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ABSTRACT

4
A project tnvolving pnysical and numerical modelling”of steam and

‘gas injection processes was undertaken in order to determine the effect‘
on the steamfl ood process 'of the addition of carbon dioxide and
‘nitrogen. The project originated from questions raised as to the effect
of flue gases on reservoir performance when employing a downhole steam

generator or other equipment which creates a mixture of non-condensable

gases and steam.

: “\
A series of laboratory experiments was conducted in'linear porous media
saturated with a moderately viscou5'refined oil and water. Comparisons
were made between steam-only, sﬁeam/fiue gas (steam, CoO, N mixtures),
steam/QO and steam/N injection processes. The maJority of the
Vexperiments invol ved simuitaneous injeCtion of the gases with steam but
s ome involved steam injectionvfglloﬁingva slug of gas. The gas/steam
ratios'employed‘in_the experiments were those which would result from the
,reconbination of steam and the' gas products from-the combustion of fuei
used to raise the steam. Both pre-and post-waterflooded sand packs were
‘used . A fully implicit thermal numerical simulation model waS'written
| to aid in the interpretation of the experimental results. History

matching and process sensitivity studies were conducted with the

numerical model. .

The addition of the gases to steam was found to acceierate oil -
production response quite markedly and to yieid a modest improvement in
total oil recovery. The steam/CO injection process was superior to the
steam/flue gas ‘process on the basis of oil. recovery at the same total
mol al fiuid 1njection. Stean-oil and water—oii ‘ratios were reduced 1in

v_.' . } \'.' B - £



the steam/gas co-injection Pfocesses.

The laboratory experiments were found td be sens1f1ve to‘therma]
effects 1ncldd1ng héaf loéées steam quality and 1nJect10n rate. Other
sens1t1ye‘ﬁarametefs fnéldded. oil saturat1on; viscos1ty and
volatility& porosity and‘relat1ve permeab1l1ty; gas/steam ratio and
COz /N2 ratio; and, gas solubility. The processes were relatively
insensitive to absoluteapermeability, rock compress1b1]1ty and rock heat
capacity. History matching of the exper1ments was done primarily by

varying the heat loss and relative permeability parameters.
[

The performance improvement observed as a result of gas add1t1on to -
steam 1s attributed to non condensab]e gas drive and so]ub111ty effects

'1nclud1ng viscosity reduction and swe]]ing of oil.
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INTRODUCTION ,/

Much effort has recently been d1rected towards the

"

development of downhole steam generators (DHSG's) for 'use in thermal

v

recovery of heavy oil (Bader et al, 1979),«(Fox et‘a],‘1981),

(Chesters et‘al; 1981), (Anderson et al, 1982),‘(ESOn;.1982)
(darshal] 1982), (Boden et al, 1984),~(Fox and. Dona]dsdn, 1985)
Considerab]e progress ‘has been made on the Mechanical design and
operation of e downhole equipment but quest1ons still remain as to
the effect on reservodr performance ofh1njectind the mixtures of

. : »

f]ue'gases and steam'which are produced‘ The purposg of the present,

study was to compare steam -only floodin ith steam/flue as
Slji 9

i

‘1nject10n 1n a 11near system. Part1cu1ar attention js pa1d to o1l

recovery and ofl productlon history in the comparison.\

; §team‘raised in conventdona]'surface generatorsmts se1dom
injected fnto'011 reservoirs which are‘more than about 500 metres -
(1650 feet) deep because of ‘excessive wellbore heat Josses.
Conventional boilers typica]]y lose 19 percent Lf the enerny der1ved h
from fuel as stack losses, 3 to 20 percent 1n the f]owl1nes and. 3 to"
20 percent in the we]lbore (Eson, 1982). | NHSG's 1ocated naar the
producing interval would e]iminate these 1nJect1on heat 1o ses and

therefore significantly 1mprove the overal] enerqy eff1c1ency‘of the

' steam injection processes. The use. of DHSG s would extend the depth

to which steam could be. used. to perhaps 1800 metres (6000 feet)
making some deeply buried heavy 011 resources amenahle to.

exp]oitation and thereby 1ncreasing recoverab]e reserves.

The use ofvinsulated tuhing‘in.conjunction.withisurface"~’\



-

~ steam generation has been enp]oyed in some fie]d nperat1ons. Fost

ch

_conparisons have been mace between d1rect fired h]gh pressure DHSG
‘ and surface generation with 1nSu1ated tuhing (Hart }98?), (Friefeld
et a], 1983) for de11ver1ng steam to the sand face. Below ahout 600
‘inetres (2 OOO‘ft)‘it‘appears the DHSG s are cheaper than the .other

“alterpative. - o C O \

Conventional boilers 1n oilfield operat]ons usua]ly burn
lease. crude which commonly contains significant quant1t1es of
impurities such as sulphur’ and,nftrogen. Air po]Tution in the form

of particulates and the oxides of su]phurhand nitrogen results from

\

‘emission of the flue“gases‘to'thevatmosphere, In areas,such as .
‘Ca]1forn1a whfch have Targe:stean inject1on projects, high su]phur
‘content of produced oil and high population density, cons1derab]e
expense results from the need to scrub stack gases before vent1ng to

‘atmosphere. In 1979, federa]lregu1at1ons 1n the‘United States

«

required that 1f‘a‘nationa1‘amb1ent air qua]fty‘standard would he
'exceeded by a. new 1nsta11ation, emissions of that pol]utant from

ex1st1ngssources would have to be reduced :%ﬁat least the amount of

the neu emissionsr(Goodley, 1929). The a1 ‘ ollut1on Tevels 1n

'\

'

Californ1a have reached such a condition ‘and it 1s a(so.conce1vab]e
)

that éir po]lution would ‘reach significant 1evels in Alberta should"

]

1arge-sca1e steam 1nJection projects be undertaken 1n the oil sands.

o R .
. o . . = ?
V-

Recent field tests of'DHSG s have demonstrated the potential

" of these units to reduce air po11ut10n due Wo the scrubb1ng action

' of underground formations (Fox et al, 1981) (Anderson et a] 1982),

‘"(Friefeld et al, 1983).,(Fox»and Qonaldsbn, 1985)-.: The e11m1natfon E

N A
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/ .
~of partlculetes, substantial scrubbing of sulphur dioxide, an order -4‘

of magn1tude reduction in the oxjdes of pitrogen and a two-fo)d

IR

‘ reductlon in carbon monox1de havye been reported. A port1on of the.
‘pollutants remain 1n so]ut1on 1n residual reservoir liquids and 1n
das which is trapped 1n the reservoir. Much‘of the pol}utant
mater1a]‘1s also recoveredlin solution tn the produced ]1qo1ds

(Bader et al, 1979). /

.The use of DHSG's has been proposed for deep we1ls to reduce
we]]bore ‘heat 1osses, env1ronmenta]]y tmpacted areas, arctic
app]]cat]ons to reduce permafrost meltdng in steam injection we]]s;.A
and offshore areas where in additioh‘to reducing heat losses in deep
we11s space savings'may be realized on p]atforms and untreated seae

‘ water may be used for generating steam (Anon‘ 1984), (Boden et al,
1984) Of course before us1ng sea water in a therma] app]icat1on

the effects of rsuch a fJuid on the formatiOns 1n question wou]d have

\

\

- to be eva]uated - o o

e

It has also been suggested that gas injection with stean may‘p'
.1mprove oil recovery and production performance. Carbon d1ox1de,
which is high]y soluble in oi],'causes v1scosdty réduCt{on ahd\ |

' snelling‘of the oil"?k11ns and Farouq.Ali, 19827 (Simon and Graue
M1965)ﬁ In steam stimu]ation, solution gas drive effects may be “\
important and non-condensable carbon dio;ide may be able to contact

regions of the reservoir which have not been heated by steam. o

"
l“h

There are also a number of potential disadvantages to the |
1n3ection of f]ue gas with steam. Reduction 1n 11qu1d relative s

o permeabilities occurs due to 1ncreased gas saturatjon.f Redford ‘973‘

P CY TS

’



(1982) has suggested that an optlmum COz/s“eam ratio exists at ar0und

I

15 dm3/kg and that above this level, 1ower1ng of itquid re]at1ve

‘ permeabi]ity causes reductions in 01] product1on rates. The use of

oxygen or oxygen-enriched a1r 1nstead of a1r for combustion may be
cons1dered 1n order to reduce the vo]umes of f]ue gas created.
N1trogen fs the Iargest const1tuent in the flue gas and does not~
prov1de the same potent1al AS 0z for process 1mprovement due to its‘

~ lower solubil1ty in 011 In steamflooding, potential 9as handl1n9

1y

\ t
prob]ems at production wells (gas ]ocking of pumps,’ cas1ng vent ' gas

! '

col]ect1on, etc.) would be reduced 1f oxygen or oxygen enr1cheﬂ a1r‘

o -~ i

- were used 1n the burners. Add1t10na1’corrosion problems c0u1d

L

develop 1n dOWHhole goods due to the mixlng of carbon d1ox1de

su]phur oxides and steam.‘ It would bE'expected that a steam/COz !

"

» Tixture wou]d affect reservo1r matr1x mater1a1s different19 than pure

steam and that potentia]]y adverse rock f1u1d Interactlons wou]d have ‘

/ oL

0 be 1nvest1gated for particular reservo1rs pn1or to the

nplementat1on of steam/flue gas 1n3ect1on. In fie]d app11cat1ons,

ravity overr1de and gas channe111ng may ‘be aggravated by the

n sweep eff1c1enc1es and therefore total recover1es. Two— and

L
%omb1nat10n of steam and non—condehsab?e gases reSU1t1ng in reduct1ons ’ ?
|
h

hree-dimensional numer1ca1 simulat1on studies would be he]pful in

/assessing the magnitude of this problem.‘ Here again oxygen enr1ched
" v —
i !air for ‘combustion may partia]ly a]leviate the negat1ve aspects of

the gas 1njection. S ”\‘_ LS

S

N oo

The use of DHSG 3 may ult1mate1y be decided on the basis of'
process improvement or’ harm caused by.rhe combustion gases in

,,“.x association with st;*m (Hart 1982) (Boden et al, 1984) Field




@ 2
. tests have 1nd1cated 1mprovements 1n production rates and steam 011
ratios over steam -only 1nJect1on but the data are very l1m1ted and

eqdlva1ent test) conditions (e.g. steam slug sizes) often were not

.. .employed.

In add tion to DHSG's, two other methods of generating’
mixtures of steam and combustion gases have heen proposed the
Canmel Energy Vapor Therm Process (Sperry, 1977), (Sperry et’al,
}928), QSperry et al, 19?91, (Young and Kraj1Cek 1979), and the

" Zimpro-AEC Wet Air-Oxidation (NAO) Bof1er (Praot unpub]lshed)
(35109 et a1 1982). A method for generating steam downhole us1ng
the wet oxidation process has also been proposed (Clark, 1985).
This process requires a minimum pressure of 6 OOO‘h;a to be

- effective. The§d1sposal of ash createq-1n the process COu]dvbe a
major prOb]em for downhole operation. o ” '

. "The Vapor Therm unit generates.aiminture'of 5uperheated
steam;.nitrogen and carbon .dioxide at 6205 kPa and 344°C (900‘pst
and 650°F). In f1eld tests 1n heavy 011 reservo1rs the process has
achleved significantly 1mproved production rates over pr1mary

%

product1on in a cyclic stimulatHon mode of operation. No.comparison

of Vapor Therm with steam-only stimulation has been made. -

The NAO boi1er also generates a mixture of COz N2 and steam

hs

materia] mixed with compressed air or other oxygen contafning Hﬁs.

~

(100% qual1ty) by flame]ess oxidation of a slurry of organic

wet air ox1dat1on, -a process which has heen applied 1n 1ndustr1a1

i waste processing, operates at temperatures 1n the range of 205- 316°C

(400 600° F) and pressures up to' 20, 684 MPa (ga) (3000 psfg) and



materfal. The NAO”process‘requ1fes no feedwaLer treatment and

ofl—cont?1glng prdduced wafé? Ea; be reqyé]ed to the bofler allowing
_ sensiblé;héat recovery. The boflers emit no smoke, S02 or NOx and

pollutants are concentrated in an 1nert ash blowdown. If the reactor

1s Supplied with h1gh purity oxygen tnstead of a1r, the WAO p1ant

becomes a COz /steam geperator,

~ " In the préseht study, the effects on of] recovery and

", “production ﬁe formynce of flue gas fnjection with steam have been .

"fnvestigated fn unscaled ]aboratory experiments fn a linear system.
‘ ‘é:The runs 1nVOlved injection of steam/COz, steam/COz/Nz and steam/Nz
" mixtures as well as steam-only injection for purposes of comparison.
In some experiments slugs of gas were followed by steam and in

;  " others the gases were injected s1mu]taneo@sly with steam. The oil
W used {n the étudy was a moderately .viscous refined ofl. The choice
\ of refined 01]‘ pure silica sand and distilled water for sand pack
" mater1als was made 1n order to reduce potential rock ~-fluid

1nteract10ns which would comp]1cate interpretation of the

exper1mentq] results. ‘Al experhments were conducted with sandpacks
- . .

ﬁ; in a hor1zonta1 pos1t1on. in order to gain further insight fﬁto tﬁe
té*ﬁ%mtors contro111ng ‘the steam/gas injection processes, a numerical
simulation model yps written and a sensitivity study conductéq to
fnvestigate the effect on the prdcesses of varfous reservoir and

~

operating parameters.
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Effect of Gases and Steam on Fluid Properties

‘ In the case where a small amount of excess air is used
in a downhole steam generatowlkthe'effluent.gas cemposit1on
from the burner would have epprox1mate]y the following ;
composition (Esoﬁ,‘l982)~ 62 % by vo]ume of steam 32%

nitrogen SELearbon d10x1de, 1% oxygen and traces of 502, NO,.

- ,

. If high purity oxygen wer used 1nstead‘of‘a1r the effluent gas

°h
composition would be approx1mately 92% by volume steam, 7%

carbon d10x1de 1% oxygen w1th traces of SOz and Nz.

Carbon dfoxide {s more soluble 1n ofl than 1s nitrogen.

Jacoby and Rasza (1952) presented EQuilibr1um vaporization

ratios (K-values). fog mixtures of nitrogen, methane ethane,
carhon dioxide, hxﬁrogen su1ph1de and a 26.8° API (s.g. = 0. 894
@ 60/60) crude ofl. Data were obta1ned at temperatdres of 38,
68 and 94°C (100, 150 and 200° F) and various pressures in the
range of‘1.38lto 34.5 MPa (abs) (200 to 5000 psia). The
following data have been taken from their paper to 1lluetrate
thenrelativevso]ubilities of the‘tho gases. These data were"

collected for a mixture whose composition was 5 mole percent

N2, 40% natural gas, 5% COz, 5% Hz2S, and 45% crude ofl.

Pressure Temperature K. K

Jpsia) °F Nz ’, Coz
500 . 100 30 3.5
500 200 32 5.0
1000 . 100 15 2.1
1000 200 18 3.0

. . ‘4 _
The data illustrate the higher solubility of carbon dioxide and

also the effect of pressure and temperature-on the



SOluD111T1es. Increasing pressure and decreasing temperature
have the effect of increasing the solubilities. The effect of
temperature on pitrogen solubility is less pronounced than is

W

the effect of pressure in the ranges of pressure and

- temperature considered. At the h1gher‘part1a1’b5essures of
nftrogen which occur with flue gas 1njéction, the total amount
of nitrogen {n solution may be nearly eﬁual to the total ambunt

of carbon dioxide in solution.

It 1s‘we11 known that gas in solution in oil causes
swelling‘of the-oil (Craft and Hawkins, 1959) and reduction in
its vfsposity.‘ Correlations of solubility, swél]ing‘anh |
;1scos1ty heduétioh.o% crude oiis in equij16r1um‘Q3th<carbon
d1oxide have Beenkﬁresented by Simon and Graue (1965). ~The1r
data were collected on nine 0115; seven of which were crude and
two of thch'weré refined, ranging in gravity from 11.9. to

-33.3% API. The raﬁges of temperature and pressure consideredv‘
were 38 to 121éc‘(1oo - 250° F) and -10.3 kPa to 15.86 MPa (14.7
’po 2300 psia), respecpive}y. Déta taken %rom the baper are -
* $hown below for .an oid'with similar properties to the one used —
in the present study. [01] gravity;.17,3° API

Viscpsity, 87 cp @ 110° F
‘ *10.6 cp @ 200° F

* U.O.p‘., 11,4] ;

4 | C02  Swelling Dead 0i1  Viscosity
Pressure Temp. Solubility Factor™ Viscosity 'CO2 Sat.
_{psfa) (°F) (mol. frac) (frac) (cp) . (cp)

500 - 100  0.34 - 1.06 110 20.0
500 . 200 »0.23 1.03 12.4 1.1
1000 100 - 0.56 1.155 110 | 9.6

1.0

P

1000 200 0.40 .08  12.4°

* yol. @ sat'n pressure and temperature -
~Vol. W atm. pressure and temperature



The combined effects of temperature and so]ut1on gas on

viscosity are ev1dent from examination of these data.

Jacobs et al (1980) measured the effect of dissolved
carbon dioxide, methane and n{téogen on the wiscosity of
Athabasca bitumen. Data were collécted b&er the following

temperature and pressure ranges:

Temperature Range Pressure Range

. ___ Gas _(°c) (MPa)
methane 25 to 170 0.09 to 13.8
'+ nitrogen 40 to 170 " 0.09 to 6.33
0.09 to 5.69

carbon dioxide 25 to 140

As '{1lustrated by the following table, carbon dioxide reduces

the viscosity of bitumen dramatically and especially at low

temperatures.
V1scosity of CO2 Saturated B1tumen

Pressure @ 40°C @ 120°C

(MPa) = (Pa.s) (Pa.s)

0.09 60 0.10

2.34 4 0.065

3.72 1.5 0.055

06 XS

The’effeet of peessure (i.e. gas in solution) on reducing
yiscosity is less at temperatures above 100°C. Methane has a
less dramatic, but stil] Siénifican;, effect on viscosity.
This is due to tﬁe lower solubil;ty of methene in 011 (Jacoby
and qus£3, 1952). Nierogeﬁ was eetermined to have a

neglibible effect on bitumen viscosity.

Empirical ‘correlations of crude ofl viscosity in the

pfesence of carbon qioxide and steam have been developed by '

¢

-



Bader et al (1979) arid Leung (1983). Bader et al (1979)

'presented a correlation for a typical heaVy ‘crude fn the range

'of pressures of 0 to 13.79 MPa (ga) (0 to 2000 pstg) and

temperatures of 15 to 316 C (60 to 600° F). They suggest that,"

in a'certain temperature range for a given pressure, as

0

tempenaturelis fncreased, viscosity'actually increases due to.

~reduction in carbon dioxide solubility. As the temperature

increases above this range, the temperature effect oominates
and viscosity decreases. Preliminary experimental results for
three different ¢rude oils confirmed this general trend
although diffe;ences existed between the computed and

experimental values.. For his numerical modelling studies of an

. Athabasca otl sands reservoir, Leung (1983) combined‘the data

»

from>§imon and Graue'(1965), Miller end'Jones (1981) and Jacobs
et al (1980); No laboratory data were available'on'Kern River
oil and for these simulations, solubilities, swelling“factors
and viSfosit} effects were oll estimated using‘date by Simon 
and Graue -(1965) and Miller‘end Jones (1981) as a guide. Lin
(1981) has pointed out the need for laboratory data collection
of solubility, swelling and viscosity reduction effecis with
various gases and crude 0ils over a wide range of temperatures'
and pressures.

.

Leung (1983) has-also shown that solubilities of,gpz in
water can be considerable; for example;,as much as 27 dm3/kg at
6.9 MPa and 38°C (152 scr/Bbi @ 1000 psi and 100° F). Ignoring

this effect in simulations can result in optimistic estimates

.

..of improvement in performance of combined steam-COz recovery



processes as compared to steam-on]y processes.

Laboratory Studies of Gas—Steam Injection

Pursley (1974) reported on partia]ly sca]ed phys1ca1
model tésts simu]at1ng 1/8 of 5- spot patterns on 1.25, 10 and -
20 acre well spac1ngs. Four tests were conducted to determine
the effects on performance of 1q;ect1ng small slugs (4.8 dm3/kg
or20 SCF/Bb]) of air, methane and COz at a time when the |
well's productivity had declined.fo11qm1ng steam.st1mu]at1on.

" Dramatic 1mprovement resulted when a1rxand methane were
"injected in‘th1s ,way. Somewhat less but adso significant
1nprovement resu]ted when us1ng carbon diox1de. It was
jsuggested that this may have been due to h1gher so]ubility of

\

CO2 in water. Substantial reductions in water-ohj-rat1os

(WOR's) were achieved in Qhese tests. o \\
| Cumulative Product ion. | \ .
: WOR . o Gas oL
1.7 steam-air R '
) 1.8 T _steam-methane \
2.4 - steam-C02 C
3.2 steam only BN

Experiments showed substantielly higher oil-steam’ratiosk\

(OSR s) when methane was 1njected after steam rather, than }ate

| in the production cycle. A series of 4, 3-cyc1e st1mu1at1on
tests were conducted to determ1ne the effect of 1njected \
'gas-steam ratio on performance. Methane was injected in each. ?]
case; It was found that an optimum gas-steam ratio (GSR) of i
17.8 to 35.6 dm3/kg (100 to 200 SCF/Bb]) existed Pursley
(1974) suggested that 1ncreasing the GSR beyond a certa1n value

would not be.advantageous. The resuIts of the exper1mental



work were said to have shown qua]itative agreement with field

tests.

‘Redford (1982) reported on'iaboratory experiments'with -

i

additives to steam in an e]ementa] model 45 cm in diameter and
40 cm high ~ Experiments were conducted with Athabasca tar sand
in a manner such as’ to represent an eiement of the actual”
reservoir. Ciean 20-40 fraghsand was used to initiate a
communication path and the pack was produced with a pressureloj
cycling type of operation. With the production control va]ve k
open, steam was injected until it appeared at the productioq
well, This we]l was then c]osed and the pressure built up to '

3.3 MPa. The back pressure was then controlled for ahout 30

" minutes in a manner so that hot water but not;steam was . T

‘produced.‘ A series of pressure bui]d-ups and drawdowns was
then. initiated. Typicai]y, 20 minutes of straight through
operation was fol]owed by 10 minutes of pressure drawdown 1n

which the injection Weil was shut—in and pressure a]]6@ed to

bléed off through the production well. The additives to steam =

which were used in the experiments were methane, ethane,
propane:;, butane, hexane, heptane,:Suncoridiluent naptha and

carbon'dioxide.

o

‘ Th results of - these tests showed that using ethane andu
C02 gave signifi*antly improved recoveries over the other . ';‘
additives and the improvement was most evident.on the drawcown
portions ofgthe cyc]es,,.For‘Cdg and ethane, average productionf

on the fnjection portion of the cycles was Tower than it was

R

XN
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bl

'for steam-on]y 1nJect1on while in the case of naptha 1t was o

h1gher.\ Larger swept volumes resu]ted fromvadd1tion of ethane

and 002 and substantia]]y coeler fluids were produced on 5'

n‘drawdown with these additlves being used.

An optimum COz/steam ratje of about 35 dm®/kg was found
to exfst“ Below this ]eve] Redford (1982) suggested that the
drive effect on nrassure blodewn was reduced and that ahove 35 *
dm /kg, reduced heat transfer and increased relative
permeab111ty to gas began to. dom1nate. It was found that a
combination of COz naphtha steam had the best overa]l recovery

and that for this mix the optimum tOz/steam ratio was about 15

dm /kg. The improved-perrormancn‘us1ng gas additives»was

“attributed to solution gas drive, swe]ldng and viscos1ty

reduction effects of the so]uble gases. ‘Undesjrable effects of

‘using too much gas 1nc1uded reduced 1njectiv1ty, reduced
re]ative permeab111ty to liquids and an 1ncreased tendency

'towards channeling of steam.

Fox‘et'al (1981) reported that 1aboratory‘eXper1ments
conducted to éxamine re;overy with so]ub]e gas/steam drive have
shown a more rap1d recovery than steam-on]y drive."The

exper1menta1 data were not presented

. Hutchinson et al (1983) 1nvestigated Utah tar sand

additives. Their experimental apparatus was 8‘26 cm . (3 25 1n)

1n d1ameter by either 81 92 cm (32 25 1n) or 182 62 tm :

A

‘ steamf]ood performance 1n 11near systems w1th COz, Nz or a1r as ‘

G

vy

(72 25 in) in length The runs were mainly adiabat1c and were x‘



‘.,(447 F) and 2 758 kPa (400 psl), respectlvely. Steam‘lnjection

.
W’

. \ .
A o T4

conducted at tenperature and'pressure condltlons'ofh23lfc

: rates at or rlose to 1 250 cm3/hr (2 75 lbm/hr) were used for

all rune Gas 1n3ect10n rates were either 170 dm3/hr

(Oad SCF/min) or. 850 dm3/hr (0.5 SCF/min)‘resultlng in" ' .
gas-\steam ratios -of 140 and 680 dm3/kg (786 and 3 932 SCF/bbl),
respectlvely. It was found'thatlthe addition of‘nonAreactlve
gases to steam'produced only slight 1mprovement in o0il recovery
performanceyover-steam alone. Both"concurrent and alternatlng

modes of steam;drive with additives were equally effective in

| ollurecovery of the tar sand’ Results of alr/steam

. co-injection experlments vere. conpl1cated by combust1on )

Jphenomena. 0il recoverles were generally low from these

experlments lbeing‘ln the range of 10 to 15 perCent of the

‘or1ginal 01l 1n place, 1nd1cat1ng poor sweep and displacement

',wefflclency. | R - ) o | w

Numer1cal Slmulatlon Studles

Kllns and Farouq Ay (1982) conducted a 2 D areal

of nonthermal COz, nitrogen, natural gas or water-lnject1on in

the recovery of heavy oils with viscosities- in the range of 10

N

. to 1000 cp.' The simulations were conducted in a range of

tenperatures and- pressures at which the gases were not miscible"

'<a1n the oil but solubility effects were nevertheless 1mportant

It was found that COz 1njection was superlor to the other :
‘processes for oil viscositles above 70 epe The gain 1n

, recovery over waterfloodlng was as much as 9 percent for

1%

| numerlcal slnulatton study in order to compare the performance f‘.



'Aheavier‘crUdes. Waterflooding was techn1ca11y super1or to pure
COz 1n3ect10n for Tow viscosit1es due to lack of mobi]1ty "
contro] when pure C02 was dr1v1ng a low viscosity carbonated

oil. Carbon d1ox1de drive recavered sign1f1cant1y more 01

““than nltrogen drive at low viscosities because of 1mproved

sweep efficiency»as a resu]t of viscosity reduction and
, Swelfing. Low pressure.nitrogen 1njection operates in. a

similar manner to waterfloodlng 1n that the injected f1u1d doés

. not mix with the reservo1r fluids. Nitrogen injection y1e1ds a

poorer recovery than waterf1ood1ng due to less favourah]e o

mobility ratio. It was found that in heavy o1] (100-1000 cp)”a'rl

mininum ofl, saturat1on ‘of  50% was requ1red 1n order to prdduce :

"-s1gn1f1cant amounts of 01] and that a saturat1on of over 60%
‘was required for stabiltized banking. Very viscous o1ls were
found to y1e1d 1ow recoveries at low 1n1tia1 011 saturations.
" The production histor1es from two comparat1ve

simulat;ons of steam-only drive. and steam-f]ue gas dr1ve have.

been reported for a Ca]ifornia—type reservoir (Bader et al,

1979), (Fox et at, 1981). In the steam-only f]ood 85% quality

“rsteam was inJected at 79, 5 m /d (500 B/D) and in the steam-gas

flood the inJection rates were 47.7 m3/d (300 B/D) of 85%

quality steam, 345.5 kg/h (760 167h) of‘COZ‘and 1273 kg/h (2800

]b/ﬁ) of Nz2. Recovery occurred ear]ier with the steam-gaS )

g

process with production t1me reduced oy approximate]y

'2one th1rd. No details of the simulations were g1ven.

Neinstein (1974) has presented a qge-d1mensiona1

-‘3-phase flow numerical mode] which accounts for 2-D heat

[ B . [N
. 0

15



' 1
“transfer and can be used to simulate the steam stimulation

~.process. The mode] was matched to fieid data of steam R
;stimu]ation followed by gas inJection 1n a Cold Lake reservoir.
Two cyc]es of 7949 m3 (50 000 Bbls) of steam injection f31]owed
by 1.41 X 105 m3 (5 MMSCF) of natura] gas were matched
following which the model was>used to‘conpare the effect of

N iniecting gas before or after the steam. The fo]ioniné‘results
were‘presented:‘ | | |

‘ "
. Avg. 0il 0i1

- : 4 L Rate . Prod. Oil—Steam
Case Fluids . - (8/D) (Bb1) - Ratio
'Steamonly \ 45 M Bbl steam 114 - 8300  0.18
Gas first = 4.99 MMSCF gas 137 10 000 . 0.22
= 4 45 M Bb1 steam . ‘
Steam first 45 M Bbl steam 192 14 000 ' 0.31

4.99 MMSCF gas

It can be seen from‘these data that gas injection has a marked
effect on performance and that 'gas injection fol]owing'steam is

lthe best a1ternative. No data on: the simultaneous inJection of

-

_steam and gas were presented.

‘

| | Leung (1983) has conducted a numerical simuiation study

of an immiscible disp]acement process with C02 inJected
fsimultaneousiy with steam 1n.a heavy of1 reservoir. ‘The study .

dea]s primari]y with steam sti;mlation but one steamflood case

was aiso presented. It was found that in high compressibi]ity
! .reservoirs, viscosity reduction was the main contributor to |

"increased production over the steam-on]y process whereas in .

normﬁﬁ compressibility reservoirs, the soiution gas drive

N\



- cycles at a GSR of 71. 24 dm3/kg (400‘SCF/Bb]) in compar1son

vlvertical gravity override and steam brea through occurred

A‘1nJect1on with steam in steam flooding operations for both

'the 1nJected gas.' In the light ofl case, non-condensable WE

'accelerated 011 recovery and also 1ncreased the recovery

-

a

effect was the main contributor. For- an Athabasca tar sand

7

reservoir, a 86% 1ncrease in recovery was achieved after ﬁ_ezs,____fa

steam-—on]y snmauon. At a GSR of 106 dm3/kg (600 SCF/BM'

the recovery was: slightly lowen due to 1ncreased<gas

product1on. A 16% 1ncrease in rec0very over. 6 cycT/; was

. ach1eved at a GSR of 89. O km3/kg (500 SCF/Bb]) for a Kern Ri

reservoir. In a 3-D steam drive s1mulat10n,,C02 1njection with

steam did not improve recovery sign1ficantly for a

Californ1a-type heavy 011 reservoir where the str1pp1ng ‘effect

. of steam was. the main recovery mechan{sm. . In this simulatidn
oA .

Yom

steam was injected atf79.5 m3/d (500 B/D) at a gas -steam rat

of 89.0 dm3/kg'(500‘SCF/Bb1). The. 1n3e‘ted gas promotem

slight]y‘earlier. The CO02 was seen to Concentrate at the

leading edge of the steam zone.‘

]
Y

Hong and Ault (1984) have similated non-condensable
1ight and heavy 011 reservoirs. The results show that the
effect of non- condensable gas addition to steam 1s to

acce1erate production during the early part of a typical hea

- ofl project but the cumulative recovery ‘stays about the Same

that obtained with steam 1njection only. ' The early product1

1ncrease was attributed to additional reservoir sweep causec by

slightly.‘ This 1ncrease was caused by enhanced sfeam

- . e . : T’
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;i¢d1st111ation and v1scos1ty reduction of the oit, by soluble

‘gas. - The heavy ‘011 was considered to be a singlé component

N
N

[

‘”dead 011 w1th an 1n1t1a1 v1scos1ty of 2 000 cp at initial .

cond1tions. The ]1ght ofl was assumed to he composed of three:

v

”‘conponents and had a viscosity of 5 cp at the initial reservoip

t temperature of 49°C‘(120“F).

Singh et al (1984) fnvestigated the injection of steam

. - - S ‘ " e
;_and €0z into - a bottom water tar sand reservoir. A small ~

portion of reservoir, 20 metres thick by 24 metres in radius

was modei]ed,os1ng 24 grid blocks in an p-z geometry: It was

" shown that steam/C0z injection can be beneficial in some ~

'1nstances in reservoirs of this type. ‘ S ,

Stone and Malcolm (1985)'presented results of a’

‘conparfson between physical and numerica] model results for a |
hilarge scale steam-COz co- 1nJectfon experiment using Athabasca

“01] sand The work concluded that for the syStem studied, the

main advantage of Cbz as an additive Tay in 1ts abiliﬁf to

enhance displacement of b1tumen but that’ viscos1ty reduction

due to COz p1ayed almost no role in the process. Solutionfgas‘

“drive behaviour of the steam/C02 process was.seen to be a

stgnificant factor.

” Cohpos1t10na1tReServoir*Simulation'

Reservoir simu1ators of the composit1ona1 type have

',been developed by a number of investigators inc]uding Roebuck
{'et al (1969) Cu]ham et al (1969), Van-Ouy et a] (1972), Nolen
1(19731,)Kazem1 et al (1978), Fusse] and Fusse] (1979) and Coats



, [

(Oct, 1980). The models are isothermal and all assume that-

phase equilibrium exists in the porous medium at all t1mes.

With the exception of the model by Van-Quy. et al’ (1972)
d1ffus]on 1s neg]ected. A variety of methods are used for
predicting f]uid propert1es and a number of different solution
.schemes .are proposed. If water is present, mutual 1nso1ub1l1ty

of water and the hydrocarbon phases is genera]ly assumed.

N

“RoebuCk et a]v(1969) presented an 1mpl1c1t

¢

‘one;dimensional 3- phase flow: model in wh1ch capillary effects
, were considered put grav1tat1onal effects were not.. The mode]l

equations were so]ved using . Newtonian 1terat1on in wh1ch ‘”:;/,A/f—\\“

\

partid] derivatives in the .Jacobian were eva]uated ‘o v

R 1
& I !
\

numerically. . . . : ‘

li ' | I , )
" One- and two-dimenStonalamode1s whdch neglected‘ | ‘
{ cap1llary effects were- descr1bed by Cu1ham et a] (1969)
flSimu]ations were compared to one-d1mensiona1 Iaboratony
experiments of dep]etion drive 011 reCOVery where no externa]
'source of energy was supplied to the process. For the volatitle . © -
hydrocarbons used in the study (methane and propane), it was
| found that the. aSSumpt1on of 2- phase (gas and ]1qu1d)
'<equilibr1um satisfactor11y duplicated the experimental

results.

The model developed by. Van-Quy et al (1972)'was K
. one-dimensional 2-nhase (gas and 11qu1d) and accounted for/,«; ‘f
convection, diffusion and therﬁodynamic exchange between

,phases. Capillary and gravitdtiona] effects were neglected oo



numerical results for several processes including high-pressure

gas drive and condensing gas drive.

| Nolen (1973) described-a three—dimensionaf

Wt
\
'

compositiona] model which Gsed the IMPES (implicit pressure,

)
]

XA,Expiicit saturation) method to sdlve the mass balance

g equations. Fluid densities and equilibrium ratios (K-values)
were treated fmplicitly and viscosities,‘capillary pressures
and ne]gtibe permeabilities were evaluated explicitly. Nolen

pointed ouo the need to use internally consistent correlations
for:denﬁities;ﬁviscosities and equilibrium ratios for miscihle
oispiace%ent problems where "the approach to miscibility-is‘

’ acconpanied by a growing equivalence between the properties of
the otl and gas" and where the "K values approacﬁ 1.0 as the
pressure aoproa:ues the convergenCe pressure”. He found that
convergence problems arose in miscible dispiacement sinu]ations
when different correlations nere used for each of tKe densit;
and Viocosity ca]cuiations. In the model, internal consistency
was’aéhie;ed'when ot1l and'gas phase densities were calculated
using the Lee and Edmister (1971) modification'of the
Red\ich/Kwong (1949) equation of state and 0il- and gas-phase

. viscosities were ca]culated using the method of Lohrenz ~et al
(1964). Equilibrium ratios were obtained from corre]ations
developed by MacDonald (1971) ana Lohrenz et al (1963) to
appnonimate the data contained in the GPSA Engineering Data
Book (1972). K-va]oes for methq\f, ‘carbon dioxide, hyqrogen

:v“: )

.



InK=(1~P M 0ibo+b11nP +b2 (InP)? (2.1)
Pk

where m is constant and bo, bl and bz‘are polynomials in
temperature. In order to use correlations of ‘this type it is
necessary to estimate the convergence pressure, Py, defined as
the critical pressure of a critical mixture. fhe composition
of the critical mixture fs first determined and then the
critical pressure 1S found using the correlations of either
Simon and Yarborough (1963) or Etter and Kay (1961). Detafls
of the determination of the critical mixture composition were
* not given by Nolen. ‘'The 1ncons1sienCy hetween the critital
point predicted by the K;value correlations and that implied by
the densities calculated from an equation of state could be
eliminated by calculating the K-values: from the same equation
‘of state which was used to‘predict the densities. Nolen found
it necessafy to adjust critical propert1és and acentric factors
of the héavy fractiqns in order to matchelaboratory otl deés1ty
data with the R-K equation of state. A{so, it was usQa]]y

necessary to modify the K-value correlations of selected

components in order to match measured phase behaviour.

y

A thrée—dimensional, three-phase multicomponent
simulator including capillary pressure was reborteq by Kazemi
et al (1978). Model equations were cbmb1ned toAproduce,an
1up]1c1t oil-phase pressure equation, an explicit equation for

hydrocarbon composition, and explicit saturatfon equations.

-



method. hree choices were avatlable for calculating the
required physical properties. In the first method, denslties
v1scos1t1es and equilibrium ratios wergigxgu]ated as functions
of pressure at reservoir temperature. Prqperties were »
described as fﬁhctions of pressure, temperature and composition
in the seéond method. In the case of densities, compositional
deﬁenQen;e was 1nc6rporated through usé of average mo]ecu]ar‘
weights and for viscosities the concentration of a key
component(s) was‘qsed. Dependence on composition of K-values
was accounted for by 1nc1ud1qg the convergence pressure. The
third method was essentially that used by Nolen (1973) as
outlined previously. Three-phase relative dermeabilities were

A}

synthesized from two-phase data using the method of Stone

{

(1973). -Adjustment of the coefficients®in the’ phase behaviour

equatfons was done in order to match experimenté] PVT‘data.
Fussel and Fussel (1979) presented a three-dimensional,

three-phase compositfonal model 1ncorporat1ng the Redlich and

wl

Kwong (1949) equation of state as modified by Zudkevltch and
Joffe (1970). Expressions for thermodynamic equ1]1br1a and \
hydrocarbon-phase densities were obtained from the equation of
state. The method of Lohrenz et al (1964) was used for

viscosities. Nater'compréssibility factor was calculated as:

.”z,, = P Zu,b [1 = ¢y (P - .Pp) - (2.2)

Py
where Py, =’base pressure

cy = water compressib111ty at Pb

Iy,b = water compressib111ty factor at Pb



mum variable Newton-Raphson method‘(MVNR) described earlier for
single-stage separation calculations by Fussel and Yanosik
(1978). Simultaneous solution s performed for a minimum set
of unknowns. Transmissibilities are tneeged explfcitly and all

other variables are treated implicitly.

Coats (Oct. 1%80) has developed an 1np1fc1t
three-dimensiona] three- phase compositional mode] also us1ng
.the R-K equat1on of state for phase equ1l1br1um and property
' cqlcu]ations. As pointed out by Coats, "the equation of state.
provides consistency and smoothness as gas- and o1]—phase‘
conbositfons and properties converge near a critical point.
This avoids computaeional’prob]emstnear A cr1t1cal‘pojnt\
associated with use of differenf‘corre]at1ons’for K-values' as
opposed to phase densities”. The 1mb11c1t nature 6f ehe mndel
is claimed to enhance efficiency and re]ieb111ty although, no
coﬁparison was made with semi-imp]jc#t formulations due tgdﬁack
of information on such models. The increased eff1c1epcy II

results from removal of time-step 11m¥tations associated with

‘models using explicit transmissfbi]1cies§ The formulation

4
\

requires simultaneous solution of a set of (n. + 1) finfte
difference equations where n, is the number of omponents. The
nc i+ 3 constraint equat1ons whtch do not 1nvo]ve unknowns from
‘neighhouring gr1d blocks:are removed fnom the sjmultaneous
solution set‘by Gaussian elimination ]eav1n§ the n. + lvpr1mary;
equat ons ‘which do fnvolve. unknowns from the neighbourfng grid

~

b]ocks. The primary equation set 1s solved by the direct -



{n Reid et al (1977).

used to handle phase appearance and disappearance in which

| different pfob]em formulations are_used depending on the number
of phases .in existence in a giyeﬁ grid block. Saturation
© pressure calculations are- performed at each 1teraf10n for each

. grid block_where gas saturation or ofl saturation is zero'to

»

determine the model solution mode (single-phase or two{phase).
Relative permeability and capillary pressure are functions of
saturations and 1nterfac1a]_téns1on. The gas/oil interfacial  7

tensfon is calculated from the Mac1eod/Sugdenlcorre1qtion found

4

e

" Numerical Simulatfon of Thermal Recovery Methods

(1971), Coats et a1 (1974) and Vinfome (1974). -Models of the.

Farouq Al1 and Ferrer (1981) have reviewed the level of -
expertise in numerical simulation of thermal recovery
processes. Simulation areas fdent1f1ed as Fequiring-further“

elucidqtion 1nclgded formatiqn parting, relative permeability

'variation with temperature, phase behaviour of the fluids and
‘emlsification of the ofl in place. It was suggested that

- implicit formulations be used along with direct solution

~ .

~ techniques for thermal rervecy'prob1ems. A ‘ -

Steam injection Zt1nu]atd?§uﬁﬁy be pléced in two groups

where: (1) the ofl is a Sidglgpnonvo]a;ilg éomponent} and,'(22

A )

the 011 is composed of two or more components allowing for

“predictfdn of steam distillation.. Models'0f the first type are

those by Shutler (1969), Shutler (1970), Abdalla and Coats

~
b,
. L

ol
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Ferrer'and FarouqvA1i'(1976), Weinstein et al (1977) and Coats

(1978).

The first mu]tiphase 1n$situ combustion model was a
-linear formu]ation deve]oped by Gottfried (1965 Smith and

Farouq A11 (1971) followed with a two-dimensiona] s1ngle phase

model" which tracked the Combustion front movement. An

extens1on of this approach was presented by Eggenschwiler and

Farouq Ali (1977) Laboratory results of linear qombustion

‘tube tests and corresponding numerical simlations were.

'

|reported by Smith and Perkins (1923)”but'few details of the

‘numerica]umodel‘formulation were given. Adler (1975) described

a one—dimensiona1 1n situ combustion mode1 us1ng an extension
of Gottfr1ed s (1965) method of determining inter-phase mass
transfer rates. Farouq Ali (1977) and Youngren (1980) -

presented‘multiphaSe, mu]tidimensiona] models of fn-situ

tcombustion. Genera] multiphase, mu1t1d1mensiona1 thermal

and 1n—situ combustion were presented by Crookston et al

-

mode]s capab]e of simulating steam 1njection, hot waterflooding

(1979), Coats (Dec. 1980), Grabowski et al (1929), Rubin and

Buchanan (1985)‘and Buchanan (1985). . ~ _' o .

AboufKassen (1981) has summarifed the-assdhptions

- common to most of the steam similators fncluding (1) mutual

inso]ubi]ity of water and oil phases, (2) neg]1gible effect on*
the energy equation of kinetic ‘energy .and viscous work of thel.

flowing fluid (3) instant. attainment of thermal and phase



l‘equiJibria, (4) mass transfer between the oil and gas phases
;igoverned by two- phase{equi]ibrium. Mass transfer between water -
and gas phases determined by Raoults and Da]tons 1aws (1 e. the
‘ presence of other materia]s than steam in the gas phase does
‘not alter steam-water‘phase behaviour). The water-liquid phase'
is assumed to contain'on]y uater,(i.e. no so]ubi]ity‘of
hydrocarbon o~ other gases ipvwater); (5) mass transfer due ta
diffusion is neg]igib]e, (6) thermai cracking of hydrocarbons:
is ignored and (7) heat losses through lateral reservoir ‘
boundaries are neg]igible.‘ It is the author s be]ief that
assumption (6) may not be vaiid for steam stimulation in heavy
oi] whene 1ong contact times occur between steam and oi] in
near-wellbore regions and rnpeated resaturation of these areas
occurs due to, the cyc]ic nature of the process. Coking of the
oil at steam temperatures over a period of years may yield
‘substantial amounts of coke and resuit in permeabi]ity

, reductions. Abou;Kassem (1981) includedla thermaT cracking
formulation in his steamf]ood mode] but the formu]ation did not
account for the formation of a fourth, so]id phase or the
permeability and porosity reduction whichwouid ensue.‘

‘Experimental data on the extent of thermal cracking at steam

~ \

teuperatures are requi red.

!

1, Steam Models

spillette and Nielsen (1968) deve1oped a
two-dimensionai mathematical model of . hot waterflooding
which was used in a vertical cross-sectionai mode. . The o

~‘ model which 1nc1uded the effects of gravity and |



(AP

fcapi]iarity, assumed that no gas phase was present and was

used for immiscible displacement studies.

A three phase, one-dimensionai steamfiood simu]ator,
was presented by Shut]er (1969) ‘ Interphase mass transfer

‘was allowed between the water and steam phases but

‘ hydrocarbon gas was assumed to be insoiuble in the ]iquid

lphases. The modei accounted for. one- dimensiona] heat

”»
convection and two-dimensionai conduction in the oil sand

,and adJacent strata. An extension of this simulator to

two-dimensions was presented by Shut]e%,(1970).

Abdai]a and Coats (1971),descr1bed 1inear and

‘;two-d*me:%ionai threeiphase~steamfiood‘modeis. The gas

phase consisted on]y of steam when present. Coats et al

(1974) presented a three-dimensionai steamfiood model which

y

used simu]faneous solution ‘of ‘the mass and energy baiance '
equations eiiminating the need to iterate on mass transfer
terms. The model did not inc]ude temperature dependent

~

‘relative permeabiiities or steam distillation effects but’

did include gravity and capil]arity.

‘Runge-Kutta methods were used by Vinsome (1974) to
stabilize the IMPES . (inplicit-pressure, v
explicit-saturation) solution scheme in a simuiator for hot
waterfiooding and steam injection. A]i physicai properties
'of the fluids were expressed as anaiytical functions 1n

e

‘order to help contr01 the size. of the program. "

'One-dimensional notation was aiso used.

\



| | Heinstein et al (19771 deveioped a
one- dimensional three-phase fiow nodei which accounted for‘_
- steam condensation, soiution gas, and distiiiation effects.
Interphase mass: transfer was allowed between water .and
yapour, and oil dhd vapour. The modei did not inciude
~gravity, capi]]arity or temperature dependence.of relative
‘perneability. Fluid properties‘were eXpressed as'cubic
: spiine functions. ‘The use of an expiicit'mass transfer
rate between the oil and vapour rather than a gas |

solubiiity factor represented a new method of treating

solution gas and distiilation effects.. .\

An extension of the;model‘of Coats et al (1974) to
'account for steam distiiidtion, soiution gas and
tenperature dependent re]ative permeabiiity was presented
by Coats (1976). A ‘'more imp]icit.treatment of 'saturation
caicu]ations in the new mode] increased stabiiity :
/”'significantly; History dependent hysteresis of gas
‘reiative permeability was included The modei had three
| hydrocarbon conponents and represented a step towards a
'fully conpositional thermai mode] : Representation of phase
behaviour was,deemed to be the weakest element of the work.
This was basicaily the result of a iack of PVT data for
heavy oil-steam systems. The authors suggested that \
» insufficient data were avaiiab]e to justify use of \'
lsophisticated schemes of the' type used in isothermaiv |

,\’

}“fconpositionai modeis.ﬁ-i



\

Ferrer and Farouq Ali (1976) deVe]oped a
[

three -phase, two- dimensionai, conpositionai simulator for -

»

steam inJection processes. Three hydrocarhon components

i

. and water were inc]uded in the formu]ation.‘ No component
other than water was ailowed in the aqueous phase. Surface
oil, water and’ gas compositions were determined by fiash

calculations at separator‘conditions,
' A high]y impTicit three-dimensiona). model was
\

‘presented by Coats (1978) The oil was treated as. al‘

~ two- component min‘pre to accommodate proéiens involving

. solution or’ inert gas or disti]lation. ‘The‘ear]ier modei
Coats (1976), was reported to. have had stabiiity problems
for some compositionai cases. The new model showed
1mproved stability and materiai baiances Ap comparison to

the previous model when both were app]ied o example ‘

reservoir problems. * , ' a L

“Abou-Kassem and Aziz (1982) examined grid
\

orientation eYTects in a fu]iy inpiicit two dimensional,
, conpositionai three-phase steam model. Hydrocarbons cou]d
~ be grouped into up to three hypothetica] components. Water

constituted the fourth component. Thermal cracking at /
! /
steam tenperatures was allowed in the formuiation but no

A\

coke-iike materia] was produced in the cracking reactioqs..

The modei incorporated both five-point and nine-point Q,

~2

1_finite difference schemes for investigation of. grid

torientation effects.f Validation of the sinuiator consisted



oqvconparing results with the Intercomp steam model fCoats
ot al’"’(1‘97‘4) Coats (1976) ond Coats (1978)), which had

been val1dated agaipst expernmental and f1eld scale data,

[

“for one-dlmenslonal and two- dlmenslonal modes. Phase

appearance and dlsappearance was handled 1n two ways the

first was anuextenslon of the method.proposed by Crookston

1 ' . . \

et al (1979) called‘byﬁAbou¥KaSSem the one-problem

formulation and the second was the varlable‘substltution4

\
on

‘i‘methOd described by Coats (1978). A comparison of the two

- methods for one-dimensional problems indicated that‘there-‘

o . L e . .
were negligible dlfferences 1n the resultS‘obtalned. The

t

flrst method‘ls slmpler to program but Tess rigorous than

3

the second

\

\

In-s1tu”Combust10n‘Models

Gottfrled (4965) presented the flrst ‘general theory -

for thermal oil recovery 1n which conslderatlon was alven

. simultaneously to heat transfer and fluld flow. Prior’ to.

L this work 1nterest had been. focused mainly on the heat

'_32 to 3 hours of computer tlme per problem, treated lTinear, \"

ethree-phase flow, aqueous phase'changeland chem1cal o o

transfer aspects of the problemﬁ? His model, which requ1red

ALy

"‘reactlon between the oil and oxygen. The formulat1on

' fneglected hydrocarbon phase change, 1ntraphase d1ffus1on,

o capillarity and gravity. Heat transfer was by conduction

. and COnVECtion. o L Ni o‘fﬁ;‘;. . x]V"

o
c o

. ) i
T

[ .
o Ve

' The development of a more complex sifulator was |



reported hy'Adler (1975). It considered the oil as a # :
mixture of two components a]ong with the evaporation ‘of ? , {
these components. Combustion 9as consisting of carbon l )
oxides was allowed to be soluble in the‘o1l and water.lf!L B

| ]1quid phases; This model assumed that heat transfer 1M
unconso]idated sands was ma1n1y by radiation. Djsso]ved
‘-mater1als,were ass1gned a-saturation which the author
c]ajmed to'sinplifylorganization pf‘the‘comouter program,
‘jThe saturation of the combustfon gas dissolved inla ]1qufd‘

phase was defined as the difference between the saturation

of the solution and the saturation of the pure so1vent

Crookston et al"(1979) reported on a’

' tnoedimensﬁona],'three-phase’generaf thermal ‘model,
inr1ud1ng grayity.;nd caoillarity, which COuid be used fon
steam 1nJect10n and in-situ combustion simu1at10ns. The
formu]at1on cons1dered six components oxygen, inert gas,

T a 11@ht hydrocarbon pseudocomponent, a heavy hydrocarbon

pseudocomponen

, water and coke (so]id) Vaporization and

'condensation were governed by vapor ]1qu1d equilibr1um as

L

def1ned b‘ pressure and temperature-dependent equ1]1br1oP
ratios‘(K—values) It was assumed that the solid fuel '

' v(coke) occupied neglig1b]e volume (1. e.. So + Sw ¥ Sg =

1;0). Four chemica] reactions were 1ncluded and they wqre

(1) coke formatipn from the heavy hydrocarbon, (2) . ! o
oxidahion of coke, (3) ox1dation of light hydrocarbon, Jd :"
‘(4) oxi&&tion af heavy hydrocarbon.. Heat transfer R e

mechanisms were conduction and convection. The mode1 u ed



an automatic‘time-step selection algorithm.

A three-dimensional, three-phase fn-situ combustion

s1milator was developed by Youngren (1980). Five

components were considered: water, oxygen, nonvolatile oil

and two arbitrary voiatile of1 components. None of the ’
]ast four components were ai]owed to be in so]ution in the

:‘1iqu1d water phase. The mode] 1nc]uded oxidation of heavy

-

011 bUt neglected the formation and oxidation of coke. Any.

‘dead oii not dispiaced from the porous medium was burned as
fuel. Gravity and capiiiarity were inciuded as weli as
heat transfer by conduction and convection. Automatic
time~step selection was based on changes'in the dependent

A

variables during the previous time step as in Todd et ai
| (1972) If the change in a dependent variable exceeded a
,specified maximum, the time step was reduced and the
tcalcu]ations repeated.‘ It was found that automatic

:time-step selection was far more’ reliabie for the prob]ems

" studied than was manual selection.

Coats (1980) presented a 3- D, 34phase generai

'

thermai mode] which ailowed any number and identity of

components and aliowed distribution of any conponent in any,j

~ ,or all bf the four phases inciuded* oil water, gas and

coke. Absofute_permeability was allowed to vary with coke

'saturation. Any number of chemical reactions were aTso
‘ &9

possible. Heat transfer in the reservoir was by

| conduction, cbnvection and radiation. Coats conc]udedeona

- L _—
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equation.

-+

-

the bas1s of previous experience with steamflood modell1ng‘
that tota] computer time for thermal s1mu1ations decreases

with the degree of implicitness. This was due to the

¢

greater stab1]1ty of the 1mp11c1t formulat1ons which

a]lowed ]arge time steps to be taken in the mode].

Temperature dependence ‘of relative permeab1l1t1es and

automatic time step se]ection were also featured.

,Grabowski et al (1979) deve]oped a three-

[ P

dimensional three—phase fully 1mp11c1t general thermal
model which 1nc]uded four phase; a variab1e number of ofl
conponents, a var1able number of chemica] reactions and
gravity and cap1l1ary pressure terms. The mode1 conta1ned

1np]1c1t and sequential 1mp11c1t solut1on opt1ons. Storage

and conputat]on time were reduced by 1mp]ementat1on of a

v
3

: handwidth reducing option for thie solution matrix; ~The.

) . R i 1
automatic‘tfme-step solution algorithm was the following:

[

n4+l n L ‘ -
at =t min (1 *.w) ng S (2.3)
| R +‘mn1 | B
where 5§ = maximum of an’ 1ndependent variable ‘
during the previous time step
“ nij = tnput norm “'A .‘h

w E'dampfnb factor (experience shows ..

1); N o .
The new time step was ‘1imited to double the old by this

-
1 .‘ \

1

' Further development and enhancement of the model of

t

:‘;ﬂf;\;;/'

¢

- Grabowski et al (1979) was reported by Rubin and Buchanan fu"‘

33
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3§ powerful iterative techniques for solving large- sca}e
R -l Y¥
thermal problems, The model operates in cartesian, radial

_ ‘;nd curviiinear coordinate systems. ‘.
C\ ) Buchanan (1955f described a multiphase
w mu1t1conponent thermal mode} wh1ch fs a further extent1on
, »“ of the work of Rubin and Buchanan (1985). The model
handles vartous additives to steam as wel] as in-situ
£ combustion‘processes. ‘The most novel aspects of this model
are thé;:se of g]oba] po]e fractions as primary variables
and the development of fnterchangeable phase equilibrium
and physical property modules which can be designed | |

*

specifically for the problem being considered.



simulation using:physical and numerical moqels have been
discussed by Farouq A11 and Redford (1977). These authors
point out that it wou]d be desirab]e to use scaled phys1ca]
mode]s in aln stud1es since the results are d1recf]y
applicahle to field situations but that in practice it is not-
possible to completely scale therma1‘rec6véry processes. ‘In a
recent paper on §ca]qdwwodel experiments af fireflooding in
tar sands (Garon et al, 1982), unscqjed effects coﬁmon to both

steamflooding and fireflooding fncluded capillarity, relative

permeability, pressure gradienfs and fluid/solid interactions.

N

Additional unscaled effects for fireflooding 1nvo]ved
gas-phase diffus1on, reaction kinetics and pyro]ys1s
lreactions._ The term part1a]1y -scaled models has been used to
‘describe those in which some of the scaling criteria have heen
ge]aged. As pointed out by Farouq Al1 and Redford (1977),
‘mathemafical simulation may be used to gain 1nsjght into the
importance of the ngglected scaling relat1onsh1ps‘to the -

-experimental results.

Another approach is to.use aﬁ unscaled physical model
to obtain data for mathematical simulation. The unscaled
physical model is used to represent a small e]emen; of a
reservoir which is subjected to certain.proéess conditions.

History matching df’such,"e1ementa]" model experiments can be |

used to validate a numerical model which can then be applied

3



Ti1eid data were avallable and greater contidence coujd then bhe

placed in the simulation results.

Experimental Apparatus

\ The experimental equipment s similar to that which
has been described by Redford et al. {1976) and Flock and Lee
(1977) except that ‘or the present work a new‘test cell was
constfucéed.and additional equipment was jnstalled for gas
flow contrbl, measurement and compression and for automatic

back-pressure control.
‘ N .

[

In tﬁe'pests, fluid 1njéct1on rétes and hack préssurés
were-held constant. This method of operation‘was thought to
be pfeferabie to the ‘previously app]ied techniques"whfch'used
constant 1nject19n,preésure and production rate, due to the
difficulty o% coqtr6111ng flow rate of’a mu]tiphase mixture of -
‘vary1ng coﬁposition. The advantage to fhe\ol& methbd_@hich
uses a copstqnt pressure for steam 1njection'1§ that_hette;
control of steam enthalpy may be achieved. Where the fluid
1njectio$ rates and back pressures are held éon§tanf; as in
the'preseﬁ£ work, the 1nieﬁ pressure changes grédually
throughout the course of the experiment and thus the saturated
‘'steam temperature also varies. It was necqﬁgary therefore to

make small adjustments in boiler temperatures as experiments_

progressed.



" are'shawn in Apbendix

shown 1n Figure 3.1. Ihe experimental equipment s divided

into four sections

or presentation: test cell, steam

;genérqtor, gas injection equipment and the production system.

Addresses of Suppliers for the épec1f1c materfals and equ1pmeﬁt

. In most instances, local distributors
. -

rather than the manufacturer have been 1isted.

1. Test Cell ‘
“The test cell,|shown in Plate 3.1, was bu1f; aﬁ the
University 'of Alberta and was fashioned after the larger
diameter units built pre 1ously.';lt was constructed of a

4-foot (121.§ cm) length 'of nominal 3-inch (7.62 cm)
Schedule 80, 321 stafn]éss éteel pipe. The internal plpe

| diameter was 2.9 inches (7.37 cm) and the outside diameter
3.5 1nche; (8.89 cm). Flanges were made from 1.25-1nch
(3.18 cm) thick, 316L stainless steel plate which was |
machined to a diameter of 10 inches (25.4 cm). DNesign
draw1n§s bf the test cell are found in Appendix B. Efght _,_‘
bolt holes'were qrflled in the flanges to house 0.3]5-1nch
(2.22 cm) diameter bo]ts; ‘Although'347'sta15iess steel was
desfired for the 1ntende8*serv1ce, and ifﬂgggaﬁreferred that
the same material be used throughout,‘ft wasinecessaty to

\ use materials readily available rather than féce del;ys }n
placing orders outside the country.‘ The materials. thus
chos;n have performed safikfact0r1ly: The test cell was

mounted on a stand which allowed rotétioh to any desired

angle. T S
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‘steel were used but these were found to\]eak on reuse. It
 was dec1ded to use 1nstead a softer, 1ess expensfve RX37
r1ng of mild stee]vto be discarded after each experiment. °
The 'softer ring does not deform the flange grooves as does
. a ring of similar hardness to the flanges. ‘Stainless.
stee]‘spacers were built to take up the additional space
created by the‘larger RX37 rings. It wou]d be desirable
"in future to bu1]d a test ce]] with raised face flanges N
 ‘for use. w1th the RX37 r1ngs. .Screens of 20 x 250 mesh
wire c]oth were placed at both ends of the sand packs to

keep the . sand from mov1ng with the fluids.

e
—~—

Plate 3 2 shows the mortar lining which was placed
" on the 1n51de of’the test cell to reduce both heat 1osses
and 1ongitud1na] conduction of heat down the thick walled
stee1 pipe dur1ng steamﬁ]ooding.- A fair]y uniform coating‘
" of the cement was Obtained by sp1nn1ng the p1pe in a |
horizonta] orientation after app]ying wet mortar to the
1nside. The mortar 1s of a type used for 11n1ng preSSure
vessels for high temperature service. It is composed of
'35 percent cement 5 percent f]yash and 60 percent sand
Afand is mixed using 18. 5 ga]]ons of water per 100 pounds of
; dry. mix. The resulting inlet. and outlet internal |
d1ameters of the test cell after app11cation of the mortar

'pwere 2 325 inches (5 906 cm) and 2 613 1nches (6. 638 cm)

'respectively, yie]ding an average 1nternal diameter of



fsteamflood1ng.

‘ we]ded fittings

€5MUY INLNES (0.4/¢ CMJ, |ne 1n|et end was chosen as that

with the thicker mortar in order to prov1de additiona]

_1nsu1at1ng thickness in the reg1on exposed to high

temperatures for the 1ongest per1od of time during

{ .
4
Plate 3.1 is a view of the test ce\l show1ng the

1ocation of thermowe]ls ‘and pressure taps., Two rows of 15 .

. .and 9 of these taps were 1ocated on the top and bottom of

the ce]] respective]y. On the top row, the taps wehe
spaced 3 inches (7.62_cm) apart and on the‘hottdh ruw, 6
1nches.(15.24 cm) apart except at the ends where an:
adﬂitional\tap was locatéd. The bottom row was not used in

i

the present study“and in the top row, thermocouples'were

f
Lo

placed"such that the tirst monitored the centre temperature

-

‘of the sandpack, the second: mon1tored the top edge'

tenperature, the third mbnitored the center tenperature ’
again and so on down the 1ength of the test cel] ) Thus, a

centre temperature was availab]e every s1x 1nches (15.24-

' cmj. The’thermocouples were located in this'way 1n order

s

mon1tor gravity override and heat Toss phenomena.'_The

thermowe]l/press re taps were constructed using Swagelok
/}SS 400-1-4 MPW) and tube-to tube adaptors

| rv(SS-200-R~4’and‘SS-IOO-R-Z) The SS- 100-R 2 fittings had

‘:to be dr1lled out to’ accept the type J thermocouples. N

*

Foam-glass 1nsu1ation was used 1n1t1a11y and was

lshaped to fit arodnd the p1pe and thermowells. It was -



2.

round to be excessively DPTttle (crackea wnen neatea) ana
was abrasive when handTed.‘ The foam—g]ass waSvrep]aced by
a ca]c1um si]icate pipe 1nsuTation (Thermo 12) wh1ch

proved to be more sat1sfactory. The test cell was covered

~ with two ]a}ers of the insulation providing a totaf

thickness of 4 1nches (10 16 cm) and it was held in p]ace -

’with nyton- reinforced tape as shown in Plate 3.3.

"Following constiuction, the test cell was
hydrostatically testea to 2200 psi (15.17 MPa) at room T

tenperatuﬁe. The ce]ﬂ is capab]e of stand1ng this pressure

» at steam temperature. The f]anges in the new test cell

were made fdentical’ to those of prev1ou ]y built(%esseTs of

‘larger diameter in order that the test cells woqu all fit

the existing stands and coulﬁ thenefore be 1nterchanged as

required.

[

Steam Generator

The steam generator consists.of a coil of

’ 0.125-1nch (0.3175 cm) diameter stainless steel tubing l‘)

tmmersed in a heat transfer fluid. The Dowtherm A fluid,.
manufactured by Dow Chemical Co., has a vapour pressure of
137 8 psig (950 kPa) at its max{mum, use temperature of

750°F (400°C), and is contained ina pressure.vesse] whose

pressure is monitored during an experiment. The

lJv“nproperties of Dowtherm A are. listed 1n the ChemicaT A

. rEngineers Handbook (1963) on page 3 162 Electricv

~‘heat1ng;rods are used touheat‘the fluid and power‘is‘“

‘.O‘
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. regu1ated to these rods by a varlab]e set point

[y

tenperature control]er.ﬁ

4

| A thermocoup]e and pressure transducer comb1nation.
j1n the 1n1et 1ine to the test ce]] are used to ‘determine
whether the steam 1s saturated or superhéLted It is
necessary to run the experiments *so that sl1ghtly
'superheat‘ steam enters the test cell since the equ1pment
does not al] contro] of’ saturated steam qual1ty and the
enthalpy of the injected steam must be known. Since the ‘
1nlet pressure of: the test cell varies someuhat during the
| course'oﬁlan exper1ment, it is required that the bdiler
‘temperature he adjusted perfodical1y in order to maintain

an. approximately constant level of superheat in the steam.

)

The 1/4-inch (0.635 cm) steam 1ine from the boiler !
to.the test cell was wrapped with Fibrefax Moist Pak-D

ceramic 1nsu]at10n.b Further 1nsulat1ng or shortening of

o

: th1s line wou]d be usefu] as substant1a1 drops in steam

: temperature were common between the boi]er and the 'test
ce1l requiring that the boi]er be operated at a high
. tenperature. The boiler wés 1nsu1ated w1th a 4- 1nch

(10. 16 cm) thickness of foam-glass 1nsu1ation.

Nater was. supp]ied to the boiler by a M11ton Roy
L; positive-displacement var1ab1e-speed pump. Distil1ed '
"water was drawn to the pump sucticn from graduated |

f:lcy]1nders al]owing measurement of the volume and inJection

[



‘Gas InJection System

rate‘of the water. As protection against excessive

¢

i
pressures deve10p1ng in the pump discharge lines due to Q

blockage or operator error, a Mercoid control switch (300

ok

—‘2509 psi) was installed. This unit shuts off”tpe pump

if a preset pressure is exceeded. |
 Preset | |

|

-

Carbon dioxide and nitrogen for use in the
experlments were supp]ied from compressed gas cylinders.‘
Pressure regulators on the cylinders were set at, e

|
o . . ' o
approximately 25 psig (172.4 kPa) and each gas was then |

~ fed to a Matheson mass f]ow contro]lEr. According to the

operat1on and service manua]s supp]ied with the equipment
the mass f]ow controllers use the pr1nc1p]es of heat
transfer a]ong a cap111ary tuhe to develop a flow signal

A small capillary tube around wh1ch most of the flow’

’bypasses produces a signa] wh1ch 1s proportiona] to the

©mass flow rate and the heat capac1ty of the gas.{ Provided

'vfthat the unit has been calibrated for a specific gas in a

,contro] S O .

A

certain range of flow rates, the signal is proportional to

.the'mass flow rate. Because it is the mass rate of flow

which 15‘be1ng&mon1tored' fluctuations in pressure within

‘ the ratings of the equ1pment do not affect the flow

The gas stream leaving the flow controllers 1s fed'

to the suction side of a JMAR gas compressor. AS*the o



[

compressor runs on partial vacuum at the flow rates used

in the experlments, a back pressure regulator (Tescom.

26 2320~ 24) was placed between the flow controllers and

the compressor suctlon to ensure that the controllers did

‘not experlence pressures less than'atmospherlc. The

conpressor boosts the gas to whatever discharge pressure'
is necessary to create flow through the test cell The
gas stream 1s mlxed w1th steam from the boiler at the
inlet to the test cell. An adjustable high-pressure
shutdown (Murphy 45-PE~ 5000 swltchgage) was‘installed'on‘
the conpressor.djscharge to protect against developing ~/’/<

excessfve pressures.

The gas injection system described could not be |
used‘forAinjectlng pure carbon dioxide at»pressures above

the vapour pressure of CO2 -at room temperature due to the

[

‘formatlon of a liquld phase‘1n‘the compressor.

noY
N

broduction’Handling

In the 1nlt1al experimentS‘ alllfluids were

‘withdrawn through a single manual regulating valve and the:

back pressure was controlled manually. Later, a 500~cm3

hlgh-pressure separator was 1nstalled to separate’the gas

'jand.liquld phaSes.v L1quids were wlthdrawn periodlcally

.»through the bottom of the separator using & manual valve

‘ automatlc back-pressure regulatlng sx;tem. The separator

-'-and gases flowed contlnuously out the top and 1nto -an

o



ﬂ“
and back pressure contro] equipment obviated the need to

cont1nuously operate the manual valve and al]owed the
*

operator to perform other necessary tasks dur1ng the

!

course of an exper1ment coon \

‘The automatic back—pressure.control equipment
consisted of ; pressure transducer on the outlet of the“‘
‘ test cel], an EMF to pneumatic converter (Foxhoro 33C), .
pneumat1c preSSure control{er (Foxboro 40 PR A4) anpd a’
‘vpneumatlc contro] va]ve (1/4- 1nch“Research Control: va]ve)
 The O to 10-vo]t 51gna1 produced by the pressure «
transducer was converted to a3 to 15 psi pneumat1c s1gna]
' 1n the converter and this s?gnal was then transm1tted to .
the pressure contro]ler.‘ It %ou1d berpossiole to use this:
type of back—pressure control equ1pment even when
non-condensable gases were not 1n3ected 1nto the test ce]P
by merely 1n3ect1ng a sma]] f]ow of gas into the
erroduction line at a point upstreamfof the back-pressure
_control va1ve. H1@h1y effect1ve back pressure control was

'obtained using this system. A p1cture of * the control

Mme]iSSMMninPMte3A3‘

o

\

' Materials ' o o S

"'The ekperfments condicted in this study represent

- 'in1t1a1 1nvestfgat1ve work on comb1ned steam and gas 1njection

a.

.and it was desired that the sand pack mater1a1s be chosen so

- as to exclude possible unusual effects due ‘to rock/flu1d :”

. PR
~o |
v
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materials. C]ean silica sand (80-120 mesh) .was used in order”

as possib1e:chem1cal reactions between the steam, carbon
dioxide and varfous minerals in the solid matrix. A refined
oil was chosen to e11m1nate qeact1ons which cou}d occur

" between the 1njected fluids and impurities such as sulphur
conta1ned in crude ofls. A]so, refined oils usually have a
narrowe} range of physical propeftjgs than crude 0113, which
51npl1f1és to some extent the treatment required in thé.
numerical s1mu1$tor. [t was felt thatlinterpretat{on of the
experimental results would be made‘eas1ér by using these
matertals inftfally. Of course, a'nqturalle&tension of the
"present wérk would be to use actual reservoir materiabg f rom
fields which would be'amenab1e to thermal recovery

! )

operations.?

The 011 used was a lubricating oil base stock obtained

from ;he %mpefiél Strathcona Refineny in Edmonton. Its

~
-

taken with a Paar DMA 60 density meter and were confirmed

usin§ a pycnometer. The viscosity of the dead oil and samples

.f;- . ) .
saturated with carbon dioxide at 504 and 802 psig (3475 and
| N

5530 kPa) were measured using a Haake_RV3 Rotovisco vtséometer

which was equipped with a pressure vessel allowing-
.measurements Gp to 100 atmospheres (10.13 MPa). Calibration

of the Haake unit was‘cq kgq using Dow Corning 200. silicone

to avoid such phenomena as clay swelling and migratibn as well
. -’ ' .

properties are given'in Table 3.1. Dens1ty measarements were



Table 3.1

PROPERTIES OF OIL

(a)
API Gravity : . 28.32
., (b) o I
Density @ 25.5°C, g/cm3 . . 0.88015
s T (C) . o ' ! ’
Viscosity , dead ofl @ 24°C, cp . 227.9
) ) (c) ° !
Viscosity ~, COz saturated, 24°C, 504 psig, cp' 43,6
(c) .
Viscosity . , CO2 saturated, 26°C, 802 psig, cp 18.5

{a) measured using a Pycnometer.
(b) measured by Anton Paar DMA 60 Density Metgr._

(c) measured by Haake Rotovisco- viscometer.



fluid calibration standards of 50 and 200 centistoke

viscosities.

011 samples saturated with carbon dioxide were
prepared using the following procedure. Two'dne-gallon (3.78
1itre) Stainless steel sampling cylinders were filled with ol
and theﬁ apﬁfox1mate1y one litre of ofl was displaced out of =
the cylinders b} carbon dioxide supplied from a compressed gas
cy]1ndér. The cylinders were pressurized with carbon-dioxide

up to the desired pressure and rotated end for end at ahbout 20

' LN
rpm for a period of time. A drop in pressure occurred during

the rotating due to carbon dioxide going into so]ution 1n‘the
ofl. ﬁore carbon dioxide was then addéd to the cylinders to
bring them back up to the desired preSsure; This process was’
repeated until no drpp in pressure was recorded indicating
that the system was in equilibrium at the desired Pﬁessure.
The Haake viscométer was.then charged with CO2 and the COz-
saturated'q;l disblaced 1nfo the viscometer préssure vessel.

A back-pressure regﬁlétor (Tescom 26-1726524) was used to hold

pressure on the vessel while 1t was being filled with the 1ive

oil. The viscosity reduction obtained as a result of carbon

dioxide in solution agrees c]dser with the data of Simon and

Graue (1965) for a similar oil.

»
\

Experimental Procedure

Demetre et al (1982) have repérted on wet and dnyq

packing methods using 80-120 mesh sand (Fisher Scientific



-,

S—iSl), the same sand used in this study. These authors found
that packing the sand by having it settle through a 10 ¢m
layer of water while being cont1nuous]y vibrated produced sand
.packs hav1ng abso]ute permeab1]1ties in"the range of 14 to 19
darcies. In their method, the coreholder was vibrated for at
‘I]east 24 hours following packing. The water used in the
v‘packing was then removed from the sand pack by passing |

| predried compressed air through for 48 hours. They found that
dry Packing while vibrating the test cell produced sand packs

‘ having«propert1es wh1ch were very much dependent upon the
Jength of time the sand. pack was viorated. The absolute
permeabilitiesAresu1t1ng from dry pocking were h1gher‘and more

varfab]e than‘withlthe wet packing procedure.

In the present study, a dry packing‘techn1que was used
in which the time of vibrat1on of the sand pack was kept
;essentially;constent at around 16 hours (genera]]y from 4:06
p.m.‘until 8:00 a'm. because of the noisevof the vibrator).
,Absolute permeabi]ities of 5 to 16 darcies were obtained with

the average being 11.3 darcies. Permeabilities in runs 9 to

20 ranged from 9.6 to 15.9 darcies with the ‘average being

12.67 darcies. The aduentage to the dry p ckfng technique,
provided that it is done us1n§~e c0ﬂ$+sté:z procedure, ts,that
the drying time following oack1ng is eliminated. ﬁuskot
(1981) P. 69 has reportedfpermeability data for 80-100 and
_100- 120 mesh sanus packed to 40% porosity. Permeabilities in

‘the order of 10 darcies were reported.which agree‘ﬁel] with

'the data obtained.



The following is a discussion of the steps taken in
.preparing for 'and conducting_an experiment. The thermowells
were cleaned: the thermocouples installed and the outlet end
flange.attached‘to the test cell (the spacer and screen were
placed at this time). The bolts were torqued first to 200.
ft—l‘bs (‘271'&) and i‘inally to 325 ft-1bs (441 J) in o}dep to
ensure a uniform pressure,on the sealing ring. The test cell
was oriented vertically and an extender pipe attached to the
top flange. A vibrator operating on compressed air was
- attached to the ceatre of the test cell. _Sand in 1050 gram
quantities was poured slowly into the test cell with the

. o ! : ,
vibrator runninr until 6300 grams of sand had been added.. At

-
this point the level of the sand was several centimeters up
-into the. extender piece above the top flange. Afﬁer vibrating
for 16 hours\ the extender was removed and the excess sand
collected»and weighed. The flange was then attached (wfth’

spacer and screen) to the inlet end and the sand pack-was

ready for saturating w1th water and oil. . S

A vacuum pump and gauge were then connected to the .
test tell as shown in Figure 3. 2 The vacuum pump was
‘operated for about 3 hours following whjch it. was isolated~
i#nom'the'test cell .for 0.5 hours in order to see if-the
pressure would rise indicating that a leak existed somewhere '
~in the apparatus.‘ lf no leaks were apparent water from a’

. graduated cylinder was allowed to enter the test cell giving a
meaSure of the pore volume. Typically the cell would imbibe

about 1430 cm3 of water in the first several minutesfand then
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- oan additiona] perhaps 100 cm3 in the next 24 hours. It is
'thought that the initia] 1arge water uptake resuited from
fiiling the high permeability silica sand and that the final
"smail,amount resulted,from water entering the mortar.iining:
Problems were,encountered with-this saturating procedure when"
following packing, the test cell was pressurized with gas. to
1000 psig\(6895 kPa) to check for leaks. It is thought that
some pressurized gas ‘remained in the mortar']ining and
disrupted the saturating procedure as the gas flowed sioW]y

.out of the mortar. = . ‘ y K

After saturatinp with water;'the‘absoiute permeabiiity

to Water was measured using‘the arrangement'shown Hie ?igure ,
3.27' Foiiowinglthe permeabiiity measurement the test cell
was again placed in a verticai orientation and ofl dlSp]aCEd
into the sand pack from the top using tha equipmer’ shown in
Figura‘3.3. Approximateiy 3 litreu.(anout 2‘pore vo]umes) of
oil was pumped through the sand pack at a‘rate of 1166 cm3 per .
: hour. The volumes of’oil and water produced from the test
. cell during this. dispiacement hy oil were measured and the oil
.and water saturations of the sand pack caicuiated The test
cell was then moved into position for connection to the %\
‘injection and production systems. The ce]l was insuiated and.
"the thermocoup]es and pressure transducers connected to the -

data iogger.‘

To 1nitiate an experiment the boilerawas brought up.

‘to temperature and the water injection pump and compressor
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started simultaneously‘ The mass‘flow controllers were set to
the desired flow rate. The production system was brought into
operation once the back pressure had reached the desired
operating‘level. Periodically,‘the production separator was .

- conpletely drained of liquid into graduated cylinders and thé
time of enptying of the separator recorded The, inlet‘steam P
11ine tenperature and pressure were monitored closely during a
run and adjustments were made to the boiler temperature to.
keep the ‘steam several degrees above the saturated steam
temperature. A scan of the thermocouples and pressure

| transducers was made every ‘5 minutes by the data logger and
these ‘data were recorded on paper tape. The experiments were
terminated ‘when the last thermoc0uple in the sand pack reached
steam tenperature. ? this point the pump and conpressor were '

shut down and the pressure allowed to bleed of f slowly through

the production separator. | ' ‘ S

' In the first two experiments, produced oil samples
‘were checked for wafer content by distillation and were found
to contain‘negligible amounts‘(less than 0:5%).‘ In subsequent,
experiments. the production volumes were read directly from
the graduated cylinders. Water samples were also analyzed and:.

it was determined that no stable emulsions had been formed

Once the pressure on the test cell ad been reduced to”

atmospheric, the~insulation, flanges, thermocouples and i

transducers were removed and the sand was cle?ned from the ’

i test cell using a hand auger.' The inside of the cell was



[

washed with hot wéter'to remove any sand clinging td‘ghe

mortar and then dried for several hours with: hot air from a'

. b]ow5dhfer.- At this point the test cell was‘reaqy to repack.

for the next run.

57



IV. EXPERIMENTAL RESULTS

A. The Experimental Program

The experiments in the present study were chosen so
that comarisans couid he made between steamflood. performance
‘with the addition of carbon dioxide and nitrogen, and steam-
f1ood performance without‘such gas additives. (Performance |
conparisons‘weré made on‘the,basis of oii‘production‘history

"and overall recovery ) The‘ratios of injected gases to Steam

were approximateiy those that would be produced by downhole

- ’

steam generators or that would be ‘encountered in the mixing of
boiler fiue gases and the generated steam. Mixtures of carbon

[

dioxide, nitrogen‘and steam'represented the ef:iuent that wou]d |
’cresu]t 1f air were, used for combustion.: Mixtures of carbon
- dioxide and steam wouid resu]t if oxygen were used in place of
‘air.' The term "fiue gas" as. used in this work refers to a
mixture of canbon‘dioxide to nitrogen in the mo]al ratio of

0. 267 | Tabie 4, 1 Summarizes the sand. pack properties, run

conditions ‘and resu]ts for the twenty experiments conducted

The first experiment was conducted 1n an old 4 inch
(10 16 cm) diameter test cell during the time that the 3 inch’
“ (7.62 cm)‘diameter ceii used for the subsequent runs was being
\buiit. Necessary repairs were made to the- 4 1nch cell and new
' Foamgiass insuiation was fitted around it. “The objective of |
‘\=;“this first run, which invoived the inJection of steam oniy, was -

\sinply to ohtain operating experience with the equipment and t0r-

. ‘-determine the extent of required modifications to the existing

B D R



"

th&ngﬁ
RUN nunasa , 1
TYPE ‘ Steam(4*)
" PACK DENSITY, g/cm? Y
PORE VOLUME, cm>. 3112
POROSITY, 2 | 455
PERMEABILITY, d -
WATER SAT., % PV 7.7 .
OIL SAT., PV 82.3

A4

Nt

STEAM IMJ. RATE, cm?/h 1184
~ STEAM INJECTED, cm3 8762
C0z INJ. RATE, dm3/h A

CO2 IMECTED, dmd - -
N2 INJ. RATE, amd .
N2 INJECTED, dmd 4
GAS-STEAM RATIO, amifkg | -

' BACK PRESSURE, kPa 5192

© WATER PRODUCED®, cmd A 7606
OIL-PRODUCED!, cmd - | 1848
OIL RECOVERY, % | 72.2.

 DEPRESS. OILZ, % 2.9

STEAM=OIL. RATIO, m3 /m3 4%'74

'NATER-OIL RATIO, m3/m3 | 4.12

) o 9\4

- \

4885

Table 4.1

SUMMARY OF EXPERIMENTAL RESULTS

2

Steam|Slug COz]

1172

3371
4732
1057

3

158
1799

47.8
5.6

27.0

73.0

1677
4965
283,0

794.7

158.5 |

-3350

14579

984

74.9

3.0
5.05
4.65

Steam

1.54
1687
sa.8
13.1
24,9
75.1

. 1208
3655

3364
3610
1009

79.6

1.3
3.62

3.58

AR

{

5

Slug €02

1.56
1642

'43.6
5.5
24,7

75.3

1189
4240

187.0

408.0

96.1

3350

3853
1070
86.5

3.6
3.96
.3.60

Flue
1.53
l4?9
‘39,3
9.3

14.9-

85. 1

1116
3060

132.5

362.5

521.6
1428.0
585.5
. 3323

2778

1049
- 83.3

2.92

- 2.65 |

1251
" 3440
152.4

419.1

121.8

3406

3165
1102
86.5

2.2

3.12
2.87

1. Does not 1nclude fluid produced during depressurization of the test cell

2. 011 produced dur1ng depressurizat1on of, the test cell

Nz .
‘l.54
1660
44,0

22.1
77.9

1262
3260

572.0

|1478.5

453.5

3554

' 3057
1074
83.1
0.3

3.04

2.85

3277
2975
R
152.4

. 355.1

572.4

1333.6

567.6

. 3475
328s -

1117
~ 88.1
1.0
2.66
294

59
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'RUN NUMBER
TYPE
PACK oensxri.'g/cms_‘
* PORE VOLUHE..ch:-
POROSITY, % ;
PERMEABILITY, a .
WATER SAT., % PV
OIL SAT.. X PV

STEAM INJ. 'RATE, cm3/p

STEAM IMJECTED, cm?
COz INJ. RATE, dm3/h
€Oz INECTED, dmd
Nz’ INJ RATE, dm3/h
N2 INJECTED, dmd

’

©GAS-STEAM RATI0, dm3/kg

'BACK PRESSURE, kPa
WATER PRODUCED" , cm?
oL vnoouccﬁ?. om
OIL RECOVERY, % |
DEPRESS. oni,.
STEAM-0IL RATIO, m3/m®
WATER-OIL RATIO, ‘m3/m?

Oocs not Mcludo fluid produced during depressurizat!on of the test ceH.

Table 4.1 Continued:

=

SUMMARY OF EXPERIMENTAL RESULTS

v
1 12 13
N2 }‘ Slug Fiue' €Oz
1.54 | 1.54 | 1.56
1558 | 1595 | 1470
4.3 | 423 | 39.0
10.3 9.6 | 12.8
18.1 ° 21.3 | 15.5
dro | 787 | sas
1270 | 1103 624
2960 | 3947 | 4260
- | 1524 | 77.8
- 381.0 529.0
572.4 ¢ 572 a | -
1334.0 1c31 o ] -
4510 | 459.0 |[124.2
3430 3487 | 3872
| 3455 “' 3752 | 3980
(1075)*} 1073 | 1093
| (84.5) | 85.5 | 88.0 I
1.2 B2 U S W4
2.75 | 3.68 . | 3.90
3.21 | 3.50 | 3.64

- 288.0

, 14

. Flue
1.56
1511
40.1
‘14.3
15.8
84.2

e
4170
76.2

502.0

1896.0.
575.0

3476
3903
1135
89.2
1.5
3.67

3.4

2.901! producod d*ng depnssurization of the test cell,

, .3.' Brackets 1ndtc

o

e product_ipn estimte.'

flue
1.54

1522

© 40.4
15.9
15.8

84.2

1237

‘3710

163.0

459.0
576.0
1728.0
589.5

6950
3424
111
86.7
19
3.34

3.08

¢

16

€02 |Slug CO2

1.57 .
‘XQGO
41;4
13.1
20.9
791

1550
3360
152.4

331.0

98.4:

3585
3201
1054
89.7
1.4
319

3.04

17

1.56-

1528
40.5

14.3

7.4
- 82,6

1417
3240
152.4

381.0

117.6

3399 -.

'3189

1007 °
80.0 -

18

Steam

1.56

1542

40.9

" 15.1

18.9
a1.1

1359
3845
]

- 3589.

14226
1035
82.7

3.4
3.71
4,08

N 60 .

19 20
N2 epz
1.58 | 1.57
11543 | 1520
;l 41.0 40.4
14.2+[ 11.0
120.4 | 18.0
' I L
79,6 | 82,0
1371 | 1518
3085 | 3290
- |152.8
A |330.0
572.4 |
1728.9 | -
4186 1100.4
3450 | 3409
3533 {.2903
(1066)?] 1078
(86.8) | 86.3
1.2 | 1o
2.89 3.03
3.31 |37
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apparatus. Fo]]ow1ng this experiment, automat1c back pressure

control, 1nJect1on gas flow control .and gas c0mpress1on '

equipment was ordered Runs 2 through 7 were made before the

automat1c back pressure contro] system was ava11ah]e.

0

For sinultaneous inject1on of gases‘and‘steam at a
1.fixed ratio, the gas flow control equ1pment was requ1red | In
rthe time required for de]ivery of this equ1pment 4 exper1ments
_were performed in the pew test ce]] two with steam only .
1n3ect10n and two w1th the 1nject1on of s1ugs of carbon d10x1de
followed by steam. In runs 3 and S, carbon dioxide f1ow was
‘measured using ah or1f1ce meter composed of a m1crometer1ng
va]ve with pressure transducers upstream and downstream of the

n

va1ve. Carbon d1ox1de was fed to this system d1rect1y from a.

conpressed gas cy]]nder w1th the resu]t that the gas flow rates

- were not constant since they were afﬁected by the vary1ng 1n1et
pressure of the test cell. In run 3 the botler temperature was

too~?ow,and'as a consequence“wet.steam of an ‘'unknown quality ..

sy
\

was'injected.‘ In run 5 the production 11nes‘uere not cleaned

fol]ow1ng an experiment conducted in another program with

'Athabasca b1tumen. A sign1f1cant but unknown amount’ of b1tumen

was therefore removed from these 11nes by the action 'of carbon
1"\

: dioxide and 011 and this unknown quantity was contafned 1n the

production figures. Experiment number 17 was conducted 1ate in.

.':the program as a repeat of these earlier runs. fn order to

,"'_overcome the prob]ems that had been assocfated w1th tnem.’f

= Experiment 12‘was similar to 3, 5 and 17 but 1nvo1ved’the .

. finaection of a slug of flue gas’ rather than carbon dfoxide;

.
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in run 2, the experiment was repeated in run 4 and this run then

formed the basis for, comparison of steam-only flooding and the

sfmultaneous steamégas injection processes and in runs 6 7 and

8. 'In splte of the somewhat lower steam quallty employed in run

B

2, the results of/runs 2 and 4. were qualltatlvely very 'similar
providing confirmation of the run 4 result on which the
- fundamental process comparls‘ns are made. Five post-waterflood

experiments (numbers 18,'9L 10, 11 and 19) were conducted in

i

order to compare steam-only and st@am—gas"lnjection processes
‘ ) o

.

for pocous'medla having a lower inftial oil saturation. . About 3
pore’ volumes of’ water was 1nJected in each case prior to the
‘steamfloods. .The waterfloods were performed with the outlet at

a constant pressure - atmospherlc. Run 18 was the base case of

]

~waterflood followed by steam-only fﬁjection. Runs 9 and 10

favolved steamqflue gas and steam-CO2 1njection, regpectively.
] *y

The l1*u1d productlon valve became blocked w1th sand about,
halfway through the steam-N2 flood in run 11 and some produ?t1on u
was lost 1n clearing the valve. It was necessary to estimate <
the production for this experiment Run 19 was to be a
successful repeat. of run 11 but exactly the~sahe problem

Qevelopedgrequlringvestimatlon of "Tost o1l production as well.
. ki

-

Early.results suggested that gas solubility gffects were
not as’ lmportant-as would have been expected (Harding et al,

11983). Pt was thought that perhaps 1nsuff1cient time was :
7avallableff0r carbon dioxlde to enter’ solutlon 1n the oil due to\

¢ '4‘



importance of such effects. Two experiments were conducted at
tower flow rates (runs 13 and 14) with steam-CO2 and steam-flue
gas in%eétion and one experiment was conducted at a'higher
pressure of 1009 ps1gb(6895 kPa)*. This latter experiment (run
(15) ia¢olvéd §team-flue gas injection since with the equipment
used,‘it‘was notlpossiblé to 1nje5€ carbon dioxide af pressures
above ifs vapour pressure at room temperature‘(ahoﬁt 830 psig).
A;s1m1]ar danger of‘l1qu1fy1ng flue gas fn the compressor did
'notvexist due to the ]érge proportion of nitrogen in the gas.
‘In run 16, a steam-C0 f{ood was conducted on a sandpack
containing ofl saturated with carbon dioxide. The ofl was
;éturatéd with carbon dioxide Qf room femperature prior to
flooding the test cell with oil. The oil flooding step in thel
sand back saturation procedure was.conducted through a back
pressure regulator’'in this case. A swe]]ing factor e§t1mate of
1.05 was obFé1ned from the paper by Simon and Graue (1965) for
a similar ofl-and this factor was used to calculate £he
orig1nal‘dead 0oi1 volume of the sandpack for determination of

the o1l recovery. Ty
. * L 2 ’

The final experﬁmgnt; number 20, was conducted to
examinelreproddc1b111ty of the récovery figures for runs at

\

similar conditions. Runs 7 and 20 involved simultaneous

steam-C02 injection and the overall recoveries differed by only

-

™

* with‘the‘éxception'bf,run 1 which was conducted at 750 psig:
(5171 kPa), all other experiments had back pressures of approx-
‘imately 500 psig (3448 kPa), - '

. {
LY -
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was 7.5 darcies anqiin run 20 was 11.0 darcies.

~

Nafure of the Experiments ' \ \

The properties of the sandpacks for all of the
eXpéFiments areé shown in tﬁe top grodping of paraméters in
Table 4.1. For the experiments in the 3 inch test cell the
dénsit1es to which the sand was packed ranged from 1.52 to 1.55
g/cm3. Porosities are thought to be sbmewhgt high due to fhé
influence of the mortar lining. It is felt that the‘]jning‘had
a porosity of about 7 percent and that some water entered the
mortar during saturation of tﬁe sandpack following evacuation.

However, porosity figures have not been adjusted to include the

, effect of the 1ining. As mentioned in Chapter 3, the magnitude

and range of‘absolute permeabilities of the sand pack were
similar to those reported in other studies‘using the same sand
(Demetre et al, 1982). Some_groups of runs had inftial oil and
water sagufations thch were very closé in value (eg.,
experiments'18,'9, 10.aqd 11 which all involved watérflooding

followed by steam énd,gas injection).

The QaS/steam ratios for injection were chosen to
approximate those which would be created in a downhole steam
geperator.u‘jt was assumed that excess aiﬁ‘wbu]d be minimized
1hQDH§G‘S'because‘df\potentia] corrosion and thatlthé units

wouldippérate at a very high-efficiency. Combustion of liguid‘

+ "hydrocarbon fuel wdu1d proqbce about IOO»BTU/SCR of.air.(3.7?5
“M3/m3) and approximately 1000 BTU/1b (2.326 MJ/Kg) would: be

Ve o ' -

. . . . L
a : K L . ' : . 4
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generators would be 1n the order of .10 SCF/1b of steam (529
dm3/kg) 1in the case of alr and twenty percent of this f1gure or
2'SCF/lb (105 dm3/kg) where oxygen is used. The actual volumes
of gas and gas- steam ratlos used 1n the experiments are ‘ |
- summarized in Table_4.1¢ Essentlally constant gas-steam ratios

A ¥ :
were used for all runs including both gas slug and - .

simulatageous gas-steam injection processes. °

. bt

e

It 1s lnstructlve to analyze the stabillty of the
displacement processes bas1ng the analysis on the work of

Peters (1979)" A stabillty numBEr for steam 1njcctlon based on
equlvalent flow of water is calculated from the followlng .

formula and data:

‘ (Zg - 1Y) | |
™ "y 02 . (4.1)
S C*Yk . R l« .
”» . .
where Ng = stability number /
u0'= oil vishos1ty —\2 27 g/cmes
Hw = water viscosity = 1,0 x 10-2 g/cmes
D = diameter of system = 6.272.cm
V= superficial uelocjty = 3.37 x 10-2 cm/s
(typical steam rate)
"% = wéttability number = 306.25
- _(water-wet system) ’
‘ ' l
Y =7Tnterfac1al tensfon = 24.5 dynes/cm
k_= absolute permeabllity’= 1.48 X 10,7-cm2.

Tﬁe resultant stabillty number for this case 1s 2 698 X 103

which 1nd1cates that the displacement 1s unstable and 1s

N



Cons1deration of water fTow fn the gas phase as steam or of the
add1tion of non- condensable gases to the steam wou]d 1ncrease

the instability and thus it is concluded that all of the

experiments were in the unstable displacement category. This

-

"Was uer1f1ed during the experiments by early gas and water

breakthrough at the‘produCtion_end“Of the test cell.

VAppendix C contains {njection 3ndvproduction data as

well as inlet pressure and test‘cell temperature data for’
' \

experiments 2 through 20 The inlet pressure hlstories for two
_runs have been plotted in Figure 4, l and the centre l1ne
temperature'data from experiment 6 are presented in'thure 4.2
in order to f1lustrate the general character of the tests. At

"N

essentially constant back pressures and fluid injection rates,

the 1n1et pressures are high at the heginning of thei

experiments and gradually decrease»as”oif is .swept fron the
porous-mediumb(F1oure 4.1). Higher inlet pressures occur ~;
throughout experiments n1th 1arger injection rates as in the
case of Run 6 (steam/flue gas) compared to Run 7 (steam/COz).ﬁ
In the, former the total dhjection rate was, 91. 2xmol/h compared-

4

to 76 o3 forﬁthealatter. The temperature orothles (Figures 4.2)
N

'—*\\\

show the slow rise to steam temperature o¥ the inlet end

k‘characteristic‘of these experiments. The direct contact
‘phbetween the steam and;1n1et-end flanges was responsih]e for
'7‘this behaviour. Al rans were term d when. essentially ‘the ;

' ‘whole test te]l had reached steam temperature.

‘ Itﬁma§ﬂhetrecalled”fromlchapter\igl$that the‘eyen
T R AR S T
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‘sand pack and the odd numbered ones' at the centre. The

‘thermocouples were arranged in th1s manner to monitor. the

gravity segregation of fluids and to ]ook at temperature‘

gradients 1n ‘the direction orthogona] to the fluid flow.. Centre

“line and top wall temperature profiles are presented for two

l,exper)ments ?n Figures 4.3 and 4. 4 Temperature profiles are

plotted for early, 1ntermediate and ]ate t1mes 1n the tests.

Examination of the figures 1nd1cates that 1n general the high -

temperature front in the centre of the sandpack 1eads the front

~on the top surface by 3 to 4 inches (7 6 to 10 2 cm) In the

, case of simultaneous steam/gas 1nject10n the top wall

temperatures a]ong the entire length of the test cell d1d not

reach the same level as the centre temperatures but remained 5
¢

. to 10°C lower. Centre and wa]] temperatures at the end of the

- ;'sandpacks are considered oo ‘]3; g I~”i_“" : ;.”g,“‘[“;n'

'experiments were a]most 1dent1ca1 for the steam-on]y 1nJection

tests. Indications are that there was some segregation of

fluids in the simu]taneous steam/gas 1n3ect10n cases ‘which

caused thellower temperatures at ‘the top of the sandpack.

.

‘The Effeét owaas’AQditiVesvto Steam

-0 reCoveries and‘production histdries are now

examined for sandpacks under the application of steam- nly and

' steam-gas 1nJect10n. Both pre-waterflood and post-waterflood

-

Tabfe 4 2 summarizes the data of runs 4 6 Z_and 8

f_which were conducted on pre-waterflooded sandpacks at sfmilar

R ST . N . :

-
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R Table 4.2

COMPARISON OF STEAM-ONLY INJECTION
AND. SIMULTANEOUS STEAM-GAS INJECTION

\ '0" ' {‘ -
' $O T
R

L el
. '

,"'

jPREwATERFLOOD)
RUN NUMBER 4 7 .8
L TYPE STEAM-|STEAM/CO2 |STEAM/N
" INITIAL CONDITIONS. . e |
'PACK DENSITY, g/cm? 154 1.54 | 1.54
PORE VOLUME, cm3. 1687 | 1562 1660
_ POROSITY, % 44,8 | 41.5 44,0
' PERMEABILITY; d 13.1| 7.48 -
" WATER SATURATION, % PV 24,9 18.5 | 22.1
OIL' SATURATION, % PV 75.1 | 81.5 77.9
RUN_CONDITIONS . - .
' STEAM INJECTION RATE, cmd/h | 1034 | 1251 -| 1262
€02 INJECTION RATE, dm3/h - | 152.4 -
N2 -INJECTION RATE, dm3/h . - 572
GAS-STEAM RATIO, dm3/kg. . | - . | 121.8 | 453.5
 AVERAGE BACK PRESSURE kPq"n 3368 | -3406 | 3554
OVERAhL RUN :
~ - STEAM INJECTED, s 3655 |- 3440 | 3260
€0z INJECTED,  dm3 S I N U Y -
*. Nz INJECTED, dm3 . - 1479
* WATER PRODUCED; cm? | 3610 | 3165 |. 3057
0IL PRODUCED, cm3 | 1009 [gq1102 | .1074 .
- OIL RECOVERY, % 00IPX 79.6 | '86.5 | - 83.1
" 'DEPRESS, OIL, % 00IP* 1 L3 2.2 " 0.3
 STEAM-OIL RATIO, m3/m3 3,62 | 3.12. .| -3.04
'WATER-OIL RATIO, m3/m3 "~ . | 3.58 | 2.87 . | 2.85
INg GA§ipIL RATIO mol/dm3* 2012 [ 190.4 . | 230.0.

L ST g fhr'l s
+ Additional oi] recovered during depressurizat%on of the test ce]l ﬁ‘”,

6

STEAM/ELUE

1.53
1479
39.3"

9.28
14.9

85.1°

1116

L. 132.5

521:6

585.5 °
3323 |

3060

362.5.
~1428 "
2778
. 1049’

83.37

2,92

t

2.65

o Ratio of the injected: gases (steam *: COz + Nz) fn'mo1es to the. .

“produced:ofl in dm3.,

x Percentagelof the or1gina1 oil 1n p]ace. . j »->£~ : ?*“f}ﬂ-f

i ‘e

o381 |



almost 7 percent‘

steam injection rates and back pressures. The 1owest recoverJ
was for steam-only at 79 6 percent and the highest for steam/

€Oz 1njection ‘the recovery being 86 5 percent
The steam/N2 and steam/ flue

higher than the steam-oniy case.
gas cases yieided récoveries which were very simiiar and which
. were intermediate between the recoveries for steam—only and
Recoveries may be arfected to some extent
ia1 saturation conditions and‘ o
ere is'no trend evident from examination of .
Less ‘

;‘ o steam/COz inJection
€S§ R by variations in ini
permeabi]ities but t[
Table 4.2 of .recover with either of these parameters.
jon

steam was . required to produce the oii in the steam-gas inJect

“

processes as refiected in the steam—oi] and water -ofl ratios.

A
SRR
ll/!“ . ’@
fl v . The greater the inJected gas steam ratio, the iower are the
Loy 'I,l.yy’i || 2
A “ﬁ steam-oii and water oii ratios. These {ndices. have important
ﬁconomic imp]ications in app]ication of the processes in actuai
Injected gas to produced oii ratios show that al) N
;.

ol fieids.
o oBR
reduced requirements for steam fn the steam—gas injection run

runs had similar moia] throughputs of materiai due to the
Cumuiative production histories for the experiments |

s ‘ﬂe 4,2 are p]otted 1n Figuresui 5(a) and (b) as functions
of cumuiative steam inJected in pore voiumes (Figure 4, S(a))
and cumuiative gas injected,in mples (Figure 4 5(b))* o Ine the

<
1atter, the moiai inJection is the sum of steam, carbon dioxiie:‘jw

R

o
'V.-* ,
Northy of note in these figures is th

1
N 0

"

tting the data in this manner removesito sdme extent the

- and nitrogen inJected.
difference in production history between the steam-only and t
ect of differenées in; fiow/rate amongSt the experiments.

, F:ig
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cell.

’steam—gas 1nject1on cases. All of the steam-gas 1nject1on runs

[}
\

show sim1lar performance which is s1gn1f1cant1y d1fferent fromAV

i

that of steam—on]y. The acce]erated production tn the
steam-gas-* p.Otesses was reported ean]ier (Hard1ng et al. 1983)
Plotting the data on a mo]al 1n3ection basis as 1n F1gure

4.5(db) tends to close the gap somewhat hetween the steam~on]y

and steam-gas runs but the d1fference fs still s1gn1f1cant. Tt

is fnteresting that in both figures the steam/flue gas and

steam/Nz curves are almost Lpentféa] Run 7 (steam/COz)

kalthough somewhat slower start1ng than the other steam-gas

runs, is the super1on process on the bas1s of total molal 1nput

(Figure 4.5(b)). At a cumu]ative mo]al throughput of 160

4

moles,. the steam/COz recovery 1is 81-percent tdmpared to 71-"

N

- L ) . . :
‘percent for simultaneous steam/flue gas and steam/N2.processes

and the recovery is pn]y 55 pencent at the_same-point for

steam-only injection. Run 4 (steam -only) ist character1zed hy a

slqw rise 1n the peruction curve until about ha]f of the steam
is injected followed by a steeper r1se f rom that po1nt up to
the end of the exper1ment This behaviour COrre’Bonds to”

production due to waterflood ahead of the steam zone and then

’

more rapid production once‘steam temperatures-occur in the test.

, Similar results to the pre-waterf]ooded cases. were,
obtaine3\1n post-waterf]ooded sandpagks. Tab]e 4, 3 shows

summary data -for the post-waterf]ood runs’ 18 ‘9, 10 and 11.
]

.......

I
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: " Table'd.3 S o
. . , A

COMPARTSON OF STEAM-ONLY INJECTION: .
* AND SIMULTANEOUS STEAM-GAS INJECTION
- ‘ (POST WATERFLOOD) .

RUN NUMBER s 10 n 9

. ‘TYPE STEAM |STEAM/COz (STEAM/Nz |STEAM/FLUE
+ INITIAL CONDITIONS ' - ;
©PACK DENSITY, g/cm* 1.56' |  1.56 1.54 1.54
PORE ‘VOLUME, cm?, 1542 | 1537 1554 1549
. ‘POROSITY, % - ' ~ |'a0.9 | "40.8 41.3 . 41.1
" PERMEABILITY, “d ' 15.1 | 11.01 10. 25 10.42 .
| WATER SATURATION, % Pv . * | 18.9 | |18.8 18.1 18.1 | f
LOIL SATURAT&DN 1 PV 81.1 | 81.2 81.9 81.9
WATERFLOOD ' ‘ .
WATER INJECTION RATE, cqd/h | 1956 | 2000 | - 1968 1919
- WATER INJECTED, cm? TK 4890 | 3120 5215 4740
. OIL PRODUCED, 'cm? 563 578 556 558
RECOVERY, % 00IP ] 45.0 | 46.3 | ‘437 44.0
S N . | v
STEAMFLOOD CONDITIONS ' v
STEAM INJECTION RATE, cm3/h | 1359 | 1387 1270 1277
. STEAM INJECTED, cm3 3845 3120 2960 2975
COz INJECTION RATE, dm3/h- - 152.4 - 152.4
' €Oz INJECTED, dm? ~ | 342.9 - 385.1
Nz INJECTION RATE, dm3/h . - - 572.4 572.4 -
Nz INJECTED, dm3 | - - 1334 1334
: GAS-STEAM\RATIO, dm3/Kg - © 110 45 568
"AVERAGE BACK PRESSURE, kPa | 3589 | 3399 3430 3475
'STEAMFLOOD PERFORMANCE N
. WATER PRODUCED, cm? 4226 | 3480° | (3455) 3285
OIL PRODUCED, cm? 472 508 1 (519) 55
., OIL RECOVERY, % 00IP 37.7 | 40.8 | (40.8) | 44.1
" OIL RECOVERY, % ORAW* 68.6 | 75.8 | (72.5) 78.7
STEAM-0IL RATIO, m3/m3 8.15 | 6.14 | (5.70) 5.32
WATER-OIL RATIO, m3/m3 8.95 | 6.85 | (6.66) 5. 88
'INJ. GAS-OIL RATIO mol/dm® |453.2 | 371.2 |(431.6) 430.6
WATERFLOOD PLUS STEAMFLOOD 4 . _
~ TOTAL OIL RECOVERY, % 00IP | 82.7 | 87.1 (84.5) 8.1
~ DEPRESS. RECOVERY, % QOIP | 3.4 1.3 | 12 1.0

* % of ofl remaining after waterflooding.

( ) Production'estimate.



AW N

runs with porosities ranging from 40.8 to 41.3 percent and o
‘permeabilities from 10.25 to 15.1 darcies. . The 1nitial

\
saturations were very close indeed. 011 recoveries resu]ting

from the waterflooding portions of’ these runs ranged from 43,7

: l
to 46.3 percent.

e

Steamf lood oil recoveries are reported as a percenbage
-~

of the otl rema1n1ng aften waterflooding. Steam-gas 1nject1on

A

was marg1na]}y superior to steam-on]y 1n3ect10n for‘

post- waterf]ooded runs as wasfthe case for pne-waterfluod ..
conditions. Steam/flue gas y1elded the highest recovery in the
post-waterf]ood runs. Because of higher water saturations at ‘
the beginnlng of the steamfloods ‘steam -011 and water-ofl
Iratios were high for these exper ments but st111 dropped with
1ncreasgng amounts of _gas 1njected The differences in the SOR’
" and wogg tween fhe steam-only and steam/CO? cases is greater
than tﬁbggifferences fn SOR and NOR between the steam/C02 and
steam/Fue gas runs as was evident also in Table 4. 2 for the
prefuaterflood experiménts. Tota] afl recoveries comb1n1ng the
waeerflood‘and steamflood resu]ts show only s]1ght 1mprovement
over the total recoveries,for Q%e pre-waterflood cases. This
indieates that steam depermineJ the ultimate resfdua] oil

) .
saturation for this linear system.

. »

Figures 4.6(a) and (b) are simi]ar to 4.5(a) and (b)
except that now the data for the post-waterf]ood cases are
being presented. The productﬁon history for’ steam-on1y o ."

fnjection (Run 18) exhibits a very slow rise until heat begins
! . . e
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'

to mobilize 011.: An o1l bank begins. to come through at the

producing end of the test cell after about 1.5 pore volumes of

»

steam have been injected. The oil {s then produced very

rapidly during the‘finai pore vOlume of injection. ‘Gas is of

4

' great benefit in speeding up the rate of ofl production in
’these runs “as was the case in the pre-waterfiood eXperiments.
After one pore voiume of steam had been 1njected,_recover1es
‘with'steam-gas were about 40 percent of the oil rehaining after
waterfiooding whereas with steam-only at this point the =
'recovery is oniy about q percent ORAN At one and one-half .
pore volumes of steam, the steamfonly figure is'On]y 7vpercent

" and steamegas‘is:at a ieuel of 60 percent - a remarkabie' -
acceieratigg of‘production..wFoiiowing water injection‘the
initiai rise in the production curue is not as steep for
steam-gas inJection as was the case for pre-waterflood
sandpacEs. Run 10 (steam/ CO2) shows superior performance in
'oii production rate to Run 9 (steam/flue’ gas),when compared on

“the bg@?s of total mqiallinjection (Figure’4.6(b))£

‘In comparing the performance of the steam—gas iqlection‘
processes it was conc]uded earlier (Harding et al, 1983) that
gas soiubility effects were not as important as the mere .

presence of a non-condensable gas phase, The initiaiiy high
&,

oii production rates observed in steam-gas inJection runs ‘6n

| pre-waterfiooded sandpacks may be explained by considering the

-

,fireiatively large volume occupied by the non-condensabie gases irg

i conparison with the voiume occupied by - condensed steam in the

-

81



-

porous-medfum. In the pre-waterflood runs; only ol 1s mobile

. .at the initfal conditions and mdch of it is produced in a veg}
short time.when compressed, non;condensable oases are injected
ihto the sand packs. fOn‘the basisiof equivaient amounts of
steam-and gas -injected, the steam/Cdz'process 1S‘superibr to
steam/flue gas and steam/Nz as a resuit of solubility effects.
Nhen production performance is piotted as in Figures 4.5(a) and
4.6(a) the solubility effects of carbonldioxide are marked by
the much larger volume of gas injected in the cases where

~ nitrogen was ‘used. ébnsidering the post-waterfiood'runs, it

would appear that oil mobilized by thermal effects is not

allowed to bank in the steam-gas injection processes as it does -

\
in steam-only flooding but rather it seems that any mobilized .

0il is swept by the gases to the production end of the test
cell. From a mechanis ic point of view, this may be a
significant advantage hich steam-gas injection has over

-
RS
B

| steam—qnly flooding. N

N e

‘A comparison of &he=injection“of gas slugs priorAto«

steam-with simuitaneous steam-gas injection‘is made in’Tab]e

4.4. Cases for combinations of steam and carbon dioxide (runs

.7 and 17) and steam and fiue gas (runs 5 6 and 12) are
f.presented.' Steam-oil and water-01l ratios are highe. for the
runs whére the gas was injected as a slug prior to steam

. injection-; In‘run_lz the 1arge-discrepancyvbetween the'SOR‘and

L NOR for the tota] run compared to the steamflood only resuits

from the high oil recovery obtained during the gas siug

injection (41.2 percent). The oii recovery from slug COz

82



Tab]e 4.4

COMPARISON OF 'SLUG AND SIMULTANEOUS
STEAM-GAS  INJECTION PROCESSES"

S . RUN NUMBER B A S VAT S S BT
F‘ SIM. SLUG SIM. .|, sLue

TYPE - STEAM/CO2 |CO2/STEAM |STEAM/FLUE|FLUE/STEAM

INITIAL CONDITIONS L | .
PACK DENSITY, g/cm? 1 1.5 | ‘i.s6 1.53 | 1.54

PORE VOLUME, cm3 ' ‘ 1562 | 1525 1479 1595
~ POROSITY, % 41.5 40.5 39.3 42.3
PERMEABILITY, d , 7.48 14,30 9.28 - 9.61
WATER SATURATION, % PV - 18.5 - 17.4 14,9 21.3-

OIL SATURATION, % PV . 81.5. *82.6 ' 85.1 78.7.

RUN CONDITIONS . - :
STEAM-INJECTION RATE, cm3/h| 1251°{ ~ 1417 | . 1116 1103°

STEAM INJECTED, cm? 3440 3240 3060 | 3947
€Oz INJECTION RATE, dm3/h - | 152.4 152.4 | 132.5 152.4
CO2 INJECTED, dm3 .419.1 381.0. 362.5 381.0
N2 INJECTION RATE, dm3/h | - = | s21.6. | s572.4
Nz INJECTED, dm3' . <.l .- | 1428 1431
CO2 /STEAM RATIO, dm3/kg 121.8 117.6 .| 118.5 96.5
N2 /STEAM RATIO, dm3/kg - | - | 466.6 362.5
GAS/STEAM RATIO, dm3/kg | -121.8 117.6 | 585.5 | 459.0
'AVERAGEQBACK PRESSURE, kPa 3406 3399 3323 . 3487
PERFORMANCE b : . - a o
WATER PRODUCED, cm3 | - 3165 3189 | 2778 |- 3752
OIL PRODUCED; cm3 | . | - |'.1101.5 01007 | 1049 | 1023 .-
OIL RECOVERY, %. ooIp ' | 86.5 80.0' .|  83.3 | . .85.5
- DEPRESS. OIL,.% 001P! T2 | 4.1 - Y
'STEAM-OIL RATIO, m3/m® - | - 3.12 3.22(4.18)|  2.92" +|3.68(2.10)
. WATER-OIL RATIO, m3/m3 . . | 2,87 [3.17(4.08)|  2.65 |3.50(6.75)
IN, GAS-OIL. RATIO mol/m3 190.4 |- 224.9 | 238.1 . .|, 279.7
\ -

( ) Figures 1n brackets ‘are . 1culated on the basis of oﬂ produced only '
‘ 1n the steamf'looding port\ion of the exper1ment. e L

SRR I




dioxide slug injection in run 17 ‘ ‘ f ,

~injection- in run 17 was only 17.9 percent. No conclusfon may ;

be drawn from these data as to the effect on recovery of
injecting the gases simu]taneously'or as a slug since {n run 17
the totai recouery from s1ug,1njectionfwas lower than the
simultanequs Jnjection (run'7) but in run 12 the total recovery

from slug fnjection was higher than tn‘the sinultaheous

injéct1on case (run 6). It takes much 1ess t1me to recover oil

‘using s1mu1taneous 1njeqtion and the econom1cs wou]d therefore

be 1mproved by this approach

F1gure 4.7 shows the cumulat1ve 011 recovery during

" steamflooding as a percentage of the oil rema'ning after ’ o

t
!

PEON

previous floodlng with carbon dioxide, flue gas or water., The'

steamf 100ds foltowing gas 1nJect1on respond more qu1ck1y and -

- steadily than does the one which follows waterflooding. Run 17

steamflood performance is superior to that of run 12 perhaps

-

because of the unusually low recovery obta1ned from the carbon

A}
\

PR

-The Effect of Flow Rate, Pressure .and Carbon Diox1de

Presaturation on Simu]taneous Steam-Gas InJection Processes '}‘
A conparison is, made 1n Table 4; 5 of high- and low rate
tests using simultaneous steam/COz and steam/flue gas "
1njection. One run of each type ‘Was conducted at. about 1200
cm3/h of steam and the others were operated at about one-half A

of this ' ratea Pas-steam ratios were essent1a11y the same -

‘within ‘the pa1rs of experﬁments being compared The low rates

runs required more steam, as reflected in the higher‘steam-oil :

—
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" Table 4.5

. EFFECT OF FLOW RATE ON SIMULTANEOUS. L,
STEAM-GAS INJECTION PROCESSES.. N .
. -~ )
1 A
- RUN NUMBER 7 13 6 14
) , STEAM/CO2 | STEAM/CO2 | STEAM/FLUE | STEAM/FLUE |-
TYPE. Joom (L) (H) - L -
INITIAL CONDITIONS | Do - N
PACK DENSITY, g/cm3 ~1.54 1.56 1.53 1.56"
 PORE VOLUME, cm3° 11562 1470 | 1479 1511
POROSITY, % - 41.5 39.0 39.3 .| 40.1
'PERMEABILITY d. S .7:48 | ;12,8 9.28 | '14.3
WATER SATURATION % PV 18.5 15. 5/ 14,9 15.8
. OIL SATURATION, % Py . 81.5 - 84, s 85.1 84,2 -
p/ .
“RUN CONDITIONS . S a .
STEAM INJECTION RATE, cm3/h |. 1251 /624 - 1116 - 633
-STEAM INJECTED, cm3 | 3440 | /4269 | 3060 4170
CO2 INJECTION RATE dm3/h 152.4 |*/ 77.4 | 132.5 - 76.2
COz INJECTED, dm3° | 419.1 |/ 529.0 362.5 502.:0
Nz INJECTION RATE, dm3 /h. l N AR 521.6 288.0
N2 INJECTED, dm3. = . - - " 1428 1896
GAS/STEAM RATIO, dm3 /kg 121,8 124,2 .585.5 | s75.0
AVERAGE BACK - PRESSURE kPa | . 3472 13223 3476
PERFORMANCE , . ] ,
WATER PRODUCED, cm3. 165 3980 | 2778 13903
~ OIL PRODUCED,. cm? R 01.5 1093 | 1049.0 1135
| OIL'RECOVERY,.%'OOIP 86.5 | 88.0 . 83,3 | 89.2
DEPRESS.-0IL, % 00IP 202 .| 12 | . -~ " 1.5
. STEAM-0IL RATIO m3/m3 3,12 ‘3,90 | . 2,92 | 3.67
"WATER-OIL RATIO, m3/m3 2,87 | 364 2,65 3.44
9 5.

INJ. GAS-OIL,RATIO, mo1/m3 190. 2351 . 238,1 | 298.4




- andlwater-oii'ratios,‘to achieve steam temoeraturesioVer the

) entire testrceil; This was dqe to heat iosse s]owing‘movement
of the steameront, Comparing SOR and 'WOR for the two low rate
~runs (13'and 14), superiorlperformance results from the use of

L]

steam/flue gas infection as was' the case with the high rate

" runs (6 and i). The ot recouery is slightly higher for run-14
conpared to run 13 which was not the case for the high rate
.runs. Both runs 13 and 14 show higher recoveries over their

.respective high rate conpanion cases. | v " /"

. »

Figure 4. 8 conmpares cumuiative production hiStories
for the two steam/Cb? runs (7 and 13) on the basis of total
moial injection and Figqure 4 9 makes a*simiiar comparison for
the two steam/fiue gas experiments (6 and 14). One might -
expect that performances of the iower rate cases would be .
superior fo the higher rate cases because of increased time for
‘ carbon dioxide to enter” so]utioa’in thefoil.. The results show

L 4

the opposite effett in that at any fixed va]ue of total mo]a] K

injection, the oil recevered is higher for the high rate cases.

Heat 1osses in the 1ower rate runs are probably the dominatingv

factors in this. behaviour. ‘Any - small improvement caused by :

increased amounts of carbon dioxide in solution are overshad-

) owed by the thermai effects. ,It is -also possibie that. hoth the

high- and low= fiow rates are. .greater than wouid be requ1red to

aiiow significant amounts of carbon dioxide to enter ‘solution

\

in the oil. A greater di ference in behav1our is evident in

the steam/COz than in the steam/fiue gas runs perhaps because

a7
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runs where 1njected'n0n—condensahle gas volumes are
substantially higher.
\ "

A summary of data for two steam/flue gas runs, one:
conducted at a back pressure of 3323 kPa (run 6)‘and one at
6950 kPa (run 15) {s contafned in Table 4.6. Similar gaasst;am
ratios and injection rates were used in these exper1ments.' An
increase in recovery was obtaiped in the higher ‘pressure

experiment as well as an increase in the steam-otl and

water-oil ratios, In F1ghrel4.10, cumulative production .

‘histories. for these two runs are plotted: ' It would be expected

that the higher pre;sure case would haveﬁsuper1or performance
due to 1ncﬁeased éas 1n selution. Howeeer thls effect 15 {
overshadowed by che larger gas dr%ve of the lower pressure run |
caused by the‘larger volume 0ccup1ed by’ the gas at lower

.

pressure.

Table 4\6 also compares fwo steam/C02 runs with the
sandpack saturated with carbon dioxide 1q one’ case (run 16) ana‘
not saturated in the other (run 7). 'Thefe was only a s11ght
improvement in total ﬁecqvery in the pre-saturated case
occurring late in the experiment.(Figure 4.11). The two curves
in Figure 4.11 .are almost 1dentfca] except for this sma]1 |
difference at the end of the rund. This 1nd1cates that evenfff o

the o1l becomes saturated w1th carbon d1ox1de that it makes

A

.1ittle difference to the performance of the experiments, .

)
, -

/

'r



EFFECT OF PRESSURE AND COz PRESATURATION
ON- SIMULTANEOUS STEAM-GAS INJECTION PROCESSES

RUN NUMBER
TYPE

INITIAL CONDITIONS
PACK DENSITY, g/cm3
PORE VOLUME, cm3
POROSITY, %
PERMEABILITY, d
WATER SATURATION, % PV
OIL SATURATION, % PV

-

RUN CONDITIONS .

STEAM TNJECTION RATE,
cm3/h

STEAM INJECTED, cm3

COz2 INJECTION RATE,
dm3 /h

C02 INJECTED, dm3

N2 INJECTION RATE,

: E dm3 /h

N2 INJECTED, dm3

GAS/STEAM RATIO, dm3/kg

AVERAGE BACK PRESSURE,
. kPa

I

PERFORMANCE .
WATER PRODUCED, cm3
OIL PRODUCED, cm3 _ .
OIL RECOVERY, % 00IP
DEPRESS. OIL, % OOIP
STEAM-0IL RATIO, m3/m3
WATER-OIL RATIO, m3/m3
© INJ. GAS-OIL RATIO,
mo1/m3

6

STEAM/FLUE|
LOW PRES.

1.53
1479
39.3
9.28
14.9
85.1

1116
3060

132.5.

1362.5
521.6

1428
585. 5
"3323

2778
1049
83.3

2.92
2.65

Cbo238.1

15

STEAM/FLUE
HIGH PRES.

1.54
1522
40.4
15.90
15.8
84.2

1237

3710
153.0

459.0°
576.0

1728
589.5
6950

3424
1111
86.6

1.9
'3,34

3.08

. ®73.4

7

STEAM/CO2
UNSATURATED

1.54
~ 1562
41.5
7.48
18.5
81.5 .

1251

v 3440
152;4

419.1

-

121.8
3406

3165
1101.5
86.5 -
2.2
3.12
2,87
190.4

. 191.0

16

STEAM/CO2
PRESATURATED

1.57

1560
4].4
13.10
20.9
79.1

1550

3360
152.4

331.0

" 98.4
3585

3201
1054
89.7

1.4
3.19
3.04

"

/\//
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LUNS TUSIY LiE ellECL Ul T IOW rate, pressure and
carbon dioxide pre-saturation on the process, one may
.conclude from these data that solubility effects {n this system

. . o o \
are of less importance than gas drive and thermal effects.
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v. MATHEMATICAL MODEL FORMULATION )

A. Genera1 Features = = = ..

W,V' A mathematical mode] of the steamf jood process was
‘deve1oped which allowed 1nject10n of any or all of the system
'<xmponents a]ohg w1th steam. The purpose of the mathematica]

model development and app]1cation work was to gain‘further
\ 1nsfght fnto the nature:of thé’iaboratory tests and to assist in-
‘explaining the phenomena observed in the exper1ments.‘The’
simulator mode]1ed the flow of three‘phases (aqueous oleic and

[

vapour) and was designed for the fo]lowing five components (1)

S \V),

~ . water, (2) Tight oitl, (3) heavy oi], (4) carbon dioxide and (5)

N

njtrogen.
-

Gravity and capillary pressure phenomens were included
and heat transfer 1n3the-porous medium was modelled as a
combination of conduction and convegtion. Heat losses to

" confining materials were by conduction only.

s

Interphase mass transfer was . ggverned by pressure and
-tenperature dependent equ111br1um rat1os (K va]ues) The 011
and water conponents were considered to be mutually 1nso]uble.
Carbon dioxide and nitrogen were\a]]owed to exist in a]] phases:
and the vapour phase'contained all compOnentst 'Tabie 5.0 0
| "'yillustrates the distribution of components in the three phases._
’Volatility of oi] conponents was included to properly model
- steamflood’ behaviour since steam d{stillation may be an g
»'fﬁnportant recoveny mechanism 1n steamf1ood1ng f(Coats, 1974),
*(Coats. 1976), (weinstein et al 1977)].

\‘ ‘ .I' o .I . | b A
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Table 5.1.

DISTRIBUTION'OF COMPONENTS N FLUID PHASES

..n

 COMPONENT

Nater‘
Light 0i1

Heavy Qi1

~ Carbon Dioxide

Nitrogen -

5

.
mmmimmnmmnece PHASES —amomaccanmes
. A
AQUEOUS OLEIC VAPOUR
X1a - Yy
- X20 Y2
- X30 .Y§ !
Xya Xy0 Yy
Xsa Xsg ' Ys
A
O ¢
. !



Differential equations describing the simultanegus flow

of heat'and the' multiphase fluid flow were derived from the laws
:gf energy and mass conservation., These equations were then

| fdiscretized using finite difference techniques. The generalized
Newton-Raphson iterative method for a system of n0nlinear :
partial differential equations was employed in obtaining a
solution to. the problem. Pirect techmiqueS‘were used at each
iteration. The model was fully lmplicit in that all parameters

'dependent upon the unknown varfables were updated at each

fteratfon.

The model 1s two-dimensional, capable of being run in

A\

one or two dimensions. Both ‘areal and vertical cross-sectional
simulations are possible. One-dimensional operation allowed™ .
“examination of the labbnatory'process»and the‘two~dimensional‘.
mode could be used to examine the application of steam/gas
1njection in field scale simulations. Both regular and

.,lirregular grid block sizes may be modelled The model employs a

i .block-centered grid system with a five-point discretization

. scheme, Automatic time step control is featured.

Fluid properties were described using correlations where

\

possible in order®to control the size of the program (Vinsome,

1974) In some cases options exist- for the method of .

; calculation of a physical property and for certain parameters a

v

choice may be made between use of -a correlation and a tabulation

0

of data. The functional dependence-of physical properties as o

) illustrated in Table 5 2.



Tab]e 5.2

. \‘.\‘\ .

\\\ t

'VARIABLE DEFINITION
¢ yporosfty' |
Ae fformation thermal conduct1v1ty
Ha aqueous phas@nvlscosity
Mo oleic phase viscosity
ﬁv, vapour phase viscosity
p; aqueous‘pﬁase density g
»‘00 'oleic phase~dens1ty
Py hlvapOur phase dehsity
ha aqueous phase entha]py N |
ho ~oleic phase enthalpy |
| hy vapour phase enthalpy
k;é ‘ aqueous phaserrel.'perm.
Kro o]eicjphase rel. prm.
er vapour phase rel. perm. |
My aqueous phase mo]. weight -
Mo - oleic phase mol. weight
M, vapour phase mol, ueight
an ‘aoueous pEase~1nternal eneroy
Uo *‘oleic phase 1nterna1 energy
Uy ‘ vapour phase 1nternal energy
E,U}E  rock 1nterna1 energy |

‘f _equ1libr1um ratios

FUNCTTONAL DEPENDENCE OF PHYSICAL PROPERTIES

~

T, X20,

FUNCTIONAL DEPENDENCE

vsaq¢
4
» Xua

Xso
1.

» T Y1, Y2, Ya, Yy s

T
T \
T,Ixzo,‘xao; Xu0,
p

P

, T,.X1a, Xua,%sa

P, ?Q)*fo. X30, Xwo, Xso-
rd ~

P, T, Y1, ¥z, ¥3, Y4, ¥s

T, X1a, Xua, Xsa

X30, K;o, X509
T. Y1, )’2, Y3, Yu, ys
o, Sa

(; San Sy L
TS, -
Xia, Xua, Xsa .

X20, X30, Xuo, Xs0

'yx,‘yz'. 93, Yi, ¥s

T x1a.' xaa, Xsa .
T, x20. xao. xuo."‘so
T’ y}’ y2°! 'Y39 'Y’Qol y5'

T

. 98



i

The followlng addltlonal as5umptlons were made 1n

formulatlng the. model: | B . - N

1. ‘Tnermal equlllbrlun ls reached instantaneously.\

2. e contrlbution of klnetlc energy and the work done by

vlscous forces is negllglble. o

g

3. Thermal‘cracking of hydrocarbons is ignored.

4;  Mass transfer due to molecular and thermal diffusion s

)

negligible,

‘ B.‘ Mathemat fcal Formulation S . A o,

Aopendtx'D contains derjvatlons‘of the: partial
lefferenclal equatlons‘wnlcn descrlbe nass and energy‘transporc e
for tne system of interest 1n tnls study.; lhé eduations wnicn S
compr1se tne present model are summarlzed below ' and. 1nclude a
mass balance for each component tne energy balance mole

‘ fractlon and saturatlon constralnts, capillary pressure

‘relatlons and pnase equlllbrium relations.v

. . ~
[ ' bl
. i :

1. Mass Conservation

Ccmponent;I - Water'

.' ’,\

[

I .* A
'v(‘aAkk"a"aW*XIVAkkervW)'Afo,, |
a "a o Hv u\l ,‘ | |
. ) . ' ‘,= .% la .[¢ (Xla pa ,San... le pv'sv )]’ ‘ | ‘. ,(5,1) g

N . ' . 1



<+A

Components 2 and 3 - Light 011 and Heavy 01l

o“o*l LV

f ! . . '*
'v( 10 A K Ko po 99 + Ky A K Ky py vov) Y

=V 3 [} (X1o po So.+ Xtv v SWi|1 -2, 3 (sl2)
‘ W / SR

‘—5f.' Mv

P

Compbnents 4.and 5 ~ Carbon Dioxtde and Nit rogen’
. N I !
(x1a A k kra pa Voa - x]o A K kro po VO . *. )

a Ma B ¥ L

! ‘ "‘ 'y x ' A . |Y“
Ky B X Kev ov V‘v) a* Qi
; v EV ) . | . o \‘.
= Vb 3 ¢ Xia‘baisa.¢ kibﬁpO{So‘, Xiv py Sv) o
: at A" Mg . My N " MV_' ‘

]

'where f""P -V‘P‘p‘ - 'Yp‘vZ' ¥p .= a, 0, v
AN A ‘ .

and Yp ppg
Energy Coﬁse"rvatioh o " |
v (A’W‘T.;éz; v( A ukra’ “P‘a"ha' ’VQ‘a:;‘ A k k‘;ro” Po ho V?o
. :f{‘ ‘ jﬁa Na . "f ;1. ] Md ",
| AIESF;;Dth,%°Y) -At¢ QS +.q. +'(Qa naﬁ+ Qo "o + 6v
v | ‘ o S

. [Bgase Saturation Constraint '

ieas (5.3)

' " C “I - ‘ K ‘AI-' . S U
W 9 £(,1,-¢)\or~u‘r+Q(SaOaUa+SopoUo4 v_ oy v)]
L v' af.—-’—‘ -\' R R . ' "v - 4 o

(5.4) .
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"

4. Mole Ergction Conftreints.

T oxja = 1O 4
{- S

L X{o‘ = 1.0 i
1 o

1

/5. Capillary Pressures

"\
pcow,= Po\” Pa

T xgy = 1.0 4

]

- cho =Py ~ Py’

6. Distribution COefficient
B Water -fﬁ |

Heavy 011
Light 011

Carbon Dioxide

'Nitrogen

S

iX“v
Xy v

I

Xgv

Xsy

;‘2, 33‘41 s

e

2,3, 4,5

Xya

’X“0!

Xsa
Xso0

aqueous phase

hydrocarbon phase

vapour phase

(5.6)

(5.7)

(5.8)

- (5.9)

- C. Physica] Properties of Reservoir F]uids and Rock

1. Rock Properties

Porosity was caiculated as 1n most previous thermai‘

models:

L =‘:cb'ln fl:* Pr'ip“ Pin)]

N

' where Cp =.rock compre551bility = constant

n

"84 porosity at’ initiai pressure Pin.

.4

C o

Absolute permeahi]ity, and rock density were assumed to be \

constant. )

S

! Y

(5.10) |

101 °
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' ',' R Lo s
_ Rock 1nterhé] energy was calculated as in Crookston’

et al (1979) and Abou- Kassem (1981) where:

Ur =;Cpr (T - Tin)

’

(5.11)
f Rock heat capacity (CPC) was assumed to be constant.
Formationrthermal conduct1v1ty was Ga]cu1aeed as- 1n
Crookstan et al (1979) where for the permeable strata:

, ’ o -~ 0.55. -
Asat.,T = 26.31 [exp (0.69|+ 0.6 S3)1T (5.12)

n

therma1 conductvv1ty of part1al]y . o,
water~sauqﬂated rock 1n millicalories,
. . S'Cm'K

and Agat, T

T = temp. in K -
P =P (1l~9) |
Pp = dry rock density, g/cm3 - : N lT

S, = water sat. (fractfon)

This technique for calculating thermal conductiyity was
déVe]oped‘by,T1khomirov (1968)‘aﬁd was recommended by Faroug

CAli (1970).

2. Fluid Properties

) Viscositz

Nater vfscosity was ca]culated using the g:thod

@

developed by Hawk ins et al (1940) where:

IR

ﬁw(T) = _ o 2.185* o | " (5.13). f
0.04012 T +.0.00000515 T2 - 1- . ’
Tin°F |

1n cp



AL SRR T N VIJLUJIL)‘ Lianye-as a resuit or car-
bon d1ox1de in solution was then applied. Data for the
effect of COz on water viscosity was ohtained from Dodds

et al (1956) and Tumasyan et al (1969) ‘ ,

N

f£,  Ha = ny (1 + A~ Xya + B- xqaz) : (5.14)
S :
: . where A, B = constants
' X4a = aqueous phase concentration of CO»
NS o

ONeic phase viscosity was calculated as in
' !
Crookston et al (1979), Coats (Dec. 1980) and Grabowsk i

" . et é] (1979) using the Arrhenfus equation;

|

gﬁg; CNe ow Ky ) |
b\;?’ TR S (5.15)
}:* e v ! " 1 = ' ‘

g 1

g 011 component viscosities were calculated from expres-

\ 3
- sfons of thé’fol}owing type:
Wy = A exp (B/T) (5.16)

—~ and steam, 'CO02 and Né'puhe‘component viscosities were

N

ﬂ@q}': ‘calculated. as: |
.‘b“ ‘i . ' ]

[ + , - B ' ) .
wy = AT : , (5.17)

Vaﬁﬁur phase pure component viscosities were all

—

calculated qs Tuhctions of temperature using Equarion

N sar. “An 6pt10n was available for ca1cu]at1ng steam

4 A
/



recommended by Farouq Ali (1970):
Hop = AT - B‘ T< 800 K * ' ©(5.18)

. , - Mpp = cT 1.5 T > 800K . (5.19)
where A = 0.361

B = 10.2

C = 39.37.

D = 3315

E = 0.001158 .

T 1n K -

ump'in micropoise at 1 atmosphere.

. N‘..
. - LR .
The viscosity oﬁ%?f Napour phase mixture was then cal-

il e

culated from the Héhning and Zipperer (1936) equation:

A

My = i Yi /My (5.20)

- TV TR

where My = pure component viscosity

' Mj = pure component molecular weight

n

¥4 = gas phase mole fraction of

component 1

A pressure correction was then applied using the method

of Dean and Stiel (1965):

(¥ = ¥mi) Cp = 0.000108- X

. 1.839, -1.111,__ 1.858)
(e m _e om,

’(5.21)‘



-

mixture viscosity at 1 atm. from
Herning-Zipperer equation |,

Hm1

-n

p. = psuedo-reduced mixture density

Pm/Pem

3 !

0.16667  -0.5 _  -0.6667
Cn'= Melm My (P ‘

N o
——
-
—

c'm cc'm c’'m

Ne

Tem = & Yy T¢q
i=1
Ne .

Mm = N _Y1 M]
i=)

The above proceduré'was used by Crookston et al (1979).

Densipz  .

Aqueous phase deﬁsity may be calculated'in tﬁe
numerical model 1in dne;of two ways. The first method is
essentiélly that used by Ferrer énﬁ ﬁarquq Al k1976) in
which Amaggt's law of partial volumes was pssumeq;. That

is,

\/



AR F: 1a 't T ™Ma vt T pst X

1 - Cyaq (P~ Pip))

for 1iquid phase pure water. The other two components

~which may exist in the aqueous phase are carbon dfoxide
and nitrogen and the partial volumes of these substances

‘are obtafned from the vapour phase density calculations.

The Second méthod for aqueous phase density'detgrmina~ |
tion employs the Peng-Robinson equation of.state (Peng

and Rob}nson, 1976) which hay be wr1£tgn a§:
3 . ' |
2"+ (B~ 1Z% 4 (A-38% ~2B)Z - . (5.23)
(AB - B2 - 8%) =0

’

o

where 7 = g¥ .
A.= aP . .
- RAI? ‘ £
g = bP |
RT

For mixtures, the parameters a and b are expressed as:
. . .

N

i %5 (1 - 045) 35 & (5.24)

b =1 X b | . (5.25)°

.

2
a4 =0.45728 R? T2 4/P

" /2.
S L

=]
e
]

»
[}

0.37864"+ 1.54226 14 .~ 0.26992 w2
by = 0.07780 R Tetshey

\



" t

~yifeld three real roots, the largest of which is taken as
) - * . . '

"the compressibility factor of the vapour and the small-
est of which is taken as the compressibility factor for .
\' . L

thé 11quid.
The cubic equation in one unkhowh has the form
2 2 . : . ‘ ' ' \
x® +bx” +cx +d =0 - (5.26)

If the coefficients are real numbers, thenvét least one
- of the roots must be real. The equacion'ma\ be reduced
o« :
by the substitution y\

'
x=y~-b
3
. to the form

Cy34px +q=0
1/3 (3¢ ~b2)

~ where p

q =1 (27d -%c + 2b3).
77

The equation has the solutions

)7 Y2 = -1/Z°(A +B) +1 /32 (A -B)

5 Y3.= -1/2 (A + B) - 1 /3/2 (A = B)

m -
3
a
p-J
']

.3,/v -q?? + 7R N

B = /72 = /R

=
.

1)+ @2,



if R > 0, there is one real .root and two conjugate -
‘ conpiex roots.

if R = 0, there are three reai roots ‘of which at least
' two are equal. .

AfR < 0, the. above formulae are impractica]\- in this
case the roots are given by

M

Xk:= % 2 /P/3 cos [(¢/3) +120K], K =0, 1,2.

9 2,0
where ¢ = cos q°/4
-p7 /27
if q » 0, the upper sign applies’
v if‘q <0, the iower_sign aopiies.

-The‘coupressibility factor for the mixture at the tem- .
perature and pressure of interest {is obtained from the

analytical solution of the cubic equation. .

‘0leic phase density is obtained.in a similar
manner to that described above‘for the aqueous phase. '

f“,Conpressibiiity factor for the vapour phase may
be obtained in one of'three:ways.. The first and most |
sinp]e is to use the Papay equation the accuracy of '
‘which has.heen compared.to other:methods by Takacs._

(1976). The Papay equation takes the form: -

l . o W' , o . , 2 . s . -
Z=1- _352P 4 Q24P . (s5.27)
| ‘ _100.98I13U e 1008157 1
Tﬁe second option is to use: the method of Hall

' and Yarborough (1974) as recommended by Dake (1978) ‘Inv‘
this technique, the compressibility factor is obtained “



from the Star]ing Carnahan équation of. state which is
solved usiné the Newton Raphsonntechnique. If this.
‘second method 1s used, the Papay equation gives the
‘initial guess for the Newton Raphson procedure. “The Co

-Hal] Yarborough equations are

1.2 (i-c)2

.= o.osxzsppp;'t e

(5.28) .
Y o

]

where Ppp lthe@pseud04reduced pressure
‘the reciproc§§ pseudo reduced
temperature Tp-
. T

"reduced" density Which'Can be obtained
as the solution of the equation:

cr
n

D <
]

\ ok pes p om1.2 (14t
_‘0.06125-ppr te ‘ .) + L+ ‘y + L L

(1 -‘y)3

(14 76t - 9.76t" + 4. 58t ) y
(a8 + 2, 82t) "b,\

‘ l ' 3
+ (90.7t - 242.2t + 42.4¢ )y -

This 1atter non linear equation is. so]ved for y using
"the Newton-Raphson procedure which is outlined in Dake

" {(1978), pp. 19-20.,

- The third alternative for vapour phase density
rlcaicuiation is to use the Peng‘Robinson'equation of

: ;state. In using the soiution of the cubic equatior fori’r‘
z, which ls the Peng-Robinson equation, there is one . Af
]'real root and two conjugate complex roots when on1y a “

'ﬂsingle phase exists. In a. region containing two phases,‘_lnfi

s



 fnth»1px,and Ircernal Energy |

‘enthalp1eo are calculated as

. 110

three rea1 roots exist, \he 1argest posit1ve root being

‘the vapour phase Z factor and the smal]est posir1ve root

be1ng the liquid phacn 7- fPCtop‘ ,f’ o ,

v

Liquid and vapour pure conponent waten

h1a = 45.006 (T - 77y T (5.29)

‘a"dhlv‘=h1a-*L\l - R ' L
where hy, = 45.006' (Tsat = 77) . K

n

7Lyl 3792 42 (705 4 - rsat)o 38

and Tsat = 116. 090 224014

(T in °F.and o in pS)a)

-l

L1ght oil and heavy oil component liquid Aad 1

vapour entha]pies are calculated as -

hiv = hig + Lyo !
‘ h10 = f ij dT ' ' ‘ (5.30)‘ co
, Tref ' . ' ) . . . '
where.Cpy = aj + b{T.+‘C1T2‘,_ e L L {;1'»

' and Ly = Lv ! r1 - T/Tc 30 38

.‘rare calcu]ated as o

| ref T___TE7TE o . ‘o

Carbon diox1de and nitrogen component enthalpies

Sy



hiv = Lvi o (3

hiL =
_hiy = [ CpidT
. Tref

" where far €0z Cpj = a + by T -Ci
wher - Cpt ” T

* and for Nz - Cpi = a+ hj T + Qi T2 B

and ey =L 1 - .T/Tc +0. 38
. ‘an .Lv1 : vref ("'_“rjfﬁ;)

‘Phase enthalpﬁes are then calculated as ',

N ,, 5
hy =7 xip hj o (5:32)
P 1=1 p. P R
\I; " - The internal energy of the'T1qufd‘phasesiis

taken to be eQUivalent to the enthalpy. Vapour phase .
s 1nternal energy is computed as in Rubin (1979)
" U‘ = h, - R(T -‘To) _ f D C(5.33)

n)j'Phase Behaviour

Temperature and pressure dependent K- values may

~ be obtained either»from tahu]ated data orufrom

correlations o the follow1ng type useq by Crookston et

'-‘al (1979) and Co ts (1980)
ﬂl K1y bk é_( - B]D for water f" T S
'L“p—T—, T
'f o " ; (5\ 34)

: pij,;;épé§p<(8p-‘ )E +F for oils C02, Nz

C.
i,,



- A table look—up program conducts a hinary search 1nva
f\two d1menslonal table and then llnearly 1nterpolates to -

obta1n a value. The procedure 1s based on the
“'subroutlne‘TABBIN glyen in Aziz and Settarl_(1929), p.

s, | I

Phase appearance and dlsappearance was handled

{‘ uslng the one-problem formulatlon method of Crookston etag
.al (1979) wh1ch was extended by Abou»Kassem (1981) »rhé i
'latter author compared in one-dlmenslon the one- problem

ffornulat1on wlth the more rlgorous method of Coats

(1978) involvlng varlable substltutlon and found o

negligible dlfferences 1n;results. Following the -

"'Japproach of Abou-Kassem (1981) we wrlte Cor

K. x. x j - 1 : ‘ .
I . v
Kio < 5. 20 o - (5.35)
Ki Xo Xy 'g,‘3 4 5
where X, =" So ,
So *+ Eo
Xa = Sa o
Sa‘.‘+ Ea ) N -
! "Xv = ',Sv “+ E\(
Sv 4‘10‘35'

~The Ea, Eo,-Eg are small numbers of the order of 10-%"

“and the K1 s-are- temperature and pressure depeqdent ‘

"’ equillbrlum ratios.‘ The effect of adjustlng the

a

-values 1n this manner\ls to create a°situat10n in

: ;:whlch 1ndiv1dual phases are not allowed to disappearv,l

’ s
. o

Y Y4

.
e
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S BN
‘conplete]y but a small saturation of each phase is .

ma1nta1ned at a1l cond1tions.

’

‘Y
e

3. F]uidQRdck‘Prggert1es ' o A“ PR ‘)

a) - Relative Permeabi]i;y

“. . Relative permeab111t1es are.evaluated us1ng .
efther the ana]yt1ca] method of Coats" (Dec. 1980) o
tabulated two-phase data. The corre]ations of Coats

(Dec. 1980) 1nc]ude temperature dependence and take the O

fo]]owing form: ‘
\ , ‘ : LA

Krw & Kpweo(T) [ Sw - SW1r (T) J 5 37)
~ | ‘ j a Sorw(T) - Swir(T
'Sroe = kr‘oiw(T)‘r 1 - Sorw(T - Sw (5. 38
- - Sorw(T) - sw,r(r
| | ‘ ‘ -~ n
L ' = dwir 7 orgl!) .=
L , (s. 39)
,I b ' . c ‘ ng ) |
| ~krg = krgro | %9~ 3gc o (5 40)
"A‘ ‘ _"‘ ‘ 1__ R w'ir\ -‘So‘rg _ gc :

relative permeability to water
. at residual oil saturation

where Kpypo(T)
Krofw(T) = relative permeability toloiﬁ .
. at 1rreducible water saturation

Sm,-(T)“= 1rreducib1e water. saturat1on

Sorw(T)

h

residual oil saturat1on to

: 'water \ !

, N . v »
: Sérg(T) = residual 011 saturation ta gas

R ~1;f ,dw' ‘“‘ngc e'critical gas saturaﬂ?on

Nws now;dnog,jqélé‘exponents“on,saturatjons.-

" ' . . -

- < Temperature dependent parameters are linear functions of .
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teupefﬁture:

=A+B(T=Ty) K (5.41)

where A, B are constants, ' -

e

‘ Relat1Ve*permeabfllty§to 011 is calculated using the -

Lecond method of Stone_(19Z3l where: : - v
1, .o - ) | n : ‘ \ - ,
o Kro = Krotw(T) _Krow ' + k Krog.' - k
| o ro = Xrotw ‘rw ______%TT rg
R ‘ T krolw(i) R Krotw
~ (Kpw * krg) 7(5.42).

When two- phase tabulated data are used the B
tables are 1nterpolated us1ng splines and the oll phase o
‘relatlve permeablllty 1s also calculated uslng the dbove

method of Stone (1973)

b) .Cagillafy Pressire
Capillary pressures are calculated uslng the
analyt1cal expressions of Coats (Dec. 1980) or from
tabulated two-phase data.' The analytical expresslons of

Coats (Dec._1980) are:

W \

=[Cp +Cy (1 -5y) + ¢4 (1 - Sw) 1 x
TL-C (T-T1 . (5.43)
,“cho.é [C;f+lCGSg'¥C7 593] X/
13- Cg (T - Wl . (5.40)

where C, to Cy are constants. .
R o
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Theftenperature debendence here assumes that interfacial
tensfon is a linear function of temperature. As in the
‘case qf relative permeab1l1ty tabu]ated data are fitted
to splines for purposes of 1nterpo]ation.

D. Heat Losses
In the present study, heat 1osses from the 1~D

) laboratory apparatus were cdlculated in the fo]]owing manpenr

[(Gottfried (1965), Abdalla andiCoats“(l9Zl)]:

W Vay AT ‘: ©(5.46)

where qL‘% heat‘loss R |

[

N ‘ UéQ overall heat transfer coeffic1ent
A= a/ea = 2nrax

. AT = T - T =

T = grid'block temperatUre’ ;
Ta = amb1ent temperature
- r = 1nterna] radlus of mortar lining .

ax = grid b1ock length . o

- As in Abdalla and Coats - (1971) d1fferent overa11 heat transfer

coeff1c1ents were used for the vapour and liqu1d phases.

.

1le. gy =‘uvfsv.+ U (1= Sy) | S (5.7)

7, Heat }osses to the over- and under-burden 1n reservoir :
modelling was accomplished by the same method as useg by Abou-

‘Kassem (1981) This method 1nvo]ves analytica] so]ution of the B
. o

»1transient heat conduction prob]em 1n one~dimension and use of

o



| S U
the principle of superposition. The following equations Fesult:

!
J

. o+l

n . . ' .
Q. =bA ¥V Tm-Tmy + Ty =Ty (5.48)
m=1, - ‘ Cm ‘ '
> /tn+1 tmﬁl {tn+1‘ tn
. 1 N
where q "= bA Ty = To
| /tgm |

)]

and b = LFFCF T ATy |
A s cpr/;r ’ o ‘ .

A

In order to mode] the effect on the ]aboratory
exper1ments of heat 1osses from the 1n3ected steam td the 1nlet ﬂ’u
end f]ange,ta spec]a] hedt souree/sink term was placed in the = = ft
N energy ba]ance‘equation; The heat souree/sihk term:was obtafned .
by considerIng the metal f1anges to be'a 1umped heat capacity
system (Holman, 1981)" that is, the system may be considered to

[N

‘be Teasonably uniform in tenperature as would occur where
resistance to heat conduction 1s sma1l conpared with the
convection resistance at the‘surface. The maJor temperature
gradient thus occurs 1n the f1u1d layer at the surface of the

soljd. _Convection heat.TOSs from the steam is evidenced by an

1ncrease in the interna] enengy of the flanges.

q=PA(Tg - T) =cCovaT - . T (5.49)
. where h = cbnvectiVe=heat.transfér*cbeff1c1ent" o
A = heat‘transfer Fea

Tg = steam temperature S e

"

fjangertehperature . f«;i
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pr

¢ |
? The heat loss s then calculated from

.

A

t = time

If TaTpatt = to = 0, the equation may be so]ve@ by

.separat1on of var1ab]es for the Tlange tewperature as a function

1
~

of t1me.

I"

’ T = TS - (TS -~ To) exp hA t (5.50)
F&‘ m

L}

oA
W

/l \
e q = hA(Ts - T) (5.51)

H1th this mode) heat 1osses to the flanges are large at ear]y
t%mes and d1m1nish as time progresses and the flanges approach

steam tenperature. .

Injection ‘and Production Rates

The model accounts for 1njection of any comb1nat10n of

1

the components at constant rates. An injection or product1gn

. well may exist at any grid block.

1

Product1on‘occurs aga1nst'a specified back pressure. -

‘Molar mass production rates of the components are given by

(Abou-Kassem, 1981, p. 68):

n+l ‘ n+l Copal n+l

q4 = Xfa pa Ga + X{o0 0o Y0 +Y{ py Qv
a 0 : .

‘ (5.52)

a



4 = My Pa Ya) * (Mg Py qg) t (ny Py qy)

(5.53)

where the qa, 9o, qy are'volumetric flow rates. The volumetric

rates of the individual phases are:

-

4

: n+l n+l n+l
© 93 =APIL(Py - Pyr) Kra ‘ (5.54)
Ha
asl’ ’n+l n+l
9% =Pl (P, - Pyf) Kro (5.55)
. ' uo .
ndl n+l n+l
9 =PI (Py - Puf) Krv (5.56)
'R
where PI = _ - 2nkh
InTe _1/2 +5
Mw

In two-dimensional cross-sectional reservoir simulations

production occurs fn only one block at the well location.

»

»

F. Solution Method

1.

Newton-Raphson Technique

Rubfn (1979) has described the generalized Newton-

Raphson method for,solution?of a system of non-1inear

A -
equations and a summary appears here.

“~

Let F be a real function of a single vartable Z in

the form: :

’

Fzy=0 (s



expansion about the point Z°:

F(Z) = F(Z°) + &F (2 - 2°) C o sm)
d7 . Y : .
The equation may also be written in the form:

ey = k) r kKT A (589
a7 . .

where k is an fteration counter. Since at convergence
k+1

5(2 ) = 0, we can yrife: Lo ‘ : L
k+d o K k ko
(2 ~Z7)dE(Z) = -F(Z) (5.60)
a7 - ‘
kel k. koK -
and 2 =1 - F(Z ) dF(Z) . (5.61)

\

Quadratic convergence to the solution is obtained with this
method provided that the initial approximation is chosen

Iy

carefully. . o . | - i ’j

Similar logic may be applied to a function in.

several variables where we may state:

1 1
TSR LS B P LIRS L S

i ‘ ) l '
"’_aF(Xk, Yk‘l Zk. ooo)(xk+ - xk)
axX

- ) . "o 1- : . '
N S AT ATTTS [ o ~ .
. e a e

."‘




R * - (5.62)

{MV ‘ +

If we&let the variahles be represented by a vector, Z, the
equatijon becomes

A F(Ek“) - FEYy w0 (25 (5.63)

)

2k skt K
where AZ Z -7

n o

and J = Jacobian vector consisting of 'partial

der1vat1ves of the variab]es.
o ak+1} A
Again,. since F(Z ,) = 0 at convergence: :
+k +k ‘ ‘ ‘ -
, J(aZ ) = - F(Z ) | . (5.64)
The above approach may be generalized to a set of functions.

in severa] variables such as in the present prob]em. ‘In

this case the Jacobian becomes.a matrix and we may write:

LR TOY A A o - (5.65)

L wheﬁp F(z ) is a vector of functions.

The Jacobian becomes a banded matrix ef partial

derivag1ves which may be obtained analytically or . o
'numericlely. In this work they are evaluated numer1i§}]y |
using a tangent approximation of the actual derivatles, that

\

is,

FAF(E + &) -F) ¢ (5.66)
aZ'X;f *

e v N ‘I:‘” : ‘;V
ko e



10" corresponding in size to the particular order chosen

«

for the varfables.

The problem may be so]ved by Gaussian elimination
for AZk and convergence 1s obtained when the Aik are 1ess
than‘specified toleranees. Fol]ow1ng each 1terat1on, the
variables are updated'in the following manner:

+k‘+1 +k +k 7
e Z a1l 4+ AL ’ S (5.67)

“and all properties dependent upon the Qariables are dpdateﬁ

" to the 1atest 1terate level making the technique ful]y

1np11c1t

Options exist in the mode] to use either natura]

‘ gr1d block ordering or D4 ordering (Price and Coats, 1974)

in the direct solutioﬁ\of the equatfons atleach iteration.

Chofce of Pr1mary Variables

The unknown variables fn the equation set requir1ng

”

so]ut1on may be summarized as follows:

_Unknowns . Number
Qa' Go’ ?; ,‘ | 3 B '. 7
i L hl )
Sa’ 300 Sy “ " 3 |
*jas *os “iv. . ____-'3P*‘ o (;*5,\0

- TOTAL 3n + 7 unknown§

- * n = number of comgorientsy.



whjch may be used for solution of the prohlem:

‘ Equatfons‘ N Eu@égrA
t ‘molar ba]ances | - o n
'_ energy ba]ance }‘ v “‘ | 1
.saturdtion constreint ‘ | ‘ 1
. capifiary pressures B 2’ |
o mo}e,fraction constraints - 3
odistr1butjon’coeffic1ents o

| | S sfﬁ "TOTAL 3n + 7 equations'
i p ‘ , - (
Vapour phase‘seturation - Sy, may be eiiminated from
‘the set of unknowns by using the saturation constraint
Aqueous and vapour phase pottnt1a]s ° and y» are
e]iminated using the capi]lary pressure re]at1ons. Two of
the mole fraction unknowns are e1ﬁm1nated us1ng the two
iiquid phase mo]e fraction constra1nt equations.. The vapour
‘phase mole fraction constraint is retained in the equation
;—sex._ The 2n distribution coefficient equations are used to
' make the final reduction down to n+2 primary variables. -The “
set of unknown .variables chosen for the present prob]em are t

% (or Po), T, Sa, Sg» Xuv, Xsv and xso.,

The'ordering of the“prfmary variobles and the
equat1on set was done 1n such a manner as to maximize the
"diagonal dominance of the matrix. To this end, the

[ Co .

equations were ordered as follows;

‘2
2
;



6.

x
Ed

"?.1 Molar’balance.for’water (Component 1)
‘3, ‘The sum of the molar baiances for the two oil
. componentsv(Components 2 and 3); ‘
\n4. Energy‘baiance; | 1
5. Mo]ar baiance for carbon dioxide (Component 4};
6. Molar ba]ance for . nitrogen (Component 5); and,

7. Moiar baiance for heavy oil (Component 3).

- A L

3. Finite Difference Approximations"‘

Appendix E contains finite difference approximations'“‘
to the seven equations outlined in the previous section.‘ An
exampie of the exprnsion of the: finite difference |

“approximations is given for the energy baiance equation and

.definitions of the transmissibiiities are provided.

' Appendix F shows rearrangement of the equations into a
"standard form" and defines the non-zero coefficients for

‘ each equation. » ' |

Organization of the. Computer Program o , R

A Fortran IV conputer program was written co n%mericaily

sinuiate the steamfiood process with gas additives. The | .

K structure of the main program is shown in Figure 5. 1 If:f

‘ convergence is not reached in a specified number of iterations,

the time step is reduced and the calcuiations are repeated

""Time step: cuts may be performed only a specified number of .

j:times. Once converge is obtained the resuits are prinred

BE.



, PARAMETERS . |
“READO"

|

|
fl:‘

4

I

+

PROPERTY DATA ’

. "READ1"

Cs
READ TRITTAL
"READ2*

!‘

PROPERTY DATA
_"WRITE1"

T

RESERVOIR DATA "

I
I

‘ (:::>,<;I§E?Rf '

RESERVOIR DATA r,

o ' EVA[UATE‘PARTIAL
lond l !

4 ‘ ;
WRITE INTTTAL ,
"WRITE2" N

.-
TRITTACTZE
/THE SYSTEM

- "INIT®

RE
-

. . ‘ '
CALCUTATE .
PHYSICAL RROPERTIES .

AT INITIAL CONDITIONS |

“PROPER"

.J

O oc=

MALN PRKUGRAM FLOW CHART

. ‘ ' .
' tVALUATE N-TEVET

| "ACCUM™

PARTS OF EQUATIONS|

+

. BE IN "‘ .
ITERATION )
’~ AT K-LEVEL
“ "FUNCT'

i

. \

DERIVATIVES °
"DERIV™ ..

!
-

Y .
|*J  SOCVE SYSTEN
’ OF EQUATIONS

"SOLVE"

UPDATE |
UNKNOHNS -

'_’<:::)f ’ . 0UTPUT l n -

&

~ "WRITE3".
" . + ..
_"NRITE4"

| ves.

»‘ - " —_— L + L
« [T SELECT REXT 17|
' || TIME STEP |

A0. 0F TiM
STEP CuTS

yeg

o v . ‘,'
; “ ‘FLAG PROELEM |



OuT, a new Time STep 15 .CNOSen and the next time step Js begun.
: 'Automatic time step selection is performed in the main program

‘and follows the procedure of Grabowski et al (1979) A‘f [

\,

| Adescription of. the major subprograms conprising the numerical

| model s contained in the foliowing discussion."

1 F

READO Ssbroutine - el

“,
&

Program‘COntroi parameters are readwinciuding‘the number
. of grid b]ocks, conponents and phases, weli 1ocations and -

parameters identifying which program options are to be used

»

READI Subroutine ©

Reads all data required for ca]culation‘of the phy51cal

properties of the phases. . lii"' o

,‘—,. 7‘\

“READZ Subroutine

| Reads initiai reservoir data, at each grid biock
‘including biock dimensions elevation, absolute’ permeability,
and porosity. Also specified are initiai pressure, temperature,f

' phase saturations and phase coupositions. :

: NRITEI quroutine "

Hrites an data required for caiculation of the physicai

s properties of the phases and corresponds basicai]y to subroutine
s i

READI.

‘HRITEZ Subroutine e jﬁi ‘,"i -_m S s

———

Hrites grid block initialization data and basically :

'corresponds to subroutine READZ



WRITE3. Subroutine

Writes ' t1me step 1niormat1on an]uding the time step
size, max1mum changes n var1ables, and number of 1terations to~
-‘convergence. Also written are the 1n3ect1on and production o

' :ates and vo]umes of the phases as wel] as the components.

t

 WRITES Sui)routine |

writes the‘reservoir.grid summary foT]owing‘antime step -

"and includes the new pressures, temperatures, saturations

conpositions and heat 1osses.

INIT Suhroutine ' .I'- b I o . R
Provides initialization of certain arrays and parameters‘
and 1ncludes some conversion of units.’ Subrout1ne CTRANS which '
calculates tﬁe constant parts of the transmiss1b111t1es 1s
‘1nvoked by subroutine‘INIT Sp]ine coefficients for tahulated
re1at1ve permeabilities and capil]ary pressures are evaluated if.

required by cal]ing subrout1ne SPLINE

PROPER Subrout1ne

All physical propeq‘ies at one grid bhlock are eva]uated

‘ here: Th1s Ssubroutine 1nvokes many other subprograms mostly

.tunctIOns, in order to acconplish its obJective. There 1s
basica]ly one subprogram for each physical property required for

-

each phase.

PRODUC Subroutine

Eva]uates production rates at a gr1d block



N '

. HEATLI Function = R

' Evaluates ‘eat losses for the laboratory model at a grid ‘

| block.

HEATLZ Function

;ﬁ. “Evaluates heat losses for the reservoir, model at a grld
'lt

HEATSK Functlon . - -

Evaluates the spec1al heat source/s1nk term 1n the

energy e%;atlon based upon a lumped heat capacity system. ‘

TRANS Subrout1ne . e

Evaluates transmissibilities over the grid as' it

determines the upstreaM‘grld b]ock locations.

ACCUM Subroutine

Evaluates the accumulat10n~terms in the functions.

.

P

FUNCT Subroutine ‘

N

‘ Evaluates the functions in the system of equations over!
the entire" grid by maklng appropr1ate calls to PROPER 'PRODUC

VHEATLluor-HEATLZ, HEATSK, and TRANS. - &

DERfV Subroutine 4

Calculates the partial derivat1ves of the funct1ons and

llocates them in a Jacoblan.

(- ' . “ LA

"‘SOLVE Subroutine R

Based on the GBAND subroutlne given 1n Aziz and Settari S

“.



Ve

(1979), this subroutine uses Gaussian elimination to solve the-

system of equat1dnsvai each jteration.
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VI.

NUMERICAL SIMULATION RESULTS

o ‘A.

Preliminary Data Set Development

A data set. was developed to conduct numerical model
tests runs and to determine the parameter and process

sensitivities. These serve as a guide in conducting a history

match of the laboratory experiments. This data-set was.

"structured to roughly represent the conditions and properties

of the porous media used in the laboratory tests. It was

'desired to s e if qualitatively the same' behaviour would be -

observed in the numerical mode as in the experiments

uSensitivity studies of process and physical property variables

were ‘condu¢ted 1nvolving all of the parameters which it was

‘anticipated wou1d have a significant effect on the results.f A'

5 copy of the preliminary data set is contained in Appendix Q.

Al

1. Process and Reservoir Conditions

i The preliminary data set allowed for steadeormation'
and condensation. The 1ight oil component was mildly 1‘
. volatile and the heavy of] component was'treated as a dead
“ofl. Carbon dioxide was allowed to be‘soluble 1n both 0il

and water while nitrogen was conSidered to be 1nsoluble..

‘ ) .
The initial phase-mole fractions (Table 6 1) were

k determined by conducting a three phase flash. calculation
,governed by the equilibrium K-values at . the initial system

‘i temperature and pressure (Peng and Robinson, Dec. 1976) !

"lTrace quantities with mole fractions less than 10' »re_z ‘;

o . :
shown as. zeno in Table 6 1. {~“,-“' N

29
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0 : .
° TABLE 6.1
INITIAL PHASE COMPOSITIONS
COMPONENT , AQUEOUS - OLEIC . VAPOUR
| PHASE " PHAS PHASE
.1 Water . 9.999 999 x 10-1 0.0 1.092 176 x 10-2
2 Light Ot 0.0 4.689 779 x 10~} 7.099 836 x 105
3 Heavy 0i1 ’ 0.0 5.310 216 x 1041‘ : 0.0
. . ' : o ). " o : '
4 Carbon Dioxide 5.441 047 x 107  5.441 047 x 10=7 = 8.157 327 .x 10~%.
5 Nitrogen L 0.0 0.0 ' 9.881985 x"10-}
] \
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temperﬁ@ure were s1m1]ar to those of the 1aboratory tests$
(see Tab]e 4.1). Rock den$1ty was taken from €rookston et
a1.M{(1979) and rock -heat capacity from ants (Dec. 1986). ‘w
The 1 ft1al value used for rock compress%biljty was similar
to that used by Hong and Ault (1984) in theéir lTight-otl
reservo{} nroblem. Steam and gas fnjection rates weré)
.representative of those used in the 1aboratory nork; A
steam rate nf 1.543‘x 10~2 mol/s 1s equal to, 1 000 cnﬂ/h
watér-enu1vd]ent;A The gas fnjection rates represented
"approxfmately one tenth of the stoichiometric amounts used
in the experiments and the injected gas was composed of 25%
COz and 75% Nz2. .Injected steam enthalpy represented 80%
equaljty steam whereas in the laborater} tests approximately
100% quality steam was used,) Injected gas enthalpies were
lchosen to represent the enthalpies of the pure components
at the tenpera;ure and . pressure of the steam. Back
pressure and Erndnctivity index were representative of Tab
conﬂitiqns. | | |

\

—

Cap1llary pressures were zero and rélative

permeab111t1es were based on the fo110w1ng simple
¥ . |
.formu1ae. ‘ \

X o o
krw = khvro (SW S"“‘) ™ ‘ (6.1)

ir



Porosity, percent 45.0

Absolute Permeability, um2 10.0
Initial 011 Saturation, %PV 79.869
Initial Water Saturation, %PV, 20.040
Initfal Pressure, kPa (gauge) 0.0
Inftial Temperature, °C ' ZS.p S
Rock Density, kg/m® 2.729, x 103
Rock Heat Capacity, kJ/kg*K 0.835
Rock Compressibility, 1/kPa " " 4.350 x 10-6
Injection Rates, mo}/s o
Steam : 1.543 x 10-2 |
€02 ’ , ) 1.782 x ‘10~ \
N2 o 5.347 x 10-% }
Iﬁjected Fluid Enthalpies, J/mol ' .
Steam ‘ ‘ 4,489 x 10+ -
Coz , ©9.734°x 103
N2 , ' 6.120 x 103
Back Pressure, kPa (gauge) . 3.364 x 103
Productivity Index, m2/m | 0.250
.k = Kprotw = Kpegro = 1.0 ) Uy = 2.0 J/s-m2-K
rwrp rojw rgr ‘ .Uz - 5.0 J/s-m2-K
EXkrw = EXkprow = EXkpg = 2.0 | To = 298.16 K
Swir = Sor =.0.20 h = 2.50 x 103 J/s. m2-K
Sge = 0.01 ‘ | A = 3.14 x 103 m2

(hA ) = -3.0 x 10=% 1/s
ToV |
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L Arrg

krg = Krgro (?3 - Sqc) (6.3)

gc

No temperature dependence of relative permeability end

points was included. The values of barameters used in the
© above equations are shown in Table 6.2.

)

— R
Overall heat transfer coefficients for liquid and

vabour phases pér equatfon (5.47) are also. given in Table

6.2 along with déta required for equations (5.50) and

(5.51) involving the lumped heat capacity model for heat-
‘ .
losses to the inlet flange.

2. Fluid Properties

Required pure component properties are shown in
) o : R ‘\ , Vo
Table 6.3. The light oil assumes properties of n-pentane

and the heavy oi] those of n-decane (Reid et al, 1977).

\ °
i

The effect of CO2 on water viscosity was assumed to
, be zero. Data for aleic and vapour phase component

\;TEEosity;calcu1atipns using equations (5.16) and (5.17).

are shown in Table 6.4. These data Qgss/gggiined from
Faroug Al1 (1970) and Katz et al (1959), p. 169. Data for
hydrocarbon viscosities in the vapour phase assumed péntane

for the Hght oil and decane for the heavy oil. Data for

hydrocarbbn viscosities in the oleic phase were derived .



COMPONENT

1 Water

‘2 Light 0i)
3 Heavy 011 ;
4 Carbon dioxide

5 Nitrogen

\

MW

-pc\
[kPa(abs)

TC
(kg/mo] (K)
0.018016 22104.59 \ 647.44
0.072186 3374.98 . \469.96
0.142276  2206.32
0.044010  7398.07

0.028016

3392:22

2C

0.231

10.269

01255
0.275
0.291

AF

—0.160
~0.272
—0.487
-0.284

-0.437

T8
K}
373,3
309.4.

447.3

194.83

77.56°
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method of H11senrath et al (1955) and using the Dean and

Stiel (1965) pressure correction.

Liquid phase densities were calcuiated us1ng B

. Amagat's law of- partial volumes“(equat1on 5.22);..Pure

component’ data for liquid density calculations are shown in

'Table 6.5. Equation (5.27) was used to calcultate vapour

phase compressibility factor.. 'f o ﬁh

¢

N
.

“Data for calculating liquia'and vapour;phase

~entha191es are conta1ne& in Tables 6.6.and 6.7,

'respective1y. These data are for use 1n equatfons (5{29) to

(5.32) inclusive.

Fqu11ibrium K-values (d1str1bution coeff1c1ents) are

shown in Table 6.8 for use 1n equation (5.34) witn Y

temperatures in °R and pressures in ps1a.

Grid Arrangement andbModel Operatfon
A one dimensional gr1d of 17 blocks was chosen. The

9r1d block sizes are shown in Tab]e 6. 9 and illustrated 1n

.Figure 6. 1 . The centres of blocks 2~to 15 corres pond to the.

thermocouple locations 1n the laboratory ap aratus. The

other dimensions of the blocks are alsp shown. .The cross

¢

sectional ared of the rectangular surfaces across which the

, f]ow took p]ace was equ1valent to the cross sect1onal area-’

‘of the experimental test cell.,
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GRID BLOCK SIZES

BLOCK " DX

.‘ ‘“ . ‘(ﬁ) .
1 0.0381 .
2  0.0762
3 0.0762
- 0.0762
5 1 0.0762
6 0.0762.
7 " 0.0762
8 .0.0762
9 - 0.0762
10 0.0762
11 0,0762
12 0.0762
13 0.0762
‘14 | 0.0762 .
15 o 0.0762
16 © 0.0762
17 10.0381

1.2192

DY = 0.05558 m
DZ = 0.05558 m °

t

CUMULATIVE
DISTANCE -
~m "

0.0381

01143
0.1905
0.2667

. 0.3429

. 0.4191
0.4953

- 0.5715.
0.6477
0.7239
0.8001 °
0.8763
0.9525
1.0287
1.1049

" 1.1811

o 1.2192 -

RS

BLOCK

~ CENTRES

,m“

10.01905
0.07620

0.15240
0.22860

L]

0.30480

0.38100
0.45720

. 0.53340

0.60960
0.68580
0.76200

+ 0.83820
0.91440
0.99060

1.06680

1.14300

1.20015
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Program convergence tolerances, time step.selector
norms and Tevels of change inp primary variables for

. calculation of numerical derivatives are shown in Table

2
t

6.10.. The problem solutfon at each iteration was obtained

4t
s

- by using the IMSL subroutine 1ibrary program LEOT2B.

Preliminary Simulat1on Resu]ts

1. Base Case Resu]ts T L‘ : .

= :
The model described in the previous sect1on was run

and’ took 1834 CPU seconds on an FPS 164 .array. processor.

B F1gure 6.2 shows the 1n3ect1on pressure history for the run’
and Figure 6.3 shows the temperature profile development..
Comparing inject1on pressure h1story from the simuilator and -
(the ]aboratory experiments (F)gure 4, 1), and keep;ng in m1nd‘
the_differences in the two cases, the behav1our between
numerica] and physira] mode]s is qua]1tatively s1m1]ar.
Tenperature h1$tor1es in Figures 4, 3 and 6. 3 may also be
‘conpared. Here it is observed that the numer1ca1 mode]
‘predicts less step temperature gradients and s]ower movement
_of the steam front through the grid than 1n‘the 1aboratory

case: 1nd1cat1ng that the heat losses assumed 1n the

numerfca] model were to0o 1arge. \ o ‘ , s

| Figure 6.4 1]]ustrates the oil productlon .
performance of the base case compared to exper1mental runs 4
and 6. The figure shows that the genenal character of the i\\\

‘curves 1s similar but that the simu]ator fails to achieve

‘ ,the 011 recovery of the laboratory experiments. Thts is“ J



TABLE 6.10
PRDGRAM_CONTROL PARAMETERS

* PRIMARY ‘CONiERGENCE TIME STEP.  CHANGE FOR PARTIAL
EQUATION ~ VARIABLE = TOLERANCES  SELECTOR NORMS DERIVATIVE
R , ‘ " CALCULATION
1 o 0.1 kPa 500 kPa ‘ 0.1
2 S5 . 0.0005 001 : 0.001
3 " Se- 0.0005 0.01 | 10.001
4 T 01k sk 0.
5 0.0005  0.035 " 0.0001
6 Y5 0.0005 . 0.035 ~ 0.0001
7 - " X30 0.0005 - 0.035 T 0.000] .
'maximum iterations in inner 1oop‘ ‘8
: “niaximum allowed time Step !uts : 5
maximum time steps 1000
Cmaximm fterations - 5000
,'/b I
N .
7  $
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and to lower quality steam injection in the numerical model.
It should be remembered that the gas/steam. ratio in the
simulator was about one tenth that of the steam/flue gas

experlment

The prelimlnarj data set was deemed to yjeld a close
enough representation to the laboratory results to be used

for process and parameter senslti?lty studies.

Grid and Heat Loss Sensitivities

QRN ~The preliminary data set was run for grids of 5 10

and 15 grld blocks 1n additlon to the chosen 17 hlock grld

‘It may be observed from Figure 6.5 that the results for the

10 and 156 block cases are very s1m1lar whlle those for the 5

’Jblock case show some: dlfference. The'15 and 17.gr1d block

cases are practlcally 1dent1cal.‘ On the basls of these runs
t

it was determined that acceptable accuracy may be achieved

from the 17 block grid.

oA

' This. conclusion is consistent with those of '
Grabowski et al .(1979) and Coats (Dec{ 1980) who found

little difference 1n results for 10, 20 and 30 gr1d blocks

applied to one-dfmensional combustion tube simul tlons.
Rubin and Buchanan (1985) chose a 20 blocﬁ‘iD«ﬁr?d for

‘history matching the combustion tube data of Smith and
J i ‘; '

Perkins (1973).

It would be expected that-a~f1ner erd would be _
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_required for fireflood modelling where the temperature and

saturation gradients are even' more steep than in steam

fiooding.

Eight simulation runs were conducted in which
various heat 1oss controi parameters were changed. Table

6.11 describes the changes that were made to the data set

.and Figures 6.6 and 6 7 iliustrate the effects of these

changes on cumuiafive ofl production. ‘Figure 6.8 shows

' tenperature profiies~for run HEATL7. Improved

representation of heat front movement was obtained for this

case in comparison to the base case. In Figure 6;4 the

cumlative oil production curve‘fortrun HEATL7 also more'

nearly represents the production behaviour of the‘steam/gas

iaboratory experiments. The heat loss parameters -are seen

to ‘have very significant effects on the process

performance.

Reservoir Parameter Sensitivities

-

' Aiso shown in Table 6. 11 are the changes made to the

‘base case to identify the effects of changes in reservoir

paramaters. Changes were made to. porosity, absolute

,‘permeability, initiai oi] saturation. rock conpressibiiity ‘.f

]

~iand heat. capacity, and reiative permeabiiity curve shapes f
| and end points. Figure 6 9 shows that - reductions in

' porosity significantiy reduce oil production response as
~would be expected because of reduced oil in place. Figure

;ﬂ6 10 shows that absoiute permeabiiity changes in the range,f



" CASE

HEATL1

. HEATL2
HEATL3

HEATL4
. HEATLS
HEATL6

HEATL?

HEATL&
_ PORO1
" POR02
PERMI
PERM2
PERM3
comP1
CAP1
CAP2

-+ 501

502

SOR1

. SOR2
SWIR1
SWIR2

SWIR3
++ SGC1 -

' SGC2,
SGC3

RELP1

RELP2

- RELP3-

N

TABLE 6.11

NOTES ON RESERVOIR PARAMETER SENSITIVITY
~ ' SIMULATION RUNS'

»

Eka = EXK;-W = EXRr = 4 0

Eka 3.0 EXkrw b 2 0 EXkrg = 4 0 Sgc = 0 05

o'

Soamt o,

>

CHANGED DATA L : NOTES
UHG x 2.5 overal] gas . phase heat transfer coefficint
UHG x 0.5 ,
UHL  x.2.0 overall ]1qu1d phase heat transfer coefficient -
UHL x 0.5 ‘ | L L
CI x 1.6 time.constant for heat sink term
¢cr xo0.33. . . . e ' o
HI” x 0.40  heat transfer coefficient for heat sink term’
HI. . x.2.0 - . L R -
¥ x 0.444  porosity reduced
6 - x 0.666 S 7
k" x 0.20 . absolute permeability
k- x 0.50 , C :
K x 2.0 c o L
Cr- %1072 - rock compressibility reduced
'Cpr x 0.5 ° rock heat capacity .
Cor 'x 2.0
So x0.75 ofl saturation reduced
So x 0.50 )
Sor x 0.50 residua];oil saturation
Sor x 1.50° I T K
Swir x 0.50 irreducible water saturation
Swir X 0.75 . L
5w1r x 0.95 ’ ‘ - Y ‘ |
Sgc x 2.0. ' -critical gas saturation
x 0,50
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2.0 to ZO.Qlumé have llttle effect on oil production
pecformance. Predictably Figure 6.11 shows a ma'rked
1ncrease‘ln‘1nlet pressure with reduced absolute

ppermeablllty. However, this parameter 1s known to be
1mportant in- fleld scale modell1ng. Figure 6 12 snows tnat‘

L decreaslng rock compresslbillty by two orders ‘of magnltude

had llttle effect on the results. Flgures 6413 to 6. 15 show#n

the effect of rock heat capacity oh oil" product1on and

\ N i

‘ temperature prof1l§s Rais1ng the heat capacity of the rock

‘ slows neat front advance, steepens the temperature grad1ents

and slows oll production slightly. n;: ' S .

The marked effect on oil‘production of initial oil:

157

"
"

"

' saturatlon changes 1s shown 1n Figure 6.16 and the effect of .

changes‘ln resldual o1l saturation 15 shown in Flgure 6. 17
Ultlmate recovery 1s‘affected by the residual oll saturation
but not the general character of the process.' Ralsing |
vlrreduclble water saturatlon lﬁcreases the 1n1t1al 01l
‘productlon‘rate but does not afgkct the ultlmate recovery‘as
-1llUStrated in Figure 6. 18 Th1s is due to tne 1n1t1al
water moblllty belng decreased at the ﬁgitlal water
saturation which reSults in the dlsplacement of more“oil

a s [Rpe—— —

The same arguments apply to the data lllustrated 1n F1gure

y‘6 19. Ralsing cr1tlca¥~gas saturation resulted 1n more 01l

"productlon 1nlt1ally but the ultimate recovery was largely

v

‘“f;unaffected

Y 3%

Flgure 6 20 1llustrates the effect of modifying the

1.’ FEE
REATI
ST

.'exponents 1n the relatlve permeability,curves per equations
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[Ver LU UsIel 1AUIE O.14 1NGICATES TNE Changes which were.

" made to. the exponents. It may be recailed that the base'

case simu]ation used exponents of 2 0 for a]i phases. The
effect of increasing ail of the exponents is to make the
water and gas %obi]ities increase more. slowiy above the

critica] saturations and as a consequence to disp]ace more

v

“oii earty in the simu]ation run, Increasing the exponents

for water and gas while 1eaving the. exponent for oil at 2 0

‘(run RELP3) promotes the . dispiacement of oil throughout l

”Ais ev1dent fr0m Figures 6 17 through 6 20 that ‘the shape and .

criticai saturations assigned to the re]ative permeabiiities

have a significant 1mpact on the results.

Fiuid Property Sensitivities e

Tabie 6 12 summarizes the f]uid property and process :

"
il

sensitivity simuiation runs.

‘ The effect of viscosity‘on oil production

performance is recorded in Figure 6,21, Viscosities range

jfrom 10 to 1 000 cp. The process, as wouid be expected is

ghigh]y sensitive to this parameter in terms of both oil

A

production rate and recovery foliowing a certain amount of

K

: fluid 1nJection. Inlet pressure histories for the different K .

oi] viscosity cases are shswniin Figure 6. 22 1‘,“'ﬂ ”“jf_l'f“

As iilustrated by the curves in Figure 6 23 the

\'solubiiity of carbon dioxide had littie effect pn the

”:ﬂprocess._ Raising the COz soiubility compared to the base f

ﬂ'fcase had virtually no: effect nor did removing COz soiubility }gf;

T "-;1”t I



. N TABLE 6.12

FLUID PROPERTY AND PROCESS SENSITIVITY
SIMULATION RUNS

‘CHANGED DATA

-cASE,

.1 w

. GSRI

~BP1

0%

injection rates x 1.5
- steam and gas 1njection rates x 0. 5

B

VISC1 . ¥4 x 0 03125
(VISC2 Mg x 0.3125
S .VISC3 u x 3. 125
" PHASEL" K8o
PHASEZ KCOz
PHASE3 . Kiight ofl
cov R,
c02s1 7
- co2s2
" RATEl - steam and gas
RATE2
" 'QUAL1 _-steam quality
QUAL2  steam quality. 20%
QUAL3 ~'steam quality 50%.
~ QUAL4 steam quality 90%“‘
"QUALS - 'steam quality, 100%
~6/S x 0.01 7.
"GSR2- * .G/S x.0.10
GSR3." """ G/S 'x 0.50
- GSR4 G/SIx 1.50
. . .GSR5. ‘G/S x 10.0. . .
© CNR1 . CO2  1%; Nz 99%_~
. "CNR2.. .~ CO2 .10%; N2 .80%
- CNR3' -~ 002 -50%; N2 50% "
" CNR3 | -C02..75%; N2 25% o
= _'owx\ZO ;
BpP2' -‘"wfx05

 NOTES

.611 v15co§1tyuI

'C02 1nso]ub]e 1n aqueous -
" pbase . ' ;
COz ‘more so}ubIe in of] and T
. water . o
- 1ight ol more volatile ‘
* viscosity of COz 'in .
1iquid phase increased’
CO2 ‘more soluble in 0il and
‘water (as in PHASE 2) and
C0z viscosity in liquid
: ‘decfeased
‘lSane as C02S1 but with
density of liquid €02
“reduced (i.e. swplllng
effect 1ncreased

‘gas-steam ratio changes -

‘ COZ-NK ra‘t"Tov‘ changes

. ‘baék pressure changes
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1n the aqueous phase. Tncreased 1ight ofl volatility
altered the performance by acce]erat1ng 011 product1on 1n

-

the latter part of the run.

In the simulations shown 1n}%1gure 6.24, the

viscosity of CO2 in the 1iquid phase was reduced (run COZV)

compared to the base case by using the data of Hong and Ault

(1984). The same v1scos1ty reduction was retained in the
next run (C02S1) and in addit1on the solubflity of CO2 1n
1iquids was increased 'in the same manner as in a prev1ous
run (PHASE 2)." Further, in run C0252 the CO2 11qu1d phase

density was reddced to simulate the eftect of greater

* swelling of 0i1 when the amount of C02 1n solutfon in ofl .

increases. [t is clear from the results that COz viscosity
reductton and swelling had 11ttle effect on the process.

. S
Process Sensitivities

Figure 6.25 shows the effect of increasing and

decreasing fluid injection rates while keep'& the gas/steam

ratio constant. Increasing rates had little effect on the

results but decreasing the rates had a 513h1f1cant effect.

This 1s mainly attributable ;6 the slow probagat?on of the
heat front at the low injection rates as shown 1n Figure

6.26.

011 production rate and recoveny are directly

affected by steam quality as shown 1n Figure 6.27. This fis

<

_ due solely to the rate of heating.
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Discussion

’parameters.

;

Incgeasing the gas)steam‘rat1o slightly 1ncreases
early production response as “f1lustrated in F1gure 6. 28
High gas 1nject1on rates tend to f]atten out the temperature

proftles as shown in Figures 6.29 and 6.30.

-

Figure 6.31 shows that changing the CO2/N2 ratto of

the 1njected gas has no effect on the results.

Figure 6.32 indicates the effect of back pressure on

o1 production performance. The lower pressure case shows

superior performance to the base case because of thé

ncreased volume occupied by the gas. Similarly gre high

‘\.

pressure| case shows inferior performance to the base case.

Tables 6.13 and 6.14 summarize-the,resultsvof the
numerical sinulation\sensitivtty studies., It is clear that’
therma1¢€§fects 1nclud1ng heat loss, 1n3ected steam qua]ity
and rate are very 1mportant to the process. Coupled to this
is the natural]y strong dependence of the predominant]y |

thermal process to oil viscosity. Porosity and in§%1a1 oil
"t

&
- saturation which affect the amount of oil origina]ly in

place are also understandly 1mportant parameters. ‘The

‘process is very sensitive to relative permeabiljty curve

- The sensithity studies conducted thus far jg.&

‘positioned the author to undertake a more representative

modellinqgof the process using the numerical mode].
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At this point the simulator has not deqpnstrated to the same
extent the gas drive acceleration of otfl recovery
exper1e;ced in the.lahoratory tests. The Hext section
outl1ﬁés efforts to do this. |

0. Representative Simuj}ation Results

1. Data, Set Nevelopment

| In orJer to confirm‘nhe validity of nuomerical
s1mul;£1on‘ne5u1ts a history matth ot the laboratory data
was condué;ed. The experimental runs 4 (steam-only) and 6
(steam/flue gds) were history matched using the mathematical
model., Actual }un conditions and sand pack properties.of
the two laboratory experiments weére used in the numerical
simlator. ~The same heat loss parameters, fluid property
data, phase.behav1our description and relative permeability’
exponents were 'used when simulating the two exper1ments«‘
Only the relative permeability end poihts differed to
reflect the different intftial conditions which existed in
the experiment;. Table 6.15 fdentifies differences in input
dat;-ﬁetweenﬂthe hase case simulation .run for the
sensftivity study (RELTST1), the experimental test 4

simulation (HMSO1l), and the experimenfa] test 6 simulation

(HMFG1).

('S

Several other changes were made to the history
matching data sets in comparison to the base case for the
sensitivity study. In the base case the oil phase

viscosities for the 1ight 0il and heavy o0i1 components were

-



Table 6.15

INPUT DATA USED FOR HISTORY MATCHING

Porosity, percent
Absolute Permeability, um?
Inftial 011 Saturation, %PV
Injtial Water Saturation, %PV
Rock Heat Capacity, kJ/kg.K
Rock Compressibility, 1/kPa
Injection Rates, mol/s
Steam
C02 '
N2 ,
Injected Fluid Enthalpies, J/mol
Steam
€02
Nz
Back Pressure, kPa (gauge)

Krwro

kPO1w

kKrgo
wirp

Sqc

Egknw

EXk row

EXkr

Uy, 3/S.m2.K
UL’ J/s.m?.K
h, J/s.m2.K
(hA/CpV) , 1/s

~3.0x10~"

BASE CASE  STEAM ONLY  STEAM/FLUE
© MATCH MATCH

(RELTST1) (HMS01) (HMFG):
45.0 44.8 39.3 2
10.0 12.9 18.4
79.869 75.007 85.008
20.040 24,902 14.901
0.835 1.00 " 1.00
4.350x10~6  4.35x10-7 4.35x10~7
1.543x10-2  1.859x10%2  1.722x10~}
1.782x107%  1.643x10~5  1.643x10~3
5.347x10"%  6.468x10~5  6.468x10~?
4.489x10%  4.979x10% 4.982x 10"
9.734x10%  9.734x103 9.734x10?
6.120x103 +6.120x103 6.120x103
3.364x103  -3.323x]0? 3.323x103
1.0 1.0 1.0

1.0 1.0 1.0

1.0 0.4 0.4

. 0.200 0.749 0.149
0.200 0.070, 0.050
0.010 0.100 0.100

2.0 1.25 1.25

2.0 1.75 1.75

2.0 375 3.75

2.0 4.0 4.0

5.0 4.5 4.5
2.50x103 7.50x103 7.500x103

-4.0x10-" ~4.0x10-*
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assumed to he the same and were described as:

M0, = Mnlo. = 1.929x1072 exp (2.897x103/T) (6.4).

~

In the history matching data sets the ofl components had '
different viscosities and were set to yie]d the same
1n1t{a1 v1scos1£y of the mixture as in the base ca§e. The
history matching viscosities were described as:

)

Ml.0. = 1.929x1073 exp (2.897x103/T) (6.5)
Mh.o. = 2.979x10°2 exp (2.897x103/T) (6.6)
The viscostty of carbon dioxide when present in the
011 phase was described in the history matching similations
as in Hong and Ault (1984) and therefore:
B ’ ' ! ‘
BC0z = 4.438x10-2 exp (5.971x102/T) ‘ (6.7)

This express{oh yielded a larger viscosity reduction effect.

!

due to carbon dioxide compared to the base case. In the
base case the ﬁghs1ty of cérbon dioxide in the liquid phase
was 25.0*103 mol/m3:and this was decréased to

10.87x103 mol/m3 to 1mprove regresentation of oif swelling

. \
due to the presence of carbon dioxide in solution.
- ;
b i : ‘
/ The ' history match was acpfeved primarily by
_ ' ; n

adjusging heat loss ﬁargﬁeters aﬁd relative permeability

curve shapes and enJ points.

#

I\
ha
(
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History Match Results

Figure 6.33 compares the cumulative oil production
histories for experimental runs 4 (5 eam-only) and 6

(stéam/flue gas) with the simulation\history match data

sets for these cases. It may be obsetved that although the

matches are not exact, the characteristically high oil
roduction in the early part of the ste m/f]ue‘gas

experiment {s observed. Injection pressyre histories for .

the same cases described above are shown Figure 6.34,

n
Tenpérature proffles for the steam-only (Hsigl) and

pown in

Figures 6.35 and 6.36, respectivély. . \\
\

steam/flue gas (HMFG1l) similation cases are

3

Proces$ and Parameter Sensitivities o

LN
The more representative and realistic data sets

used jn the history match simulations were tested for
sensitivity to gas/steam ratio, CO02/N2 ratio and"202
solubility to compafe with the results from the earlier
sensitivity study. Figure 6.37 shows the effectvgf |
changing these conditions on the pefformance of the

steam-gas injection process.

Reducing the &as/steam ratio by a factor of 10”has

a mufh more noticeable effect on the history match data

‘than it did in the sensitivity study.(see Figure 6.28). It

should be remembered that the relative permeab1i1t1es used

for the history match demonstrate the gas drive effect on :

"Toil;reéovery whereas the sensitivity study runs did .not
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“:.“ ‘ ., , . . \‘ \.\ \" vy '
show this effect to nearly the same extent.

. ' Al # L l‘

The-effect‘of‘COZ/Nz ratio is also much more .

A

pronounced in the later simu]at1ons than 1n the sens1t1v1ty

| study (Figure 6. 31) A decrease in the concentrat1on of

Y

€02 from 25 percent (HMFG1) to 10% (HMFG ) caused a small ‘

~ ‘L , B

reduction in 011 recovery throughout. Increasing the
concentratiap of C02 in the injected ga; to 50 percent
(HMFGS) had a marked effect It may be observed that. the
performance of this s1nu1at1on run almost perfect]y matches
the 1aboratory experiment number 6 (see F1gure 6.33)
Increasing the v15cos1ty reduction eff@;t or the so}ub1]1ty
of the COz would have a similar effect to ra1s1ng‘1ts
concentration in the 1nJected gas. Removing ‘€02 so]uh111ty

entirely (HMFG6) had a further modest effect in reducing

ol recovery perfOrmance. s

Discuss1on ' S L : L"g"_
It is evident from examination of Figure 6.37 that the -
_process 1mprovements demonstrated by flue gas ar carban

‘dioxide co-injection with steam are attributahle to both

gas.drive‘and so}ybility effects. In the case of steam/C02

“dnjection (e.g. experiment run 7), the gas/steam‘ratio was

lower compared to the‘steam/f1ue gas ekperiments'but the

‘ partial pressure of C02 was higher y1e1d1ng larger amounts ,“.;

of 602 1n so]ution. Therefore Jiscosity reduct1on and

: swe]]ing wou]d be more 1mportant 1n the 1atter case...The‘fﬂv,:f‘\*

df\performance of both the steam/COz and steam/flue gas

o
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\
-

experiments was markedly d1fﬂerentlfrom the steam only
exper1ment_(Figure 4.5). The sjmu1atorhhas'deﬁonstrated
that the 6n]yfhay”for the steam/CO2 ahd‘steam/ﬁ]ue'éas

h'ekper1mants to yield such siﬁi1ar‘reSults.1s‘for‘the effect
‘of reduced gas/steam rat1o in the steam/C02 test to be

rexactly conpensated for by the 1ncreased gas solubi]lty

- effects.

‘Improvements in the history mat ches Qou]& be
' pessfb]e ‘by'reduc1ng’ the critical gas saturatienqand .
raising thé.relative.permeabiljty'to gas while at the same
t1me“tncreas1ng.the Qfscos1ty reductionlandlswe111hg R
effects of the'carhoh dioxide. This'Qoald have the effett'..
ef reducing the fnlet ehessure peak in the h%story match
while_haintatning o éven enhancing the eariy_oil
ptoduct10n>response from‘steam/gas injettioh. Temperature

' profiles may be steepened by reducing gas phase heat

N

‘ capac1t1es and by modifying the balance between heat losses

along the test ce1] and those to the inlet end flange. '
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VII' DISCUSSION OF RESULTS.

;e / . : ' . . I

The purpose of the present work was.to 1dent1fy the effectsy
of the 1n3ection -of gases w1th steam in the steamflood process as
would resu]t from the uSe of downho]e steam qenerators or other
equipment which would 1ead to the 1nject1on of stoichiometr1c
amounts of combustion gas with steam. A review of the 11terature
revea]ed that there was: no exper1mepta] data of the’ type descr1bed
ln this work in the public domain at the t1me of its publ1cat1on

(June, 1982 and September, 1983).

A series of 1ahoratory experiments was conducted in a
AW

‘ one—dimensional system with a moderately v1scous otl. The major1ty

of the experiments invo]ved the s1mu1taneous 1nject10n of steam andu"

v

gas additives but some tests were also done with slugs of gas -

fo]lowed'by steam. The experiments cOmpared steam-only f]ooding,.

. with steam/COz, steam/Nz,‘and steam/C02)Nzt(or steam/f1ue gas)

injection on sanc¢ packs f]ooded with 011 down to cr1t1ca1 water

saturat1on and sand packs which had been previously water f1ooded

In both pre- and post-waterf]ooded sand packs the addition
of the gases to steam yielded sfignificant acceleration ‘of o1l |
production. when-cumulative-oil recovery is p]oﬂted»as a funct1on
of . steam injected there is relative]y little difference ev1dent '

when conparing the sinultaneous steam/COz, steam/Nz and steam/flue

'»“gas results (Figures 4 SA and 4.6A). Nhen these data are plotted
- as: functions of teta] gas 1njected 1n moles (Figures 4 SB and .

‘4 GB), ‘the steam/C02 process is clearly superior to the others.

‘ .

197
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The steam-only experiments are. characterized by a slow oil
prodoction rate early in the experiments and then a rapid

production of o1l towards tne end as the steam, frcnt progres,es

down the length of the apparatus. The steam/gas 1nJect1on
exper1ments show a ‘very’ rapid early production response which

- levels off to a. steady but modest rate ]ead1ng to the end of tne

exper1ments.

N

There is a small but consistent 1mprovement'1n overail’
recovery in the steam/gas injection cases compared to steam-only
w1th‘steam/COz‘y1e]d1ng the hignest recovery. when oi]'recovered

during test ‘cell depreSSurization is 1ncluded in the compar1son

-

tNe steam/COz case shows even higner recovery and less difference

1s evident amongst the steam-only, steam/f]ue gas and steam/Nz run

Q

recoveries for the pre-waterflood experiments. Steam-oil and

v’water-o11'ratios‘are consistently lower in the steam/gas processes
N A ' " 'y ! ’I
£

conpared.to steam-only.‘”~
\ The results'of the laborator;.experiments‘may‘be ekplained
on the basts of gas drive‘and solob%lity effects. Tt is postuTated
that the 1mprovement 1n 011 production rates 1s the result of non-
.condensable gas dr1ve which\promotes oil product1on and &% the same
. t1me reduces tne flow of water " The superior performance of the
usteam/COz exper1ment which was conducted at a 1ower gas/steam ratio
jthan tne steam/flue gas test may be explained by 1nc1uding 011
lviscosity reduction and swel\ing‘effects of the soluble C02. The

wultimate recovery 1s dictated primarily by tne residual oil .

_‘1on following heatjng to. steam temperatures. a



& R . -

[N

'Ste‘ looding fol]owing waterf1ood1ng (ngure-4 7) shows

‘: poor initi Z oil: product1on response since the steamf]ood behaves

| ,initiaﬁly Zike a waterflood until the’ therma] effects begin to
dom]nate in the 1atter half of the experiment. Theisteamfloods
fol]pwin@ slug 9as 1nJection perform better because the 1n1t1a1

: waterf pod—]ike‘stage of the steamflood is able to d1sp1ace moré

oil.

The performance of two steam/flue gas experimEnts at two'

. p;7.sures is shown 1n Figure 4. 10. . The 011 productfon 1n the. high
pressure case begins more slowly but exceeds the Tow presstuie case

‘04 a cumu]at1ve basis 25 percent into the run. This behav1our may

be explained by cons1der1ng that the gas drive effect is Tower in

the high pressure case 1n1t1a1]y because of the - smaller volume

-at the h1gher pressure and this effect begins to a]ter the

. conparison in favour of the h1gh pressure case due to so]ub11}ty
effects. This behav?uur compar1sen.js stmi]ar to that between the
'steam/C02 anu‘steam/flue gaS'run. In essence, the high preSSure

» flue gas behaves - 11ke a smaller volume but higher solubflity, gas

quch as in the steam/COz test.

It appears that a]though the residence time of the gas tn

“the experim4:ta1 cell was 1ow 1n a}l tests, there was Suff1c1ent

‘;time for so1uble gas to enter solution in the visc0us 011 and thuSrvh

‘contribute to 011 production through viscosfty reduction and

i
'
[y

|  »$“8]]1"9.:

he]

‘ occup1ed by the gas.. However, more gas enters solut1on 1n the 011“

199



ROVUGLY HEILIL LIS SIS YULE 3 M AL un uus | was
written to aid in the 1nterpretat10n of the experimental results.
There are few models of this type whose formulation allows
sélubility of al] cdmpbheﬁfs in water as well as oil. The
simulator mode]s the flow of 3 phases and 5 camponents. The model

was used tq h1stony match two of the laboratory experiments.

.Parameger and process sensitivities were also examined using the

Lf ;kl The 1n1tfa] s%hsitivity study showed that gas/steam ratio
§%; solub111ty effects were also unimportant. However,

ﬁ@g]owing h'story match1ng of the laboratory experiménts a

1, '%A’“' .
dlﬁﬁerent conc1usion was reached. The history match data set had
‘~ l: a

'

moqg\representat1ve re]ative permeab1]1t1es as well as improvements
in ﬁé%ﬁnl1ng of viscos1ty reduct1on and swe]]ing effects due to CO2
in solution. The histocy match was obtained primarily by varying

“heat loss and relative permeability data. The numerical model

-~

achieved its purpose in a}iowing better interpretation of the

laboratary experiments. a$ ‘described above.

A 3
LI « LA ]

?
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LUNLLUDIUND ANU KELUMMENUAT LURD

The physical and numerical modelling of steam/gas

injection processes conducted in this study support the following

conclusions:

1.

In the system studied, injection of flue gas or carbon dioxide

!

simultaneously with steam in approximately stofichiometric 's

amounts results in much accelerated o1l production response.

_ A modest improvemept in total o1l recovery resu&ps from the

steam/gés floods compared to steam-only injection. The
steam/CO2 process yielded the ﬁ1ghest redoveny.
Steam-oi1 and water-oil ratios are reduced thcough use of gas
ad&itives. |
Improvement in steamfloog{Performance occurs for both pre; and
post-waterflooded san3§?§cPs *,

wiath '
On the basis of total molal fluid injection, the steam/C02
process is superior to the steam/flue gaS process.
The improvemqqt in performance of the steam/gas procésses is
attéibutab]e to non-condensable gas drive and.to solubility
effects {ncluding viscosity reduction and swelling.
Thé laboratory steamflood process is sensitive to the
following effects: heat losses; steam quality aﬁd 1nj§ét1on
rate; oil satﬁratioh, viscdsity and volatility; pprosTty.and

relative permeability; gas/steam ratfo and COZ/N2 ratfo; and

gas solubil1ty.

[N

The laboratory steamf]ood process’ was ré]atively 1nsensft1ve

to absolute permeab1]1ty, rock compressfb111ty and heat

'capacity.

201 . - ‘



Further development of steam/gas injection process

—_—

reservoir engineering technology would 1ﬁ§olve the following

lahoratory work:_¢

1. Studies using real core material ‘and a vdffety~éf field crude
sanb]és in the v1scos1ty range fromvibo to 10 000 mPa.s.

ZL Investigation of the effect:of alterﬁating slugs of gas and

steam.

~3. Optimization of gas/steam and COz/ﬁz ratios for specific
reservoir cases. | -

4. Identification of gravity override and gas channelling -
phenomena in 2 or 3 dimensional test beds. |

5. Quantification of potential so]dtion gas driveybenefits'by
operating the back prgs§ure in a cycling modé as ih Rédford‘
(1582) and by conductjné steam stimulation experiments with

gas additives.

The. steam/gas injection has shown enodgh potential for
p}ocess improvement to Warr;nt further‘1nvestigation'ahd possible
field trials. Prior to conducting field tests, fie]& scale
numerical modelling in 2 or 3 dimensions should +be undertaken%

Cost benefit analyses of the use QfASuch processes could then be

undertaken. .
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Supplier

3" dia., sch. 80, 321 s.s. pipe, 4 ft
long: ,

20" x 20"-x 1-1/4", 316L s.s. plate

©7/8" N.C. x 5" studs

7/8" N.C. nuts

- 7/8" flat washers

R37, 3@4 S.s. ring seal - -
a

10 1bs., 1/8", #310 ss. low carbon
we]djn@ rods - ‘

SwageTok fittings ss-400-1~4 MPW
" ss-200-R-4’

$s~100-R-2 A

Whitey va]?e sszRLF4

RX37, mild stee} Einé seals

20 X 250 mesh,. type 316 s.s. filter
cloth (0. 011/0 0085 wire diameter)

Torque wrench ' e

_ Insulation - Foam—glass
: : - Thermo 12
- Fibrefax Moist Pak D

watlow Firerod heaters‘

. Edmonton, A]be(ta

Specialty Steels

9759 -.51 Avenue
Edmonton A]berta
TGE 475

Uddehom Steels Ltd.
2071 Viceroy Place
Richmond, B.C._ .
V6V 1Y9 ’

Universai Fastening
4612 -~ 97 Street
Edmonton, Alberta

MHK Industries Ltd.
9610 ~ 60. Avenue

T6E OC3

Consumers Welding- Supp]1es

9810 -~ 62 Avenue’

Edmonton, ‘Alberta

. JT6E OE3

Edmonton Valve. and F1tt1ng Ltd.
4518 - 101 Street :
Edmonton, Alberta

T5E 569 .

Norwesco Indusgn1es‘
9817 - 47 Avenlie

~ Edmonton, Alberta
' T6E 5M7 ..

Cambrfdge Internat1ona1, Inc, ¥
P. 0. Box 399 .

Cambridge, Maryland

U, S. A. 21613

'S. J. Dyer Specialties
10505 ~ 114 Street

Fdmonton, A]beﬁta
TSH 3J6 .

Crossroads Industries

14723 - 128 Avenue- . ? ‘ {

: Edmgpton, Alherta o

Instrument Service Laboratories :

. 9307 - 35 Avenue: .

Edmonton, A]ber;q ' ;  ?‘”//<1



A LR AV REVEW

deonton A]berta

Thermocouples - fype J . ‘ Thermoelectric Canada Ltd.
8425 Argy11 Road
Edmonton, Alberta .

. o - T6C 482
Model 49 Proportiohing controller, * Omega Engineering Inc.
0-600°C L o . Box 4047 Springdale Station
Co r~‘ ‘ ' Stamford, Connecticut
;Nu N \ U.S.A. 06907
Milton Ray DRMI 44~ 59 SM pump Zazula Process kEquipment Ltd.
. & ; - 1526 - 10-Avenue S. W.
Co N \ Calgary, Alberta
R oo | | | T3C 0J5
ot - . de '
‘ Model 8250 Modular Flow controller Matheson of Canada Ltd.
' Model 8240 Mass Flow controller P. 0. Box 6240, Station C
Tesyym 26- 2320 24 b.p. regu]ator , Edmonton, Alberta »
e | T58 4K6
g l"- o _
. Mercoid Control switch ‘ The Mercoid Corp.
~ Series 0§-221-2 4201 Belmont Avenue
ﬁ Range. 145 " (300-2500 psi) X - Chicago, Illinois
' cﬁw flange no. 17-26 ‘ U. S. A. 69641
Murphy $w1tchgage 45-PE~-5000 ' Cantech Controls Ltd.
ot N - 10604 - 105 Avenue

Edmonton, Alberta

V1-350 Varius air compressor JMAR Compressors Inc. ~
S 5760 Cedarbridge Way !
Richmond, B.C. '

V6X 2A7

& | .
Heise’ gauges o Barber Engineering and Controls
b , Inc.
8803 -~ 58 Avenue
Edmonton, Alberta

Doric Digitrend 220 Datalogger ' Intertechnology AL :
: Box 219 ; -
Don Mills, ﬂﬁtar1o ‘
M3C 254

Research Control Valve - Spartan Controls Ltd.
174" NPT, 346 s.s. body - v '8525 Davies Road
. . - , Edmonton, Alberta
' T6E 4N3



QJU DQIEY L/ rpewiaL i Lransmiueer

40 PR-A4 Pneumatic controller

218 WIT proportibning pump
2.5 to 560 cm3/hr
2 pumps

\

Vactorr 75 vacuum pump
80-120 mesh silica sand

Vibrator

- 011

[

Mortar for lining the test cell

roxooro vanadaa inc.
7911 Argy11 Road
Edmonton, Alberta
T6C 4A9 '

' Ruska International Export Inc.'

P. 0. Box 36010
6121 Hillcroft

Houston, Texas

U. S. AL 77036

GCA/Precision Séient1f1c
Chicago, Illinois
U. S. A. 60647

Fisher Scientific Co. Ltd.
10720 ~ 178 Street '
Edmonton, "Alherta T5L 4K]

Leader Equipment Ltd.

17630 ~ 102 Avenue

Edmonton, Alberta
T6E 5C8

Imperial 011 Enterprises Ltd.
Strathcona Refinery

P. 0. Box 1020

34 Street & Hwy. 16A East -
Edmonton, Alberta '

T5J 2M1 A

Shaw Pipe Protection (Alberta)
Ltd. '

Box 5560, Statiop "L"

Fdmonton, A]berf%

T6C 4E9
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DESIGN DRAHING'SAFOR TEST CELL USED IN LAB'ORATOR‘Y EXPERIMENTS
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- TYPE: - STEAM ONLY

s
- . STEAM. GAS . TOTAL WATER  OIL. 0IL
TIME INJECTED  INJECTED . INJECTED PRODUCED PRODUCED RECOVERY

Rour — “PV__ Moles  ~Moles MoTes cmd . T emd W
0.70 - 0,433 36.76 . - %.76 226 . . 288 20.5
1.23 0,761 64.60 - 64.60 602 ' 400 28.9
175 1.082 91.85 - 9185~ 1024 471 34.1
2.28 1.410 119.69 - 119.69 1447 sa1 30,1
| 2.68 1,657 140.66 - 140.66 1880 606  43.8
3.05. 1.886 1:0.10 .-.  160.10 . 2310 676 - 48.9°
3.37. 0 2.084 176,91 - - 17691 2733 749 542
373 2.307 195,84 - 1.4 3125 853 61.7
412 2.508 216.30 - 21630 - 3572 908 66.4
455 2.814 238.88 - . 238.88 4012 975 70.5
5.7 3.200 27188 - 27166 4732, 1057 76.5
Postrun  se22 111037 79.8
-
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- KUN NUMBEKD 3

"T?PEf‘.SLUG C02 /STEAMFLOOD *
... . STEAM GAS. TOTAL. WATER 0IL | OIL"‘JI
CTIME INJECTED .  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Hour PV Moles “*MoTes MoTes cmd " emd - R OOIP
L7 - - L 0 365 27.8 -
2.3 0.016 .60 3.8 . 37.08 -0 435 (331
3.55  0.590 58.97 3548 - 94.45 308, 607+ 46.2°
3;871".0.885" 88.45 3548  123.93. 771 . (634  48.2
o 017 ‘w1.165'_116.44' 35,48 151.92 1265 640  48.7
4,45 1,430 142.92 548 178.00 1775 642 - 48.8
4.75 1709 170.81  35.48  206.29 2272 675  51.3
5.13  2.066 206.49 35.48  241.97 2717 723 55,0
5.42 2,330 232.87 3548 268.35 3763 820 62.4 -
5.83 2719 271.75  35.48 307.23 4579 . 984 74.8
Postrun - 5219 1024 77.9
;\\\;;\‘ o .
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RUN NUMBER: 4

TYPE:  STEAM ONLY D
| STEM-  GAS TOTAL = WATER  OIL *. OIL
TIME INJECTED . INJECTED INJECTED PRODUCED PRODUCED RECOVERY'
-~ _Hour . PV MoTes _MoTes MoTes cm3 - " em3 ~ ¥ 00TP
052 0.625- 58.58 - 58.58 263 . 229 181
1.37 * 1146 10?.41 R o 107:41 1143 337 25.6
1.69  1.342 125.78, - 125.78 © 1613 424. 133.5
1.95  1.502 140.77 o w077 1998 530 418
222 L6 156.23 - 156.23 236 e85 s2.5
2.45  1.808 169.45 - i69.45 2731 790 62.4
275 1.9 186.69 - 186.69 3114 s 71
C2.97 2.127 199.35 - '?-'199.35 3817 - ‘;doz.' 179.0
3.0 2.169 203.28 - '203.28 3610 1009  79.6
Postrun o - L ames 1025 80,9 .
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RUN NUMBER: 5

\

TYPE: SLUG CO2/STEAMFLOOD

T sTem 6AS TOTAL  WATER  OIL  © OIL
TIME  INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Four - "PV__ Moles ~Moles  “Moles ~ —cmd _ cm3___ T O0IP
Ceas - .o 2 95 7.6 . |
027 - - - s 2 178 ¥14.3
| 0.63 = - - o 2 1 200
NS T S P 2 339 27.1
N e - - - - 2 429 3.3
218 . - - 2143 21.43 2, 479.  38.3
3.17 0.083  7.57 2143 29.00 212 ', 754 60.4
3.30  1.535 140.83 21.43 16146 1625 817 654
4.90  1.969 179.62 21.43  201.05 2613 " 82l 65.7
512 ' 2.128 194.12 21.43  215.55 3028 904 72
* 535 ‘2.295 200.36 21.43  230.79 3393 1030 82.4
| © 5.68 * 2,534 231.16 21.43 252.59 3853 1070 85.5
//(// ' 5.75 - 2.588 235.72 21.43 25715 - - : Sa
| Postrqn S | - B 4359 1113.5  89.2
»
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) STEAM GAS -  TOTAL  WATER 01L 0IL
TIME INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
our AV MoTes MoTes ‘Moles cm3 . cmd % O0IP

, = , e
0.35  0.081', 662 7.602  14.22 30 43] 34.2
0.60  0.1697:.13.89 13.03 ~ 26.92 64 . 588 46.7
0.82 ° 0.274.%22.50 18.73 41.23 215 647 _  51.4

LA .
0.99  0.419 34,40 24.15 58.55 . 403 681 54.1 .
1.15  0.548 45.00 29.25 74.25 591 722 57.3
1.45  0.806 66.20 38.81  105.01 974 795 63.1
: ‘ . ' ‘
1.75  1.080 88.70 48.37  137.07 1354 853 67.8
2.02  1.339 110.00 56.97  166.97 1717 908 72.1 .
2.29  1.614 132.60 65.56  198.16 2100 975 7.4
2.52  1.841 151.30 72.89  224.19 2870 1035 82.2
2.74 . 2.068 169.90 79.90  249.80 2778 1049 83.3
Postrun | . '
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STEAM Gas  -TOTAL  WATER . OIL 0IL
TIME INJECTED .  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
%u?T; PV Moles MoTes Wo'leis—q cm? ch3 % 00IP
0.22\ - 0.107 "9:29  1.50 10.8 12 201 15.8
0.30 | 0.149 12.93  2.04  14.97 99 / 33 26.9
0.38 0.197 ' 17.10  2.59 19.69 137 . 464 36.4
0.50  0.288 20.99  3.40 28.39 222, 563 44.2
0.65 . 0.409 35.49  4.42  39.91 368 641  50.4
0.80 .532 46.17  5.44 . 51.61 - 53] 704 55.3
0.93  0.639 .55.45 6.33  61.78 709 752 59.0 .
1.08  0.763 66.21 7.35  73.56 897 788 61.9
1.23  0.888 77.06  8.37  85.43 - 1078 829 65.1
1.37 . 1.010 87.65 9.32  96.97 1256 875 - 68.7
1.52  1.137 98.67 10.34 J‘109.01 a2 914 71.8
1.68  1.273 110.47 11.43  121.90 1652 942 ' 74.0
1.95  1.503 130.43 \13.27' 143.70 2052 995 78.1
2.30  1.803 156.45 15.65 17211 2867 1081 817
255 2.0 175.64' 1735 192.99 2860 1090  85.6
S 2.75 2,202 191.08 " 18.71 209.79 - 3165 1102 86.5

Postrun 3764 1130 88.7
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-TYPE: . SIMULTANEOUS STEAM/N2

v

]
!

S STEAM  GAS  TOTAL  WATER 0IL oIL_
 TIME  INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Hour PV Moles ' Moles Moles —cm3 cmd % 00IP
0.100 0.049  4.60 2.56  7.16 8 207 - 16.0,
0.170  0.076  6.51 4.34 10.85 4é\j5 368 28.5
0.283 0.124 144 7.23  18.67 93 507 39.2
0.417 0.197 18.17 10.66  28.83 196 588  45.5
0.583 0.307 28.31  14.90  43.21  380' 655  50.7
0.750 0.423 39.01 19.17  58.18 540 706 54.6
2,900 0.528 48.69 22.99  71.68 749 g s7.8
1.050 0.641 59,11 26.83  85.94 943" 782  60.5
1.220 0.777 7166 31.18 102.84 1147 815 .  63.0
1.383 0,907 83.65 35.3 118.99 1357, - 846 5.4
1.520 1.018 93.88 38.84 13272 1560 878  67.9
1.683 1.158 106.79 43.01 149.80 1770 910 - 704
2.017 1.446 133.35  51.§4_ 184.89 2175 975  75.4
2,266 1.672 154,20 57.90 212,10 2581 1052 . B81.4
2583 1963 18103 66.00 207.03 3057 1074 831 ’

Postrun Y 32 1079 83.4
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 TYPE: SIMULTANEOUS.STEAM/COI/NQ‘(POSTMNATERELOOD)

6

1

. .. STEAM GAS © TOTAL NNATER' OIL OIL.
TIME  INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Hour PV Moles _Moles  Moles cm’ __cm? % ORAW
0:43 - 0.371 3193 13.91  45.84 | 727 128 .18.0
0.82 ' 0.664 57.14 26.53  83.67 1162 . 193 272
0.9 0791 68.07  3.71 - 9978 1362 231 | 32.5.
112 0.904 7779 %6.24 11403 1526 258 36.3
1.2 0.985 84.76 39.48 ' 126.24 1653 279 " 39.3
1.35 1091 93.89 43.68 {3757 1865 310 437
1.48 1;197‘ 103.01‘ 47.89 . 150,90 . 2064 349 49.2
172 1397 12022 S5.65. 175.87 2368 409 . 57.6
188, 1531 13175 60.83 . 192.58 . 2626 68 65.4
27 1782 153.35 70.22  223.57 2945 525 . 73.9
2.33  1.921 165.31 75.39 20070 . 3285 * 559 1 78.7

Postrun . .o . 3580 572 80.6
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TYPE: ‘SIMULTANEOUS STEAM/COz (POST WATERFLOOD)

Bl
Y

B s T s TOTAL  WATER © OIL OIL
‘TIME - INJECTED . INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Four . PV_"Moles _MoTes ~ MoTes “em3 " cmd —% ORAW

0,133 ”§J120;‘_10.24 0,90 1114, 238 . 8 . L2
“0.183 0165 14,08 125 1533 43 Y e
- 0.467 0.421  35.94 . '3.18 3912 876 107 16.0
'f 0.617 0.557 47.55 4200 5175 1087 ~17é 263
0.800  0.722 61,63 '.5'44.'\\'57:91 S o109 225 336
0.930° 0.839 }1.62, 6.33 77.95|  ,'1501,' " 268 37.0
U 1250 1128 96.29 8.50 . 10879 1925 . 291 . 43.5
138 1.245 f105.g7 939 115.66 a7z 313 468
©1.63 . 1.471 *125.57 11.09  136.66 2455 361 f£:?5§.93
1.87  1.688 _144,09l 12,72 156.81 205 4z 63.6.
2.08 ' 1.880 160.48 14.15. 174.63 3200 a8 71.4
2.2 | 2.03 '173.28 15.31  188.59 _ 3480 508  75.9
Postrun’ o %690 . 525 78.4
;.
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RUN NUMBER: * 11

TYPE: SIMULTANEOUS STEAM/Nz (POST WATERFLOOD) .
o . STEMM,, :  GAS  TOTAL ~ WATER  OIL' . OIL. N\
TIME . INJECTED'  INJECTED INJECTED PRODUCED PRODUCED RECOVERY -
_Hour PV ""Moles _Moles . Moles cm? cm® % ORAW .
0.3 0025 2158 0.6 2918 - 3520 3 0.4

\

0.25  0.206 17.78  6.36 2414 . 612 . . 61 8.5

0.517 0.426  36.78  13.16\_. 49.34 907 99, 13.8
0.830 0.684 '59.05 21.12 | 80,17 12847 ( 168 23.5
1.05  0.865 74.68 26,72 101.40 ;‘ T
'1.08 © 0.890 76.88 2748 104.32 1608 227 31.7

1.65 ' 1.349 116.46 4199 158.45  (2396) . (365)  50.9.
1.83 1.4561§329;1S 46.57  175.72 (2671) '(432)" 603
[ 2.02 - 1.651 142.50 -5i£4o 0 193.94 . (2949) (481)  67.2

2.18 1782 153.85  55.47  209.32  (3210)  (506) ".\70;7,P«‘
233 - 1.905 164,47 59.29, - 223.76 | (3455) - (519) ll_72.s“ 
P&struh-‘ AR . (3860) ‘:(534) 74.6 o

~

,i~- ;.u" . N ¢ )'indicate‘productidn;e§t1ma£e§;
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RUN NUMBER: 12
TYPE: SLUG FLUE GAS/STEAMFLO0D

i

STEAM . GAS ~  TOTAL . WATER  OIL L olIL

_ TIME ~ .IMECTED INJECTED INJECTED PRODUCED 'PRODUCED RECOVERY
« Four . PV MoTes . MoTes  "Moles -~ cm3 ~ ~ cm3 W
oo CLo7 . 070 o 2re. 218
0.167 540 .54 0 369 29.4
0.95 e | 30.74 © 3074 0453 3.1
1.8 5112 SL12 0 489 39.0
242 . 78.30 7830 [ a2
315 0.351 3110 80.89 11199 173 559 a5
340 0.532 47‘i9. 80.89  128.03 367 . 587 46.8
 3.68 0.738 65.40 80.89 186.29 . 571 606 48.3
392 0.907 80,37 80.35  161.26 768 sk 49.4.
——TT""2.30 1185 105.00. 80.80 18569 1194 63 . 50.8
4:62‘ 1.415 125.38 ° 80.89  206.27 | 1657 _' : 6i9 BIWA
4,90 1.620 143.55 éq.89 22644 2071 708 - 56.0
' 533 1.935 17186 80.89 ' 252.35 2642 88 66.0
‘l5,60‘ ‘12.1?8 188.56  80.89 269.&5”: 3032 . ¢ 916 | 73.0
5.85 ‘2.3101 204,69 80.89  285.58 3395, 1007 . g0.2
. 6.08 - 2,480 219.76 80.8§‘ 300.65 Yo 1073 .. 85.5
‘Postrun . - ‘3901'>_ 1099 . 87.6
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KUN NUMBEKR: 13 - o

TYPE: SIMULTANEOUS STEAM/CO2 (LOW RATE)

* ‘ il

‘ ‘,STEAQ éAs ‘ TOTAL  WATER 01IL 0L
TIME INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Houri  ° PV " Moles  Moles “Moles cm3 cm? % 00IP
0.617 0.292 23.85  2.33 26.18 ' 83 520 ' 419
0.867  0.430 35.12  3.24  38.36 178 579 46.6
1.100 0.52¢ 42.79 3.98 . 46.77  ''305 614  49.4
1.383  0.639 5219 . 4.88  57.07 470 654  52.7
1683 0.762 62.23  5.87 ' 68.10 662 685 55,2
1.950 0.872 71.21 6.78  77.99 848 709 57.1
2.600 . 1.136 9277 8.98 .101.75 1262 . 763  61.4
2.917 1.274 :104.04 10.05  114.09 1460 . 799 64.3
3.233 1.405 114.74 1112 125.86 1680 823 1 66.3
3.817  1.648 134.59 13.09  147.68 2069 874 *  70.4
4.150 1.786 145.86 14.22» 160.08 s 9 72.7
4.650 1.994 162.84 15.92  178.76 °© 2601 953 76.7
5.150  2.202 179.83 17.74  197.57 2919 992+ 79.9
5,683 ©2.423 197.88 19.60  217.48 3236 1026 82.6
6300 2.679. 218.79 21.75 . 240.54 3641 1071 86.2
6.833  2.901 236.92 23.62, ' 260.54 3980 1093 8.0

P

*

Postrun . 4185 1108 89.2
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. RON NUMBER: 14
TYPE: SIMULTANEOUS STEAM/CO2 /N2 (LON.RATE)

STEAM . GAS TOTAL WATER oL + - OIL

TIME  INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Hour PV MoTles Moles Mo]gs cms cm3 % 00IP
0.20 , 0.093 7.81 3.25  1.06 f 325 25.5.
0.38  0.147 12.34 ° 6.18  18.52 15 467 36.7
0.60  0.222 18.68  9.76  28.40 9% 548 43.0
0.88  0.323 27.11 1431 4192 229 623 48.9
1.13  0.418 35.09 18.37  53.46 363 675 53.0
1.45  0.584 4567 23.58  69.25 . 5§39 715° 56,2
2.10 6.811 68.08  34.14 102.22 951 ‘774 60.8
2.43 0,950 79.75° 39.51  119.26 1157 800 62.8
2.80  1.080  90.66 45,53 136.19 1392 829 65.1
3.42  1.354 113.66 55.61  169.27 . 1798 887 .  69.7
3.83  1.536 128.94 62.27  191.21 . 2075 924 72.6
832 1.756 187.24 70.24  217.48 2379 975 76.6
478 1958 164.36 77.72  202.08- 2702 103  8L.1
5.30 2189 183.75 ' 86.17 - 269.92  303] 1081 . . 84.9
5.87  2.462 208.99 95/44 30043 3433 1112 87.4
‘5.58 2.758 231.52 106{98 338,50 . 3903 1135 . 89.2

Postrun | : ‘ 4103 1155 - 90.7
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RUN NUMBER: . 15 .

TYPE: SIMULTANEOUS STEAM/CO2/Nz (HIGH PRESSURE)

0TL

Postrun

AL NN

3934 /| < 1136

. STEAM i GAS TOTAL  WATER 0IL
TIME INJECTED . INJECTED INJECTED PRODUCED PRODUCED RECOVERY
. “Hour PV MoTes  Moles . | Moles cm’ cm3 %’OOIP
0.233 0.283. 23.93 7.55 31.51 27 482 37.6
0.400 9.33i 27.99 13.02  41.01 97 593 46.3
0.867 C0.517  43.72  28.22 71,94 415 . 72 56.5
1.050 0.629 53.19 34.17.  87.36 583 753 58.7
1.253 0.838 " 70.52 40.13  110.65 - 873 793 61.9
1.483  1.115 94.28 48.26  142.54 1268 83 ' 65.1
1.617 1,267 107.13 52.62- 159.75 1463 861. . " 67.2
1.750 '1.418 119.90 56.95 176.85 1682 . - 1891 ”‘69}5
1.883 ‘1.514 128.02  61.28. 189.30 1880 925 72.2
2.030 1.673 141.46 66.07  207.53 2091 960  74.9
g.zsol 1.886 156.09 73.23 - 229.32 U 2a13 1012 78.9.
2.817  1.978 167:25 78.66. 245.91 2671 1051 | éé.o
2,633 2.148 181.63  85.69 267.32 2937 . 1085 . 84.6
2.767  2.254 190.59 90.05 280,64 3115 lllOO',v 85.8
2.900 2359 199.47 94,38 293.85 3287 1104 86.1
13,000 }2.433 206.15 97.63 - 303.78 3824 1111 66,7.
w 88.6 .
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RUN NUMBER: . 16

i

TYPE: SIMULTANEOUS STEAMlcog‘(C02 PRESATURATED)
STEM  GAS TOTAL * WATER  OIL /. il
TIME  INJECTED  INJECTED INJECTED PRODUCED PRODUCED' RECOVERY
Hour PV~ MoJes . Moles Moles cm®. cm’ | % O0OIP
0.200  0.203 1759  1.36  18.95. 169 448 }3.1‘
©0.333 0.347 ° 30.0/  2.27 32,34 322 569 .*48.4 .
0.483 0513 44,46 329 4775 s87 63 \f54.0
0,683 0.735  63.70  4.65 = 68.35 942 704, W 59.9
©70.850 0,920 79.7% .78 85.51 1232 759 ) 64.6
1033 1122 97.24 7.03 104.27 1587 826 | 70.3
 1.250  1.334 114.75 - 8.50 123.25 1395 877 74.6
1.467 1.545 133.90  9.98 143.88 2238 -927 78.9
1.700. 1754 152.01 .11.57 163.58 2640 985 83.8
1950 1.970 170.73 13.27 184,00 '-2396 1028 - 87.5
2.100 2,097 18174 14:29° 196,03 3089 1045 88.9
2.167 2,153 186.59 14.74 20133~ 32001 . 1084 89.7
Postrun o 335 1071 91.1
1 "
o ) SRR
\ « ,
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RUN NUMBER: 17 | on
TYPE:  SLUG CO2/STEAMFLOOD ‘

C STEAM  GAS TOTAL  WATER - OIL  OIL
TIME - INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Four = PV Moles —MWoles Moles- _cm3 cm3_— "F 00IP_
0467 Ta18 a8 s a1 o 11
2.500 C17.01 17,01 s 25 17.9
2.767 0.065  5.51 1701  22.52 68 321 2.5
2.900. 0,371 3143 1701 ' 48.44 198 0 370 20.4
3.050 0510 4321 1.0 © 60.22 370 403 32.0

03:200 0.649 5498 1701 7199 - 569 | ‘428 34.0
3,367 0.804  68.12 :i7,01‘ 85.13 769 . 447 RECR
3,500 0,927 7854 17.01 . 95.55 - 91 470 - ! 37.3 |
3.633 1050 88.96 17.01 105.97 1156 - 491 39.0
3,750 1,159 © 98.19 .17.01  115.18 1367 511 e
14.017 1,406 119.12"’;7;01\   136.13 1770 562 ° '44.5‘f'
4133 1534 128.27  17.01  145.28° 1948 - \Sél 6.9
3,400 " 1761 14920 17.01  166.21° 2331 685 544
“4.650‘ 11,993 168.85  .17;01'.’:155.86 oena 787 62.5
4.900 2225 188.51 17.01 20552 3083 901 71.6
5.167 2,472 -209.43 17.01 xézsgaqi 73189 1007 80.0.
";Pdstruﬁ |  ‘V’  | | o 1T, 3240 1058 - 84,0
"
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U RUN NUMBER: 18- . n SR
“TYPE: STEAM-ONLY (POST WATERFLOOD)

. STEAM . . GAS  TOTAL WATER ~ OIL' " . OIL
- TIME 'INJECTED INJECTED - INJECTED PRODUCED PRODYCED RECOVERY
- _Hour PV Moles Moles ~ Moles  cmd cm3 % ORAW

0.217 0.191 16.36. -  16.36 ., 204 4 058"

#
\

0,400 . 0.353 30.24 <.  30.24 486 8 1.16

0.514° 44,00 - 30.00 73 12 - 1.74

04767 0.676 57.91. - - 57.91 984 16 2.3

1"f §§§%950- 0.837 71170 - 71.70 1231 . 19, 276
Craw 0,984l‘ 84.30 o sz 415 23 334
1250 1.102 9440 - . 9440 1717 21 3.92
1367 1.205 103,22 ‘-" 10322 . 1962 30 436
1.517 1.337 11453 - - ' 114.53 | " 2209 3 480
1.767 ' 1.557 153.33 L ,{ag3$,38. ,' 2684 s Js;zé\
| 1883 1660 10221 - 142.21 2884 e s
‘2;167 l.§1d"163.62v PRI 'i63;62';" 3278 2i61” 31.40
2.417 2.130 182.47 - 182.47 3668 331 4811
2.700 2380 20389 - 203.89 4058 - <443 6439
| }2;756‘ 2.438 208.86 - 268.86*‘ 4139 460 66.86
© 2.833 2,497 213;91 - 23,91 4226 - 472 68.60
Post run ‘; o uff]_"'j, o wmoe s 7870
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RUN NUMBER:

19

TYPE: SIMULIANEOUS STEAM/Nz (POST WATERFLOOD)

[ hn 4

|
. STEAM GAS . TOTAL  WATER oIL . 0IL

TIME  INJECTED,  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
Hour _ PV~ Moles  MoTes MoTes cm3 _cm3 :‘W“ e
0.083 0.074" 6.34 2.12  8.46 395 4 0.6
0.283  0.251. 21,52 7,23  28.75 745 46 6.9 .
0.617 0.548 46:98  15.77 62.75 1174 126 19.0

0.867 0.770 66.01 22.15  88.16 1482 179 27.0
1.083 0.962 82.06 27.67 110.13. . 1774 222 335
1.250 - 1:111"J§5.2§ 31,04 127.18 . 2017 256 38.6 '
1417 1259 107.92 36.21  148.13 2219 276 41.6
1.533  1.362 116.75 39.17.. 155.92 2390 299 . 45,1
1.767  1.570 134.585 45.15 .179.73N 2780 421 63.5
1.883 1.673 143.41 - 48.12 . 191.53 2970 455 68.6 U
2.017 1792 15361 5154 205.15 3wz 419 72.2 N

§i}33 ©1.895 16240 54.51 . 216,95 3364 492 78.2

2250 1,999 171.36 57.50  228.86° 3533 501 75.6

" Postrun I 3908 516 77.8
-
T - “—’ ’
Q. o 3 v!!‘
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" GAS

TOTAL

~

. STEAM WATER . OIL . OIL .
CTIME INJECTED  INJECTED INJECTED PRODUCED PRODUCED RECOVERY
“Pouyr PV Moles . MNoles MoTes cm3 cm3 "% 001P
wh 0.45  0.513 43.32  3.06 .38 360 494 39.6
.55 0.607 51.26 . 3.74  55.00 493 551 44,2
065 0.702 ' 59.28° 442 63.70 627, 597 47.8
0.783  0.828 69.92  5.33  15.25 V20 651 52.2
0.917 0.955 80.64  6.24 86.88 999 713 57.1
11.133 1.165  98:3 - 7.71  106.09 - 1328 Y gia 65.2
1.300 1.325 111.89. 8.84 . 120.73 1585 852 68.3
1,483 1.502 126584 ~10.09  136.93 - 1858 891 7.4
1,700 1.711 144.48 11.57  156.05 2191 1963 77.2
© 1.900 1,908 160.78. 12.93 173.71 2509 o 1010  %0.9
29'33\ 2.131 ”;:9'95, 14.51 194,46 2875 1070 - 8.7
2.167 2.164. 182.74 14.74 ''197.48 2903 ° - 1078 86,4
" Postrun. | , \ 2953 1090 87.3
'
,' -.3;'15"; iy : .
. 1 {éw’ | t
,\ LY “ | » 4
f . | ;-f'l : \ )
,j; , o - ;”‘ 2 B .



§°627 T8€2

JEZ ¢TETZ 6°%EZ 07822 ¢ LE2 7822 97(€Z 970€Z 9°(£Z. 1"622
(21 e*sor €°6€2 97912 ©'982 7922 (€2 97922 £T(€2 £°082 S° (€2 9°822
S 6715 STOIT 2°S0l -9°2€2 6°¢61 [°9€2 §°¢(Z ¢°962 8°922 ohwmw 9°822
& PTPE 128 zNme» S'EIT 9°001 6°822 2°[81 S°0€Z . 6°(12 §°S€2 (°922
)2 0°L2 ®EE WTEE T LIS 6% £IO0 v°06  870EZ 0°261 I1'SE2 0 pal
2 m.mww_ €92 S°9Z STWE  6°EE 6705 9°C¢ (‘06 €86 O [£2 9" 102
2 vez sez ez 0rl2 E°S¢ #TPE 2°TE €705 00§ (7200 (°9€l
] e 6t ez 2z 98z wer 109
LT 822 8°(Z T
: s tm ot 272 £ gt e i etz
T vU €l 2t 1 0l 6 8 ¢ 9 S v
T e e eee s Do “STANOIOWYTHL === - mm et

)

vIE2 01EZ ST(EZ 67692 €°E0S (91°2,
ST(E2 ST0EZ €962 67292 L°01S 000°2 -
$'8€2 2822 T1'8EZ £°292 9791 0SL°1
6°(€2 v'S22 ['s€2 ‘6652 €015 0051
's€z 002z 6°be2 v°052 €915 05271
€962 6'9127 6°852 17062  2°06S 000°1
6°5€2 S°S61 1'0v2 2°052 . €°SES 0SL70
S°OTL 0°0vI 6°2€2 §°6v2 ¥°SES L1b°0
£°201 S°18  £°1vl 8°1€2 € 08¢ (910
22 ez 2722 //wmw S'6b  000°0
<t 7 .:.1 .::c.f Bisg “umon

ceeelemmen  "SSIM4- MIL

WET

02 :Y3ISHAN NDY . -



APPENDIX D

DERIVATION OF PARTIAL DIFFERENTIAL ROUATIONS
"FOR THE MATHEMATICAL MODEL
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- Of = ext | source or sink (*\)e for injection)
. AL units: moles/time

Let Nyy = motar flow rate of component t\}n phase § (unjts: -moles'/ttme).»

The molar flow rates of companent i at the varfous faces of thd element are:

>

x "~ direction inlet’ (Nyy * Nyg * Ny )y

x - direction outlet (Nyay * Nyg * Nyy)eepax
z -~ direction inlet (Nyy * Nyg *+ Ny,),

2 -~ direction outlet (Nyy + Nyg * Nyylrep, Y 4
' . . s "~

Let ¢qy * molar concént‘r‘a.t‘ion of component t in.phase J {units: moles/volume).

The amounts of component 1 present in the element are gi ven by:

at time t (Vb (craSa * €100 * c;‘,sv)]t

at time teat [oVp (CyyS, * cm‘s0 * CySy)] toat

S .
A molar balance on component { over time increment ap’ may be written as:

-

{Output - Input) + Accumuiation = O

Nya + Ngo + N
[( ta fo ”)x* 02

= (Nya * Nyg + N at.* [(Ngy + Nyg + N
ax “, 1o 1v.§l] ,[(\u 1o 1v)

. - . . . ‘
Nya * Nyg * Ny )] at ~ Qt-at + [oVy (CiaSa * C1aS, * CyyS -
(Nya io 1v)z] { Q [0 b (¢4aSa L1020 iv _v)]“At

[oVh (CyaS, + c;oso * civsv)]t =0 . (0-1)

The equation may be rewrttten as: -

- , , .
- (Nja* Nyg * Nyy) = (Ngy * Ny + N
(Nya * Nyg * Ry xoax ( ta * Mo * M),

4 L

. - X ‘

N

.

. ) ) -
= (Ngar* Nyg * Ngy) = (Rya * Nyg + Ngy) -
[ A v 40z - {a io iv z "z 4 qf

az

.
o 1 . - PR

nToVp. (€135 * C1oSo * EyySy) "= [V (€1585 * CioSo * CrySy) | ; .

. '[ | a a 10‘0 1VY ]tnt [o¥p fata 1_90 tv ".]t < (0R2)
at . o N .

‘\s 'V : ) ' )’ ' “ g .

~
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~ 3 (Nya ™ Mo ™ Myl "ax =~ 3 (MN{a T N{g T My) "aZ T Y1'" ¥p 2—619“‘16"0 T %100 7 “iviv/]
ax ¥ az . 2 > ‘
! . ‘ (D-3)
Now Nij = Xgeguy A S : ' ' (0-4)
. ' . J . ‘ Al .
and €14 = "11 ey L (D-5)
- o ‘ . ) ‘

substnu;jng’ (0-4) and {D-5) into (D-3), we obtain:

Vs .. \
o -2 (%12 ea Ya Ac * X0 po Yo Ax + "1v ov Uy Ay) *ax -
Coax . %o Ry

-3_("1& Pa Ya Ay + %o Po Yo A; *"h oy Uy Az) .Az+01
Tz Ma LS L

v

A
]

o 'S L[o("'a pa Sa + %40 Po So + X1v pv 'Sy )] : " © " (D-6)
: at , lﬂa o ‘ v

Phase velocities, UJ. are given by Darcy's Law as follows:

) Uax = - Xx Kra'20a Uaz = -~ Xz Kra 20a '
' ua, - 3y : ua 3z !
| ox = - Xx Kro 2% Yoz * ~ Xz Kro 3¢ ,
' uo ax ) ' Iuo az .
L] . \
“ ' \
”uvx " - kx krv a’V - uVZ - - kz krv ”v e ) . ’

uy X uy 9z . : - (D-7)

' - 4 4 ' -
\ : . )

Substituting (D-7) into (D-6), we obtain: . : .

/ K ’ ‘ ‘«

‘L("u Ax Kx kra pa 292 + Xjo Ax Kx Kro po 300+ %y, Ax kx Kry oy 3°v) “ax
ax VYT ax Wo o ax Cyuy o 3X
1 ’ : S - by

+ 3__("1, Az Xz kra oaa_u + X490 Az Kz Kpg pg 300 + Xy, Az k7 Ky oy By Yz vt O

o az a ua x Mo wo az Wy v 32 : \
.Vb [ (Xia pa Sa¢x1° 9050¥x1 oy S ] -, . 3 .
v By 2v) ‘ , (0+8)
BT "qo . Py . ' -

Us1ng the “d'el' op.ritOr.' eqﬁation (b-&) ,may b_é written as:

v( 1.“""ra°av’a**1,“‘"rooov%* 1vA"krv°vv°v)'A+O1
8“3 ollo ) . vuv ,

. vb x S X S ‘S, N
j_[o( 1a Pa 3 *: 1o fo o + "1v ﬂv v) . C e (0-9) .
' at "Ib . . IO ; o lV PR R D d‘

- [8



9 = heat' loss from the element (units: energy/time) .

‘ . . (-ve for loss) .
A, " e
. AZ - 95 = extra heat source/sink term (units: energy/time)
' Vo (+ve for input) : o
R . . Lo ! . f
©AX L Qp"p = heat gained or lost due to roduction or injection .
+ Qp"p of phase p {+ve {f 1njected§ (units: energy/time) '

.  Let Q.ong » rate of heat ccaduction

Us 11;'9 Fourier's Law:
i \

.

'
3

.q‘

x - direction inlet cond * t AA gl) . ; o o o
. x axlx L | : - . .
- d1rett‘10n outlet S.5nq - (- xkﬂ) '
, **ax o R ixaax
' _— o - . :
. z -~ diréction inltet 9.50q * (- AA g_T_) | o 3
2 C ezl ‘ Y ' o o
i dirdction outlet 9¢qng - (- xR a_[) ’ o C R
' , 2+AZ e z4az I
’ . o, .
Let 9.gqy = rate of heat convectfon - . "
h x - direction tnlet - 9cgqy 5?(Da Na Ua + Ax + 09 Mg Ug « Ax + py hy uy . Ax) - '
' ) X a o . v X N .
x = direction outlet 9cgny . e (Pa ha Ya « Ax wpo Mg Ug « Ay 4 oy Ny Uy - Ax) . y
o xrax a . . o . © Dy Sxeax
z - direction inlet 9cony * (Da ha Ua « Az 4 po Ng.Ug « Az + oy hyuy « Az) ‘
z , .
£ a Mo My ‘2 ‘
| a T e
z - diréction outlet dcqny . -(Da Na Ua - Az + 00 Mg ug Az 's py Ny uy « Az) .
wE ' <‘ Z+aZ a o o . . , My .Z’Az .
The amounts of energy contained tn-the efement “3re gtven by: o B
. ) " . - . - . N ' ol I‘ , '
Lo at time t Vb (1~ ) Br Up s OVb(sa oa Ua + So 0o Up + Sy oy Uv»)]‘ 4 S
at time t#st [Vb (1 -‘.)‘Fr*ur + OVD‘(Sa pa Ua + So 0o Ug + Sy oy l’v) ‘ o o
, : : ] i S \'.’_,‘ ”Q*, "; o ‘:’.@““‘v t#A»t"‘sx'.
T LR
. ' ’ - | ' i . : " "., ! .r
Vs (I { Ea !



. - AN energy Dalance over time interval at may De written considering that: - .
L N ‘ ‘
‘ Output - lnput + Accumulation -0 ‘ ‘
©a Ag al l ) . (A Ay al

o
= ax’ - ax

. xtax P S Z+AZ

a L Rg v

L : oo
. [p, My Us Ax + po Mo Uo - Ax + oy My Uy < A 1. .
ek R X+aX

- »pg ha Vs A ppog Mg Ug « Ay + py Ny Uy - Ay , At
a’ o o . v . '

+ | paMaVa -Az 4700 Mg Up « Az + oy Ny Uy L A;

. " - .
'a . o o v. eaz - . L

S ’ e L . . ‘ ) "
- Pa ha Ua ‘Al .’ po'ho UO . AZ .‘.pv hV UV " AZ ' . 'At' N
a0 e v L z“ : :

.
| .
N v N . ‘
NN . " . \ ) . , . "

‘ "‘[Vb (1 2¢) Prlp @Vb(sa pa Ua + So po Up + Sy oy Uy
- SN TR

t+at

e

A [Vb (- ;)T"r ur+,v'b(s.a“°a Ua + 50 po Yo + Sy oy Uy I . | ‘ -
: : : a o -
‘ t

4

o

L v & g"‘ - [N
=95 at - 9 ¢ - (Qa Ma + Qo Mo 4 Qy Ny) 4o =0 ot o ‘ (D-10)

-

ke ‘Eqﬁation (D-10) may be nearrangéd to yleld:

-‘. | 3 'X‘Axﬂ "_AAxﬂl ‘ "XAZLT - AAZB_[
o . C ax ax .oz " 3z : ‘
‘ o k . s X Jeax o' . 2*az . Z.)-aY

x+ax
I3 ) ' . AZ

. ° ' : - ct
. ) ‘ 1 T o 5 e
.‘ A i . , - [ Qa ha Ua '.A‘ + Po ho UO» . A# + Py hV Uy - AX \

. . a N s N “ . ‘A .
» ' 0 o e ¥ X*AX

Y

- 'Da ha Ua‘.Ax f. DO*hO UO . Aj + DV hV va . AX , ]'_Ax : o ‘ ,.
R E o o

. Lo
u R ' [Da hl ua .Az*po'h UO \Aprvh UV ‘--AZ ‘
L & e o e e

» o . L. . ' s
R Oa ha ua Az +‘p° ho Uo . AZ g. pv hv UV A, . : .'AZ‘: . o ' . oY
‘ -‘ il -r A ..77 '.- B N Lvt ‘ - - - . el "' i N

§ I
[ B T




e
A

N

‘Ug'ing' thé del operator, ,equanon‘ (0-13,) qtay be written ‘as:

\ . . ® * » * * ~ .
+ 95 « 9 + (Qa hy +.Qp N + Qy hy)
Vp (1 - 9) ar Up 4+ o¥b (sa pa Ya + S5 09 Uy + Sy py Uv)]
. M ) R .
& ° teat

-~V (1 - ) Erur*o\'b(sa"a”a *So°0U°*—pr—svva'v) h
L L
o : R

]
Taking the limits as ax, az and at approach zero, we may write:

AR (A Ax a1 )Ax .+ (A‘Az aT)AZ - a_(Da Ma Ya Ax 4+ po Mo Ug + Ay eipy Dy Uv)' ax
= X “az az X T Ay .

N

-3 oa"a a Az + 09 Mo | o-Az49vh Uv-A;) ‘ar
L R

3z “a ) . v
) ) o ! c - P a * ' -
+ Qs + 9 +(Qa ha +'Qp. Mg + Qy Ny et
o : , : |
= Vpa_ | (1-4)er Ur+o(sa ea Ya + Sg 0o Yo ¥ Sy .0y U{,) B
at S H S

a 0 Iv

! N . ' - .
AYL

Subst1tut1ng‘equat1ohs (D-7) for the ph‘ase veléc1€1es in (0-12.)’, we obtain:

(0-~11)

(0-12)

(Mt X+ AAZ aT AZ.L(A kx “ra 0a Na 39, 4 Ax ky kpg gg ho 3%
. ax 32 a ua 3x ”o o 3K
‘ e : : Cor -
+ Ax kx kpy oy Ny 3°v) ax + L(Az kz Kra 0a Ny 204 + A; Kz ko 99’ %
. My T ! Maua o2 . Moo 3 Co
. ‘ e = . * .. . .
+ Az Xz keyopy hy a0v)-¢\z #9549+ (Qa Py + Qo Mo 4 Qy Ny e
[ * . . .

v My FH .
* \

= Vb'a_[(1 - ¢) or Ur".z"'o(sa pa Ua + Sg.09 Uy + Sy ny Uv)
., ' : L . "I

.

!

” S (AxvT)a, +V/A k " ra oa Na vea + A K kpg po r'o v’o w“ k l"'v oy Ny v°v)A ,q
. 'a ua 0 ko 4 v vy
P ' [P ‘ .

+(°a"a+°o o+°v )-v .(l-o)DrUr+ (Saﬂaua+so°ouo¢sv°v
° ) | ‘ b.L | | ¢ i e

\

a TR 2

(0-13)

L
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C et ey =

* - MATHEMATICAL MODEL IN FINITE DIFFERENCE FORM .. c

' \
.o . .

'
\

Ta The set of seven simultaneous equations describing the presenf problem may be'written {n.

v O ) : . . f . , N ‘ '
finite difference form as: - ~ ' ( ) ‘ o ‘ L ‘ A o,
. ' N ‘ . N . ’ f . . . ) ' | |

1. Gas Phase Mole Fraction Constraint

Xiv * Xy * Xgy + Xy * xgy - 1.0 = 0.0 | T ey

‘2. Continuity Equation for Water

v

. o o ) -
a (T, X1a 803 * Tg X0 80g * TV‘x‘v‘ 8¢y ) *+ Q.

- Ybs o("‘xa 0a Sa + %10 Po Sg + Xiv By Sv‘) -0 . L (E-2)
at ML P R LU R " i

i ' -’ [ : ’ . ) ‘* . (
3. 'Continuity Equattons for 041 Components Summed v o . o

o v

- ) ' - . " ) ' «
A (Ta xa 805 * Ty x30 89 * Ty x5y 80y) + Qy

v [ %52 93 Sa + Xyo 6o Sg 4 X 5, :
- b s 0‘( 24 Pa 2a + %20 09 2q + 2V P2y '
at [ L P N 7 W B o
L} . f

! ' PR o
Ca 8Ty xqa 80, * To x50 809 * Ty X3y doy) + Oy

S = Vb s) of %32 0a Sa * %30 00 So + Xyv D\v;sv') .'Q o : C(E-3)
: at M Mo Mo : ‘ SR

e

L)

- 4. Energy Conservation Equation = - -

( "’ ° . ! R 0 “ - " : - v ) \ ) , 0
& (Tc aT) + a (Ty hy 80y * Ty by a0g + Ty hy dey) Y PR : i
’ o . e et o ‘. & n ) ' b . oo ' ’
* Qs * q * (0 hy.* Q5 hgy + Oy hyd ‘ o ’

‘ . - vb-c[(l-o’)";r”r’$(sa% Ua + So 60 Yo + Sy by Uv) =0 o S (E-4) -

" 5. Contiguity Equation for €Oz, . ‘ ,

) E ' ' C . B “ v N ) -~ ‘l o ) I . : ~ ‘ v ‘ :
o e Ty xa a0yt To.xio a8 * Ty X,y a0y) * 0,

- Ybs {',"("ua Pa‘Sa + X,0 0o So + X,v by Sy)].. 0

v P,

'
2

L. Continuity Equatfonfor Mp’ . - o e T

D8 Ty %sa a0y +.Tg X 889 +: Ty xgy aey) + 0

St [.(soasasop
et AL NTTHES o




~ 7. Continuity Equa‘tfon for Heavy 041. -

. ) S . . ‘ .
L S 8 (Ta X35 a8y + Tg x50 88 * Ty X3y 80y) + 0,

- Y6 o %38 02524 %0005 + Xy oy Sy =0 R (¥
3 ) ZT , . Iqa : Ry Mv' \ " ' . \ l .
a _Y\ ‘» ' . o } ’ ‘l | . ‘ ‘\\ - .

v "The-.transm:sibﬂ‘ﬂ;ie‘s‘ are defined as:

. f . .
. N .
. . . . . . B S —

‘ o Tas Ak kg og . - o | ' \ o
. & - -r-r——g 2 L ‘- T . . L o : .
TO l“kkro (1)) R . ‘ ~ . \(E'e)
j“o oL R . ' . N
Lo Ta""krv ov o ) . '
Te = m

o LT R

’
'

\ v Al i
To 1llustrate the expansion of Hnite difference fonn for the' fully 1np11c1t case ‘'we use the Enerqgy

Conservation equation (E 4). The other equatioqs may be written in a simﬂar manner. For the

genoral case of solubility of all co:rponents fn all phases and wr1t1ng 1n tnree spatta] dimensions

we obtain- - . 3 “ o SO o
ner . ney [T YRR ‘"'n#i LS ST IR
. Tex| T = T = Tex . T. - T c ..
. L S , -1\4142.4.!( 41,5k 1.k - t-1/2,3,k 1.d.k 1=1,9,K ° o .
e e ae T am e o SRR
N : + Ty S B - Tcy'l‘ . n"l -Tnﬂ ‘
v . - ‘1.Jfl/2.‘k Lad*ek 140k 0 T g-12,k ‘1.J.k“ A 5% PN
4‘ . -, “ \‘ A‘.I- y f,' . .
A Tcz 1 T‘Ml y T»n-ﬂ T n+1 r ™ .n+; "
AL ) 1 J kﬂlz . hdikn TGk T .J k 1/; .J k\ ,j,k-l ~
K ‘..I ‘ - . '-‘l'n“ ' : ) e ‘ ‘ '
[N . R (R ! . P, n . . T

v ALk ek e oty e el aep
ATE L R ha g % o oaTax ""anf}. Rt ™ - %nﬂ' IR
T I R AL T PN V2 0 1O S e B Y UL B '

R RO 3 N 8 » ,nﬂ s nﬂ T et

ISR SR S Q. < % e o
Juo 'u'.*i!?-_-?-& RN 1+1.J k y 1..1.:l= R -’ofi.-x,/z.J'.k

FENSEINY 7 SR SO R S T ""hh‘ Ui e SR
+T o . 9 3. L n l' . .

SRR L S " Tvx :
_,1+ug‘.j_.1k in,J k ",-J-'.k _”2.1 k\ v o




' A n* Ny a4 LAV B ‘n*y
‘ 0 ¢o L~ % - Toy tJ hg 0 o
LS 0 V7 S O I SN tdik Chdmaake LIS tid-1.k

‘,

-
o
<

-

n+y 4y ‘nt n+y L 0% ' n+) n+y ok
. ) v Ty hy. by - by
1,3,k T hr2.K tuak 0 ek
. : ) - ‘
. ‘ n+y Tty nt AR n+ B AL B '

z a o~ %a o<l ‘ a a - %a ‘
1,4.kt1/2 Lyfen s 1k 1.J k=172 Lk ke

} y
i ' n+y ot o oan) n+y T oan ntLone Cohn *
‘ ‘ z Ny 05 - % - Toz o ey - % _
REE R V2 S FY T S SRS P U1 S P IV S 7 SRS FE T 1.0k~ <
Sl ney ey n+) n*y N n+y “nﬁ" n* l "o
Wb Tyg hy ey < &y 2 Tuz hy ey - by
VIR ISR V2 1.J_K*1 S I N Voipk-rs2t 1,3.k R FY LT
‘A, e . . : S ' ‘ e ‘ L . ' : ,
“"“ ' Xn+i. nty * » Nty C ' ! ‘ [ ‘
: ,‘qs N ,(0 hq*OOhofO ny) . : ‘
a - LA . !
R " >. K - . ' K‘ B ' . . n‘l
vih Up* [ SypaVUssSgpg Uy as U -
~ 01 - %) Pr Pp o(apa a4 2o0.Po Yo + 2v.Py w) . ‘
T Y . ‘ " - "
o =Y (- ey er Ut g Saipa Uate So po U £ Sy by “v) -~ 0 T g .
' ' + Bt G - My Mg - My ‘ ’ (X ' ‘
D o ‘I . . o \ ) . . " \ . ' ; -
where © oty o o BRTRLLLS U n+y n+y
o Tex @ A2 e Ty S a o and Tcx © =Tex S S
“i’H/z.J ko i*tis2.d0k Tity2.d0k _ -1/2..1 K PR L V7 T Y SRR R WP I Y

G Tex - .2
o, '.,1+l/2)J-k . ?

‘ :A1+l o.’vk-A1 td»_k Y . va‘nd R ' Y
AL, k'°x1+1.J k H Aﬁx.J,k'“i.',l.k SR ,ﬁ :

SRR AT P B
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