 

TFPA trifluoroperoxyacetic acid 

TGA 
thermogravimetric analyzer 

TKN total Kjeldahl nitrogen 

TQMS 
triple quadrupole mass spectrometer 

TREE 
total resource eaergy extraction 

45 

L 



L 

UWYRC 

VMIS 

VPI 

WES 

WRI 

ZAA 

University of Wyoming Research Corpor'ltion 

vertical modilip.d in situ 

Virginia Polytechnic Institute 

Waterways Experiment Station 

Western Research Institute 

Zeeman atomic absorption 
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