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Abstract

The . solubility of hydrogen in heavy hydfoqérbons and
coal-heavy o0il slurries was measured _'using a batch
autoclave. - The soIvgnts‘ranged_from a hYdrocrécked gas 6il’

product of molecular weight 250 to heavy bitumen residues of

molecular weights above 800. The ‘experiments were conducted

mainly at 200° and 300°C, and pressures up to 24.8 'MPa.

Limited carbon‘-dioiide and hydrogeh sulphide solubility‘y

measurements were also made.. ‘
The prediction  and correlation of the solubility data

by the Peng-Robihspn equation and the Grayson-Streed method

~

were attempted. The best result for the correlation of
hydrogen solubility data was obtained with the use of either

‘a modified Peng-Robinson or Soave-Redlich—Kwong'equatiqn.of'
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h 1. Introduction
oSolubility data . for gases in hydrocarbon solvents are
USeful 1n the petroleum 1ndustry The effect of temperature

on gas solub111t1es is of prac

the wide range of 'temperatures_ enc ntered in chemical

1mportance because of -

processes. ~ The measurement and ’correlation of phase
equ111br1um data prov1de 1mportant 1nformat10n needed in the
~design of chemical processing equ1pment.

ﬁEcent interest in the recovery and processing of shale

oil, coal llqulds and oil-sands b1tumens has created a need

for SOlUblllty data ‘for hydrogen, carbon dioxide . and
hydrogewi%sulphlde, at elevated temperatures and pressures,
in heavy‘ hydrocarbons quite. dlfferent from the normal
petroleum mixtures.. These systems contaln mono- nuclear and
poly nuclear aromatlcs, naphthenes h1gh b0111ng para;flns
and')r;ng compounds’ contalnlng N, S and 0. As well, the need
to increase recovery of distillates from petroleum ‘residues
‘- has demanded acéurate' vapor—liquid lequilibrium data’for

hydrogen 1n heavy petroleum mlxtures

In rhydrotreatlng appllcatlons hydrogen'coexists'with

4 carbon d1ox1de, 4hydrogen sulphide and light hydrocarbon

'ﬁ}gases '1“\ hydrocarbon liquids. The' de519n Of IEformerS'

b*hydrocrackers, hydrotreaters and scrubblng unlts ‘requ1res :

accurate knbwledge of SOlUbllltleS of these gases.

The Canada Centre for Mlneral and Energy Technology_

;j(CANMET)' of the. Department of Energy, Mlnes and Resources. .

.has’developed»a hydrocracklng process, operable at hlgh

N



pressurel and‘producing low pitch and high distillate yields
trom bitumenlfractions. Figure 1 presents a slmplified flow
scheme yoﬁd a 'one;barrel per day CANMET hydrocracking pilot

plant_simulating a commercial process. A mixture of_hydrogen

and’ topped bitumen is preheated and pumped into a 4.5 litre

reactor vessel where the bitumen is cracked and hydrogenated
to form low molecular welght distillate and residual pltch
The reactor effluent is cooled 1n two stages glv1ng a heavy
'oil‘ and a llght '0il. The hydrogen’rlch' gas stream is
scrubbed to remove :gaseous‘ hydrocarbons v‘and' hydrogen
sulphide, ‘mlxed w1th make-up hydrogen and recycled back to
the reactorr BeCause of the high sulphur content 1n'b1tumen,
substantial - hydrogen sUlphide is  formed durlng
:hydrocracking. The process is capable of handling a wide
variety ‘of ﬁeedstocks.JThe pitch conversion can belaltered}
as desired. | '

Hydrogen exists  in eQuilibrlum ‘with - the feedv and
products at the hlgh temperature required in the CANMET
hydrocracklng process, together_‘with _hydrooen Asulphide
formed by hydrodesulphurisation. ‘Consequently,"Solubilityy
data for - hydrogen‘_ and  hydrogen sulphide in 'hitumen
- feedstocKs andhcracked:products are useful for' the des}gn
“and ana'ysiS‘1of’commercialvhitumen—upgrading processes. As .

well, these data are'required in the kinetic modelling of

’

.the co’plex reactions taking place dur1ng the hydrocracklng"'

and hy rodesulphurlsat1on. The present work 'was7 undertaken

to. p ov1de data ~ at  the temperatures and pressures
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approaching ‘those used in the CANMET hydrécracking process.
The solvents used were actual feedstocks and hydrocracked
products from the pilot plant.
' »

Coal upgrading can be done in a slurry medium; the

solvent used can eithef donate hydrogen or act as a hydrogen

carrier. No data on hydrogen solubility in coal-ocil slurries

. are available. These studies were extended to obtain

hydrogen solubility in selected coal-bitumen slurries. The
data will be lhelpful' in the analysis of kinetics of .coal
liguefaction. |

_As a result of the present shortage of crude oil, there

. .is increased interest in the use of carbon dioxide as a.

tertiary oil recovery agent, since it promotes swelling of
the heavy oils and reduces their wviscosity greatly. The
knowledge ‘0f -carbon dioxide -solubility in bitumens at

reservoir temperatures, as well as at temperatures required

to recover the “solute gas, is desirable.

In the modelling of hydrocracking and related
hydrotreatment processes, thermodynamic correlations ‘are
used.to-calculate'the vépor-and iiquid phase compositions

Lo . St~ : .

and the%rbprqperfies.zThe 'dual' model method of Chao-Seader

is. a tlechnique widely applied in the petroleum industry. The

‘Soave modification ' of the Redlich-Kwong equation of state

and the Peng-Robinson .equation of 'state are more recent

\

methods, and are popular due
accuracy. The reliability of\%hese methods to predict phase

equilibrium was tested using experimental data obtained here

"to their. simplicity and-



and from the literature.



2. Literature Survey

2.1 Theory
For most gases at ordinary temperatures the solubility

in a liquid solvent decreases with rising temperature. This

ié expected because, as tempéfature rises, the kinetic
.energy of the gas increases and thus there is a decreasing
tendency to condense 1into a liqdid phase. However, the ‘
solubilities of‘ some gases increasebwith temperature while
others first decrease and then increaée. It appears‘ likely
that the soiubilities of .all .gases first decrease,‘go
through a miniﬁum, and then incréasé if taken over a wide
enough témperature. The increase of solubility of some gases
with temperature is probably rélated to the_'<%%rease in:
solvent density as temperatu?e rises (45,69). !

| The temperature ’derivatiéé of  the solubility,
calculated: from tﬁg Gibbs-Helmholtz equation, is direcfly
related to the partiai molar entropy‘of.the. ga§eou§' solute
in  the liquia phase. Therefore, if something can be said
about ﬁhe,entropy change of the " solution, insight can be
gaihed- on the effect of temperature.on;solubiiity. Consider
the relatively simple case where the solvent is. essentially
non-volatilé' ané where the solubility-ié sdfficiently/smalii
to make the aétivity coefficiént of the solute iﬁdependent

™ . . .
.of the mole fraction. With these restrictions it can be

shown that
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where x, 1is the mole fraction of gaseous solute at

saturation and
Agz = §2(l) - SZ(V) . . (2.2) ‘

First weé consider equat@on-(2.1); if the partial molar
entropy of change of the solute is positiye, ‘then- the
solubility increases with rising temperature; otherWise it
. falls,; To understand the 51gn1f1cance of the entropy iohange

it is convenient to divide 1t into two parts:
A5 = (s2(1)e- s2(v)) + (5,(1) - s,(1) (2.3

where sz(l) is the entropy of the (hypothetlcal) pure llqu1d
at the temperature of the solutlon. The first. term on .the
right—hand side " of equation (2. 3) .is' the entropy of
‘ condensatlon of the pure gas and in general this is expected‘
to be negatlve 51nce the/entropy of a. lqu1d is lower than
that of a saturated gas at the same temperature. The ,second_'
term is “the part;al molar‘ entropy of SOlUthD of the
- condensed solute"and, assumlng 1dea1 entropy of mrx1ng.lfor
.the two liquids} it is .

’

55(1) - s,(1) =~ R 1n x, A o (2.4)



Since x;<1 the second term in Eq (2.3)'is positive and
the smaller the solﬁbility,.the larger this term becomes. It
therefore follows that A§2 shohld be positive . for - those

A

gases which have very small solubilities and negatlve for

others: Gases which are- sparingly soluble rshow positive

temperature. coefficients of solubility, whereas gases which
are readily soluble'show‘negative-temperature, coefficients.

This is in fact observed.

~

2.2 Experimental Techniques 2 - , 'é

Solubility . determinations consist essentially " in
bringiﬁg the solvent into equilibrium with> the gas  at.  a
known total "preSsure; taking a sample-of;the liquid phaée_'

and determining its compoéition; Individual: methods differ.

in the _mannef in - which the attainment of equilibrium is

accelerated- (stirring,shaking;circulating the: liqﬁid- or

bubbling~ the gas) and as to whether_sampling is continuous

or intermittent. Chappelow and Prausnltz (5) ». and Cukor and

Prausnltz‘(8) 1nvestlgated the solublllty of hydrogen at low
pressure in blcyclohexyl dlphgnylmethane,‘ squalane,
n-hexadecane’  and _ octamethyl?cyclététrasiloﬁaﬁe.. . The

experimental - apparatus consisted vof '5 sections:- (1) a

‘degassing‘flask, (2) an equlllbrlum cell (3) a reservoir -of

vdegassed solvent, (4) a prec151on gas burette, and (5) a

section _for ,pressure measurement. Solvent was continuously

circulated through ‘a vapor space containing ‘a"measured'

A



quantity of solnte. The solubility was determined by qmahing
a qhaterial balance on the gaseous solute. The precision of
their results was about 1%. | | |

The | solub111t1es . of '.hydrogenv‘.in ‘iSObutane,

2,2,4- tr1methylpentane, and 1in .a mixture of isOmeric

dodecanes . were 1nvestlgated by Dean and Tooke (11) Hydrogen
and the\llqu1ds were placed in an equ111br1um cell mounted
in an oil- fllled bath 1n whlch 1t was rocked-at 30 cycles a
ninute. At the upper end of the cell one valve was- attached
‘with an 1nduct1on tube for w1thdraw1ng liguid phase samples.
Another valve was provlded for taking vapor' phaSe samples.
;_Solubilities(‘in 'isobutane'were'determined for temperatpnes
" from 100° to 2505F_and pressures from 500'psia’to 3000 psia.
The 'solhbility of' hydrogen in 2,2, 4—trimethylpentane was
neasured for temperatures from 100° to 302.5°F and in the“
dodecanes for 200° and 300 F w1th pressures ranglng from 500
‘to 5000 psia. The l1qu1d and“vapor samples were analyzed by
-repeatedlyl freezlng and thaning the‘samples; resulting,ln
the physical separatlon of the hydrogen from 3the
hydrocarbon. An Orsat apparatus was also used to analyze the
'hydrogen 1sobutane _systems. - They showed that hydrogen
.solub111ty anreased yith temperature and pressure and thatn
soldbilityjdeoreased,as solventinoledplaraweighth‘increased;
.They also concluded that hydrogen is more - soluble in
parafflns than in aromatics of sinilar molecolar weight. )
-,4Eak1n tand DeVaney (12) 1nvest1glted the vapor llqu1d
_equillbriumi for hydrogen ‘fsulphlde -n- nonane, hydrogen

L5

[y
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sulphide-isoprdpylcyclohexane, Iand'. hydregenr sulphfde—'
mesitylene at \100° to 400°F. Ternary mixtures of hydroéen
sulphide—hydregen-n*nonane, hydrogen sulphrde-hydrogen-»
isopropylcyclohexane,  and | hydrogen | sulphide—hYdrogen—

meSitylene at up to 2000 psia at these same temperatures

‘were also studied. The apparatus consisted - of a rocking type
- equilibrium cell. All samples were analyzed on a Beckman
GC-4 . chromatograph The columnlwas ‘a 16 foot long, 1/8 inch

oD tube packed with 80 100 mesh Porapak P. The carrier 'gas

©

was argon. ‘

Frolich et al. (15) determined gas solubilit{vvby
saturatlng a liquid with gas <at suitable intervals of
: pressure and measurlng the ratio of solute to solvent in a
sample drawn off for analy51s. To this 'end a small amouht‘of'
solvent was introduced ;into an evacuated steel cylinder of 2
iitre capacity. The ~gas. was then forced in at the highest
_pressure available and the cylinder agltated in a water bath
malntalned at 25°C. f The liquid phase ana1y51s was: done by
-flashlng a sample of the llquld and collecting the vapor
over mercury in a burette. The total error of this method is
such that the results should not be con51dered accurate to
~better than *5%. The _llqu1ds studled included? gas oil)
,heauy haphtha; cyelohexahe, octane, ahd hexane at AQSfC’ and -
pressures up to 200 atmospheres. . : | -

Grove et al. (19) measured.the solubilityx of *hYdrogen
in terphenyl at high. temperatures. Their apparatus was made

‘of two cylandrlcal stalnless steel vessels isolated from one
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another by means of a.stalnless'steel} bellows.ﬂvAV pressurerﬁ
difference between the two vessels‘caused'contraction_orl
'expansién of the bellows; The assembly was agitatedr'by a-
motor"at about ;3205cycles/min to establish eguilibrium. A

known welght of terphenyl was placed in one vessel degassed

“and , pressured' with hydrogen, the 'other vessel' being

pressuredlwith nitrogen simultaneously so that - no large
.stresses were placed onithe bellows. Hydrogen soluhilitles
were calculated by measurlng the decrease. in the ‘number ,of’
. moles'.of gas in the vapor space over the solvent in pa551ng
Afrom the 1n1t1a1 equilibrium condltlon wvhen the solvent wasi
solid, to the temperature of measurement

Ipatieff et.al. (21) studied the solub111ty of hydrogen

in'benaene, toluene, xylene, me51ty1ene, gasoline, kerosene,-:
cylinder oil;'and paraffinf mazouttn' The lquId ‘under
;investigation wasv:placed 'in‘.a‘ high-.pressure bomb. Thei
necessary pressure was. applled through an- upper‘ valve and
the liqu1d was thoroughly m1xed with the gas Afterwards a
sample was taken into a gas burette through a’ spec1al valve

The volumes of ‘the llqu;d and the. evolved gas were. read

- .
@

,directly fromvthe burette, SOlUbllltleS were reported,Af%{"
1temperatures of 25, 40 and'1009Ctand for pressures up to 319
:atmospheres in benzene, toluene, xylene,.and mesitylene, and
‘at 25°“ to>300°C (tolarmaximum pressure of 300 atmospheres)f
=a1n gasol1ne fractgon, kerosene,'cyllnder' oilj and paraffln
: mazout__01l. They concluded that (i) solub111t1es 1ncreased

as temperature . increased = (ii) solubilities . increased.

Yoot
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linearly with pressures to 300 atmospheres and’ (iii)
solubilities decreased | with  the 'complexity of . the
composition‘of the molecule, being the greatést;for benzene
and gasoline, and the smallest for mesitylene and mazout . '“\E

. : e
Lachowicz et al. (26) investigated"the solubility o f“%

e

p,hydro@en in n-heptane and n-octane at 25°, 37.5% and 50°C at
pregsures between 50 and 300 atmospheres. Their\ apparatus
consisted oﬁ Ci)- a mercury plston’ compressor (ii) an
equilibrium’cell and (111) an apparatus for. expand;ng‘ the;
sample to 1 atm.tand analyz1ng it. The vessel was rocked'in
a thermostat to attaln equ111br1um. Durlng the w1thdrawal of
the sample; the pressure 1n the vessel was ma1nta1ned within
fO 5-atm. by adm1tt1ng compressed gas ~from .a ’gas storage
vessel.“The._llqu1d sample was expanded into a cooled trap
and‘frozen. The evolved gas was collected'ln a. burette ~and
-its volume _measured at room temperature.and preSSure. The
,.liquid Samplev-uas Weighed.ﬁafter bringing it  tor room
temperature.. - | -
| Nlchols‘et al. (39)”measured:the spec1f1c volumes- of
four 'm1xtures of hydrogen4n-hexane ‘at elght temperatures.
'jbetween 40 and 460°F for pressures vup‘ to, 10000 psi. »A
‘mrxture sample of known comp051tlon and welght was conflned
"‘in a stalnless steel ,vessel “over. mercury ’AThe, effectlve
.volume ~of thlS' chamber was varled by the 1ntroductlon and
w1thdrawal of mercury Mechanlcal ~agitation was prov1ded :to‘
.hasten, the attainment dof‘ phy51cal equ111br1um w1th1n and

"between the phases. The cell was 1mmersed 'in - an agltated
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liquid bath. Sample of the gas phase was removed under
isobaric-isothermal conditions and passed through. a series

of weighing bombs maintained atfliquid nitrogen temperature.

. The total quantity of hydrogen'in~the éas phase‘waé'then

determined volumetrically. No liquid’ compositions MW9fe

+

reported.

- Prather et al. (44) uséd an Autoclave Engineers 316"

‘stainless. steel Magnedrive autoclave with a volume of one US

gallon to“sfudy‘the‘solubility of hydrogen in recycle oil

and creosote oil, and in coal—preosote oil slurry. Hydfogéh’

'aﬁalysfs'wés carried out on a. Variah model QZO Aerpgraph
:,uSihg a 15  ft éolumnﬁpacﬁéd,with 75%'m01ecular siéve-13 X
nand 25% moleGﬁlar sieve 5A. The oil was charged -iﬁto_lthe
lauféclave and;;thé.véystem was évacuatedi\ihe‘autociaQe.was
.theh brdught to the desifed temperature aﬁax\hydrogen was
" added. Sﬁf{ring~.was‘cgrried 5n a£.20b0 rpm, Samples of the
| vapor wéfégﬁithdrawn>{fom the top- éf the aﬁﬁocléve . and

analyZea';by"GC; 4ﬁiquid‘-samples. were ‘withdraﬁn.from the

. ‘ ‘ ‘ . ]
autoclave into a stainless steel bomb. 'The bomb was then

fitted to an evacuated glass rack[ in which“the,V6IUme of

the dissolvedfgaseS-was measUred.vThé gas was withdrawn by
hi B _ , A » ST .

action of a Toepler pump, and'after volume measurement it

was passed to a-GC-.fof ahaleis,: Data :weré' provided at
témperétures ‘up .to  400°C and for 385. psia to 3000 psia

hydrogen pressure. These “authors cqncludéd  that hydrogen

‘ sblubility in a 3:1 solvent:coal mixture was similar to that

in the pure solvent at temperatures high'enodgh'fo;“coal to

(
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be thermally decomposed.

Prausnitz and _Benson. (46) studied the vapor phase
solubility of iCeH14, CsHsCHg, -and"C,oHQ; 'in 'compressed‘
hydrogen‘ with a flow system. The gas was dried with silica

gel before entering the equilibrium cells., -Two equilibrium

cells connected in series were used to assure saturation ofv
the gas. The llqu1d was contalned w1th1n the cell in pyrex
liners, and the gas was very finely dispersed from a frltted.’
~glass sparger (pore,51ze 14° microns) .at the bottom of the
.cells,. The equilibrium',cells‘ were.immersed;in a constant
-temperature bath,ﬁwhich:was controlled to within +0.05°C.
After leav1ng the second cell the vapor)was led to a needle
'~ expansion valye After expan51on the vapor mixture enteredm
| the condenser. It was assumed that the vapor leav1ng tthl
condenser was in equ1libr1um with the condensate.iQThe‘ flow
of - gas was measured with a wet-test ‘meter. From the amounh\
of condensate collected and hydrogen- passed through the
wet- test meter, the vapor phase comp051tion ;as determined
Simnick vetfual. (61 62, 63 64) . Sebastian 'et_ al.
(53,55,56), Lin (29), "and Yao et"alg_ (72) studied ‘the
},gas liqu1d equlibrium for binary mixtures of hydrogen in
m-cresol, m- xylene, tetralln, diphenylmethane, bicyclohexyl

"toluene,.1 methylnaphthalene, thianaphthene and qu1noline. A

-~

’ flow1‘apparatus ‘was used to reduce the re51dence t1me of the

"flu1ds 1n the apparatus The liqu1d ‘was pumped in at a rate“

-+ . of 500-2000 cc/h and the hydrogen gas was supplied at.a rate'4

of about‘5500 cc/min,4The,two-streams_were mixed,_and heated
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'in a -tubular heater to /the desired temperature and then
passed"into an isothermal' cell. The cell - effluent was
throttled and cooled to amblent condltlons. The 11qu1d was

trapped and later welghed with an analytlcal balance. and the:

/ l

quantlty of hydrogen gas determlned volumetrically. The work

| ~§Qas later “extended  to i‘ternary systems of“ ‘hydrogen
—tetralin-diphenylmethane.' and hydrogen tetralln m-Xyleneb
. miktures... |
| . ~ Sagara et al. (51)v.ﬁdetermined‘ the ° yapor—liquid'
\equiiibrium relatlons -of' the"hydrogen-methane, hydrogen—
efhylene, hydrogen ethane,' hydrogen-methane—ethylene - and
‘hydrogen-ethane-ethylene psystems‘ by a static _method- at"
several temperatures from ?25; tou-170?c‘and'atfpressures up
‘to; 100 .atmospheres. The‘?vapor ‘and‘l;iquid;.samples yereg
collected_in chambers'and-anaiyzed by gas‘chromatography.
‘F,The vwork ~which.. reached‘the highest temperaturelwas'by
Grayson and Streed (18) who presented ‘al correlatlon._of K
ivalues fof hydrogen in heavy -01ls. at 320° to 480 C and
pressures to 200\ atmospheres -No veXperimental data_,yere
| reported tn o i L f | B ; N | . |
| Klng et al (24 25) measured the SOlubllltleS of carbon |
d10x1de and hydrogen sulph1de as functlons of temperature 1n}
ri.the n- alkanes hexane to hexadecane at, normal pressure, 'and'f
vcorrelated .the' SOlUbllltleS at 25°C.-A 'faliing}film” type‘
4of apparatus was. used. Each solvent was degassed before. :use,

'_by spraylng 1nto a contlnuously evacuated chamber. It was

';then dlsplaced from this chamber by 1nject1ng, mercury ‘and
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‘flowed'drop by dreg 0ver'a<lip where it passed as a .film
1doGn the inside wall of a spiral,‘and finally accumulated in.
’a graduated pipette. A magnerically pperated. stlrrer\
‘agitatéd ‘thea gas;liquid 1nterface in the plpette. A known

- volume of gas was stored ;n a burette and amount dissolved

'in a ﬁnpwn:quantity5of.sblﬁent was determined by noting the
volume of gas'expel%ed frpm the gas burette. | - |
Low presSuredfsolun}lirles' for nydrpgen, sulphide in
nfnexadecane, . diphenYlmerhane,h ' bicyelohexyl; l vand
‘1fm%thylnaphtnalené " have . been ' studied. by Tremper “and
Prausnitz'(sg).'The experimental apparatus and procedure was
essentially rhe same as those described by Cukdr"and'
iPrausnltZ'(9)l | . o F‘ | ‘ |
‘Yarborodgh” (73) . Ainvestigated_ ‘the "vapor41iduid’
‘equilibrium> for hydrogen7‘ sulpnide‘f and h—decane. . An
equ111br1um "cell sampllng':.valves;., and- 2. different“
'3chromatographs were used for analy51s durlng this - study
.Jacoby B and ‘,‘Rzasa } (22), obtalned _ exper1mental
'vapdriiation 'k-values"f hydrogen sulphlde and - carbdn.
~dioxide .1n two natural gas absorber oil mlxtures and in two
.naEural gas- crude_01l mlxtures at temperatures of 160,' 150:
and 2009Fr;andpayarlous. pressures in the range 200 to 5000”
'psia;;Thelpressure'cell' cons1sted df, a hollow stalnless‘
steelf’eylinder i placed horlzontally, .and -f;ttedv w1thva;
_jpisron“ The llqurd phase was c1rcu1ated with ‘a nagnetic
1 pump', The_ vapor samples were analyzed dlrectly with a massp

spectograph The llqu1d samples ‘were flashed and the llght
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gases weré'ahalyzéd\by thejmaés'speétroggaph. Thé -remainder
of the sampleé were fractionated and Cy+ ffactionélwefe
‘tharacterised. | | |

' simon and Graue (66) studied the solubility of carbon

e . C e . : Y : '
dioxide in nine different oils at:-conditions covering a.
/ ’ '

range of 100 to 250 °F and'pressﬁres up to 2300 psia. Known

i: amounts of pure carbon dioxide and crude o0il were combined’

in a visual cell and ‘bubblé points.of the mixfure were
measured. Correlations for,”p:edigéing '-the sblubility,
swellihg,"ahd viscosityb bqhayiour"of. these systems vere
- obtained in grapﬁical»form. | |
Frbm’;thé experiménﬁal-methods deécfibed by the vgfious
adthors, it was concluded that a"batch aﬁtoclave is‘suitab}e
for the . meaSurement Hbf hydrogen fsolubility ih heavy
f}bituminops-méte;ials and coal-bitumen slurries. This type»oﬁ
eQuipmeﬁt- is availéble in:d5ffefent siégs,,and operable at
high'femperatﬁrésaand préésures. K”GC,'wifh either ﬁz-or Ar
as car;iér-‘gas, is adequate for both the liquid and vapor

'phase'anélysesl

35.3 Correlétiqnu  N
Earlibatﬁempté-to>désqribé thé_Voiumetric properties of.
gaéeSQVléd 'fo' the idéai‘ggés' law‘;ahd -th¢ vén<déﬁiwaals
; eqUétion for feal gases. SinéeﬁihenbsystematiéneffortS{vhave
'béén.‘made to deécribe thevgquilibrium prdpertiégipf réal
gasésf;ﬁ_réview of fhe'vafious équétion@‘dfjstate'thaf 'have{"

been widely -héedﬁis présen%ed'by-stnopoulos and Pféqshitz.
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(70).
Equations of state serve four purposes : (i) prediction
of vapor-liquid @equilibrian of ,mixtUres at; wide ranges of

A .- . . .
temperatures and pressures, (ii) prediction of gas phase

prbperties of  pure ffluids and their mixtures, (iii)

predlctlon of llqu1d phase properties’ of vpufé‘“fiﬁﬁds andJ

thé&r mlxtures, : (iv) 1nterpolat10n of PVT ' data, and"

—

dlfferentlatlon and 1ntegrat10n of PVT data for estimation
of derlyed_propertles (e.g. fugacity). o |

A single equation 'of' state doés‘ not satisfactcrily
ach1eve ‘all these pnrposes. ‘Tne'Virial equation'cf state
expresses the compre551b111ty factor, z, of a gas by a power
serles in | the * density, and is useful .only for mcdest'
‘den51t1es (approx1mate1y 3/4 of the crltlcal density)f when
virial coeff1c1ents beyond the third are 1gnored The virial
equatlon is attractlve because of 1ts theoretlcal ba51s and
of its relatlon to 1ntermolecular forces._Its usefulness is

limited by our 1ncomp1ete knowledge of v1r1al coefflcelents

i 3

Bened;ct, 'Webb and Rubln (2) presented an equatlon of-
state with eight: adjustable parameters,' To obta1n eight
meanlngful ) constants, -extensive experimental data are
requlred Even 1f such data are. avallable, the’ cbnstants are
not_ unlque 'The,, equation represents . satlsfactorllyd
volumetrlc propertles of 'non~polar gases and 11qu1ds, to
-den51t1es up to about 1.8 times the’ cr1t1cal . | ;*

-The;mcst,successful*varlatlon, on_'the ~van der Waals

equation “was that proposed by Redlich and_Kwong (49), which
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~uses only twegadjustable parameters. The RK equation, while .
admittedly less accurate than the BWR equation when applied
to pure substances, is attractive for mixtures since it does
vnot rely on extensive experimental data.'.The' equation has’

been applied extensively to vapor mixtures and their

.properties. A notable application,is {n the Chao-Seader (%)
correlation which applies a 'dual' model‘ approacgh ‘to
calculate the vapor-liquid equilibria. The vapor-phase
‘_ngacity coefficieht is calculated using "= RK eqhation of
pstéteu R
Numerous variations on the RK equation “have been
proposed. Chueh and Prausnitz (6) applied the RK eduatioh
assuming é_ geometric mean mixing rule for the crit{cal
tehperature'of the binary formed py i and j, and introdicing
the interaction parameter, kij, to correct for the departure
~from the'geometfic mean.
Zudkevitch - and Joffe (74) also modified the 'RK
equation,.'utiiising Chueh snd Pfausnitz's' .1deas, and
introduced the binary interactioh parameter to correct for -
fthe deviation from the geometrlc mean in the cross parameter
- aij. They applled the RK equation “to both the vapor and the
11qu1d phases.' |
In the Chao Seader correlat1on the upper limit for the'__
l{quid fugacity. c0e5f1c1ent for hydrogen is 260°C. Graysont
and Streed (18)° used Chao and Seader s expeflmentsl data, as
well as thelr own, to modlfy the Chao Seader correlatlon for
4the Kfvalues 1nvhyd;ogen—gas o1l systems The correlat1on is

A Y
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.applicable for temperatures up,tc 480°C.

Recently, more empha51s has been placed on applying a

single equation of state. for the calculation of vapor-liquid

equilibria, since the same equation can then be used for the

. . 7 . C\
fugacity coefficient in both the phases. Soave (67) modified

the attraction parameter term in- the RKvequation, making it

temperature dependent as well as a function of the acentric

factor. The SRK equation of state galned acceptance in the

hydrocarbon proce551ng 1ndustry' because of its relative

51mpl1c1ty and its ablllty to generate reasonably accurate

K-values. in vapor liquid equilibrium calculations. However,,

-both the SRK and RK equatrons fail to generate 'satisfactory

density values for the - Iﬁduid. Graboski and Dauhert (17)
recommended improvements to the " SRK method'ito handle
hydrocen-containing systems. o

‘ Peng and %ebinson (41) presented'a simpie .equation of

state that gane 1mproved llqu1d den51ty values as well as

accurate vapor pressures and K- values. The PR method assumed'

the geometrlc mean m1x1ng rule in the energy parameter, a ,

"for the blnary. An lnteractlon coefficient was then .applied

.tb“ correct' for the departure from the geometr1c mean. The

one flu1d approx1mat10n was, used to define the covclume

factor,-b,,for the mlxture.

El- Twaty and Prausniti (14) - obtained an ”improved "
correlatlon of K-values for hydrogen-heavy" hydrocarbcn’
‘mixtures by. modifying the comp051tlon dependence' of the’

covolume factor b in the SRK equatlon. The modification
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‘,inFrbddced a binary interaction parémeter En; that can be
adjusted to fit binary data. @ |

Reéentli, Sebastian et.al.:(54)kdevelqped a correlation
in which the fugacity of diséolved hydnogeh at zero'pressu;é

‘was correlated as a function of temperature and solubility

parameter. The:high pressure ngacity was obtained upon
applying a ‘Poynting faétdf. The .hew’correlation.haé its
basis in the fregulaf'*'solution 'assqmptidﬁh4i and - the
Chueh-Prausnitz modification‘of thg'RK équation.of s£été.f

A literature search-hés sho&n that mény erations >of

|

state have been. proposed . for mixtureF containing low

-

~molé¢uiér weight,solventé.;Only éAféw 'of | these = have been
' abpiiéd to highiy Aasymmetric miktﬁres'ofhsmall molééﬁlesﬁ
"éuch‘as_hydrogenf and 1arge molecﬁles; _such‘ as teﬁ:alin.'

.This work considers_lthe ‘abplicability‘ of the. PR; Dﬁhé'
modified SRK'énd the GraysOn—Stteed meﬁhods for 'predictinq]
sglﬁbiiity' of hydrogén ‘in<gﬁigh boiliqg.boint‘hydrocgrbon
 solvents as well in the heavier and mbcejcémplex .féedstocks
and pf¢dﬁ¢té» of © the CANMET bitumehjﬁpéréaihg prdcess.;Thé
abilityvpf the'PRuleqﬁaﬁion ofi étatg éb hgndle_'gydrogen{._
s&lphide;‘and Carbon>'diQXide iﬁ ,thes§ 1solveﬁtélwas alsd 

investigated.

2.3:1 G;ayéon—Streed_ c,

Tﬁé'chao;Seadef correlation is. limitea7_to‘ a ‘makimum.
temperature Ofr260°cvfor.hydrogen_sysEEﬁS.INéw'eXpe;ihéntél
fvabof—liqdid equi1ibria' data «for ‘ﬁig53 témpérature,‘ high 5

-

‘ . : - . . N
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pressure hydrogen hydrocarbon systems were used to ‘extend .

! _
the temperature range of the Chao- Seader K correlatlon. The .

experimental . results covered a range of temperature up to
480 C. and a .range of pressure up to 3000 p51a. MOdlfled

'coeff1c1ents for computing the llqu1d fugacity .coefflclentp

at temperatures up to 425°C for hvdrogen, methane and
"heav1er hydrocarbons were developed | '

”In the Chao- Seader correlatlon K- values are calculated A

through a comb1nat1on of’ three factors

The, quantity vl is the fugac1ty coeff1c1ent. of }the ;purev
-'component “the llgu1d phase .Thé quantlty 'v‘_is the'
act1v1ty coeff1c1ent iof‘ th1s. component in ‘thefj liquld
.: mlxture The quantlty ¢ is the fugac1ty coefficient of the

component in the vapor mlxture

The _,upper temperature ‘limits in the .Chao-Seader” -

correlatlon for the llqu1d fugac1ty coeff1c1ent .v,,‘are:‘
xT: Hydrogen and methane. 260 C
tf2.ﬂ Other hydrocarbons reduced temperature'of 1.3.°
riThe' llqu1d actlv1ty coeff1c1ent and vapor fugac1ty’
coefficient' correlat1ons remaln l,unchanged from ;VthOSe‘
proposed by Chao Seader L1qu1d act1v1ty coeff1c1ents arer
‘;hcalculated from Hlldebrand s 'equatlon,-'assumxng : regularf'
dliquld'solut}ons Vapor fugac1ty coefflclents are calculated

from the.Redlicthwong equatlon of state.
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The C ao-Seader correlation - for quuid - fugacity

ooefficient as been developed within the framework of Curl

and Pltzer s modified form of the principle of correspondlng.

states which is presented in equation (2.6):

élrhydrogen 1s then taken as zero in equatlon (2. 6)

log vy = log v; + & 1og ¥ (276)

- The f1rst term on the right-hand side represents the

fugac1ty coeff1c1ent of 'simple fluids'. The second term  is

a correction accounting fortthe departureuof the properties

of 'simple fluids’

The. quantity " », is dependent only 'on reduced

teﬁperature and reduced,presaure and was f1tted w1th the

-'_followingxfunction.binhao anﬁ Seader:

log vy = Ao + AL /T, + AT, + AT, 2o+ AT, 2.+ (As. + AgTr +

A,T, 2)B -+ (Aa + AgT, )P * - log P (2.7)

New coeff1c1ents for equatlon (2 7)-were determlned to-

fitf Grayson. and Streed S : experlmental hlgh\temperature data:'

- as well as . Chao and Seader~s low temperature data A

2

.separate.Qset‘ of coeff1c1ents ‘are - required for-hydrogen]

Sinoe the‘; typlcal s appllcatlon ftemperaturesbf“in" the'

o

hydrotreatlng procesSés-» are _'far' above the -critical

'iltemperature of hydrogen ‘These are iiSted7 in _Grayson and

uStreed (18) The‘ value ”of LWy ‘thez acentrlc factor Jfer

i

. i
S .

- ‘;}3__ B
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The quantity vy 1is also dependen ‘only on reduced
‘temperature and reduced pressure andjwas fitted with the
following function by Chao and Seader: .

log »3 = - 4.23893 + 8.65808 T, - 1.22060 / T, -

3.15224 T, ° - 0.025 (P, —.O?E) - (2.8)

0 ' ' )
A modification to the limits of this equation is
necessary in order to fit the t\\high‘ temperature':data.vlFor
valués of' T, above 1.0, valﬁes of v; are set edual to the.

~ value at T =-1.0..

2.3:2 Soave—Rédlicthwong Method

- Socave (67) originally éroposed a modification ‘of thé
ﬁedli?ﬁ—ﬁwongA equation of state wﬁich introduced a third
pérameter,’fhe aéeﬁtric factor, and a temperature dependency:
into the cohesive energy term to account for: the effect of -
non—sphéficity on fluid P-V-T properties.- The form51 of the
-eéqatioﬁ of state for the CompréSsibility faétdr\ aﬁd,
'fugacigy ‘coeffiéient' afq"givén jby equationé (2.9) .and,
'(2.10): o

v e -

z = - — L (2.9)

v-b -~ RT(v+b) ’ ' ae

,Qx'
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B

v b, A © v+b
1n ¢l = l.n ('_'_) + ("—"—) - —— L ainj 1n (-——) +
T v+b | v-b RTb j b
abi . IV+b » b_ B . »
{ In (—) - (=—=)}.- 1ln z (2.10)
RTb? b v+b o

For any component, the constants a and b are determined

from the universal.relationships:

[+}]
1l

0.42747 R* Te* / Pe | o (2.11)

-t

. U“
1

0.08664 R To / P S i

- For hydrocarbons and certaln nonhydrocarbons, the addltlonal

constant « is a functlon of the temperature and the acentrlc

‘factor.

Ca= {1 47801 - /T . S (2.13)
£S . _ g S T o
The‘@\barameter was given by Graboshinand Daubert (17) as:

8 =',-.0.4850.&,+-.1,551“7' w -‘“0'.15613'0)1. : S (2.14) \

The . equatlon of state was extended to. mlxtures by Soave

(67) u51ng the comblnlng rules glven as:

a a =L XiX a.,a,,‘ | . ST - (2.15)
" . : 1] : . .
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b= I x,b, | o (2.16)
i B _MMA-A; . . . - )

- where
arjer= VEaee) (1= C ) (2.17)

'

-GraboSki -and HDaubert (17) ‘computed the' interaction
‘dc0effioients, Cij, u51ng the SRK. model for a "numberb of
;hydrogen binaries. They. restrlcted the values: of the
.1nteractlon coeff1c1ents to C., < 1 and observed that tthé.;,
predlcted phase behaviour was insensitive to C.; for heayy
hydrocafbons at higher temperatures. However, they found the
‘SRK method fltted the exper1menta1 SOlUblllty data only with
unreallstlcally large p051t1ve and negatlve .values of fthe_’
1nteractlon coeft}c1entsd: 1ffor: | some;'dv of B the
f hydrogen-hydrocarbon systehar In thev'caseS"where ‘Cyj'_Was .
greater _than 1 phy51cally meanlngless a,,_< 0 resulted. The
ﬂlnteractlon coeff1c1ents were also dependent on temperature
A 51m11ar- pattern of behav1or was observed by El Twaty and_
: Prausnltz (14) e R : . I -
A ) o S,

2 3. 3 Penn State- Soave Method

Graboskl and Daubert (17) derlved ‘the functlon for S 1n
v,equatlon (2 14), based on.  a regre551onaof_vapor pressure_
“_:data. and'.applled.-the vresult to :qorrelate .vaporfiiquid '
NA'equlllbria“.data for -hydrocarbon. mixtures and for binary

mixtUres.VOf' hydrocarbon' with oarbon tdioxide, R hydrogen
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sulphide, carbon mOnoxide and . nitrogen. The basic SRK
procedure failedl to give accurate results for hydrogen
T values. Thus, they proposed“the new expre551on“_for““a“—of—cw—?‘

hydrogen as. given in equatlon (2.18): -
@ = 1.202 exp (- 0.30228 T, ) . - - (2.18)

~ ThlS equatlon can be expected to be accurate for hydrogen at
o reduced temperatures‘greater than 2.5. They proposed that
‘the, modified a function (for hydrogen) be used directly for
‘hydrogen systems w1thout 1nteractlon .coefficientsr' Testing
hthelr modlfled SRK method called the PSS method for binary
mlatures of:hydrogen in -methylnaphthalenei b1cyclohexyl
.tetralln: and dlphenylmethane they found average dev1atlons
‘to be 18. 6% and 10 2% 1n K- values of hydrogen and the heavy
»solvent respectlvely -"' '_ ‘ -g : . el '\, ‘
The advantage of SRK over PSS 1s that the dev1at10ns of
the calculated results from experlmental values for ‘the SRK
method do not appear to increase as the molecular welght-;of:'
‘ ther hydrocarbon solvent vis "1ncreased and the PSS method
-,fails to represent " the K values of hydrogen in heavy
‘hydrocarbons as accurately as: in the:llghter solvents (29)
In the case: of hydrogen .sulphide ex1st1ng "in the’
;miXtures,.,the_relationship'(2.13) {5 valid. The 1nteract10n.
COefficient~for.hydrogen'sulphlde and the hydroca:bon..is

‘then given by equation (2.19):
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C.,(H,;8) = 0.0178 + 0.0244 45 - (2.19)

where

As = |8 -8 | | (2.20)
| HC  HsS | . E

.8 is the‘Scatchard—Hildebrand solubility paraméter.
o A
2.3.4 Peng—Robinson -
" The equation . of state"pfqposed by Peng and‘RObinson
~(41) is of the form . | , |
'RT - a. .

P = o — L
. wv-b  v(v+b)-b(v-b)

S (2.21)

' Equation (2.21) can_be,wfitten:as

23 - (1-B)z* + (A=3B2-2B)z - (AB-B*-B*) = 0  (2.22)

““where

ap /R:T: S (2h23)

.

o
]

z=Pv/RT | o (2.28)
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;Equation (2.22) can\be solved anaiyti¢ally to determine the

~ compressibility factor z. The equation yields one or thrée

TTredl T rodts depending on the nunber of phases in the system.

In the two phase region, the largest . root is  the

;compressibiiity factor of the wvapor while the smallest

positive root corresponds to that 'of the -liquid.

The fgéacity coefficient of any component in a mixture

is related'fovthe‘volumetriCVbehavibur.of‘the vapor phase;

CIngy =S zi-dne . (2.26)

O —o

'Here'z¢ = PG;/RT*and'Gj-is the‘partiél molar volume of thé’

ﬁith, COmponeht. Applying eQuatipn.‘(2.2f5”’to, (2.26) the

> fpllpwing expreésidn for the“'f§g§¢ity | coéfficient is -
‘obtained: - | |
R A -2Ex;a;; b,
In ¢y = —(z-1) - 1n (z-b) - { : - S
o z+2,414B o o
In (————) o e (2i27)
L z-2.414B : ' ' ' ' :
R whéfe )
a = LL Y{Yjawj e _  ' SR (2.28)
. ij . v. N R . ’ N
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jo}]
1

- Vla e 1-8,,) e . (2.30)

In equation (2.30) &,; is an empirically determined binary
"intéraction coefficieﬂtgéharaﬁtérisiﬁg.the,biﬁary formed by .
| ;thefi-and j-Eomppnént. It iS'équiVélénﬁ toJ thérfihééfaCtion
. c6effi¢ienthij'in the,SRK eqpatibn bf stéte;‘

| The'consfants a‘and b are relatedr‘ﬁa' the éritiéélf -

_ properties and the acéntric féctorlof component.i, such that:

n .

CalT) = a(T) i (Te) o (2.31)

T T C I

'\‘

bi(T)

a,(Tc) = 0.45724 R* Tc* /'BPc . . (2.33)

a«t

b, (Tg) = 0.07780 R T / Po o (2.3%)

 aL¥{{f?+ Kf1.f'/i:Y}" T :NK-E ;;‘°(2.35)

R' 5 b
i

- 0.37464 + 1.54226 w - 0.26992 w* ~  (2.36)
- The‘fﬁgécity coéfficiéht $; is defined¢by'§’;

Cee=f /xR @23
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[
P

where f, is the fugaclty; 'K—valuesg'are " found - rrom the -

- ¢,(liquid) / ¢:(vapor) - (2.38)

C 2. 3 5 Mod1f1ed Soave-Redl1ch Kwong

-~ El- Twaty and Prausnltz (14) found that when equatlon

(2,16) _waS' applled ”to‘ mlxtures of hydrogenh and heavy

'-hydrocarbons, the experimental data —~could he flttEdv onlyv'

“with unrealistic wvalues - of: C;g; In some .cases,vit was

‘necessary to.-use C;; > 1, 1v1n meanln less a;; < O.WIt was
y to : i o

" showr .that "calCUlated 'vapor liquid equ111br1a for

fhydrogen contalnlng systems were more. sen51t1ve_'to smallf

‘changes :to b than to large changes to ‘a. r Equation (2.16) o

was replaced by equatlon (2. 39)

b = Z x.bi + xy LxgByy o T (2039)
g = i e T B

‘where subscrlpt H standsrfor hydrogen and the summatlon over:-f

i extends to all components (1nclud1ng hydrogen) : and ‘the

”*summat1on “over j extends to all components except hydrogen

¢

‘”When EH, --0., equatlon (2 39) reduces to equatlon (2 )f

U51ng equatlons ‘(2 9), (2,_ ),v'and' (2. 39) to f1nd the

- fugacity coefficientxfor COmponent‘i,'we obtaln: :



32

s B a v+b b

In.¢; = ¢, + Xi{— - (ln — - —)} ~ (2.40)
. v-b RTb?* v v+b ‘

,dWhere _the fugacity COefficient ¢, is defined by equation
'(2.37),d¢ﬁ deeignates'thé fugacity coefficient derived from

equationt(2.10). For_hydrogen,

XH= (1—xg) Z X;EByj ' N ‘ ' ' oo S (2.41)

'Ferrali.orher compdnents.
e Bt EmEBad 0 (2 :
: » r
g where dthe : euﬁﬁation | over Hé%:omponents k includee fall_
components (EHk‘—rO when k 15 hydrogen) | |

For temperatures above the cr1t1cal the characteristicf

fhhconstant a, i's calculated from equatlon (2 43)
‘ Othernise,fequation'(g;13) applies.d

2. 4 Characterlzatlon of M1xtures'

Table 1 llStS the propertles needed _to.'calculate'Tthe"'

VLE data. ‘The PR SRK and Grayson Streed procedures require.
: ¢

I



“TABLE 1

T "'_*“P'ROPERT I E:S "OF»’C'CMPONENTS“ R’EQU TRED FOR PR 7 SRR

AND GRAYSON - STREED METHODS

PR SRK GS

L Critical Tempefétufé .- yes ‘-i - yes - yes

Critical‘PrésSure"  yes - . yes E yes
Aéeh;rib'Faétor "‘: 'yes‘ | yes . yeﬁ.,
Solubility Pa;émeter_ no - no yes .

;. Ligﬁid‘Molat Vélumef.’. Cno  /60"' _ Yéé

,iﬁﬁeractioﬁ Pérametér :,'yes  ,v -yes . . .no
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that each component of the m1xture be characteflsed by its

critical pressure, cr1t1cal temperature, and acentrlc

factor. In addition, the solub111ty “parameter—and- ‘the- lqu1d~M;_~
molar volume of each component are used in -the regular
‘,solutlon model of Chao- Seader and Grayson- Streed The values
‘of these parameters for well—deflned hydrocarbons . are_
- complled in ‘Reid et al. (50). | | | -

vHeav1er hydrocarbons such as b1tumens and .gas oils are
not pure compounds but contain numerous constltuents that
:vould be dlfflCUlt if'nnot 1mp0551ble, to 1dent1fy
Consequently these hydrocarbons are treated elther ‘as:

(i) s1ngle pseudo substances,

(iil fract1ons derlved from dlstlllatlon cuts, or

(iiil fractlons that are further d1v1ded into three
' different groups,_vlz., parafflns, naphthenes, "v
and aromatlcs (PNA). | | |

vThebGPA Peng ~Robinson Programs (43) have a routlne that.
calculates the critical propertles and the acentrlc factor.
‘of heptane- plus fractions by the- PNA analy51s {This method o
_requ1res the molecular welght (or the carbon number) weight
;average or‘ volume average b0111ng p01nt'and the speclfic
grav1ty of each undeflned fractlon as 1nputs The. method. of - !
Cavett (3), ‘and that described in the API Data Book (1) areii ;
vcommonly'used to characterlse petroleum fractlons. In _these
methods the boiling p01nt parameters- and the’ specific
gravities are Specified. In addition, molecular weights are

required in the experlmental determlnatlon of molar lquId
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‘phase éomppsitions. Detailed descriptiéns of these three

methods follow. . ‘ e

. 2.4.1 Cavett Method
The~pseudocritical temperature T, (in degrees Rankine)

is calculated from‘equétioq (2.44):

CTe =‘a° + 'a;T + ai'fz +a3AT + auT.:|

+ asAT? + agA*T? | o S (2.44)

-where T molal average boiling point, oF -

A = °API
‘Constants ao, 1,000, ag are listed in Cavett (3).
The pseudocritical pressure B; (in psia) is ‘calculated

ﬁsing equation.(2:45):’-

log B = bo + byT.+ byT* + b,AT + byT?
| + DgAT? + beAT + b,A*T? C (2.45)

2P

where T = mean average boiling point, °F

- Constants bo, by,..:, by are listed in Cavett (3).
‘ .\\~/’J‘ Thef:acént;ic- factor w. is derived. from the folidwihg

relationship: -

© = - 10gyo Py = 1.0 . (2.46)
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QO

where P, is reduced vapor pressUre.atfreduded‘temperature_of,'

0.7
In the absence of vapor pressure data, equatlon (2 47)

proposed by Edmlster (13) is used

3 1n P . S R o |
7(Te /T -1) - | ‘ | o /

whereTc'and.Pc are calculated from equatlons' (2d44) ‘and
'(2.45)} respectlvely T 1s the mean average b0111ng p01nt

-

;2 4, 2 API Data Book Method

The b0111ng p01nt data of. each fractlon is converted to

l ASTM D. 86 temperatures u51ng Flgure 3A1 of Technlcal Data
hBook Petroleum Reflnlng (1). The molal average b0111ng po1nt.
~and mean average b0111ng p01nt are- obta1ned from Flgure'r

“2B1.JrgﬂThe pseudocr1t1cal temperature4 and ;pressurz‘ are
obtalned from Flgure 4D4 F1gure 2B2 1, redrawn ‘from the |
Wlnn nomograph . is used to calculate the molecular welght -

-glven spec1f1c grav1ty and mean ayerage bo111ng p01nt he

acentric factor iS“. obtalned froom F1gure 2B2 3. The'

»solub1llty parameter 1s derived ‘from.‘chart developed'“bY‘

Kesler and 1ncluded in Chap 8 cf the DatavBook | |

The W1nn nomograph was represented analytlcally‘by Slm

b

and Daubert (60)
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2.4.3 PNA Analys1s '

In this. method 1t is assumed that the fractlons can be
"“f“”“‘lelded'“““1nto~*“_three““~“groups-~f~namely;~—w n~alkanes—m»~f~
| - n- alkyl cyclohexanes, and n- alkyl benzenes, based Onv‘thEII't '
molecular structures.
;The‘normal borllng‘pointhtemperaturesfhave been ‘fitted

>

to an equation of .the form:

nm, =y (ee)i- (2.48)

tor‘eaohlof the hyoroearbon groups. Tp 1s the normal b01l1ngu
p01nt temperature (K) and n-is the number of carbon atoms in
the molecule Constants C, are l1sted 1n Table of Peng andm
Roblnson (42). o
_'To generate the ‘oritical~ preSSure values for . the
fractlons a group contrlbutlon correlatlon Cf Lydersen (32)v'
”115:U58d= - | _ 'b“ - - _

co

o 14L026n¥&-' - : U L .
‘ (0.227n+B) % Sl L S .

l.where R:IS in atmospheres The rooefficientsv B ,anér.y _are
llsted in Table 1 of (42) o | | |

Assumlng a. llnear functlon between acentrlc factor Fand

carbon number the follow1ng equat1on 1s derlved |

‘"é L
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a X N
3

where f and g, coeffiéiehts for all tﬁree groups, are'listed

e

f““““ih*?able*ﬂmoﬁ“f42%71 ‘ : -
The «critical temperature ‘Tc' is  calculated' from
Edmister's equation (13), which rearrénged gives: B

{

, ,3 1n P, ) ‘ "w
Te =S Tp {1 + ——— (2,51)
g ' ' 7(1+w) : P

. » : 1 . . ’ .
where S is a correction factor given by equation (2.52):

| | 2
S = 0.996704 + 0.00043155 n | (2.52)

i

The overall parametefs for each cut can be calculated

adcordingjto the following equa;ions:% -

Tc'=‘z‘xi Tei o L :-;f S '<2'53)
Pe = I x; Pe (2.54)
- (1*w) , e
CZoxiP¢i10 ‘ T S
,:» e Pc - ) ] " ., ’ .

‘ where‘subscript i stands_for'pafafffp;;na%hthehic, and

~aromatic. - : S '5?f. . ' :
L. o o S ’ >.' ’ ‘&.‘-:' . - . . " : 0

In the GPA-Peng-Robinson Programs (43), ¥ the: following'

options are permitted in order tovcharécteriseAthé undefined

wo DT
el
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components'

1. -average carbon number (or molecular wéight), specific

gravffy‘and b0111ng p01nt for the entlrev fractlon~ are

EYR
<y

'spec1f1ed

2. carbon number (or molecular welght) and the PNA analy51s
'are spec1f1ed Ll | ‘

3. carbon number, Veight average «bollind ~poinfﬂL' aha

molecularyweight'areQspecified, | ‘ »

,42' carbon!;number'i(or molecular' wejght), volume average .
' boiliné point, and specific gravigy;are proylded, or

5. _similar'to (iil except‘that-the'PNAfana}ysis is,given‘dn
'u:termsfofjVolumelfractions instead of mole fractionsr
. . o

dﬁOther‘methods exist;that"charaCterise oarticularlgroupsv
:of hydrocarbons ”and yare restrlcted tO' fractlons whose‘
molecular welghts and b0111ng p01nts are far below those of
bltumens. Recently Wllson et al (71) proposed correlatlonsf;
‘;predlet1ng the cr1t1cal proﬁertles of aromatlc fractlons

'llt has become ev1dent frém recent studles that the-

'.correlatlon of hydrogen hydrocarbon systems is not: handled ‘l;

well E byijfthe SRK equatlon oft state,_ partlcularly at
';condltlons of h1gh temperatures and’pressures The “modified
SRK and the- PR equatlons »were used -tof correlate - the

experlmental hydrogen heavy hydrocarbon ,VLE ' 'data. _"'Thé

results were compared w1th the Grayson Streed pred1ctlons
; ; ' '
f



3.'Solubility Experiments

o~

':;‘5? EMR Gas 011

3.1 Reagents aﬂﬂzuater1als -

The 5 ples of b1tumens and hydrocracked fractlons used’

.in this- Study were obtalned from the Department of Energy,

Mines and ResQurces, and wvere received with = the following. -
'~ ) ) R - . . . . , M
notatlons

e CL 77 Cold Lake’ Bltumen

-2;' 4- AB 77 Athabasca Bitumen

3. 3 LL 77 Lloydm1nster Re51due-

f4,'“2 AB 77 650°F+ Topped Athabasca B1tumen 'b ‘ oo @?wJV'

5; 36~1 800“F+ Topped Athabasca B1tumen-
6. ‘37-1 650 T4 Topped Cold Lake Bltumen
7. 6= CL-77 800°F+ Topped Cold Lake 'Bitumen.

.3 LL 78 650°F+ Lloydmlnster Re51due

8
‘95 1= -LL~- 78 760° F+ Lloydmlnster Res1due o
1

0.v4 AM 78 Amoco Feed

~

(.1H9391_1—1 60% Converslon Heavy End -

12, 78-T- 22 4. 7% onver51on Heavy End

‘13,'78 T 23 80 1% Conver51on Heavy. End :

14. 78-T—24 84.3% Conversion Heavy End

\v

amples 1 to. - 10 fare'. the feedstocks of the9 CANMET

Process. The Heavy Ends (samples 11—14) and the EMR Gas 011‘

are t! oroducts. The propertles of the .solvents"1—10

.su_pl 2d by EMR are 1lsted in Tables 2 to 4 at the end of

,ttls sec: icn, along w1th those of a conventlonal crude oil
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3.2 Exper1mental Proceduref

- - 41
e
(47). Molecular weights of solvents 1, 2, 3, 5 and 14,

determined by the Hydrocarbon Research Centre using the

osmometrlc method“*are glven 4n-Table-8-

, The b0111ng p01nt dlStrlbUthnS of the solvents. 4, 8,

“and 10 (adjusted to ASTM D 2892 atmospherlc equ1va1ent) are

listed 1n Tables 5-7. The original Hempel dlStlllathﬂ data

e

. Tables 48 50 of Appendlx I11. These'data'were' not suitable

,forv characterlzatlon of the b1tumen feedstocks due to the?r

_very h1gh re51due contents.

“for solvents 4, 8 .and 10 'suppliedlby EMR, are listed .in

Me51tylene' was obtalned from Eastman Organlc Chemlcals,

A

7vfrom;tL;nde in v6000 p51 cyllnders with reported purlty of
'§§;§95%, and hyﬂrogenp_sulphlde suppl1ed by Matheson Gas
“Products was lC P grade"with m1n1mum purlty of 99. 6%
'Sub bituminous and L1gn1te coal samples ‘( 200 mesh) .were

' ;Asupplled ,by the Department of Energy, Mlnes and Resources,

.'and had &a. b01l1ng range of 160~ 163 'C. Hydrogen was .obtalned f

' The equ111br1um cell used was a 2 lltre, 316 stainless‘

steel Magnedrlve ‘autoclave (Model AF 2005) from Autoclave

Englneers Inc Equ111br1um pressures were " monltored w1th

..
.o
- o

0'340' bar and 0 1000 p51 316 sta1nless steel Helse Bos d“

gauge. The temperature of the cell was measured w1th a type

-

J 1ron Constantan thermocouple 1nserted 1nto a thermowell

oy

'tube gauges whlch had been callbrated agalnst a dead welghtbnm
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* - TABLE 2

TP rope‘r ties of _C‘b'l‘d_La‘k e Bitumen *‘é‘n d-Conventional—-0il

Cold Lake Bitumen . Conv,

" (1-cL-77) (37-1)  (6-CL-77).  0Oil

I4

Sp. Gravity 15/15°C ©0.999 1.020 1.0333  0.84-0.9
Sulphur vt w 4.30 1.80  5.54 '.0.1—2,0 
Ash Wt % Y E R 0.076  0.073 nil
CCR ey ‘  14.6 | .T4:4,~ 18.2 - .;1—2'
"Vanaaium | ppm'(wt)_' 130 ",! 133 IH_H53 .7 | 2—50
’N;ckel _-' 'p§m <wt5”; 92”. 5 e | - ‘; fotal’metalé
“Carbon Wt % B2.98 83.7 83.99 86 -
Hydrogen ;wé % ‘10.05-’ 10.34 . 10.25 '113,5
Nitrogen  we % . 0.3¢ - 0.46  0.48 0.2
‘Viscosity‘at'99§C‘cSt"94 h 1309 :‘,2009‘ : ._3—7
. 'Pitch' o wt;% - ;8- .  “ ' j‘“ - -
| 'H/cv C T otz g 0ii2a 0122 0187
i’ I S |
; \ ¥ .



X TABLE 3

iPropértieS“offAthabascafBitumen
(4-aB-77) (2-AB-77) (36-1)

Sp. Gravity.15/15°C  1.009 - 1.023 1.042
Sulphur  wt % 4.48  4.97 . 5.49
Ash . . wt % - 059 0.66 - 0.73

CCR 97YEN% : 3.3 . 15.0. 19.6
o :

‘Vanadium bpmf(wﬁ): 213 184 - '.‘193;;
Nidkel,b, ,ppm'(wt)"‘ 67 - - o -
carboﬁ f"wf-zjf;;'35§3.36 © . 83.32 - 82.49
Hydrogen  wt'% . - 10.52 ‘.ﬁ1o.;7 . 9.85
Nitroéen_f“‘wt_% | f30;43 Ca, 0.44 o -
Visgosity'atﬁ99ﬁcf¢5t‘ 310 . 413 2237
Pitch 3  -_w£"% 1 Jsi;S' oL ;"
w0 o  ”0.123‘ o 0.119.



.~ Vanadium

'_Nitfoéen Wt %,

2,

TABLE 4

 Lloydminster Residue

44

Properties of Lloydminster—-Residue-and-Amoco Feed-

Amoco

(3-LL-77)  (3-LL-78) .(T—Lt-fs) ‘Feed

Sp. Gravity 15/15°C

Sulphur - wt %

-Ash _"f, Wt %

ppﬁ<(Wt)

Nickel

-Carbon’ Wt %

Hydrogéh  s wt %

Viscosity‘ét 999C‘cSt

WG

~ ppn (wt)

1.033
5.02 -
0.04

124

- 83.71
9,91
0.34

3691

0.118

1.000 °

4.34

40,035
146

66
86.16

.10.57

0.31.
188 .

0.123 -

0.122°

1,032
5.30
‘Qg067 -
“21015”
92 |
- 82.87
1011

0.63

. 3.42

124

37

0.95

82.25

11,37
o) .

'~;; 12,

_ .0.29' _

0.138 .



TABLE 5

Boiling Point D1str1bution for Topped .
o Athabasca ‘Bitumen (2-AB- 77) ' :

' Temperatqre °Cc

IBP- - 175- 200-' 225~ 250~ 275- 307~ 336~ 364- 392- 419+
175 200 225 ~250. 275 307 ' 336 - 364 .392 419 -

% Vol 0.3 0.4 0.6 1.2° 6.2 1.7 1.1 3,89 7.5 12.2 64.6
. o ) ) _ - L
Sp Gr 824 .824 .824 ..838 .8G8 - .881 902 .927 .940 .957  1.058
s % . 3.08 3.08 3.08 2.83 2.84- 2.93 3.10 2.98 3.03 .3.23 5.09
N % + .006 .006 .006. .008 .013 .018 .024 062 .089 ..132 :667

TABLE 6

Tw

Boiling Point Distribution for Lloydminster.
LT~ , Residue (3~LL 78)

Temperatqre °c

" IBP- 225- 250- 275-- 307- 336- 364- 392- 419+
225 250 . 275 307 336 364 392 419 -

¢

%Vol 0.3 1.2 2.0 .12 3.9 6.3 5.7 9.2 69.3

18P - 218°C

ia
i

N R TABLE 7
Boiling Pount Distribution for - Amoco Feed (4 AM- 78)

Temperature °c

IBP-'' '200- - 225- '250- 275-. 307- 336~ 364- 392- 419+
200 225 250 275 307 336 364 - 392 419 '

%# Vol 3.3 8.0 9.9 10.4° 7.7 -7.2 3.9 3.7.6.5 38.1
Sp Gr .- .800. .820 .843  .859 °.874 .889 .912 .. 935. .964 1. 065,
S % <0.3 <0.3 <0.3  0.41 0.63 0.92 1.57 2.42 3.42 5.98
N'% trace trace .002 .004 .010 ..017 .037 .073  .130...710

"IBP 176°C"



TABLE 8

-,

ﬁélecular Wéfgﬁtéwbf;SéIected“801vents'

”1—CLf77‘Cold Lake'Bituméh“ R 515
4-AB-77 Afhabasca Biteyén :- o - ;522 o
3-LL- 77 Lloydmlnster Re51due i;.-‘. ‘ 864a
) .36-1 800°F+ Topped Athabasca Bltumen ; 732
h‘78—T-24 84.3% Conve{s;on Heavy End/// 332
 EMR Gas 011 'i. - S o 'éso‘j

1 by APL Method
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N\
\

extending into the 11qu1d phase.. The thermocouple was
callbrated agalnst a platlnum re51stance thermometer for use
““““”““1n tHE‘range*0°“to 402°CT Temperatures —were controlledr“to~~_4f
within +0.5°C. The‘ details of the apparatus_are shown in
.*1Eigure 2.. |
. For‘ each run, 'approx1mately 500 cc of solvent was
charged 1nto the 'autoclave and the syStem flushedv~With
ihydrogen The reactor was brought to the de51red temperature
and the: hydrogen pressure“was set approx1mately by. adjustlng
the cyllnder dellverytpressure St1rr1ng wasvcommenced and i
v;ma1nta1ned durlng the entire process .at14600 rpm,: except'
- during sample lw;thdrawal Pressure decllned .as a result of}
‘”hydrogen dissolptlon. The‘cell was left.overnlght to ensure"
equilibrium‘was achleved." | R
_vaamples of‘the vapor were withdravn from the top of
;autOClave and analysed u51ng a Hewlett Packard Model 5710A
'gas chromatograph w1th a 1/4 inch O.D'Z metrev long column_
:_contalnlng \Porapak -QS, 50—80.mesh packlng.vThe-column.was
woperated 1sothermally at 90 C w1th a ~high purity nitrogen
vcarrler gas Qlowrng at 25,ml/mrn A thermal conductivityi
u'detector was uSed. Typical vapor analy51s showed hydrogen
| gconcentratlon in excess of 99% by. volume |
| The stirrer was stopped before: llqu1d vsamples ‘were
w1thdrawn from . the cell into a welghed sampl1ng flask The
gases evolved from the I1qu1d were :measured- volumetrlcally

by dlsplacement of mercury from a calibrated bUrette, The . °

I

_amount of gas .remaining in . the ‘bitumen at atmospheric
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temperature and pressuretwas, at most, of the order of 1% of

the total ges evolved. After volume measureément the géses

“”M‘w‘“weréfpﬁssea”Ehrough a gas“chﬁomatographufor ’analysls. From
this analjsis, knoning* the ‘barometric- pressure, ambient
temperature, and‘total gas volume;_the welght 'of' hfdrogen
dissolved in “the solvent was computed u51ng the ideal gas,

hlné the loaded sampling flask the weight of

determuned by dlfﬁerence, and the solubility
;:ms;QYdrogen .per gram solvent. From the
o X i, ights .of the solvent and thefsolute gas, the

.,_7" . E - .. ¢

ésolUbllrt g@as converted to mole fraction,

A 51m11ar procedure was used to 'determ&ne “the
SOlUblllty of hydrogen culphlde and carbon dlox1de in ‘thesep
_ solvents. “In the measurement ‘of hydrogen solubllity in

slurr1es the stlrrer was only slowed down during. sampllng to

'prevent coal partlcles from settllng

Y



ytyplcal of hydrogen systems

follow1ng observatfons

4. Results and Discussion

. To .conflrm the sampllng and analytlcal procedures, the

" solubility of hydrogen in“ me51tylene determlned‘“at*~~45“

20b3C. The_vresults are presented in Table 2. of Appendlx I

~and are oompared w1th data avallable; in the llterature_

(12, 44) ,at 204°C in Flgure ‘3. The data of Eakln and DeVaney -
(12) are for a ternary m1xture conta1n1ng hydrogen sulphlde.,_

The ' present’ results are:‘ln agreement w1th the llterature

. . ) N . P , . '\ﬂ} '.A‘ . ) B )
values within a few percent. - : ooV

' i

4. 1 Solub1l1ty of Hydrogen 1n B1tumens

’

Experlmental data for the .solublllty of hydrogen in

]

bltumens, hydrocracked products and EMR Gas 011 reported as

g hydrogen/g bitumen, are llsted in Eﬁbles '13 to y27“of B

Appendlx I. The results are plotted on Flgures 4. to 15. Most
of the ‘data’ were obtained at 200° and 300 C; however,'a- few

p01nt5' were‘ measured at"100° 250° ,and, 370°C. "For a -

.partlcular sample, at a given pressure,. the xsolubility of o

hydrogen 1ncreases w1th 1ncrea51ng temperature, an effect -

a
Comparlsons 'of.etﬁe-:solublllty plots'fleaas” to ?ﬁhé“
The SOlUblllty of hydrogen in Athabasca and'JCold 'Lake7_
y b1tumens 1s essentlally the same. | .;
ér'bResults_ﬂ for‘-the' 650°F+ and 800°F+r topped- bitumen_
'.,products,_wfth the exceptlon of the 800 F+A Topped ‘Cold"
;hLake B1tumen'.(6 CL- 77) . ZOQ_C support a conclu510n_

. ’{)‘ :

B A
L
.

e
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that hydrogen solubility decreases . with increasing

average molecular weight' of 'the'bitumen samples. The

‘*““““““solublllty"1n 6~ CL 77-at-200°C 1SAhlgher than-expected.~

'

The solub111ty of hydrogen 1is essentlally the same for'

"+ the two 650 °F+ products and for the two 800 F+ products-

except for the Cold Lake 800° F+ topped product at 200°C.

- The solub111ty in thls topped Cold Lake product ‘is

approximately 15%'.higher . than " that ih the  topped .

Athabasca bltumen at 200 C
3. The SOlUblllty of hydrogen in Lloydmlnster heavy 011 is

. approxlmately ' 15% less than in Athabasca b1tumen.

However* th SOlUblllty “in -'the 650;F+.f.and'h.76Q F+.

".Lloydmlnster re51dues is about  the same'”as'forﬁthe

“},Atﬁabasca-Bitumen‘ . T S W

v;4.,.The. solublllty of Qkhydrogen ‘in,i Am0co» feed Cis

approx1mately 25% h1gher than 1n Athabasca Bltumen

S

-5; :The .'SOlUblllty of ¢ hydrogen ‘in. EMR gasv oil 1is

approx1mately 10% hlgher than in Amoco Feed

l

r,65 The - SOlUblllty of hydrogen 1n 60% Conver51on Heavy Endsf'

N -
- 1s hlgher than' in® the 74«7% to 84 3% Conver51on Heavy

Ends_‘atd hydrogen partlal v_pressures___greater '-than'

:approx1mately 8 O MPa.

Slgnlflcant | cracklng | occurred' for, ~all " samples

1nvest1gated at 370 C thus comparlsons between samples of

Vfdata obtalned at . thlS temperature are not valld

-

T'”@ﬂﬁgg llnear relatlonshlp between pressure and SOlUblllty

enables one to estlmate an apparent Henry s constant H,‘.
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equal to the slope of the pressure- solub1$gty 1ine. The

lower the value of H, the higher is the SOlUblllty, and vice

versa. From these data, the effect of solvent ’molecular'

ﬁ‘agalnst solvent molecular we1ght. Table 9 llStS the 'solv

weights on the solubility can be studied by plottinz H

nt

"molecular welghts and the Henry's constants, H, at 200° and

4300 °C. The plot of H versus molecular -welght is 'shown on .

Frgure 16. uThere‘ is 'sharp increase in H up to molecular*

-~

,we1ght of‘350 and then a slow 1ncrease above 350. Also, 'H

'1ncreases with decrease ln &Fmperature, as expected

4. 2 Solub1l1ty of Hydrogen in Slurr1es

,jThe' results for the SOlUblllty of hydrogen at 200° and;

'-Esoo C in- a; 10 wt, % sub b1tum1nous coal 90 wt.% Cold Lake &

A,E I

‘bltumen slurry, reported as g hydrogen/g hitumen,are glven
in.Table 28.'The results are plotted on Figure 17.  The

.SOlUblllty is essentlally the  same as in the Cold Lake

Bltumen. Results for 40 wt. % slurrles of Cold Lake’ Bitumen

3

and: sub—bltumlnous and llgnlte coals respectlvely are given

in. Tables 29 and 30 and Flgures 18 and 19 'for temperaturesl'

" of 200°; .250° and' 300°C. The results are interesting and |

show"a decrease ln SOlUblllth.Wlth an 1ncrease' in

temperature up to a pressure of approx1mately 16. 5 MPa and -

,then an 1ncrea51ng solublllty w1th 1ncrea51ng temperature at -

- w



[N

.

66 .

TABLE 9 : S e

Effeét'of Molecular Weight on Apggrent Henry's Constant

Mol Wt

250
‘;332

515

! (‘~"

522
864

Py

~332

250

i 522

522

Apparent Henfyﬂs §onstant,
( MPa (kg.bitumén/ng;)”)'

16.22 11,50
16.50 11.73
17.47 - i%u: 12053

.

-

-K MPa'(kg Litdmen/@ H,S)) -

.‘szOOC . ":300oc :
0.106 % % 0,297
:6' 134 ' 0.218 “
BT A
TN
kgisbEtumen/g CO2))
. 50°C ‘]SODC .
0.0638 g 0.1312

0.0865 ~  0.2052

. ’ . a
PN . .y
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higher pressures. Measurements were made in a random order
and w1th several dlfferent 1n1t1al charges to. conf1rm1 thls

'result. The type of coa# ‘does ‘not vappear'ito' have'ngis,
< ‘ , 0§

_significant -effect. bn thé" hydrogen , SOlUblllty

olub111t3V/1§111gher in the slurry than in Co& Lake Bltumeh‘#‘.
L age 1

at 200°C but lower at 300 C at hydrogen partlal pressures up"
to 20 0 MPa. AtL h1gher partlal ﬂfessuges,bat 360*@

solublllty appears to" be th W'ame as "in’ Cold Lake Bltumeﬁk ﬂ“

w

Data for a 25 wt % slurry are g1ven 1n Table 31»an%&are J

pldti:d pn Flgure ZOQ&The solublllty of hydrogen[ for' thlS
; -‘z s “’ b2 .,'.' -,

3o «slurry 1ncrease$ wlth 1nc§ea51ng temperatdre over the range [”

&t o

of- hydrOQen partlal pressures 41nvest1gated -and' is‘ hlgher

than rﬂ'COJ:‘Lake b1tumen '@53 %gfﬁ R
Y AR o ,e . e . o

L e o o gpy?i? exilt o D R
4. 3 Solubﬂ31ty of H,S pd’ goz An- Bltumens " S .

> «"‘v
& .

Equallbrlum ksolub111ty dataa for. hydrogen sulphlde in
Athabasca Bltumen and Heavy End (78 T 24) are, glven ‘in{»‘

Tables" 32 and 33 and are plotted on Flgures 21 and 22 The L
“??é

.SOlUblllty decreases with rls1ng‘ temperatures< and ish t
~ same for both samples at 200 C At 300°C the solub111ty of

. e ,
' hydrogen ,sulphlde ’is, h1gher 1m the Athabasca Bltumen.

.'

% SOlUblllty datai f “the’ EMR Gas 0il: are glven in Table 34

. . R S LT
for 100° 200° and 300°C The data® gor 100°. and 300 G 'are“"<

) ” . . 'Q'

LAY

“ }plotted ~=F1gure 523 The SOlUblllty 1s‘hlgher 1n the EMR
f&as rL” than 1n theff:lvler Athabasca B1tumen. TR |

- ;p; 'Theh_ apparent ‘lHenry s constants, 5H,T'tor{ hYdrogen!7

QI sulphlde are- llsted in Table 9 They are estlmated t - zero::_;

rt".';'» T . "l“
2 e
B B N . AR ] +

£ R - . T



,‘Q & " .
'SOlubilitiesfr ~The “.values - increase with increasing '

Carbon dloxxde solub111ty data in Athabasca Bltumen and

EMR Qas 011 are 115ted 1n Tables '35. and 36, respectlvely,,

“{ Temperatures range from 50° t° 200° QIlWIth pressures .UP to

,Y‘,
6.4 Mﬁin Theé gaga are: plotted on Fxgures 24 and 25, The N
SOlUblllty dgcreasesvw1thfrlsam§ temperatures, as expected
N It' is hlgher ini,the' EMﬁ Gasﬂbgl compared ‘to that in the,
ii, hﬁgher moiecular welght Ath@basca Bltﬁmen. ﬁ__ '_'“ . ;;
LR 1. LR @'*fy» Ko e o= “

,Eh apparent Henry S constants" ﬁ, are Llsted 1n Table

9 for cqrbqnﬂdiox1ae 1n EMR Gas 01& at So*dand 150°A'Lnd ins.

'Ag Athabas@a*Bltﬁm%n a€;50? %nd 300 C The Values 1ncrease w1th

B e - }" i ( K .
° , Coe 4 d. b E AR iy O "D” _." PR ‘
. /fhgieaSQn Qand °1ncreas n solvent olecularv“.
i Al . i (e
N R & Vo 9'..:&?3‘ Y L -'5:‘ "
werght.ﬁ, R e 2
AR - . . P o -
0 IO G i . ’
~ . ;:’ - W 3, .
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",'5. Correlation and Fract1on Character1zat1on

One of thequseful appllcatlons of the experlmental data

1

is to test the valldlty of exlstlng predlctlve methods, such

®

5 |

as.__. the ‘ ‘methodS‘ of .'Chao Sgader,' Grayson Streed

. Soave- Redl1ch Kwong, modified- SoavefRedlich-KWOng. .“and,

Peng Roblnson. In practlce, to do VLE calculatlons by any of:n

" these: equat1ons, the followlng procedures . are 1mplemented :

«

An 1n1t1a1 "-t, of K values are assume’d . and -a-'-fla'sh'

‘@ N ";‘ B ‘, 3

ealculatlon 1s. performed f1nd the lquId *and vapor_f‘

B
comp051t10ns oﬁ each component U51ng the calculated phase
p. e . 6;, .‘, .

f Q} . v
. o A
e fugac1t1es':of the 11gu1d phase aﬂﬁ the vapor phase.‘If the»
S o ,
fugac1t es are not equal for all the compoments 1n both athe

phases, _updated K values are used and the flash calculatlon
[ N . . . ’
r%peated untll the fugac1t1es match I T

4
e ST T L m L
R I S A I
o . LA © 7 : . ' .
. . ¥< ' AL 2 ; RCTULR
. DY M - . -
<

TS 1 ResuI%s and Dlscu551onA Qﬂf“.,‘f oo tw"f .

pe

v,
» . [ $

comp051t1qnsn Hﬁe equa¢1on o(\\tate can ‘be solved f or. thév

N Thu; presence“'of "lfllght gas,.flike‘ hydrogen,@ ln;'

4

’hydrocarbon'"systemsf-,sl not handled very E"i& by “the

'Chao Sesder a nd fthe~; SRR%; correiaﬁloﬁ% ty' elevatedf’

.temperatures and pressures The hlgh temperatures requ1re3'

¥ R k4

,ffﬁﬁ;‘ 'phydrotreatlng processes exceed the upper llmlt value.;m

# ‘\

\xfa 260 C':set for &hydrogen 1n the Chao Seader method To}'

4

byfh

“th e‘ SﬁK %quatlon requlres large 1nteract10n coeff1c1ents,,ﬂ

,.,.__'i-"v_e;_._j—-.___{‘%..;:'.": . A SO [ -
vk?lty Tﬁrs, however, leads to' phy51cally mean1ngless"values:*
. e - S ‘ . . R
1n the a termé - L



- : ) ¢ . o .
. S R o
o R 80,

o

It 1s not 1mmed1ately ev1dent that an equatlon of state"

a

) ;ah successfuIlX upredlct VLE properties of hydrogen heavy"

hydrocarbon systems. The \PR mod1f1ed SRK . ahd Vthe“

e ', : o PAY

Grayson:StreedA_methods‘ were used\ln th1s work to correlate

h‘

experlmental VLE - data _over ‘wide: ranges of. temperature,
pressure, and molecular welggt of" solvents: Toward that endQ
'the expengmental vapor and llquld compos1t1ons reported by
,Sebastlan' et al. (53, 55 56) Slmnlckbet al (61 62, 64),
;‘et al (72) ‘and Nichols et al.-&39) for hydrogen ig heawy
inaqﬁﬁﬁbn1c and aromatlc solventsb alohg with data(obtalned

‘th1s work ﬁor the EMB Gas Oll and th b1tumens werer'

. %“
i.conpared w1th -the? values calculated by the three;nethods 3§
o > ¢ Y, s
;Typlcal VLE calculatlon results are glven 1n Taples 37 42 of.
. i S PRTEE A » R
A pendlx i _— ’;LV* L ,);"*' , SR ,.‘n’@
\P ¢ “ ~’," E . N B B . ..’ : ] i?

TS

The eﬁperlmental K- values of hydrogen 1n 'bitumehsgaaad<é¥V

PPN
Lo b

EMR Gas 011 -were: approx1mated by 1/x (x 1s the hydrogeﬁ

l1qqu phase comp051tlbn) '51nce the vapor phase‘was almost

LR

f all h drogen.i The calculated K values’ were der1Ved frOmlj'
) ¢~

"equatlon (2 5) for Grayson Streed and ,equat1on_ (2 38),‘
: B R Y ‘
githe fVPR g{?ﬁdf“ mod1f1ed SRK correlatlons :The' cr1t1cal
N L . e b y ‘ / ., ] ) . v
_prOpertles and?theﬁacentrkc factors of the solvents used ‘inj

(50)

1

fgS 1. 1 Modzﬁled Soave~Red11chPqung Method:ff
: KN

g'“Thi mgdlfled SRK method was used to correlate the VLE
' N

hehav1or of hydrogen 1n blcyclojfﬂﬁﬁfifsélﬂ: te¢ral1n (64)

»

e e e e P [V ——

\

_QUanllne?4&53),_ d1phenylmethahe, (62) .m*cresol (64) and
R - R - Y » o S
- '- s - . . . “’v . . S .

2 R L
A_". - . - . Lo .
.



Athabasca - Biquen at experimental temperatures and

_vpneséures. In all the cases tested, the characteristic
constant, \a, for, hydrogen was calculated using equa@ion
- (2.43) and those for the 'sol;ents were oBtained using
equaéﬁbn (2.13). The K-values of hydrogen wefe calculated
'ﬁsing .equatiqn (2{38) and the 1liquid and vapor phase "
fugacity coeffiéieﬁté were obtained from'équation (2,40).
e,

“The interaction .coefficient, C;;, was set at zero.
. \

\B&~ ~adjusting the -binary parameter E,; for each
isathérm, very~good'ag}eement betweeh the calculéted and
éxperimental hydroéen liquid 'phase compdsitidns. was
obtained. 76 determine the opt imum qu‘fof éacﬁ isotherm the
average absolute deviation (AAD) of the‘calculafed hydrogen

-

liquid phase. compositions from experimental values was
éoqputed. The optimum E,; for an isotﬁerm was one giving the
minimum AAD. These are giV@n.in Téble 10; and the average
absolute deviations ére given in Iéble‘11.

Figufe. 26 shows the results for the K-values of
. hydrogen for hydrogén?bicyclohexyllsystem at 189° and 349°C. -
The Ey; values used were 7.4 and 21.4, respeétivelv, giving
AAD of 2.2 .% and 3.3 %. These low ef?orﬁ show the
hydrogen-bicyclohexyl systém is well represénted by the
modified SRK equation of state based on eguation (2.39)Twith
C,, of zero. The VLE déta are lisﬁed in Table 37.

Table 10 shows that the hydrogen—heavgihydrocarbon

systems are well handled by the modified SRK equation.. .

-
°



PRESSURE ., MPR
/’ :\

FIG 26 HYDROGEN K-VALUE VS PRESSURE

FOR BICYCLOHEXYL (SEBASTIAN ET AL(S56))
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TABLE 10

83

»

INTERACTION PARAMETERS REQUIRED IN PR,

MODIFIED PR AND MODIFIED SRK METHODS

SOLVENT

BICYCLOHEXYL
TETRALIN |,

QURNOLINE

DI PHENYLMETHANE

T (°C) ?{,

______ %,_
189.0 -1.4
268.7 —1§4
348.6 1)
428.5 -1 2
189.6 -0.6

268.7 -0:6
348.6 -0.6
389.1. -0.6
189.3

' 268.7

348.6
'428.5
189.6 -0.8
268.7 . -0.8
348.6 -0.8
428.5 ’—o.s

v

E,; (Mod PR) E,;(Mod SRK)



TABLE 10 Continued...

84

1-METHYLNAPHTHALENE 189.0,

268.7

1 348.6

N

THIANAPHTHENE

m-CRESOL

'N-HEXANE

ATHABASCA BITUMEN

‘COLD LAKE BITUMEN

EMR GAS OIL

1 428.5

187.7
267.9

348.0

429.5 "

188.9

268.6
348.3

4.4

37.8
71.1
137.8
171.1
200.0

300.0

200.0

300.0°

.200.0

300.0

\

7.6
14.5



TABLE 11 °

isels

2

e COMPARISON. OF AVERAGE ABSOLUTE DEVIATIONS
SOLVENT T (*c) PR Mod PR Mod SRK GS
BICYCLOHEXYL , 189  2.75 3.1 2.2 18.2

' | 268.7 8.6 0.6 23,9
348.6 10,7 2.1 3.3 . 9.0
| - 428.5 9.2 7.4 2.9
TETRALIN | 189.6 0',57 0,66 1.2 '23.}\_9‘
. | 268.7. 1.4 1.8 1.5 Ca2.b.
348.6 6.2 3.0 4.4 - 14,7 0,
389.1 6.4 3.7 8.7
QUINOLINE . 189.3. 1.6 1.9 k
268.7 “ 0.65 0.85
348.6 1.1 1.7
428.5 ° 0.36. - 0.37
DIPHENYLMETHANE  189.6 1.6  0/33 1.0 16.9
- 268.7 8.4  0.98 | 22.9
348.6 7.9 1.3 1.5 20.5
428.5 5.6 - 1.0 : . 8.0
|-METHYLNAPHTHALENE189.0 1.4 1.7 28,7
. 268.7 1.1 1.3  38.3
*348.6 7.1 TR o4,
2.1 2.3 - 29.9

>
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-TABLE 11 Continued... . '
THIANAPHTHEﬁ; 187.7 0.93  0.63
| 267.9 4.4 1.7
348.0 14.1 2.1 .
429.5 56.8 6.0 ,
B

m-CRESOL 188.9 0.48 0.8 /e

268.6 0.77 1.4

348.3 1.4 2.6
L _ ~ o
n~HEXANE 4.4 2.6 1.4 s,
37.8 2.7
71,1 3.4 1.8 2
: 137.8 2.2 S
1711, 2.7
ATHABASCA BITUMEN 200.0 1.7 0.34 13.3, /
. _._300.0 35.8  0.41 2.6
COLD LAKE BITUMEN 200.0 0.63 1.4 21,8
4' o 300.0 37.8 1.6 f}9f7mw &
GAS OIL ) 200.0  0.97 0.54 = . .- . ] o w
| 300.0 18.9 1.5 e
R ' 2
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Whereaé“éhe small values of Ey; are'pﬁysically credible, the

“large values of C,; required in the original SRK are not.

’_ Except for hydrogen in quinoline and Athabasca Bitumen, the
parameters are- positive- and .increase with increase in

S . * - t ‘ -
temperature. - o

-

5.1.2 Peng-Rébinson;Methqd“ ‘

The .Peng-Robinson method ~was used to predict the VLE
propefties fof.vhydrOgéﬁlfbiﬁ%riés  in bicyclohexyl (56),
tetral}n> (61),‘ diphénylmethan® (62)d- 1-methy;naphtﬁalene
(72), thianaphthéne_(SS), ﬂ‘he;ane;(39),.Athabasca Bitqmén,
Cold_A Lake  Bitumen énd ;EMR Gas 01l -at experimental

y'temperatures and p;essurés.:fhé chéracteristic constant, «,
for .hydrogéh"and the‘solﬁents was calculated from equation

(2.35).'The.#K—valﬁesf:of 'hydrogen’ were calculated using
. i . .

a

equation (2l38),- and the ' liquid and vapér phaéé fugécity
vcoefficienté were obtained from equation 12;275. The optimum
binary interaction ébefficignts, §,;, were determined by the
same procedﬁ;e used%fo figd the optimum Ey; in fhé- modified
SRK method.” - | . |

No simple relationship between interaction coefficiedﬁg‘
and temperatures was 'obsérvbd. An{i;v¢:al; 'interaction
coefficient, optimized' for the entire - experimental;

" temperature rangé; was determined for each binary. These are
\\SiZEE\in Table 10 and the AAD values are given in Table 11.
‘Wheir optimum jpteractiéh coefficient values are used to

calculate VLE data, a . good  agreement ° between the



88

v

experimental' and calculated hydrogen fliquid. phéEe

~

I .

-

compositions
deviations rise sharply above this temperature. For example,

the: hydrogen-bicyclohexyl: - system requires an overall

and 10.7% at 389°C (cf. 2.2% and 3.3% for the modified SRK).
The results for K-value of hydﬁogen are shown on Figure,'27

at 189°C and 349°C. The VLE data are given in Table 38;

reasonably well with~experimedts at:189°c but overpredicts~

r

for. pressures above O'MPa at 349°C.
Except for, solutlons "of hydrogen in bicyclohexyl,
Athabasca Bitumen, Cold. Lake Bitumen and EMR Gas Oil the

interaction coefficients lie in the range -1 <§,;< +1..More

. unrealistic interaction coefficient values are needed for

hydfogen binaries in Athabasca Bitumen, Cold Lake Bitumen

E

and EMR Gas 0Oil, If the critical properties and acentric

1

exists at temperatures “below 'ZBﬁ*C. The

'ihteraction‘coefﬁicient of -1.4-with AAD of 2.8% ‘at  189°C

Equatibn” (2.38) calculates the Rfvalues - which . agree

factors of the solvents are determined)'by the Cavett's

method, the blnary 1nteract10n coefficients ‘needed to handle
y

the ,three systems by the PR correlatlon are -4.6 for the -
' Athabasca Bitumen, -4:.2 for the Cold Lake Bitumen' and -3.2
"for the EMR Gas Oil. At 200°C, the AAD values are low, beihg

1. 79 for Athabasca Bitumen, 0.6% for Cold Lake Bitumen and.

3

1.0% for EMR Gas ©Oil. However, atl300°C} the errors are

large beécause the calculated VLE are not sensitive to large

" changes in the .1nteract10n coefficients (e for hydrogen

e -

equals zero at 289°C). The AAD values for 300°C are -36% for

o
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Athabasca Bitumen, 38% for Cold Lake Bitumen aﬂd i9% for EMR
Ny
o

Gas O1il. ’ . 55
: =
If the: cr1t1cal properties and the acq@tfic £actors of

Athabgsca Bltumen and Cold Lake- Bltumeg
o 2—“/ /. )

"the PNA analyéis,»thé 1nteractloﬁ

A

large and negative. Thesléﬁﬁractrr

M’ VQ

- for Athabasca Bltumen and —2“2\for CoIi'E“
AAD values are 0. 6% at 2%3 C. aéﬁ 209 at'300 c for Athabasca'
Bitnmen, and 1 3% at 200°C and 22% at 300°C for Cold Lake
Bitumen. ‘: B . |
El-TWaty-andAPrausnitEj(14) improved tne SRK method by

modt@ying the constant b in "the 'repulsive term in the

equation. For mixtures, they pgoposedlequation (2.39):

b = ; %fbi + Xy ; XJEHJ . i” (2..39)
1 - J . .

They also- changed“tné functfonal formcof the dependence of

-—r

the charactéfistic constant a, on ‘acentric factor and
_temperature by equatlon (2 43) whenever T > T.. The PR
eqUivalent of equatlon (2.43) is given by equatlon (4.1):

e = exp (2 k(1 ~VT)} | (4.1)

These two changes produced sigmificant improvement 1in
the correlation of hydrogen-heavy hydrocarbons binary data
over ‘a wide range of temperatures and pressures; and at ‘the

same time requiring physically reasonable values of E ;.
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This approach was applied to the PR equation'of state,

equation (2.21). The new expression for —the —fugacity

coefficient is then given by equation (4.2):

P X A z+2.4714B

"1n s, = 1n ¢, +e{{z-1) + —— ln (——)} (4.2)
b 2/2B ©  '2z-2.414B -

where ¢, designates the fugacity_coefficient found for the
PR equation ; it is given by equation (2. 27)

The modified PR method was used to pred1ct VLE behav1or
of hydrogen in bicyclohexyl, (56), tetralin (61),, quinoline
‘(53)( diphenylmethane (62), 1fmethynaphthaiene (72),
;hi;naphthene (55), m-cresol (64), n-hexane (39), Athabasca
~Bitumen, £old Lake Bitumen and BMR Gas Oil. The
chaﬁécterisﬁic_constant, a, was determlned by equation (4. 1)
for hydrogen> and equation (2. 35) for the solvents. The
K- values of hydrogen vere calculated using 'equation (2.38)
and the 1liquid and vapor phase fugdcity coeff1c1ents were
obtained from equation (4.2).

The optimum Ey; ‘vaiSes required in (2.39) for .each
binary were Getermined by fitti&g experiméntal solubility
data; following the same criterion té determihe the opt;mum
'Ey; in the modified SRK method and §,, in the PR method.
These are given in Tabie 10. The AAD values-are'given in
Table‘11. Tﬁe binary interaction cbefficient; were set equal.

to zero.
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The use of E,; results in a good correlation of the
“““Hydfdgen“gﬁrﬁbirity“data*by_tthﬁOdifiedw*PRfAequationv——¥he—w*:~;—
K-values of. hydrogen ﬁlotted against ~ pressure for the
hydrogen-bfcyclohexyl data of 'Sebastian et al. (56) are
showh on.Eigures,26 and 27 for comparison with the modified
SRK and the original éR methode.(the VLE data are diven in
_ Table 38). At 189°C, best £it is achleved when EH, 1sqset at
3.5, giving AAD of 3.1%. At 3490 C the optlmum Ey; is 11.0,-
with AAD of 2.1%. These experlmental'data aré correlated
equally weli by the modified PR.equation and the modified
SRK' method, as illustrated on Figure 26. Figure 27 comparee
the hydrogen K- values calculated by the. modlfled PR and the
‘orlglnal PR equatlons of state. At 349°C the exper1mental
data are better correlated by the modlfled PR equathn Phis
is further evident from the much.lowe; AAD values reported
in Table 11 for tﬁe;modified PR eqLation.'
H In. contrast to - the resuitstof El—Twatyvand Prausnitz .
(14), negative values of E,; are found for some pure
-coﬁpounds (e.g. QUinoline)? and most complex mixtures. The
-results for the K—valQeS‘of hydrogen in Attabasca Bttumen
‘are shown on Flgure 28 for 200° and 300°C (the VLE d?ta are
giveﬁ in Table 41). A good™ agreement between the
experimental and the calculated_ hydrogen K-valuyes 1is
obtaihea when E,; is set at -8.6 at 200°C and i_19'9 at
300°C. The AAD values.are as low as 0.3% at‘2005C and 0.4%
-at 300°C..For'hydrogen—Co}d Lake Bituﬁen binary, Ey; of —6.6 .

at -200°C and -21.1%1 at 300;C are found, giving AAD of ‘1.4%
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and 1. 6%1 respectively The results for EMR Gas Oil are
shown on Flgure 29 (the VLE data are given in Table 2). The
optimum E,; of -2.1 at 200°C (AAD of 0.5%) and 0.1 at, 300°C

(AAD of 1.5%) are found for this system.

~pPR—

In general, the values of "Ey; Tin théfmdafffe

equation are always smaller than those in the modified SRK

equafion. All the binary parameters are shown on Figure 3
wvhere Ey; is plotted against solvent reduced 'temperature.
The simp&e correlation found’by El-Twaty and Prausnitz (14)
for seven hydrocarbons does not apply to most of the systems

studied here,.

5.1.3 Grayson—Streed~Method | ‘ : \/)
\The.{Grayson—Streed correldtion was also .applied to the
bicyciohexyl (565, tetralin (61), diphenylmethane (62),
1-methyihéphthaleL B k72) m-cresol (64), Athabasca Bitumen -
and Cold Lake Blgumen systems The results for the K-values
of hydrogen~ ‘for the hydrogen blcyclohexyl system are shown
con Figure 31 (the VLE data are given in Table 37). Desplte a
‘sighificant‘ 1mprovement in. the Mrrelation over the
Chao-Seader method, the K-values - are still .consistently
underpredicted. At 349°C, the AAD is as high as.24%. For the
hydrogen-1—methylhaphthalene system, the average. devietion
is 41% at 349°C, | |

The cohsequence of an important assumption made in the

2

.deve;ppment. " of the ‘Chao—Seader _andv Grayson-Streed’

correlations explains, in part, the poor performance of GS

-

N
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procedure for hydrogen-heavy hydrocarbon systems at elevated
temperatures. Two distinct models are wutilised in the -
development of the GS procedures; the 'regular' solution

model is assumed for liguid solution, and the Redlich-Kwong

“"f”égﬁﬁtlﬁﬁ‘bf_state“iS“used“tO‘predict“the“properties——ofw~theM“~“ﬂ

vapor phése._At_temperatures approaching the critical values
the two phases approach a dense single phase. The two models

will not necessarily match the properties for this phase.

5.1.4 Correlation ot CO, and H,S Systems

AThe"éolubility data for carbon dioxide in tetralln
(57), Athpbasca.Bitumen and EMR Gas 0il were successfuly
correlated , by the PR equation for temperatures renging from
50° to 392°C, and”preséufes uptto'6.4'MPa. Unlike - hydrogeu
systems, the phase composithons were stfong'funetions of the
b1nary 1nteract10n coeff1c1ents,,6ij. For these systems it
was poss1ble to find a’ value of the 1nteract10n coeff1c1ent'
. that reproduced the experrmentaljdata well and lay 1in  the
range -1 <§&;;< +1. for the carbon dioxide-tetrelin deta of
Sebastian et al. (57)Zthe interaction%coefficienté were 0?14
at 189° and 270°C, 0.19 &t 350°C, and 0.26 at'392°c7 The
_results for\ the K- values of carbon d10x1de ere shoﬁu on
;;gure 32. \The VLE data are glven in Table 43 of Appendlx'j
| For the solubility of carbon dietide .in”Atﬁabasce'

Bitumen, the optimum binary 1nteract10n coeffieients were

found to be 0.09 at 50°, 0.07 a? 100° and -0.04 at 300°C.
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The AAD “values were 4.8%, 2.9% and 1.1%, respeotively, The
results for the K-values of carbon dioxide at 50° and 300°C
are shown on Figure 33. The VLE datyp are listed in Table 44
of Appendlx 11.'! For the EMR Gas Oil system ;qhe interaction
B coeff1c1ents‘ were fairly“constant*atAﬂmﬂ3-0~42 and-0+13-at——
50°, 100° and 150°C, respectively. The results for the
K-values of carbon dioxide are shown in Figure 34f The data
are given in Table 45 of Appendix II.

Reliable and accurate phase- equilibrium. predictions for
hydrogen sulphide systens,ﬁwere “also possible by the. PR
equation. ' For );the‘ hydreogen sulphide—Athabasoa Bitumen
system, opsimum interaction'coefficients were -0.05 at 200°C
and -0.055 at iOO;C, with average deviation,of-3.0% and
2.5%, reSpectivefy. The dependence of the K-values of
hydrogen. sulphide on onessure are shown on Figure 35. The
data are glven in Table 46 of Appendlx II. For tne EMR Gas
Qil system, the 1nteractlon parameters were 0.05 at 100°C
and 0.18 at 200° and 300°C. The resuljﬁ for the K-values of
hydrOgen sulphide are shown on Figufe 36. The data are given
in Table 47 of Appendlx 11, |

A reasonably good fit of the hydrogen sulphlde n-decane

ata of Reame: et al. (48) was possible by assigning a-
onstant value of 0.04 for the interaction ooefficienﬁ;at
f°, 38°, 71°, 104;; 138° andt171°C, with*an overall AAD of
4;3%.' For the n-nonane data of Eaéin-.and”beVaney (129

overall interaction coefficient of 0.04 was. ‘also required

. for data.at 38°, 93° and 202°C.



“’ . :‘_.".' ; . # : 100
. . )
102 - [ A
- T T T T T T T 7]
ot o o '
8 o . -
Vi » —
-8k - -
e ] -
J "
4 , .
g !
3} § 5 -
u M
J r
| l
O
Ll
a
—y
5
— 10! | —
o 9l .ﬁ
‘ § 8- -
. Un : 7
@ sk . , : .
© | .. | | 350 C
5t _ ‘ 5ii=0-19 . : ’ 7
.‘i— ’ -
sf -
2 ® EXPERIMENTAL .
— PR
100 L L ] 1 ] [ A
: . 2 ) 3 4 S 8 7 8 »9v .
100 ‘ . . . . ‘ lol

'PRESSURE' , MPA

FIG 32 CARBON DIGXIDE K-VALUE VS PRESSURE
- e
FGR TETRALIN (SEBRASTIRN ET RL(S57))



101

| § [ | 1

(VY]
-
-
(o o
> N
[}
x
N
0
>
8 -
o
=z
aD:‘ C®
f:llz:‘ dij 20-09
-

ol e

> 4
N U] EXPERIﬂENTHL

100 3 e

10° “1ot

“PRESSURE . MPR

" FIG 33 CARBON DIGXIDE K-VALUE VS
- PRESSURE FOR ATHRBASCA BITUMEN



102

102

PRESSURE , MPA

FIG 34 CARBON DIOXIDE K-VALUE VS

' PRESSURE FOR EMR GRS OIL

 { 1 T 1 1 T v 1 I LI ¥ ¥ T 4 | SR ]
5 . . i
8l i
7.. -
6} i
5 -
4} ' -
U]
3} 150 C ]
ui
=
L] L ]
% 2 | ©
L.
ui
D rd
o ,
Pl
= 101 |- —
(=] gl -
g ‘8—
o iy S50 C » A
S S sij =0.13 .
51 . -
4} o
(A o .
3l i ' +4
. 0
- 2F ® EXPERIMENTAL ]
— P-R .
o :/ N
100\ ; 1 L 1 S lLl t 1 1 [ S S
' 2 =<3 4 5 87889 2 3 4 58789 -
10! c o100 10%



102

103

T

A o 3 o

4 i llll‘l | ¥

HYDROGEN SULPHIDE K-VALUE

—
=

100
10-Y

L S - )
T

300 C
§ij =-0.055

® EXPERIMENTRL
P-R

.
( l

NP

.wl

-l l 1 1 141
3 4 56788
109
- PRESSURE . MPR -

| FIG 35 HYDROGEN SULPHIDE K-VALUE VS

/

PRESSURE FOR ATHABASCR BITUMEN



102

104 -~

LB

1 L1

HYDROGEN SULPHIDE K-VALUE

10t

10°

g o 3 o
T 1 1

200 C
5ij =0.18

U EXF__’ERIHENTHL o

-~

. l

-
-

107!

N

Lol ol
(2] o

| W W S S S
3 4 56788 -2 3
| 100
PRESSURE . MPR

FIG 36 HYDROGEN SULPHIDE K-VALUE VS
PRESSURE FOR EMR GAS OIL

t
N

o

~3

o}
Y71 8



"

It is apparent from the above results that the originai
PR equation is capable of handling carbon dioxide and
hydrogen sulphide in a wide range of solvents and over a

wide range of temperatures and pressures. ' The binary

~interaction—coefficients—are—low—and-——positive;—with-the——

‘exception for carbon dioxide in Athabasca Bitumen at 300°C

and hydrogen sulphide in Athabasca Bitumen at 200° and

300°C.
o - _ ~“
5.1.5 Fraction Characterization

Table 1 compares the pure component properties required -

for the PR, SRK and the Grayson-Streed methods. It can be

seen from - this ‘table that. the PR and SRK ‘(ahd their
modificatiohs discussed in this_work) methbds require fewer
pure - component properties v thén ﬂ the . Grag§on—5tréed
corrélation. ' However, . .the bR’ and SRK both require
inﬁefaction coefficients for each binary pair present in the
system. ? n “ |

For weil—definéavcomponeqts the literature values of
the parameters are utilised. In the Casés of EMR Gas Oil and
thé bitumens, the method of 'CaVett (3) is wused . This.
reguires spééfficafiQn of normal boiling point and speciij'
gravity for the cdmpdngnt.. R | |

‘The boiling point curve . for the EMR -Gas 0il was

ri

‘obtained by simulated distillation and checked against the

spinning-band Adistiliation_ method. The moleculaf weight of

this solvent'wasfdetermined by the method outlined 1in the
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API Data Handbook. The results for the EMR Gas Qil® are:

listed below.

Molecular Weight } | 250
Specific-Gravity —— | 01955'
. ertical Temperature,‘x',; 793 ‘.. “ o~
. Critical‘kressure, psia 263.9 v
Acentgic Factor . ‘ 0.630

Solubility Parameter (cal/cc)°®*® 7.98

A boiling point curve was not available for the

Py .

“bitumens and consequefitly cﬁaracteriéation of these heavy
hyarocarbons was aifficult. Molecuiar weights of 500 for
Aﬁﬁabasca Bitumen and 475 for Cold Lake 'Bitumen wvere
estimated from tﬁe works of Selucky et al. (58). Specific

gravities were 1.002 and- 1.00 for Athabasca and Cold Lake
Bitumen, respectively. Cavett's method was then -used to
‘derive the other pafameters, asshming a boiling point:of

500°C for Athabasca Bitumen and 475°C for Cold Lake Bitumen.

The .results are listed below.

»

Athabésca Cold Lakel
Molecular Weight ¢ | - 500 475
Specific‘Gravity o .1 1.002 1.00
Critical,Tehpéféturé,“k 94T 929 -
“Critical Preséur;;\psia_ : - 158.5 ."171.7'
‘Acentric Factor 10.963 10.893

)
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'Splubiiity Parameter (cal/ccf°* 7.365 7.318

critical constants and the acentric factors of

The
hydrogen, hydrogen sulphide» and carbon dioxide are listed
——below. -
) H,  H; o,
‘Critical Pressure, psia 305 1297, 1070
Critical Témpérature, K 41.67 - 373.2\\\394.2
Acentric

Factor 0.0 0.100 0.225

The ' properties of hydrogen sulphide énd carbon dioxide are

obtained

ﬁrdm Reid et al. (50). The effective _critical

" properties of hydrogen are obtained ffom Graboski -and

-

Daubert (17). : ‘ b

'
Wi

AT




6. Summary and Conclusions
1. A batch - type'autoclave'was instelled and tested for
measurement of.hydrogen solubility in heavy oile and\E
coal,—ﬂbirumen elurries. Solubility data for hydrogen in’
;—-w—»~~bLtumensq~cracked~£ractiOnsT_heauy_gas;oilm;andllcoalMl;;;ﬁ_lm_
bitumen slurries were obtained malnly at 200° and 300° C
and -pressures up to 24.8 MPa. L1m1ted carbon dioxide and
hydrogen sulphide_.solubility' measurements were. also
made. ﬁ ( i
2. The solubility of hydrogen ln'*pure .solvents increased
lineerly‘ wilh pressdre,/'and_ increesed lwith rising
'tempererures. The solubilityldecreaeed with'lncrease in
solvent molecular meigh£: ‘
3; The solubility in tne'10 wt% coal —_bitumen’slurry was
| ;essentiallylthe'same'as in. the bitumen. ‘Increase in
'solubility was .observed"‘in-'the'ZS wt% coal - bitumen_
j slurry, and in the 40 wt% coal - b1tumen slurry at 260°v
and 250°C. 'The - SOlUblllty in the 20 wt% coak- b1tumen
slurry at 300°C was lower ,then that "in  the ‘bitumen.
There is no exolanation evailable for this phenomenon.
The type of coal d1d not have an apprec1able effect‘~on
the hydrogen SOlUblllty ‘ | ,
4. Carbon dioxide end‘.,hydrogen sulphide lsolubility
| decreased with increase inrremperaﬁnre and'with.inoreaSe
- in solvent molecular welght. | | | |
5. The pred1ct1on and correlatlon of the solublllty data byv
the Peng Roblnson equatlon and the Grayson Streed method

’
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{

were attempted. The wuse of the Peng—Robinsdn»equation Q
led to unrealistically large negative wvalues of the
interaction coefficient for some of the 'hydrogen.-

hydrocarbon systems. The Grayson-Streed method

~—~~w—é~mconsi3tentlymuundenpredicted~“theAmK:values_bithdnogenL‘

The best nresulﬁ for the ’correlation of hydrogen
solubility data was "obtained with the use of either. a
'modified Peng-Robinson or a quified Soave-Redlich-Kwong .
equation' of state, which introduced an ‘ateraction . -
parameter iﬁ the cévqluﬁe‘factor; b. |
6. The Peng—ﬁobingonvcequation._was sﬁitable for the
‘correlation of carbon dioxidel and ‘hydrogen églpﬁide
solubility data. y |
7. In summary, 'th;, modified PR and the hodified SRK’
‘equations of state work equally well in the pfédiction
.vbf hydfogen—hydroéarbon VLEA When no Ey; values aré
féQailabie; then Figure' 30 can be used to prdvide'an .
estimate of these for use in the modifigd'PR eqﬁation of
state:' Very little information on the'hydrogen suiphiae,
and- carbon dioxidé systems is avaiiable to  make
esfimates 'of.Sij for_thésewgases in other so;vents,:Thé
'>resu1ts ;how that.non-zero §alues have. £ox,be: assigned .
,for' accuréte-fpreaictioh_of VLE of these sYstéms bytﬁhe,

PR equation of state.
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SOLUBILITY OF H: Iﬁ“MESITYLENE

TABLE 12

i 1668
2082
3358
5702

10632

——— e o — . R ——— - —— — -— -

17.

.74
.33
.00
.90
73



TABLE 13
? | «

SOLUBILITY‘OF.HZ IN ATHABASCA BITUMEN (4-AB-77)

T (° C) P (kPa) S (g H./g Solvent) '»xTVO‘

200 783 "0.574
2024 1.28
3127 1.93
3955 2.59
5334 13,30
' 6127 3.86
7506 4.78 1
' 8884 - 5.26
9195 4.98
11607 6.94
13883 9,18
416710 10.81
18779 - 10,90
21158 12.43

| 20845 45,17



TABLE 13 continued:..

119"

N
300 1187 1.3% | 5
2024 2.17
2852 2,41
3954 B 3.80
4402  3.97‘
5815 4,94
7539 6.20
7953 7.29
¢ 8469 7.77
11470 1o.oé,;
16710 - 13.92
19295 16.93
' 75

124018

20.



TABLE 14

P (kPa) S (g Hz/g Solvent) x10*

i,

.t
v

SOLUBILITY OF H, IN COLD LAKE BITUMEN (1-CL-77)

120

18

T (° C)
200 1920 1.25

2037 0.89
2988 ERY
5506 ’, 3.36
8402  4.88
13261 8.13
14021 é.3Q
19089 10.29
20916 12.89
23983 14.77

300 - 2300 2.06
1367 428
18505 8.04
T28490 12176 
17468 v_16,73‘r

e
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TABLE 15

SOLUBILITY OF H, IN LLOYDMINSTER RESIDUE ' (3-LL-77)

‘
T .(° C) P (kPa) S (g Ha/g Solvent)‘XﬁO‘.
200 2058 ' 0.94 ’
| 3815 | 1;79? -
2125 - 3.67
10298 5.29.
14020 | 7.64
17227 9.28
21226 11.88
24603 . 13.75
300 C-1es0 . 0.92
. 3196 2.89
3417 \ 1.77
5354 © 3,60
’ 6919 4.90
9746 7.67
1édas'v_ 8.99
] 14778 . o 10.81
19295 15,60
23052 ' 18.88
5 ot | / | .
. 24259. 17,88



TABLE 16

122

o

SOLUBILITY OF H, IN 650° F+ TOPPED

- 370 .

" ATHABASCA BITUMEN (2-AB-77)

4.79

10..30

4.74
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" TABLE 17

SOLUBILITY OF H, IN 800° F+ TOPPED

" ATHABASCA BITUMEN (36-1)

(94

v

T (0 C) p (kPa) S (g H,/g Solvent) x10*

200 f3644_.‘ 1.58
10534 5.12 __
16294 8.06
22534 11.39
300 - sses ‘~- 3.12
| 13074 7.59
22034 12,41 |
| S
e 370 | 4204 . "-/; | 2,79'f'
- 11463 . B8.52

18084 - - 12.70

22513. - 16.00



v

TABLE 18

124

SOLUBILITY OF H, IN 650° F+ TOPPED

300

370

p'(kPa) S (g H;/g Solvent) x10*

—————-— -

-

(5]

| COLD LAKE BITUMEN (37-1)

2.

9,

12,

.
‘8.
13.

© . 18.

6.
14,
25,

36.

94,
'5.91
55

47

53 .

06

A1

37
90
32

01

69



"TABLE 19

125

SOLUBILITY OF H, IN 800° F+ TOPPED

COLD LAKE BITUMEN (6-CL-77)

P (kpa) S (g Hz/g Solvenﬁ) x10*

———— o= ——

o — —— - ———— AN

g,

3

11

61

81

.88 -
.63

05

17.07



TABLE 20

126

SOLUBILITY OF H, IN 650° F+

LLOYDMINSTER RESIDUE (3-LL-78)

T (sc) . P (kPa) S (g H/g Solvent) x10f
200 3596 2.39
11697 7.50
20191 12.63
300 4611 1.6
B 4437 | 3.72
9058 7.02
15263 ¢ 43,07
20021 1712
| E



TABLE 21

. SOLUBILITY OF H, IN 760° F+

 LLOYDMINSTER RESIDUE '(1-LL-78)

. p (kPa) S (g H;/gtSolyéhg):X10‘

e e e | e e o i o 4 Gas e e

; 0.83

2575 .60
2886 1.83
\5099 2.71

4
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TABLE 22 .

128

SOLUBILITY. OF H, IN AMOCO FEED (4-AM-78)

1300

14,

19,

12.
- 20.

22.

76
.87:_i

67

61
79
00

'3



TABLE 23

129

300

SOLUBILITY OF H, IN EMR GAS OIL

b (kpa) s (g Hy/g Solvent) x10*.

12.31
17.71

1 .20.15

17.56

.24.52“'



-~ TABLE 24

130

" 200

300 o ',

P (kPa) S (g Hz/g‘Solvent) x10+

10.

12.
18.
18,

22j.

SOLUBILITY OF H, IN HEAVY ENDS (91-1=1)

.54 N .
.74
.27

77

.53
.58

59

33

77

.87
.92
.68
92



131
. TABLE 25

\

!

SOLUBILITY OF H, IN HEAVY ENDS (78.-'.1"‘—22)

T (°C) P (kPa) S-(g Hz/g Solvent) x10*

- ——— -—— e o . —— ————————— o ——— - —— o —— -

370 3941 5.48
8659 \ 14.18
11981 18,82
12879 20.02
18116 | 27.35 ‘L



TABLE 26

132

SOLUBILITY. OF H, IN HEAVY ENDS (78-T-23)

300

1]

P (kPa) S (g Hz/'g Solvent) ,x10"‘

5402
11933

18193

23993

11

13.

16,

21,

.33
90

212
.78
80°

11
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TABLE 27

SOLUBILITY OF -H, IN HEAVY ENDS (78-T-24)

200 4993 3.56
12103 8.66 |
18604 - 12.69
24444_ 16.29
300 . e488 - 4,607
-~ to138 9,61
16136 15.43 0.
22534 S 2114
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P

TABLE 28 /~‘\\*“ ‘

'

SOLUBILITY OF H, IN COAL-BITUMEN SLURRY. -
10 WT % SUB-BITUMINOUS COAL |

90 WI % COLD LAKE BJTUMEN (1-CL-77)

—— e ot - ——— -—— e em = —— —— Y v S WS - S S ——

200 . 4243 0 2.32
‘ 8599 51T

1ssoa o T11.49
21844 o 14.40 -

24344 . 15.88
300 - 4Bes .- 3.86
14833 . 12.36°

203030 .. 17,79
23182 20.86 -



TABLE 29

SOLUBILITY OF.H2=IN'COAL-BITUMEN.SLURRY -
40 WT % SUB- BITUMINOUS COAL

60 WT % COLD LAKE BITUMEN (1 CL- 77)

)
T (° C) P (kPa). S (g H;/ggéolvent)'XJO".
. s
N SR S S,
AR
200 - 4284 1 2.82
6154 - i 4.22
8388 '_é' 6.37
10044 . 7.68
13143 9.73 -
17773 13.32
20343 14,78
22694 16.57.
2500 p5233 | g }f‘1.so  ';~
Caas o345
go72  © 4.86
Cizes T 7026
j1ss3 - 8.20
’T6594;4 . tﬁ-lz;izf'”
20524  ;i 16.03
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- TABLE 29 cofitinued.:.

300 - aa9a 0.603
- 688 - 04995
) 6695 - 1.1
Y T Y
| 8543 2.35
10134-i ,,' 3.3
11404 . 4TS
12292 - 25,88
1a242 et
' 14452: o g 8.79
15843 T A ¥
C1é1ee i2.28
17623 13.67
19084 - 16179
\zosjj»fv'vi“ Ar"L'17.63"
21993_ ,g. - 2001



"TABLE 30

137

q

tSOLUBILITY OF H, IN COAL-BITUMEN SLURRY
' 40 WT % LIGNITE COAL" "

60 WT % COLD LAKE BITUMEN (1-CL-77)

v

T (o'¢). P (kPa) S (g H,/g Solvent) x10*

C300 . 6473 o - 0;739‘

| (7540 RERTEEE

"”',9553{f m.'; | ‘é.soA
11615 o
18015 . B.aa
17593 13.66

21043, - - 17.21

b ey
awd
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'TABLE 31

L SOLUBILITY ‘OF 'Hz' IN COAL—BITUMEN SLURRY.

25 WT % SUB BITUMINOUS COAL

75 WT % COLD LAKE BITUMEN (1- CL- 77)

L T (e C),,‘,_ Pv.(_k:Pa.)_ S (é le/g SolVent)’_*x'10.f'
200 . 5543 S LA
| _3844_ T 566
12043 -  7.88
. 16283 ° 10.92
20492 ' 13.70
300 o at4s 4,03
" ©o7225 : 7.25
10195:. B . 10.24
16653 : o S  f15552 L "n
20623 20042 o
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TABLE 32

 SOLUBILITY OF H,S IN ATHABASCA BITUMEN (4-AB-77)

T (°C). P (kPa) S (g H_;S/g__So.l‘vent) x10%

—— . — — - - — - - - — - = Gt

1390.0 . 11.80

16240 . .13.30.

300 . 389.7 0.99
- 404.7 - 1283

865.7 . 3.87

o oee2a T 4.38
01000 - .08
12380 6.35 -
130000 6.93
1452.0"73‘ e 7.88

1652.0 . 7.48



TABLE 32 continued...

0 .

140

2061.0 11,10
2068. C 13.48
- 2368. 1126
2458, 15,14
21,

3357.

70



TABLE 33

141

SOLUBILITY OF H,S.in HEAVY ENDS (78-T-24)

2203 10.52
1741.9 ';cf“f o 'T4.48f

"~2é34;9 RN 20,78
3468.6 . 34,63

300 . 3843 . 146

)



TABLE 34

‘ A

142

SOLUBILITY OF H,S IN EMR GAS OIL !

T (°C) P 1(kPa) s (g H.S/g Solvent)‘xﬂdf

100 . 393.4 R . 0.823
7504 - 1.69
 768.4 - lVZi.  f 1;67?
1273 R N T

So1e13 o 4.33

i

200 425.3 . . 0:241
| ‘780.4 - . 0.502 -

N I'1-T-E R Y- 11

1469 - 1.30
1982 2.04

’300*»in ;_735.5 R ,.16;274  ‘

- . 946.9» . ~ . : Q}3637fﬂ
1400 ~=.?_f.?:  "f’Q;755‘
1718 ;' ,""f  1.¢6 '

2136 S 1.Ba



143

 TABLE 35 ./~;'

_ SOLUBILITY OF CO, IN ATHABASCA BITUMEN (4-AB-77)

TE(“,C).';.;P“(kPé): S (g CO;/g Solvent) x10°

—— e —— - - —— ————————_— — = —— . —— —————

500 - . 1079 . . 1.7

1479 . 1.92

© 2962 B .. - 3,58 - | e
\3788 ? : poe o 442 ‘ S \&(

o f?j:3o3z‘,li. B s
" 4568 - R .55

300 - . 1858 0.750

,_4279g{§", S 31.83
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TABLE 36

':SOLUBILITY OF CO, IN EMR GAS OIL

ST (ec) P (kPa) S (g CO;/g Solvent) x10°

—— -—— - -——— — —— ————— i —— - ——

100 -

150 ¢ -

b]

.75‘5\; 9. % .

¢

1604
2399

3540

‘5084-

6188 -



9. Appendix II
a
B Y
v
D N
J) R ¢ b
N x
. - b}
¢ _
28
‘ ° ( / \
N RS
Hf -
. . )
\ 73-: iR /
L'\ ) rd
e / :
’v.' /i
* -
. o
[AY
[ G



146

TABLE 37 .

VAPOR - LIQUID EQUILIBRIUM DATA

FOR H, - BICYCLOHEXYL (56)

Lig. Comp. of H, " BEquil. Const. of H,
Mod SRK/ . GS Exp Mod SRK GS
. ) \' + . L7 - R .
HJ-T-A(Mod SRK)) o -

0. 0178 Q- 0201 54.4 56.6 48.9

3041 0. ozé%ﬂ 0.0240 0. 0257 ~37.7  38.1 32.9
5068 0.0443° 0.0425 0.0496  22.4  20.2 23.4
10135 0.1158 0.1157 0.13¢9  B8.61 B8.62 7.18

20270, 0.7418 0.1473 0.1786 -~ 7.03  6.77 5.59
25338 .0.1718 0.1761 0.2153 .  5.81 5.67 4.64

. . .
. » . . .
v . . s v , ¢
’ -

348° C(Ey;=21.4(Mod SRK))
2027  0.0211 0.0227- 0.0230. -29.0 26.0 25.6_ -
3041 0.0382 0.0393 0.0404 .[19.16 18.17 17.61

“«5068 0.0686 0.0644 0.0691 '12.09 - 11.60 10.95

10135 ;0;1398v b.1399‘\9.1559 6.48 . 5.45’_5{77:.
55203"0.1975 0}1936, ohz327.,_"4.71 469 2.00
20270 0.2578 0.2490 0.3056  3.66 = 3.79 3.11
25338 0.3112 0.2929 .0.3752  3.06 3.26 2.57 -
o ’ : . :



" TABLE.38.

1847

2027
3041
5068

10135

15203

20270

25338

348% C(8,,=-1.4(PR) ,Eyy;=11.0(Mod PR)) . -

2027
R

3081

5068

10135

15203

. 20270

125338

VAPOR - LIQUID EQUILIBRIUM DATA

FOR H, - BICYCLOHEXYL (56)
Y ) .

Lig. Comp. of Hy,

)  Exp PR

189° C(5,,=-1.4(PR) ,E}y;=3.5(Mod PR))

- 0.0181 0.0172

10.0262, 0.0257

0.0442 0.0420

0.0810 0.0804

0.1158 - 0.1153

0.0211 0.0207
0.0382 0.0356
0..0688 . 0.0635

0.1398 0.1240

0.1975 - 0.1740

0.3112 0.2517

N

'0.1418 0.1470

0.1718 0.1762

©0.0221

70,2578 '0.2159

. Mod PR -

0.0172

0.0257-

0.0421

0.0808
0.1162
R Y
0.1488

0.1788

0.0383 ~ 19,

0.0691
0.1382 -
0.1978

0.2499 -

10.2959

e

- EXp

54.4
37.7

22.4

712,29
8%61;
7,03

5.81"

29,0

/38,5

23.6

. 28.9

PR Mod

57.2

12.38

Sf%5wﬂ8

20.3 .18

.09 13%07 11

o 3.84 3,

6.78" 6.
;5.66 5.

26.

.“'EqUilf_ConSt.lof H,

PR

f32:ﬂj‘
.58
70

58

67

Q B

86 <o
52,
5,42 4.70

77

21
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! ; .. TABLE 39

VAPOR - LIQUI'D EQUILIBRIUM DA‘I‘A

FOR Hz - TETRALIN (61)

Lig. Comp. of H, Equil. Const. of Hy L
P(KPa) Exp PR ‘Mod PR Exp PR Mod PR
. 169.6° C (6.,——0 6(PR) EH,-4 6(Mod PR))_'

'20;7*j’o,0118”-o 0119 0.0117 " 81.8  81.0 82.4°
3041},;0.01753yp,o179} 0.0176 ~ '55.4 . 54.5 55.3"

5068, 0.0297 0.0296 0.0292  33.1 33.3 33.7

o o -

10135 0.0571 0.0570 0.0567  17.33 < 17.40 17.48
15203}[0,0823< 0.0822- 0.0823 12,06 12.09-12.07- -
20270']0,1051'?0;1055]'0;106é@';.-9;4s 9.44 . 9.37

25338 0.1289 0.1270 0.1285 . 7.72. 7.85 7.74

| 348,$° c <5i;=-o 6(PR) EH,-13 8(Mod PR))
':jsoss tao;04szﬂ’o 0487 0.0452 . 15.63 14, 66l15340.:
“:10135;i0i0925_‘0,1019'_0;0975_' _;g,ozf;ystéef_8.53-’“
' 0;1390"0;1467]_0}1436'> 6.35  6.14 6.12
lszgibl 0;1884 ‘0.i849‘,ﬁ.1847‘ _'f4:80';;5.09:_4:89;{
A 0 | | g .

35338 ;2314 0.2179 .0.2216 ~ 3.96° 4.31 4,14
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d
C
gL

“TABLE .40

\

VAPOR - LIQUID EQUILIBRIUM DATA . | . - '

ol B ¢

= FOR Hj' - TETRALIN (61)
. Lig. Comp. of Hp o Equil. Const. of H:{_
P(kPa). Exp Mod SRK GS ~ ~Exp Mod SRK GS

—— e 2 | ——— § s e e - —— ——— —— e ————" - ——

98(Mod SRK))

0.0145 ~81.8 - B1.9  66.7

L0218 '%?.Z '55.1 “44.8. -

©0.0292 0362 33.1 33,7 27.2

1 0.0564 0.0705  17.33 15.59':14.05, 
0.0813 0.1027 12.06;,T2n23 9,68 ;4
0.1082 .0.1326 9.46  9.55 7.50

© 0.12540.1605  17.72ﬁ:;7;94 6.21

'.1;6° C (EHi;2244(Mba;§RK}?  ';. L : ’.', N

©0.0465 0.0524  15.63 14.97 13.21
0.0891 0.1176 9.02 8.41 6.83

0.1446 Q;Esbo‘ ‘6;351126.f0':‘4.é6 >;

0:1841 015403  ?'4,éoi; 4;92 ,;3.76 ;_-
0.2188 0.2988 -3-96§%14;21;“3109

,,73

'S
vesd
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 TABLE 41
.-
.____.___g L

s
o

VAPOR, - ' LI QUID EQUILI BRIUM ‘DATA FOR
. 1H;'7_ATHABASCA.BITUMEN (4-aB-77)
. . ./ . » . - .~ . v . : . -\. K Q'. . }55.1
. N ‘» [ ~ N B ) ’ “ . 2 . . 'q“
. - o . o 2 ' ‘d‘ '
o et Lig. Comp "ot P ' Equil. Const of H..

'

'»ppwpa)ff L~Exp’“ Mod PR N : } . Exp  Mod PR

ab2e 0{6307"f0;0302 | T.32.6 0 an e

5334 . 0.0757 0.0755 .i3;245' 3 13ﬁ24 s
| ‘f,1i507.' .0, 1468‘A 0,5457 AR S ‘.ﬂ 6.8 f;f 5 68 o /fﬁi“
e _v -‘ 16710 :;'»0”21‘3‘1 1 | 0.2.'010 . | 4 7? LR
25T58f1 0.2356 . 0.2405 - - [;,ﬂ4w24

24845 .5-0,2707 . .. 3.66

300 c (an,--19 9) o Lo

0 0564 00,0597 17,735jﬁv116 737

0. 0896 “0.0889 ',f;ygg?sg’ﬁ' 1. 25‘
; 0;1331' 0.1484
7 0.2000" 0.1993

167107 0.2566 0.2638 3779

#2408 0.3398. 0.3369 .

.‘/

2,97 .




TABLE 42 .

X
EASEEN
A e -
™
.
5
o]
2

_,18843

. 9ga4. 0.

S “1a293 0.

5

L. . \

~
(,‘«

. .21643 %
. ;;-,Y‘é_:'»
. ;

o ¥
.0.0540 -
1351

‘18814 1 0:2332
‘ iEi
T

5788;;

FOR H:

o

. uki— -

df.H

0 0378

0. 1316

0. 1803 ;
, o 2@14

300

o

O 0543

1-b»134o

0: 183?
Fb 2286

VAPOR - LIQUID EQUILTBRIUM DATA

- EMR GAS OIL

i

2

m
' fw f

200°'c (E+”=—3 2)

ro EE

»

154

Equil.

EXp. .-

26.5”m'

12.47

9.88
.7.55
5.55: .+

o C (EH,-o DI

i

\’

oo
Qe

5,000

Const of H;

Mod PR

4.35
?\}., -~

w oo
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TABLE 43

. “"VAFOR - LIQUID EQUILIBRIUM DATA

o z.ﬁ:’ﬁﬁ:’&
A«‘t"‘?' gi

Lig. Comp. of CO; . Eguil. Const. of CO,

CC, - TETRALIN (57)

p(kpa)' . "BExp - PR . ‘Exp PR

789° C (5.,—0,34) R

Pl

2047 . 0.,0555  0.0556 ., . .17.30.  17.21

3085 0.0823 - 0.0836 . 11.79 ., 11.57% -
o _ e

4095 {@ 0.1095" 0.1100 ,'f,54,A8-90'"” 8.8¢ .
Cos128 ot 0.1370  o0.136a. 7.3 7;15\.r?_T

. S 2od c (5.j-o 4)
 .2617, . fdjd429 o 0421 e 18,47; 18.45
3055 0.0673  0.0679 !i£§§'v 12,680 1236
 :4095 L 0.0931 00933 . . cdeSigs 832

;5g93‘ C0,1789 0.t172¢ ' ﬁ§%;;- ’7~77, ‘.'7.55;

,

C '_g.° ;ﬁ;, 380 ¢ (5.1 0.19) fl‘f _

| 319997“{}f-o;052§'1 0.0212 f§f~:  o 15.22 1 “14.97 i
30697 0.0492° 00894 - ERE 0. 61‘hf§10.2j o
4105 jfff\o.076£1‘,bL0752;», S ,. 5 f8.0O  l 782
L50§734i "o;mo{s _0.1069‘7’_ LR fs;éé,”?‘ 5;43

£

. T 9
=0



TABLE 43 continued,.; -

©3118.

4145

5108

0.0340  0.0338

0.117& 021168

©0.0902° . 0.0932

“39207C (57 j=0026)

153,

7.85

5.93

AN ‘,;4.99 S



- 154

© TABLE ¢4

¥ '.A o

' §§pﬁn“:ftiguftngUILTBRIUM“DATA'
- FOR.COs - ATHABASCA BITUMEN , . .

‘v _Liql‘Comp; §f COz' L ' Eéﬁil.-Const;'of Co,

' G . “Bxp .’ - PR

, T '~:‘ e

~P(kPa) . ‘Exp

507 C (6,;=0.09)
1079 01178 0.1738. e . -':8;52="‘ 8}79"
2279 0.2427 035256_ S o412 1.a3
2962 '0;28955' 0.2828 . . 3.46 3,54,
3788 . -0,3343 " 0.3261 - ' ‘ - 2.99°  ,;;;89

4461 o 0.3914  _0.3932”' 3 e '4  2.48° | 2.54 jL 

L2

€453 0.4054 0.4556 . - 2047 . 2,20

.

- . ;‘ _f‘100° C (5Jj;0.07). ] 'éf"
0.1165 _9+1093 © 7 8.5 - 9.15
0.2088,° 0.2039 - 486 .  4:91
0.2466 0.2881 . 4:06 = 4.03

0.2892 | 0.2887 . 3.46 3.46

q.3577 0.3339 . -~ 2.80 7.3.00

sl D R -



TABLE 44 Continued...

‘>'1858’”
'-2859_‘“
4279
.v5689;'

6444

0.0785.
S 0.1174

},~0.1722

0.2308

0.2491

155"

300°C(677=-0704)
0.0787 . 12

0.1185 . - ' - 8.
0.1721 . -

0.2222 S

0.2479 . 4.

g

.73

52
81

.61

14

12,



- TABLE 45 =

156

635.0

“p;§®7¢2'
3 '}fé_tu, St

T
R4

1589

3011

'»4362

B .5637

ST
'g;2321. J“
3693
e831
‘5596; n

~+ Lig. Comp. of CO;

’0*0497”
'l'o 0608
Lo H "" a2 . ~ L

- 0. ﬂ32 %ﬁ”o 1297dx;€a-f K

0.3237

.0.4146

0.1226 0

© 0.2445
~,0.2808

VAPOR - LIQUID -EQUI IBRfUM'FQR'

CO, - EMR GAS|OIL:

Exp. PR .

0. 05405"
9 0589

0.2315 - 0.2313
10.3163 -

0:3865

570488
,1;25 -
'  d}ig42'
© 0.2448
0.2767

ara

Equil..

'+ 50° Canjj;O;j3)"'

o 16.48

Co(8,;=0.12) o

. o
Const.
_Exp PR

20, 1
" 7.527

3.09
o 2.59

. 18.53
Co7071

3.16

of CO,.

16.68
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o

TABLE 45 Continued... | ‘
- ‘ - ‘ . B . 3 : 4

o T150°TCT (8T TE0TTI) T

755.9 - 0.0282 0.0326 - 35.2°  30.7

1604 0.0649 0.0676 15.35 14.78

o o,

2399 ,1005 '0.0991 . -  9.82  .10.08
. R . . . . K

3540 ‘001400 0.1822 7.100 7.03
. s08¢  0.2271 0.1966 . 4.36  5.09
6188 0.2790  0.2329 - 3.47 w29

a0 .



o ©® o o.o

‘o o

.0556
L0811

L1282
.1807
2273

.0286
.0556

1053 -’
.1282
.1807

;2273.:

EXp

.1053

Lig. Comp. of'Hgs

o o o

. 08 1 5 ~:.‘.‘.' |

.1230.,

.0825.
. 1054

"TABLE 46

. PR

.0585
L1031~

L1667 -

.2029 ..

300° C (8 i j=."0‘.
0302 o

.0575

L1262
. 1696
.2020

12

E'x

200° C (8, ;=-0,05)

7.
5

4‘.

055

35.

17.

9

p

12.33

9,50

8L

) ';.‘ |
gy’

0

.80

.40

-~—~VAPOR~=-L:1 QUID~EQUILIBRIUM-DATA-FOR - -

" H,S - ATHABASCA BITUMEN (4-AB-77)

17.99 -

:53

a0

Y

99T

()

.33
.50

.53

12

158

PR

1.
12
9.
8.

17.

o
;27'
70
13 a
.00
.93

38
oIt
.48
.93

55

‘Equil. Const. of H,S

89,

..:'&1::‘ YR N
1%4%%@%
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. TABLE 47

) . T
y B .

VAPOR -~ LIQUID-EQUILIBRIUM-DATA

o,

R ~ FOR H,S - EMR GAS OIL.
Lig. Comp. of H,S o L Equil.'Cdnst. of H,S

P(kPa')T Exp . PR ' . ' "Exp PR

L e

- | 100° C (8,,;=0.05)

© ©393%4  o0.0572  0.0879 © . 17.27  17.48
hf‘750.4“J,' 0.1101' ﬂo{1Qe6 —=i " 9,21 9.08,

768.4  S041090 - 0.1111° o 9,00 917

1273 0:1678 0.1800 . & 5.55

© qe13 o\ o.2418 0.2287 g 0 aias - aiiaone

©200°C (8,;=0.18)

. 780.4 :

'f?425i2-i-' o,o174  0.0233 Lo edls '_ \57,5 ”

0.0356 0.0406 _v'~.h 1: 2.5 28.1

1094, . 0.0563 3010566?-7?;‘= 17,60 17.76
o |

1469 '0.0865 0.0783 . . _11.51  13.23

1982 0.1304 ~0.1004 - . . 7.67  9.93

| o 3000 C o (84,20.18)
. : e Ce e
. '946.9 . -0.0260 .0.0399 - 38.5 . 23.1
71397 -7 0.0526 © 0.0597. 19,01 . :15.79

1 0.0748  0.0736 . ., 13,37 -L%;gz"

- T0.1016  0.0915° " . 9.84  ‘10.48

@
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' TABLE 48  ©

Hempel Distillation of Athabasca Topped Bitumen (2~AB-77) .

>
4

_iFra&tion"Cut>° C-_‘Vol %'iSum %A. Sp;‘GraQity;15/159 Cc
3100 o o
s 125
5 150 |
6 . 175 4 0.3 ~ov3 0824
7 . 200 . 0.4 0.7 0.824
8, 225 : 0.6 BT 0.824
s gso-“1]v1;2:° 2.5 % 0.838

10 278 6.2 - 87 . 0.868

5Df5tillétioh at-40-mm'Hg  | | |
a0 R e ‘  OQ88T f -
2 225 101 1.   _t70:éQ2 o

13 20 3.9 5.4 xio{927 

Cie T 275 7.5 22,9 0,940

i

iy 300 . 12,2 - 35.1 1,058

. Residuum - . 64.6  99.7 1,058

l'fbl ﬁbqs : . 0.3

T Initfal‘Boilihg PdintﬁTSZf:C

!
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'TABLE 49

: HempeL;Distiliation Qf'quydminster Residue (3—LL—78)

;Fiéctioh Cut ° C y§1 % Sum % Sp?»Gfavity‘15/15°"C :
o . B ) .
2 75

3  ,. 100 |

TR s

5 150

e s
v o :  200 o
e 8 535 : fld;s}'i‘.o.alﬁ.' _—7'

LA

.,'.l';""‘["' L . ’ . o s A . o >

275 0 3.0 a5 -
'-‘.'l j . ) . .’ .4: .
"Di'stillation-at 40 mm Hg -
11200 0 1.2 5.7 -

12 225 3.9 9. '

6

R ifj :”'250;: 1] 6.3 15,9.7"' -

o1e i’ lé75'r'_..5Q7 | ?yf57ﬁl} '
8

45 <0300 9.2 30.8
Residuum ¥ . 6%.3 100.1 ..

r{1

. Initiial Boiling Point 218° C









