
OPERATIONAL CRITERION OF A SPOUTED-BED

OIL SHALE RETORT

by OOLOBADO SCr:
LEROY BERTI GOLDEN, C

OOL OF Ml 
OlORADO



ProQuest Number: 10795881

All rights reserved

INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,

a note will indicate the deletion.

uest

ProQuest 10795881

Published by ProQuest LLC (2018). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode

Microform Edition © ProQuest LLC.

ProQuest LLC.
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106 -  1346



T - I l  94

A Thesis submitted to the Faculty and the Board of Trustees 

of the Colorado School of Mines in p a r t ia l fu l f i l lm e n t  of the 

requirements fo r  the degree of Doctor of Science in Chemical and 

Petroleum-Refining Engineering.

-7*'-
LeRoy Berti

Approved:

//James H. Gary 
/ /  (Thesis Advisor)

James H. Gary 
(Department Head)

Golden, Colorado 

Date: J i- , / /

i i



T-1194

ABSTRACT

This research is the study of the operating parameters of a 

p i lo t -p la n t -s iz e  spouted-bed o i l  shale re to r t  and the theoretica l 

co rre la tion  o f them. The d i f f i c u l t y  in obtaining accurate measure­

ment of the small o i l  y ie lds  because of o i l  loss in the recovery 

system necessitates the use of the a i r  required fo r  combustion as 

the check between the theore tica l corre la tion  and the experimental 

resu lts . The re to r t  was operated successfully at temperatures be­

tween 995 and 1200 °F and at shale feed rates of 10 to 20 pounds 

per hour with agreement between experimental and theoretica l re­

su lts  w ith in  experimental e rro r . No attempt was made to corre la te 

operating conditions and the physical operation of the spouting 

e f fe c t .

i i i
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INTRODUCTION

Spouting is  a new technique fo r  contacting f lu id s  with 

granular so lids . The spouted bed can be described as a combination 

of a d i lu te  f lu id  phase and a coexistent moving, expanded bed (1). 

Gas enters through an opening at the apex cf a conical in le t  

(Figure 1); th is  entrance is so abrupt that the gas has no chance 

fo r  la te ra l d is t r ib u t io n  over the to ta l cross section of the she ll.  

This e f fe c t  forms a central channel of a d i lu te  f lu id  phase in which 

the solids are entrained upward. The solids enter the channel 

mainly from the bottom, but also la te ra l ly  along the length of the 

channel. The solids concentration in the channel increases with 

height, while the ou tl ine  of the channel becomes less d is t in c t .

At the upper end of the channel the solids s p i l l  over in to  the 

annulus surrounding the central channel. The annul us can be de­

scribed as an expanded bed in which the pa rt ic les  maintain th e ir  

re la t iv e  position as they move downward. The coexistence of these 

two phases produces a solids flow pattern where the solids are en­

trained upward in the central channel and descend by grav ity  in the 

denser annulus.

Preliminary work on the use of the spouted bed indicated the
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p o s s ib i l i ty  of i t s  use as an o i l  shale re to r t  (2). Before major 

design changes in the reactor vessel and support equipment were 

in i t ia te d ,  i t  was desired to obtain a corre la tion  of the operating 

parameters and the development of a mathematical model to predict 

responses to changes in operating parameters and also to determine 

areas fo r  possible improvement of the support equipment. This 

thesis is  the study of these parameters and the development of such 

a model from an analysis of publications pertaining to the char­

a c te r is t ic  reactions involved in the re to r t in g  operation.
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THEORY

I t  was necessary to study the kinetics and obtain accurate 

thermodynamic data fo r  reactions occurring in the system and include 

these, with the sensible heats of the product and feed stream to form 

a mathematical expression fo r  the heat and mass balance around the 

re a c to r .

OIL SHALE REACTIONS : Oil shale is a compact sedimentary rock

containing organic and inorganic substituents . The organic portion 

o f the shale can be divided in to  two parts: bitumen and kerogen.

7he bitumen is considered as the benzene soluble organic na tu ra lly  

present in the raw shale. Kerogen, comprising the remaining portion 

o f the organic matter in the shale, can, by p y ro ly s is , be converted 

to a soluble organic, s im ila r  to bitumen. Work done by Hubbard and 

Robinson (3) shows the conversion to the soluble organic to be a 

f i r s t - o r d e r  process where the rate follows an Arrhenius rate law.

AC = Co(l - e "k t ) (1)

Where AC is the change in kerogen content of the shale, Co is the 

i n i t i a l  concentration of kerogen, t  is time of py ro lys is , and k is
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the Arrhenius rate constant described in the fo llow ing equation :

log k x 102 = -5549 + 9.16 (2)
T

The above equation, fo r  temperatures above 818 °F , was used because 

the residence times of pa rt ic les  at temperatures below th is  are 

n e g lig ib le .  As the soluble organic is fu rthe r heated, i t  is driven 

from the shale as a vapor, leaving behind a non-vo la ti le  residual 

carbon. The residual carbon is from 2-weight percent fo r  28-gal- 

per-ton shale to 4-weight percent fo r  75-gal-per-ton o i l  shale (3).

The inorganic material can be c la ss if ie d  in to  two categories : 

mineral carbonates and other m inerals, which are mostly of the s i l i ­

cate fam ily . The percentages of these minerals vary with shale 

o r ig ins  ; a typ ica l analysis is shown in Table 1. Experimental work

(4 ) ,  y ie ld ing  data on the decomposition of the carbonates , has shown 

them both to be f i r s t  order with respect to the i n i t i a l  concentration 

of c a lc ite  and dolomite. Rate constants fo r  each species were also 

found to fo llow  an Arrhenius function . Although the decomposition 

is  complex, a value of 57,000 Btu per mole of carbon dioxide 

l ibera ted was determined by Dannenburgh and Matzick (5) fo r  the 

decomposition of the carbonates. They also found that the reactions 

of the remaining inorganics did not a ffec t heat balances at operation 

condi t io n s .



TABLE 1- Mineral Composition of Green River Oil Shale (5)

Weight
Mineral formula Percent

Dolomite (CaMg)COg 33

C alc ite O cS o oo 20

Plagioclsse (Na^Ca^jAlSigOg* 1 2
1 1 1 i te K g O  . S A l g O g  . G S i O g . H g O 11
Quartz S i O g 10

Anal ci te NaAlSi^Og.H^O 7

Orthoclase KAlSi_0o 4j  8

Iron Fe 2

P yr ite FeS2 1

* x and y indicate varying percentages
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MATHEMATICAL-PROCESS DESCRIPTION: Because th is  work was

conducted to determine the operating parameters of the system and th e ir  

e f fe c t  on the system, a mathematical model was developed to analyze 

the experimental results  and to pred ic t responses to changes of 

these parameters.

The mathematical model was developed from a heat- and mass- 

balance around the reactor. For analysis, the reactor was considered 

as a s t ir re d - ta n k  reactor. For determining the kerogen and carbonate 

decompositions from the ind iv idua l rate equations, an average re s i ­

dence time was found by d iv id ing  the mass volume by the raw shale 

flow rate. Although there were small temperature gradients, 20 °F 

in most cases, the reactor was assumed to be isothermal, with the 

o u t le t  temperature used as the reactor temperature. Although th is  

assumption produced a s l ig h t  e rro r in the rate constant fo r  the 

carbonate decomposition, i t  gave correct values fo r  the sensible 

heat of the products which had a much larger e f fe c t  on the heat 

balance than the carbonate decomposition. The kerogen was decomposed 

completely during the f i r s t  10 minutes of the residence time and 

was, th e re fo re , completely decomposed at any operational temperature 

as long as the residence time was greater than th is  value.

Figure 2 shows the feed streams to the reactor represented 

by the c irc les  on the l e f t ,  and the product streams leaving the 

reactor by the c irc les  on the r ig h t .  The squares represent theoretica l 

intermediates in the re to r t in g  operation with the H.'s representing
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heats o f reactions needed to form or decompose them. The sensible 

heats of the products and reactants are represented by the H 's.

The sum of the terms and determined experimentally by 

Sohns (6) fo r  temperatures to 1100 °F, can be expressed in B tu/lb  

by the fo llow ing equation derived from Shaw's work (7 ) :

(Ha + H}) = 0.174 (Tf  - T.)

+ (0.035 + 0.00081 G) 10'3 (T3 - T?) (3)

The terms T. and T^ are the i n i t i a l  and f in a l  temperatures, respec­

t iv e ly ,  of the shale in °R. G is the modified Fischer assay of 

the shale in gal per ton of raw shale. A Fischer assay was not 

performed on the shale, but 20 gal per ton was estimated from carbon 

analysis of the shale and weight loss during re to r t in g .

Although Sohns stated his data included the heat of decom­

posit ion of the mineral carbonates, the carbonate decomposition 

at temperatures below 1100 °F is neg lig ib le  (4) but must be taken 

in to  account in addition to Eq. 3 fo r  higher temperatures. The 

carbonate decomposition was therefore determined from the f i r s t -  

order k ine tics . The rate constants fo r  the carbonate decomposition 

are a function of gas-phase composition as well as temperature. The 

data fo r  decomposition in a nitrogen atmosphere were chosen because 

the amount of carbon dioxide is small and because there were no data 

available fo r  carbon dioxide-nitrogen mixtures. The amount of 

carbonate decomposition was determined from the k in e t ic  data ; from
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th is  the carbon dioxide liberated was determined using the analysis 

in Table 1. The to ta l carbonate composition, experimentally de­

termined, agreed with the to ta l carbonate in Table 1.

Shaw's publication (7) also gave an expression fo r  the 

sp e c if ic  heat of the spent shale which gives the fo llow ing re la t io n ­

ship in Btu/lb  fo r  H :

Hc = 0.174 (Tf  - T.)

+ 0.026 X 10"3 (T3 - T?) (4)

Analysis of the shale on a differential scanning calorimeter 

(DSC) indicated the value obtained from Eq. 4 for was very close 

to the experimental value (Appendix 2). There appear to be some 

discrepancies in Sohns1 work (6) in that he concluded that the heat 

of re to r t ing  (H^) was neg lig ib le  and analysis of the DSC indicated a 

s ig n if ic a n t  value. Sohns later stated that there were possible 

errors in his work and that the heat of re to r t in g  was not neg lig ib le  

(8). Work done by Tosco (The Oil Shale Corporation) (9) indicated 

tha t Sohns1 data were, however, in good agreement with work done on 

the DSC, and. the re fo re , Eq. 3 is a good representation of (H + H^)

With an approximate specific heat for the o i l  vapor (10) 

and a 100-percent o i l  y ie ld ,  the value of the term, , was 

in s ig n if ic a n t .

The terms and were easily  determined from enthalphy 

tables (11).



T-1194 11

For the calcu lation of , the o i l  product was assumed to 

have a carbon-to-hydrogen ra t io  equal to the ra t io  present in the 

organic portion of the raw shale. Subtracting the inorganic carbon 

content from the to ta l carbon content (Appendix 2) gave an organic 

carbon content of 0.0947 lb per lb shale. With the ra t io  obtained, 

a heating value of 16,500 Btu per lb was calculated from the en­

thal phi es and heats of combustion of hydrogen and carbon (12).

The ca lcu la tion  assumed tha t the products formed were only carbon 

dioxide and water. Gas chromatographic analysis of the vent gas 

showed no carbon monoxide or l ig h t  hydrocarbons ind icating complete 

combustion.

Not shown in the diagram is the heat loss from the reac to r .

The heat trans fe r from the wall was d i f f i c u l t  to calculate because 

of the e ffects  of the thermowells protruding from the insu la tion  

and the i r re g u la r i ty  of the surface. An average heat-transfer 

c o e f f ic ie n t  at the wall was assumed to be 5 Btu per hr-sq f t -  °F, 

giving a heat loss o f 3500 Btu per hour.

The heat balance around the reactor was used to calculate 

the amount of burned organic product,

Hé + Hc + H2 + H1 + H3 + Loss- - = 0 (5)

is the value obtained when the heat of reaction, H ., is m u lt i ­

p lied by the extent of reaction as determined from the k in e t ic  

expression fo r  each reaction. IT is the value in Btu per hr obtained 

by multi p iing the enthalphi es of feed and product streams, H , by th e ir



T-1194 12

respective flow rate as determined from the mass balance. Eq. 5 

can be rearranged to give the pounds per hour of organic burned as 

fo llows :

Organic Burned ( lb /h r )  =

He + Hc + H1 + H3 ~ Ha ~ Hb + Loss ^
-(Hg)

I f  the organic is assumed to be 100 percent recoverable as 

o i l ,  the fo llow ing equation gives the maximum weight-percent o i l  

y ie ld :

Oil Yield = (Total Organic) - (Burned Organic)
Total Organic

This y ie ld  is hypothetica l, fo r  there is always a residual carbon 

content l e f t  on the shale that is not converted to o i l  products.

This y ie ld  can be converted eas ily  to one of the empirical y ie ld s , 

such as Fischer assay, fo r  comparisons with other re to r t in g  operations 

by knowing the residual carbon content,

As a check, i t  was necessary to corre la te the data with the 

mathematical model with one of the process variables. The most 

desirable variable would have been o i l  y ie ld ,  but i t  was d i f f i c u l t  to 

get re l ia b le ,  reproducible data. The large physical size of the 

system masked most of the o i l  y ie ld  because of deposition of o i l  f i lm  

in  the piping and surge tank. The demister had a tendency to c o lle c t  

o i l  and flush at sporadic in te rv a ls , g iving large varia tions in 

o i l  y ie ld .
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I t  was necessary to se lect a variable that was accurately 

measured and was a true ind icat ion of r e to r t  operation. The a i r  

necessary fo r  combustion met both of these requirements and could 

be accurately calculated from the mathematical model and from the 

sto ichiometr ic  oxygen needed fo r  the complete combustion of the 

organic products. The only addit ional assumption that had to be 

made was that no excess a i r  was supplied to the reactor. This 

assumption was ju s t i f i e d  from the chromatographic analysis of the 

vent gas on a molecular sieve column showing a very small percentage 

of oxygen, which was probably due mostly to the a i r  used fo r  feeding 

the shale.

The spent shale did not provide a very conclusive check 

because the spent-shale measurement was not very accurate owing to 

loss in the surge tank; moreover, the re la t ionship of spent shale to 

raw shale was almost independent of operating conditions in the range 

of data.

The mass-and-energy-balance equations were solved by pro­

gramming on a d ig i t a l  computer (Appendix 4). Because the solutions 

involved t r ia l -a n d -e r ro r  calculations to obtain i n le t  and ou t le t  

gas compositions, an i te ra t io n  technique was used.
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EQUIPMENT DESCRIPTION

REACTOR: The reactor is shown schematical ly in Figure 3.

The cy l ind r ica l  section of the reactor is 6^ in . in diameter and 

6 in.  long with a flange welded to the top. The conical section 

of the re to r t  is 6^ in. in diameter at the top, tapering to a 

2 - i n . diarn. over a length of 18 in.  I t  is welded to the c y l in ­

d r ica l  section at the top and has a 1%-in. pipe nipple 4 in. 

long welded to i t s  bottom. A top p la te,  which bolts onto the f lange, 

has attached to i t  the feeder and the ou t le t  tube. The out le t  

tube consists of a 3h~ by 1 ^ - in , reducing coupling attached to 

a I V i n .  pipe nipple welded through the center of the top plate.

The bottom of the reducing coupling extends 5 in .  below the top 

of the reactor. Material used in the reactor was 1/8- in .  mild- 

steel p la te ,  except fo r  the flange and the top plate which were 

3 /8 - in . mi Id-steel p late. Quarter-inch pipe nipples were welded 

in to  the reactor wall fo r  use as thermocouple mounts. Six such 

nipples were used : three were mounted perpendicular to the axis

of the reactor;  the remaining three were mounted orthogonal to 

these. With l inear  distances from the flange along the outside 

of the reactor w a l l ,  the nipples were located as fo l lows: 12,

14^, and 18^ in. and 9, 14, and 19 in. A 1- in. pipe was welded
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in to  the side of the reactor 10 in. from the top to f a c i l i t a t e  

aux i l ia ry  sol ids withdrawal.

CYCLONE: The cyclone, 4 in . in diameter, was designed by

specif icat ions given in Perry's Chemical Engineers' Handbook (15).

I t  was constructed of 16-gauge mild-steel plate. The spent-shale

hopper is a 20-gal drum attached to the bottom of the cyclone by

a 4- in .  pipe.

SURGE TANK: A modified 20-gal transformer drum serves as

a surge tank. The rubber seal fo r  the l i d  was replaced by an as­

bestos gasket f o r  high-temperature operation. Both gas entrance and 

e x i t  are ax ia l .  The drum is packed with 10 sq f t  of %-in. steel 

mesh. The drum also contains provisions f o r  water-mist nozzles 

and a water drain to a sealed 55-gal drum.

DEMISTER: The demister can best be described as a zero-

e f f ic iency  axial fa n . This is a f ive-stage un i t  with axial entrance 

and tangential e x i t .  Each stage consists of a fan blade, a shim, 

a f low d ive r te r ,  and a stage separator. These components are described 

in a previously published a r t i c le  ( 2 ) .

These f iv e  stages are mounted in a 5- in . - ID  steel tube. The 

steel tube has a %-in. groove mil led in i t s  bottom extending between 

the centers of the end stages. The assembly is mounted in high-speed 

ro l le r-bear ings pressed in to  steel end-plates. The shaft is turned
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at 5600 rpm by a 3-hp 3-phase e le c t r i c  motor. An o i l  cyclone, s im i la r  

in design to the spent-shale cyclone, is attached to the demister 

ou t le t .

FURNACE : The furnace is a d i r e c t - f i r e d  propane un i t .  The a i r

enters tangent ia l ly  with a 10-degree forward t i l t ;  the propane enters 

a x ia l ly  d i re c t l y  behind the a i r  entrance. The furnace is constructed 

from a 44- in.- long schedule-40 two-in. pipe. The ou t le t  of the furnace 

serves as the nozzle in the reactor by reducing the 2- in .  pipe to 

whatever nozzle diameter and length desired. The furnace was i n ­

sulated with ^ in .  of asbestos tape and then covered with aluminum 

f o i l  to reduce radiat ion losses. The furnace was started with an 

acetylene torch through a %-in. port in the furnace wa l l .

GAS COMPRESSOR: The gas compressor used was a Cast (Model

3040) operated at 800 rpm. The pump was driven by a 2-hp 3-phase 

e le c t r i c  motor. The pump has a 20-cfm capacity at 0-psi d i f fe re n t ia l  

and 16 cfm at 10-psi d i f f e r e n t i a l .  By changing the pulley sizes fo r  

1060 rpm operat ion, the pump would have a 24-cfm capacity at 0-psi 

d i f f e re n t ia l  and 20 cfm at 10-psi d i f f e r e n t i a l . The pump body and 

ro to r  were constructed from carbon s tee l ,  and the vanes were carbon.

FEEDER: The horizontal barrel of the feeder is a 1 - i n .-

square brass tube 4 in .  long (Figure 4). A block inserted into the 

rear o f  the barrel has a 1 /8- in . -h igh  o r i f i c e  the width of the barrel
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and was used to provide uniform gas ve loc i t ies  across the b a r re l .

An intermediate brass hopper is f i t t e d  in to  the feeder barrel and 

connected to an a i r - t i g h t  feed-storage hopper with a capacity of 106 

lb o f  raw shale. The intermediate hopper is 4 in .  square at the 

connection to the storage hopper and tapers to a 0.95-in.  square 

neck. The neck extends in to  the barrel 5/8 in .  leaving a 3 /8- in .  

clearance between the bottom of the neck and the bottom of the 

b a r re l .

FEED CONTROL : Because the feed rate is control led by the

pulsation rate of the feeder, an accurate e lectronic  con tro l le r  

was designed and b u i l t  fo r  th is  purpose. The co n t ro l le r ,  f u l l y  

adjustable from 13 to 250 pulses per min, contains provisions fo r  

two preset rates w i th in  these l im i t s ;  i t  can also be contro l led 

externa l ly  by means of an e lectron ic  resistance con tro l le r  to any 

point w i th in  th is  range.
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INSTRUMENTATION AND CONTROL EQUIPMENT

For better  process control and variable measurements, the 

process was highly instrumented. A combination of pneumatic and 

e lectron ic  controls and recorders were used to measure and control 

the to ta l  gas f low, a i r  f low, and reactor temperatures.

GAS FLOW: Total gas f low, supplied from the Gast compressor

as a mixture of a i r  and recycle gas, was measured by an o r i f i c e  

plate with vena-contracta pipe taps. The pipe taps were connected 

to a Barton pneumatic ind icat ing d i f fe re n t ia l  pressure-tc-pressure 

t ransmit ter  (Model 225-601). The output was connected to a Moore 

(N/P Nul l imat ic)  two-pen recorder and ind ica to r ,  used in conjunction 

with a Moore (Model 50 M) two-mode con tro l le r .  The con t ro l le r  output 

control led the three-way bypass valve at the compressor, which 

contro l led the amount of a i r  bypassed to the compressor i n le t  and 

thereby contro l led the to ta l  gas f low to the reactor.  The f low was 

recorded by the recorder on a 0-to-100 basis.

AIR FLOW: A i r  f low was measured by an o r i f i c e  plate l  f t

from the a i r  i n l e t  with vena-contracta pipe taps which were connected 

to a Foxboro pneumatic d i f f e re n t ia l  pressure to pressure t ransmit ter
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(Model 307887). The output was connected to the recorder used fo r  

to ta l  gas f low and recorded on the remaining pen. This f low was 

also recorded on a 0-to-100 basis.

TEMPERATURE MEASUREMENT: A l l  the reactor temperatures were

measured by 1/8- in .-0D, 6 - in . - in - len g th  , ISA-K ca l ib ra t ion  miniature 

thermocouples manufactured by the Thermo-Electric Company (Type No. 

5K0120L). The thermocouples were connected to a Foxboro Dynalog 

(Model 933A) s ix -po in t  recorder. The recorder was modified fo r  

ISA-K thermocouples and a 800- to 1800-°F range. Recycle- and 

vent-gas temperatures were measured by %-in. indus tr ia l - type  thermo­

couples in conjunction with a Thermo-Electric (Model 80237) protable 

potentiometer.

REACTOR-TEMPERATURE CONTROL : Two independent systems were

available fo r  con tro l l ing  the reactor temperature. Both systems used 

the miniature thermocouple previously described fo r  temperature 

measurement and a three-way mixing valve fo r  contro l l ing  a i r  rates.

The e lec t r ica l  system converted the thermocouple output to 

a 4- to 20-mi 11iamp signal by means of a Transmation, Inc. (Model 

310-K) convertor. This signal was fed in to  a Yamatake-Honeywell 

(Model NBC03-X-4) three-mode con t ro l le r .  The con tro l le r  output 

was then transmitted to a Honeywell current to a pneumatic converter 

which contro l led the mixing valve.

The pneumatic system converted the thermocouple output to a 

pneumatic signal by means of a Moore (Model 80237) thermocouple-to-
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pneumatic converter and transducer. The output was then fed to a 

Moore (Model 50M) two-mode con tro l le r  (Proportional plus reset) 

connected to a Moore (N/P Nul 1imati c) indicat ing remote s ta t io n . 

The output of the con t ro l le r  was used to control the mixing valve.
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EQUIPMENT OPERATION AND DESIGN CRITERIA

Most of the equipment was s p e c i f ica l ly  designed to handle a 

pa r t icu la r  problem encountered in the operation of the un i t .  This 

included the basic reactor design, feeder, cyclone, surge tank, 

demister, and the control-and-measurement equipment.

REACTOR: The reactor consists of a conical t rans i t ion  section

and a cy l ind r ica l  section attached to the top of the t rans i t ion  

section (Figure 3). In most of the previous works on spouted bed 

(13) the conical section was small in length compared with the c y l in ­

dr ica l  section. This design was altered fo r  use as a spouted-bed 

o i l  shale r e to r t  in order to accommodate the highly exothermic 

combustion reaction. The combustion caused sudden increases in 

temperature and therefore would cause large ve loc i ty  gradients 

along the axis of a cy l ind r ica l  re to r t .  The main body of the re to r t  

was made conical to increase the cross-sectional area of the re to r t  

as the volume of the gas increases. Without th is  change in area, 

the increase of gas ve loc i t ies  in the annul us f lu id ize s  the upper 

part of the bed, destroying the spout, or entrains a large amount 

of shale, causing too rapid a carry-over rate. The use of the
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conical reactor was also benef ic ia l in that the nozzle-diameter to 

reactor-diameter ra t io  could be changed, without physical ly changing 

the reactor, by ra is ing or lowering the nozzle ou t le t  inside the re­

actor. Although this ra t io  could be changed by using d i f fe re n t -  

size nozzles, the nozzle sizes were l im ited to approximately 0.5 

in. Smaller sizes created pressure drops too large fo r  stable 

furnace operation; larger sizes decrease the gas ve loc i ty  in the 

nozzle to a point where poor spouting was obtained.

Contrary to the countercurrent f low pattern used in previous 

applications of spouted beds (13), the reacted solids are removed 

with the gas stream, with separation occurring beyond the reac to r , 

giving co-current f low. The carry over is enhanced by using a coni­

cal e x i t  tube located in the top of the reactor.  The solids f low 

pattern in the reactor can be described as fo l lows: as the spout

r ises above the main level in the reactor, most of the solids f a l l  

back in to  the annul us of the bed; however, some part ic les  attain

enough k ine t ic  energy to r ise  fa r  enough above the bed to enter the

e x i t  tube.

This method of removing solids from the reactor is selective

in the part ic les  that are carried out. As expected, the less dense

and the smaller part ic les  are p re fe ren t ia l ly  removed (14). This 

s e le c t i v i t y  is benefic ia l to the operation of the re to r t  because 

the retorted part ic les  are smaller and less dense than the unretorted 

pa r t ic les .  The re to r t ing  operations that produce these changes are : 

3) the solids become less dense from the loss of organic matter and
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carbonate decomposition; 2) the shale becomes softer  as i t  is 

retorted and undergoes a t t r i t i o n  to produce f ine par t ic les .

I f  the feed rate exceeds the carry over, the side arm can 

be used as a solids overflow in to  a sealed hopper.

FEEDER: Because th is  is a steady-state process, shale must

be fed in to  the reactor at a constant rate. The conventional types 

of sol ids feeders were unacceptable fo r  use with the u n i t  because 

of d i f f i c u l t i e s  in scale-down. A small pulse feeder, developed 

s p e c i f i c a l ly  fo r  th is  app l ica t ion,  is operated as fol lows : fresh

shale contained in the storage hopper is gravi ty  fed into the i n t e r ­

mediate hopper of the feeder un i t  as shown in Figure ( 4 ) .  The shale 

flows in to  the square barrel of the feeder un t i l  i t  reaches the natural 

angle of repose. A b last  of a i r  from the rear of the barrel forces 

a l l  of the shale that extends below the neck of the intermediate 

hopper in to  the reactor. The b last  of  a i r  is kept as short as pos­

s ib le  to keep the a i r  used to a minimum. Shale again flows into 

the b a r re l , and the steps are repeated. The f low rate of shale can 

be regulated by con tro l l ing  the frequency of th is cycle.

CYCLONE : The solids in the gas stream are removed by a

cyclone attached to the reactor o u t le t .  This 4 - in . cyclone is 

capable of removing part ic les  greater than 10 microns in diameter (15), 

which in most cases accounts fo r  90 percent of so l ids.  The cyclone
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also serves as an a i r  heat exchanger fo r  cooling the gas stream.

SURGE TANK: The surge tank performs three main functions:

as a surge tank to reduce any pressure surges in the system and smooth 

out gas f low; as a heat exchanger in the same manner as does the 

solids cyclone; as a means of removing most of the remaining solids 

in the gas stream. Water-mist nozzles are placed in the tank fo r  

enhancing heat exchanger and solids removal. The water spray serves 

as a heat-transfer medium in that i t  is evaporated by the incoming 

hot gas and then is  condensed on the tank walls or other water 

p a r t ic les ,  thus many times increasing the e f fec t ive  heat t ra n s fe r .

The water also wets the so l id  p a r t ic les ,  causing them to se t t le  

out more e f f i c i e n t l y .

DEMISTER: The o i l  mist in the gas stream forms a very

stable, submicron mist upon condensation. The high-speed impingment 

e f fec t  of the demister coagulates the mist part ic les  on the demister 

stages, and the o i l  drops are then thrown against the demister wall 

forming a l iq u id  seal between the demister stages. The o i l  flows 

along the walls and is pumped through the stages to the o i l  cyclone 

at the demister ou t le t .  The o i l  is then collected in a small reser­

vo i r  at the bottom of the cyclone.

GAS FLOW: The suction side of the gas compressor is connected
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to the common port of the three-way mixing valve (see temperature 

contro l)  and to another three-way valve used to control f low rate.

The compressor ou t le t  is connected to the common port of the three- 

way f low-control valve with the th i rd  port of th is  valve going to 

the reactor via the furnace, This construction enables the flow to 

be contro l led by regulating the bypass rather than t h ro t t l i n g  the 

suction or discharge side of the valve. This provides smoother 

f low control and keeps a constant load on the compressor. The to ta l  

gas f low is measured by an o r i f i c e  plate between the two three-way 

valves. This location was chosen over measurement on the discharge 

side because the suction pressure remained re la t i v e ly  constant where 

the discharge pressure was affected by a l l  the pressure drops in 

the system. Vena-contracta pipe taps are used to give maximum- 

measure pressure drop with the minimum unrecoverable pressure loss. 

Although a single-mode con t ro l le r  would have been s u f f i c ie n t  fo r  gas- 

f low c o n t ro l , a two-mode con tro l le r  was used.

TEMPERATURE CONTROL : The temperature is contro l led by the

amount of oxygen put in to  the reactor, thereby l im i t in g  the amount 

of burning of the organic products from the re to r t ing  operation.

The gas stream from the o i l  cyclone, being essent ia l ly  inert, is 

mixed with fresh a i r  thus adjusting the amount of a i r  fed in to  the 

reactor. The three-way mixing valve is control led to give the correct 

recycle-to-air ra t io  fo r  correct temperature co n t ro l . Both locations
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one and two (see Figure 3) was used fo r  temperature contro l.  Location 

two provided the closer control ; location one provided a smoother 

control because of the thermal capacitance and damping of the ou t le t .  

Miniature thermocouples were used in the reactor fo r  th e i r  fas t  

response to temperature changes and because they gave smaller 

disturbances to solids and a i r  f low in the reactor. Although the two 

independent control systems were in s ta l le d ,  the e lectron ic  system 

was used exclusively a f te r  i t s  in s ta l la t io n .  The pneumatic system 

was used as a continuous monitor because the s ix -po in t  recorder had 

a 40-sec cycle t ime. The three-mode electronic con t ro l le r  was 

used in preference to the two-mode pneumatic because of the a v a i l ­

a b i l i t y  o f  the rate mode and a larger proportional band. The rate 

mode was very useful to counteract the dead time lag of the system.

The two systems can be used in conjunction with each other fo r  

cascade con t ro l . This use can be accomplished by converting the 

pneumatic output to a current signal and using i t  as a set-po in t  

input to the e lectron ic  con t ro l le r .
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EXPERIMENTAL PROCEDURE

The re to r t  must be operated at temperatures above the 

f lammabil i ty  l im i t  of the organic product; there fore , the re to r t  

must be preheated by the furnace to reach th is  temperature.

The preheat and s ta r t  up of the reactor were performed as 

fo l lows: The control a i r  and feed a i r  were turned on, and the

e lec t r ica l  controls and recorders were plugged in to  e le c t r ica l  

o u t le t s . The demister and compressor motors were then turned on.

The gas f low into the furnace was allowed to s ta b i l ize  before the 

furnace was s ta r ted . While the furnace was in operation, the 

temperature con t ro l le r  was turned to manual control with zero output 

so that no recycle could be returned to the furnace. The propane 

feed rate was adjusted to give maximum furnace temperature. When 

the reactor reached about 1000 °F, the shale feeder was turned on 

and adjusted to the desired output. When the re to r t  ou t le t  tem­

perature reached 1200 °F, the propane feed was slowly decreased 

u n t i l  the excess a i r  started to ign i te  the o i l ;  upon th is ig n i t io n ,  

the temperature in the r e to r t  started to r ise  more rapid ly.  The 

propane was then shut o f f  and the temperature con tro l le r  set to auto­

matic control at the desired set point.
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Because the gas flows and reactor temperatures were auto- 

matical ly  control led and recorded, the operation a f te r  startup was 

great ly  s imp l i f ied .  I f  i t  was necessary to use the overflow tube, 

the valve opening the overflow had to be opened every one-half hour 

and the weight of the removed shale determined. Samples of o i l  were 

co l lec ted , weighed, and labeled fo r  fur ther  analysis. Samples of 

the vent gas were taken fo r  immediate chromatographic analysis. 

Samples were taken in pairs because they were analyzed with two 

columns and because the sample bott les contained only enough gas 

fo r  one analys is . A molecular sieve column was used to determine 

carbon monoxide, methane, oxygen, and nitrogen content. A si 1 ica­

ge! column was used to separate the larger hydrocarbons from each 

other and from the oxygen-nitrogen mixture.

The shutdown procedure is the reverse of the startup pro­

cedure up to the point where the furnace is started. In addit ion, 

the storage hopper is r e f i l l e d  to determine the amount of shale used 

during the run. The spent-shale hopper is weighed in order to 

determine the amount of spent shale and then emptied fo r  use in the 

next run.

Preventive maintenance also had to be performed on some of 

the equipment. The surge tank had to be removed and cleaned a f te r  

every 6 hours of re to r t in g .  The l ine  connecting the surge tank and 

demister had to be cleaned a f te r  each run to insure no plugging 

problems. The compressor had to be washed with organic solvent to 

remove the o i l  mist so as to prevent s t ick ing of the carbon vanes 

in the ro to r .  -



T-1194 33

DISCUSSION OF RESULTS

The good agreement of the calculated results with thç ex­

perimental resul ts indicates that the mathematical model accurately 

described the system with in  the range of the data po in ts . The 

average error  between the calculated percent-air  and the experimental 

percent-a ir  was 2 percent, whereas the estimated error  in measurement 

of the percent a i r  was 4 percent. The experimental error was due 

mostly to estimating the average a i r  flow from the s t r ip -c h a r t  

recorder.

The large errors in runs 2 and 12 were characterized by large 

temperature gradients in the reactor and unstable temperature contro l.  

This condit ion indicates that the solids were not c i rcu la t ing  in 

the reactor because of complete collapse of spout or loss of spout 

shape ( 1 ) .

The rep rodu c ib i l i t y  of the data can be seen between runs 11 

and 16. Although the runs are not iden t ica l ,  the parameters are 

close enough fo r  comparison, as shown by the 1-percent dif ference 

in calculated a i r  rates. The differences in the experimental a i r  

rates is  2 percent, well w i th in  experimental error.

The range of variables reported in the data is the l im i ts  

in  which the re to r t  was operat iona l . Runs attempted outside these
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l im i ts  were fa i lu res .  Temperatures had to be kept below 1200 °F 

so that the gas temperatures in the demis te r  were below 300 0F, 

preventing bearing fa i lu re .  Temperatures below 950 °F produced 

unstable control of the system with temperature osc i l la t ions  below 

the f  1 amrnabi 1 i t y  l im i t  of the organic, causing flame out. At re to r t  

temperatures below 1150 °F , the maximum feed rate was 15 lb per hr; 

higher rates caused the reactor to f i l l  because the carry-over was 

in s u f f i c ie n t .  At 1200 °F the gas ve loc i t ies  and a higher a t t r i t i o n  

rate were s u f f i c ie n t  to maintain a carry-over rate of approximately 

20 lb per hr.

The calculated results in Tables 2 and 3 are fo r  conditions 

in run 6 with the parameter indicated being varied. Table 2 shows 

the e f fec t  of preheating the gas stream to 1200 °F. Without preheat 

the o i l  y ie ld  was 32 percent, indicating a possible doubling of the 

y ie ld  with increase in i n le t  gas temperature to 1200 °F. Table 3 

shows the e f fec t  of increasing the shale-feed rate. Even i f  a 

rate increase to 32 lb per hr were possible, the o i l  y ie ld  would 

be only 58 percent. The main reason fo r  the poor o i l  y ie ld s , even 

with preheat or increased feed ra te ,  is the large heat loss compared 

with the other heat requirements (approximately 20 percent) . The 

port ion of the heat loss would be substant ia l ly  reduced in a larger 

size u n i t ,  improving the o i l  y ie ld .

Atmospheric d i s t i l l a t i o n  (Table 4) of samples of o i l  products 

indicates the lack of low boi l ing components, substantiat ing the
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TABLE 2 (Preheat effects-Run 6)
T-gas % Oil Yield *

65 °F 32
400 41
500 44
600 47

700 49
800 51
900 53

1000 56

1100 59
1200 62

TABLE 3 (Feed effects-Run 6)

Feed Rate ° i Oil Yield *
1 b/hr

10 17
12 26
14 33

16 38
18 42
20 46

22 48
24 50
26 52

28 54
30 56
32 58

* Theoretical Oil Yield (see theory)
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assumption that the l i g h t  components were burned in the re to r t .

The samples used were from runs 9 and 16, which are the extremes in 

operating temperatures ; both show s im i la r  propert ies. The water 

was 20 percent; cracking of the o i l  was started at the 50-percent 

poi tit.

Solids content of the o i ls  varied between 25 and 45 percent, 

indicat ing an ine f f ic iency  of sol ids removal.
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TABLE 4

Run 16 - Atmospheric d i s t i l l a t i o n  

Percent °F

0 ■ — —

10 202
20 202
30 360
40 490
50 552
cracking started

Percent sol ids in i n i t i a l  sample-48.8 %

Run 9 - Atmospheric d i s t i l l a t i o n  

Percent °F

0 ---- -
10 200
20 204
30 340
40 475
50 515
cracking started

Percent sol ids in i n i t i a l  sample-45.2 %
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CONCLUSIONS AND RECOMMENDATIONS

The resul ts obtained from the research on the operating

c r i te r io n  of a spouted-bed o i l  shale re to r t  are as fo l lows:

1. The operational l im i ts  of the present re to r t  are
950 to 1200 °F with shale rates of
10 to 20 lb per hr.

2. The heat required by the process is 
supplied by the combustion of the 
l i g h t  hydrocarbons as they are pro­
duced from the raw shale.

3. The combustion in the re to r t  is a 
complete combustion to carbon dioxide 
with approximately stoichiometeric 
quanti t ies of oxygen.

4. The heat-and-mass balances using 
data obtained from the l i t e ra tu re  
ci ted and experimental data gave a 
good mathematical representation of 
the process.

5. Flow rates could be substant ia l ly  increased 
to give a residence time of between 5 and 10 
minutes, while s t i l l  producing complete pyrolysis.

6. Under circumstances of high temperature 
and an oxidiz ing atmosphere, the f ine  
par t ic les  of spent shale can be explosive.



T-1194 39

From the operation of the un i t  and analysis of the results 

obtained, recommendations can be made in two areas--equipment de­

sign fo r  the spouted-bed re to r t  or s im i la r  type entrained pa r t ic le  

re tor ts  and application of fu r the r  study of the techniques used 

in th is  thesis.

The fo l lowing recommendations are made fo r  fu r ther  design 

of the re to r t  and support equipment:

1. The demister be designed with a manifold 
fo r  draining the o i l  from each stage.

2. The bearings in the derm's ter be f i t t e d  
with smothering glands to increase bearing 
l i f e .

3. The connection between the mixing valve
and the reactor be kept as short as possible 
to decrease dead time lag.

4. A more e f f i c i e n t  sol ids removal system 
be used in place of the single cyclone.

Further studies could be made in the fol lowing areas :

1. A study of reactor designs be made to 
optimize the gas f low needed fo r  spouting.

2. The p o s s ib i l i t y  o f  preheating from spent 
shale combustion be investigated to produce 
anaerobic re to r t ing  at lower temperatures.

3. A more sophisticated system be used to 
tes t  the theoret ica l  model.
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Appendix 1 - Data

A typ ica l set of  recorder outputs is shown at the end of the 

data (Row 10). The c i rcu la r  chart is from the Foxboro s ix -po in t  

recorder; time indicated on the chart is three times real time due to 

an 8-hr clock being used in place of a 24-hr clock. The s t r i p  chart

indicated the to ta l  gas f low (the s t ra igh t  l ine  at 15) and the a i r

rate (the o s c i l la t in g  l in e ) .  These values can be converted to flow 

rates by use of o r i f i c e -c a l ib ra t io n  curves.

Units and nomenclature f o r  data:

T - Temperature at reactor ou t le t  (°F)

V - Volume of reactor ( lb )

Feed - Feed rate ( lb /h r )

Spent - Spent-shale rate ( lb /h r )

Gas - Total gas f low in to  reactor (cu f t /m in)

A i r  - Fresh a i r  in to  reactor (cu f t /m in)
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Run 1 
T = 1080
V = 8,5
Feed = 21 
Spent = 17.2 
Gas = 9.2 
A i r  = 4.0

Run 2 
Ï  = 1180
V = 2.5 
Feed = 15.2 
Spent = 9 
Gas - 9.2 
A i r  = 4.3

Run 4 
T = 1070
V = 7.0 
Feed -• 12.3 
Spent - 10.0 
Gas =7. 60 
Ai r  =2 . 7

Run 6 
T = 1100
V = 9.0 
Feed = 14.0 
Spent = 10.8 
Gas = 8.0 
A i r  = 3.1

Run 7 
T = 1050
V = 5.0 
Feed = 13.5 
Spent = ~ ■— 
Gas •= 5.5 
A i r  = 2.2

Run 8 
T = 1200
V = 7,5 
Feed = 19.3 
Spent =---- 
Gas = 7.3 
A i r  = 3.6

Run 9 
T = 1200
V = 7.0 
Feed = 10.6 
Spent = 9.8 
Gas = 7.0 
A i r  = 2.8

Run 10 
T = 1020
V = 5.0 
Feed =9 . 5  
Spent = 7.3 
Gas = 7.0 
A i r  = 2.2

Run 11 
T = 1000
V = 4.5 
Feed = 10.0 
Spent = -- -  
Gas = 7.5 
A i r  = 2.5

Run 12 
T = 1050
V = 2.5 
Feed = 14.1 
Spent = 10.0 
Gas = 7.0 
A i r  = 2.2

Run 14 
T = 1075
V = 9.5 
Feed = 13.2 
Spent = 8 . 5  
Gas = 8.2 
A i r  = 2.9

Run 15 
T = 1180
V = 2.0 
Feed = 12.3 
Spent = 6.5 
Gas = 7.4 
A i r  = 2.6

Run 16 
T = 990 
V = 4.3 
Feed = 10.4 
Spent = 8.4 
Gas = 7.6 
A i r  = 2.3



Run 10-- circular chart (Foxboro Byrrtleg) ami strip Chart
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Appendix 2 - Oil Shale Analysis

Total carbon - 13.19 wt. percent 

Total hydrogen - 1.31 wt. percent

Total ash - 72.02 wt. percent

Heat content based on raw-shale weight (30 to 500°C)

Spent shale - 191 Btu/ lb  (based on spent shale weight)

Spent shale - 168 Btu/ lb  (based on raw shale weight)

Raw-shale re to r t ing  - 46 Btu/ lb  (based on raw shale weight) 

Weight loss - 12 percent
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Am m D ix 2

The foUoirlns is a  direct ccii^uter output for the data 

in Appendix 1  nsins the digital program listed in Appendix 4

RUN 16.00
T-gas 65.OO 'F
S?-solids 60.OO F
TRgSD 10.40 lbo/hr
RSACIOR 9 9 5 . 0 0  F
AVG. RE3. TH33 186.02 rain.
GAS 7.60 cfm
OIL YIGID-vt #  SISBKPSIIAUS CALC AIR-# E X P  AIR-%

2 7 . 5 6  9 . 2 7  3 2 . 0 9  3 1 . 0 0

RUN 15.00 
T-G&3 6 5 .CO F 
T-solids 6 0 . 0 0  P  
FEED 12.30 lb s /h r  
REACTOR TE2IP. 1180.00 IT 
AVG. RES, TEŒI 74.83 lain.
GAS 7.40 cfm
OIL YIELD-\7t # SPENT SHALE CALC AIR-# EXP AIR-#
22.80 10.97 41.54 42.00

RU N  1 4 . 0 0  

T-gss 6 5 .OO F 
T-sollds 6 0 . 0 0  

FEED 1 3 . 2 0  lbs/hr 
KSACIGR TjllP. 1 0 7 5 . 0 0  F  
AVG. RES. TIvE 3 3 . 1 0  rain.
GAS 6 .2 5 . cAa
OIL YlEID"iTb #  SPENT SHALE CALC AL^-# EXP AIR-#

3 2 . 0 3  1 1 . 7 7  3 5 . 2 0  3 5 . 0 0

#  ERROR 

3 . 4 0

#  ERROR 

1.10

# ERROR 

.59
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PUlf 12.00 
T-rax 65.00 F T-sollda 60.OO F 
EEBD 3A.10 lb s /h r
imcmi 1050.00 F
AVG. RES. TD3 163.15 lain.
GA8 7.00 efm
OIL YIELD-i?t ̂  8PEI1T 8HAL2 CALC AIR-# EXP AIR-# # ERROR
h0.99 12.57 58.!^ 32.00 16.83

RON 11.00  
T-gao 65.OO F 
T-collda 60.00 F 
FDM) 10.00 lbs/hr 
RBAOuXR CS-IP. 1000. (X) F 
AVG. RES. 'PliS: 206.98 rain.
GA5 7.^4 cfm
OIL YIELD-wt # 8K3NT SEALE CALC AIR-# EXP AIR-# # ERROR
25.67 8.92 32.30 33.00 2.15

RUN 10.00
65.OO F 

T-sollda 60.00 F 
FEED 9.50 Ib a /h r 
REACTOR TIE IP. 1020.00 F 
AVG. m3. TD'B 2^2.15 Min.GAS 7.00 c m
OIL YIELD-wt # SPENT SHAIE CALC AIR-# EXP AIR-# # 33RR0R
23.39 8.47 33.65 31.00 7.89

RUN 9.00 T-gas 65.CO F 
T-solids 60.00 F 
FEED 10.60 lbs/hr 
REACTOR QEIIP. 1200.00 F 
AVG. RES. THE 260.39 Min.
GAS 7 .00 cm
OIL YLBHMrb # SPENT SHALE CALC AIR-# EXP AIR-# # ERROR
8. ̂ 9 1^4.86 to.00 10.83
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KJN 6.Ü0
65.00 F T-solids 60.Cü F 

FEED 19.30 lbo/br 
RFACTŒ 1AOÜ.OO F
AVGc RE3. T2.3 173.77 m ln.
GAB 7.30 cf^i
OIL YILID-vb ̂  8PI3I3T SIIALB CALC AIR-# EXP AIR-# # ERROR
36.85 17.21 5%.05 49.00 9.34

RUH 7.00 
T-gas 65.00 F 
T-SOlids 60.00 F 
FEED 13.50 lbs/læ 
REACTOR 1050.00 F
AVG. RES. ŒIE 170.39 mill.
GAS 5.50 cAa
OIL YHLD-ub # SEEirr SIIALE CALC AIR-# EXP AIR-# # ERROR
44.89 12.04 43.78 40.00 8.64

RUR 6.00 
T-gas 6 5.OO F 
T-solids 60.00 F 
FEED 14.00 lbs/hr 
REACTCR 1100.00 F
AVG. RES. TD-IC 295.72 mln.
GAS 8.00 cfa
OIL YIELD'irb # SPENT SHAIE CALC AIR-# EXP AIR-# # ERROR
32.17 12.48 38.43 38.00 1.11

RUN 4.00 
T-gas 65.OO F 
T-solicW 60.00 F 
FEED 12.30 Ibc/br 
REACTOR TZIP. 1070.00 F 
AVG. RES. %1HE 261.80 niii.
GAS 7 .6 0  cfm
OIL YIELD-ift # SPENT SIIAIE CALC AIR-# EXP AIR-# # ERROR
30.56 10.97 36.38 35.00 3.79
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RUN 2.00 
T-ges 65*00 F 
solids 60.OO F 

FEED 15.20 lbs/hr 
REACTOR 1180.00 F
AVG. RES. TDÆ 75.68 nin.
GAS 9,20 cfm
OÏL YIEID-Wt ̂  8F23NT SHALE CALC AIR-ÿ EXP AZR-%
25.68 13.55 39.65 47.00

RUN 1.00 
T-eos 65.OO F 
T-solids 60.00 F 
FEED 21.00 lbs/hr 
REACTOR TEMP. 1030. (X) F 
AVG. RES. TB!E 166.20 min.
GAS 9»20 cfm
OIL YIELD-Vb ÿ SPENT SHALE CALC AIR-4 EXP AIR-%
46.94 18.73 39.21 44.00

^ ERROR 
18.53

^ ERROR 
12.21
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APP0ÜDIX 4

T ills  program o f the s^hæ za&lcal iDodol vas iw itto n  fo r use 

on a LGP-29  d ig ita l computer manufactured by Royal Precision»

Tha longusge used Is  in  the 2?f«2 system»

; oouWco*
)^ 63üü'xuü^üD^iUüm^%uwü* 
iü$(X)*u06üU^bü9a)*Bü900* 
hü9üü«bü9m:&ü8a)'hü9(^* 
büpoS * Cü5æ  ̂hC3l)5 «XZCOÜÜ* 
xzOÜÜÜ«xsODüü'bC3ü?i*dD305* 
(i)8ü5 *xl%üü3.ü^^C0Uü %U962 ' 
xSiOOOÔ orGÜüO» Gü9l2'm08l4' 
dü3lGh-l>904%ü3oÜ^zC000'

bC3ü3 'dü^Ce ̂  &C81Ü 'xhOUlO' 
%y(X)DÜ:i&Ü02%Cü(X)«xyODDO* 
a03l2'EDol6^dü52U'mü9ü!;* 
h09^8 ̂  aü3eü:hü9^6 *mü822 * 
h095%*b09ü6%.090S'h0952* 
Sü826*h0p*:8^b03ü0*mü9üü' 
xyODOU* aü9^2^:CG28*h09^6* 
bC906 * s (^00 '  mü3^2 ̂  &U9^6 *

mUgO '̂hOpW^bOpoa 
X3m30^müO$8*hü9^2'bü902* 
mü8p6  ̂aü9^S % &ü8ÿm:ü91%* 
mü802' dCO W* h09^0'bü952 * 
xs09k6 : hü9;;8 *bü9C6 ̂ c0%4* 
&Ü953 ' aca:!2 'hl>9p5 'b095f2* 
%5ü3>2*h09ÿ$*bü9ü6%ü8^ü* 
W)31t8^Bjü9^'hü933*%%üüa)'

bi)
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b0952  ̂ ü8j>3 *
'  aD3$^ c aOpl# ̂ ûüpl^ * 

m0302*dü8)iü*%züüCD^hü923* 
bU9l8 « aü9>6*hC9l6*bü9^ * 
K:O30^(lü3pS^cü92O'hü9^^ 
bü9p2 *iü)c&6'h0938 ̂ bÜpüS * 
cD3W>» aOSliG '  88953 ̂ U 9 l6  » 
h0925 «b(^5 2  *t#852 * büpÿ»*

b(BU5 %0850* ci08!a*&ü9^ 
m0922%Ü92^^be95'^cü9%"* 
a0924^ 8Ü925 ̂  8,0923 'GÜpW 
GD7l2^d0T0ü^h0762*i:U702  ̂
hO9l 8 b̂0T62^:0Y0 »̂hO9%0  ̂
bgr62*r,%0TO5 *h07^0^b091^* 
n(^*dO%O*hü758^bO760* 
60862 ' d0753 %0850  ̂hü75& ̂

GC9?.2=%b0000* dü75^ "nOSSo* 
h(T?^bC762*807l6*%bOÜOO* 
s0703^05UO'bOT62%OTl6* 
nOlhl̂
.0)00000^

;(XX%0T /ü0ül!800* 
bü9D!̂ LDTlü«hU7f:0̂ l̂ 2*
X320ü00:d87^0'ir^5ü«%süDÜ2*
%aW)0^bOS04*r:0712*%%(X)02 '
xa0ÜÜO*bO7 '̂%%Ci)02^%süDD0*
b(%)12*xciœü0*xs0002̂ d00ü0*
bG7$l̂ xR0002*%%:0000»b0910*
tOZÀZS^uOüOO'.OOOOOOS''
30% j% js j * KjsjWl)'u0ü03* 
xaüUOO  ̂;  (XKXXiæ* 3ü2Ü2Wt* 
d̂ )̂10üüb:eü000»
.OÜÜOOOÜ'

;(X)C^60 l)  ̂/OÜOkXX)' 
xiiO üoo^ow axG * 
!&020rl%4*n2}sjl0m*b0910* 
Xb0ü00^x%ccy^2 «xiiOOOO* 
^CŒX)ü03 '
Sjm)c00^b0902^z0002*xü0000*
fOÜOÜOOl:«RjSOfa';0't^lO-jc2^
oji8 iW Ys&ü.ü3jm *&bo>oo' 
X%0ü02 ̂ xmOlXX)* f  Ü0U0003 ' 
z j2 0 f 8 W  fO s W ^  * zjlüüO X) «
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b090%'xs0ÜO2*)müOCÜ*, OOÜÜÜÜ? ' 
gjl01010 .̂G^3Yj
r k o k  j  6t^-ehm4p4e
lO.jsjüü»

b09ü6«x2eü02*xuüü(X)* ; OOOOüü?'
RjlülOlü'
2üf8W^  ̂v jsGlü. j « Bj2üpl̂ %^lü.j&j ̂

eWlüüO%ü9ü3* dü9Ü̂ '%n0Süü*h0952 * 
x%OOU2'x%GCW)' ̂ UCÜÜUÜ '̂ 2 jl01010*nW :n4 .j * 
lgOSq38a!̂ G&%jieOü̂ bü91̂ *xsüÜü2* 
uü?m«
.oüüüom*

;üü^üüYC00^uæ*
xuOÜÜO=.OUOÜ01Ü*

- jir8t-:z j  ̂  ̂ ü̂ GSüŝ  3 jô W
lG2̂ 6üc4«r̂ l8o?}2ü'2üzj& îl̂ r̂ lO-j2ü' 
$850@!!%j ̂ ^i3js4i:̂ r4l0.j20» ;85o?8?j * 
eMrtoj *r^l0WD^0ü06*

!^00*W 0'+üa).*6ü:4O0).*19936*.ak.*9ü5*402"'2l89S'.CDi.'
K )9 0 *4 0 2 .*l*4 ^^1 T 0 « 4 0 > *2 8 0 \O > *
1Ü0N4;0^*12!^400> ' 57CDÜ*< CD;. '  ) l*4 ü 6 - * 2:;2 
5 6 ^o 5 -'4 9 2 ^ ü > '1 7 2 ^ > .^ 2 6 $ *-c u i-'6 4 7 = f0 2 -*  
3559=407-=9G5 =4ÜD> * 35l4" - 00+ '  580*402- * $361*406-  * 
3a26*-004*763=4ü2-*219^*407-=71*402-*l*402-*l8*400$.* 
100'.KXX.*29X'02-*g*

4700*l6500*4004*73*40>.*6*402-*95=405-*l=402.* 
Iü8'403.'892*403-=3500=400!.** " f  *

Data call sequence: T-solids, T-ges, Peed Rate, Reactor temperature.
Volume, Run Number, Ebqp. ÿ Air, and Gns Rate.
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Appendix 5 
Addit ional Equations And 

Relationships fo r  Theoretical Model

The fo l lowing equations were obtained from data given in Himmelblau 
01).

For N2 and 0- H = -3263 + 6.47 I  + 3559 x 10"7T2

C0„ H = -3614 + 5.80 T + 3361 x 10"6T2

H„0 H = -3826 + 7.63 T + 2154 x 10"7T2

where: T (=) °R and H = enthalpy (=) Btu/ lb  mole

The fo l lowing equations, fo r  calculat ing rate constants fo r
the thermal decomposition of the mineral carbonates, were obtained
from Jukkola (4):

For CaCOq log k = 9.06 -19986/T

(MgCa) C03 log k = 1.90 - 21843/T 

where: k ( = ) 1/min and T ( = ) °R

From Table 1 :

i n i t i a l  concentration of CaCÔ  =0. 17 lb / lb  shale

(■MgCa)C03 = 0.28 lb / lb  shale
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The fo l lowing re lationships are calculated on the *basis of 1 lb of 
raw shale.

0.17 lb CaCOg = 0.02 lb  carbon

0.28 lb (MgCa) CO. = 0.027 lb carbon

Total = 0.0470 lb carbon

Analysis of raw shale gave: 0.1317 lb of to ta l  carbon & 0.0131 lb
of hydrogen

e Organic carbon = 0.13.7 - 0.0470 = 0.0947 lb

Total organic content = 0.0947 + 0.0131 = 0.1078 lb 

10.78 % organic content = 10 gal/ ton Fischer assay

The fo l lowing are on the basis of 1 lb organic.

0.0733 lb-moles carbon and 0.06 lb-moles hydrogen 

therefore:

C + Og = CO g and + V L  = Ĥ O

Formed: 0.0733 lb-moles CÔ
0.0600 lb-moles Ĥ O

Used 0.1033 lb-moles 0^  

or
0.493 lb-moles a i r
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