
33113 YNIG HI 
MATHBMTICAI. ANAl. va. OF THE EFFECT OF RETORTING PRUSURE ON OL VIE 



L 

". Ind. Eng. CIwm. Proc.u 0... DeY. 1'",24.274-280 t f # 

t-.. 
'Mathematlcal Analysis of the Effect of Retorting Pressure on 0 I 
Yield and Rate of 011 Generation from 011 Shale 

Hywt S. Yangt and Hong Yong SoMe 

o.p.nmenta of FIK-.3 E'~1g and of Mlt.AIpy ana Metaflllr1iCa1 E,tg/nfHIrlnQ. UnIversIty of Utah. Salt /MII CIty. UtIIh 34112 

The principal objective In the mathematical analysis presented here was to oescribe mathematically the 011 yield, 
~18 8fTI(Ultl! 0' 01 degadAtion Into coke and gu, and the rate 0' 01 generation In 1M retorting 0' 01 shale at various 
pressures. The results 0' the analysi! are II' IPod agreement with the experimental results obtained under various 
retorting conditions. In this analysis. the rate equations 'or the decomposition 0' organic matt~. the recovery 0' leuid oM as oU mist or oil vapor, and the stoichiometry 'actors w<>re determined from the expenmental data on 
powdered 011 s~1e with nitrogen as a sweep gas. 

IDtroductiOD 
In previous articles (Sohn and Yang, 1985; Yang and 

Sohn, 1985), the authors reported the results of an in­
vestigation on the effect of reduced pressure on the oil yield 
and the rate of oil generation from 0;1 shale. In thi paper, 
a mathematical anniysis is presented to systematically 
describe the experimentally observed effects of preSS'lle 
on the oil recovery rate and yield under .. arious heating 
rates. The analysis was al.llo aimed at predicting the 
amount and rate of coke and gas formation. 

Stout t.i; al. (1976) stu.:iied the effects of thermal histories 
on oil shale pyrolysis and showed Lhat the oil yield was 
affected by the time-temperature history of the liberated 
oil and not by that of the organic matter i:l raw hale. 

On the basis of the above result, Cam;>bell et al. (1978) 
investigated the loss in oil yield due to reactions in the 
liberated oil. They observed that the oil degradl'tion 
process occurred mainly in the Liquid phase and not in the 
vapor phase. Same evidence was obtained by Rubel and 
Cobwn (1982). Therefore, the present analysis considered 
only the oil in the liquid phase as a source of oil degra­
dation. 

It is known that not all of the organic carbons in raw 
hal!' are converted to oil and gas during retorting re­

gardless of retorting conditions. This is in part uue w the 
low H/C ratio of organic matter in shale and the presence 
of aromatic hydrocarbons in kerogen which remain rela­
tively stable during retorting. 

Mik.lis and Maciel (1981) observed by 13C NMR that 
the residual carbons in retorted shale from several geologic 
formations mo tly consisted or aromatic carbons. 

Formulation or Rate EquatioD. 
The reaction mechanism formulated here consists of two 

important processes shown in eq 1- 4; the decomposition 
of organic matter into oil. coke &J\d gas. ar;d the ronversion 
of liquid oil into coke and gas, oil mist. and vapor oil. The 
oil vapor in equilibrium with liquid oil was considered as 
vapor oil. ., 
organic matter -

primary oil (liquid , vapor) + coke + ga (1) 

~, 

primary liquid oil - coke + gas (2 ) 
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• ~ oil mist (3) ., 
-+ vapor oil (4) 

Thi proposed mechanism is by no means meant to be 
a truly . ~ef'Jistic or even a comprehensive representation 
of the el"lremely complex pyrolysis reaction. We formu­
lated this mechanism, based on those simplified mecha­
nisms proposed by previous investigators (Campbell et al., 
1978), as the simplest version that quite successfully rep­
resents the quantities experimentally obtained in this worl.:. 
Reaction 4 in the above scheme represents vapor formation 
by boiling. Under relatively high heating fates considered 
in this work, the vaporization of liquid oil component below 
the boiling point WIUI nl:glected. Under a much lower 
heating rate, the latter which would depend on mass 
transfer rate (thus on ga.s flow rate and shale particle size) 
may have to be included. 

The total amounts of coke and gas produced in reactior. 
1. which is referred to here as the primary reaction, are 
considered to be independent of retorting conditions. The 
stoichiometries of subsequent reactions, secondary reac­
tions, are dependent uI-0n rewrting variables. 

The rate of primary oil evolution during retorting de­
pend only upon time-temperature history. Pressure af­
fects not <'nly the fractional distribution of liquid and 
vapor of the pnl"ary oil but also the degree of oil <.iegra­
dation during the secondary reaction. 

As observed from the aoove, the primary oil undergoes 
two competing processes during retorting; the degradation 
into coke and gas, and the recovery into oil product 8:1 oil 
mi t and vapor oil. 

The vapor oil in reaction 4 i produced by p y ical 
boiling which takt> place at a nonisothermall:ondition. In 
thi analysis, vapor oil and oil mist are as umed to be 
immediately recovered out of the retort in the presence 
of a sufficient flow rate of an external sweep gas. 

The mass balance equations are as follows 

dpl/dt = - k lPI (5) 

dp / dt = kddl - X(T .PJ)PI - (k 2 + kJ + I •• )p~ (6) 

dpJ/dt = kJIX(T,P)PI + k.P2 

dpdd f = kJ2PI + k.J.P2 

dp~ /dl = kJ3PI + k.J!J1l 

dP6/dt = k3P 

(7) 

(8) 

(9 ) 

(10) 
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with the initial conditions; et t .0, PI • 0.19049 (g/g of raw 
shale) and P2 .. p~ z P. - p& C Pe - 0 where p" P2' Pt , P., 
P6, Pe are the am unts of organic matter,liquid oil, vapor 
oil, coke, gas, and oil mist, respectively. 

The stoichiometry factors fl' f2. f3, f., and Is were as­
sumed constant during retorting, and the values were 
determined to be 0.836, 0.100, U.047, 0.7038, and 0.2962, 
respectively. T.1e factors f .. /2' and 13 were determined by 
extrapolating to zero pre88ure using the results obtained 
at various reduced pressures with 8 heating rate of 12 
K/rnin (Yang, 1983). At zero pressure, all produced oii 
would be in vapor phase and thu no degradation would 
occur. The factors f. and f& were adopted from previou 
inve tigation by Campbell et a1. (1978). They determined 
the molar stoichiometry fllctors for each product from the 
degradation of liquid oil. Using the e values, the stoi­
chiometry factors for coke and gas formed from unit weight 
of liquid oil were calculated. 

The kinetics parameters determined using experimental 
data obtained at various pressures (Sohn and Vang, 1985) 
showed that the activation energy of overall first-order 
kinetics for retorting Colorado oil shale was relatively 
constant over v81 lous pressures. Only the preexponential 
factor varied with pres!\ure. On the basi of this infor­
mation , the rate const'lnt hi for organic matU'r dec mpo­
sition was determined hy extrapolating to zelO p~essure, 
which represents the true rate constant since all of the oil 
produce<i during retorting would be in the vapor phase and 
thus recovered as soon as formed. 

With an average activation energy 46460 ccl/ g-mol. the 
second-order least-squares method was used to determine 
the best-fit value of preexpo'lential factor at zero pressure 
using the experiment&l data. The rate n:plession thus 
obtained is 

hi .. 4.486 X lOll exp(- 46460/RT) S- I (11) 

The rate constant k2 for liquid oil degracation into coke 
and gas was ._dOpll:d from previou inve~tigation by 
Campbell et at. (1978) 

k2 = 3.1 X 107 exp(- 35000/RT) S- I (12) 

The rate constant k3 for recovery of liquid oil as oil mist 
is not available. This rate constant was determined by a 
repeated trial-and-error analysis witl> the aid of known 
kinetic parameters and stoichiometry lactors. The best-fit 
expression was obtained by using all the experimental data 
on the overall oil yield under various pressures and heating 
rate . The expression thus obtained is 

k3 = 0.0 2p-Q'I.!> X heating rate - I U3) 

where Pi ' in atm and heatil1g rate is in K/ s. 
The rate con tant k3 may also depend on the flow rate 

of sweep gas, especially at low levels. The expression given 
h re for h ~ must be considered valid for the particular 
sweep gas fl ow rate used in thi work Isee the following 
section). The effect of fl ow rate on hl was not determined 
in th:F- work. This may be a worthwhile topic for further 
research. 

The rate constant h. ff) r recovery of liquid oil as oil vapor 
by phy ical evaporation process wr..:: determined as a 
function f); tempera~ure at different pressures. To obtain 
this mformation, simulated di tillation, ing gas chro­
matography was performed on the oil product obtained 
under 0,05 atm at a hetlti n!( rate of 9.86 K / min under a 
suffiCiently rapid nitro!(en flow rate (60 cm3/ min at 25°C 
and O. at,n ). The 0.05 atm pressurf was the lowe t 
pressure which could bto obtained for batch retortmg III - , 

this work because of the pre sure drop neces ary for 

Table I. PolYDomlal EquaUoa8 ror X(T,P) at Dlf'ereDl 
Prenura." (X - C. + C 1 x IO-IT + C , x IO"TI + C. X 
IO" T') 

preas .. atm 

0.05 
0,1 
0,5 
0.86 
1.0 

10.0 
20,0 
30,0 
40,0 

c. 
3,74533 
4.03221 
4.318f;8 
3.62511 
2,9 155 
1.00062 

-{).98032 
-{),46529 
-{).76264 

" T ill in kelvins. 

c, 
- 1.960 
- 1.980 
- 2,000 
- 1.632 
- 1.264 
-{).3755 

0.513 
0,236 
0.3 1 

3.28563 
3,13637 
2,98711 
2,3 1250 
1.63789 
0.37304 

-{),89191 
-{).40782 
-{).G3104 

c. 
- 1.66 
- 1.506 
- L35 
-{).97 
-{).59 
-{),035 

0.52 
0.24 
0.35 

maintaining the nitrogen flow, The fractional distribution 
of vapor and liquid compositions of oil product produced 
at this pressure was almo t independent of heating rate. 
It was thus assumed that the oil produced under the e 
conditions represent the true primary oil unaffected by 
subsequent degradation, Using the normal boiling point 
distribution obtained from the simulated distillation, the 
vapor-liquid distribution at different pressures and tem­
perature can be ceJculated accordin!( to the procedure of 
Lee and Kesler (1980) and Ma.xwell and Bonnell (1957) . 
The fraction of oil vapor who e boiling point i below T 
thus calculated, expressed as X (T ,P), is given as a poly­
nomial function of temperature under various pressures 
in Table 1. Using thel.'e polynomial equations for X(T ,P), 
the rate constant k. can be determined as follows 

h. = dX(T ,P)/dT x (heating rate in K / s) S- I (14) 

The mass balance equations for a linear temperature 
increase with time were solved simultaneously by em­
ploying the fourth-order Runge-Kutta method (Carnahan 
et al., 1969) with a temperature interval c~ 0.25 K. 

CompariloD or Mathematical AnlilYlis with 
Experimental Results 

The experimental results were obtained from batch re­
torting under reduced pressures. A hematic diagram 
used for oil s!1ale retorting and the experimental procedure 
have been reported t:l ewhere (Sohn and Yang, 1985). 

About 70 !( of oil !!hale sample (which came from the 
Anvil Points Mine in Colorado) with particle '1ize of -8 to 
+48 mesh was charged in the retort and heated at heating 
rates from 1 to 12 K/ min. The Fischer Assay grade of the 
shale was 36.6 ± 0.6 gal / ton. The properties 01 the raw 
shale were determined to be: organic carbon, 15.8%; hy­
drogen. 2,21 %; nitro!(en. 0,52%; and sulfur, 0.72% on 
wei!!ht basi of raw shale. 

Nitro!!er. was used tit! a sweep gas at a flow rate of 60 
cm'/min corrected to 25°C and 0.86 atm. which was 
sufficient to remove oil vapor ar.d mist from the retort as 
oon as formed. 

Shown in Figure 1 is the calculated and measured total 
oil yields as 8 function of pressure at different h~atin" 
rates. Figure 2 shows the calculated and measured total 
oil yield as a function of heating rate at different pre -
sure , As can be seen in these figure .. the agret ment is 
quite good at all the pressures and heating rates studied 
withm 95% confidence. 

Fi!(ures 3 and -1 show the com pari on between the cal­
culated and measured amounts of ()il produced as a 
function of temperature at 0.05 and O,Be ..Itm. respectively. 
during retorting under a constant heating rate, The 
measured curve for oil yield were obtained using the 

. 0 erall first-order kinet ics determmed from experiments 
and are shown as dasheu lines, The kmet.ics parameters 
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Ficure 1. Comparieon between calculated and ot-rved oil yield AI 

a function of preaaure under reduced p~_ure . Espenmental data 
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Ficun Z. Compariaon between calculated and ot-rved oil yield .. 
a function of heating rate under reduced pr .... ure. 

Table IJ. Ki.etica Parameter. Determi.ec1 iD RetortiD. 
with Nltro,eD under Reduced Prealure. 

overall kinetict 

preu .. atm " E. caJ / g·mol A •• - 1 

0.86 1.0 46460 3. 177 x 10" 
0.5 1.0 46 308 3.039 X 101: 

0.1 1.0 46300 3.37 1 x J(l1I 

0.05 1.0 46810 5.254 )( lO" 

measured at different reduced pressures have been re­
ported elaew"'ere (8ohn and Yang, 1985) and are repro­
duced in Table II . 

The calculated oil yield from the analysis repreaents the 
total amount of oil which is recovered 88 oil vapor and mi,>t. 
From the flgUJ'es. the agreemt:nt is considered to be good 
within 95% confidence. A dose examination of Figures 
3 and 4 reveals that the rate of oil generation is lower at 
higher pre88ure at both heating rates. 

Fig-" re 5 shows the calculated and measured amounts 
of coke produced as a function of prt!88Ufe at heating rates 
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Fi,ure 3. ComparilOn between calculated (-) and observed (---) 
nil yield IF a function of temperature at different heating rotes. The 
. t\.Ortmg pressure 90'88 0.1)5 atm. 
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Fi'Unl4. Comparison between calculated (- ) and observed (- - - ) 
oil yield .. a function of temperature at different heating rates. The 
Ftoning preuure W88 0.86 atm. 

of 1 and 12 K/ min. The caJculated result for a 6 K/ min 
heating rate is also shown. All the values of cole and gas 
produced are expressed as weigt-.t percentage of raw shale. 
The amount of coke in the spent shale was determined by 
grinding a sample of spent shale and analyzing by a Per­
kin-Elmer 240 Elemental Analyzer for elemental compo­
sitions of C, H, and N. By using these values, the amount 
of coke produced from organic matter wa determined. 
Although some differences are oburved, the agreement can 
be -;onsidered to be satisfactory. 

Figure 6 shows the comparison between the calculated 
and determined amounts of gas produced as functions of 
pressure at two heating rates of 1 and 12 K/ min. Calcu­
lated re ult for 6 K/ min heating rate is also shown. The 
obser'"d data on the amount of gas produced were de­
termined trom material balance of water. oil, coke, and gas 
with the aid of the known amount of organIc matter in the 
raw hale. A substantia] deviation is observ~ between the 
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two result., but the general trend is conaistent. 
Figures 7 and 8 show the coke and g8.1 iormation as 

functiona of temperature at four different preuure&. The 
general 8hape of the curves for the formation of coke and 
g8.1 are similar. 

AA can be seen in Figure 9, the amount. of coke and gas 
produced at 0.05' atm with a heating rate of 12 K/min 8J\, 

milch amaller than those with a heating rate of 1 K / min. 
This ill because greater oil degradation OCCUJ'1l at a lower 
heating rate. The experimental data point. of total 
amount. of coke and gas produced arp. also shown in the 
figure for comparison. 

To show the amount of oil recovered 8.1 oil mist, Figure 
10 W8.1 plotted Uling the data obtained from the analysis. 
About 80% of total oil produced W8I in the form of oil mist 
under 0.86 atID and 1 K/ mi..'l heating rate, and about 60% -, 
under 0.1 atm and the same heating rate. These values 
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are 8lightly higher than in the cue of oil generalion from 
' tar sand8 (Oblad, 1983). 
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Fi,ure II. Comparison of total oil yield arid oil recovery 8ft oil mist 
811 functions of temperature at different heating rates. The pretlilure 
was 0.86 atm. 

The effect of heating rate on the ;"atio of the amount of 
oil mist to the total amount of oil decrE'.JI.'Ied with increased 
heating rate as seen from Figure 11. which was plotted 
using the data obtained at 0.86 atm with different heating 
rates. This i because retorting at higher temperatures 
produces a smaller amount of liquid oil. 

Lower pressures and higher heating rates resulted in a 
smaller amount of oil mist during retorting. Figure j 2 
shows the amount of liquid oil per unit weight of organic 
matter in raw shale as a function of temperature at dif­
ferent heating rates and pressures. 

The retorting mechanism and values of parameters de­
termined by using the eJperimental data obtained under 
reduced pressure were also used for the prediction of oil 
yield and rate of oil generation t:nder elevated pressures. 

Figure 13 shows the calculated oil yields under elevated 
pressure. The oil yield decreases significantly ItS pressure 
increases and heating rate decrea es. For comparison 
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Fi,ure 13. Calculated oil yield .. a (unction of elevated preaaure. 
The black Circle repreeent.8 an experimental result reported by 
Bu:-: ~ham and Singleton (1982). 

between calculated and measured cil yields. only one data 
point for nonisothermal condition was available. Burnham 
and Singleton (1982) obUlined 78 wt % FA oil yield at a 
heating rate of 1.8 K/ min. a pressure of 27 atm. 8 pressed 
pellet of 3.2-cm diameters. and in the absence of an ex­
ternal sweep gas. For the comparison between the pre­
dicted and measured oil yield. the oil yield measur"d was 
corrected to 60 cmJ / min sweep gas flow rote using infor­
mation reported by Camphell et al. (1978). The corrected 
data point is shown in Figure 13 as a black circle. The 
a~reement can be considered to be good. 

Figure 14 illustrates the predicted and measured oil 
yields at elevated pressures. The measured oil yields are 
obtained by Rae (t 969) under an isothermal condition with 
a constant temperature of 773 K and a constant residence 
time of nitrogen sweep gas in the retort. For comparison. 
the oil yield was expressed as a percentage based on the 
oil yield obtained at atmospheric pressure. Agreement 
between the two r€Sults is quite good up to about SO atm. 
The increasing difference above this pressure might be due 
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to the increas:ng importance of cracking of oil vapor, which 
is not included in thill analYllis, and also due to the fact 
the rate constant for the recovery of oil mist used in the 
present analysis mo.:v be less satisfactory at these high 
pressures. 

Figure 15 shows the calculated amount oil generation 
as a function of temperature at different heating rates 8Jld 
elevated presswes. 

For comparison of rate of oil generation at elevated 
pressure. two measured r~te8 of oiJ generation are shown 
togp.ther with thf: rate of oil generation calculated by the 
analysis. Figure 16 shows the calculated and measured 
extents of oil conversion ItS a function of temperature. The 
observed data were obtained by Burnham and Si"gleton 
(1982), and retorting conditions are given in the figwe. 
There were significant differences in the rate of oil ~en· 
eration. The difference in the ratA! of oil generation is likely 
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to be due to the absence of a sweep gas in ~heir nperi· 
ments, which lower the ;' ,' te of oil evaporation. This 
points t(' the significant effect of a sweep gas, especially 
at an elevated pressure, 

The measured rate of oil generation shown in Figure 17 
was obtained using the kinetics parameters determined by 
Noble et al. (1981) . The difference between the calculated 
and measured ra~ may be due to the same reason men· 
tioned above. 

Conclusion 
A mathematical analysis has been carried out to predict 

the oil yield. the amounts of coke and I?as. and the rate of 
oil generation under reduced prl!Bure. The analysis was 
be.!if'd on a previous inve tigation which showed that the 
oil degradation into coke and gas mainly occurs in the 

" 
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. liquid pbue and not in the vapor phue. It wu also u­
aumed in tilia anaJ)'Iia that vapor oil and oil mist were 
recovered immediately out of the retort in the presence 
of a luffic:ient now rate of Iweep gu. 

The r.ulta of the anaI)'1ia are in good agreement with 
the nperimental ,.ulta obtained under various retorting 
c:onditiona. However, at preaauree greater than 80 aun the 
agreement bec:omea I .... tiafac:tory due to the reasons 
diacuued in the te&t. 

It wu obaerved from the anaIYlia that about 800/0 of 
total amount of oil wu recovered u oil milt at 0.86 atm 
with a heating rate of 1 K/min, and about 60~ reBulted 
at 0.1 atm with the lIlJDe heating rate. It indicatel that 
the fraction of oil in the liquid phue dec:reaaea with de­
c:reued preuure, and thus a Imaller amount of oil de­
«raded into coke and gu. 
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NomeDclature 

A • preelpoDeDtiaJ factor, ,-I 
E - activation enefIY, calli-mol 
, - ltoichiometry factor 'I -for oil produced in primary reaction 
,. - for coke produced in primary reaction 
,. - for ,U produced in primary reaction 
" - for coke produced from liquid oil in M<:Ondary reaction 
,. - for IU produced from liquid oil in aecondary reaction 
• - rate conatant .1 -for organic matter dec:ompoaition 
•• - for liquid oil degradation into coke and IU 
•• - for recovery of liquid oil U oil milt 
., - for recovery of liquid oil u vapcr oil by phyaical evap­

oration proc.a 
" - reaction order 
P - pr __ url,atID 

R - 10 con.tant 
T - temperature, K 
w - weight of oil evolved 
X(T,P) - fraction of initially generated oil that nilll in vapor 

phue at pretlllure P and temperature T u determmed by 
.imulated distillation 

PI - amount of organic matter left in the raw Ihall!, «II of 
raw.hale 

P2 - amount of liquid oil prcduced, ,/g of ra'N Ihale 
p, - amount of vapor oil produced, ,.;, of raw .hale 
P. - amount of coke produced, 1/ ' of raw shale 
p& - amount of ,as produced. 1/1 of raw shllle 
p, - amount of oil mi.t produced, I I I of raw ,hale 
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Characterization of Shale 011 Produced under Various Reduced 
Pressures 

Introduction 

Hrun S. Vang' and Hong Yong SaM" 

~ 01 FUIIIJ E'lpi .... '" and 01 ""tatugy and """"'/1IC4lli",*_*",. I.InIvenIty of IAaII. S.1f LMa CIty. Utah 14',2 

The aude Iha .. 01 obtained under reduced pressures by a nonlsothermal technique was analyzed for physical 
and chemical properties . A lower pressure. higher heating rate. and higher flow rate of Iweep gas resulted In 
a ~ nitrogen content lind higher ..,alues of viscosity. density. Conradson carbon. and pour point as wei as a 
higher percentage of higler boling clstllates and a lower HIC ratio. The sulfur content remained rela~' constant 
In the preuwe range studied. As fer c:hemiaIl properties, a "eater amoon! of paraffinIC and aromatic c:ompooods 
and ilcreued aron.tidIy weill ClIJeerwd at a lower pressure. wtiIe aatu'ated isoprenoids deaeased wt1h deaeued 
preaaure. The olefinic traction remained relatively constant under various pressures. 

A number of investigaton (Allred, 1964; Hill et ai, 1967; 
Bae, 1969; Weitkamp and Gutberlet, 1970; Burnham and 

Singleton, 1982) have studied the preuure effect on oil 
yield and properties produced at the conditions ranging 
from those encountered in in litu processing to those in 
Standard or Modified Fisher A;"".y elperimentl. Although 
many Itudiet on the effect of prelSure on oil propertiel 
have been carried out, there is little ayatematic Itudy on 
the effect of reduced preuure. 
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